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Plenary Lecture 1 
 

Efficient Jet Noise Simulations 
 

 
 

Professor Anastasios Lyrintzis 
Distinguished Professor and Chair 

Aerospace Engineering 
Embry‐Riddle Aeronautical University 

Daytona Beach, FL 
E‐mail: lyrintzi@erau.edu 

 
Abstract: Jet noise is an important issue concerns for people living or working in the vicinity of 
airports, stringent noise regulations, and military operational requirements. Processing speeds 
and memory limitations of existing supercomputers limit the faithfulness of these simulations. 
Thus  the  simulations are not accurate enough  to allow design and  testing of noise  reduction 
strategies.  In order to simulate realistic situations very  fine grids  (e.g. on the order of tens of 
billions of points) are sometimes needed,  requiring significant computational  resources. Thus 
very efficient algorithms are needed. An efficient, petascalable code has been developed based 
on the  large eddy simulation  (LES) technique. The code  is a high‐order multi‐block structured 
solver capable of simulating both subsonic  jets and supersonic  jets with shock waves. Recent 
advancements  have  targeted  improved  prediction  accuracy  by  enabling  inclusion  of  nozzle 
geometries  in  simulations.  A  digital  filter‐based  approximate  turbulent  inflow  boundary 
condition  is used. A wall model  is employed  in  the nozzle walls  to  save  computational  time. 
Finally, a ghost‐point‐based immersed boundary method is implemented to allow simulation of 
complex  nozzle  shapes  that  show  promise  of  noise  reduction,  e.  g.  chevrons,  lobed mixers, 
beveling,  and  corrugations. We will  show  validation  efforts  and  summarize  future  research 
directions. 
  
Brief  Biography  of  the  Speaker:  Dr.  Lyrintzis'  primary  research  interests  are  in  the  area 
numerical  methods  with  applications  in  aerodynamics  and  aeroacoustics.  His  research 
endeavors  have  been  supported  by  NSF, NASA,  ARO,  the  US  Navy  and  other  agencies  and 
industries. He has  co‐authored more  than 180  refereed articles and he has advised 18 Ph.D. 
students.  It should be noted that 7 of Dr. Lyrintzis' advisees are Professors at Universities and 
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Abstract—Origami, the craft of folding paper, has been a source 

of inspiration for developable systems in various engineering 
disciplines, as it results in lightweight and stiff structures. In this 
design study, a single-crease arc is employed as driver for the design 
of a 56m carbonfiber-foam composite footbridge system. The design 
concept of the origami-inspired footbridge is enhanced with aperture 
patterns in the walls of the cross-section. Apertures provide 
ventilation, natural lighting and views, while achieving an aesthetic 
design intent. Aperture patterns are created parametrically by varying 
the number of cutouts, their shape, orientation and size, whether 
aperture rows are stacked or staggered, and in case of polygonal 
cutouts, the number of vertices and the corner-fillet radius. Six 
patterns, selected to align with conventional truss typologies (Pratt, 
Town lattice, Vierendeel), are investigated using Finite Element 
analysis. This selection ensures structural soundness, and helps 
follow recommendations regarding aesthetics in bridge design 
discussed by bridge designers Christian Menn and Fritz Leonhardt. 
The structural impact of the aperture patterns is evaluated according 
to AASHTO footbridge design-code. The curved-crease origami 
footbridge with the Pratt truss-like aperture pattern is found to meet 
the controlling AASHTO deflection limit with the lowest volume of 
material, suggesting higher structural efficiency.   
 

Keywords— origami, curved crease, footbridge, design, aperture 
patterns.  

I. INTRODUCTION 
RIGAMI can be used to design developable three 
dimensional shapes and stiffened structures due to folding 

planes. Curved-crease origami was first explored for artistic 
purposes during the Bauhaus (1919-1933, Germany) by Josef 
Albers [1]. In his preliminary course on Paper Study in 1927-
28, he and his students created sculptures by folding paper 
along curves instead. Since then several artists used curved 
crease origami to create sculptures from paper and other sheet 
materials. Similar to traditional straight-crease origami, 
curved-crease origami creates three dimensional shapes made 
of developable surfaces. However, curved-crease folding 
reflects a hybrid of both folding and bending of its surfaces [2-
4].  

The goal of this paper is to investigate a curved-crease 
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origami-inspired footbridge concept from a structural and 
aesthetic perspective, using cutout patterns in the walls of the 
closed cross-section. To achieve this goal, Section 2 presents 
the design of the curved-crease origami-inspired footbridge. 
Section 3 describes the method of aperture pattern generation, 
and the aesthetic and structural impact of selected patterns. 
Finally, Section 4 presents the conclusions of this study.  

II. DESIGN OF A CURVED-CREASE ORIGAMI-INSPIRED 
FOOTBRIDGE STRUCTURE 

A. Description of the Footbridge Structure 
The proposed footbridge system is composed of two single 

curved 40 m radius arcs, approximated with a segmented 
design. The two arcs connect in plane forming an S-shaped 56 
m span beam. The S-shape geometry of the beam enhances its 
structural behavior by increasing the horizontal stiffness 
against wind and other lateral loads. Moreover, a change in 
length due to temperature results in a slight change of the S-
shape curvature instead of longitudinal stresses in the entire 
beam. Fig. 1 shows a schematic drawing, while Fig. 2 shows 
technical drawings of the footbridge. The S-shaped beam is 
assumed fixed at each end and a deck width of 4 m complying 
with footbridge design codes [5] is assumed. 

 
Fig. 1: Schematic drawing of the curved-crease origami-inspired movable 

footbridge design. 
In cross-sectional view, the curved-crease origami-inspired 

footbridge has an innovative tubular profile with creases 
implemented on its top and bottom flanges. Two single-crease 
plates, inclined at a 15° angle, form the flanges of the girder 
section (see Fig. 1). Avoiding a flat geometry increases in-
plane flexural stiffness of the flange supporting the deck 
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structure. Flanges are connected with 5 m tall planar vertical 
webs. Webs and flanges are divided into the same number of 
quadrilateral segments. This cross-section with a single 
curved-crease in its flanges has substantial flexural and 
torsional stiffness. 

  
Fig. 2: Longitudinal cross-section and plan of the footbridge design. 

B. Finite Element Analysis of the Curved-Crease Origami-
Inspired Movable Footbridge 

In the finite element (FE) analysis, the panels composing the 
curved-crease origami-inspired footbridge are assumed to be 
made of a carbon fiber-foam composite material. Carbon fiber-
foam has been successfully used before in civil engineering 
applications [6-7] offering high strength and low weight 
compared to traditional engineering materials [8-12]. The 
selected composite is a 65 mm thick sandwich material, with 
two layers of carbon-fiber on the outside and a layer of foam in 
the middle. Carbon-fiber layers carry the bending forces, while 
the foam layer is inserted in between to increase the second 
moment of inertia for the material. A linear elastic behavior is 
assumed in this study. Material properties are based on 
information provided by commercially available products from 
DragonPlate [13] and are presented in Table 1. Internal 
stiffeners (created by changing the ratio of materials in the 
carbonfiber-foam composite) are assumed so that local plate 
buckling does not occur. Static analyses and sizing are 
performed according to AASHTO codes [5, 14-15]. Linear 
static analysis is performed in the FE software AXIS [16]. The 
dynamic behavior of the structure is outside the scope of this 
research. 

 
 
 
 
 
 
 
 
 

Table 1: Material properties for the carbon-fiber and foam composite 

 
 
The analysis of the structure is conducted with a pedestrian 

load of 4.3 kN/m² (90 psf) in addition to the self-weight of 
1.15 kN/ m2 (24 psf, calculated per plan area), and the weight 
of the carbon-fiber sandwich material deck of 0.5 kN/m2 (10.5 
psf). Loads and load combinations are assembled according to 
AASHTO guidelines [15]. Wind loads and temperature are 
also considered, however, combinations involving these loads 
do not control design. Snow and other loads are not considered 
in this preliminary design.  

The design of the curved-crease origami-inspired footbridge 
is deflection controlled as maximum stresses in the carbon-
fiber sandwich panels do not exceed 150 N/mm2 or 60% of 
the design yield stress of the carbon-fiber sandwich material in 
any load combination. For the evaluation of deflection, the L / 
360 = 155 mm limit [5] is employed. A camber equal to the 
deflection from dead load is assumed. Therefore, the 
deflection limit applies to the deflection resulting from service 
loads. The 5 m overall height of the cross-section and the 65 
mm wall thickness are both determined by this deflection limit. 

III. AESTHETIC CONSIDERATIONS AND THEIR INFLUENCE ON 
THE DESIGN 

The design of the curved-crease origami-inspired footbridge 
is enhanced by aesthetic considerations, staying true to its 
origins in art. The closed cross sectional profile requires the 
implementation of openings to allow air and light inside in the 
structure, and to improve the experience of pedestrians 
walking across the bridge. Cutouts in the walls provide thus an 
opportunity for the implementation of aesthetic considerations 
in the design process.  

 
Fig. 3: Preliminary Finite Element study of cutout shapes. 
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Preliminary FE analyses on selected cutouts, such as 
triangles and squares, revealed that the location and shape of 
the cutouts have little effect on the maximum midspan 
deflection (Δ) under self-weight and uniform pedestrian load 
(see Fig. 3). The determining factor of the maximum 
deflection is the cumulative aperture area (A) for each 
segment. Therefore, apertures can be designed freely regarding 
shape, following aesthetic considerations. 

In this study, apertures have multiple functions. First, they 
serve for ventilation and natural lighting. This goal is the 
easiest one to meet, as the number of cutouts employed is 
assumed to be sufficient. Second, the selected pattern should 
express some aspect of how the bridge functions. Third, 
apertures should have an overall aesthetically pleasing effect. 
The second and third goals are discussed in further detail.  

To meet the second goal, aperture patterns are designed to 
reflect the way the curved-crease origami-inspired footbridge 
functions. Since material is removed from the walls only, the 
relevant internal forces are the shear forces (see Fig. 4). Shear 
forces resulting from a bending moment have a value of zero 
at midspan, and increase towards the two fixed supports of the 
structure. Therefore, to express the main forces the walls of the 
structure carry, the aperture pattern progresses similarly, with 
more removed area towards midspan, and less at the supports. 

 
Fig. 4: Shear force diagrams. 

 
The third goal of creating an aesthetically pleasing structure 

is defined with the help of Fritz Leonhardt, a German engineer 
who wrote on aesthetics in design. He claimed that the truism 
that ‘there is no accounting for taste’ is only valid if aesthetics 
are not studied [17]. Once they are, several guidelines emerge 
that can guide an engineer to fulfil the sometimes ignored 
functions of structures to be “comfortable”, “beautiful”, or 
“cozy”, in addition to safe and economical. In addition to 
Leonhardt, Christian Menn [18] also outlined aesthetic 
guidelines for bridge design. The main points that both agree 
on are slenderness, lightness or transparency, order or 
regularity (including symmetry, and aesthetic homogeneity), 
and integration into the environment.  

Footbridge design tends to have more leeway on aesthetic 
rules due to its smaller scale, which allows more “play” with 
design without becoming too uneconomical. Therefore, the 
footbridge design looks to incorporate some, but not all, of the 
aesthetic guidelines by these structural designers.  The aperture 
pattern is designed to have an ordered feel with symmetry and 
proportionality, but occasionally might violate rules such as 
limiting the direction of lines to no more than three [17],  or 
simplicity [18]. The pattern generation method detailed below 
allows for the creation of a nearly unlimited number of 
designs, even with the guidelines described above. The 
number of possible patterns is reduced by focusing on designs 

that resemble to traditional structural designs and thus reflect 
Leonhardt’s and Menn’s guidelines. These traditional structure 
types are the Pratt truss, the Town lattice truss, and the 
Vierendeel truss (Fig. 5). 

 
Fig. 5: Traditional truss types used for the aperture design. 

A. Aperture Pattern Generation 
Patterns are generated using parametric geometry definition 

in Grasshopper, and extension of Rhinoceros 5.0 [19-20]. 
Pattern generation is implemented so that cutout parameters 
could be varied separately for each panel. The parameters to 
be varied are the number of cutouts (length of array in the 
horizontal and vertical direction), the shape and size of 
cutouts, in case of polygonal cutouts, the number of vertices, 
the corner fillet radius (used to avoid sharp corners that would 
create stress concentrations), the orientation of the cutout 
shapes, and whether the rows are stacked or staggered. For 
examples of how each parameter can be varied, see Fig. 6-10. 

 

     
 

Fig. 6: Panels with different (4x3 versus 4x4) cutout arrays. 
 

    
 

Fig. 7: Panels with different cutout sizes. 
 

     
 

Fig. 8: Panels without (left) and with (right) filleted corners. 
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Fig. 9: Patterns with different rotation angles. 
 

     
 

Fig. 10: Patterns with stacked (left) or staggered (right) cutouts. 
 

 
 

Fig. 11: Pratt truss-like cutout pattern. 
 

 
 

Fig. 12: Lattice truss-like pattern. 
 

 
 

Fig. 13: Vierendeel truss-like pattern. 
 

 
 

Fig. 14: Pratt to lattice truss pattern. 

The six patterns selected in this study are aligned with a 
traditional type of truss structure - a Pratt truss, a Town lattice 
truss, or the Vierendeel truss - or their combinations. These 
patterns also meet the three main design goals detailed earlier. 
They offer sufficient ventilation and natural light, they express 
the shear forces in the cross section walls, and they follow the 
crucial aesthetic guidelines that both Menn and Leonhardt 
agree on for bridge design. Fig. 11-16 show the side view of 
one half of the bridge (due to the curved shape of the bridge, 
panels in a side view appear to slightly shorter towards the 
middle, even though their dimensions are constant). The cutout 
pattern is then mirrored. 
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Fig. 15: Pratt to Vierendeel truss pattern. 
 

 
 

Fig. 16: Lattice to Vierendeel truss pattern. 

B. Analysis of Selected Patterns 
The selected six aperture designs are analyzed using AXIS 

Finite Element software [9]. Designs are compared to each 
other and to the original configuration of the structure without 
cutouts, using the total volume of carbonfiber-foam composite 
material required to meet the deflection requirement. These 
designs are controlled by deflection, as the stresses do not 
exceed 150 kN/mm2, staying well below the allowed design 
strength. The design of the structure remains deflection 
controlled even with added cutouts. The analysis is performed 
by keeping a fixed thickness (90mm) for the flanges, and 
modifying wall thickness between the different designs until 
the deflection limit (L/360) is met (see Table 2). Wall 
thicknesses are adjusted at 5 mm steps, since a design more 
exact than that may not be reliably met by the available 
construction methods. Therefore, net deflection values vary 
within a range of 6 mm (from 148 mm to 154 mm), but still 
remain within the deflection limit.  

 
 
 
Table 2: Total required carbonfiber volume to meet the 155 mm deflection 
limit, assuming different flange (deck support and roof) and web (wall) 
thickness. Net deflection is defined after camber equal to the deflection under 
dead load. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is also shown that only the Pratt aperture design (see Fig. 

17) performs better than the other patterns, as well as the 
original design (without apertures). However, using variable 
wall thicknesses across the segments, or using more advanced 
optimization techniques, other aperture patterns could lead to a 
more efficient aperture pattern.  

IV. CONCLUSION 
In this paper, the design of a curved-crease origami-inspired 

footbridge is enhanced by adding aperture patterns. Apertures 
are employed to provide ventilation and natural lighting, while 
expressing structural function and highlighting the artistic 
origins of the origami-inspired system. Aperture patterns are 
inspired by the traditional truss types of the Pratt (diagonal) 
truss, the Town lattice truss, and the Vierendeel truss, as well 
as their combinations. Analyses reveal that the Pratt aperture 
pattern performs better than the original design (without 
cutouts) and other patterns, minimizing the total volume of 
carbonfiber-foam composite material volume required to meet 
the deflection limit. The structural impact of aperture patterns 
in the walls of the curved, closed cross-section footbridge can 
be attributed to the total removed area remaining thus largely 
independent of cutout shape and location. Therefore, the 
aperture designs can be used for the expression of how the 
structure functions, or to meet purely aesthetic goals. 
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Abstract— Development of transport infrastructure leads to an 
increase in the activities of the dynamic nature of the 
surrounding buildings. This may contribute to deterioration of 
comfort staying in their people. There is therefore a need to 
solve this problem. The belief that increasing the rigidity of 
items will improve the comfort of the people in it is not always 
right. Each solution requires the analysis of dynamic nature 
especially if the interference will change the nature of its 
response. 

Keywords— traffic induced vibrations, vibration 
propagation, dynamic response of the building, paraseismic 
vibrations 

I. INTRODUCTION 
 

ong-term operation of buildings and changing 
environmental influences impose  repair or modernization 
requirement. In 'old' buildings, where ceilings were mainly 
made of wood, the heat-moisture conditions are not always 
satisfied, which caused moisture condensation in the 
compartments and finally turned to the corrosion of supports, 
thereby is a requirement of the main beams renovation. 

Development of road infrastructure, construction of the metro 
or tram rails causes additional loadings affecting the building, 
which are not taken into account during its design. These 
actions may negatively affect the object itself, but as a rule are 
the cause of deterioration in the residents comfort. 

Criteria for assessing the impact of vibration on the structure 
and people staying in it are contained in the Polish standard 
PN-85/B-02170 - Hazard evaluation of vibration transmitted 
by the ground on buildings and PN-88/B-02171 - Assessment 
of the impact of vibrations on people in buildings. These 
standards are not design guidelines, but define the limits at 
which the dynamic loads act negatively on humans and 
selected objects. In terms of vibration reception by the people 
PN-88/B-02171 refers to any type of structure. But if one talks 
about buildings the PN-88/B-02171 standard narrows down 
the type of structure. It refers to masonry buildings (for manual 
raising) and structures constructed with large blocks. For this 
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group of objects, mentioned standard defines so called 
Dynamic Influence Scales (DIS - SWD in polish). Wherein 
imposes additional criteria that divide structures being 
subjected to the SWD-I or SWD-II scale. 

•     SWD-I scale (PN-85/B-02170 – Fig. 1) refers to the 
buildings with compact shape with small external 
dimensions of the horizontal projection (up to 15m), 
one or two-storey and satisfying the condition that the 
building height cannot exceed any of the building 
plan dimensions - Fig. 1. 

• SWD-II scale (PN-85/B-02170 – Fig. 2) refers to 
buildings with height up to five floors above ground 
level and height, which satisfies the condition that it 
cannot be greater than twice the maximum width of 
the building in plan. Additionally, it can be used for 
low buildings  (up to maximum two storey’s) that do 
not satisfy the conditions for applying SWD-I scale. 

 
Fig. 1. SWD-I scale expressed in accelerations 

Influence of Strengthening of Ceilings in 
Historic Buildings on Perception of 

Communication Vibrations 
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Vertical components presented in the graphs refer to the 
maximum horizontal acceleration of structure excitations in 
1/3 octave bands. 

• In each of these scales (Fig.1 and Fig.2) they are 
specified zones of dynamic harmfulness. For example 
Zone II characterized vibrations perceptible for 
building but not dangerous for its construction; 
followed only by accelerated wear of the building and 
the first cracks in expeditions, plasters etc. Zone V 
determines the vibrations causing the failure of the 
building, collapse of the walls, falling ceilings, etc. If 
such vibrations occur, the building cannot be used 
due to lose of human life. 

 
Fig.2. SWD-II scale expressed in accelerations 

 
 However, It should be noted that the standard functions 
unchanged since 1985, and over its term construction materials 
have much more evolved. For example, deformability of the 
plaster increased, especially external ones (from almost zero to 
several hundred percent). So a natural consequence for this 
kind of wall finishing would be to move or even eliminate 
limit A (lower zone of appreciability vibrations by the building 
and the lower limit of the dynamic impact), below which one 
cannot take into account the dynamic influences. 

The obvious conclusion is, that in the case of using PN-85/B-
02170 it should be impose on criteria for the materials used in 
the structure (with very low ductility), which generally is 
satisfied for historic buildings. 

PN-88/B-02171 specifies the level of vibration perceptibility 
by human in horizontal and vertical directions and defines the 
multiplier of threshold in order to obtain comfort threshold 
(Table 1).The value of multiplication factor depends on: 

• destination of the room,  
• occurrence time, 
• nature of the vibrations,  
• repeatability of vibration.  

Tabl.1.Multiplier PN-88 / B-02171 with respect to the threshold of 
perceptibility of vibrations depending on the room destination 

determined at 
more than 10 
times per day

occasional

day 2 8
night 1 4
day 4 32

night 1,4 4
office rooms all day 4 64
workshop all day 8 128

hospital (people hall)

apartments

Purpose room time of the 
vibrations

the value of the dither factor

hospital (operating 
rooms), laboratory 1all day 1

 
Fig.3 shows the perceptibility thresholds and vibration comfort by 

man for horizontal and vertical directions in a residential area. 
 

In order to determine the effect of vibrations on people inside 
the buildings, the horizontal and vertical movement of the 
point of the ceiling in the most unfavorable position for each 
terce vibrations should be analyzed. This means, that at 
various points in the ceiling different vibration frequencies 
may decide about the comfort. During measurements of the 
impact of vibrations on the people inside the buildings, 
choosing a proper location of the gauge is the key factor. 
Analyzing the effect of vibrations on people we base on the 
average values of vibration receiving. To obtain unambiguous 
results of the impact of vibrations on people, it should be 
imposed proper restrictions on the time of signal measurement. 
According to the standard, the initial point of analyzed 
vibration means the time, at which the amplitude of the chosen 
parameter reaches 0.2 of the maximum value of this parameter 
and the end time when drops below 0.2 this value.  
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Fig.3 Curves of perceptibility and comfort of vibrations in the living 

room 
Knowing the criteria of vibrations impact on people and 
buildings it can be concluded that for buildings subject to the 
SWD scales with constant ambient conditions (in terms of 
communication vibrations) renovation of floors in the building 
should not have greater importance on the impact of vibrations 
on the structure. This happens because, as it does not change 
the nature of extortion and very little static scheme and load 

However, it may affect the comfort of vibrations perceptibility 
by humans. 

During the impact analysis of vibrations II underground line in 
Warsaw on buildings located in the dynamic influence zone 
one of the historic buildings was investigated in order to find 
the relationship between the change in the stiffness of the 
ceiling and the impact of vibrations on people in this building. 

II. ASSUMPTIONS 
Examined building is located in the Warsaw in Praga North 
district above main track of the underground line (Fig. 4). 

 
Fig. 4. Structure location 

Object in the plan is quite similar to the C-shaped with 
subsequent dimensions: outer segments adjacent to Market 
Street and located on the property 21,4x12,9[m], inner 
segment 20,5x7,0[m] located inside the property. The building 
has a height of 15,3[m]. It is a four-storey structure with a 
basement and functional attic. The depth of foundation of the 

building is 3.2[m]. The building was built in 1920. Object is 
built on (Table 2) sand and gravel, 12m below ground level 
there are stiff clays. The level of ground water table is below 
the foundation level. 

Tabl.2. Underground structure 
Scheme of the subsoil

Soil types 
in the 
substrate

On the surface embankments with 
thickness up to 2[m] (N), below 
fluvial deposits (R): medium dense 
medium and coarse sands and 
gravels at the sill level 
discontinuous layer of clay, below 
12[m] below the surface there are 
Pliocene sediments (EN): stiff silt 
to a depth of 22[m] below ground 
level.

Stratifica
tion

Layer arrangement irregular, 
discontinuous layer of clay.

Ground 
water

Groundwater is unconfined at a 
depth of 4.5[m] below ground 
level.  

The building has been built in wall system, in outer segments 
(parallel to Market Street) is designed as a two-section in the 
middle segment - one-section. Structure is made without 
dilatation. Foundations, basement walls and over ground 
storeys are built of solid brick on cement and lime mortar. 
Floors above basements are constructed as a segmental, and 
between the above-ground storeys as beam ceilings made with 
wooden beams. Staircases made as wood with steel cheeks and 
ceramic-steel staircase landings. The building is in bad 
technical condition with a lot of cracks. It is entered in the 
register of monuments. View of the facade of the building is 
shown on Fig. 5. Figure 6 shows the spatial model of the 
structure including ground floor 

 
Fig.5. View of the east facade of the building from the Targowa 

street. 
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Fig.6.Visualization of the computational model. 
 

Characteristics parameters of the structural elements, plasters, 
load values, the geometry used in the FEM model were taken 
from the archive design documentation. This numerical model 
has been carefully checked with regard to its response to a 
dynamic excitations. Vibration measurements were carried out 
by Laboratory of Strains and Vibrations of Buildings located 
in Cracow University of Technology. Response of the 
structure on its foundation from the side of excitation (from 
Market Street) and two selected points on the ceilings and IV 
were measured. The waveforms measured on the foundation 
were used as kinematic excitation for computational model and 
the responses recorded on floors were used for comparison 
with computed ones as shown in Fig. 7 and Fig. 8 in octave 
form of vibration impacts on people in the building. 

 
Fig.7.Comparative analysis of the impact on the people of the vertical 

vibration on the 4th floor of the building in case of passing truck 
(measurement 1) - according to  in situ investigations and numerical 

simulation 

 
Fig.8.Comparative analysis of the impact on the people of the 

horizontal vibration on the 4th floor of the building in case of passing 
truck (measurement 1) - according to  in situ investigations and 

numerical simulation 

In case of vibration in the vertical direction, author was able to 
get a very good convergence - a difference of 18% for the 
dominant response frequency. In the case of vibrations in the 
horizontal direction  - 34%. FEM model  convergence was 
considered sufficient. FEM model was subjected to expected 
excitations (taken from the survey database of the Cracow 
University of Technology) for similar facilities situated on 
similar ground conditions and the same distance from dynamic 
excitations.  
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Fig.9. Predicted load in a vertical direction resulting from a passing 

tram. 

Excitations came from car, tram and subway passages. 
Exemplary building loadings in the vertical direction coming 
from a passing tram was shown in Fig. 9.  

 It appeared that for each of the analyzed load we are dealing 
with exceeding the vibration comfort as shown in Fig. 10 
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Fig.10. Effects on humans in case of initial variant of the ceiling 

It was decided to carry out the analysis of two different 
variants of the modernized ceiling (dimension 9600x6000mm). 
Following cases were considered: 

• The ceiling in the primary system (results shown in 
figure 11) - Figure 11a, where the load-bearing beams 
are beams of size 180x240[mm] distributed at 
1200[mm]. 

• The ceiling, where the main beams height has been 
increased by 100 mm (rys.11b)   - full cooperation of 
the original beams and additional ones has been 
provided. 
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Fig.11.Analyzed ceiling models 

• The ceiling, where in the direction of the long side at 
2000[mm] the steel girder  HEA300 was introduced - 
Fig. 11c. 

 

Natural vibration frequency analysis - Table 3 shows that the 
ceiling "c" is the stiffest structure (it has the highest value of 
the first natural frequency). 

Tabl.3. Natural frequencies of the ceiling 

 
The building with discussed variants of the ceiling, was 
subjected to the movement of trams, cars and the subway. The 
results are summarized in the form of the vibration 
perceptibility factor (WOD), which is the ratio of the resulting 
vibrations to the vibration threshold of perceptibility, and is 
shown in Fig. 12. Analysis revealed that the stiffening of the 
floor does not always go together with the reduction of 
vibration perception by the people. For excitations with 
dominant higher frequencies of vibration additional stiffness of 
the floor  increases WOD. Therefore, the strengthening of type 
“c” for excitations frequency above 30[Hz] could be worse 
than the system in its original form (ceiling type “a”). It should 
be noted, however, that the solution "c" causes another 
character of construction response than the other two types. 
Steel beams used to strengthen the ceiling in type "C", give it 
rigidity in the direction perpendicular to the primary beams, 

which causes that sooner than for the case of "a" and "b" 
character there appear "half-waves" in a direction 
perpendicular to the original beams. 

 
Fig.12. Effects on humans for different variants of the ceiling 

III. CONCLUSION  
In case of dynamic loadings increasing the stiffness of the 
elements do not always leads to reduced response of the 
object, especially if the interference with the structure will 
change the nature of its response. In the analyzed case, 
increasing the stiffness of the ceiling using additional steel 
beams in a direction perpendicular to the original grid 
(wooden balls) causes the appearance of a "half-waves" in 
mode shapes in a direction perpendicular to the initial  beams 
arrangement. The main  response parameter of the structure is 
the amplitude-frequency characteristics of the excitation. 
Increasing the stiffness of the ceiling (which manifests itself by 
increasing the value of the first natural frequency) decreases 
the vibration perceptibility in pre-resonant  frequencies (in this 
case up to frequency to 1.6Hz - Fig.12).  

It is quite important to detuning the ceiling in order to "move" 
the dominant excitation frequencies from resonant frequency 
of the ceiling after its strengthening - fig.12 ceiling "c" 
although is the stiffest one has a major influence to the 
frequency of 4 Hz because it was his first natural frequency. 
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Abstract—An accurate knowledge of the dynamical parameters 

of structures is definitely useful for seismic assessment and for the 
design of risk mitigation interventions. In this paper, the 
opportunities provided by dynamic identification techniques for the 
non-destructive evaluation of heritage structures are discussed with 
focus on the bell tower of Announziata (Corfù, Greece), a masonry 
tower, which shows a high damaged scenario and, consequently, a 
high vulnerability to dynamic and seismic forces. The paper presents 
the experimental investigations and operational modal analysis  
results, useful for defining  the finite element model of the tower. The 
monitoring system consists of several elements properly connected: 
in total twenty-four accelerometers have been positioned, eight for 
each of the three floors and oriented according to the orthogonal 
directions x and y. This configuration has been also conditioned by 
many operative problems about the position of the instrumentation 
due to the limited accessibility of the structure, not only to the main 
access but also to reach the top. It is important to emphasize that the 
data obtained are not connected to external events detected during the 
acquisitions, so it is possible to identify with a certain confidence the 
first six frequencies of the tower and their corresponding mode 
shapes. 
 

Keywords— Non-destructive tests, operational modal analysis, 
model updating, dynamic analysis.  

I. INTRODUCTION 
N the preservation of architectural heritages it is important a 
careful study of the structure and of its dynamic 

characteristics in order to describe its actual behavior [1-3]. 
The necessity of identifying unknown geometrical data and 
material properties is due to the usual impossibility of 
conducting classical tests for their evaluation; so the numerical 
models may be validated only by means of  non-destructive 
techniques. In literature various methods have been proposed 
for estimating the mechanical properties of the structural 
materials also in the presence of retrofitting interventions by 
means of innovative materials [4-9], however these procedures 
allow to evaluate only local properties and the extension to the 
global structure is too much burdensome for practical 
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applications. Other approaches makes use of the experimental 
evaluation of the modal parameters of the structure. The modal 
parameters may be compared with those of the model and the 
unknown materials and geometrical parameters may be 
estimated for obtaining an accurate FE model. These 
techniques have the advantage of providing information on the 
overall structure with a reasonable experimental effort [10-32].  
In this paper, the case of study is the bell tower of 
Announziata, a masonry tower (Fig. 1), which shows a high 
damaged scenario. The bell tower of the church is located in 
the town of Corfù, Greece. The church was built in 1394 and it 
was one part of a Roman monastery, nowadays the only 
existing one. The interior of the church [1] contained the 
tombs of generals who died in the sea battle of Naupactus 
(1571). The church of Announziata was bombed during the 
second world war and it suffered from cracking; then it 
collapsed in March 1952 when long term phenomena and 
earthquakes contributed to increase the damage. So, from 1952 
only the campanile of the medieval monastery has survived to 
the present day with heavy cracking. It is possible to observe 
deep vertical and diagonal cracking, deterioration of mortar on 
the stone walls and development of creepers in the masonry. 
The bell tower is a stone tower with an almost square plan 
section. A double arch (Fig. 1) supported by a stone column in 
the center is present at each of the four façades. 
 

 
Fig. 1. Announziata bell tower. 
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The structure of the tower is made with masonry walls and 
the three floor systems made by solid bricks are supported by 
vaults. At the top of the tower there is the bell cell with four 
bells. The current state of the tower may be defined critical, 
with many damages and cracking.  

The possibility of defining a detailed Finite Element (FE) 
model of the tower taking into account the experimental modal 
identification data may be considered very important for 
getting information about the structural health of the tower. To 
this aim, the present paper shows all the details and results of 
the experimental modal identification procedure able to 
complete the preliminary analysis presented in [31-32]. 

II. EXPERIMENTAL SETUP AND IDENTIFICATION PROCEDURE  
The Announziata tower was instrumented with 24 high 

sensitivity seismic accelerometers ICP PCB 393B31 placed on 
12 positions (labelled with numbers 1-12 on the plans in Fig. 
2) on 3 different levels; 8 accelerometers were placed on the 
four corners of the first floor (position 1-4 in Fig. 2b), 8 were 
placed on the four corners of the second floor (number 5-8 in 
Fig. 2b), and 8 were placed on the basis of the four columns 
(numbers 9-12 in Fig. 2b). Appropriate rectangular blocks 
were designed and realized in order to ensure the orthogonality 
of the couple of accelerometers placed on the same position. 
The accelerometers were inserted with screws on the threads 
realized on the perpendicular faces of the block). 

 

 
Fig. 2. Annunziata bell tower and layout of the experimental setup. 

 
It was not possible to achieve the belfry of the campanile to 

place accelerometers on the top of the tower; also it must be 
considered the very compromised situation of the building, let 
fall into decay in the last years. It was very difficult, also, to 
reach the first floor. 

The bell tower is positioned in the city center, in a crowded 
area especially during the day time. There is a main entrance 
road open to the car passage and a rotatory (Fig. 3) very close 
to the tower where cars and trucks can select the preferential 
way. The continuous passage of bikes, cars, motorcars and 
pedestrians has characterized all the environmental tests.  

Preliminary tests were carried out on 12th October 2012; in 
the day after several consecutive tests were conducted. The 
data acquisition was carried out by recordings of 10 minutes 

with a frequency of 1024 Hz, which has been subsequently 
decimated by a factor equal to 4 to have a frequency of 256 
Hz. About 10 consecutive acquisitions were carried out and, in 
each acquisition, all the relevant events (passage of cars, 
motorbike, other possible disturbs), were noted. An heavy rain, 
unfortunately, occurred in the night between 12th and 13th 

October, and infiltration of water was verified on the 
instrumentation that was placed on the second floor and on the 
basis of the columns.  
 

     
Fig. 3. Position of the Announziata bell tower. 

III. IDENTIFICATION RESULTS 
The analysis of the experimental results was subsequently 

performed. A specific software [33] was used for the 
extraction of the modal parameters from ambient vibration 
data. The model defined by means of this software is shown in 
Figure 4 with the corresponding reference system xyz.  

A preliminary analysis was conducted on the time series 
recorded by the accelerometers for evaluating the effects of the 
urban traffic and the functionality of the accelerometers 
considering the difficult environmental conditions. 
 

 
Fig. 4 Reference system and model for the identification 

The preliminary analysis allowed to individuate that some 
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accelerometers were not performing properly: the ones placed 
in positions 23 (both directions x and y), 24 (direction x) and 
32 (direction y) (see the model in Fig. 4). In addition, the 
preliminary analysis permitted to clearly highlight the effects 
of external disturbances. In Figs 5-7 the time histories of three 
opportunely selected tests (named a, b, c) are shown in relation 
to the accelerometers placed in positions 21 and 22 of Fig. 4 
(both the directions x and y). It is evident from Figs. 5-7 the 
extreme sensibility of the experimental setup to external 
events: for test a (Fig. 5), there was heavy and continuous 
traffic after 260-280 seconds and some spurious events after 
about 440, 540 and 560 seconds from the starting time. For 
test b (Fig. 6) there are not evident effects on the time 
histories, while on test c (Fig. 7) heavy traffic effects are 
evident at the beginning of the registration (80-120 sec) and at 
the end of the registration (400-480 sec) for the accelerometers 
along x axis (left column of Fig. 7), while some spurious 
events are evident after around 510 sec. The time histories of 
the selected tests seem to be very different each other for the 
external disturbances that influence the accelerometers data. 

 
 
Fig.5 acquisition signals for points 21 and 22 for test a. 

 

 
 
Fig.6 acquisition signals for points 21 and 22 for test b. 
 
It is important to emphasize [32] that the data results are 

closely connected to external events detected during the 
acquisitions, so the preliminary analysis was conducted on the 
time signals of the accelerometers. For this reason, a wide 
experimental analysis was carried out repeating the acquisition 
for 14 times in two consecutive days. 

 
Fig.7 acquisition signals for points 21 and 22 for test c. 

 
The frequencies of the building and the modal shapes time 

histories were identified for all the tests with a simple 
operational modal analysis (OMA). In particular, for each 
analysis [33] two different OMA methods were used: the 
Enhanced Frequency Domain Decomposition (EFDD) in the 
frequency domain and the Stochastic Subspace Identification 
(SSI) using Unweigthed Principal Components (UPC) in the 
time domain [34-35]. The estimated frequencies for all the 
tests are named using the number of the date (first number 1 or 
2 considering the first or second day) and the number of 
acquisition (second number 1, 2…5 for the first day, 1, 2…9 
for the second day). Table 1 shows the frequencies evaluated 
by means of the SSI method. The identified frequencies are 
consistent for all the tests and for both methods; the SSI 
method permits to evaluate in each case all the frequencies, 
while the EFDD method in some cases is not able to identify 
the frequencies of higher order. 
 
Table 1. Identified frequencies [Hz] with SSI method for all the tests  

 
In Table 2 a statistical analysis of the identification results is 

shown: it can be observed that the mean values are almost the 
same for both methods and that the standard deviation is very 
low ensuring a good repeatability and consistence of the 
identified frequencies nevertheless the different casual events. 
The frequencies identified by means of the mean value may be 
considered a stable experimental benchmark that characterizes 
the dynamical behavior of the tower. 

Figs. 8 and 9 show the identification diagrams using SSI and 
EFDD methods, respectively, for test 2-4. 

The identified frequencies were analyzed for detecting the 
mode shapes. It was observed that in all the tests of Table 1, 
the six identified mode shapes perfectly correspond to the ones 
expected for the tower. In detail, the first and second 

Fr. 1-1 1-2 1-3 1-4 1-5 2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9 
1 2.61 2.61 2.61 2.60 2.61 2.63 2.62 2.62 2.63 2.62 2.62 2.63 2.65 2.63 
2 2.83 2.83 2.82 2.81 2.82 2.82 2.82 2.84 2.83 2.82 2.82 2.84 2.84 2.83 
3 5.50 5.47 5.48 - 5.46 5.52 5.44 5.51 5.51 5.50 5.51 5.52 5.55 5.55 
4 7.04 7.05 7.05 7.05 7.05 7.05 7.04 7.02 7.03 7.07 7.03 7.05 7.07 7.06 
5 8.04 8.01 8.03 7.99 8.021 8.01 8.01 8.01 8.04 8.05 8.03 8.05 8.0 8.03 
6 11.28 11.3 11.27 11.14 11.19 11.32 11.25 11.28 11.3 11.37 11.31 11.29 11.32 11.29 
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frequency were identified as the first couple of flexional 
modes on the y and x axes, respectively, the third frequency 
was the torsional mode, the fourth and fifth were the second 
couple of flexional modes on the y and x axes, respectively, 
and the sixth is the second torsional mode. Fig. 10 shows 
graphically the experimental identified mode shapes for test 2-
4 by mean of the SSI method.  

 
Table 2. Statistical analysis about the identified frequencies 

considering all the 14 performed tests  
Frequency 
number 

Mean 
value 
[Hz] 
(SSI) 

Standard 
deviation 

(SSI) 

Mean 
value 
[Hz] 

(EFDD) 

Standard 
deviation 
(EFDD) 

1 2.625 0.0125 2.616 0.0157 
2 2.832 0.0078 2.828 0.0071 
3 5.505 0.0325 5.526 0.0220 
4 7.052 0.0152 7.067 0.0526 
5 8.027 0.0191 8.051 0.0497 
6 11.280 0.0571 11.323 0.1137 

 
 

 
Fig.8 Identification by using SSI for test 2-4. 

 

 
Fig.9 Identification by using EFDD for test 2-4. 

 

IV. FINITE ELEMENT MODEL 
A preliminary finite element (FE) model of the Announziata 

tower has been realized considering the plan section as 
perfectly squared. The structure is realized with brickwork 
walls and the three floor systems are made by full bricks 
supported by vaults that in turn are supported by the walls 
parallel to the N-S axis of the building. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                               a) First mode                                                                  b) Second mode 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                               c) Third mode                                                                  d) Fourth mode 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
                              e) Fifth mode                                                                  f) Sixth mode 

              
 

 
Fig.10 Identification of mode shapes of test 2-4 using the SSI 

method. 
 

The materials characteristics (characteristic strength in 
compression fwd, elastic modulus E, weight per unit volume γs 
and mass per unit of volume ms) have been deduced by [1] 
where the properties have been defined on the basis of 
Eurocode-6. In [1] the pattern of vertical cracking has been 
taken into account considering a reduction of the elastic 
modulus of the masonry; in detail, it has been adopted the 
following elastic modulus for the cracked masonry: 

                          initialEE ⋅=
3
2                              (1) 

where Einitial is the elastic modulus of the undamaged masonry. 
The considered material properties for the vertical walls of the 
tower (material 1), for the three solid brick floors of the 
campanile (material 2), and for the stone column (material 3) 
are reported in Table 3. Finally for the vaults filling material γs 
has been assumed equal to 10 kN/m3. 
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The three dimensional FE model of the tower has been 
defined by means of the SAP2000 [36]. The model has two 
typologies of elements, the ‘frame’ and the ‘shell’. The frame 
ones are prismatic linear elements used to model structural 
components such as the stone columns supporting the bell 
tower openings and the bells’ supporting framework (Fig. 
11a). The shell elements have been used for modeling the 
masonry walls, such as the vertical walls; for the vaults caps 
(Fig. 11b) specific shell elements with 4 nodes have been used 
for combining the membrane behavior with that of a flexible 
plate. 

 
Table 3: Materials’ properties by Eurocode-6  

Material fwd  
[MPa] 

E 
[Mpa] 

γs 
 [kN/m3] 

ms 
[kg/m3] 

1 0.87 1740 22 2243 
2 0.66 1318 18 1835 
3 n.a. 2600 18 1835 

 
An adequate mesh was created in such a way to model the 

real behavior of the structural elements. The preliminary mesh 
was composed by 362 shell elements and 10 frames for a total 
of 404 nodes. In order to increase the reliability of the 
numerical model, the mesh was refined (Fig.11c) dividing 
opportunely the starting elements (the thickened model has 
10541 elements and 10668 nodes). 

  

   
                          

 
Fig.11 a) detail of the columns b) details of the vaults c) FE model.               

 
The vaults filling material, that does not have a structural 

function, has been considered in the model as a load acting on 
the caps, while the bells have been modeled as added masses. 

The weight P of the three bells, having different diameter D, 
has been estimated by Eq.(2) [37]. 

 
                     7839.28.580 DP ⋅=                        (2) 

 
Considering no inclination signs on the tower, the tower has 

been modelled as fixed at the base. The adjacent buildings 
effects have also been considered in the model, introducing 
some joint constraints on the lateral walls connected to the 
adjacent units. 

The starting dynamical analysis of the FE model gives the 
results shown in Table 4, referred to the first 7 frequencies of 
the model. 

For each identified mode, Table 4 reported also the excited 
percentage mass in the two principal direction x (Ux) and y 
(Uy) and the rotations around z axis (Rz) in such a way as to 
identify the typology of each mode. 

 

 
Table 4: Modal frequencies and participating mass ratios of the FE 

model 
Mode 
number 

Frequency 
[Hz]  

Ux Uy Rz 

1 2.215 0.0003 0.37 0.13 
2 2.393 0.33 0.0003 0.09 
3 5.367 6∙10(-8) 0.0012 0.15 
4 8.901 10(-6) 0.24 0.1 
5 11.07 0.13 1.1∙10(-9) 0.04 
6 12.46 4.8∙10(-7) 6.5∙10(-5) 1.7∙10(-5) 
7 14.48 1.9∙10(-6) 0.011 0.011 

 
The participating mass ratios in Table 4 and the animation 

of the mode shapes clearly indicate that the first and the fourth 
modes of the model are flexional on y direction, the second 
and the fifth are flexional on x direction, the third and the 
seventh are mainly torsional, while the sixth is a mode referred 
to a local movement on the z axis. 

The model frequencies calculated in this work are closer to 
the identified ones with respect to the ones reported in [1], 
even if the same material properties have been used. This is 
due to the major complexity and accuracy of the FE model 
(Fig. 11c) and the careful observation of the architectural 
details. Anyway an updating procedure will also be considered 
for improving the quality of the model and its adherence to the 
identified frequencies.  

In the forthcoming part of the research the model will be 
updated in order to match the identification results [38], the 
main objective of this study will be the characterization of the 
behavior of the cracked masonry and the interaction between 
the tower and the surrounding buildings.  

V. CONCLUSIONS 
The dynamic identification of Annunziata bell tower 

presented in this study is characterized by many difficulties  
especially for the high damaged state of the tower, the 
impossibility to achieve the higher floors of the structure and 
the presence of heavy external disturbances in environmental 
conditions. The tower is a historical heritage of Corfu; so it 
was very important and interesting to apply a non-destructive 
strategy to identify its dynamic behavior.   

For the modal identification two different statistical 
approaches in different domains were used in order to evaluate 
the  frequencies of the structure. The statistical analysis 
performed on the identified frequencies shows the extreme 
repeatability and consistency of the first six estimated 
frequencies with respect to all the tests and the two adopted 
methods. This demonstrates that, nevertheless the different 
casual events, the identified frequencies were persistent in all 
the cases.  

 The analysis carried out in this paper shows also that the 
influence of material data assumed for the calculation is 
relevant especially in presence of an important damage state of 
the building. Therefore, a considerable effort is required in 
defining a reliable model that could efficiently describe the 
identified experimental dynamical properties.  
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Abstract—This paper proposed an electromagnetic induction type  

brushless MEMS micromotor with a multilayer ceramic magnetic 

circuit. The developed micromotor was combined with the silicon 

structural parts by a micro electro mechanical systems (MEMS) 

fabrication process and a ceramic circuit by a multilayer ceramic 

technology. The MEMS process realized miniature structural parts. 

The multilayer ceramic technology could form a miniature 

three-dimensional structure coil. The dimensions of sideways, 

endways and height of the fabricated MEMS micromotor were 11 mm, 

11 mm and 5.5 mm, respectively. The developed MEMS micromotor 

was controlled by the motor driving circuit. The maximum rotational 

speed was 4200 rpm at the input frequency of 69.9 Hz. The developed 

MEMS micromotor with the load weight of 53.7 mg showed the 

rotational motion, and the rotational speed was 2254 rpm. 

 

Keywords—Electromagnetic induction type, MEMS, Micromotor, 

Multilayer ceramic technology 

I. INTRODUCTION 

ICROMOTORS are used for various fields such as portable 

electronic devices or a micro stage [1-11]. To achieve the 

micromotor, miniature components are requires. 

Conventionally, the structural components are fabricated by a 

mechanical machining process. However, it is faced to the 

limitation of the miniaturization. Therefore, micro electro 

mechanical systems (MEMS) process has been focused for the 

micromotors. The MEMS process can fabricate the miniature 

component that has both a high-aspect-ratio and a high-accuracy. 

Moreover, this process is suitable to combine with the control 

integrated circuit (IC) because it is based on the IC production 

process. 

Many researches of the MEMS micromotor have been 

reported such as an electrostatic type. In the MEMS process, the 

fabricated structures are formed in a planar structure. Therefore, 

the electrostatic type is suitable to MEMS micromotor because 

this type is based on the planar structure [5-9]. Previously, the 

MEMS electrostatic micromotor that showed the rotor diameter 
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of 120 m and the rotational speed of 50 rpm was reported [9]. 

However, the electrostatic type motor requires high voltage and 

it shows low torque. On the other hand, the commercial size 

motor is usually uses an electromagnetic induction type because 

it shows a high torque by low voltage. The conventional 

electromagnetic induction type motor has a magnetic circuit that 

is formed by a winding wire as a three-dimensional structure. 

However, the winding wire is a problem for the miniaturization 

because it is difficult to combine with the MEMS structure. 

Therefore, the MEMS electromagnetic induction type motor 

adopts a spiral structure coil [10-11]. The spiral coil pattern can 

be fabricated by sputtering or deposition coating of the MEMS 

process. However, the spiral coil has some problem for the 

miniaturization. The spiral pattern is characterized by extending 

to a planar direction. Therefore, the magnetic circuit requires 

the large area for catching the divergence magnetic flux and 

increasing the turn number. Large area of the coil pattern 

requires a long length coil, and it shows high internal resistance. 

Many researchers solve these problems by forming the complex 

three-phase pattern of the coil structure.  

In this paper, we focused a multilayer ceramic technology. 

The multilayer ceramic technology is used for the miniature 

electro components such as a ceramic conductor and a ceramic 

inductor. This technology can realize the miniature 

three-dimensional pattern without the winding wire. In this 

technology, ceramic sheets that are made from mixture of 

ceramic powder and organic materials are used. The fabricated 

ceramic sheets are formed an electrode on the surface of the 

ceramic sheet. The electrode pattern is made from a conductor 

paste and it is patterned by the screen printing technology. The 

through-via pattern is shaped by the drilling machining and 

filling the conductive paste by the screen printing technology to 

connect between an upper layer and a lower layer. The patterned 

ceramic sheets are stacked for forming the three-dimensional 

pattern inside the ceramic material. The laminated specimens 

are firing, and then, the miniature electro components are 

achieved.  

In this paper, we propose the electromagnetic induction type 

MEMS micromotor that has millimeter scale structural body. 

To realize the miniaturization, the developed motor is combined 

with the MEMS structural parts and the multilayer ceramic 

magnetic circuit. Moreover, the developed MEMS micromotor 

is a brushless motor and it is controlled by a developed motor 

driving circuit. The brushless motor is not a mechanical contact. 

Therefore, it is suitable to the miniaturization because a 

Development of brushless MEMS micromotor 

with multilayer ceramic magnetic circuit 
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frictional force is a profound effect to the micromotor. In the 

driving circuit, hall IC is used for detecting the rotational 

motion of the motor. The developed MEMS micromotor is 

discussed the rotational motion and the ceramic material of the 

magnetic circuit. In addition, the comparison the results 

between the driving circuit and the waveform generator is 

discussed. 

II. DESIGN OF ELECTROMAGNETIC INDUCTION TYPE MEMS 

MICROMOTOR 

A. Electromagnetic Induction Type MEMS Micromotor 

Fig. 1 shows the design of the developed electromagnetic 

induction type MEMS micromotor. An axial gap type 

three-phase alternating current synchronous motor is employed 

for designed MEMS motor because it shows the stable 

rotational motion. Schematic illustration of the cross-sectional 

image of the developed MEM micromotor is shown in Fig. 2. 

This motor is combined with the silicon structure and the 

ceramic magnetic circuit. The sideways, endways and height of 

the developed motor are 11mm, 11 mm and 6 mm, respectively. 

A 2-pole ring-shaped neodymium magnet is attached to the 

rotor inside the silicon structural parts. The outside diameter, 

inside diameter, and height of the magnet are 8 mm, 2 mm, and 

0.5 mm, respectively. The diameter of the rotary shaft is 600 m. 

The magnet and flux-capturing magnetic circuit are arranged 

beneath the rotor. The multilayer ceramic coils for the magnetic 

circuits are setting and holding in the silicon case. The hall IC 

that detects the rotational motion of the rotor is attached to the 

top frame of the silicon structure. 

 

 

B. MEMS Structural Parts 

The structural parts of the MEMS micromotor are fabricated 

by the MEMS process. The MEMS parts are a top frame, 

holding parts for the rotor and the magnetic circuit. The top 

frame has the cavity structure for setting the hall IC. The upper 

layers that are holding the rotor are formed the circle pattern of 

the diameter is 10.0 mm. The lower layers for holding the 

multilayer ceramic magnetic circuit are formed the six square 

patterns. The dimensions of the base and the height of all square 

patterns are 3.64 mm and 3.90 mm, respectively. The fabricated 

multilayer ceramic magnetic circuit is set to the through-square 

pattern. The rotor is made from the silicon, and the diameter is 

8.01 mm. Fig. 3 shows the design of the structural silicon parts 

of the developed MEMS micromotor.  

 

C. Multilayer Ceramic Magnetic Circuit 

The magnetic circuit is made from low-temperature co-fired 

ceramic (LTCC) that is mixture with the alumina powder and 

glass powder. LTCC is usually used for insulation material of 

the ceramic multilayer substrate. The conductive pattern such as 

the electrode and the coil pattern is silver paste. The printed 

pattern of the silver paste shows 15/16 turn coil pattern. And 

then, the multilayer ceramic magnetic circuit has 30-turn helical 

 

  
 

Fig. 3 design of silicon structural parts of developed MEMS 

micromotor 

 

       
Fig. 2 schematic illustration of cross-sectional image of  MEMS 

micromotor 

 

 
 

 
 

Fig. 1 design of developed electromagnetic induction type MEMS 

micromotor (a) overall view (b) development view 
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coil by laminating the 36 patterned ceramic sheets. The 

multilayer ceramic coil that is used for the magnetic circuit is 

square shape. The dimensions of the base and the height of 

square multilayer ceramic coil are 3.5 mm and 3.9 mm, 

respectively. An electrode formed on the reverse face of the 

circuit applies a driving voltage to the magnetic circuit via a 

connected wire. Fig. 4 shows the design of the multilayer 

ceramic coil for the magnetic circuit. 

The magnetic circuit for the micromotor requires connection 

into the three-phase coil. Therefore, the fabricated six ceramic 

coils are connected to the opposite coils in series each other. 

The ceramic coils that are divided into three pairs are connected 

in a star arrangement. Fig. 5 shows the schematic illustration of 

the arrangement of the multilayer ceramic coil for the magnetic 

circuit. 

 

D. Motor Driving Circuit  

The fabricated driving circuit is employed a three-phase 

output DC/AC converter. Driving pulse is a rectangular 

waveform. To detect the rotational motion of the developed 

MEMS micromotor, the hall IC is used. The output of the hall 

IC is amplified, and it is inputted into the driving circuit. Fig. 6 

shows the schematic illustration of the connection of the driving 

circuit and the developed three-phase synchronous MEMS 

micromotor. Fig. 7 shows the circuit diagram of the single phase 

driving circuit. 

 

 

III. FABRICATION PROCEDURE AND ROTATIONAL EXPERIMENT 

A. MEMS Process 

In the MEMS process, the structural parts and the rotor were 

fabricated from single crystal silicon wafer. The 

photolithographic process was used for the pattering. Each 

silicon wafer was washed, deposited with an aluminum layer by 

physical vapor deposition, and coated with a photoresist. The 

designed pattern was exposed to the resist layer and developed 

by soaking in the developer. The aluminum layer on the 

specimen was then chemically etched, leaving an imprint of the 

designed pattern. The patterned wafer was dry etched by 

high-aspect-ratio inductively coupled plasma etching combined 

with a Bosch process [12]. The parts were achieved after 

removing the aluminum and washing. Through these processes, 

the silicon parts were fabricated. The obtained parts were 

 

 
Fig. 7 circuit diagram of single phase driving circuit 

 

 

 
Fig. 5 schematic illustration of the arrangement of multilayer ceramic 

coil for the magnetic circuit 

 

 

 
 

Fig. 4 design of multilayer ceramic coil for magnetic circuit 

 

 
Fig. 6 schematic illustration of connection of driving circuit and 

developed MEMS micromotor 
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assembled by hand. Fig. 8 shows the schematic illustration of 

the MEMS process. 

 

 

B. Multilayer Ceramic Technology 

The conventional multilayer ceramic process is called green 

sheet process in which slurry is formed in the sheet structure. In 

the fabrication process, the slurry was a mixture of the LTCC 

powder, binder, dispersing agent, plasticizer, and organic 

materials. The sheet structure was formed by the doctor blade 

method. The through-hole for connecting the upper and lower 

layers was formed on the ceramic sheet. The coil pattern and via 

pattern were printed to the LTCC green sheet by screen printing 

technology.  Multiple sheets were stacked, and the multilayered 

specimen was diced into the designed part. Finally, the 

specimen was fired and the outside electrode was formed. Fig. 9 

shows the schematic illustration of the multilayer ceramic 

technology. 

C. Rotational Experiment 

In the rotational experiment by the fabricated driving circuit, 

DC power sources were used for the driving circuit and hall IC, 

each other. The driving waveform of the interphase voltage was 

measured by an oscilloscope. The rotational motion was 

observed by the motion of the flag that attached to the motor 

shaft.  

Moreover, the rotating by the waveform generator was 

experimented to compare with the rotational motion by the 

driving circuit. Fig. 10 shows the arrangement of the rotation 

experiment. The coil was subjected to a driving voltage 

generated by a waveform generator. Three input voltages, 

phase-shifted by 120°, were applied to the three single-phase 

coils. The input voltage was measured by the oscilloscope. 

 

IV. RESULTS AND DISCUSSES 

Fig. 11 shows the fabricated MEMS structural parts. The 

diameters of the through-circle pattern for holding the rotor and 

the rotor were 10.0 mm and 8.01 mm, respectively. In the lower 

layer for holding the multilayer ceramic coil formed six square 

patterns that were arranged to be shifted by /3 radian. The 

dimensions of the base and height of the through-square patterns 

were 3.64 mm and 3.90 mm, respectively. The size of the hole 

for the shaft was measured by the by an optical confocal 

microscope. The diameter of the holes fell within 619 m to 622 

m. Designed diameter of the hole was 620 m, and the size 

error was found less than ± 3 m. 

 

 

 
 

Fig. 10 arrangement of rotational experiment by waveform generator 

 

 

 
 

 

Fig. 8 schematic illustration of MEMS process 

 

 

 
 

Fig. 9 schematic illustration of the multilayer ceramic technology 
 

 
Fig. 11 fabricated MEMS structural parts 
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Fig. 12 shows the fabricated multilayer ceramic coil for the 

magnetic circuit. The average dimensions between the six 

ceramic coils of the base, height and thickness were 3.55 mm, 

3.62 mm and 1.46 mm, respectively. As a result, the miniature 

three-dimensional structure coil was realized by the multilayer 

ceramic technology. The maximum and minimum clearance 

between the multilayer ceramic coil and the through-square 

pattern on lower silicon layer for holding the magnetic circuit 

were 473 m and 54.6 m, respectively. Therefore, it was 

possible to combine with the fabricated multilayer ceramic coils 

and the MEMS structural parts. However, the achieved output 

values of inductance showed the dispersion. 

Fig. 13 shows the fabricated MEMS micromotor that was 

combined with the MEMS structural parts and the multilayer 

ceramic magnetic circuit. The sideways, endways and height 

were 11 mm, 11 mm and 5.5 mm, respectively. In this figure, the 

three IC for detection the rotational motion of the rotor was 

attached to the top frame. The dimension between the rotor and 

the IC was 800m.  

In the rotational experiment, the rotational motion was 

observed by a high-speed camera. Fig. 14 shows the rotational 

motion of the fabricated MEMS micromotor at the stable 

rotational motion of 4200 rpm. The line in this figure shows the 

position of the flag that attached to the shaft. In the rotational 

experiment, after driving the motor drive circuit, the rotational 

speed increased from the stopped state. And then, the rotor 

showed the stable motion at 4200 rpm after about 5 seconds. Fig. 

15 shows the waveform of the input voltage at the stable motion. 

By this result, the frequency was 69.9 Hz, and the input voltage 

of the U phase, V phase and W phase were 3.2 Vp-p, 2.1 Vp-p and 

2.1 Vp-p, respectively. The output waveform shows the 

deformation. The reason of the deformation of the output 

waveform is the difference of the property of the multilayer 

ceramic coil. The proposed MEMS micromotor required six 

separated coil structures, and these coils were paired by wire 

connecting. This problem will be solved by fabricating the 

paired coil pattern in the single ceramic coil structure and 

forming the connecting pattern on the bottom layer. 

 

 
 

Table 1 results of rotational speed with load weight. 

Weight [mg] Rotational speed [rpm] Initial torque 

0 4200 Not require 

53.7 2254 Not require 

107.4 1440 Require 

161.1 660 Require 

 

 

 

 
 

Fig. 15 output waveform of driving circuit 

 

 
Fig. 14 rotational motion by driving circuit 

 

 
Fig. 13 assembled MEMS micromotor with MEMS parts and magnetic 

circuit 

 

            
Fig. 12 fabricated multilayer ceramic coil for magnetic circuit 
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The rotational motion of the fabricated MEMS micromotor 

that had a weight as a load was shown in table 1. In these results, 

the fabricated MEMS micromotor showed the rotational speed 

of 2254 rpm with 53.7 mg weight. However, the rotational 

motion with the weight of 107.4 mg and 161.1 mg required an 

initial torque. In this paper, the fabricated ceramic coil was not 

introduced the magnetic material and a deflection yoke. 

Therefore, the magnetic flux from the magnet that attached to 

the rotor was diverging. For achieve more large torque, it is 

required to introduce the ferrite ceramic material as the 

magnetic material. 

The results were compared at the driving methods. The result 

of the rotational speed that was generated by the waveform 

generator was 480 rpm at 8Hz. The reason of the difference was 

the time of the synchronization. By the waveform generator, the 

input frequency was changed discretely. However, the driving 

circuit changes the input voltage continuously. In the future 

work, the driving circuit and hall IC will be constructed into the 

MEMS structural parts. It will realize the miniaturization of the 

MEMS micromotor that including the driving circuit. 

V. CONCLUSION 

This paper proposed the electromagnetic induction type 

brushless MEMS micromotor. The developed MEMS 

micromotor was combined with the MEMS structural parts and 

the multilayer ceramic coil for the magnetic circuit. The 

dimensions of sideways, endways and height of the MEMS 

micromotor were 11 mm, 11 mm and 5.5 mm, respectively. The 

MEMS structural parts constructed the upper layer for holding 

the rotor, the lower layer for holding the magnetic circuit, and 

the rotor that was attached to the 2-pole magnet. The six 

multilayer ceramic coils were arranged in the through-square 

pattern that was formed on the silicon lower layer. The 

dimensions of the base, height and thickness of the multilayer 

ceramic coil were 3.55 mm, 3.62 mm and 1.46 mm, respectively. 

By using the multilayer ceramic technology, the miniature 

three-dimensional structure coils were achieved without the 

winding wire. 

The fabricated electromagnetic induction type MEMS 

micromotor was controlled by the motor driving circuit. The 

maximum rotational speed was 4200 rpm at the input frequency 

of 69.9 Hz. Moreover, the fabricated micromotor with the load 

weight of 53.7 mg showed the rotational motion, and the 

rotational speed was 2254 rpm. 

The maximum rotational speed was compared between the 

driving circuit and the waveform generator. The rotational 

speed when the micromotor was controlled by the waveform 

generator was 480 rpm. The reason of the difference was the 

time of the synchronization. In the driving circuit, the hall IC 

was used for detecting the rotational motion. As a result, the 

driving circuit could change the input frequency continuously. 

In the future work, the driving circuit and hall IC will be 

constructed into the MEMS structural parts. 
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Abstract—Dynamic testing of an experimental 64 m span 

polyester-rope footbridge (Ait Bayoud, Morocco, 2013) was 
conducted to inform the design of future bridges. The objective of 
this paper is to compare accelerations from single and group 
pedestrian excitation tests to minimum pedestrian comfort 
(serviceability) limits. In each test, the pedestrians walked in-sync 
with a metronome set to a frequency within the range that may be 
susceptible to pedestrian vibrations. For single pedestrian tests 
conducted near the bridge’s natural frequencies, the comfort limits in 
the vertical and lateral directions at a given bridge location are 
typically exceeded for short time periods. For group pedestrian tests 
performed at the same frequencies, accelerations approached or 
exceeded the limits for longer durations.  These results indicate that 
future polyester-rope footbridges that must meet comfort criteria 
should adapt the Ait Bayoud design. 
 

Keywords—dynamic performance, full-scale test, pedestrian 
excitation, polyester-rope suspended footbridge, vibration.  

I. INTRODUCTION 
N experimental 64 m span polyester-rope suspended 
footbridge, the first of its kind, was completed in Ait 

Bayoud, Morocco in 2013 (Fig. 1). The suspended footbridge 
is a form-found structure. It can thus be analyzed using closed 
form formulations [1] as well as numerical techniques such as 
dynamic relaxation [2]. Form-finding techniques have been 
employed for the design and optimization of structures of 
different nature [3-5] and design criteria [6-7]. The community 
in this rural area is tolerant of steep walking slopes and 
pedestrian vibrations, so no static or dynamic serviceability 
criteria were considered during design. The bridge was only 
required to meet a static strength criterion. Selecting to not 
meet any pedestrian vibration comfort (serviceability) limits is 
often acceptable in rural areas. For example, according to the 
footbridge classification system in the Service d’Études 
Techniques des Routes et Autoroutes (Sétra) technical guide, 
the Ait Bayoud bridge is a Class IV or “seldom used 
footbridge, built to link sparsely populated areas or to ensure 
continuity of the pedestrian footpath in motorway or express 
lane areas” [8] that has no comfort requirements. As this 
bridge is intended to serve not only as an important component 
in the local community’s transport network, but also as a 
prototype, dynamic testing can provide insight to inform the 
design of future bridges so that more stringent comfort limits 
can be met where applicable.  

The American Association of State Highway and 

Transportation Officials (AASHTO) pedestrian bridge 
guidelines [9] indicate that bridges with natural frequencies 
less than 1.3 Hz and 3Hz in the lateral and vertical directions, 
respectively, may be susceptible to pedestrian vibrations.  A 
bridge with lower frequencies may still meet pedestrian 
comfort criteria if its accelerations are within acceptable limits. 
The Sétra technical guide [8] is referenced directly by 
AASHTO [9] as providing a potential method for evaluating 
dynamic performance. Sétra’s recommendations are one of the 
many available approaches to the problem. The International 
Federation for Structural Concrete [10] summarizes both 
acceleration and natural frequency limits for a range of 
international standards. 

For the Ait Bayoud bridge, a numerical eigenanalysis 
predicts the fundamental lateral and vertical natural 
frequencies are 0.51 Hz and 0.53 Hz, respectively. 
Additionally, higher natural frequencies are approximate 
harmonics of the fundamental natural frequencies. 
Consequently, not only the fundamental natural frequencies, 
but also a few of the subsequent natural frequencies fall below 
the stated AASHTO limits. These low natural frequencies are 
expected based on the bridge’s low stiffness. Suspended 
footbridges have low stiffness compared to other bridge types 
like trusses and arches and polyester rope’s inherent stiffness 
is low relative to that of steel cable. Prestressing the suspended 
ropes increases the system’s stiffness, but the bridge is still 
quite flexible. The Ait Bayoud bridge is also very light; it has a 
self-weight of approximately 0.55 kN/m2. This combination of 
low weight and stiffness suggests that the structure will be 
lively, i.e. move noticeably under dynamic pedestrian loads.  
The complete details and results of the numerical analysis 
performed on the bridge are subjects of future work.  
Full-scale testing of footbridges using pedestrian excitation 
can be used to examine a structure’s accelerations.  Typologies 
where such tests have been performed include suspension 
bridges [11] and stress ribbons [12], [13], and [14], which are 
both structural types that are similar in form to suspended 
footbridges. The objective of this paper is to compare 
accelerations from dynamic, single and group pedestrian 
excitation tests performed on the Ait Bayoud bridge to 
minimum pedestrian comfort limits.  
 
 
 

Pedestrian Excitation of a Polyester-Rope 
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Figure 1: Polyester-rope suspended footbridge in Ait Bayoud, Morocco during a group walking test.

II. SERVICEABILITY CRITERIA: PEDESTRIAL 
COMFORT LIMITS 

Acceleration test results are compared to minimum comfort 
limits presented in Sétra’s technical guide for footbridge 
Classes I to III. These limits are 0.8 m/s2 (0.082 g) and 2.5 
m/s2 (0.255 g) in the lateral and vertical directions, 
respectively [15]. Lateral limits related to “lock-in” provided 
by Sétra [15] are not included in this study. 

III. TEST SETUP 
Six tri-axial micro-electro mechanical system (MEMS) 

accelerometers [15] were anchored to the top of the bridge 
deck at the locations shown in Fig. 2. Lateral and vertical 
acceleration time series at each of the accelerometers during 
all of the tests were recorded. The sampling rate was 100 Hz.  
Initial accelerometer deviations from zero were corrected by 
shifting the acceleration times based on average acceleration 
data found over 10 to 30 second intervals recorded before 
testing. 

 
 

Figure 2: Plan view of the accelerometer locations on the bridge deck 
 

 
 

Figure 3: Single pedestrian walking from the west end to the east end of the bridge. 
 

IV. SINGLE PEDESTRIAN WALKING TESTS 

A. Experimental Procedure 
A set of eleven single pedestrian walking tests was 

performed. In each test, the pedestrian walked approximately 
in-sync with a metronome set to the desired frequency. One 
test was performed for each frequency that is a multiple of 
0.25 Hz in the range, 0.5 Hz to 3Hz. This range extends to 
AASHTO’s upper limit of 3 Hz for potential vibration 
problems in the vertical direction and includes frequencies 
close to the numerically determined bridge natural frequencies. 
A set of ambient vibration and free vibration tests performed 
to validate the vertical natural frequencies uncovered values  

that differ from the numerical predictions. The results of the 
ambient vibration and free vibration tests were not post-
processed until after returning from Morocco, so the walking 
tests were not performed at the vertical natural frequencies 
found experimentally (approximately 0.68 Hz, 1.32 Hz, and 
2.12 Hz) and therefore, did capture the bridge behaviour 
during resonance. The experimental natural frequencies are 
identified in Figure 4. Figure 4 shows the power spectral 
density (PSD) versus frequency plot from the free vibration 
test providing the overall (from all tests and accelerometers) 
maximum peak amplitudes. 
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Figure 4: Power spectral density versus frequency for the six 
accelerometers in a free vibration test 

 
In the tests, the pedestrian typically began at the west end of 

the bridge, walked to the east end of the bridge, turned around, 
and walked back to midspan where he stopped abruptly. For 
the 0.5 Hz and 0.75 Hz tests, the pedestrian stopped after 
walking to the east end of the bridge. Figure 3 shows the 
pedestrian mid-stride while walking across the bridge. 

 

B. Results and Discussion 
Table 1 presents the maximum (absolute values) for lateral 

(H) and vertical (V) accelerations among all of the 
accelerometers for each test. In all cases the maximum 
accelerations exceed Sétra’s [8] 0.082 g and 0.255 g comfort 
limits in the lateral and vertical directions, respectively. 
Figures 5 and 6 present the acceleration time series for the 
accelerometers with the maximum accelerations in tests in 
which the walking frequency is closest to the experimentally 
found vertical natural frequencies: test s2 (walking frequency 
of 0.75 Hz is closest to 0.68 Hz), test s4 (walking frequency of 
1.25 is closest to 1.32 Hz), and tests s7 and s8 (walking 

frequencies of 2.00 Hz and 2.25 Hz bracket 2.12 Hz). During 
this set of tests the comfort limits (represented with dashed 
lines in the plots) are typically exceeded at a particular 
accelerometer for only short durations of time. 

 
Table 1: Results for single pedestrian walking 

tests

 
 
 

   
a. Test s2, accelerometer a2                 b. Test s4, accelerometer a2 

 

   
c. Test s7, accelerometer a5                 d. Test s8, accelerometer a2 
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Figure 5: Acceleration time series for the lateral (a-d) accelerations for a set of the single pedestrian walking tests 
 

   
e. Test s2, accelerometer a2                f. Test s4, accelerometer a4 

 

   
g. Test s7, accelerometer a2                 h. Test s8, accelerometer a5 

 
Figure 6: Acceleration time series for the vertical (e-h) accelerations for a set of the single pedestrian walking tests 

V. GROUP WALKING TESTS 

A. Experimental Procedure 
A set of eight group walking tests was performed. In each 

test, four pedestrians walked approximately in-sync with a 
metronome set to the desired frequency. One test was 
performed for each frequency that is a multiple of 0.25 Hz in 
the range, 0.75 Hz to 2.5 Hz.  These tests include the 
approximate numerical (second and higher modes), but not the 
experimentally found natural frequencies. The range here 
differs from the single pedestrian test. The lower end of the 
range was increased above that of the numerically predicted 
fundamental frequency because walking at 0.5 Hz was 
determined to be an unrealistic walking pace; it is very slow. 
Testing stopped after 2.5 Hz, because higher frequencies 
required walking at paces that were too fast to allow the 
pedestrians to synchronize.  

In all tests, the group began at the west end of the bridge, 
walked to the east end of the bridge, turned around, and 
walked back to midspan where the pedestrians stopped 
abruptly. Fig. 5 shows the group of pedestrians in two different 
tests walking across the bridge. 

B. Results and Discussion 
Table 2 presents the maximum (absolute values) for lateral 

(H) and vertical (V) accelerations among all of the 

accelerometers for each test. As was the case in the single 
pedestrian tests, the maximum accelerations for the crowd tests 
exceed Sétra’s [8] 0.082 g and 0.255 g limits in the lateral and  
 
 
 
vertical directions, respectively. Figure 7 presents a set of 
acceleration time series. Again, the acceleration time series 
shown are for accelerometers with the maximum accelerations 
in tests in which the walking frequency is closest to the 
experimentally found vertical natural frequencies. The plots 
show that during this set of tests, accelerations frequently are 
close to or exceed the comfort limits (shown in dashed lines).  
Had the tests been performed at walking frequencies closer to 
the actual natural frequencies of the bridge, it is expected that 
the resulting resonance would lead to even higher 
accelerations.     
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Table 2: Results for group walking tests 

 
 

   
a. Test g1, accelerometer a5                  b. Test g3, accelerometer a5 

   
c. Test g6, accelerometer a2                 d. Test g7, accelerometer a5 

 

   
e. Test g1, accelerometer al                   f. Test g3, accelerometer a1 
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 g. Test g6, accelerometer a2                  h. Test g7, accelerometer a3a 

 
Figure 7: Acceleration time series for the lateral (a – d) and vertical (e – h) accelerations for a set of the group walking tests 

 

VI. CONCLUSIONS 
This paper presented a set of dynamic, single and group 

pedestrian excitation tests performed on the first polyester-
rope suspended footbridge built at a significant scale. Due to 
the bridge’s low stiffness and weight it was anticipated that the 
bridge would be lively. Test results confirm this expected 
behaviour. The bridge has maximum accelerations that do not 
meet Sétra’s minimum pedestrian comfort limits for footbridge 
Classes I to III. As the number of people on the bridge 
increases, the duration of time at which the limits are exceeded 
at a particular bridge location also increases. Synchronization 
of pedestrians with the bridge’s natural frequencies was not 
done in this study; pedestrians walked at frequencies near, but 
not exactly at the experimentally found bridge natural 
frequencies. Walking at the natural frequencies is expected to 
lead to greater accelerations and durations of time in which 
comfort limits are not met. 

The authors emphasize that the design of the Ait Bayoud 
bridge is not flawed and that modifications to the bridge to 
meet Sétra’s minimum comfort limits for a Class I, II, or III 
footbridge are not necessary.  The community is accepting of 
pedestrian vibrations and this rural bridge can be classified 
according to Sétra as a Class IV footbridge that has no comfort 
requirements.  

Future owners of suspended polyester-rope footbridges may 
wish for their structure to meet minimum comfort limits such 
as those suggested for footbridge Classes I to III. To meet 
these limits, the design used for the Ait Bayoud bridge should 
be adapted. If a design’s natural frequencies cannot be shifted 
outside the range of potential vulnerability by stiffening the 
structure through the use of additional prestress or elements 
(e.g., stays, underslung ropes, etc.) then the design’s 
accelerations under pedestrian excitation should be reduced. 
Accelerations could be reduced through supplemental dampers 
or additional mass. In rural areas, utilizing locally sourced 
additional mass may be more feasible than using supplemental 
dampers. 

ACKNOWLEDGMENT 
Columbia University Engineers Without Borders students 

and U.S. Peace Corps volunteers assisted with setting up and 
performing the pedestrian vibration tests. Additionally, the 
authors would like to thank Maria Gibbs (University of Notre 
Dame, USA), Professor Branko Glisic (Princeton University, 
USA), Amin Karbassi (Basler and Hofmann AG, Switzerland), 
Justin Steinhouse (HNTB, USA), and Ryan Woodward 
(HNTB, USA) for discussions related to this work.    

REFERENCES   
[1] IRVINE M. Cable structures. Mineola: Dover Publications, Inc.; 1981. 
[2] BARNES M., ADRIAENSSENS S., KRUPKA M., “A novel 

torsion/bending element for dynamic relaxation modeling”, Computers 
and Structures, 19 (1), 2013, pp 60–67. 

[3] TYSMANS T., ADRIAENSSENS S., CUYPERS H., WASTIELS J., 
“Structural Analysis of small span Textile Reinforced Concrete Shells 
with Double Curvature”, Composites Science and Technology, Vol. 69, 
No. 11-12, 2009, pp. 1790 – 1796 

[4] ADRIAENSSENS S., “Feasibility study of medium span spliced spline 
stressed membranes”, International Journal of Space Structures, Vol. 23, 
No. 4, 2008, p. 243-251. 

[5] CAUBERD N., TYSMANS T., ADRIAENSSENS S., WASTIELS J., 
MOALLERT M., BELKASSEN B., “Shells elements of textile 
reinforced concrete using fabric formwork: a case study”, Advances in 
Structural Engineering, Vol. 15, No. 4, 2012, pp. 677 – 689. 

[6] RICHARDSON J.N., ADRIAENSSENS S., COELHO R.F., 
BOUILLARD P.,  “Coupled form finding and grid optimization 
approach for single layer gridshells”, Engineering Structures, Vol. 52, 
2013, pp. 230–239. 

[7] ADRIAENSSENS S., NEY L., BODARWE E., WILLIAMS C., 
“Finding the form of an irregular meshed steel and glass shell based on 
construction constraints” Journal of Architectural Engineering. Vol. 18, 
No. 3, 2012, pp.206-213.  

[8] SERVICE D’ÉTUDES TECHNIQUES DES ROUTES ET 
AUTOROUTES, Technical Guide -- Footbridges: Assessment of 
Vibrational Behaviour of Footbridges Under Pedestrian Loading, Paris, 
2006. 

[9] AMERICAN ASSOCIATION OF STATE HIGHWAY AND 
TRANSPORTATION OFFICIALS (AASHTO), LRFD Guide 
Specifications for the Design of Pedestrian Bridges, 2nd Ed., 
Washington, D.C., 2009. 

[10] WORKING PARTY 1.1.2. OF THE INTERNATIONAL FEDERATION 
FOR STRUCTURAL CONCRETE (FIB), TASK GROUP 1.2., fib 
Bulletin No. 32: Guidelines for the Design of Footbridges, Lausanne, 
2005. 

[11] DALLARD P., FITZPATRICK T., FLINT A., LOW A.,SMITH R.R., 
WILLFORD, M., and ROCHE, M., “London Millennium Bridge: 
Pedestrian-Induced Lateral Vibration,” ASCE Journal of Bridge 
Engineering, Vol. 6, No. 6, 2001, pp. 412-417. 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 42



 

 

[12] CAETANO E. and CUNHA Á., “Experimental and Numerical 
Assessment of the Dynamic Behaviour of a Stress-Ribbon Footbridge,” 
Structural Concrete, Vol. 5, No. 1, 2004, pp. 29-38. 

[13] CAETANO E, CUNHA Á., and MOUTINHO C., “Vandal Loads and 
Induced Vibrations on a Footbridge,” ASCE Journal of Bridge 
Engineering, Vol. 16, No. 3, 2011, pp. 375-382. 

[14] MAGALHÃES F., CUNHA Á., and CAETANO, E., “Dynamic Testing 
of the New Coimbra Footbridge Before Implementation of Control 
Devices,” IMAC-XXV: Conference & Exposition on Structural 
Dynamics - Celebrating 25 Years of IMAC, Orlando, 2007. 

[15] SENSR, http://www.sensr.com, 2014. 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 43



Cohesive crack growth modelling
in heterogeneous materials

Jiřı́ Vala and Vladislav Kozák
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Abstract—Prediction of the crack growth of the brittle and
quasi-brittle fracture of structural materials is studied. Crack
extension is simulated by means of element extinction algo-
rithms (cohesive elements respectively). The principal effort is
concentrated on the application of the cohesive zone model with
the various traction separation laws. Determination of micro-
mechanical parameters is based on the combination of static tests,
microscopic observation and numerical calibration procedures.
The attention is paid on the influence of initial value of J-
integral and the slope of R-curve which is modelled by the 3-
dimensional finite element method. The practical applications
refer to the modelling of the fracture behaviour of structural
steels, intermetalic alloys and fibre composites.

Index Terms—Brittle fracture, cohesive crack growth, traction
separation law, computational modelling.

I. INTRODUCTION

DEVELOPMENT and design of advanced equipments and
components introduces the question how to ensure the

operational security. Safety factors are connected with and
dependent on the presence of the defects originated during
production or service of the given part or components. An
effort is concentrated on the description, eventually prediction
of the fracture behaviour of bodies with a priori cracks or
defects created during service loading.

Cohesive crack models are nowadays widely used to predict
cracking processes in the materials. The importance of the
cohesive zone approach is emphasized to analyze the localiza-
tion and failure in engineering materials. The micromechanical
modeling encounters a new problem that is different from
assumption of continuum mechanics. The material is not
uniform on the microscale, but a material element has its own
complex microstructure and the concept of a representative
volume element (RVE) has been introduced. The material
separation and damage of the structure is described by the
interface element. Using this technique, the behavior of the
material is split into two parts: i) the damage of the free
continuum with arbitrary material law and ii) the cohesive
interface between the continuum elements.

From a variety of damage models, the cohesive models,
derived in [1] and [2], seem to be especially perspective
for practical applications. Thanks to their phenomenological
character, they can be adapted for various kinds of materials
and damages. Cohesive models or (more often) cohesive
zone models (CZM) by [3] are used to simulate fracture
and fragmentation processes in metallic, polymeric, ceramic
materials and composites. Instead of an infinitely sharp crack
envisaged in linear elastic fracture, the energy from the process
zone is transferred from external work both in the forward and

Fig. 1. Examples of the traction - separation law.

wake regions of the expanding crack. Base principle of CZM
is using cohesive elements for crack and damage modelling,
while the classical continuum elements are undamaged. In
terms of modelling, the separation of materials is realized
using cohesive elements in the boundary line between classical
elements of continuum. Using cohesive models, the behaviour
of materials is considered using two types of elements: i)
the former element for classical continuum, ii) the latter
connecting cohesive element. The separation of such connect-
ing cohesive elements is computed from the displacement of
neighbouring continuum elements. Generally the separation is
dependent on the normal and shear stresses.

In case of the cohesive models we need to identify the
hypothetical crack tip to determine the crack driving force
by using traction-separation models that are expressed in
the shape of the T-δ curve. The maximum value of T has
usually the character of cohesive strength; there is the physical
crack tip where the separation has the maximum value at
this distance, i. e. the crack is fully separated and the energy
absorption for decohesion is total, as analyzed in [4]; for the
illustration see two versions of the traction - separation law
on Figure 1. The concept of the cohesive zone model has
been widely employed to investigate various material failure
phenomena; here we shall mention only some results important
for our further considerations, whereas much more historical
conjunctions including application scopes can be found in [5]
and [6].

Since the analytic computational approaches give significant
result only in very special cases, typically for the simula-
tion of well-organized experiments, which is often valid also
for semianalytic considerations, relying on classical infinite
functions series and numerical quadrature, the majority of
recent computational algorithms works with finite elements
or similar techniques, namely with various implementations
of the extended finite element method (XFEM) by [7] or [8],
or with the cohesive segments method by [9], handling the
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nucleation, growth and coalescence of multiple cracks. Some
advantages of meshfree cohesive modelling of failure, namely
of the reproducing kernel particle method (RKPM) within the
framework of wavelet theory, are noticed in [10], together
with the comparison of the cohesive zone approach and the
atomistic view. The analysis of quasistatic brittle fracture in
inhomogeneous media by [11] relies on the method of iterated
conformal maps, distinguishing between fracture patterns in
three basic modes. Really, there are three ways of applying
a force to enable a crack to propagate: i) opening mode
(tensile stress is normal to the plane of the crack), ii) sliding
mode (shear stress acts parallel to the plane of the crack and
perpendicular to the crack front) and iii) tearing mode (shear
stress acts parallel to the plane of the crack and parallel to the
crack front). The brittle-to-ductile transition (BDT), as well
as the fracture toughness of semi-brittle materials, is studied
the competition between the bond breaking at the crack tip
and the mechanisms that govern crack tip plasticity at the
atomic scale in [12]. The element-free Galerkin method (EFG),
introduced in [13], substitutes the standard Galerkin finite
element technique by the implementation of interface elements
for the representation of displacement discontinuities due to
cracks.

Limited accuracy of all crack growth predictions, depending
on the creation of geometric singularities due to certain
nonlocal constitutive relations, motivates the development of
still alternative approaches, utilizing i) statistical considera-
tions, ii) fractal theory, iii) advanced geometrical description
of macro- and microfractured zones or iv) both physical
and mathematical homogenization and scale-bridging. In the
following remarks we shall try to preserve this classification,
although some recent approaches cannot be assigned to just
one of the classes i) – iv). Starting with i), whereas the Weibull
function in [14] is introduced as simple mathematical relation
that is capable of describing the variability in strength, [15]
presents the complete Weibull fracture statistics of ceramics
and [16] understands the brittle crack growth as the forced
separation of chemically bonded surfaces, working with the
survival probability within the separation zone. In ii) the
generalization of [11] to fractal cracks, derived in [1], opens
the way to the fractal-based mesoscopic analysis of damage
and fracture in heterogeneous materials by [20], as well as
to such discrete cohesive crack modelling by [21]; [22] then
works with the fractal statistics of fragmentation (breaking
a solid into separate fragments caused by multiple fractures)
of brittle materials, supported by original experiments and
signal processing techniques. From the point of view of
iii) the most difficult problem is to complete the general
nonlinear geometrical concept of [23] by the adequate physical
considerations, including material characteristics identifiable
in engineering practice, as documented by [24]. In iv) the
RVE-based average approaches for a cohesive zone by [25]
and [26] are still the most frequent; however, the exploitation
of more advanced bridging between macro- and microscale
models of cohesive fracture, as in [27], as well as of the
formal mathematical homogenization like the Γ-convergence
for rapidly oscillating functions in [28], should be noticed.

Regardless of quite different material structures, other size

of specimens, particles in a matrix, etc., similar approaches are
applied also to the composites utilized in civil engineering, as
for the a masonry composite made of brick units and mortar
arranged forming layers by [29] and in most applications for
concrete. Some additional physical processes should not be
neglected in this case: namely the cohesive damage friction
interface model, suggested in [30], accounts for water pressure
on crack propagation, whereas the semianalytic approach of
[31] to reinforced cementitious composites is able to study
the effects of fracture toughness, of crack bridging and of
initial unbridged flaw size, thanks to the very special physical
and geometric setting, due to the need of easy comparison
with standard experimental results. The multi-scale approaches
like [32] and fractal ones like [33] have been developped for
concrete, too.

II. PHYSICAL AND MATHEMATICAL BACKGROUND

Let us introduce the basic physical and mathematical
assumptions and notations of the cohesive zone approach,
needed in this paper to understand (at certain minimal gen-
erality level) the crack behaviour of some material classes,
important in engineering practice. A lot of potential im-
provements could be inspired by Introduction; however, the
implementation of a general geometrical description of finite
structured deformation, as well as of results from classical or
fuzzy statistics, fractal theory or two-scale and similar types of
convergences on homogenization structures would make this
text very reader-unfriendly.

As a model problem, let us consider a domain Ω in the 3-
dimensional Euclidean space R3, occupied by a deformable
body, supplied with the Cartesian coordinate system x =
(x1, x2, x3); some (local, formally outward) unit normals
n = (n1, n2, n3) are assumed to exist (almost) everywhere
on the boundary ∂Ω of Ω in R3. We shall study the behaviour
of a deformable body on certain time interval I , starting from
the zero time.

Let u = (u1, u2, u3) denote the displacement related to
the above mentioned reference geometrical configuration; their
zero-time initial values (compatible with Eq. 1), as formulated
below) are prescribed. In the following considerations, i, j,
k and l will be Einstein summation indices from the set
{1, 2, 3}; if no comments are added, all relation will be valid
for all values of free indices from this set. For simplicity,
an index i preceded by a comma means a partial derivative
with respect to xi: e. g. ψj,i can be used instead of the full
notation ∂ψj/∂xi. Unlike such derivatives, an upper dot means
a partial derivative with respect to any time t taken from I .
the following equations should be then valid on I (without
additional explanations).

Let us suppose that ∂Ω can be decomposed to its disjoint
parts Γ, Θ and Ξ. We shall consider the Dirichlet boundary
conditions

ui = 0 on Θ (1)

and the following loads: the volume ones f = (f1, f2, f3) on Ω
and the surface ones g = (g1, g2, g3) on Γ. The knowledge of
the material density ρ on Ω will be needed, too. The notation
Ξ is reserved for the crack; its time development is possible.
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For the stresses σij the well-known Cauchy equilibrium
condition reads

σij,j + fi = ρüi on Ω , (2)

together with the Neumann boundary conditions

σijnj = gi on Γ . (3)

Moreover, introducing the strains εkl(u), for the small strain
approximation identifiable with (uk,l+ul,k)/2, we need some
constitutive relations to obtain σij , typically

σ̇ij = Gij(ε̇(u)) on Ω (4)

with some prescribed mapping Gij where ε can be considered
as a symmetrical matrix of all εkl(u), following [9], p. 72. In
the simplest case the choice Gij(ε(u)) = Cijklεkl(u) leads
to the Hooke law with constant characteristics Cijkl (thus
time derivatives can be removed) generating a symmetrical
positive definite matrix (which still admits nonhomogeneous
and anisotropic materials).

Up to now, at least with empty Ξ (which may be the initial
case), we have only the standard problem of deformation of
linear (or similar) elastic body. Let us moreover suppose that
Ξ, representing a crack, consists of two identical parts Ξ+

and Ξ−, distinguished by the opposite orientation of n only.
The value of u on the crack tip, because of the irregularity
of such point, must be evaluated separately, using some J- or
K-nonlocal stress integrals; this can lead to the irreversible
enlargement of Ξ in time. Nevertheless, the 2-dimensional
simplifications are utilized in most computational tools –
cf. [7], p. 831.

The Neumann boundary condition analogous to Eq. 3 with
0 instead of gi could be considered on Ξ outside the cohesive
zone; To force the material nonpenetrability, for the notation
δui = u+i − u

−
i where u+i and u−i have to be understood in

the sense of traces of u from Ω then we should check also
δuini ≥ 0 (which is rarely done in practical algorithms).

Inside the cohesive zone the physical considerations are
more delicate: a new constitutive relation has to be introduced
on Ξ (active on its part), e. g. in the form presented in [9],
pp. 73 and 77,

τ̇i = γi(δu̇) on Ξ (5)

with some prescribed mapping γi where δu̇ can be introduced
in the similar way as δu and the discontinuity tractions τi
replace gi from Eq. 3. The most simple form of such relation
seems to be τ̇i = κδu̇ with certain tangent stiffness of the
traction separation law. One can observe very special forms,
as rectangular, (piecewise) linear, etc., of cohesive laws in
engineering practice (cf. [7], p. 816); for more details see the
following section and all relevant references.

Introducing the set of admissible displacements V as those
displacement from appropriate function spaces satisfying Eq. 1
(Lebesgue, Sobolev, Bochner, etc. spaces are exploited in most
cases to guarantee the formal correctness of all formulations
and the existence and uniqueness of variational or weak
solutions, at least for linear and selected semilinear problems),

applying the Green - Ostrogradskiı̌ theorem (on the integration
by parts), we are able to convert (2) and (3) to

(εij(v), σij)− (vi, ρüi) + 〈δvi, τi〉 (6)
= (vi, fi) + 〈vi, gi〉 ∀ v ∈ V ;

here (ψ, φ) mean the integrals of ψ(x)φ(x) over Ω (with
hidden Einstein sums), 〈ψ, φ〉 and 〈ψ, φ〉∗ then the simi-
lar integrals over Γ and Ξ+, respectively. Both constititive
relations Eq. 4 and Eq. 5 are supposed to be hidden in
Eq. 6. Consequently some integral equation of the type Eq. 6,
representing the Galerkin formulation of our model problem,
is applied in most numerical algorithms based on (classical
or extended) finite element techniques and occurs also in
derivation of numerous meshless algorithms, both dynamic and
quasistatic ones.

III. CRACK BEHAVIOUR OF SELECTED MATERIALS

A. Structural steels
The standard tensile experiments have been used to deter-

mine material curve for characterization of the elastoplastic
behaviour of tested material. The relation σe - εe was found,
but key problem is the validity of this relation after necking.
According to many experimental observations in [5] the new
approximate curve was received. For forged 42CrMo4 steel the
ductile fracture was predicted and J −∆a curve is calculated
by cohesive elements using Warp3D and Abaqus codes.

For the determination of the cohesive stress, T0 in the
case of normal fracture (mode I) a set of twelve experiments
for tensile notched bars was done. The mean value of the
cohesive stress T0 was determined from the above mentioned
set and from the computations for the material curve received
from the waisted tensile specimens; T0 is then 2000 MPa.
For determination of the stress-strain distribution the standard
FEM Abaqus package with CAX4 elements was used. The
standard CT specimens were used for J-integral determination
according the ASTM 1820-99a procedure (based on measure-
ment of the J − ∆a curve). The experimentally determined
value of Ji was found to be 115 MPa.mm. This value was
calibrated using numerical procedure using WarpD.

The numerical modelling was realized with all material
curves. The standard FEM package Abaqus has been utilized.
Set of computations were applied to the calibration of the
cohesive parameters used for J−∆a curve prediction. Various
combinations for T0 and Ji were tested. In Figure 2 the values
Ji are marked as Cohe1, Cohe2 and Cohe3 (Ji with values
110, 120, 130) and received data were compared with the
experimental values. The best correlation was found for first
value of Ji=110 MPa.mm. From the above analyses follows
the prime combination of the cohesive parameters (T0=2000
MPa, Ji=110 MPa.mm).

Single three point bend specimen SE(B) has been used for
experimental prediction of the J−R curve. Using the cohesive
parameters received on the notched specimens T0 and Ji on
the CT specimens the numerical simulation of the stable crack
growth was done and J −R curve was predicted – see Figure
3. The FE mesh consists from 8560 nodes and 7155 element
C3D8 (Abaqus). Owing to numerical instability more than
1000 loading steps were applied.

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 46



Fig. 2. Ji calibration on CT specimen.

Fig. 3. J −R curve for SE(B) specimen.

B. Intermetallic alloy TiAl

Main goal of the experimental work was the evaluation
of the flexural strength tests in the temperature range from
room temperature up to 800 C for the intermetallic alloy TiAl
(see [36]). The materials used in this investigation had the
composition Ti-48Al-2Cr-2Nb-1B and Ti-46Al-0,7Cr-0,1Si-
7Nb-0,2Ni (marked I and F).

Fig. 4. J −R curve: K = 14 MPa.m1/2, K = 16.3 MPa.m1/2, K = 20
MPa.m1/2 (Chevron notch, σy = 200 MPa).

Fig. 5. J −R curve: K = 14 MPa.m1/2, K = 16.3 MPa.m1/2, K = 20
MPa.m1/2 (sharp notch, σy = 200 MPa).

The FEM mesh with two modifications was created for the
stress analysis. The first one had 10000 C3D8 elements and
second one 90000 elements. After some numerical test was
found that there is a very small discrepancy between them
and a mesh with smaller density of elements was used for
next computations. The cohesive 3D elements COH3D8 with
zero thickness were used for cohesive zone modelling using
FEM packages Abaqus and Warp3D.

The input parameters of the cohesive model with linear
damage development for alloy I were determined following
experiments for fracture toughness. In this way the fracture
energy was assigned expressing the area below the TSL.
Parameter T0 was evaluated from the values of fracture
stresses. The value δ0 was found using the area below the
TSL. Procedure for the exponential traction separation law
implemented in Warp3D was very similar. Obtained cohesive
parameters were used in FEM computation for 3PB test.
F -alloy modelling can be seen in Figure 4. J-integral in
Warp3D is continually computed ahead the crack tip and his
positions are changing during the element killing. Thereafter
the construction of the J − R curve can by constructed very
precisely.

According the experimental observation the J − R curve
reflects various types of microstructures. The flat curves rep-
resents the duplex microstructure, rapidly increasing curves
the lamelar microstructure and the curve between the nearly
lamelar microstructure. In the following Figure 5 and Figure
6 one can see the influence of the notch shape on the
microstructure damage processes.

C. Long fibre composites

The failure of composites has been investigated extensively
from the micromechanical point of view. When a crack prop-
agates in a composite material in a direction perpendicular
to that of reinforced fibres, the failure process typically in-
volves four basic mechanisms: matrix cracking, fibre/matrix
debonding, fibre breakage and fibre pull-out. Critical problems
in application of these materials are the interfaces between
matrix and reinforcing fibres. The interface is very strip area
with primary key property including the fracture toughness,
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Fig. 6. J −R curve: K = 14 MPa.m1/2, K = 16, 3 MPa.m1/2, K = 20
MPa.m1/2 (sharp notch, σy = 300 MPa).

strength and fracture behaviour. This interface plays the crucial
role in stress transferring between reinforcement and matrix
and so it determines the mechanical and fracture behaviour.
The separation is given by the common influence between
normal and tangential directions at the interface. Compound
materials consist of two or more constituents with different
properties complementing other. The degrading properties of
one constituent are leveled off by better properties of the
others. Damage evolution is sensitive to morphological pa-
rameters of the microstructure such as volume fraction, size
and spatial distribution of reinforcements, interfacial strength
and size defect.

For glass fibre composites, the interfacial properties are
controlled by the sizing, which is applied to the glass fibres
during manufacture. The change of sizing results in changes of
these properties. This leads to the influence to the mechanical
properties such as strength and fracture toughness. The con-
cept of strength is used for characterizing crack initiation in
composite design, while fracture toughness determines crack
growth and damage development. Bridging occurs during
cracking in mode I crack growth along the fibre direction.
This failure mode plays an important role during delamination
of fibre composites and cracks splitting around holes and
notches. The fibre bridging zone must be modelled as a
discrete mechanism on its own; failure is not just controlled
by the cracking at the crack tip. The failure process can be
described by a bridging law, which describes the relationship
between the crack opening displacement and the local bridging
tractions resulting from the bridging ligaments. This paper
derives the necessary basics and equations to implement these
laws into the commercial finite element code Abaqus with a
cohesive user element. Different numerical adjustments of the
bridging law will be discussed in detail in oral presentation.
Crack aspects, such as crack opening shape and the influence
of bridging law parameters, are studied based on the numerical
results.

Now consider the specimen having a crack with bridging
fibres across the crack faces near the tip. The bridging law is
then taken to be identical at each point along the bridging zone.
Since fibres will fail when loaded sufficiently, we assume the

Fig. 7. Traction separation (bridging) law modification.

existence of a characteristic crack opening δ0, beyond which
the closure traction vanishes. Shrinking the path of the J-
integral to the crack faces and around the crack tip gives

J =

∫ δ∗

0

σ(δ) dδ + JTIP (7)

where JTIP is the J-integral evaluated around the crack tip
(during cracking is equal to the fracture energy of the tip, J0).
The integral is the energy dissipation in the bridging zone and
δ∗ is the end-opening of the bridging zone at the notch root.
The bridging law can be determined by differentiating Eq. 7:

σ(δ∗) =
∂JR
∂δ∗

(8)

where JR is the value of J during crack growth. Initially,
the crack is unbridged. Thus in Eq. 8 crack growth initiates
when JR = JTIP = J0. As the crack grows, JR increases in
accordance with Eq. 7. When the end opening of the bridging
zone δ∗ reaches δ0, the overall R-curve attains its steady state
value Jss.

There are a variety of possible methods for implementing
cohesive laws within commercial finite element programs.
The most versatile is the development and programming of
cohesive elements. These elements are in most cases defined
with zero thickness and prescribe stresses based on the relative
displacement of the nodes of the element. Similar work has
also been undertaken with spring elements (force-opening
relation), although in this case there might be simplifications
required when calculating the equivalent nodal spring forces
from the surrounding elements. The procedure is not straight
forward when springs are connected to elements with non-
linear shape functions, such as 8-node elements.

The constitutive expression can be expressed either with
a linear displacement term for ∆u, or with a coupled form,
where ∆u is included with non-linear dependence. The pre-
ferred option depends on the form of the constitutive equation
Eq. 7 and its numerical implementation:

JR(δ∗) = J0 + ∆JSS

(
δ∗

δ0

)1/2
. (9)

Two points need to be addressed during the numerical ad-
justment: removal of the stress singularity at ∆u = 0 and
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Fig. 8. Image of the microstructure.

Fig. 9. Traction separation law after calibration procedure.

incorporation of the initial fracture strength J0 improved
traction separation law as can be seen in Figure 7. The material
used for the bridging stresses modelling was a commercially
available SiC Nicalon fibre reinforced borosilicate glass matrix
composite (see Figure 8). Properties of the glass matrix, SiC
fibres and composite were: Young modulus 63, 198, 118 GPa,
Poisson ratio 0.22, 0.20, 0.21, tensile strength 60, 2750, 600-
700 MPa.

For the crack growth modelling the following data deter-
mined experimentally were used: J0 = 6200 J/m2, Jss = 18500
J/m2, ∆uc = 0.1 mm, ∆u1 = 0.013 mm. Calibrated data and
the final shape of the bridging law can be seen on the following
Figure 9.

D. Ceramics

Ceramics such as silicon nitride (Si3N4) are acknowledged
as the first choice for modern bearing applications. However,
in addition to severe working conditions such as high tem-
peratures and corrosive environments, rolling where elements
are subjected to high cyclic contact stresses during service
[1]. It is well recognized that the properties of ceramics can
be profoundly enhanced by suitably tailoring the microstruc-
ture based on realistic application and working conditions.
Namely, the effects of tailoring the grain structure on the
fracture toughness of silicon nitride were demonstrated in [2].
Similarly, the influence of boundary phase manipulation and
the effect of grain bridging on the strength and toughness
were illustrated in [3]. In order to improve the lifetime of
ceramic components and realize cost and energy efficient

manufacturing processes, two main issues have to be ad-
dressed: i) materials with increased functionality and optimum
properties should be fabricated and tailored for a wide diversity
of requirements (materials design and optimisation); ii) the
progress of degradation processes should be predicted and
evaluated (damage analysis), focusing in particular on damage
mechanisms occurring under realistic working and loading
conditions. his knowledge leads to the design of materials with
superior performance in machine components.

Two directions were investigated (in the pressing direction
and perpendicular to this direction). The level of anisotropy
in elastic modulus values is relatively low: around 1 GPa, i. e.
EA = 293.07 GPa and EB = 293.83 GPa; Poisson ratio has
been determined to be 0.283.

The extended finite element method (XFEM) was first
introduced by [34]. It is an extension of the conventional
finite element method based on the conception of partition
of unity by [35]. The presence of discontinuities is ensured by
special enriched function. For purpose of fracture analysis,
the enrichment function typically consist of the near tip
asymptotic functions that captures singularity around the crack
tip and the discontinuous function that represents the jump in
displacements across the crack tip surfaces. The approximation
for displacement vector function u with the partition of unity
enrichment is

uXFEM =
∑
i∈I

Ni(x)ui +
∑
i∈J

Ni(x)H(x)ai (10)

+
∑
i∈K

[
Ni(x)

4∑
α=1

Fα(x)biα

]
where Ni(x) are the usual nodal shape functions; ui is nodal
displacement vector associated with the continuous part of the
finite element solution, the second term is product of the nodal
enriched degree of freedom vector ai, and associated with
discontinuous jump function H(x) across the crack surfaces,
the third term is the product of the nodal enriched degree of
the freedom vector biα and associated elastic asymptotic crack
tip function, Fα (x).

The formulae and laws that govern the behaviour of the
XFEM cohesive segments for crack propagation are very
similar to those used for cohesive elements with traction
separation law. The similarities extend to the linear elastic trac-
tion separation model, damage initiation criteria and similar
damage evaluation law. Input parameters used for modelling
using Abaqus are: the maximum principal stress criterion 1000
MPa, damage evolution K = 5.3 MPa.m1/2, Young modulus
293 000 MPa, Poisson ratio 0.283.

Saturation in the J −R curve has been reached for XFEM
modelling substantially later than for the cohesive zone ap-
proach. Usually the crack length was greater than 20 µm.
This observation is predicable because the XFEM model is
not incorporating the bridging mechanism into the cohesive
law. The expected behaviour of the J − R curve based on
the literature data should be different and the saturation is
expected for the crack lengths in the interval of 10-15 µm.
The discrepancy comparing literature with our results can be
seen in the different microstructure and / or due to numerical
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Fig. 10. Bridging law after calibration procedure.

Fig. 11. J-R curve prediction.

oscillation which can lead to the underestimation of K-values.

IV. CONCLUSION

The cohesive zone modelling has the capacity to investigate
the interplay between the local microstructure and the various
material properties (mainly fracture toughness). The shape of
the J−R curve is more determined by the material curve than
by the shape of the traction separation law and reflects the
material microstructure. Knowledge and practice experiences

Fig. 12. J-R curve prediction for XFEM and cohesive modelling.

how to use cohesive elements for the ductile and brittle
fracture has been obtained and the crack growth modelling
for heterogeneous materials has been tested too. Modelling
has been confronted with the classical fracture mechanics
concepts. Increased attention has been applied to intermetallics
and to the influence of the microstructure on the fracture
process. To determine the basic material characteristics of
intermetallic alloys is not the standard thing. Therefore for the
numerical modelling the parametric approach has been applied
to find the connection between fracture micromechanisms
and input data. Obtained results and running analysis of the
microstructure will enable to concentrate our future work for
crack prediction in dimension close to grain size.

For fibre composites in mode I crack growth in unidirec-
tional fibre composites is modelled; fibre cross-over bridg-
ing occurs during cracking along the fibre direction. Crack-
bridging mechanisms can provide substantial increases in the
toughness coupled with the strength in ceramics and saturation
in the J − R curve has been reached for XFEM modelling
substantially later than for the cohesive zone approach.
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[35] I. Babuška and U. Banerjee, Stable generalized finite element method
(SGFEM). Computer Methods in Applied Mechanics and Engineering
201 (2012), 91–111.

[36] M. Lengauer and R. Danzer, Silicon nitride tools for the hot rolling
of high-alloyed steel and superalloy wires - crack growth and lifetime
prediction. Journal of the European Ceramic Society 28 (2008), 2289-
2298.
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Abstract— In this study, viscosity variation for three different 
epoxy resin adhesives including three different fillers was determined 
with increasing the CABOSIL TS 720 content from 1% to 5% and 
reducing the filler content from 19.9 to 15.9% at the temperatures of 
25, 40  60, 70 and 800C.  Variation of viscosity was also determined 
for  SHELL resin system consisting of EPIKOTE®  828 epoxy resin 
and  EPIKURE®  3090 polyamidoamine curing agent. Calcite with 
having three different particle diameters of 0.7, 0.9 and 10 µm was 
used as filler. CABOSIL® TS 720 used as rheology control agent 
was an other filler. Viscosity models were developed with measuring 
the viscosity by using HA model Brookfield type DV-II+Pro 
Viscometer with SC4-27 spindle at constant shear rate. It was found 
that viscosity increased as CABOSIL® TS 720 content increased and 
viscosity decreased with increasing the temperature. Generally, the 
adhesive prepared by the calcite with the particle diameter of 0.7 µm 
gave the lowest viscosity value. 

Keywords— Adhesives, epoxy resin, viscosity, fillers, particle 
size distribution 
 

I. INTRODUCTION 
 

Fluids are generaly separated into two categories known as 
Newtonian and non-Newtonian. In Newtonian fluids, viscosity 
does not vary with changing shear rates, whereas, viscosities of 
non-Newtonian fluids vary at different shear rates. Non-
Newtonian fluids are also divided into two groups as time 
independent non-Newtonian and time dependent non- 
Newtonian. Time independent non-Newtonian fluids show 
pseudoplastic, dilatant behaviour when time dependent non-
Newtonian fluids represent thixotropic, rheopectic behaviour 
[1].  

Epoxy resins extensively used in coating and adhesive 
industry demonstrate both thixotropic and rheopectic 
behaviour together.  Viscosity  measurement of a thermoset 
material during processing is very complicated due to kinetic 
rate of conversion from a liquid to a solid material [2]. 

Fumed silicas are commonly used in coating and adhesive 
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industry as rheological control agents [3]. CABOSIL® TS 720 
treated fumed silica is a very efficient thixotrope for epoxy 
resin adhesives., giving a stable sag resistance at vertical 
surfaces  without changing other properties such as cure rate or 
lap shear tensile strengths of adhesives [4]. 

Temperature, shear rate and loading level of filler are 
factors influencing the rheology of the epoxy resins and effect 
of those factors was also studied (5-12). Investigations 
including epoxy resin and fumed silica were met(14-19). 

The rheological properties of composites and the variations 
during hardening process were explored on literature data (20-
21)..Kinetics of the chemical reactions during hardening were 
also investigated(22-27). 

The aim of the study is to investigate rhe variations in the 
rheological properties of the epoxy resin depending on 
rheology control agent content, filler size and temperature, 
 
                             2.  EXPERIMENTAL 
 

Fifteen different types of adhesives were prepared with the 
addition of EPIKOTE® 828 epoxy resin and EPIKURE®  
3090 polyamidoamine curing agent with a ratio of 1:1 by 
weight. CABOSIL® TS 720 rheology control agent was 
increased from  1 to, 2, 3, 4 and 5% , while one of three fillers 
( calcite with the mean particle diameter of 0.7 µm, calcite 
with the average particle diameter of 0.9 µm, calcite with the 
mean particle diameter of 10 µm) was decreasing from 19.9 to 
15.9%. Those adhesives were also mixed by a mechanical 
stirrer for five minutes approximately to insure the complete 
mixing. Then, viscosity of the samples was measured by using 
HA model Brookfield type DV-II + Proviscometer with the 
usage of complete computer control in terms of ‘’Rheocalc’’ 
software collecting data automatically. Variation of viscosity 
was also measured with changing the temperature from 25 to 
40, 60, 70 and 800C by providing temperature control between 
water jacket of small sample adapter and water bath. 

3.  RESULTS AND DISCUSSION 
Viscosity variation and thixotropy are very important  in the 

application of epoxy resin adhesives before hardening in spite 
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of the fact that the observation of rheopexy during the curing 
reaction. Application time can be adjusted with respect to the 
amount of fumed silica known as  CABOSIL® TS 720. For 
this reason,  viscosity variation and thixotropic, rheopectic 
behaviour of epoxy resin adhesives including five different 
CABOSIL® TS 720 content and calcite with three different 
particle diameters at the temperatures of 25, 40, 60, 70 and 
800C were investigated in this study. Thixotropic, rheopectic 
behaviour and viscosity variation of three compositions were 
determined by increasing the CABOSIL® TS 720 content 
from 1% to 2, 3, 4 and 5% and decreasing the filler content 
from 19.9 % to 18.9, 17.9, 16.9 and 15.9% at equal amount for 
each temperature in terms of constant shear rate. However, 
thixotropy was not observed for all compositions, while 
rheopexy was attained for all compositions because of the 
curing reaction between epoxy resin and curing agent. 
Viscosity models depending on time for each adhesive were 
developed as well and results are given in Tables 1, 2, 3, 4 and 
5. 
Viscosity variation of three adhesives including calcite with 
three different particle diameters of 0.7 µm, 0.9 µm and 10 µm 
at 250C was observed for the CABOSIL® TS 720 content of 1, 
2, 3, 4 and 5% . Only the composition containing calcite with 
the particle diameter of 0.9 µm gave thixotropy, while other 
compositions were demonstrating no thixotropy for the 
CABOSIL® TS 720 content of 1%. When the CABOSIL® TS 
720 content was increased to 2%, lower thixotropy was 
observed for the compositions having calcite with the particle 
diameters of 0.7 and 0.9 µm, whereas,  thixotropy was not 
attained for the composition containing calcite with the 
particle diameter of 10 µm. Thixotropy and rheopexy were 
obtained for three compositions definitely at the CABOSIL® 
TS 720 content of 3 and 4%. No thixotropy was followed for 
two compositions including calcite with the particle diameters 
of 0.7 µm and 0.9 µm, while other composition including 
calcite with the particle diameter of 10 µm was representing 
thixotropy and rheopexy at the CABOSIL® TS 720 content of 
5%. This effect is also easily observed from Table 1, therefore, 
the adhesives containing calcite with the particle diameter of 
0.7 and 0.9 µm gave only line equations in viscosity model for 
CABOSIL® TS 720 content of 1, 2 and 5%, while these 
adhesives were indicating polynomial equations in viscosity 
model for CABOSIL® TS 720 content of 3 and 4%.  It was 
generally determined that viscosity and thixotropy increased as 
CABOSIL® TS 720 content increased. The reason why 
thixotropy increases with increasing the CABOSIL® TS 720 
content is that the process of epoxy hardening is retarded by 
the presence of filler based on silica with low particle size 
distribution (5). It acts as curing retardation agent for a while 
as a consequence of the aggregates between the solid particles 
and the polymer chain by van der Waals forces(4). In general, 
higher viscosity values were observed for the adhesives 
including calcite with the particle diameters of 0.7 µm and 0.9 
µm at the temperature of 250C for all  CABOSIL® TS 720 
content except for 4%. The reason for this can be explained in 
terms of reducing the particle size of the filler. This effect 
leads to an increase in the number of particles and higher 
number of smaller particles results in more particle-particle 

interactions and an increased viscosity (28-33). For this 
reason, the composition including calcite with the highest 
particle diameter of 10 µm gave the lowest viscosity for the 
CABOSIL® TS 720 content of 2, 3 and 5% at the temperature 
of 250C. Since, low filler contents and large particle sizes 
resulted in low viscosity resin (16-19). Lower particle size 
effect on viscosity is observed from Figures 1, 2, 3 and Table 
1. 
 
Table 1. Viscosity models of SHELL adhesives with respect to CABOSIL TS 
720 content and particle diameter at the temperature of 250C 
 

 

 
 
Figure 1 Viscosity variation of SHELL adhesive 
according to three different fillers for CABOSIL TS 720 
content of 1% at the temperature of 250C 
 
Viscosity variation of three compositions including SHELL 
resin system, calcite with three different particle diameters of 
0.7 µm, 0.9 µm  and 10 µm at 400C was detected for the 
CABOSIL® TS 720 content of 1, 2, 3, 4 and 5%. Even 
though, a little bit effect of thixotropy was observed for three 
compositions at the CABOSIL® TS 720 content of 1%, a rise 
in thixotropy was attained with an increase in CABOSIL® 
TS 720 content until 4 %. When the CABOSIL® TS 720 
content was increased to 5%, viscosity increased and higher 
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Figure 2 Viscosity alteration of SHELL adhesive 
including three different fillers for CABOSIL TS 720 
content of 2 % at the temperature of 250C 
 
 

 
 
Figure 3 Viscosity variation of SHELL adhesive with 
respect to three different fillers for CABOSIL TS 720 
content of 3 % at the temperature of 250C 
 
 
thixotropy was obtained than at the CABOSIL® TS 720 
content of 4% for two compositions including calcite with the 
particle diameters of 0.9 µm and 10 µm. However, other 
composition containing calcite with the particle diameter of 
0.7 µm indicated lower thixotropy than at the CABOSIL® TS 
720 content of 4%. Results showed that viscosity and 
thixotropy generally increased with increasing the CABOSIL® 
TS 720 content. Although, the adhesive with having the 
particle diameter of 0.9 µm gave the highest viscosity at the 
temperature of 400C for the CABOSIL® TS 720 content of 1, 
2 and 3% , the lowest viscosity values were observed for the 
CABOSIL® TS 720 content of 4 and 5% at the same 
temperature. This effect may be expressed owing to the 
influence of particle size distribution between silica and calcite 
with reducing the calcite amount and increasing the 
CABOSIL® TS 720 content(28-32). Effect of  CABOSIL® 
TS 720 content on viscosity and thixotropy is given in Figures 
4, 5, 6, 7, 8 and Table 2. 
 
 
 
 
  

Table 2. Viscosity models of SHELL adhesives with respect to CABOSIL TS 
720 content and particle diameter at the temperature of 400C 
 

 

 
 
Figure 4 Viscosity alteration of SHELL adhesive 
according to three different fillers for CABOSIL TS 720 
content of 1 % at the temperature of 400C 
 
 

 
 
Figure 5 Viscosity variation of SHELL adhesive having 
three different fillers for CABOSIL TS 720 content of 2 % 
at the temperature of 400C 
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Figure 6 Variation of viscosity for SHELL adhesive 
including three different fillers with CABOSIL TS 720 
content of 3% at the temperature of 400C 
 
 

 
 
Figure 7 Alteration of viscosity for SHELL adhesive 
containing three different fillers for CABOSIL TS 720 
content of 4 % at the temperature of 400C 
 
 

 
 
Figure 8 Viscosity variation of SHELL adhesive with 
respect to three different fillers for CABOSIL TS 720 
content of 5 % at the temperature of 400C 
 
 
Viscosity variation of three compositions including calcite 
with three different particle diameters of 0.7 µm, 0.9 µm and 
10 µm at 600C was determined for the CABOSIL® TS 720 
content of 1, 2, 3, 4 and 5% and results are represented in 
Table 3.  
 
 

Table 3. Viscosity models of SHELL adhesives with respect to CABOSIL TS 
720 content and particle diameter at the temperature of 600C 
 
 

 

 
 
 
Thixotropy also increased with increasing the CABOSIL® TS 
720 content from 1 to 2, 3, 4 and 5% for three compositions. 
However, viscosity decreases as temperature increases (15) 
and viscosity increases with increasing the CABOSIL® TS 
720 content (4), whereas, particle size distribution of fillers is 
an important parameter on viscosity as well. This effect is 
apparently determined from the viscosity results obtained.  
Even though, lower viscosity values were attained than the 
temperatures of  25 and 400C, the highest viscosity values 
varied between the adhesives containing calcite having the 
particle diameter of 0.9 and 10 µm owing to the particle size 
distribution of silica and calcite depending on the content(28-
32). The effect of temperature on viscosity is indicated in 
Figures 3, 6 and 9. 
 

 
 
Figure 9 Variation of viscosity for SHELL adhesive 
including three different fillers with CABOSIL TS 720 
content of 3 % at the temperature of 600C 
 
Viscosity variation of three compositions including calcite 
with three different particle diameters of 0.7 µm, 0.9 µm and 
10 µm at 700C was observed for the CABOSIL® TS 720 
content of 1, 2, 3, 4 and 5% and the viscosity models 
developed are shown in Table 4.  
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Table 4. Viscosity models of SHELL adhesives with respect to CABOSIL TS 
720 content and particle diameter at the temperature of 700C 
 
 

 
 
Thixotropy was attained in three compositions for the 
CABOSIL® TS 720 content of 1%.When the CABOSIL® TS 
720 content was varied to 2%, thixotropy was followed for two 
compositions having calcite with the particle diameters of 0.7 
µm and 10 µm and other composition containing calcite with 
the particle diameter of 0.9 µm demonstrated no thixotropy 
nearly. Thixotropy increased for the compositions including 
calcite with the particle diameters of 0.9 µm and 10 µm at the 
CABOSIL® TS 720 content of 3%, almost no variation was 
observed for the composition having calcite with the particle 
diameter of 0.7 µm. When the CABOSIL® TS 720 content 
was increased to 4%, thixotropy increased for the 
compositions containing calcite with the particle diameters of 
0.7 µm and 10 µm, whereas, nearly constant and lower 
viscosity was obtained in the composition including calcite 
with the particle diameter of 0.9 µm with respect to other 
compositions. Thixotropy also increased for three 
compositions, while CABOSIL® TS 720 content was varied to 
5%. It was observed that viscosity and thixotropy generally 
increased with an increase in CABOSIL® TS 720 content. 
However, the lowest and the highest viscosity having 
adhesives were found as calcite with the particle diameter of 
0.7 µm and  calcite with the particle diameter of 0.9 µm 
respectively. This order was not affected by particle size 
distribution of silica and calcite with increasing the 
CABOSIL® TS 720  and decreasing the calcite content at the 
temperature of 700C. 
Viscosity variation of three compositions including SHELL 
resin system, calcite with three different particle diameters of 
0.7 µm, 0.9 µm and 10 µm at 800C was detected for the 
CABOSIL® TS 720 content of 1, 2, 3, 4 and 5% and viscosity 
variation is explained with models given in Table 5.  
 
Three compositions showed thixotropy for the CABOSIL® TS 
720 content of 1%. When the CABOSIL® TS 720 content was 
increased to 2%, thixotropy rise was followed with respect to 
the CABOSIL® TS 720 content of 1% for two compositions 
containing calcite with the particle diameters of 0.7 µm and 
0.9 µm, whereas, no thixotropy was observed for the the 
composition having with the particle diameter of 10 µm. 
 

Table 5. Viscosity models of SHELL adhesives with respect to CABOSIL TS 
720 content and particle diameter at the temperature of 800C 
 

 
An increase in thixotropy was detected with the CABOSIL® 
TS 720 content of 3% according to the CABOSIL® TS 720 
content of 2% for the composition containing calcite with the 
particle diameter of 0.7 µm, while thixotropy was decreasing 
for the composition having calcite with the particle diameter of 
0.9 µm and no thixotropy was attained for the composition 
including calcite with the particle diameter of 10 µm. 
Thixotropy increased for three compositions, when the 
CABOSIL® TS 720 content was varied to 4%. Lower 
thixotropy, then, an increase in viscosity was obtained for 
three compositions with the CABOSIL® TS 720 content of 
5%. Results demonstrated that viscosity and thixotropy 
generally increased with an increase in CABOSIL® TS 720 
content, effect of temperature was also sensible. 
It was found that the adhesive containing calcite with the 
particle diameter of 0.7 µm  had the lowest viscosity for 
CABOSIL® TS 720 content of 1, 2, 3, 4 and 5% at the 
temperatures of 60, 70 and 800C.  The reason of this can be 
explained by means of higher particle packing effect of a 
polydisperse composition with a broad size distribution than a 
monodisperse composition besides having the effect of 
decreasing the viscosity because of  the temperature rise(28-
32). However, the adhesive including calcite with having the 
particle diameter of 0.9 µm had generally lower viscosity 
values than the adhesive with the particle diameter of 10 µm 
for the  CABOSIL® TS 720 content of 1, 2, 3, 4 and 5% at the 
temperatures of 60 and 800C.  The calcite with the particle 
diameter of 0.9 µm is known as coated calcite and surface of 
calcite is treated with fatty acids. For this reason, particle-
particle interactions reduced and viscosity decreased in 
addition to the high temperature effect(33). 
In general, results attained from experimental calculations 
showed that viscosity and thixotropy increased as CABOSIL® 
TS 720 content increased(4) and thixotropy decreased with 
increasing the temperature (14). Even though, a decrease in 
thixotropy was obtained with an increase in temperature for 
epoxy resin adhesives, rheopexy also decreased at the 
temperature of 800C due to high reaction rate. 
In spite of very complex viscosity variation was observed due 
to curing reaction, the best results both in viscosity and 
thixotropy were obtained at the temperatures of 400C, 600C 
and 700C with the CABOSIL® TS 720 content of 4 and 5% 
for calcite with the particle diameter of 0.7 µm. 
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4. CONCLUSION 
Viscosity decreased as temperature increased and viscosity 

increased with increasing the CABOSIL® TS 720 content. 
Rheopexy and thixotropy also decreased as temperature 

increased. 
The best results both in viscosity and thixotropy were 

attained at the temperatures of 400C, 600C and 700C with the 
CABOSIL® TS 720 content of 4 and 5% for calcite with the 
particle diameter of 0.7 µm. 

It was deducted that particle size, particle size distribution 
and temperature data were significant with developing 
adhesives having specific rheological properties. 
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Abstract - The present research paper underpins a thorough 
comparative study aiming to determine the influence of the 
active security systems upon the injuries suffered at the 
collision moment. Hence, a series of statistical data on road 
accidents casuistry have been analysed in order to establish the 
type of impact to be investigated and the particular human 
body region mostly exposed to severe injuries. By means of 
Virtual Crash software we simulated a frontal-type collision of 
a vehicle against a rigid wall, at a speed of 50 km/h. The 
kinematic parameters obtained following this simulation have 
been further applied in a numerical modelling of four distinct 
situations, using this time the LS-DYNA software package. 
Throughout the undertaken study, we have considered those 
situations in which the vehicle’s driver is restrained with a seat 
belt while the vehicle has been provided with an airbag system. 
Aiming to underpin a comparative analysis, we have also 
investigated those situations in which the driver is not secured 
with the retaining system and the vehicle is not equipped with 
an airbag. 
 

Keywords— passive safety, frontal impact, dummy kinematics, 
head injury criteria.  

I. INTRODUCTION 
The ever increasing necessity for road transportation 

development, both for freight and for passenger transport, in 
the context of a road infrastructure that has not undergone 
much change in the last decades, has led to an increased 
density of flow traffic. Admittedly, the main negative effect of 
road congestion is the steady growth of the number of 
accidents, particularly those with serious consequences. 

In order to reduce both the number of traffic overcrowdings 
as well as the injuries’ severity, in case of an accident, among 
the most actual solutions adopted by vehicle manufacturers 
was a large-scale implementation of active and passive safety 
systems in order to increase their effectiveness. Thus, the 
airbag system is a well-known example of passive safety  
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systems, already integrated in the mass production, and closely 
related to the seat belt, the widely acknowledged safety system 
element, which has been the subject matter of a series of recent 
research studies within this field of investigation.   

A close and critical reading of mainstream literature 
indicates that a series of scientific research studies analyses the 
casuistry occurrence of traffic accidents, as well as the type 
and the severity of the injuries suffered by of the occupants of 
the vehicle. 

An essential research study on the analysis of the driver’s 
kinematic behavior is indicated in [1], aiming at quantifying 
the whole‐body kinematic response of the post mortem human 
surrogates (PMHS) tested in the same frontal impact 
condition. Within this research study the three‐dimensional 
displacement corridors development has been introduced in 
order to quantify the whole‐body kinematic response of 
restrained PMHS for a frontal impact conducted in a 
controlled laboratory environment. 

In terms of development and optimization of the active 
safety systems, K. Preston White et al. describe in [2] recent 
enhancements of a software which enables the use of vehicle 
and occupant simulation models in order to determine the 
design and the restraint systems meant to increase the occupant 
impact protection, being also applied to establish the optimal 
design of a passenger vehicle involved in frontal collisions. 

A method to develop injury prediction algorithms by 
statistical analysis of numerical crash reconstructions using 
dummy models is presented in [3]. The normal or out of 
position of the occupants correlated with the operating mode 
of the airbag system leads to a further research topic. 

In [4] Louden indicates, how the air bags are affecting the 
occupants (Hybrid III 3-year-old, 6-year-old and SID-IIs - 5th 
percentile adult female side impact dummy) in different OOP 
test modes for all rows in the vehicle. In [5] some 
recommended procedures are envisaged in order to evaluate 
the occupant injury risk due to side airbags deploying. An 
overview of the actual status with regard to the simulation 
methods for the deployment process of an airbag is provided in 
[6], a research paper entitled On the simulation of out-of-
position load cases with the ale-method. By means of the case-
control study of real-world crashed vehicles conducted in [8], 
the reduction in number of head, face, chest and neck injuries 
in airbag-equipped vehicles is being highlighted, although the 
numbers of upper extremity injuries increased. 

According to [7], frontal impacts have been defined as 
follows: non-rollover and principal direction of force (DOF1) 
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= 11, 12, or 1 o’clock positions or DOF1 = 10 or 2 o’clock 
positions with the crash damage forward of the A-pillar. 

The salient regulations in force, which establish the 
prerequisites of vehicle testing in frontal impact simulations, 
are the Federal Motor Vehicle Safety Standards (FMVSS208) 
and the ECE (UN Economic Commission for Europe). 

According to the USA FMVSS 208 and the CMVSS 208 
Canada, frontal impact testing shall be conducted at a vehicle 
velocity of 48 km / h, with a rigid barrier and a 100% 
overlapping. However, according to the European regulations 
ECE / 96/79, [8] the front velocity on frontal impact shall be 
between 48.3 km / h and 53.1 km / h.  

II. ROAD ACCIDENTS STATISTICS 
 
In order to establish the type of collision that generates 

serious injury and even the death of a vehicle occupant, a 
statistical assessment of road traffic accidents has been carried 
out. Thus, for this study the following criteria have been taken 
into consideration: the type of collision, the human body parts 
exposed to the most severe injuries as well as the type of the 
driver. 

 Prior to this case study, in order to determine the most 
vulnerable road user, statistical data on road accidents have 
been thoroughly analysed. This study was divided into four 
main categories, as follows: 

2.1. The identification of the type of transport with the 
highest rate of fatalities caused by road accidents: 

 Figure 1 [9] indicates a comparison of the male and female 
fatality distribution by road user type for four age groups. 
Accordingly, it can be observed that regardless age and sex 
classification, most of the victims are the occupants of 
vehicles, at the rate of over 40% in all cases. 

 

 
Fig.1. Distribution of fatalities by road user type [9] 

 
2.2. Type of vehicle occupant: Male vs. female 
 
In order to select the most appropriate type of dummy that 

will be used within this case study, we have first analysed the 
statistical data in Figure 2.  As shown in Figure 2, the highest 
death rate is registered among male vehicle drivers, i.e. 35% of 
all fatalities recorded.  

 
Fig.2. Distribution of male and female fatalities by means of 

transport [9] 
 
2.3. Type of car occupant: passenger vs. driver 
 
Figure 3 [9] indicated the proportion of fatalities by road 

user type on three types of road. Thus, regardless of the road 
type, vehicles’ rivers have been reported as the most frequently 
encountered road traffic victims. 

 

 
Fig.3. Distribution of fatalities by road user type [9] 

 
2.4. Injured body part 
 
Figure 4 [9] illustrates the distribution of the injured body 

parts with various road user types. As indicated below, the 
ratio of head injuries as well as the ratio of neck and throat 
injuries is most frequently recorded among car occupants, 
presumably linked to the incidence of whip-lash. 
 

 
Fig.4. Body part injured by mode of transport [9] 

 
Based on the above-indicated statistical analysis, it has been 

established that the highest amount of injuries and fatalities 
caused by road accidents was recorded among male car 
drivers. The most commonly affected body part due to road 
accidents is the upper part of the human body, i.e. the head, 
neck and thorax regions. 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 59



 

 

III. DUMMY POSITIONING 
 
3.1 The dummy-type used  

 
In line with the above illustrated statistics, the study of the 

influence of passive safety systems in a frontal crash test shall 
be performed on a Hybrid III dummy-type - 50th percentile 
male, which was placed on the driver’s seat. 

Figure 5 indicates the geometry of the Hybrid III-type 
dummy to be used throughout the proposed study. 

  
Fig.5. Hybrid III – 50th percentile male 

 
3.2 Dummy positioning 

 
 The following step in implementing the numerical 

simulations of the driver’s kinematic and dynamic behavior 
during frontal impacts consisted in the design of the seat-
steering wheel-dashboard assembly. Once this assembly was 
designed, the dummy was also positioned. 

The normal position of the dummy was considered and the 
percentile male Hybrid III dummy - WAS Placed 50th in the 
centered position in relation to thorax- 50th was placed in a 
thorax- centered position in relation to the steering wheel, at a 
distance of 350 mm.  

The joints of the upper and lower limb(s) of the dummy 
were positioned as indicated below, in relation to the global 
coordinating system: 

- the full arm up down joint was set at an angle of -40˚   
- the elbow joint at an angle of -70˚ 
- the hands were placed on the wheel at an angle of -10˚   
- the knee joint was set at an angle of -40˚   
- the foot joint was set at an angle of -3˚   
-  

 
Fig.6. Normal position belted dummy 

IV. PASSIVE SAFETY SYSTEMS  
 
The present research study aims therefore to provide a 

comparative analysis with regard to the influence of the 
passive safety systems upon the behavior and the injuries 
caused to the vehicle driver in the head region during a frontal 
collision. 

 In addition, it is necessary to define and to fix the seat belt 
at the level of the dummy’s body components. The contact 
between the seat belt and the dummy is of a node – area type, 
and it has been defined in the dummy’s torso and pelvis 
region, as shown in Figure 7. 

 
Fig.7. Seatbelt fitting 

 
 
The second passive safety system that has been defined 

during the simulation was the airbag, positioned on the 
steering wheel assembly.  

 
Fig.8. Airbag positioning 

 
The airbag inflator follows the curve for mass flow rate, 

indicated in Figure 9. 

 
Fig.9. Airbag inflator 
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V. COLLISION TYPE AND PRESCRIBED MOTION 
 

In order to determine the motion curve of the vehicle during 
the pre-crash, crash and post-crash phase and to determine the 
kinematic parameters required for the dynamic impact 
analysis, a frontal-type collision simulation was obtained by 
means of the software Virtual Crash. 

Thus, a frontal impact between a mid-size sedan vehicle and 
a rigid wall has been considered, where the main force 
direction (PDoF) has been oriented in a 12 o’clock position 
and a 100% overlapping degree. 

The initial vehicle velocity during the pre-crash phase has 
been set at 50 km / h. 

 

 
Fig.10. Frontal collision between a vehicle and a rigid wall in 

Virtual Crash 
 

According to the velocity diagram in relation to time, the 
highest velocity variation was obtained within a time interval 
of 110 ms, during which the velocity rate ranged from  the 0 
[mm/ms] baseline and reached the maximum value vmax = 
13,686 [mm/ms] at the final moment of tf=110 ms. 

 Based on the simulation performed by means of Virtual 
Crash we have established the velocity time variation diagram, 
as a prerequisite for the simulation used by the LS-DYNA 
software package as indicated in Figure 11. 

 

 
Fig.11. The velocity variation curve for vehicle’s movement  

 
 
 

VI. THE ANALYSED SITUATIONS  
 

In order to establish the major influence on the driver’s 
behavior as well as the most severe injury degree, four 
different situations concerning the position of the dummy have 
been analysed during the impact moment, as follows: 

 
Fig.12. Test A - normal position with seat belt and airbag 

systems 
 

 
Fig.13. Test B - normal position with seat belt, without an 

airbag system 
 

 
Fig.14. Test C - normal position without seat belt and airbag 

system 
 

 
Fig.15. Test D - normal position without seat belt and airbag 

system 
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The analysis carried out in all the above mentioned 
situations focused on the kinematic and the dynamic behavior 
of the mechanism.  

VII. RESULTS AND DISCUSSION 
 
The assessment of the driver’s injury degree in the head 

region at the moment of the frontal impact can be completed 
by means of two parameters: 

- the head acceleration 
According to the FMVSS 208 Regulation, the maximum 

acceleration in the head region is 80 [g]. 
- HIC (head injury criteria) 
To determine the brain lesions in the head region according 

to the complex curve of acceleration, we have established as a 

factor the Head Injury Criteria. 
Where t1 and t2 indicate the initial and the time (in seconds) 

and a (t) is the acceleration resulted (in g), measured in the 
center of gravity of the head region. 

 

                  (1) 
 

According to FMVSS 208 and CMVSS 208 Regulations in 
case of frontal, the maximal values of HIC, compatible with 
the driver’s survival are as follows: 

HIC 15 (throughout a 15 ms interval) < 700 
HIC 36 (throughout a 36 interval ms) < 1000 

 

 
Fig.16. Head acceleration 

 
According to the variation of acceleration over time, as in 

Figure 16, we have registered that the acceleration highest 
value in the head region is recorded in situation D, i.e. the 
driver’s normal position without restraint and airbag system. 

 
 

 
Fig.17. Contours of head acceleration – test D 

 
As indicated in Table 1, the lowest acceleration value in the 

head region was registered in that situation when the driver is 
restrained by a seatbelt while a frontal airbag system is 
missing, i.e. test C. In this situation the maximum value of the 

acceleration recorded does not exceed the limit of 80 g, which 
is compatible with the driver’s survival. During the simulation, 
we could notice that due to the restraint system, the dummy’s 
head moves longitudinally, according to the X axis direction, 
though it does not get in contact with the steering wheel, while 
the missing airbag prevents any impact in the head region of 
the dummy. Also in this situation, the maximum recorded 
acceleration value does not exceed the acceleration limit, thus 
the injuries suffered are compatible with the driver’s as well. 

 

 
Fig.18. Contours of head acceleration – test C 
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The close values of the acceleration in the dummy’s head 

region obtained in A (with restraint and airbag system) and in 
B (without restraint system, but with an airbag system), 
indicate that the degree of injury is primarily influenced by the 
existence of the frontal airbag system. Thus, in B, that at the 
impact moment, the entire body, having not been retained by 
the seat belt, moves freely not only in the head region, 
subsequently indicating lower acceleration values in the head 
region. 

 

 
Fig.19. Contours of head acceleration – test B 

 
The results obtained following the analysis of the above-

illustrated situations are indicated in Table 1.  
 

Table 1 – Resultant acceleration and HIC 
Parameter 

Nr. test  
Max resultant 

acceleration [g] HIC 36 

Test A 79 714 
Test B 70 600 
Test C 64 626 
Test D 449 1566 

Comparing the values obtained in the situation where the 
driver has not been restrained with a seat belt and the vehicle 
has not been equipped with an airbag system, we have drown 
the conclusion that the maximum values as established by the 
CMVSS 208 and FMVSS 208 regulations are outdated . Thus, 
in situation D, the driver’s injuries degree in the head region is 
not compatible with the driver’s survival. 

Figure 20 indicates the acceleration variation and the head 
injury criteria for the situations when the driver is secured by a 
restraint system and the vehicle is equipped with an airbag 
system.

 
Fig.20. Head injury criteria – test A 

VII. CONCLUSION 
To put in a nutshell, according to the results obtained 

following the analysis of the above-mentioned situations, 
during a frontal collision against a rigid wall at a speed of 50 
km/h, the passive safety systems point out a considerable 
influence upon the driver’s degree of injury. 

The most severe injuries are to be registered in such 
situations when the driver is not secured by a retention system 
and the vehicle is not provided with an airbag system. 

 The influence of at least one passive safety system (be it a 
retention seat belt system or an airbag system) triggers 
acceleration values and head injury criteria which are situated 
below the maximum limit established according to crash tests 
regulations. 
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Abstract—Different from the general ultrasonic atomizer 

operating at high frequency, the proposed one is driven at much lower 
frequency but with larger amplitude. For this application purpose, a 
simple structure constructed with a hollow tube encircled with 
piezoelectric actuators is considered to use. Instead of using a 
ring type of ceramics, three pieces of same size sectional-type of 
d33 ceramic actuators are employed around the hollow tube with 
equal distance to generate higher radial vibration. While the tube 
fixed at both ends is vibrated with assigned vibration mode shape, a 
suitable wave is formed to produce larger amplitude in need. The fluid 
inside the tube will flow out smoothly from a very small hole 
implemented on the largest amplitude of the waveform. Thereafter, 
atomization occurs on the tube surface around the hole immediately 
while enough oscillation frequency and amplitude is provided. With 
such design structure, several cases with different tube length, 
resonance frequency, vibration amplitude are investigated for 
comparison. Particle size of 5~30μm and uniform spray distribution is 
the target for an example of industry-used spray fluid with viscosity of 
about 8~12cp. A measurement system is set up including high speed 
camera, laser as a light source, and software Image J for estimation of 
particle size and particle distribution. Water is used for experimental 
testing in this study. While drives the hollow tube with operating 
frequency of 45.3 kHz and the maximum amplitude is great than 
6.8μm, atomization occurs with average particle diameter of 28.3μm 
and good uniformity and distribution. However, increasing vibration 
amplitude, on the contrary, the diameter of the particle becomes larger. 
For example, while increases amplitude up to 9μm, atomization occurs 
with average particle diameter of 34μm, and the uniformity and 
distribution becomes worse. This interesting phenomenon may result 
from large amplitude at enough vibration frequency easily makes 
atomization occur but large amplitude engenders with large particle 
diameter.  

Keywords—piezoelectric actuator, radial vibration, ultrasonic 
atomization  

I. INTRODUCTION 
Ultrasonic coating techniques can be applied include textile, 
artificial leather or synthetic leather, paper or cardboard, 
fiberboard, plastic film, cellophane, composite materials, a 
variety of irregular shapes, and in recent years has greatly used 
in solar Coating and also battery Coating[1]. In Photoelectric 
industry, for example, the use of adhesives can improve the 
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performance and durability in LCD or plasma displays, organic 
light-emitting diode (OLED). Adhesives can produce a barrier 
effect to increase the resistance to against yellow light, and thus 
increase the transmittance better contrast, and improved 
brightness and clarity, the reliability of products and reduce 
maintenance costs. Using a coating technique is feasible and 
appropriate processing methods. According to the 
industry-average particle diameter of the coating is 5 ~ 30μm, 
spray rate about 10in / s or less. But generally more difficult to 
produce ultrasonic nebulizer must be used for this particle size 
MHz frequency vibration levels. However, in such case the 
operation produce a high frequency that easily produces heat for 
the ultrasonic atomizer, and even detracts from the effectiveness 
of the piezoelectric material life, and disadvantages such as low 
efficiency of conversion. Therefore, we design a new type of 
hollow cylindrical atomizer, they have a greater use of the 
amplitude and the frequency is low, you can still get good 
atomized droplets of particle diameter size and the distribution, 
and also better atomization speed [2-3]. 

II. DESIGN AND ANALYSIS 
A sectional shape of piezoelectric ceramics which is radially 
polarized for an actuator[4], shown in figure 2.1 .The inner and 
outer surface are coated by silver electrode, through a 
high-voltage polarization, it becoming d33 Type of acuator. 

 
        Figure2.1 

In our previous study, three pieces of piezoelectric actuator is 
mounted around the hollow steel tube with equal distance will 
obtain larger performance [5]. In figure 2.2, it is seen that a 
three-phase vibration is generated to expand the vibration effect. 
ANSYS is used for structural analysis. According to the pre sent 
study, the frequency range of 40~70kHzand the amplitude 
demand for 75μm is demanding. Figure 2.3 shows several case 
studies of modal simulation in the above assigned frequency 
range. Amplitude of the selected mode is investigated using 
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harmonic analysis shown in Figure2.4. Resonance frequency is 
used to measure the system by suing impedance analyzer shown .  
As seen, experimental and analytical results resonance 
frequency and vibration amplitude are in a close approximation.  

 
Figure2.2 

In modal analysis use of finite element analysis software to 
analyze the hollow tube atomizer [6]. When the resonance 
frequency is applied to the atomization to obtain the desired 
design is expected within the deformed shape, the main analysis 
Has a natural resonance frequency of the modal design 
structure, amplitude harmonic analysis. 
According to the present study is expecting the frequency range 
40 kHz~70 kHz and the amplitude demand for 75μm. Because 
the hollow tube atomizer at 40 kHz~70 kHz modal several 
types, as shown in figure 2.3 

 
Figure2.3 (39 kHz) 

 
Figure2.3 (46 kHz) 

 
Figure2.3 (52 kHz) 

 
Figure2.3 (64 kHz) 

The design of the vibration modes, depending on the amplitude 
of 7.5μm. Upon learning of harmonic analysis to the amplitude 
of the selected mode is available. Finally, the results of the 
modal analysis of resonance and resistance. The amount of 
anti-analyzer test results comparing the actual driving frequency 
can be used as a reference. 
Resonance modal analysis results basically only obtained the 
structure of the natural resonant frequency corresponding to the 
deformation mode, cannot simulate the actual amplitude; 
therefore, require harmonic analysis to obtain the actual 
structure under external harmonic vibration amplitude, as 
shown in figure 2.4  

 
Figure2.4(9.5μm) 

 

III. EXPERIMENT 
Hollow tube atomizer amplitude measurements, the reference 

point is the point of maximum amplitude point , by over the 
actual driving test to obtain a hollow tube atomizer actual 
driving frequency of about 46kHz, while applying an AC signal 
power± 200V, use laser vibration measurement system (Polytec 
OFV-5000) with the laser signal decoding controller (Polytec 
OFV-511), the measurement of the amplitude of the reference 
point, the feedback signal to the digital oscilloscope (Tektronix 
TDS2004B)show the relative value of its output voltage, the 
entity indicated on Figure 3.1, and then through the converter 
voltage and displacement relationship, that produced the 
amplitude value of the piezoelectric vibrator 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 65



 

 

 
Figure3.1 

Particle size measurement of the hollow tube atomizer [7], after 
the measured maximum amplitude point, by using the point as 
atomization point. Common methods such as the use of speed 
cameras, laser diffraction particle size analyzer Etc. For 
measuring the particle size experiment, a system formed in this 
laboratory experiment was carried out, the system comprises a 
micro-droplets image observation principle, hollow tube 
atomizer, clamping platform, image processing four parts, 
shown as figure 3.2 
 

 
Figure3.2 

IV. RESULT 
By using Laser vibration measurement system (Polytec 
OFV-5000) measuring the maximum amplitude with laser 
signal decoding controller(Polytec OFV-511) the feedback 
signal shown as figure 4.1 the result maximum voltage is 9.2V 
and the scale of the laser signal decoding controller is 1μm/V, so 
the maximum amplitude is 9.2V×1μm/V=9.2μm 

 
Figure4.1 

This is the use of high-speed cameras (basler acA1300-30gm) to 
shoot atomization phenomenon. The film of atomization is that 
shooting in frequency 46 kHz and amplitude 9.2μm shown by 
the computer system after capture photos shown as figure 4.2 
By using software Image J to measure the particle size of 
droplet[8]. 

 
Figure 4.2 

V. CONCLUSION 
This development of hollow tube atomizer, with high amplitude 
and low frequency can achieve the effect of atomization, can 
effectively reduce the issue of heating problem, and has the 
advantage of better electromechanical energy-conversion 
efficiency and low failure rate, etc. if that atomization particle 
size and distribution are satisfied. The use of piezoelectric 
ceramic material and the metal tube in two different physical 
properties, amplified piezoelectric vibration amplitude, the 
design of the piezoelectric actuator and the setup, the use of 
piezoelectric actuator element as a driving source, and atomizer 
clamped at both ends. But also for finding the maximum 
deformation point and amplitude values of a hollow cylinder, 
using ANSYS finite element analysis software, to explore 
modal movement of the actuating element with its suit of the 
excitation frequency, the simulation results in line with the 
frequency of the compare the result from analysis and 
experiment can see that the amplitude is 9.5μm and 92μm, and 
the modal frequency is that 39kHzand 46kHz. 
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Abstract— This paper presents some researches regarding the 

stability of automotives, a plan model of automotive is taking into 
account. For this automotives plan model a mathematical model is 
found under nonlinear differential equations system form, which can 
be used in analyses stability of the automotive. 
 

Keywords—automotive, mathematical model, nonlinear 
differential equations, plan model, stability.  

I. INTRODUCTION 
N  this paper we are proposing a mathematical model for 
automotives moving, a model who includes some of the 
position parameters and moving parameters. 

This mathematical model can be used into a preliminary 
stability analyzes by dynamic systems theory or classical 
mechanic theory appling. 

II. THE MATHEMATICAL MODEL OF AUTOMOTIVES MOVING 
 
2.1. The mechanical plan model of automotive 
The next references systems are taking into account: 

- a reference system is attaching to the suspended mass 
of the vehicle; this system has the origin  in center mass point 
of this, and Ox, Oy axle making the plan of principal direction 
of displacement; the Oz axle is perpendicular to Ox, Oy axles; 

- a fixed O1x1y1z1 coordinate system presented in Fig. 
1. 

 Notations: 
- C1, C2, C3, C4 - the center of contact area between tire 

and road; 
- Fx1, Fx2, Fx3, Fx4 - the longitudinal forces of contact area 

between tires and road; 
- Fy1, Fy2, Fy3, Fy4  - the lateral forces of contact area 

between tire and road; 
- 21 ,δδ - the cornering angle for front axle; 

 
The next degree of freedom is taking into account:  

 x, define the displacement along longitudinal axle; 
 y, define the displacement along transversal axle; 
 u, define the displacement along vertical axle; 
 1θ , define the circular displacement of suspended 

mass around Ox axle; 

 
 

 2θ , define the circular displacement of suspended 
mass around Oy axle; 

 ϕ , define the circular displacement of suspended 
mass around Oz axle. 
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Fig. 1. The plan model of vehicle 

 
2.2. The mathematical model of vehicles moving 
 

The connection between the two basis vectors of those 

systems { }
T

kjii






=

→→→

,,  and { }






=

→→→

1111 ,, kjii  may be 

written under the next form: 

{ } [ ]{ }TiSi 1= ,                                (1) 

where [ ]S  is the matrix used for base changes and it has 
the form: 
















−=

100
1cossin
1sincos

ϕϕ
ϕϕ

S                     (2) 

A first moving equation gang is obtained by applying 
the derivative impulse axiom: 

  Ram =⋅ 0                                   (3) 

Determination to a plan model of the 
automotives moving used for the stability 

analysis 
Loreta Simniceanu, Victor Otat, Mario Trotea 
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Where: 

- R  is the resultant of all external forces who acting over 
the vehicle; 

- 0a  is the mass point acceleration; 
The forces who are acting on vehicle tires, included 

in road plan, and who are projected on axes of referential 
system attach to vehicle, are: 

( )
( ) →

→→

⋅⋅+⋅

−⋅⋅−⋅=

jFF

iFFF

yx

yxe

1111

11111

cossin

sincos
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jFF
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22222
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sincos
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δδ

                (4) 
→→→

⋅−⋅= jFiFF yxe 333  
→→→

⋅−⋅= jFiFF yxe 444  
Where: - Fx, Fy are the longitudinal force, relative the lateral 

force included in road plan; 

- 21 ,δδ  are the cornering angle for front axle wheels;  
The next forces are acting on suspended mass of the 

vehicle: 

kFjFiFF zyx ⋅+⋅+⋅=
 - the external resultant 

force (rolling resistance, windage, pitch resistance, weight 
force etc). 

The acceleration and the forces are replacement in (3) 
relation and a projection on the proper axle system are doing, 
the first moving equations are obtained:  
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The second equations gang is obtained by using the 

derivative kinetic moment axiom: 
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Where: 

- cr  is the position vector of mass centre towards 

proper axle system ( cr =0) 

- 
kji zyx ωωωω ++=

                        (7) 

- 
kji zyx εεεε ++=
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⇒

0J  is inertial tensor of vehicle towards proper 
system and it has attached the next matrix: 
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 For to written the lateral forces we will use a nonlinear 

dependence: 

 
3
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ck1, ck3 - ]/[ radN  stiffness coefficients for each wheel; 
α - The stiffness angle of tire. 
 The determination of stiffness angles is doing taking into 

consideration the kinematics conditions. The next cinematic 
relations may be written:  
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Taking into account this relations, and we replacing the 

expressions for lateral forces and stiffness ( (8), (9), (10), 
(11)), the next system of equations are obtained:  
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A system that modeling the vehicle plan moving are 
obtained, and this system has ωϕ ,,, yvy  variables and the 
velocity  vx is considerate constant. 
This system are presented under nonlinear differential 
equations system form, so that it will be resolved using a 
computer support and it can provide some preliminary 
informations about automotives stability. 
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Filtration Magnetophoresis Process: an Approach 
to Choosing a Speed Regime 

 
D.A. Sandulyak, V.V. Sleptsov, A.A. Sandulyak, A.V. Sandulyak, V.A. Ershova, A.V. Doroshenko 

 
Abstract - The paper considers a non-trivial approach to de-
fining the necessary working speed of filtration (in a granular 
magnetized matrix) of a liquid when performing a magneto-
phoresis of the ferroparticles present. The approach makes 
provisions for testing experimental speed dependence of the 
filtration magnetophoresis efficiency so it can comply with 
analytical expression of efficiency, the latter including speed 
parameter. Herewith, their target adjusted transformation and 
mutual juxtaposition of the obtained results yields direct data 
on a limiting (critical) value of speed differentiating pre-crisis 
and crisis regimes of magnetophoresis. To elaborate such an 
approach we assume employing as an argument not the speed, 
but Reynolds number. The defined limiting (critical) value of 
this number ([Re] ≅ 600) turned out to be consistent for mag-
netophoresis of ferroparticles in aqueous slurry of a magnetite, 
thermal power plant condensate, liquid ammonia, which allows 
determining (and forecasting) a limiting speed of filtration for 
any medium being conducted through the zone of filtrational 
magnetophoresis. 
 
Keywords - filtration magnetophoresis, pre-crisis regime, 
discontinuity of speed dependence, a limiting speed, Reynolds 
limiting number. 

I. INTRODUCTION 

Industries widely use the process of magnetic 
separation of ferroparticles (particles having ferro- 
and ferromagnetic properties) from various media 
flows containing these ferroparticles, the process 
being carried out at different speeds of the flow in 
the operating zone of magnetophoresis (magnetic 
separation working zone) [1-11]. 

One of the key issues of magnetophoresis is 
how to choose a substantiated value of this speed, 
in particular, the filtration speed υ when performing 
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the filtration magnetophoresis using magnetized 
porous, e.g. granular, matrices. Thus, a quite un-
derstandable wish to increase υ (in order to raise 
the productivity of magnetophoretic equipment) 
must still be limited by value υ = [υ], starting from 
which any further increase of υ will have a destruc-
tive effect on magnetophoresis process.  

At first sight, value υ = [υ] must be set so as 
not to allow a significant drop in magnetophoresis 
efficiency ψ (ψ is a relative decrease of ferropar-
ticles concentration due to magnetophoresis, it is 
usually shown in %); for this we should undoubted-
ly have a relevant speed dependence of ψ efficien-
cy. 

Alongside with that, we have all prerequisites 
to formulate a more objective principle to substan-
tiate the value of limiting speed υ=[υ] if we employ 
a reputable expression for ψ efficiency as a result-
ing parameter which functionally binds individual 
parameters of magnetophoresis:  




















−−= 2exp1

d
ABL
ηυ

λψ ,              (1) 

or, if we use a more preferable (in terms of analy-
sis and illustration of the functional role of indi-
vidual parameters) expression for one more result-
ing parameter (ξ-parameter): 

21ln
d

ABL
ηυλ

ψξ =





 −−= ,              (2) 

which is essentially a functional connection of indi-
vidual parameters of magnetophoresis in the ex-
pression exponent (1) for ψ. Here, λ is a share of 
magneto-active fraction of ferroparticles (it is de-
fined by one of the magneto-control methods, in 
particular [12]), B is field average induction in the 
matrix, L and d are the length (thickness of the 
layer) and diameter of matrix granules respectively, 
η is a dynamic viscosity of the flow, A is a parame-
ter characterizing ferroparticles predisposition to 
magnetophoresis (the parameter first and foremost 
takes into consideration their magnetic susceptibili-
ty and dimensions). 
 

II. MAIN RESULTS AND THEIR DISCUSSION 

Guided by exponential expression (2) for ξ-
parameter, the principle of substantiating the limit-
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ing speed υ=[υ] must be stated unequivocally, viz. it 
is a limit value of filtration speed υ, when connec-
tion ξ~1/υ supervening from it is observed.  

However, it is in this nonlinear view, after 
the recalculation of ψ data (from the obtained expe-
rimental dependence of ψ efficiency on υ speed) 
into data ξ according to the definition for ξ in ex-
pression (2), that is difficult to determine a specific 
value of υ=[υ] which initiates the break of the con-
nection.  

Yet, this information becomes available (and 
the approach itself acquires practical appeal) if fac-
tual experimental dependences of ψ onυ can be 
represented in coordinates 1/ξ on υ and by this de-
pendence adjusted to the task at hand we can trace 
the point of transition of dependence 1/ξ on υ from 
linear to a nonlinear one. The abscissa of this point 
signifying the change of character of this speed de-
pendence itself will correlate to the value υ=[υ] we 
are much interested in. 

To support the validity of this approach we 
further provide and analyze the corresponding expe-
rimental data.  

Figures 1a, 2a, 3a show the results of expe-
riments to obtain speed dependences of magneto-
phoresis (ψ on υ) in granular matrices consisting of 
loadings of balls of various diameter; the parame-
ters of conducted magnetophoresis are given in Ta-
ble 1. During the experiments we employed artifi-
cially prepared aqueous slurry of a magnetite (the 
size of particles amounted to 10-15μm), condensate 
of thermal electric power plant, and liquid ammonia 
which all featured some ferro-impurities.  

Table 1. Parameters of magnetophoresis performed 
(Fig. 1 – 3) 

 
Medium  
analyzed 

 

Dynamic 
and  

kinematic  
viscosity 
η,×10-3Pa·s 
v, ×10-6m2/s 

Filter-
matrix 
length  
L, cm 

Average 
induction 
В,T 

Ball  
diame-

ter 
d, mm 

Magnetite  
aqueous slurry 
(Fig.1), λ=1 

1 
1 

4.2 0.3 5.7 

Thermoelec-
tric power 
plant conden-
sate(Fig.2), 
λ≅ 0,8 

0.65 
0.65 

100 0.62 5 

Liquid ammo-
nia (Fig.3), 
λ≅ 0,75 

0.23 
0.38 

20 0.62 2.4 

 
 

 
Figure 1. Dependences of ferroparticles magnetophoresis effi-
ciency ψ for magnetite aqueous slurry (а) and an inverse ξ-
parameter of magnetophoresis (b) on the filtration speed υ; the 
abscissa of the linear and non-linear sections junction of de-
pendence1/ξ on υ corresponds to the limiting (pre-crisis) value 
υ=[υ]; the data is given in Table 1. 
 

 
Figure 2. The same dependences as in Fig. 1, but for ferro-
impurities in thermoelectric power plant condensate. 

 
As discussed above, providing we change 

these ‘primary’ speed dependences (Fig. 1a, 2a, 3a) 
into recommended ones 1/ξ on υ (Fig.1b, 2b, 3b), 
we can really quite graphically witness the presence 
of two clearly marked sections, linear and non-
linear one. These sections are demarcated by indi-
vidual values of limiting speed υ= [υ]. Thus, 
[υ]=(10-11) cm/s for magnetite slurry, [υ]=(7-8) 
cm/s for condensate, [υ]=(9-10) cm/s for liquid 
ammonia (Fig.1b, 2b, 3b). 
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Figure 3. The same dependences as in Fig. 1, but for ferro-
impurities in liquid ammonia. 
 

In this case, the operative range of speed υ is 
the one lying within a linear section (υ ≤[υ]) for 
each of the dependences 1/ξ on υ (Fig.1b, 2b, 3b), 
i.e. the section of the dependence consistent with 
expression (2) and therefore correlating to basic ex-
pression (1).  

Any further (with υ>[υ]) steeper nonlinear 
climb of these dependences (Fig.1b, 2b, 3b) result-
ing from breaking (towards increase) the discussed 
functional role of the filtration speed indicates the 
beginning and following development of the crisis 
in the process of ferroparticles magnetophoresis in 
the matrix. It is conditioned by arising turbulence 
and its penetration into more active (for magnetic 
capture of ferroparticles) near-contact zones of the 
granules.  

It should be noted that with υ>[υ] (but not 
with υ>>[υ]) magnetophoresis is performed with 
positive (and maybe even a satisfactory) efficiency 
ψ. However, in contrast to a pre-crisis speed re-
gime, the influence of υ on ξ and consequently on ψ 
becomes strongly depressive (judging by the data in 
Fig. 1 – 3 it happens almost by a quadratic law). In 
this case, the compensation of such influence by 
means of increasing the filter-matrix length L or 
field average induction B (by raising the magnetiz-
ing field intensity) is considerably complicated ow-
ing to an unfavorable break of functional connec-
tions featured in (1) and (2). 

Having at our disposal dependences 1/ξ on υ 
(Fig.1b, 2b, 3b) and with a view towards obtaining 
a more general outcome, we are definitely interest-
ed in depicting the data 1/ξ on υ in more universal 
coordinates, viz. in those 1/ξ on Re. 

As to calculating Reynolds number for the 
considered case of (filtration) magnetophoresis, 
with known kinematic viscosity of the flow v it is 
usual to express this number in terms of the filtra-

tion speed υ and it is common practice to do it in 
terms of matrix granule average diameter d, i.e. 
Re=υd/v. 

Hence, in addition to the values of filtration 
limiting speed [υ] defined by the aforementioned 
experimental and illustrational way, it is possible to 
assess the value of limiting (critical) Reynolds 
number [Re], moreover, it can be done by a similar 
experimental-and-illustrational approach. 

Alongside with that, we should specially em-
phasize the following. To solve the task of obtain-
ing dependence 1/ξ on Re and defining [Re] value 
basing on it, the corresponding experiments must be 
conducted only with matrices which fit such tasks 
to the greatest possible extent. Naturally, we speak 
here about matrices consisting of ideal granules, i.e. 
balls (precisely these matrices were employed to 
carry out the experiments described above). 

It relation to this, we should warn that the da-
ta obtained using other matrices, in particular, those 
loaded by broken chips, can hardly be used to solve 
the task as the evaluation of characteristic dimen-
sions of ‘granules or chunks’ of chip matrices is 
rather conditional. Therefore, there may occur poss-
ible inevitable inaccuracies in defining limiting 
number [Re], including to be sure the cases when 
the corresponding data for poly-ball and chip ma-
trices are analyzed together.  

Ergo, using the received data 1/ξ on υ (Fig.1b, 
2b, 3b) and the corresponding values of balls di-
ameter d together with kinematic flow viscosity v 
(Table 1), we can go over, as is shown before, from 
abscissa υ to abscissa Re (Fig.1с, 2с, 3с). Then by 
the juncture of linear (pre-crisis, operating) and 
non-linear (crisis) sections of dependences 1/ξ on 
Re it is easy to establish that the value of limiting 
(critical in terms of conducting filtration magneto-
phoresis) Reynolds number amounts to [Re] ≈ 600; 
the number is common for all media studied here. 

Let us draw your attention to the fact that this 
number is an order higher than hydrodynamic criti-
cal number Re={Re}=60...70 at which the condi-
tion of moving liquid in a poly-ball matrix trans-
gresses from laminar to turbulent one. A seeming 
contradiction (at first sight, the beginning of magne-
tophoresis crisis should coincide with the beginning 
of the flow eddy formation) is explained by the fol-
lowing. Firstly, the development of ferroparticles 
magnetophoresis crisis in a poly-ball matrix is con-
nected with development of turbulent flow of the 
flux not in the overall volume of the pore (pores) of 
filter-matrix, but in the so-called capture zones 
which being localized in the vicinity of granule con-
tact points are located somewhat at the periphery of 
the pore channels. In these zones there persists a 
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laminar condition of the flow favorable for magnet-
ic capture and retaining of ferroparticles (here local 
Re numbers reach Re<6...8) even with an overall 
developed turbulent condition in the nucleus of the 
‘micro-flow’ (in any of pore channels). Secondly, in  

 
Figure 4. The impact of Reynolds number on the inverse ξ-
parameter of ferroparticles (ferro-impurities) magnetophoresis: 
for magnetite aqueous slurry (а), condensate (b), liquid ammo-
nia (c) by data in Fig. 1 – 3; the abscissas of linear and non-
linear sections junctions of dependences 1/ξ on Re correlate to 
the limiting (critical) value of Re =[Re]. 
 
the near-contact zone of granules magnetic power 
factor [13-16] responsible for capturing and retain-
ing ferroparticles is the highest (extreme).  

Having the value of critical (let us repeat, in 
terms of magnetophoresis technology) Reynolds 
number [Re]≅ 600, we can get a calculating formu-
la to determine the limiting (pre-crisis) speed of fil-
tration, i.e. the extreme speed for magnetophoresis 
(magnetic separation). Thus, basing on connection 
[Re]=[υ]d/v, this speed even at the conceptual stage 
of filtration magnetophoresis of ferro-impurities in 
some media can be calculated, using expression: 

[ ] [ ]
d
v

d
v 600Re
≅

⋅
=υ ,               (3) 

according to which (and to the results given above), 
the limiting speed [υ], in contrast to limiting Rey-
nolds number [Re], is not a constant value, but it 
varies with kinematic viscosity v of the medium 
and granule diameter in the filter-matrix used. 
 

 

III. CONCLUSION 

During magnetophoresis of ferroparticles 
present in technological and other flows, in particu-
lar with magnetophoresis using granular magne-
tized matrices, it is principally important to observe 
a required operating speed of the flow υ. This speed 
should ensure the required productivity of the mag-
netophoretic equipment and at the same time 
should not adversely influence the magnetophoresis 
itself (magnetic separation). 

Instead of seemingly obvious commonly 
practiced approach which states the inadmissibility 
of significant reduction of magnetophoresis effi-
ciency ψ, we consider and analyze a quite different, 
nontrivial solution. Its essence reduces to testing 
the speed dependence ψ as to its correlation to the 
analytical expression for ψ, including the speed pa-
rameter υ. Transforming this expression in order to 
get another (alternative to parameter ψ) resulting 
parameter ξ=-ln(1-ψ/λ) and using experimentally 
obtained dependence of ψ on υ allows identifying 
linear and non-linear sections on a specially pic-
tured dependence 1/ξ on υ. These sections depict 
pre-crisis and crisis regimes of magnetophoresis 
and the abscissa of their junction corresponds to the 
limiting (extreme) value of the operating speed 
υ=[υ]. 

Developing such an approach, we use Rey-
nolds number, not the flow (filtration) speed as an 
argument. In this case, the abscissa of the junction 
of linear and non-linear additionally obtained de-
pendence 1/ξ on Re serves as a more universal val-
ue. According to the data received when processing 
magnetite aqueous slurry, thermoelectric power 
plant condensate, and liquid ammonia in ferropar-
ticles magnetophoresis, the given abscissa corre-
lates to value Re=[Re] ≅ 600. It allows even at the 
stage of preparing for filtration magnetophoresis to 
make forecasting calculations of filtration speed 
limiting values as [υ]= [Re]∙v/d for any media with 
known values of its kinematic viscosity v and di-
ameter d of the granules used in the filter-matrix.  
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Abstract— Chemical Looping Combustion (CLC) is an in-situ CO2 

capture technology that offers a solution for CO2 separation without 

energy penalty via the use of a solid oxygen carrier which delivers 

oxygen to the fuel, instead of air. The oxygen carrier materials are a 

cornerstone in the CLC technique. In place of costly manufactured 

materials, cheap, naturally occurring mineral resources with 

comparable compositions are needed. In the present work two minerals 

with high content of Fe and Mn oxides are studied as candidate 

"oxygen carriers" for the CLC process. Both materials exhibit 

satisfactory performance in terms of Oxygen Transfer Capacity 

(OTC), activity towards CH4 oxidation, low selectivity to CO and H2, 

and stability in multiple redox cycles. The materials are 

physicochemically characterized before and after their use, in order to 

investigate changes in their physicochemical properties as a result of 

multiple redox cycles. 

 

Keywords — chemical looping combustion, minerals, oxygen 

carrier.  

I. INTRODUCTION 

The combustion of fossil fuels is one of the major sources of 

carbon dioxide (CO2) which is a greenhouse gas. Concern about 

the global climate change prompted research on lowering CO2 

emissions during fossil fuel combustion. Commercial CO2 

capture technologies that exist today are expensive and energy 

intensive. The main disadvantage of these techniques is the 

large amount of energy that is required for the separation, 

reducing the overall efficiency of a power plant. 

Chemical looping combustion (CLC) has been suggested as 

an energy-efficient method for producing high purity CO2 from 

combustion of fuel. It is a novel combustion technology [1] that 

involves the use of an oxygen carrier, such as metal oxides, that 

transports oxygen from the air to the fuel, thereby avoiding 

direct contact between fuel and air.  

The CLC system comprises two reactors, an air reactor and a 

fuel reactor. In the fuel reactor, the fuel reacts with the metal 

oxide. The reduced metal oxide is oxidized in the air reactor to 

form metal oxide. The regenerated metal oxide is ready to 
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initiate a second cycle. The exit stream from the fuel reactor 

contains only CO2 and H2O, thus after condensation of the H2O, 

produces a pure CO2 stream that can be directly sequestrated. 

The significant advantage of CLC compared to normal 

combustion is that a concentrated CO2 stream, which is not 

diluted by N2, can be obtained spending minimal energy for 

separation. 

The main challenge in the technology of Chemical Looping 

Combustion is to find suitable materials for use as "oxygen 

carriers". In order to be a viable candidate for the CLC process, 

the oxygen carrier material (OCM) must meet the following 

criteria [2]: 

 sufficient oxygen transfer capacity 

 satisfactory reactivity over the multiple cycles 

 high mechanical integrity 

 low tendency to agglomeration, fragmentation and attrition 

 good resistance to sintering 

 low possibility of deactivation by carbon deposition or 

sulphur compounds 

 low cost  

 environmental friendly 

Experiments carried out using methane and syngas as fuel, 

show that Fe, Mn, Cu and Ni oxides are the most suitable, 

presenting the following relative reactivity NiO > CuO > 

Mn3O4 > Fe2O3 [4], [5]. However, nickel and copper oxides 

have a considerably higher cost. Conversely, materials 

containing Fe and Mn are attracting considerable interest, 

mainly because of their high availability and low cost [1]-[6].   

It has been proven that pure iron oxide sources have to some 

extent difficulties to fully combust the fuel unless a high load 

of material is circulated. Another issue with these materials is 

related to the swelling of the material after several cycles, which 

is detrimental if long life-time is required [1]. On the other 

hand, manganese oxides are very promising oxygen carrier 

materials, given the fact that they can convert the fuel and give 

full combustion. However, attrition issues with such materials 

have often been observed.  
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As a means to enhance the mechanical strength of the 

particles, to be used in a circulating bed, a binder can be added 

to the redox active phase, however this would decrease the OTC 

and the activity of the Oxygen Carrier. Alternatively, one of the 

redox active phases could also act as an inherent support. It has 

been previously demonstrated that iron oxide can stabilize the 

performance of manganese oxides, thus  mixed Fe-Mn oxides 

show great potentials as oxygen carrier materials for CLC [6]-

[8]. 

Since CLC technology requires a significant amount of oxide 

carrier, the use of natural minerals would be advantageous. Raw 

minerals from different mining ores are natural choices for 

OCM since sufficient amounts are available within reasonable 

cost, even though such minerals might have high composition 

and quality variations [3]. In the present work the use of two 

minerals with high content of Fe and Mn oxides as oxygen 

carriers in Chemical Looping Combustion is explored. The 

performance of the candidate materials is ranked by taking into 

account their Oxygen Transfer Capacity (OTC), the methane 

conversion during the fuel oxidation step as well as the H2 and 

CO selectivities, and their stability after repeated redox cycles. 

 

II. EXPERIMENTAL PART 

The minerals were selected based on their content in iron and 

manganese oxides, as well as trace elements content, their non-

toxicity, low cost and availability. 

The following natural materials are tested in this study:  

1. a Fe-Mn based mineral, from El-Waleed - Egypt named 

“Sinai-A, low grade”, with code name S12  

2. a Fe-Mn based mineral, from El-Waleed - Egypt named 

“Sinai-A, medium grade”, with code name S22  

Samples of both fresh materials and materials used in several 

redox cycles are physicochemically characterized by using the 

following methods: 

 Elemental analysis by Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES), using a 

Perkin Elmer, Optima 4300DV instrument,  

 N2 adsorption – desorption isotherms at the boiling point 

of liquid nitrogen (77 K) using a Micromeritics, Tristar 

instrument, to determine specific surface area, pore 

volume and pore size distribution, 

 X-ray diffraction (XRD) for the identification of the 

crystalline phases formed in the prepared samples  Powder 

XRD patterns are recorded with a Siemens D500 X-ray 

diffractometer,  

 Morphological observation and elemental Microanalysis 

of the samples at a Scanning Electron Microscope (JEOL 

6300) equipped with an X-ray EDS analyzer (Oxford Isis 

2000). 

The capability of the materials to deliver oxygen at high 

temperatures and convert CH4 to synthesis gas during the fuel 

oxidation step, as well as their ability to reversibly pick up 

oxygen during the solid oxidation step is evaluated by pulse 

reaction experiments in a fixed bed pulse reactor. Reaction 

experiments with the materials in powder form are performed 

at 1273K, in a reaction unit (Altamira AMI-1) using a U-type 

quartz reactor into which 200±3 mg solid material is inserted. 

A detailed description of the experimental unit is provided 

elsewhere [9], [10]. During the fuel oxidation step, methane is 

fed to the reactor at constant volume pulses, through a special 

closed loop valve. Each pulse has of volume of 100μL. During 

the solid oxidation step, oxygen is injected to the reactor, also 

at constant volume pulses, at its entrance before the solid OC. 

The products at the output of the reactor are continuously 

monitored by mass spectrometer (Balzers, Omnistar) and 

analyzed quantitatively, based on calibration curves for all 

reactants and products of the process. 

 

III. RESULTS – DISCUSSION  

The specific surface area of the materials, as received, 

without any pretreatment, as measured by N2 sorption, is 

presented in Table I.  

 
Table I: Surface area of materials 

 S12 S22 

Surface area (m2/g) 27.61 20.83 

 

In Table II the elemental composition, , of the 2 materials is 

presented, as measured by ICP-OES in the form of oxides. Both 

materials have high concentrations of Fe and Mn oxides. Si, Ca, 

Al and Ba oxides appear also at significant levels. S12 has the 

highest Fe content, while S22 has higher concentrations of Mn 

and Si oxides. 

 

Table II. Elemental composition of materials  

 S12 (% wt) S22 (% wt) 

Fe2O3 60.05 32.71 

MnO2 23.26 39.06 

SiO2 10.94 21.40 

CaO 1.31 2.47 

Al2O3 1.92 1.28 

BaO 0.92 1.44 

MgO 0.61 0.61 

Na2O 0.32 0.28 

ZnO 0.19 0.28 

K2O 0.22 0.18 

TiO2 0.10 0.10 

Co2O3 0.01 0.01 

NiO 0.02 0.02 

V2O5 0.03 0.01 

Cr2O3 0.000 0.01 

CuO 0.03 0.08 

PbO2 0.03 0.03 

AsO2 0.01 0.01 

Total 100 100 
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The XRD patterns of the two mineral samples, as received, 

without any pretreatment are presented in Fig. 6 and 7, where also 

the crystalline phase identification for both materials is included. It 

is observed that for both materials the main phases are hematite 

(Fe2O3), tetravalent manganese oxide (MnO2) and silica (SiO2). 

The relative intensities of the peaks are in agreement with the 

concentration of each oxide, as measured by elemental analysis 

(Table II). 

In Fig. 1 the amount of oxygen exchanged by the mineral, 

“Sinai-Α, low grade” (S12) is presented during an experiment 

which includes 8 multiple reduction – oxidation cycles. It can 

be observed that in the 1rst cycle an oxygen transfer capacity 

(OTC) of 1% wt is observed, the OTC is gradually decreasing 

during the first 4 cycles, however, it appears that the material is 

activated after cycle No 5, reaching an OTC of 1.6% in cycle 

No 8. 

 

 

Fig. 1 Oxygen loss and uptake of sample “Sinai-Α, low grade” (S12), 

during 8 subsequent reduction – oxidation cycles  

In Fig. 2 the amount of oxygen exchanged by the mineral, 

“Sinai-Α, medium grade” (S22) is presented during an 

experiment which includes 9 multiple reduction – oxidation 

cycles. It can be observed that the oxygen transfer capacity 

(OTC) of the sample in the 1rst cycle is 1.1% wt, higher than the 

corresponding OTC of S12 material. However it is gradually 

decreasing during subsequent cycles and is stabilized, during 

cycles 3-9, at 0.50.1% wt. 

 In Fig. 3a the reactivity of the natural material S12 is 

presented, expressed as % wt conversion of methane during the 

fuel oxidation step vs. oxygen deficiency during 8 subsequent 

reduction – oxidation cycles. The mineral has a moderate initial 

reactivity converting only 40% at the 1rst cycle, when the 

material id fully oxidized. 

 
Fig. 2 Oxygen loss and uptake of sample “Sinai-Α, medium grade” 

(S22), during 9 subsequent reduction – oxidation cycles 

However, after the activation of the material beyond the 5th 

cycle, shown also in Fig. 2, its initial reactivity increases 

reaching initial methane conversion of 55% at the 8th cycle. 

During all cycles, the initial reactivity of the fully oxidized 

material decreases with increasing oxygen deficiency, reaching 

a methane conversion of 30% at the end of 8th cycle. 

 

 
Fig. 3 Methane conversion by the (a) S12 sample, and (b) S22 

sample, vs. oxygen deficiency during multiple reduction – oxidation 

cycles 
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In Fig. 3b the reactivity of the natural material S22 is 

presented, expressed as % wt conversion of methane during the 

fuel oxidation step vs. oxygen deficiency during 9 multiple 

reduction – oxidation cycles. The initial conversion at the 

beginning of the 1st cycle, 40%, is not recovered from the 

material in the subsequent cycles. 

Since the materials are candidate Oxygen Carriers for Chemical 

Looping Combustion, they must have very low selectivity 

towards CO and H2 during fuel oxidation. In Fig. 4a and 5a the 

CO and H2 selectivities are presented for the S12 material, 

during 8 subsequent redox cycles as a function of its oxygen 

deficiency. It can be observed that both selectivities increase 

with increasing oxygen deficiency of the solid and change with 

increasing cycle number. In all cases, selectivity towards CO 

does not exceed 20% while the corresponding selectivity 

towards H2 is always lower than 10%. It can be also observed 

that both CO and H2 selectivities increase with decreasing 

reactivity of the material, which can be readily attributed to the 

decreased availability of lattice oxygen from the solid. In Fig. 

4b and 5b the CO and H2 selectivities are presented for the S22 

material, during 9 subsequent redox cycles as a function of its 

oxygen deficiency. It can be observed that both selectivities are 

lower than 10% even at the maximum oxygen deficiency, in all 

subsequent cycles. 

   

 

Fig. 4 Selectivity towards CO by the (a) S12 sample, and (b) S22 

sample, during multiple reduction – oxidation cycles 

 

 

  

 

Fig. 5 Selectivity towards H2 by the (a) S12 sample, and (b) S22 

sample, during multiple reduction – oxidation cycles 

 

 

Fig. 6 X-ray diffraction (XRD) patterns of the S12 mineral sample, 

fresh and after 8 redox cycles 
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The XRD patterns of the S12 mineral sample, fresh and after 8 

redox cycles are compared in Fig. 6. Identification of crystalline 

phases is also included in the Figure. In the fresh sample iron is 

trivalent, in the hematite (Fe2O3) phase and manganese is 

tetravalent, in the MnO2 phase. It can be observed in the XRD 

pattern of the “reacted” sample that all peaks attributed to MnO2 

completely disappear, indicating that MnO2 has decomposed. 

Also the peaks attributed to Fe2O3 are much less intense. New 

peaks arise in the XRD of the “used” sample which are 

attributed to spinel type oxides, either simple Fe3O4, Mn3O4, or 

mixed MnFe2O4. In Fig.7 the XRD patterns of the S22 mineral 

sample, fresh and after 9 redox cycles are compared. Despite 

the differences in the elemental composition of two minerals, 

the changes observed in the samples that have undergone 

multiple redox cycles are identical. Also in the S22 sample, the 

4-valent manganese oxide disappears with simultaneous 

formation of a spinel phase, while part of hematite is also 

converted to magnetite. 
 

 
 

Fig. 7 X-ray diffraction (XRD) patterns of the S22 mineral sample, 

fresh and after 9 redox cycles 

Both materials studied are natural minerals and show, as 

expected, great composition heterogeneity. Fig. 8 shows the 

elemental mapping of the "fresh" material S12, at relatively low 

magnification (X200), to include a sufficient number of grains. 

It is observed that there are grains composed almost entirely of 

iron oxides, and other grains contain almost only Mn oxides. 

There are of course granules containing both elements. The 

maps of the lower concentrations elements, e.g. Si, Al, Ca, K, 

Mg show that they, also, are not evenly distributed. In the 

images of Fig. 8 either whole grains or large grain parts can be 

observed, with concentrations of these elements much higher 

than average. 

In Table III, Scanning Electron Microscopy (SEM) images are 

compared, of the S12 mineral, fresh and after 8 redox cycles, at 

the same magnification level in each row.  

 
 

Fig. 8 Elemental mapping of the "fresh" material S12, at low 

magnification (X200) 

 

The particles in the first raw are rich in Mn while those in the 

second raw are composed almost 100% by Fe-oxides. A 

completely different effect in the morphology of the particles 

can be observed, of subjecting the material to multiple redox 

cycles, depending on their chemical composition. While the 

Mn-rich particles undergo extensive erosion, the Fe-rich 

particles remain almost unaffected. It is observed that the extent 

of disintegration is a function of the duration, the intensity and 

the number of redox cycles that the material suffered. 

Table III. Scanning Electron Microscopy (SEM) images of the S12 

mineral, fresh and after 8 redox cycles at 1223K. 

 S12  sample fresh S12 sample after 8 cycles 
 

X 500 

 

Mn- 

rich 

 

particle 

  
 

X 500 

 

Fe-  

rich 

 

particle 

  
 

IV. CONCLUSIONS  

The two examined natural materials have the ability to 

deliver lattice oxygen to a fuel and to regain it in the presence 

of air. The S12 material, with a high content of Fe oxides (60%) 

and ratio Fe/Mn≈2.5 shows higher values than the S22 material, 

with lower level of Fe oxide (33%) and ratio Fe/Mn≈1, as 

regards both the Oxygen Transfer Capacity (OTC) and the 

activity towards CH4 conversion 

The S12 material is further activated after 4 oxidation - 

reduction cycles. Both materials lead to complete combustion 

of methane, with selectivities towards CO and H2 lower than 

10%. Therefore both minerals are promising candidate 

materials for use as "oxygen carriers" in the chemical looping 

combustion process (CLC) with the best performance shown by 

15 25 35 45 55 65 75

In
te

n
si

ty

2 theta (°)

Quartz low SiO2 [1-86-1628] Fe2.932O4 [1-86-1352]

MnO2 [24-0735] Hematite Fe2O3 [1-79-7]

Mn3O4 [13-162] cubic MnFe2O4 [1-73-1964]

S22 Sinai-Α, medium grade
El-Waleed Ore, fresh

S22 Sinai-Α, medium grade
El-Waleed Ore, after 9 redox cycles

Al 
 

Si 
 

Mn 
 

Fe 
 

C 
 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 81



 

 

the S12, which is considered a low grade mineral. 

Physicochemical characterization of samples of the natural 

materials, fresh – unreacted and “reacted” at subsequent redox 

cycles, revealed that repetitive reduction–oxidation reactions 

affect seriously both the crystalline structure of the materials 

and their particle morphology. Most of the Mn and Fe oxides 

are converted into magnetic cubic spinels in the “reacted” 

samples. Furthermore multiple redox cycles at high 

temperature, cause erosion to the Mn particles, which leads to 

extensive breaking of the large particles and the formation of 

smaller particles, while the particles which are rich in Fe do not 

undergo any change in their morphology. 
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Abstract— The aim of the paper is to present the methodology of 

automated creation of construction cost estimations and budgets in 
Slovakia. Paper discuss methods of data transfer from CAD 
applications to cost estimating software in the  IFCxml data format. 
For proper identification of single items of construction budget shall 
be suitably processed data 3D model. Processing data model ensures 
proper use of the proposed Assistent with the identification data. The 
own methodology of automated creation of construction budgets 
consists of several steps: creating a 3D model data, export data from 
CAD application to cost estimating application, import and 
processing in the cost estimating application. Also, benefits and 
disadvantages of the proposed methodology are identified. 

Keywords—automated cost estimating and budgeting in civil 
engineering, data exchange, IFCxml.  

I. INTRODUCTION 
ccurate processing of the budget is dependent on 
obtaining as much information in the initial phase of the 

project. Lack of information in the early stages of the project 
has resulted in higher costs during implementation [1].  

To reduce the difference of planned and actual costs will 
help the automated system of budgeting. Such a system is a 
prerequisite for effective planning costs already during the 
design phase. The basic condition of the automated system of 
budgeting is to use a software environment that directly 
communicates between the CAD software and software for 
creating construction budgets. Direct communication is 
dependent on the use of data format, ensuring complete data 
transfer with proper identification. From the foregoing 
examination of the most suitable transmission format was 
evaluated IFCxml general data format, which is generated 
from international exchange format IFC. Article discusses the 
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methodology of the construction budget automated formation 
in Slovakia. 

II. PROJECT CREATION IN THE CAD SYSTEM 
Basis of automated budgeting is adequate processing of 
complex 3D models in CAD applications with the appropriate 
structure of the project as precise identification of all 
structures. 

A. Structure of the project 
Please suitable data 3D model for the transmission of data 

must be processed in accordance with the structure of the 
transmission IFC [2]. Each BIM application allows creating 
building projects in a virtual environment with the appropriate 
project structure for data transfer via IFC. Virtual 3D model is 
created by films that represent the different assemblies such as 
outer walls, horizontal support structure, masonry infill 2D 
data as well as part drawings (eg. Text, dimensions and 
labels). Each of the sheets are defined by a pair of standard 
planes that bound the overall height of the floor [3]. Each 
construction is defined by ground shape and height, which is 
parametrically based on the standard plane. If the distances 
from the standard design planes zero height of the structure is 
the same as the distance of standard planes. In case the 
designer requires that the construction was lower (eg. Lower 
wall construction) to set parameters for distance upper edge 
structures from top standard plane as required. 

The object foils are defined as a space for each floor, and it 
is therefore necessary to assign individual foil to the floor of 
the structure. Floors are the smallest part of the structure of the 
object. Several floors can be broken down into building 
sections that make up the whole building. 

Any design data model is proposed parametric. In addition 
to basic geometric parameters of construction it includes 
parametric data defining not only merchandising base 
structure itself, but also other parameters such price may be of 
the construction or identification features. Identification data 
associated with CAD applications each structure does not 
comply with precise identification of the computerized 
system, therefore, to precede to the identification of new 
structures. 

B. Identification of structures  
CAD application assigns each object two identification 

codes during design. It is software code and code IFC. 
Software code defines each object in the project and each 
CAD application has a different identification codes. In order 
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to use international data exchange format IFC must have been 
created unique identification code GUID (Global Unique 
Identifier). GUID code is actually identification number 
similar to those of a unique identification number for the civic 
authorities. Even in the event of changes in certain parameters 
of structural member identification number does not change. 
An example of identification parameters can be door assembly 
which includes a GUID code 22 digit code 6 [4]: 

 
3vHRQ8oT0Hsm00051Mm008 

 
GUID is a unique 128-bit number compressed up to 22 

character string. The unique GUID of code is suitable for a 
graphics system to avoid confusion of the object, but not 
suitable for the budget of matching parameters of the same 
construction.  

In order to IFC format in the secondary format used IFCxml 
was necessary to create a new identification parameter which 
would be the same for each of the same structure (e.g., two 
partitions of the same material). For this reason, it joined the 
two structures associated with all codes and code TSKP 
proposed new code labeled CodeText. TSKP code based on 
class of TSKP (class of structures and works), which has a 
five-character codes and is the most common basis for grading 
structures and work [5]. Where there is no TSKP code was 
necessary to proceed to create the new text of the code to a 
given construction can be identified. The new text code 
designated as Codetext follows the structure class of TSKP 
and ZOCM and is of matching each parallel structure. 
Codetextu structure is made up of five levels where the first 
level describes the building structure, the other producer; the 
product itself is the third and fifth level of the individual 
characteristics of the building structure. As in the case TSKP 
code and the new code is written in the structure of IFCxml to 
ifcPropertySingleValue assigned the identification number 
(ID) [6]. Export all the data from the CAD application in a 
single file IFCxml in the XML structure. 

AEC CAD application database contains general design 
elements that contain new identification elements, but allows 
create your own database. An example is Allplan 2015, which 
allows you to create custom database design elements referred 
to as an assistant. Designer to simplify their work can assign 
frequently used to design assistant. The designer was forced to 
assign an identification parameter of each construction 
proceeded to the establishment of assistants fundamental 
structures, including the identification elements. Such an 
approach 3D modeling with the help of assistants to ensure 
proper identification structures for automated budgeting. 

C. 3D modeling 
The process of creating a model must be based on an 

appropriate project structure using the structures of 
identification parameters. Designer in the project's structure 
must be defined according to the structure of the project IFC 
to the division of the individual floors, sub-objects and 
objects. Each floor will be assigned foil structures and 
auxiliary 2D data. Film structures are assigned default planes 

that define the overall height of the floor. To simplify the 
filtering structures or other data designer can assign each 
transparency level structures. Levels can assign an 
automatically according to the type of construction or designer 
can assign manually. Once the project structure defined 
(system films and levels) can a designer approach to modeling 
construction. Selecting individual structures from Assistant 
structures does 3D object modeling.  

In the event that during the design of the data model 
required an assistant construction does not, you need to create 
a data structure of the general structure provided from 3D 
CAD applications. The general structure must be accompanied 
by the identification data (ID). If the designer does not 
complete construction of the identification data, the structure 
will not be automatically generated in the construction budget. 

The principle of the formation of the 3D model data is 
shown in the flowchart (see FIG. 1).  

 
 

 
Fig. 1 Flowchart of creation 3D model data Source: own processing  

 

III. DATA TRANSFER FROM CAD TO BUDGET SOFTWARE 
Data transfer from CAD to budgetary application is 

provided by IFC data in the appropriate data structure based 
on the principle of labeling IFCxml XML structure. Choosing 
this format was based on previous research and studies 
elaborated by Zhang [6], where it was evaluated as the most 
appropriate format. Data transfer process is based on a simple 
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data export in the AEC CAD applications and subsequent 
import in the budget application.  

IFCxml data file includes all the structure, in which are 
associated with geometric, identification, parameter, etc. 
material. Based on the identification of each construction 
budget assigns to the price of retail database automatically. In 
case the construction is not a complete code application allows 
semi-automatic assignment. If the construction does not 
contain the code in this case must assign budgeter budget item 
manually. After assigning each list price of the items all 
structures Budgeter can process the entire budget. 

The general process of data transfer is shown in the flow 
chart in FIG. 2.  

 
Fig. 2 The process of data transferring from AEC CAD program into 

the budget. Source: own processing 

IV. DATA PROCESSING FOR THE FINANCIAL SOFTWARE 
The final phase of construction budgets automated creation 

of AEC CAD application is processing imported data in the 
budget application and development of the final indicative 
budget. Processing Importing data from CAD applications to 
budgetary application is directly dependent on the 
identification of model elements and correct assignments 
pertaining to items from a database program. Assigning items 
retail financial database program or individual model elements 
(structure) is done automatically, semi-automatic or manual. 

 

A. Automatic assignment 
Automatic assignment of items at list database based on full 

identification of transmitted elements. If the transmitted 
construction contains a full TSKP code that also contains a 
budget price of list database application you can then be 
automated assignment of list items.  

Budget application compares TSKP code imported element 
to the existing price list items, and if a consensus budget then 
the application automatically assigns the item. The individual 

items are automatically joining to individual sections of 
building structures TSKP items by code. 

Model can contain more of the same items that application 
then assigns the same database items. In this case, the 
generated budget will contain several of the same items that 
need to be coupled. Links of the same items can be 
automatically into one item with tantalization amount or 
manually into a single item or more. Such a merger of 
individual items but must allow the budget application. 
Calculus program budget allows it. Another case is when 
Budgeter wants to create a separate entry for each floor.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
While budget software cannot recognize which items are 

first storey and the second floor. Looking ahead, this problem 
can be solved on the basis of information on the location of 
model elements in the space. All CAD application contains 
information on the geometric distribution building on different 
floors with altitude data of the coordinates. Based on these 
interfaces it is possible to create conditions that assign a model 
element incumbent's floor. That budget application could 
assign each item floors will need software program. If the 
program will be able to divide each item by floor, it is possible 
given Assign the exact costs of moving materials at the site. In 
addition to the height position of the various elements it is also 
possible to use location data, which can simplify the proposal 
in the context of deployment of landfill site to reduce the 
distance landfills. These data allow builders to clarify and 
streamline the process while reducing the total cost of 
constructing the building. 

 

B. Semi-automatic assignment 
Semiautomatic assignment of list price of the items 

imported elements is the case when elements TSKP not a 
complete code, but only partial. In this case the engine is able 
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to assign a specific building element section, but is unable to 
assign a particular item. Assigning a specific item from the 
price-list database remains up to the user, but the program can 
simplify the selection of individual items only construction 
section. Before the assignment of individual elements of the 
items can be individual items combined to reduce the number 
of matching items. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Data processing in the financial software 
 

C. Manual assignment 
The latter method of matching elements to imported items is 

the most time consuming. It is a manual of matching the items 
and it may be the case if the element contains no TSKP code, 
or where the code is incorrect. In this case the user is forced to 
manually search item list prices, and if the database is not 
must create a new item. The simplification of matching the 
element to the proper construction of section contains every 
element except the new code TSKP Codetext, which facilitates 
the identification of the construction. The main reason for the 
lack of TSKP code is case of new materials or new 
technologies that the price-list database are not. But even in 
this case the advantage of generating budget of direct export 
significant due to the automated report creation and 
assessment of the structural model. 

After assigning the list prices of all imported constructions 
items in the financial processing software partial budget. The 

partial budget is necessary to check and replenish the missing 
items (for example, bonuses, transfers). Consequently, it is 
necessary to supplement the budget side of budget costs. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. CONCLUSION 
Automated budgeting in Slovakia IFCxml of data generated 

automatically from the AEC CAD applications is a possibility 
of automated budgeting. The basic condition for making the 
budget is accurate identification of individual components and 
subsequent assignment list price of items from that element. 
The article describes all the conditions for automated 
processing of construction budgets, creating a suitable 3D 
model in CAD applications, data transmission and subsequent 
processing of the application budget. the possibilities of 
matching of list items in the budget application (automatic, 
semi-automatic and manual) are presented in our 
methodology. The most preferred method is automatic 
assignment, but that is dependent on complete identification of 
the individual elements in CAD applications but also the 
completeness of the budget at list database applications.  
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Abstract—The paper presents the evaluation of the potential of 

occurrence and propagation of the progressive collapse for an 
industrial building made of precast and cast in place elements. The 
performed experimental tests aimed to initiate the collapse by 
destroying, through explosion, a column situated at the ground level, 
on the contour of the building, at half the distance of the long side of 
the construction, using charges placed in boreholes. A model was 
developed for the numerical evaluation using the method of applied 
elements and a demolition scenario was used through which the 
column was instantaneously removed. The analysis of the numerical 
and experimental results showed that there is a good concordance 
between the displacements on the vertical direction of the node 
located above the removed column. Using these results the potential 
of occurrence and development of collapse was studied, using 
scenarios of column removal in according to GSA 2003 as well as 
scenarios in which two or three columns were removed. The 
evaluation was based on the determination of the rotations of the 
beam ends. The obtained results highlighted the importance of the 
manner in which the structure is designed and built, of the height 
regime and structural conformity, on the collapse.     
 

Keywords— applied element method, explosive demolition, 
progressive collapse, precast concrete elements.  

I. INTRODUCTION 
 ROGRESSIVE collapse became a subject of interest for 
researchers especially after the partial collapse of the 22-
storey tower in Ronan Point and its importance increased 

significantly after the worldwide escalation of terrorist 
activities, reaching its climax after the events of 11/2001.  

The term progressive collapse [2] is used to describe the 
propagation, as a chain reaction, of a local failure thus leading 
to the total or partial crash of the building, the resulted damage 
being disproportional with respect to the initial cause.     

The issue of the progressive collapse for the reinforced 
concrete structures is well addressed in the specialized 
literature considering the existing regulations and design codes 
[1-7] as well as the numerous published papers [8-22]. Under 
the existing regulations [2] two alternative design methods are 
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provided to ensure the necessary strength of the buildings to 
this kind of phenomenon: the direct and indirect methods.  

The evaluation of the potential of occurrence and 
propagation of the progressive collapse, using the direct 
method [4-5], involves the removal of some of the vertical 
support elements in order to test the capacity of the structure to 
redistribute the additional resulting efforts. The experimental 
studies performed by various authors on this subject consisted 
in the removal through explosion of an exterior column 
situated on the middle of the longest side of the construction 
[8], of an interior column [9], or of two exterior adjoining 
columns [10] and for the static tests mechanical jacks [11-12] 
or mechanical damages were employed [13]. Numerical 
analyses were performed according to the specifications of the 
existing norms [4-5] taking into account nonlinear dynamic 
analyses [16-19], dynamic linear and nonlinear analyses [15] 
and also static and dynamic, linear and nonlinear analyses 
[20]. The instantaneous removal of the support element 
according to GSA 2003 does not depend on the type of event 
which led to its destruction. This approach, although justified 
from the point of view of the simplification of the analysis has 
the disadvantage that in the case of an explosion the effects on 
the structure can be significant and the structural response can 
be considerably different in comparison to the case of the 
instantaneous removal. Thus, Shi [21] showed, after an 
analysis in three steps, that the obtained results based on the 
predictions regarding the progressive collapse are better if 
non-zero initial conditions and initial damage of the structural 
members caused by the blast loads are taken into account. 
Also, in paper [22] the differences between the behavior of a 
G+5S (ground floor + 5 storey) building in the case of the 
damage of a column as a result of a local blast (when the 
action is manifested on a small number of elements) and that 
of an explosion from the distance (when the effect is a global 
one, at the level of the entire structure) were highlighted 
through numerical analyses.  

The issue of progressive collapse for structures with precast 
elements is less approached and discussed in the specialized 
literature. According to the specifications of GSA 2003 [4] the 
evaluation of the potential of occurrence and propagation of 
the progressive collapse in irregular structures or in those 
made of precast elements has to be treated with increased 
attention. Although progressive collapse may appear in almost 
all types of structures, failure in the precast structures may 
occur more often due to the lack of structural continuity in the 
nodes (in the connection zone of the elements). There are 
numerous papers which analyze the behavior of the precast 
elements [23-24] and their connections [25-26] at cyclic loads, 
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fewer papers which investigate the seismic capacity of 
structures made of precast elements in order to determine their 
vulnerability [27] and even less which approach the aspects 
concerning the collapse of such structures [28]. Thus, Pekau 
[28] performs an analysis of the behavior of the precast panel 
shear walls using the method of distinct elements (DEM). 
Integrity analyses of a twelve-storey, three-bay precast panel 
shear wall in different conditions with respect to earthquakes 
and progressive collapse are performed focusing on the shear 
ductility demands of the mechanical connectors in the vertical 
joints. The whole progressive collapse processes of the panel 
wall in various conditions are also simulated.  

The current paper approaches, in the first part, the response 
of a precast industrial structure made of reinforced concrete 
frames, in the case of the removal through blast of an exterior 
column situated at ground level on the middle of the longest 
side of the building. In the second part of the paper, the 
structural response when two or three columns were removed, 
considering different configurations, was determined using the 
method of applied elements. The aim was to asses the manner 
in which the efforts are redistributed mainly through the 
evaluation of the rotation of the beams. 

II. EXPERIMENTAL TEST 

A. Building Characteristics 
The building used for the present study was part of a group 

of structures situated on the platform of an old chemical plant, 
built in 1980 but never put into service. When the tests were 
performed the entire industrial platform was decommissioned 
thus facilitating the possibility of conducting all the required 
experimental activities.  

The building was made of four sections, designed as 
reinforced concrete structures. The main elements (columns, 
transversal beams, roof elements) were precast and the 
longitudinal and secondary beams, the intermediate floors and 
the access stairs were cast in place.  

The further description of the building will concentrate on 
the first section, Fig. 1, the one subjected to the experimental 
study. 

 

 
Fig. 1 Aerial view of the building  

  
 The structure of the section was regular in plan, with 9 bays 
and 4 spans, each having 6m, Fig. 3. The first bay had the 
height regime G+5S, whereas for the other bays the height 
regime was G+2S (the last floor was built on the height of the 
2nd, 3rd and 4th floors and on the first bay), Fig. 2. The last 
level of the structure, between axes 2 – 10, was designed as a 
production hall with a high clear height (11.30m), with two 
spans each of 12m, with running beams placed on the 

cantilevers of the columns at the elevation of +17.75m, where 
gantries necessary for carrying out the production processes 
were installed.   
 

 
Fig. 2 The section on which experimental tests were performed  

  
The intermediate floors were made of cast in place reinforced 
concrete elements having the thickness of the concrete slab of 
20 cm for the first level and 15 cm for the second level. In 
order to efficiently withstand and redistribute the live loads, 
the floors had intermediate secondary beams (GS-25x50cm), 
arranged at a distance of 2m between the axes, on the 
longitudinal direction of the building.  
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Fig. 3 Axes plan of the investigated section of the building 

  
The precast reinforced concrete columns were designed with 
cantilevers on which the transversal beams were supported. 
The geometrical dimensions and the reinforcing details of the 
columns are presented in Table I.  

Table I Geometry and reinforcing details of the columns 

Columns for the ground, first and second level 

4 Ø252 Ø
25

60

60 (6
5)

 5 Ø25

85

50

2 Ø25

 5 Ø25

60

2 Ø25

 
Columns for the third level 

2 Ø
16

50

50

 4 Ø162 Ø
16

60

 

 

All the stirrups for the columns are Φ10/10cm 
The transversal beams (A-E direction) were precast and 

supplementary concrete was cast in place over them, on the 
cantilevers of the columns, to ensure the appropriate structural 
behavior (all elements working together as a whole), Fig. 4. 
Two of the types of the longitudinal reinforcing bars of the 

Addition to hall 
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beams (marks 3 and 4) stopped at the column and the rebars 
mark 5 along with the rebars mark 6 ensured the connection 
between the beam and the column at the upper part. Also, in 
order to withstand the shearing forces with high values at the 
beam ends, in the area of the supplementary cast in place 
concrete, the longitudinal rebars exiting the beam and the 
column were enclosed with stirrups Φ 10/10cm, fixed on the 
cantilevers of the columns and locked in place after the 
assembly of the longitudinal rebars. At the lower part of the 
beam the connection with the column was made through 
metallic plates fixed both on the haunch of the column as well 
as on the lower part of the beam. The monolithic floors were 
cast in place after the fixing of these transversal beams which 
were designed to have at the upper part, on their entire length, 
elements ensuring their working together with the reinforced 
concrete slab.   
 

2275150
Cast in situ

concrete

Precast beam
GT- 40x75 cm

O10/15

ED
60

64 O25

3

42 O25
5 2 O20

440
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8
2 O

25 60

60O10/10

5 O25 3

6

(6
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7
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55

6

4 5
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concrete

slab

55
20 (1

5)

55
20 (1

5)

O10/15

20 (1
5)

O10/15

75

5

 
Fig. 4 Transversal precast beam - precast columns joint details 

  
 The longitudinal beams (3-10 direction) were cast in place 
together with the reinforced concrete slab and their working 
together with the column was ensured by the passage of some 
of the rebars of the beam through holes especially left in the 
column. Thus, at the bottom side, the reinforcing bars stopped 
at the contact with the column and the connection with it was 
made through other rebars, which passed through the column.  
 The slabs were cast in place together with the longitudinal 
principal and secondary beams. Reinforcing bars Φ10/15 cm 
were used on both directions, top and bottom. In the slab 
above floor 1, multiple holes having a technological purpose 
were made, with the dimensions 4.00x4.00m, which were 
bordered by secondary beams having the cross-sectional 
dimensions 25x50cm. 

B. Carrying Out the Experiment 
The aim of the experimental tests was the measurement of 

the vertical displacement of the node located directly above 
column E7, Fig. 3. According to the GSA analysis scenarios 
for the occurrence and propagation of the collapse, a column 
situated at the ground level, in the middle of the longest side of 
the building, was removed. The removal was done 
instantaneously, through explosion. This kind of removal was 
possible because the construction was going to be demolished. 
For the instantaneous removal, explosive charges placed inside 
several boreholes made directly into the column were used, 

Fig. 5. The employed method is the closest to the 
recommendations of GSA, namely the instantaneous removal 
of a support element, regardless of the type of threat. The 
energy produced after the detonation of the explosive charges 
was mostly consumed in the fragmentation and throwing of the 
concrete pieces, Fig. 5b, and thus the aerial shock wave 
resulted from the blast had very little values and did not 
influence the behavior of the structure after the column 
removal.  

 

  
a) The layout of the explosive 

charges network  
b) Concrete damage and 
rebars bending after the 

detonation of the charges  
Fig. 5 The column before and after the detonation of the 

explosive charges  
 Measuring the absolute displacement of the structure on the 
vertical direction was facilitated by the existence of an 
auxiliary structure. The gap between the two buildings was 
5cm. For the displacement measurements an inductive 
displacement transducer was used. The body of the transducer 
was fixed on the column of the adjacent structure (the fixed 
column) by means of a steel plate whereas the plunger of the 
transducer was fixed using a hot rolled steel profile at 15cm 
above the slab of the first floor on the E7 column. The head of 
the plunger was fixed with a bolt nut on the hot rolled steel 
profile. Thus, the head of the plunger could move together 
with the structure of the hall after the destruction of the ground 
floor column.  

III. NUMERICAL SIMULATION 

A. Applied Element Method 
For the structural model the applied element method (AEM) 

was used, which combines features of both the finite element 
method as well as the discrete element method. The main 
advantage of this method is that it can describe the behavior of 
the structural system from the application of the forces, the 
crack propagation and the separation of the structural elements 
to the total collapse [29], [30]. 

The structure is modeled as an ensemble of small elements, 
with special shape and determined dimensions. These types of 
elements do not deform, the change in their position being 
considered as for a rigid medium. AEM elements are 
connected using the entire surface of the elements, through a 
series of connecting springs that adopt all the material types 
and properties. Each group of springs completely represents 
the stresses and deformations of a certain volume and each 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 90



 

 

element has six degrees of freedom. This modeling method 
allowed the study of the initiation and propagation of cracks 
and of the failure of the structure using only one initial model. 
The location of the failure is determined during the cyclic 
process. 

For modeling the concrete under compression, the Maekawa 
compression model is used [31]. For the reinforcing springs 
the model presented by Ristic et al. [32] is used. The tangent 
stiffness of the reinforcement is calculated based on the strain 
of the reinforcing spring, loading status (either loading or 
unloading) and the previous history of the steel spring which 
controls the Bauschinger effect. 

B. Geometrical Model 
The geometrical model of the hall is shown in the following 

figure (Fig. 6). The first bay of the building was not modeled 
in order to reduce the number of elements and the computation 
time. Instead, the holes in the slab above floor 1, the running 
beams and the enclosure elements along the E axis were 
accurately modeled. The considered loadings are only those 
from the self weight of the building and a load of 100 kg/m2 
from the existing finishes.  

In order to model the longitudinal reinforcing of the beams 
as well as the rebars which make the connection between the 
longitudinal and transversal beams and columns, new 
reinforcing manners (styles) were defined for the longitudinal 
reinforcing within the program. 

 

 
Fig. 6 Geometrical model of the hall  

 
For the longitudinal beams a reinforcing style was defined 

in which two rebars are lifted at the upper side (rebars 4) and 
are then passing through the column, in the vicinity of the 
node, Fig. 7. Also, the connection between the rebars at the 
upper side of the beams which are joined in the same node is 
done through the rebars 3, at the upper part and the rebars 5, at 
the lower part, Fig. 7.  

 

 
Fig. 7 Defining a new reinforcing style for the longitudinal 

beams: 1-column, 2- longitudinal beams; 3-longitudinal 
connection reinforcing, top; 4- rebars stretching from bottom to 

top; 5- longitudinal connection reinforcing, bottom; 6-beam 
rebars 

 
For the transversal beams, the lifted rebars are mark 6 and 

the rebars mark 4 ensure the connection with the reinforcing 
bars mark 5 from each beam, stopping at the column, Fig. 8. 
For the cast in place concrete model a beam without 
reinforcing bars was defined and the connection with the 
column was made through the mark 7 stirrups of the haunch. 
The inclination of the stirrups occurred as a result of the 
transformation of a beam into an element with 8 nodes in order 
to obtain the shape of the haunch. Also, the connection 
between the transversal beam and the haunch was made using 
metallic plates (8) arranged both on the beam as well as on the 
haunch.  

 

 
Fig. 8 Defining a new reinforcing style for the transversal 

beams: 1-column, 2- transversal beams; 3-cast in place 
concrete; 4- longitudinal connection reinforcing, top; 5,6-beam 

rebars; 7-haunch rebars; 8-metallic plates. 

C. Column Removal Scenarios   
The demolition scenario was used as a column removal 

scenario, being predefined within the program. This scenario is 
frequently used for the demolition with explosives and for the 
progressive collapse cases when the user knows the elements 
which are to be destroyed.  
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Table II Column removal scenarios  

Scenario No. of 
removed 
columns 

Layout Positioning 

1.  1 Exterior - long side E-7 
2.  1 Exterior - short side C-10 
3.  1 Exterior - corner E-10 
4.  1 Interior C-7 

5.  2 Exterior - long side 
Exterior - corner 

E-9 
E-10 

6.  2 Exterior - short side 
Exterior - corner 

D-10 
E-10 

7.  2 Exterior - long side 
Exterior - long side 

E-7 
E-6 

8.  2 Interior 
Interior 

C-7 
D-7 

9.  3 
Exterior - corner 
Exterior - long side 
Exterior - short side 

E-10 
E-9 

D-10 

10.  3 
Exterior - corner 
Exterior - long side 
Exterior - long side 

E-10 
E-9 
E-8 

11.  3 
Exterior - long side 
Exterior - long side 
Exterior - long side 

E-8 
E-7 
E-6 

 
During this demolition scenario both the elements which are 

to be destroyed as well as the time when they will be 
instantaneously removed are specified. The column removal 
was instantaneously done at the time t=0.00s. The advantage 
of using this method consists in the reduction of the 
computation time compared to the explosion solution.  

Because the studied construction has a reduced height 
regime and was designed to withstand high loads, other 
scenarios of removal of the vertical supports were used besides 
those specified in GSA 2003, Table II. The column removal 
according to scenarios 1-4 was performed according to GSA 
2003 (exterior column on the long side, short side and corner 
of interior column) and the other scenarios were based on 1-4 
but were improved by removing other support elements as 
well. The notations from the column “Positioning” are 
considered according to Fig. 3.   

IV. RESULTS AND DISCUSSIONS 

A. E-7 Column Removal 
Following the detonation of the explosive charges placed in 

the boreholes made in the column E7 the concrete was thrown 
almost entirely, except in the zone of the column of the 
neighboring construction, Fig. 5b. The stirrups were 
straightened and some were thrown out of the column and the 
longitudinal reinforcing bars were bent. The bending of the 
longitudinal rebars occurred mainly due to the action of the 
shock wave and due to the propulsion of the concrete 
fragments and not as a result of the vertical displacement of 
the structure after the column destruction.  
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Fig. 9 Experimental and analytical vertical displacements of joint 

E7 for the second floor 
 
The vertical displacement of the node located above the 

blast damaged column is shown in Fig. 9. Immediately after 
the detonation of the explosive charges the sensor measured a 
displacement along the positive direction of the axis Z of 
approximately 1 mm as a result of the action of the shock wave 
on the metallic support on which the transducer was installed. 
After the damage of the column the structure did not directly 
displace until the maximum value was reached. It had a first 
displacement until the value of -6.5 mm at t = 0.02s, followed 
by a light displacement along the positive direction of the axis 
Z and then a downward displacement occurred until the maxim 
value of -9.51 mm at time t = 0.044s. As a consequence of the 
redistribution of the efforts between the structural elements, 
the structure then oscillated around the permanent value of the 
vertical displacement, respectively -7.1 mm. It is thus observed 
that the permanent final displacement represents 66% of the 
maximum recorded displacement. The maximum vertical 
displacement of the node located directly above the one 
destroyed by the blast is comparable in terms of size with the 
ones obtained by Sasani et al. [8] and and Sasani and 
Sagiroglu [33], for constructions with different height regimes 
and structural layouts.   

The graphical representation of the vertical displacement of 
node E7, situated above the damaged column, obtained from 
the numerical simulation, Fig. 9, indicates a maxim value of 
9.41 mm, different than the value of - 9.61 mm resulted from 
the experimental measurements (a difference between them of 
2%). There also appears a difference between the times at 
which the maximum values are recorded, namely 0.035s for 
the numerical solution and 0.041s for the experimental one. 
Also, the numerical results show a final displacement of 7.60 
mm which is higher by 7% in comparison to the final 
experimental displacement of 7.10mm. It can be seen that the 
oscillations of the structure in the experimental case are 
damped faster than the ones from the numerical simulation.   

After the removal of the column E7 a change in the shape of 
the bending moment occurs for the transversal or longitudinal 
beams connected to the axis of the removed column, Fig. 10 
and Fig. 11.  
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a) b) 

Fig. 10 Bending moment distribution in the transversal beam D7-
E7 on the second floor before and after the column removal (not to 

scale) 
 
This change in the shape of the bending moment 

corresponds to the behavior of the structure which develops 
mechanisms capable of redistributing the additional efforts 
occurring as a result of the removal of a vertical support 
element.  

 

 
a) Transversal frame 

 

b) Longitudinal frame 

Fig. 11 Bending moment distribution in transversal and 
longitudinal beams after the column removal (not to scale) 

 
Such mechanisms which can increase the capacity of the 

structure to resist failure (collapse) include: catenary action of 
slab and beams allowing the gravity load to span to adjacent 
elements; b) Vierendeel action from the moment frame above 

a damaged column and c) gravity load support provided by the 
nonstructural elements such as partitions and infills. The 
catenary action in beams involves large deformations and 
utilizes tensile forces to balance the amplified gravity loads 
due to the doubling of the span (associated with the loss of a 
middle column) and the dynamic effect (associated with the 
sudden loss of the supporting force), Fig. 11b.  

The Vierendeel action can be characterized by the relative 
vertical displacement between beam ends and the double 
curvature deformations of beams and columns. Such a 
deformed shape (Fig. 10, after the column removal) provides 
shear forces in beams in order to redistribute the vertical loads 
following the column removal. 

An important observation is related to the shape of the 
moment around the support (the haunch) of the transversal 
beams, Fig. 10 and Fig. 11a. It can be seen that the maximum 
moment is outside the support area and thus also outside the 
zone where the elements are working together. An immediate 
effect is represented by the cracking mechanism of the 
concrete for the beam D7-E7, Fig. 12. Thus, the cracking of 
the beam is more pronounced outside the support zone of the 
beam (on the haunch) and continues on the connection zone of 
the beam to the column but at a reduced level. 

According to UFC [5] the beam and column rotations after 
the removal of a vertical supporting element must be checked. 
The rotation of the beams and columns is computed by 
dividing the maximum deformation Δ to the length L of the 
element (the length of the beam on the longitudinal direction 
or the distance between the support elements of the transversal 
beams), Fig. 12. 

 

 
Fig. 12 Cracking state of the beam D7-E7 corresponding to the 

maximum bending moment (not to scale) 

 
The limit value of the rotation angle for the beams 

according to table 4-1 from UFC [5] is 3.61 degrees. Similar 
values are presented in [34] as well: the average yield rotation 
is 0.34° and the average ultimate rotation of a plastic hinge is 
3.4°, respectively. 

The graphical representation of the variation of the rotations 
of the longitudinal and transversal beams which connect in 
joint E7, above the damaged column, is shown in Fig. 13. 

D E 

Ɵ 

L 

Δ 

8 7 6 

Catenary 
forces 

D E C 

D E D E 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 93



 

 

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,00 0,50 1,00 1,50

Be
am

 ro
ta

tio
n,

 [d
eg

re
es

]

Time, [s]

Transv. Beam D7- E7

Long. Beam E7 - E8

 
Fig. 13 The time variation of the rotation of the longitudinal and 

transversal beams after the removal of the column E7 

The difference between the maximum rotations of the two 
beams occurs due to the free length of the beams. If for the 
longitudinal beam this value is of 5.225 m (the distance 
between the columns E7 and E8) for the transversal one it is 
4.175 m (the distance between the haunches of the columns E7 
and D7). The maximum values of these rotations (0.10 degrees 
for the longitudinal beam and 0.12 degrees for the transversal 
beam) are under the limit values established in UFC.  

B. Column Removal According to Scenarios 2-11  
After the column removal according to the scenarios from 

Table I, the rotations shown in Table III were obtained. 
Table III Rotation values for the beam ends considering the 

analyzed scenarios  

Scenario 
Transversal Beams Longitudinal Beams 

Notation1 Rotation2 
[degrees] Notation 1 Rotation 2 

[degrees] 
1.  D7-E7 0.12 E7-E8 0.10 
2.  B10-C10 0.0276 C9-C10 0.0127 
3.  D10-E10 0.203 E9-E10 0.138 
4.  D7-C7 0.0085 C8-C7 0.0056 

5.  D10-E10 
D9-E9 

0.79 
0.51 

E8-E9 
E9-E10 

0.14 
0.35 

6.  C10-D10 
D10-E10 

0.30 
0.07 

D9-D10 
E9-E10 

0.17 
0.30 

7.  D7-E7 
D6-E6 

0.30 
0.27 

E8-E7 
E5-E6 

0.17 
0.19 

8.  B7-C7 
E7-D7 

0.03 
0.10 

C8-C7 
D8-D7 

0.012 
0.038 

9.  
C10-D10 
D10-E10 
D9-E9 

0.75 
0.64 
0.97 

E9-E10 
D9-D10 

0.29 
0.50 

10.  
D10-E10 
D9-E9 
D8-E8 

57 
57 
57 

- - 

11.  
D8-E8 
D7-E7 
D6-E6 

0.51 
0.82 
0.52 

E9-E8 
E5-E6 

0.38 
0.37 

1) The value of the rotation was determined for the end of the beam 
indicated in the second term of the notation (e.g.: D7-E7 – the 
rotation is determined for the end of the E7 beam).   
2) The limit value of the rotation angle for the beams, according to 
UFC [5], is 3.61 degrees.   

By comparing the values of the beam rotations from Table 
III with the limit value indicated in UFC it is found that only in 
scenario no. 10 the beam rotations exceed the failure limit of 

these elements. Thus, the collapse of the frame whose columns 
were destroyed occurs, Fig. 14. 

The collapse does not propagate outside the frame on the 
one hand due to the transversal dimensions of the beams and 
columns adjoining the removed elements and on the other 
hand due to the structural conformity at the upper part, namely 
the lack of connection elements (slabs and beams).  

For the scenarios performed according to GSA 2003 
(scenarios 1-4) it is found that the highest rotations are those 
corresponding to the corner column removal E10 (0.203 
degrees for the transversal beam and 0.138 degrees for the 
longitudinal beam), followed by those corresponding to the 
removal of the exterior column located in the middle of the 
longest side E7 (0.12 degrees for the transversal beam and 0.1 
degrees for the longitudinal beam). For scenarios 1 to 4 the 
values of the rotations are smaller than the yielding limit of the 
reinforcing steel bars, 0.34 degrees according to [34]. 
 

  
Fig. 14 Collapse of the frame E-D-10-9-8 

  
For scenarios 5 to 11, the highest rotations of the beams are 

found is the 5th scenario, corresponding to the removal of the 
corner column E10 and of the adjacent one on the longest side 
E9. In this case the rotations of the transversal beams (0.79 for 
beam D10-E10 and 0.51 for beam D9-E9) are larger than the 
plastic hinge development limit. The rotations of the 
longitudinal beams (0.14 for beam E8-E9 and 0.35 for beam 
E9-E10) are however lower than the corresponding yielding 
limit of the reinforcing steel bars. The final effect is: failure to 
initiate the collapse of the frame which had its columns 
removed. 

V. CONCLUSION 
The evaluation of the potential of occurrence and 

propagation of the progressive collapse for an industrial hall 
made of precast elements was performed by using both 
experimental tests as well as numerical simulations. The 
developed numerical model, using the applied elements 
method, was validated by the experimental study. The 
numerical analyses performed by increasing the number of 
removed columns, starting from one column according to the 
GSA 2003 recommendations, and ending with three columns, 
led in just a single case to the initiation of the collapse. Even in 
this case, however, the collapse was limited to the frame 
whose columns were initially removed. No deterioration of the 
joints beam-column was observed in any of the analyzed cases 
due to the manner in which the connection of the precast 
elements was made (using cast in place concrete).  
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It was found that in most of the cases the displacements of 
the nodes located above the removed columns produced only 
the cracking of the reinforced concrete elements without 
leading to the yielding of the rebars. 

One of the possible applications of this paper could be the 
assessment of the level of deterioration of the structural 
elements after the failure of a vertical support element. Based 
on the traced capacity curves the behavior of the elements 
adjacent to the area of the failure initiation, considering any 
removal scenario for one or more vertical support elements, 
can be estimated. 
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Abstract—In the present study two natural minerals rich in iron and 
manganese oxides are investigated as potential "oxygen carriers" for 
the Chemical Looping Combustion (CLC) process. A fluidized bed 
reactor is utilized for the evaluation of the ores. Both materials 
showed moderate performance in CH4 combustion, whereas the 
selectivity towards CO2 was more satisfactory. As far as the Oxygen 
Transfer Capacity (OTC) is concerned, the materials provided quite 
lower oxygen to the fuel gas than expected from their composition.  
 

Keywords—Mineral oxygen carriers, chemical looping 
combustion.  

I. INTRODUCTION 
LOBAL warming is undoubtedly real, and there is a 
scientific consensus about it [1]. The anthropogenic 
climate change is caused by emission of so called 

greenhouse gases. Among greenhouse gases emitted by human 
activities Carbon dioxide (CO2) is considered to have the 
largest effect on climate change. Continued extraction and 
combustion of fossil fuels have increased the atmospheric CO2 
concentration from a preindustrial level of 280 to 430 ppm [2]. 
Fossil fuel-based power plants contributes about one third of 
global CO2 emissions [3,4]. The use of alternate energy 
resources like solar energy, wind energy and biomass provides 
an option to reduce CO2 emissions, but the current huge 
demand for fossil fuels suggests that such fuels still will be the 
predominant energy source in coming decades [5]. 

One possible way to reduce emissions of CO2 from fossil 
fuel combustion is so called Carbon Capture and Storage. 
Basically, CO2 could be captured at point sources such as 
power plants and transported to certain storage sites, where it 
could be stored and prevented from reaching the atmosphere. 
This way, it would be possible to continue to generate heat 
and power by combustion of fossil fuels, without contributing 
to climate change. Examples of potential storage sites are deep 
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saline aquifers and depleted natural gas fields. Most 
technologies for capturing CO2 include large scale gas 
separation and thus involve considerable costs and also a 
distinct energy penalty. Chemical looping combustion (CLC) 
with inherent separation of CO2 could possibly provide 
cheaper and more efficient CO2 capture compared to the 
alternatives [5]. The concept of chemical looping was 
originally proposed by Richter and Knoche [6]. Later, Ishida 
et al. [7] significantly contributed on this novel concept. The 
main idea of the CLC is to split the combustion of fossil fuels 
into separate oxidation and reduction reactions by introducing 
a suitable metal oxide as an oxygen carrier. 
 

 
Fig. 1 Basic concept of CLC-process and oxygen carrier circulation 

[8] 
 

Basic concept of CLC is illustrated at Fig. 1. Oxygen carrier 
circulates between an air and a fuel reactor. In the air reactor, 
the oxygen carrier is oxidized, which is always an exothermic 
reaction. The air reactor has inlet from air and outlet of 
depleted air. The outlet contains nitrogen and a decreased 
amount of oxygen. The outlet is also hotter than the inlet 
because of the exothermic reaction. These gases can be 
released without harm to nature. The oxygen carrier flow is 
taken to fuel reactor where a reduction reaction takes place. 
The reduction reaction can be either exothermic or 
endothermic depending on the oxygen carrier. Fuel is the inlet 
for fuel reaction and the outlet contains mainly CO2 and small 
amounts of H2O. This way, almost pure CO2 is obtained after 
steam has been removed by condensation [9]. The reduction 
and the oxidation reactions are presented at Eq. 1 and 2. 
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(2𝑛𝑛 + 𝑚𝑚)𝑀𝑀𝑦𝑦𝑂𝑂𝑥𝑥 + 𝐶𝐶𝑛𝑛𝐻𝐻2𝑚𝑚 ⇒ (2𝑛𝑛 + 𝑚𝑚)𝑀𝑀𝑦𝑦𝑂𝑂𝑥𝑥−1 + 𝑚𝑚𝐻𝐻2𝑂𝑂 + 𝑛𝑛𝐶𝐶𝑂𝑂2
                     (1) 

 
𝑂𝑂2 + 2𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦−1 ⇒ 2𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦        (2) 

 
A main challenge in chemical looping combustion (CLC) 

technology is to find a cheap oxygen carrier, available in large 
quantities, with sufficient oxygen capacity, high reactivity in 
reduction by fuel gas and ability to withstand a high number of 
reduction / oxidation cycles, without significant physical 
degradation or loss in performance [10]. Since CLC 
technology requires significant amounts of environmentally 
friendly oxide carrier, the development of efficient oxygen 
transfer materials based on natural minerals would be 
advantageous. 

Many oxygen carrier materials for CLC are referred in the 
literature, focusing on primary oxides, either as industrial 
waste or as synthetic materials, such as NiO, Fe2O3 and 
Mn3O4. Moreover, some studies of mixed oxides have 
appeared. In example, Fe–Mn oxides [11] and mixed metal 
oxides of NiO, Fe2O3 and Mn3O4 [12] attracted the research 
interest.   

The objective of the current study is to find a mineral as 
oxygen carrier, available in large quantities, with sufficient 
oxygen capacity and ability to withstand a high number of 
reduction/oxidation cycles without significant loss in 
performance. The focus has mainly been on materials that can 
replace Ni/NiO which is the best performing material for 
natural gas, but is problematic due to cost and toxicity. For the 
same reasons some other elements are also considered as 
unwanted for CLC like As, Sb, V, Cl and Cr. On the other 
hand, minerals possessing high, <25%, Fe and Mn contents in 
their composition and a Fe/Mn ratio equal from 1 to 1/10 are 
fulfilling the composition criteria for an oxygen carrier 
candidate.  
 

II. EXPERIMENTAL 

A. Materials 
Two Egyptian ores were selected as oxygen carrier 

candidates. It should be mentioned that the ores are of the 
same origin, but with distinct compositions. The main criteria 
used for selection of the candidates were; theoretical oxygen 
capacity, availability and non-toxicity. The significant Fe and 
Mn contents of these minerals are responsible for their Redox 
properties. The mineral materials will be referred as EGA and 
EGB for the high and low Mn content respectively. The 
materials were characterized using ICP for their composition 
and N2 physisorption (BET method) for the surface area 
quantification. The results of the materials characterization are 
presented in Table I. The mineral materials were evaluated 
without any pretreatment, besides sieving. The particles size 
range was 125 – 180 μm. 

 
 
  

Table I. Surface areas and composition of the Egyptian ores 
of the study 

 EGA (% wt) EGB (% wt) 

Surface Area (m2/g) 27.61 20.83 

Fe2O3 60.05 32.71 

MnO2 23.26 39.06 

SiO2 10.94 21.40 

CaO 1.31 2.47 

Al2O3 1.92 1.28 

BaO 0.92 1.44 

MgO 0.61 0.61 

Na2O 0.32 0.28 

ZnO 0.19 0.28 

K2O 0.22 0.18 

TiO2 0.10 0.10 

Co2O3 0.01 0.01 

NiO 0.02 0.02 

V2O5 0.03 0.01 

Cr2O3 0.000 0.01 

CuO 0.03 0.08 

PbO2 0.03 0.03 

AsO2 0.01 0.01 

 

B. Experimental Unit 
The minerals were evaluated in an experimental set up that 

utilizes a single fluidized bed reactor. The reactor was 
designed and manufactured by high purity quartz material due 
to its higher thermal resistance compared to the conventional 
quartz. A fritted disc placed in the middle of the reactor is 
equally distributing the inlet gas in the cross section making 
the fluidization feasible. Moreover, a small quartz cyclone is 
adjusted to the reactor outlet in order to avoid any fine 
particles escape. The reactor design and the overall schematic 
diagram of the unit are presented in Fig. 2 and 3 respectively. 
A furnace is installed capable for the high temperatures 
necessary for the CLC process. A Mass Spectrometer (MS) is 
used for the analysis of the reactor outlet gas stream. The 
cycles are realized by switching between reductive and 
oxidative gas flows via separate mass flow controllers.  
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Fig. 2 Fluidized bed reactor design for CLC process 

 

 
Fig. 3 Schematic diagram of the experimental unit for CLC 

process 
 

C. Evaluation protocol 
The mineral materials were evaluated as CLC candidates 

through a series of consecutive Redox cycles at 1000oC. Each 
cycle consists of a reductive and an oxidative step with a 
purging step in the middle and at the end of the cycle. This 
flushing step is used in order to avoid mixing of the reducing 
and the oxidizing gases. The sequence of the steps in detail is: 

• Reducing step: 10% CH4, 90% He 
• Purging step:  100% He 
• Oxidizing step: 20% O2, 80% He 
• Purging step:  100% He 

The duration of each step is set to 30 sec for the reductive 
and 3 min. for the oxidative step, whereas the flushing step 
lasts for 5 min. to ensure that no mixing is realized. The gas 
flows were calculated in accordance to the minimum and the 
terminal fluidization velocity 

III. RESULTS AND DISCUSSION 
The results of the chemical looping combustion 

performance of the two minerals are presented in the Fig. 4 -8. 
The EGA mineral (Fig. 4-5) showed high activity during the 
first cycle, but the selectivity towards CO2, which is the 
desired product, was poor. After the second cycle the 
selectivity was improved significantly, while the activity 
decayed drastically. In the following cycles the conversion of 
CH4 remained low and the selectivity stabilized at 60 – 70% 
CO2. 

 

 
Fig. 4 Conversion (%), CO2 and CO yields (%) over EGA mineral 
 

 
Fig. 5 CO2 and CO selectivity over EGA mineral 
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The performance of EGB mineral is depicted in Fig. 6 and 
Fig. 7. It can be seen that the CH4 conversion was relatively 
low even at the first cycle, but the selectivity towards CO2 was 
very encouraging (>80%). Unfortunately, the conversion 
decreased throughout the consecutive experimental cycles, 
while the selectivity also decayed. The selectivity seems to 
decrease with a steady trend and the projection is far from 
encouraging.  

 

 
Fig. 6 Conversion (%), CO2 and CO yields (%) over EGB mineral 

 

 
Fig. 7 CO2 and CO selectivity over EGB mineral 

 
The weight percentage of the solid oxygen carrier that is 

supplied as oxygen to the fuel gas for both minerals can be 
seen in Fig. 8. After the first cycle the oxygen capacity was 
reduced for both ores, but the decay on the EGA sample was 
more significant. The oxygen capacity during the subsequent 
cycles was very similar for both ores, but quite low compared 
to the theoretically calculated oxygen capacity. 

The overall performance of the Egyptian ores for the 
chemical looping combustion process in a fluidized bed 

reactor showed moderate activity in methane combustion and 
a moderate selectivity towards CO2. Although the potential 
oxygen capacity is significant, the observed oxygen release by 
the solid was quite low. This is probably attributed to the 
fluidization inside the reactor that stresses a lot the solid 
particles. As a result, the solids are poorly fluidized after the 
first Redox cycle causing problems to the mass and heat 
transfer inside the reaction zone.  

 

 
Fig. 8 Comparison of the oxygen capacity of both ores 

 

IV. CONCLUSIONS 
The two mineral materials of the present study exhibited 

some activity during chemical looping combustion of methane 
in a fluidized bed reactor. Thus, the materials are able to 
provide oxygen for the combustion of methane and regain the 
lost oxygen up to some extent in the presence of air. Their 
performance was moderate and their weight percentage that 
was provided as oxygen to the fuel gas was significantly lower 
than the theoretically available. This moderate performance is 
attributed to the gradual loss of fluidization inside the reaction 
zone, probably due to minerals moderate mechanical strength. 
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Abstract— To make a mechatronic prototype is essential to 
make firs a printed circuit board. Making a single board 
(prototype) in a factory would cost a lot, for this reason, it’s 
needed to be found a method by which this can be done at 
home without any problems. 
 A highly precise method is presented in this project. With 
this method by applying a layer of photoresist on the board and 
by exposing it to ultraviolet radiation with a mask, printed 
circuit boards can be made at home easily. The same method is 
used in the production of printed circuit boards. 
 To make it possible to achieve printed circuit boards using 
this process, it is needed a source of ultraviolet radiation 
controlled by a countdown timer, named UV exposure box. 
 The project contains the exact description of the method and 
the manner of building an exposure system. 
 
Keywords— mechatronic, PCB, ultraviolet, lights, 
photoresist, programing. 

I. INTRODUCTION 
 
 printed circuit board (PCB) is a plate that is 

designed to support mechanical and electronic 
components to make electrical connections between these 
components. A circuit board is made of an insulating 
layer with variable thickness, which is a layer of copper 
on one side, both sides, or multiple layers. The insulating 
layer is a material generally known as FR4 (Flame 
Retardant stands for 4) and has a thickness of 1.6 mm, 
but it is not the standard value. FR4 is a glass fiber 
material of printed wiring boards are manufactured with a 
thickness of 0.8 mm and 1.6 mm. Also, in general, use 
FR408 materials and FR5. Flexibles circuit uses a plastic 
called polyamide with a high temperature melting. To 
start making a PSB, firs of all begins with design the 
operational circuit (schematic design) using a specialized 
software to design PCB, which will be transferred on the 
plate using more technologies. This can be chemically or 
mechanically. There are many methods to make a transfer 
a design on plate, a good example is the transfer chemical 
route which are using a photoresist material, irradiated 
with ultraviolet beams of a specific frequency. 

II. EXISTING ULTRAVIOLET SOURCES 
 

Ultraviolet radiation is electromagnetic radiation 
outside the visible light spectrum with wavelength of 
between 100 and 400 nanometers (nm).  
Ultraviolet radiation is divided into three categories:  

- UV-A 
o UV-A BLB 
o UV-A BL 

- UV-B 
- UV-C 

o UV-V 
 

 
 

Fig.2.1. Electromagnetic spectrum that defines where  
are the sources of radiation and ultraviolet radiation[5] 

 
 

UV-A has a wavelength range between 315-400 
nanometers. There are two types of UV - A ultraviolet 
sources: 

- UV-A BLB (black light blue) is a light source 
such as a fluorescent lamp having a color filter on the 
wall of the tube closed to prevent the passage of radiation 
of a certain wavelength. These types of radiation sources 
used most often at parties because certain materials shine 
like phosphorus from exposure to these types of radiation 
and visual effects occur. 

- UV -A light source BL (Black Light) not of said 
filter comprises, therefore emits a radiation with a wave 
length comprised in a range much higher than the BLB 
UV -A, visible light and transmitting right . BL UV –A 
radiation is used for the application of photosensitizing 
applications photochemical reaction and traps for 
catching insects. For tan skin are using fluorescent 
radiation of wavelength between 315 and 345 nm. 

Phenomena Occurring in Achieving Integrated 
Circuit Boards Using Ultraviolet Light 
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Fig. 2.2. Wavelength for UV-A BL [6] 

 
UV-B radiation has wavelengths between 280-315 

nanometers. These wavelengths are much more 
dangerous than the wavelengths present in the case of 
UV-A sources. This radiation does not penetrate deep 
into the skin as UV-A, but that can cause burns, cancer or 
other skin diseases.  Ozone partial switching off of this 
radiation, UV-B radiation has a good side, helps the body 
to produce vitamin D. Sources of UV-B phototherapy are 
used in dermatological tests or inspections material 
resistance to UV radiation. 

 
Fig. 2.3. Wavelength for UV-B BL [6] 

 
UV-C radiation source of wavelength are typically 

between 200-280 nanometers. These sources are used for 
any infection, purify air, water, surfaces. There are 
sources of ultraviolet radiation in the wavelength range 
between 10 and 200 nm and are referred to as "Vacuum 
Ultraviolet" because this radiation is absorbed by air 
 

 
Fig. 2.4. Wavelength for UV-C [6] 

III. METHOD FOR MAKING PCB’S AT HOME 
 
There are two methods commonly used, which can be 

achieved using PCB's relatively simple:  
- The first method is the transfer of toner to the 

plate with raw wiring (thermal transfer); 
- The second method consists in depositing a 

photoresist layer wiring board raw and exposure to 
ultraviolet radiation plate. 

In this project the focus is on the second method 
therefore still will briefly present the first method then 
describes in detail the second method.  Regardless of 
which method is used for the first step is realizing plate 
printed circuit operating in specialized software for 
design the electronic circuits necessary to realization 
printed boards, in this case using EAGLE software. 

 

 
Fig.3.1. Timer circuit diagram for count the exposure time on 

ultraviolet for making PCB’s 
 

Circuit diagram will be transformed into an electronic 
circuit to be transferred to PCB. 

 

 
 

Fig.3.2. Timer circuit diagram design with EAGLE software 
 

Once completed the design of this electronic circuit 
will be printed using a laser printer and a semi-
transparent sheet. It is important to use a laser printer for 
this kind of print and semi-transparent sheet because the 
ultraviolet lights works better. If the sheet is perfectly 
transparent and glossy the lights are reflected and the 
process will be degraded.  

 
Fig.3.3. Timer circuit diagram printed on a  

Semitransparent sheet 
The circuits were printed on a sheet temperature resistant. 
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It is very important that the film used to be resistant to 
temperature, not laser printer drum stick. There were 
problems transparencies, laser printer prints circuit faults 
(breaks) and therefore the plate is allowed more time 
exposed to ultraviolet light circuit lines that remain are 
broken plate broken sign that ultraviolet light penetrated 
through the imperfections printed circuit printer left, and 
if leave less time exposure is underexposed photoresist 
sign that it does not dissolve caustic soda solution later. 
First cut the wiring to the desired size, rinse thoroughly 
with detergent. After washing, the plate does not catch 
your fingers copper layer. If oxidation copper layer is not 
going to wash the plate, it can polish with very fine 
sandpaper. It is not recommended to use a rough 
sandpaper that scratches visible copper surface for the 
application of photoresist lake is not distributed evenly 
on the plate. Positive photoresist spray 100 ml 20 
covering an area of 2 m2 and 200 ml tube 4 m2 , and the 
range of sensitivity of the photoresist varnish is between 
360-410 nm , is applied to the surface of the copper plate. 
Application is made in a room with very little light, the 
photoresist is sensitive to red light because of this is used 
for illumination, a red light source. After the photoresist 
is applied in a layer as thin as possible and as evenly 
distributed, the thickness of the photoresist layer greatly 
influences the time necessary for exposure to ultraviolet 
light. If the lake is not evenly distributed, it may happen 
that in some areas like to be under exposed. After 
applying photoresist lake must dry as dust quickly to 
block adhesion. For quick-drying plate can be inserted 
into an electric furnace where it is dried for 20 minutes 
by gradually increasing the temperature up to a maximum 
of 70 ° C. Above this temperature deteriorates the lake 
and not to be photoresist. Insert plate photoresist applied 
and dried between two sheets printed circuit 
semitransparent , stick the paper in several places so that 
the wiring does not move to paper.  
 

 
 

Fig.3.4. Circuit diagram transferred on the plate - side one 
 
 

 
 

Fig.3.5. Circuit diagram transferred on the plate - side two 
 

The whole set is introduced into the system with 
ultraviolet lights presented and exposed to a time -

dependent radiation source , the radiation source distance 
from the plate , the thickness of the photoresist . After 
exposure the plates were placed in a solution containing 7 
grams of sodium hydroxide (NaOH) dissolved in one liter 
of water, where the exposed photoresist material to be 
dissolved within 2 minutes. If dissolved means that plate 
was underexposed, if exposure time was too short. After 
this operation, the plate is placed in a solution of chloride 
where corrosion occurs (removal of copper which is 
useless) 

 
 

Fig.3.6. Final circuit diagram result after corrosion(removal of 
copper which is useless) - side one 

 
 

 
 

Fig.3.7. al circuit diagram result after corrosion (removal of 
copper which is useless) - side one 

 
 

 
 

Fig.3.8. Final timer board with electronic components   
- front view  - 

 

 
 

Fig.3.9. Final timer board with electronic components 
- back  view    - 

IV. HOME-MADE SYSTEM FOR EXPOSURE TO 
ULTRAVIOLET LIGHT 

For tests was use a home-made system for exposure to 
ultraviolet light. The system begins with the dismantling 
of the old scanner inoperative. Manual exposure can be 
made of many things, for example in a bag or a box of 
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pale, there are many possibilities. The scanner has the 
dimensions 450 x 260 x 48, and the glass surface is 300 x 
220 mm. 

 
 

Fig.4.1. Scanner housing converted to ultraviolet light exposure 
system use for PCB-s technology 

 
 

  
 

Fig.4.2. Ultraviolet light exposure system 
- without semitransparent sheet put on scanner glass – left; 
- with semitransparent sheet put on scanner glass – right. 

 
To see better the areas where UV radiation is lower 

compared to other areas, place a thin, transparent over the 
scanner glass. It is seen that at the edges, especially at the 
ends of the fluorescent tubes radiation is much lower than 
the middle area. Between the tubes are observed less 
enlightened areas to areas above the tubes. To minimize 
this undesirable effect is joined a matte film that 
disperses light to the inside of the bottle.  
Sticking foil as evenly and without bubbles is such a 
plastic card with a little detergent dissolved in water. It 
put some soapy water on the glass, because glass slide 
film, after which the card using air bubbles to disappear 
all pull out. 
 

V. CONCLUSION 
If the lake photoresist was not applied uniformly and 

therefore remained a spot of photoresist that leads to the 
deposition of dust particles in the lake causing those 
spots binding line circuit , which compromise the plate. 

After etching plate in ferric chloride, places remaining 
photoresist copper spots on the plate does not corrode. 

 In places where they are glued to dust (dirt) the copper 
remaining points, in some cases the compact circuit is a 
critical operation problem. If the plate was polished with 
an abrasive belt hard enough to apply photoresist layer 
applied tapers where the plate was polished, it made after 
exposure, the photoresist area wiped, caustic soda bath so 
route electronic circuit has been compromised. Due to 
imperfections of printing on foil after etching slight 
interruption occurred route points.  

After exposure it is difficult to see small defects on the 
trail, and after etching these defects increases 
exponentially. 

To solve the problem with printing, on transparencies 
mistakes instead of foil to shall to use tracing paper, if on 
tracing paper appear not interrupt routing problem.  

The plate was exposed to UV radiation for 45 seconds 
on one side, and on the other side for 1 minute and 15 
seconds. The part that was exposed 45 seconds track was 
full with lacquer discontinued route. If a face exposed 1 
minute and 15 seconds the coating layer was very thin in 
some places even disappear altogether.  

If the photoresist plate applied manually by industrial 
and not sprayed, the plate requires more exposure for 5-
10 seconds to Positive photoresist plates 20 hand applied, 
but has the advantage that the photoresist is applied 
uniformly and in a layer very thin.  

After exposure and developing the photoresist 
remaining on the wiring is yellow and has a very similar 
color to the color of copper, then before corrosion can 
decide if the circuit is good or not. If the photoresist is 
applied to a clean plate without oxidations in a very thin 
layer , evenly and in a clean environment can be achieved 
pleasing compact and thin routes close to optimal results 
will not hide imperfections hard to see with the eye freely 
and so harmful in electronic circuits. 
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Abstract—This paper focuses on reinforced concrete columns 

load carrying capacity degradation over time due to chloride induced 
steel pitting corrosion. The structural element is exposed to marine 
environment and the effects of corrosion are described by the time 
degradation of the axial-bending interaction diagram. Because 
chlorides ingress and consequent pitting corrosion propagation are 
both time-dependent mechanisms, the study adopts a time-variant 
predictive approach to evaluate residual strength of corroded 
reinforced concrete columns at different lifetimes. Corrosion 
initiation and propagation process is modelled by taking into account 
all the parameters, such as external environmental conditions, 
concrete mix proportion, concrete cover and so on, which influence 
the time evolution of the corrosion phenomenon and its effects on the 
residual strength of RC columns. 
 

Keywords— concrete structures, diffusion coefficient, marine 
environment, pitting corrosion, surface chloride concentration, 
strength deterioration.  

I. INTRODUCTION 

Corrosion of reinforcing steel is widely accepted as the 

main reason of Reinforced Concrete (RC) structures premature 
deterioration. One of the main sources of corrosion 
phenomenon is exposition to chloride attack in marine 
environments and de-icing salts. In these circumstances, RC 
members may undergo structural strength degradation due to 
loss of steel rebar cross sectional area and loss of bond 
between steel and concrete. While the strength reduction of 
concrete members suffering corrosion can be directly related 
to the reduction of the rebar area, the effects on stiffness and 
ductility of the overall structure are associated with complex 
mechanisms. These include lack of confinement due to 
corrosion of transversal reinforcements and bond deterioration 
between reinforcement and surrounding concrete. These 
combined mechanisms can significantly reduce in long-term 
local strength and global ductility and modify sensibly the 
structural performance during lifetime.  

Moreover at present, for design of RC elements in view of 
special serviceability limit states, modern Codes and 
Standards [1] define all possible sources of RC elements 
deterioration and group them in environmental classes. 
Moreover, for each class different sub-classes are defined in 
relation to the aggressive level of the degradation source. 
Then, for each class some rules and limitations are imposed 
 

 

for structural design. These regard mix proportion, materials 
mechanical properties, working and curing conditions, 
minimal structural dimensions and so on. In other words, once 
the sources of the chemical and/or physical attacks have been 
identified, Technical Codes [1] impose to designers specific 
requirements in projects, typically concerning the minimum 
concrete cover, the maximum water/cement ratio, the 
minimum cement content, the crack width limitation, the air 
content, the cement type, the coating of concrete surface and 
others. However, no procedure is provided to assess the time 
decreasing of structural load carrying capacity with corrosion 
process evolution. 

The present study focuses on the evaluation of residual 
strength of RC columns subject to pitting corrosion in chloride 
aggressive environments. Because chlorides ingress and 
consequent pitting corrosion propagation are both time-
dependent mechanisms, the study adopts a time-variant 
predictive approach to evaluate residual strength of corroded 
columns at different lifetimes. Even if the approach here 
presented can be developed for all chloride induced corrosion 
scenarios, the study focuses on marine environments and their 
corresponding classes, as currently defined by European 
Standards [1]. In more details, the residual strength of RC 
columns designed according to prescriptions for XS exposure 
classes is evaluated in terms of axial-bending interaction 
diagrams at selected lifetimes. Therefore, for each XS 
exposure class, a consistent corrosion initiation and 
propagation model is developed, taking into account all the 
relevant factors affecting the corrosion phenomenon. These 
are the minimum water/cement ratio, minimum cover and 
minimum cement content prescribed for the specific class, 
critical chloride concentration, surface chloride concentration 
characterizing the exposure class and others.  
Based on this model, time-variant axial-bending interaction 
diagrams for columns subject to pitting attack in marine 
environments are obtained, showing structural load carrying 
capacity reduction over time. 

II. MODELLING OF PITTING CORROSION  
A typical cause of RC elements degradation in aggressive 

chloride environments is pitting (or localized) steel corrosion. 
Pitting generates an iron oxide that is different from rust 
resulting from uniform corrosion; it presents a lower volume 
for unit mass, therefore it is not able to cause the disruption of 
the concrete cover. In particular, salts pray in marine 
environments and the use of deicing salts may generate 
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chlorides penetrating the concrete cover and initiating 
corrosion. Chlorides from the environment penetrate the 
concrete, producing a concentration profile characterized by 
high chloride content at the exterior surface and decreasing 
content at a growing depth. The chloride content needs to 
arrive at a critical value to begin on the steel surface the 
corrosion process. After this starting event, pitting corrosion 
propagates and induces loss of steel rebar cross-sectional area. 
Different experimental investigations show that the maximum 
pit depth due to pitting corrosion, Pmax, is greater than the one 
due to a general corrosion, Pav. The pitting factor R [2] is 
defined as: 

 max 1
av

PR
P

= >                   (1) 

The maximum pit depth in a reinforcing bar is given by: 
 (t) 0.0116 corrp i Rt=                (2) 

In equation (1) p is in mm, icorr is the corrosion rate, 
expressed as current density in 2/A cmµ  (for steel, 1 

2/A cmµ  11.60 /A yrµ≈ ) t is the time (in year) since 
corrosion initiation time. Vu and Stewart  [3] give the 
corrosion rate: 

( ) 1.54
(1) 3.78 1 c

corr
w

i
c

−−
=              (3) 

where wc is the water/cement ratio and c is the depth of the 
reinforcement (cm). However, the corrosion rate is not a fixed 
parameter as its value decreases with time. Duprat [4] used a 
decreasing factor of t–0.3. In this study, the following law is 
adopted:  

(1) 0.29( ) 0.85corr corri t i t−=                (4)  
In order to define the residual area of a steel bar subject to 
pitting corrosion, the hemispherical- form model represented 
in Fig.1 is assumed [5]. Through geometrical considerations, it 
is possible to obtain residual steel bar area for a maximum pit 
depth p(t) for a bar with diameter D0 .  
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Fig. 1 Pitting corrosion model 

 
Different models for chloride penetration have been 

proposed. A simplified procedure is based on the hypothesis 
that the ingress of chlorides is a diffusion process modeled by 
means of Fick’s second law, as first realized by Collepardi et 
al. [6]:  

(x, t) 1
2s

a

xC C erf
D t

  
= −      

            (10)  

(where C(x,t) is the chloride content (kg/m3) at distance x 
(m) from the surface at a generic time instant t (s); Cs is the 
surface chloride concentration (kg/m3) and Da is the apparent 
diffusion coefficient (m2/years). Although equation (5) 
adequately describes the behavior of the concentration of 
chlorides in the RC structures, the assumption of a constant 
diffusion coefficient restricts the use of this equation. The 
chloride diffusion coefficient decreases with time due to 
several issues such as continued hydration and chloride 
binding. Therefore, the diffusion coefficient could be written 
as a power function [7]:  

0( )
m

ref m
c ref

t
D t D K t

t
− 

= = 
 

            (11)  

where Dc (t) is the diffusion coefficient at time t; Dref is the 
diffusion coefficient at the reference time tref and m is a 
constant that depends on the mix proportions. K0 incorporates 
all the constants and is defined as the effective diffusion 
coefficient at time tref. Generally, is evaluated considering the 
effective diffusion coefficient at 28 days: 0 K  

( 12.06 2.4 )
(28) 10 cw

refD − +=               (12)  
The ageing coefficient m in equation (11) is:  

2.5 0.6cm w= −                  (13)  
For a more realistic prediction of chloride diffusion in 

concrete, therefore the time dependence of the diffusion 
coefficient needs to be incorporated into the analysis 
procedure, thus properly deriving Fick’s second law. This 
model was developed by Mangat and Molloy [8], leading to 
the following equation:  
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III. CRITICAL ION CONCENTRATION  
The critical chloride ion concentration (or chloride 

concentration threshold level) Ccrit is one of the main 
parameters affecting the service life of RC structures. In fact, 
when a certain amount of chlorides, commonly referred 
"critical chloride content" Ccrit, penetrates into the concrete 
cover at the level of the reinforcement deep, there is a high 
probability of depassivation. Schiessl and Raupach [9] stated 
that the critical chloride ion concentration could be defined as 
the chloride content that was necessary to sustain local passive 
film breakdown at the steel depth before the process of 
corrosion initiation. JSCE  [10]  defined the critical value of 
1.2 kg/m3 to initiate reinforcement corrosion. In effect, critical 
chloride value depends on the roughness of steel surface, 
concrete properties, and the aggressiveness of the 
environment.  
Even if the methodology proposed in this study can be applied 
for all environments the study will be carried out considering 
chloride attack in marine environments and their 
corresponding classes, according to definitions currently given 
by the European Standards EN 1992-1 [1] (Table I).  
 

TABLE I  
EXPOSURE CLASSES RELATED CORROSION INDUCED BY CHLORIDES FROM SEA 

WATER 
 

 
 In the following, the environmental exposure class XS 
(corrosion induced by chlorides from sea water) will be 
considered. Three subclasses are distinguished: XS1, areas 
exposed to airborne salt but not in direct contact with sea 
water; XS2, permanently submerged areas; and XS3, tidal, 
splash and spray zones. With regard to Ccrit, the following 
values are adopted in this study according to each exposure 
class and wc ratio [11].  
 

TABLE II   
CRITICAL CHLORIDE CONTENT CCRIT FOR XS EXPOSURE CLASSES 

 
Water/cement ratio XS1; XS2 XS3 

0.3cw ≤  0.6% 0.5% 

0.3 0.4cw≤ ≤  0.5% 0.4% 

0.4cw ≥  0.4% 0.3% 

 
The surface chloride ion concentration depends on many 
factors, for example, the distance of the  structure from the 

sea, the region of structure (i.e., atmospheric, tidal, splash, or 
submerged zones), and concrete properties. Several 
researchers have proposed close-formed solutions for both 
time independent and dependent surface chloride ion 
concentration. Costa and Appleton [12]  presented an 
experimental study where the parameters used in the 
penetration model were calibrated to allow the prediction of 
long term chloride content in concrete. In the study, the 
surface chloride models were considered depending on 
concrete mix proportion and exposure conditions. The results 
showed however that the concrete mix does not affect 
significantly the surface chloride content.  
In this study the values listed in table 3 are adopted for surface 
chloride concentration in marine exposure classes XS [11].  
In table III, nominal values and covariance coefficients of 
surface chloride ion concentration for each environmental 
class are furnished. These data are used to define a nominal 
and a worst environment scenario, respectively: nominal 
scenario is obtained considering nominal value of chloride 
surface concentration, while in worst scenario, chloride 
surface concentration is defined as covµ µ+ . 
 

TABLE III  
SURFACE CHLORIDE ION CONCENTRATION IN XS EXPOSURE CLASSES 

 
Exposure class Nominal value Cov 

XS1 2,31% (weight of 

binder) 

0.10 

XS2 6,93% (weight of 

binder) 

0.10 

XS3 4,05% (weight of 

binder) 

0.10 

 

IV.  AXIAL –BENDING INTERACTION DIAGRAM FOR 
DETERIORATED RC COLUMNS IN XS EXPOSURE CLASS 

For design of RC elements in view of special serviceability 
limit states such as corrosion due to chloride penetration, 
current Technical Codes impose some rules and limitations. 
These prescriptions regard materials compositions and their 
mechanical properties, working and curing conditions, 
minimal structural dimensions and so on. In other words, once 
the sources of the chemical and/or physical attacks have been 
identified, Technical Codes impose to designers specific 
requirements in projects, typically concerning the minimum 
concrete cover, the maximum water/cement ratio, the 
minimum cement content, the crack width limitation, the air 
content, the cement type, the coating of concrete surface and 
others.  

Therefore, once the aggressive environment has been fixed, 
designers can define the maximum water/cement ratio, the 
strength class, the minimum cement content and the minimum 
concrete cover, as in Table IV. Prescription in table 4 are 
applicable for an “assigned expected” lifetime for common 
structures (50 years), and for Portland cement. For structures 
whose expected service life is 100 years, a larger minimum 
concrete cover is specified.. 

 Class Description Informative examples 
XS1 Exposed to airborne salt 

but not in direct contact 
with sea water 

Structures near to or on the cost 

XS2 Permanently submerged Parts of marine structures 

XS3 Tidal, splash and spray 
zones 

Parts of marine structures 
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TABLE IV  

INDICATIVE REQUIREMENTS FOR XS CLASSES 
  

In this study a predictive model to evaluate deterioration of 
load carrying capacity of columns designed in XS exposure 
classes is developed. The initiation and propagation model is 
elaborated for XS1 exposure class assigning the admissible 
minimum values of concrete cover and cement content, and 
the maximum value of wc ratio (Table IV). Moreover, critical 
chloride concentration and chloride surface concentration are 
assumed according to literature data for the selected class. It is 
obvious that the quality of the evaluation depends strongly on 
input data. In case of chloride ingress models, a wide variation 
in some of involved parameters exists. Particularly, the surface 
chloride concentration is one of the less certain parameter 
([14], [15]).  
 

 
Fig. 2 Rectangular RC section whit symmetric reinforcing steel area: 

ultimate strain distribution diagrams and correspondent resultant 
forces 

Interaction diagrams for RC section are generally computed 
by assuming a series of strain distributions, each 
corresponding to a particular point of the interaction diagram, 
and then computing the corresponding values Prd and Mrd. 
Once enough such points have been computed, the results are 
summarized in an interaction diagram. A rectangular cross 
section whit symmetric reinforcing steel area is considered in 
this study (figure 2). For concrete, the parabola rectangle 
stress – strain diagram is adopted with calculus compression 
strength fcd. The maximum compressive strain is set at 0.0035 
for neutral axis internal to the section and varying between 
0.0035 and 0.002 for neutral axis external to the section (valid 
for fck lower than 50MPa, where fck is the concrete 
characteristic cube strength). For steel, the stress – strain 
diagram is described by an elastic perfectly plastic model in 
both tension and compression, with the following calculus 
parameters: yielding strength fyd =391,3 MPa; elastic 
modulus Es=200.000MPa (figure 3). The location of the 
neutral axis and the strain in each level of reinforcement are 
computed from the strain distribution. This information is then 
used to compute the size of the compression region and the 
stress in each layer of reinforcement. The forces in the 
concrete and steel layers are computed by multiplying the 

stresses by the corresponding areas on which they act. Finally, 
the calculus resistant axial force Prd is computed by adding 
forces in concrete and steel, and the calculus resistant bending 
moment Mrd is calculated by adding moments of these forces 
around section plastic centroid. The cross section of 
reinforcing bars varies with the time according to equations 
(9). 

 

 
 

Fig. 3 Concrete and steel calculus stress-strain diagrams 
 
A RC column with a rectangular section with dimensions 
b=30cm and h=50cm and symmetric reinforcing steel area is 
examined. The aim is to investigate the evolution of the axial-
bending interaction diagram as consequence of the pitting 
phenomenon induced by chlorides. Calculus compression 
strength of the concrete is fcd=14,167 MPa. It is assumed that 
the structural element has been designed according to the 
requirements on minimum concrete cover, maximum 
water/cement ratio and minimum cement content for XS1 
class (Table 1) for 50 years expected lifetime. Axial-bending 
interaction diagram is evaluated at t=0 years, t=50 years, 
t=100 years and t=150 years. Figure 2 shows time-variant 
interaction diagrams for the RC column in the XS1 exposure 
class assuming a nominal aggressive scenario. A low pitting 
factor (R=4) is considered. Results show that the strength of 
the column designed for a service life of 50 years decreases 
over the target lifetime and obvious over increasing lifetimes 
(100 years and 150 years). This result points out that 
prescriptive limits concerning the minimum concrete cover, 
the maximum water/cement ratio and the minimum cement 
content for the XS1 class don’t guarantee that initial load 
carrying capacity of the column is the same over 50 years. If 
the ultimate strength corresponding to balanced rupture is 
considered, the reduction over the time is reported in Table 5 
with reference to Mrd. The ultimate bending Mrd after 50 
years is reduced of 3.65%. 

Class Max w/c 
ratio 

Strength 
class (MPa) 

Minimum 
cement 
content 
(kg/m3) 

Minimum concrete 
cover (mm) 

XS1 0.50 C30/37 300 35 (45 mm—100 
years) 

XS2 0.45 C35/45 320 40(50 mm—100 
years) 

XS3 0.45 C35/45 340 45(55 mm—100 
years) 
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Fig. 2 Time -variant interaction diagrams for XS1 class 

 
 

Corrosion of steel rebar is the most common cause of 
deterioration of RC members. It is the primary state that limits 
the service life of concrete structures, particularly, in severe 
environments such as marine ones. This paper presents a 
strength deterioration evaluation method for RC columns 
exposed to chloride pitting attack in marine environments, 
obtaining time-variant axial-bending interaction diagrams. The 
initiation and propagation model is elaborated for XS 
exposure classes, assigning the admissible minimum values of 
concrete cover and cement content, and the maximum value of 
wc ratio prescribed for each class. Moreover, critical chloride 
concentration and chloride surface concentration are assumed 
according to literature data for the selected classes.  
The results obtained show that  prescriptive limits for 50 years 
are unable to guarantee structural performances over these 
target lifetimes. More in detail, the minimum concrete cover 
prescribed for 50 years lifetime is insufficient and therefore it 
should be increased to guarantee unchanged performance over 
this target lifetime. Moreover, also the maximum 
water/cement ratio seems to be inadequate. The proposed 
model furnishes a good quantitative estimate of the remaining 
strength of corroded concrete columns members, which helps 
in establishing design details. 
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Abstract—The method of dielectric spectroscopy is an 

instrument of choice for the diagnosis of insulation used in high 

voltage and also to assess the quality of the insulation of HV 

equipment such as transformers, cables, capacitors, etc.. 

This method allows to estimating the state and the quality of 

the insulation using the dielectric response of the frequency 

range. In this article, we have presented results of dielectric 

studies in polyethylene naphtalate by means of dielectric 

relaxation spectroscopy (DRS) in frequency range 10-2 - 106 Hz 

and temperature between -60 and 140 °C, we will invest this 

method on solid insulation PEN “Polyethylene Naphtalate” to 

measure the dielectric properties and evaluate the performance 

of this insulator. 

 

Keywords—dielectric relaxation; polyethylene naphtalate; 

dielectric spectroscopy.  

 

I. INTRODUCTION 

Solid dielectrics, namely polymers are widely used in 

insulation of HV  systems, they are present in almost all units 

of production or transmission of electrical energy, which 

results in a steady development in the design of these 

dielectrics, therefore we must follow this development and 

improve the methods of diagnosing the condition of insulation 

systems for both understanding how they react vis-à-vis the 

implementation of a electric field in the long term and also 

find the parameters that come into play in the failure of these 

systems[1]. 

In this paper, we present the dielectric proprieties of : 

poly (ethylene naphthalate) PEN, which is widely employed in 

electrical Engineering, polyethylene naphthalate is a 

thermoplastic polyester, it is a semi-crystalline material used 

mainly in the electrical and electronic fields[2] .The chemical 

structure of PEN is shown in Fig.1. 

 

 

 

 

 
 

 

 
 

 

S.Boudrâa, M.Belkheiri  

Laboratoire d’étude et de développement des matériaux 

 semi conducteur et diélectriques (LED MASD), 

Université Amar Telidji 

Laghouat, Algérie 

 

The study of dielectric properties such as permittivity ε’, 

conductivity σ and loss factor Tanδ for this solid material is 

made by dielectric spectroscopy.  

II.  DIELECTRIC SPECTROSCOPY 

Dielectric spectroscopy, which is based on the measurement 

of current and voltage (amplitude and phase AC system) is a 

method widely used to study the dielectric properties of 

polymers such as (ε ', tanδ …)[3,4]. 

 Its scope is very high frequencies (~ THz) are used to 

characterize all phenomena type atomic and electronic 

polarization, down to very low frequencies (~ MHz) to 

characterize the different interfaces which may exist between 

constituents of the material [5].   

   

 

 

 

 

 

 

 

 

 

 

Under an alternative (ac) sinusoidal supplied voltage, the 

real part of permittivity and ε’ and loss factor Tanδ is 

computed using the following equations: 

            

   
    

   
                                                    

     
   

  
 

 

     
                            

Where ɛ0  is the vacuum permittivity,  d  the thickness of 

the sample polymer, A  the electrode area and ω the angular 

frequency. 

The static (dc) conductivity has been derived from the (ac) 

conductivity measurements at low frequency: 

 

             
                        

 

 Study of Dielectric Behavior of PEN (Polyethylene- 

Naphtalate) by Dielectric Spectroscopy 

 

Fig.2. Principle of dielectric spectroscopy measurement 

 

Fig.1. Chemical structure of PEN 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 110



Where K is an empiric parameter and  n  represents the 

high frequency slope of the (ac )conductivity (from 0 to 1) [6].                 

III. EXPERIMENTAL METHOD 

 

Measurements of the real part of the permittivity ε', the 

loss factor Tanδ and  the conductivity for polymer samples 

were performed under AC voltage 1V in the frequency range 

10
-2

 Hz to 1 MHz using a Broad Band Dielectric Controller 

(Novocontrol), Alpha, Beta Analyzer with temperature range 

was varied between -60 °C to 140°C.  

 The experimental setup is shown in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sample of the solid insulation used in this study is 

shown in Fig.3; circular gold electrodes were sputtered onto 

the free surface of the samples for this operation we used 

Scancoat 6 Sputter Coater for sputtering thin, high quality 

gold films. 

The electrodes have a circular shape with a diameter of 

16mm. The thickness of the samples is 0.027mm. 

 

 

 

 

 

 

 

 

 

 

IV. RESULTS AND DISCUSSION 

 

The experimental results of the study of frequency and 

temperature dependencies of the overall loss factor Tanδ , real 

part of the permittivity ε’ for the samples of PEN are illustrated 

in Fig.5 and 6. 

From Fig.5and 6, we can see an important increasing in 

value of ε’ and Tanδ at low frequencies and high temperature 

which can be explained by the presence of a relaxation 

mechanism in this domain of frequency called  α-relaxation  

associated with the glass-rubber transition in the amorphous 

regions[7]. Also, the contribution of the conductivity effects 

due the bulk interfacial polarization between the amorphous 

and crystalline regions possibly causes this increase [8, 9]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7, show the variation of the real part of conductivity ' 

versus frequency for different temperatures, it is clear that ' 

increases with frequency with small effect of temperature. 

 

For more details, we presented the variations of the real 

part of the permittivity ε’, the Loss factor Tan(δ) and the real 

part Conductivity  ' as a function of frequency and 

temperature in 3D curves, on figures 8, 9 and 10 respectively. 

 

 

 

 

Fig.6. The real part of the permittivity ε’of PEN as function of frequency for 

different temperature 

 

Fig.5. Loss factor Tan(δ) of PEN as function of frequency for different 

temperature 

Fig.4. Picture of PEN the solid insulation sample.  

 

 

  

Fig.3. Scheme of the experimental setup : 

  1 – PC, 2 – Control System (temperature and frequency),   

3 – System, 4 – Measurement Cell.  
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2 
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In Fig.8 and 10, the values of the real part of the 

permittivity ε’ rises with temperature and decreases with 

frequency, in contrast to the actual values of the conductivity 

', which increases with the frequency with a slight increase 

when the temperature goes up to the glass transition 

temperature Tg ≈122°C ,that can be explained by the role of Tg  

on the motion of charge carriers[8]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the α-relaxation described above, from Fig.9, 

we note the presence of β* and β processes (in order of 

decreasing temperature) : The two sub-Tg,, relaxations β and 

β* are associated to local motions of ester groups (like for 

PET) and to partially cooperative  movements of naphthalene 

aggregates respectively[10]. The β
*
-relaxation  appears at 

temperatures at  ≈ 80°C to 100°C and β-relaxation of PEN 

shows up at low temperatures similar to those in the case of 

PET  [11].   

Since the naphthalene group present in the repeat unit of 

PEN is not symmetric with respect to the main chain axis, the 

motions of this group about the main chain would imply 

changes in the dipolar moment giving rise to the β*-

process[11]. 

 

Fig.7. The real part Conductivity  '(
-1

cm
-1
) of PEN  as function of 

frequency for different temperature 

 

 

Fig.10. The real part Conductivity  '(
-1
cm

-1
) of PEN  as function of 

frequency and temperature 

 

 

Fig.8. The real part of the permittivity ε’of PEN as function of frequency 

and temperature 

Fig.9. Loss factor Tan(δ)of PEN as function of frequency and temperature 
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V. CONCLUSION 

 

In this work we have presented results of electrical and 

dielectric studies in Polyethylene Naphtalate PEN, by using of 

dielectric relaxation spectroscopy (DRS in frequency range  

10
-2

- 10
6
 Hz and temperature between -60 °C and 140 °C. 

 

 The obtained results show three relaxations α, β
*
 and β, 

which contribute to the increasing values of the loss factor 

Tanδ, the real part of permittivity ε’ and  the real part of 

conductivity ',   when  temperature goes up to the glass 

transition temperature Tg ,that can be explained by the role of 

Tg  on the motion of charge carriers.  

 

We find that the dielectric permittivity takes higher value 

at low frequency this fact   is attributed to the contribution of 

the conductivity effects due the bulk interfacial polarization 

between the amorphous and crystalline regions              
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Abstract— The hemodynamic field of an occluded artery with an 

„end to side‟ anastomosis is studied experimentally. The influence of 

a distal end to side anastomosis to the formation of vortical structures 

and flow field evolution are discussed, via a visualisation approach, 

as a function of Reynolds number. In this manuscript both the steady 

and pulsatile flow cases are considered. Qualitative results show the 

influence of the inlet flow conditions (Reynolds and Womersley 

number) on the formation of vortical structures and the 

rearrangement of the hemodynamic field downstream the 

anastomosis. 

 

Keywords— Biofluids, Anastomosis, Stenosis, Hemodynamics  

I. INTRODUCTION 

HE cardiovascular system primary function is the 

transport of nutrient and waste throughout the body. The 

heart pumps blood through a sophisticated network of 

branching tubes. The arteries, far from inert tubes, adapt to 

varying flow and pressure conditions by enlarging or shrinking 

to meet changing hemodynamic demands. The typical 

Reynolds number range of blood flow in the body varies from 

1 in small arterioles to approximately 4000 in the largest 

artery, the aorta. Thus the flow spans a range in which viscous 

forces are dominant on one end and inertial forces are more 

important on the other [1].  

Atherosclerosis is a critical cardiovascular disease, 

characterized by the deposition of atheromatous plaques 

containing cholesterol and lipids on a layer on the inner walls 

of the large and medium-sized arteries, resulting in a reduction 

in the cross-sectional area of the vessel lumen and an impeded 
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or blocked blood flow [2]. The phenomenon of atherosclerosis 

has been recognised as one of the most severe arterial diseases 

as it can lead to stenosis of arteries and consequently to heart 

or brain stroke. 

The bypassing of critically stenosed arteries (>75%), using 

either an autologous vein or prosthetic graft, is a common 

surgical procedure. Various schemes of artery bypassing 

methods have been adopted by the Surgeons‟ community such 

as “end to side” or “side to side” anastomosis, sequential 

anastomosis, Π or Υ graft anastomosis etc [3], [4]. 

Unfortunately, the effectiveness of the bypass is 

compromised in the medium and long term by the 

development of anastomotic Intimal Hyperplasia (IH) 

(accelerated growth of smooth muscle cells and surrounding 

matrix) [5]. This abnormal, progressive thickening of the layer 

of the artery inner wall is prominent at the heel, toe and along 

the suture line where the graft is fixed to the recipient vessel, 

and on the artery floor opposite the junction. Intimal 

hyperplasia causes the gradual narrowing of the vessel lumen, 

and is a major factor responsible for bypass graft failure. 

Various hypotheses on the influence of local hemodynamics 

have been presented in the literature. In particular, the theories 

that are based on the influence of low or oscillating wall shear 

stresses at or near the anastomoses have gained attention. 

Several researchers [6]-[10] have shown that low shear stress 

and oscillating shear forces at the arterial floor and the heel, 

plus a high Wall Shear Stress (WSS) gradient at the toe 

probably promote IH development. These phenomena have 

been also correlated with the presence of flow separation 

causing vortex formation, flow recirculation, and flow 

stagnation at the region of anastomosis and especially where 

pathologic studies have reported discrete development of IH, 

denoting that the configuration of an anastomosis may be a 

factor in the localization of Intimal Hyperplasia. 

The work presented below is focusing to the case of “end to 

side anastomosis”, where there are still open issues regarding 

the understanding of the interaction of the vortical structure, 

formed due to arterial stenosis with a bypass graft and it is part 

of an ongoing research held in Laboratory of Applied 

Thermodynamics, University of Patras and the Laboratory of 

Fluid Mechanics, TEI of Western Greece [11]-[13]. 

II. EXPERIMENTAL PROCEDURE 

A. Experimental Configuration 

The details of the experimental configuration are depicted in 

Visualisation study of an occluded artery with 

an "end to side" anastomosis 

A. Romeos, A. Giannadakis, I. Kalogirou, K. Perrakis, T. Panidis 
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Fig. 1. Two major flow lines co-exist, so that the experimental 

model of the stenosis and the anastomosis can be studied under 

steady (straight line) or pulsatile (dash & dash dot lines) flow 

conditions. Pressure and flow stabilisation are achieved 

through a combination of reservoirs and tanks, shown in Fig.1. 

Flow distribution and regulation are imposed through ball 

valves, while flow rate measurement is implemented through a 

Rotameter (steady flow) or Electromagnetic Flow Meters 

attached to the stenosis and anastomosis flow line (pulsatile 

flow). For the case of the steady flow, mass flow distribution 

between the stenosis and anastomosis flow line is accounted 

for via the continuity equation.  

 

 

 
Fig.1 Experimental Apparatus Schematic 

 

 

As shown in Fig. 2 the artery model under consideration is 

constructed by Plexiglas material that is internally machined so 

that index matching is achieved (the working fluid consisting 

of a water-glycerin mixture has a refractive index close to that 

of the Plexiglas), and that light difraction is decreased. Both 

the artery and the anastomosis models‟ inner diameters (tube, 

D) are 24 mm, while the stenosis‟ inner diameter (contraction, 

d) is 12 mm. The occlusion of the “artery model” is 75%, 

while the angle of insertion for the anastomotic “graft model” 

is 45
o
. 

 

 

 
Fig.2 Experimental Configuration Design 

 
Fig. 3 Flow Configuration Schematic 

 

 

B. Experimental Approach of Blood Flow 

A water-glycerine mixture (55%-45%) with a dynamic 

viscosity similar to that of blood (μ=3.5cP) is used as the flow 

medium attaining similar Reynolds numbers with the modelled 

flow.  

As the cyclic nature of the heart pump creates pulsatile 

conditions in all arteries, a piston driven diaphragmatic pump 

(Fig.4) is used to simulate heart‟s systolic and diastolic cycle 

as shown in Fig. 5. The piston‟s movement is controlled via a 

peripheral, software based, automation system simulating the 

heart flow cycle characteristics.  

 

 
Fig.4 Pulsatile Pump    Fig. 5 Heart Cycle Simulation 

 

C. Visualisation Technique 

The visualisation of the model artery flow field was carried 

out by making screenshots at various successive positions 

along the model, as indicated in Fig. 2. The visualisation 

technique used was the laser sheet illumination method. A thin 

sheet of laser light illuminated the symmetry plane of the 

observation region which extended from the tube just upstream 

of the stenosis, to the tube immediately downstream 

anastomosis. Hollow glass spherical particles with mean 

diameter <150 μm were used as seeding material for capturing 

characteristic coherent structure and flow trajectory patterns. A 

variety of digital cameras operating at appropriate to the 

investigated flow attributes shutter speeds and apertures were 

used, to elucidate local structure. The flow rate ratio of the 

stenosis/anastomosis balance was specified as 35% to 65% of 

the total flow rate, respectively. 

 

D. Inlet Flow Conditions 

The “hemodynamic” field of the occluded “artery” model 

(no anastomosis present) is investigated for eight different 

Reynolds numbers varying from ReA=373-933 for the case 

under steady flow conditions.  

With the presence of the anastomosis, two Reynolds 

numbers ReD= 1007 and ReD=3183, respectively, are 

considered for steady flow conditions. Reynolds number is 
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calculated with respect to the total mass flow rate by applying 

the continuity equation at point D as shown in Fig.3.  

Visualisation study of the pulsatile flow case is performed 

by setting the total duration of the cycle to approximately 1 

sec, corresponding to 60 heartbeats per minute or a supply rate 

of 60 cm
3
/cycle. The above inflow conditions correspond to 

the higher supply flow rate (ReD=3183) of the steady flow 

case. The corresponding Womersley number is 30. 

 

III. RESULTS AND DISCUSSION 

A. “Hemodynamic” Field of the Occluded “Artery” Model 

as a Function of Reynolds Number 

The main objective here is the discussion of the complex 

interaction field occurring in the mixing region of the flow 

evolving downstream of the stenosis and the bypass stream 

ejected in the anastomosis region.  

ReA=373 

 
ReA=420 

 
ReA=466 

 
ReA=560 

 
ReA=653 

 
ReA=746 

 
ReA=839 

 
ReA=933 

 
Fig. 6 “Hemodynamic” field visualisation of an “occluded” artery model 

 

However, a better appreciation of the complicated nature of the flow regime established in the merging section of the 
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above streams can be gained by examining the stenosis 

configuration in the absence of anastomosis first. 

Fig.6 presents the flow patterns attained in the region 

immediately after the contraction of the stenosis, extending up 

to approximately 12 contraction diameters, d, (6 tube 

diameters, D) downstream as a function of Reynolds number. 

The Reynolds numbers indicated in the figure are based on the 

tube diameter (upstream or downstream of the contraction) and 

cover the range 373 – 933. Clearly, a jet like flow issuing from 

the contraction is seen to interact with swirling motions 

located along the tube walls in all images presented. The near 

wall (upper and lower) recirculating regions originate in the 

diverging section of the stenosis due to boundary layer 

separation caused by an adverse pressure gradient prevailing in 

this section.  

The vorticity of each recirculating bubble has the same sign 

as that of the corresponding boundary layer over which it 

develops, i.e. counter clockwise and clockwise rotation in the 

upper and bottom duct wall respectively. However, the 

streamwise extent of the near wall recirculating areas 

decreases with increasing Reynolds number. It ranges from 

approximately 6D at Re=373, to approximately 2D at Re=933, 

suggesting an inverse proportionality between recirculation 

length and Reynolds number attained. Beyond those distances, 

recirculating bubble fluid is shed in the flow direction, the near 

wall swirling motion becomes diffused and mixes with the core 

jet flow. The mixing of the near wall recirculation zone with 

the initially irrotational core flow becomes more intense and is 

apparent in the presented images, as the Reynolds number 

increases. The lateral extent of the mixing patterns due to 

entrainment of near wall fluid into the core zone increases with 

increasing Reynolds number. At the same time, the central 

“irrotational” region diminishes in length. Within the 6D 

region of observation in the presented photographs (just 1D 

ahead the anastomosis, located at 7D in the subsequent 

experiments), a qualitatively different in character flow 

approaches the merging region with varying Reynolds number. 

From the relatively “unmixed” strongly inhomogeneous 

situation at Re=373, to an intensely mixed far more 

homogeneous, (compared to the low Re case), flow 

configuration at Re=933. 

B. “Hemodynamic” Field of a Bypassed “Occluded” Artery 

with an “End to Side” Anastomosis: The “Steady Flow” Case 

In this section a discussion is carried out regarding the 

development of the flow field for the case that the occluded 

“artery model” is by-passed with an “end to side” anastomotic 

“graft”. Qualitative results of the “hemodynamic” field are 

presented for two Reynolds numbers based on the merging 

flow characteristics after the anastomosis and the duct 

diameter, D, under steady inlet flow conditions. The low 

Reynolds number case (ReD=1007 presented in Fig.7) 

corresponds to ReA=353 for the inlet flow conditions 

prevailing upstream of the stenosis.. 

Stenosis (x/D = 0 - 1.46) 

 Intermediate Region-1 (x/D = 1.40 – 4.5) 

Intermediate Region-2 (x/D = 2.67 – 5.83) 

 
Anastomosis (x/D = 5.8 – 8.8) 

 
Downstream Anastomosis (x/D = 7.2 – 10.2) 

 
Downstream Anastomosis-1 (x/D = 8.2 – 11.2) 

 
Downstream Anastomosis-2 (x/D = 11.2 – 14.2) 

 
Fig. 7 Visualisation of a bypassed “occluded” artery for 

ReD=1007 
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Stenosis (x/D = 0 – 2.3) 

 
Downstream Stenosis (x/D = 0.3 – 3.26) 

Intermediate Region (x/D = 1.46 – 4.4) 

 
Intermediate Region (x/D = 4.14 – 7.1) 

 
Anastomosis (x/D = 5.9 – 8.8) 

 
Downstream Anastomosis (x/D = 7.2 – 10.16) 

 

Fig. 8 Visualisation of a bypassed “occluded” artery for 

ReD=3183 

This configuration is quite close to the ReA=373 case 

discussed in the previous section. Similarly, the high Re case 

(ReD=3183 in Fig.8) corresponds to ReA=1114 inlet condition, 

close to the high Re case (ReA=933) of the occluded artery of 

the previous section.   

The low Re case depicted in Fig. 7 exhibits identical overall 

signature regarding the flow approaching to the anastomosis 

region with the low Re occluded situation of the previous case 

in the absence of anastomosis. This indicates that the emerging 

graft flow seems to have no upstream effects. A small 

recirculation area with streamwise extent ~0.8D is observed at 

the anastomosis heel, as a result of the duct upper boundary 

layer blockage produced by the incoming graft fluid. Flow 

separation and reversal occurs on the opposite side of the 

anastomosis graft, at the toe region. The axial velocities are 

higher in the lower half of the main tube, as seen in the last 

four photos of Fig. 7, in a manner similar to that found when a 

developed flow enters a curved bend. 

A far more homogeneous flow approaches the graft mixing 

region for the high Re case (ReD=3183), presented in Fig. 8. In 

this case, it is hard to distinguish and unambiguously, clarify 

(as far as the visualization technique allows), the existence of a 

recirculation zone at the heel region. Flow separation is more 

intense at the toe than in the low Re case and the origin of the 

separation area has moved further upstream at the tip of the toe 

region. The high momentum inlet graft flow penetrates deeper 

the weak mainstream flow in this configuration as the axial 

velocity streakline lengths indicate. 

 

C. “Hemodynamic” Field of a Bypassed “Occluded” Artery 

with an “End to Side” Anastomosis: The “Pulsatile Flow” 

Case 

The “hemodynamic” field‟s visualisation study of a 

bypassed “occluded” artery with an “end to side” anastomosis 

is discussed below for two characteristic instants of blood flow 

cycle: (a) maximum discharge flow rate (systolic) phase and 

(b) reversal (diastolic) phase. As shown in Fig. 5, these two 

instants correspond to the maximum flow rate (0.1 - 0.2 sec) 

and the reversal of flow (0.4 - 0.6 sec). 

During phase (a) presented in Fig.9, strong axial motion is 

observed throughout the “artery” model, while secondary 

radial motions are observed near the walls. These secondary 

motions extend for about 3.0D downstream the stenosis, while 

strong mixing with the central jet – like motion occurs at about 

3.5D downstream the stenosis in the streamwise direction. 

From this point downstream, flow in the artery model becomes 

turbulent reaching the anastomosis “heel” by having acquired 

fully developed flow characteristics. Flow coming from the 

artery model is being forced to follow the trajectory of the one 

entering from the “anastomotic graft” due to the significantly 

higher momentum. Small corner effects are observed at the 

“heel” of the anastomosis, where a backflow motion appears. 

Secondary motions reappear at the “toe” of the anastomosis 

and extend for about 3.5D in the streamwise direction (near 

the wall of the artery model), where backflow movements are 
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apparent. 

Backflow motion and flow recirculation trends are the main 

characteristics of the presented instant of the diastolic phase 

(b) as it is depicted in Fig. 9. Wide and spreading recirculation 

zones appear at the upstream side of the stenosis, while the 

whole of the artery model‟s volume is occupied by secondary 

vortical structures.  

 
Stenosis 

 
Downstream Stenosis  

 
Far field downstream stenosis 

 
Near upstream field of the anastomosis 

Anastomosis 

 
Downstream Anastomosis 

 

Fig. 9 Visualisation of a bypassed “occluded” artery W=30 

(Systolic Phase) 

A characteristic feature of the diastolic phase is the fact that 

the recirculating structures formed downstream the 

anastomosis, during the systolic phase, have moved upstream, 

forming a wide vortex that covers almost the whole of the 

anastomosis‟s cross section area, an observation similar to that 

made by Hughes and How [14]. 

 

 
Stenosis 

 
Downstream Stenosis 

 
Far field downstream stenosis 

 
Near upstream field of the anastomosis 

 
Anastomosis 

 
Downstream Anastomosis 

 

Fig. 10 Visualisation of a bypassed “occluded” artery W=30 

(Diastolic Phase) 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 119



 

REFERENCES   

[1] N. David Ku, Blood Flow in Arteries, Annu. Rev. Fluid Mech., 1997, 

Vol.29 , pp. 399–434, 

[2] Q. Aike., L. Youjun, L. Siyang, Z. Hu, Numerical Simulation of 

Physiological Blood Flow in 2-way Coronary Artery Bypass Grafts, J. 

Biological Physics, 2005, Vol. 31: 161-182H. Poor, An Introduction to 

Signal Detection and Estimation. New York: Springer-Verlag, 1985, ch. 

4. 

[3] Loth F., Fischer P.F., Bassiouny H.S., 2008, Blood Flow in End to Side 

Anastomosis, Annu. Rev. Fluid Mech., Vol.40: 367-393 

[4] Bassiouny H.S., White S., Glagov S., Choi E., Giddens D.P., Zarins 

C.K., 1992, Anastomotic intimal hyperplasia: mechanical injury or flow 

induced, J. Vasc. Surg. Vol. 15:708–16 

[5]  Giordana S, Sherwin SJ, Peiro J, Doorly DJ, Crane JS, et al. 2005. 

Local and global geometric influence on steady flow in distal 

anastomoses of peripheral bypass grafts. J. Biomech. Eng., Vol. 

127:1087–9 

[6] Keynton RS, Evancho MM, Sims RL, Rodway NV, Gobin A, Rittgers 

SE., 2001, Intimal hyperplasia and wall shear in arterial bypass graft 

distal anastomoses: an in vivo model study. J. Biomech. Eng., Vol. 

123:464–7 

[7] Kohler TR, Kirkman TR, Kraiss LW, Zierler BK, Clowes AW, 1991, 

Increased blood flow inhibits neointimal hyperplasia in endothelialized 

vascular grafts, Circ. Res., Vol. 69:1557–65 

[8] Loth, F., Jones, S.A., Zarins, C.K., Giddens, D.P., Nassar, R.F., Glagov, 

S. and Bassiouny, H.S., 2002, Relative Contribution of Wall Shear 

Stress and Injury in Experimental Intimal Thickening at PTFE End-to-

Side Arterial Anastomoses, J. Biomech. Eng., Vol.124: 44–51 

[9] Politis A.K., Stavropoulos G.P., Christolis M.N., Panagopoulos P.G., 

Vlachos N.S., Markatos N.C., 2008, Numerical modelling of simulated 

blood flow in idealized composite arterial coronary grafts: Transient 

flow Journal of Biomechanics, Vol.41(1): 25-39 

[10] Politis A.K., Stavropoulos G.P., Christolis M.N., Panagopoulos P.G., 

Vlachos N.S., Markatos N.C, 2007, Numerical modeling of simulated 

blood flow in idealized composite arterial coronary grafts: Steady state 

simulations Journal of Biomechanics, Vol. 40(5):1125-1136 

[11] A. Giannadakis, K. Perrakis, E. Apostolakis, D. Mavrilas, Experimental 

and numerical investigation of the flow field in a model of human 

arteries (the double stenosis case), AERC 2006, 3rd Annual European 

Rheology Conference, April 27-29, Hersonisos – Crete, 2006 

[12] A. Giannadakis, D. Mavrilas, E. Apostolakis, K. Perrakis, An approach 

to study the flow field in a model of sequential stenosed human arteries, 

Fifth World Congress of Biomechanics - Munich 2006 

[13] A. Giannadakis, K. Perrakis, T. Panidis, A. Romeos, Experimental 

Investigation of the Hemodynamic Field of Occluded Arteries with 

Double Stenosis, 10th International Workshop on Biomedical 

Engineering, October 5-7, Kos- Greece, 2011 

[14] Hughes, P.E., How, T.V, 1996, Effects of Geometry and Flow Division 

on Flow Structures in Models of the Distal End-to-Side Anastomosis, 

Journal of Biomechanics, Vol.29 (7): 855-872 

 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 120



 

 

  
Abstract— The paper presents one of the possibilities of shear 

connection of steel and concrete parts of a composite beam. Using 
this innovative system, called pcb-W (precast composite beam – 
coupled in Web) technology, the longitudinal shear forces between 
steel and concrete are transmitted by composite dowels instead of 
headed studs. The paper deals with the verification of the behavior of 
these composite dowels in particular with the failure modes and 
bearing capacity of the composite dowels and with the stress 
distribution in the steel dowels. At the end the paper gives some 
suggestions for the further development of the pcb-W technology. 
 

Keywords—composite beams, fiber reinforced concrete, high 
performance concrete, high strength steel, pcb-W technology.  

I. INTRODUCTION 

OMPOSITE constructions are gaining more and more 
importance across Europe. This increase in demand leads 

to very innovative and more economical solutions for such 
composite structures. During my recent studies I focused on 
the topic of material strength classes, material properties and 
added values of materials for composite steel and concrete 
single supported beams designed according to [1].  

The purpose of such research, mentioned also in [2]-[4], 
was to evaluate the most suitable cross section of steel and 
concrete beam with high strength materials. A further step of 
my research is to specify the shear connection of the steel and 
concrete part of the composite beam. The choice of the shear 
connection was highly influenced by previous parametric study 
and by the possibility to cooperate with the Vladimír Fišer 
Company. Thus, the final choice of shear connection is pcb-W 
technology, as was described in greater detail in [5]. 

The aim of this paper is to introduce this innovative system 
as well as the pcb technology which is the base for pcb-W 
technology. The paper is going to focus on the failure modes 
of shear connectors when using pcb-W technology; it mentions 
a few words about the intentions of my research and about the 
forthcoming laboratory test. 

A. pcb construction technology 

The development of pcb technology, which is the 
abbreviation of “precast composite beam”, was initiated by 
Munich engineering office Schmitt Stumpf Frühauf und 
Partner (today known as SSF Ingenieure GmbH) especially for 

 
The presented results were obtained with the support of the project FAST-

J-15-2695. 

composite bridges. The pcb technology can be applied to road 
bridges, railway bridges as well as pedestrian bridges. So far, 
about 300 bridges have been realized in Germany using this 
technology, of which approximately 150 have been designed 
by SSF Company [6]. 

In Czech Republic two road bridges, one railway bridge and 
a pedestrian bridge have been realized so far. The Vladimír 
Fišer Company bought know-how and rights to this protected 
solution in 2010 and continues with the development. 

Pcb girders are composite elements that consist of an open 
or closed welded steel-section and a thin prefabricated 
concrete flange, see Fig. 1. Such elements are completed with 
additional concrete on the construction site which is especially 
economic and time-efficient since no formwork is required. 
The shear transmission between steel and concrete is 
accomplished by headed studs using short studs for the 
prefabricated concrete and longer ones for in-situ concrete [7]. 
The prefabricated concrete flange is engaged as structural 
concrete and as formwork for covering in-situ concrete plate. 
After setting the prefabricated girders on sub-structure the 
concrete deck is cast in-situ without any further formwork. 
This is a big advantage especially for bridges crossing existing 
railways or highways, because the closure of traffic ways 
underneath can be minimized to only a few minutes for the 
assembling of each girder. 

 

 
Fig. 1: Open and closed pcb girder 

B. pcb-W technology 

For the bridge spans up to 30 m and high slenderness of the 
bridge fields it is worth to leave out the upper steel flange and 
use the pcb-W technology. It is the combination of pcb 
technology and a method of rolled girders in concrete (W), 
which is a traditional method used frequently for railway 
bridges since the 1st half of 20th century. The rolled girders 
are with this method cast-in in a concrete slab. However, the 
rate of bridges using this method has been degreasing for the 
last decades due to high consumption of steel, high costs and 

Shear connection of composite steel and 
concrete structures using pcb-W technology 
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bad dynamic properties [8].  
Since 2003 SSF Ingenieure GmbH has been developing the 

pcb-W construction method, which combines the advantages 
of pcb and W construction technologies. Pcb-W (precast 
composite beam coupled in web) uses rolled sections cut into 
two halves along the web using a specific cutting geometry 
that two T-sections arise. These T-sections are embedded into 
lower part of concrete deck or into a concrete beam which 
generates the composite dowels, see Fig. 2.  

 

 
Fig. 2: Cross-sections pf pcb-W girders 

 
The longitudinal shear force is then transformed by these 

composite dowels instead of headed studs. This system leads 
to great economic advantages compared to welded sections 
because material-consumptions for the upper flange, headed 
studs and effort for welding can be saved. Major advantage of 
external reinforcement elements compared to conventional 
concrete or pre-stressed solutions is an increased internal lever 
arm (Fig. 3). Compared to pre-stressed cross-sections an 
increase up to 20% can be realized for the internal lever arm 
which leads to more efficient cross-sections with considerably 
increased stiffness and more economical use of materials [7]. 

 

 
Fig. 3: Stress distribution on: a) common composite steel and 

concrete beam, b) pcb girder, c) + d) pcb-W girder [5] 
 
Pcb-W girders can be used in industrial buildings and 

bridges due to their high strength, high stiffness and large 

slenderness at the same time. Mainly for railway bridges the 
high strength and convenient slenderness providing small 
deformation is desirable. The composite dowels provide a high 
fatigue bearing capacity. 

II.  FAILURE MODES OF COMPOSITE DOWELS 

The bearing capacity of a composite dowel is limited by 
steel or concrete failure. In a good design both failures of a 
steel and concrete dowel are balanced up to the maximum 
load. 

Steel failure is limited in the ultimate limit state by the shear 
resistance, yielding due to bending of the dowel and in the 
fatigue limit state by fatigue cracks due to dynamic loading. 

Concrete failure is characterized by several failure modes. 
Which mode finally occurs depends on the boundary 
conditions like geometry, concrete grade, reinforcement 
design, adding of fibers etc. [9]. 

 

 
Fig. 4: Failure modes of composite dowels – yielding of steel dowel 

by bending and shearing, vertical crack in the non-reinforced 
concrete deck, shearing of concrete dowel, horizontal crack in 
concrete deck, spalling of concrete cover, pry-out cone in the 

concrete cover [7] 
 

The standard push-out tests according to [1] have been 
performed at the University of Federal Army in Munich to 
investigate new geometry of cut-line developed by SSF. It has 
been concluded, that the ULS resistance of the steel is almost 
independent from the shape of the dowel. However fatigue 
cracks have been observed. So far, the MCL shape dowels 
seem to have the best fatigue load bearing capacity. 

III.  VERIFICATION OF COMPOSITE DOWELŚ BEHAVIOR 

The main aim of my recent work is to verify the behavior of 
the composite dowels in particular to determine the bearing 
capacity of both steel and concrete dowels, decide which 
failure mode finally occurs, what is the influence of using high 
strength steel or high performance concrete and to specify the 
necessary reinforcement area in the concrete dowels. 

The results of this work are required for further 
development of pcb-W technology. 

I have divided the amount of work into three major steps. 
The first step includes the choice of material strength grades, 
geometry of composite dowels and calculation of the bearing 
capacity of steel and concrete dowels. Such parameters are 
based on the results of a parametric study. The second step is 
to verify the results of the first step using FEM modeling. For 
determining the bearing capacity of shear connectors 
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according to [1] it is common practice to perform standard 
push out test. Therefore the FEM numerical models are 
arranged in order to meet the requirements of standard push 
out test. The third step, which is for the large volume of 
information not included in this papers, is the standard push 
out test itself. 

 
Fig. 5:  The geometry of the numerical model meets the requirements 

of standard push out test 

A. The material properties 

The choice of strength grades of steel and concrete dowels 
is based on the results of previous parametric study. The main 
aim of the study was to find the most effective combination of  
high strength steel and high performance concrete. It is very 
important to choose the strength grades properly, since there 
were several cases identified in the study, where the bearing 
capacity of a composite cross-section was lower with the use 
of steel of higher strength grade than with the use of lower 
strength grade.  

Taking into account the results of parametric study and 
parameters of available molding machine, the strength grade of 
steel and concrete were chosen according to Table 1 and 2. 
 
Table 1: The properties of steel cross-section 

 
 
Table 2: The properties of concrete deck 

 
 

With the given parameters, the bearing capacity of the 
concrete dowel was calculated according to [7]. The values of 
the bearing capacities for all the possible failure modes related 
to the bearing capacity of the steel dowel are given in Table 3. 

 
Table 3: The bearing capacities of concrete dowel related to the 
bearing capacity of steel dowel 

 

The results show, that with the chosen configuration of the 
composite cross-section, the critical failure modes for ULS are 
spalling of the concrete cover and pry-out cone in the concrete 
cover, which are mainly affected by the reinforcement area.  

B. Numerical models 

To verify the behavior of the composite dowels during 
standard push out test, the numerical model was created in 
FEM software RFEM of the Dlubal Software Ltd. Company. 
The geometric parameters of the model corresponds to those 
of the specimens for the standard push out test, see Fig. 6. 

Z

X Y

 
Fig. 6: The numerical model  

 
The model was exposed to different load conditions, that 

correspond to the values of bearing capacity of composite 
dowels for all the failure modes, Fig. 7. The numerical model 
shows, that the first failure to appear is the concrete failure. 

C. Determining of the location with the greatest value of 
stress - HOT SPOT 

Another purpose of the numerical model is to specify the 
stress distribution which is important for comparison with 
results of an experiment. 

 

 
Fig. 7: FEM model, stress distribution in steel dowel under different 

load condition 
 
Thanks to the numerical model, it is possible to identify the 
place with the highest value of the stress, so called HOT 
SPOT. This is the place where the strain gauges are located in 
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the third step for comparing the results of the numerical model 
and an experiment, see Fig. 8. 
 

 
Fig. 8: Location of HOT SPOT 

IV.  CONCLUSION 

The paper presents several important outcomes of my recent 
work on composite steel and concrete structures using pcb-W 
technology. One of the main aspects is the determination of the 
right material strength grades, which is very important since it 
influences the behavior of the composite cross-section and 
load bearing capacity of the composite dowel as well. The 
choice of the material strength grades was based on the 
parametric study.  

The further step is the verification of the composite dowel 
which consists of numerical approach according to [7], 
numerical modeling and experimental verification which is not 
part of this paper. So far, the results shows, that the first failure 
to occur is the concrete failure. 

The bearing capacity of the concrete dowel is mainly 
affected by the reinforcement area. The minimum or 
recommended area of the reinforcement is given in [7]. If 
greater bearing capacity of concrete dowel was required, it 
would be possible to employ more reinforcement bars or use 
reinforcement bars of larger diameters. However, we have to 
consider the armoring and mounting of the structure which is 
more complicated the more reinforcement we use, see Fig. 9.  

 

 
Fig. 9: Examples of reinforcement of composite dowels 

 
For this reason, another specimens are prepared for the 

standard push-out test, some with common concrete and 
recommended area of reinforcement and some with fiber 
reinforced concrete and lower degree of reinforcement. The 
results of this upcoming experiment may be useful for further 
development of pcb-W technology since they may allow to use 
less reinforcement in the concrete dowel to make the 
technology even less laborious to manufacture. 

The pcb-W technology is quite a newborn in composite 
steel and concrete structures given that the method has been 
developing since 2003. In Czech republic, this innovative 

system has been used since 2010 and several laboratory test 
have been made. So far, the technology uses only common 
concrete. However the ongoing laboratory tests show very 
promising results with fiber reinforced concrete. The 
combination of pcb-W technology and fiber reinforced 
concrete promises wide use in bridge construction for its 
economical, structural and low laborious advantages. 
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Abstract—This article presents the influence of the form of rotor 
slot on the startup characteristics of the induction motor (IM).  
Three methods are presented allowing the taking into account of 
the real shape of the slot rotor and the highlighting of the skin 
effect, the first is an analytical method classic, the second is a 
numerical method based on the finite element (MFE) under 
software FEMM and the last is a method of analysis of circuits 
based on the use of the equivalent circuits of a rotor bar in the 
form of stairs. 

Keywords- Start, form of slot rotor, skin effect, IM.  

I. INTRODUCTION 
The asynchronous machine with a static frequency converter 
or directly to the network is the more repented in the industry. 
The modeling of the dynamic behavior can be performed 
simply by equivalent circuits has fixed elements. This method 
does not take into account the frequency behavior of the 
machine [1] .The eddy currents in the rotor bars indeed induce 
large changes so that the inductance of the rotor resistance [2]. 
This phenomenon called skin effect is a physical phenomenon 
in diffusive character, well use for different geometric shapes 
of rotor slots in order to see its influence on IM starting 
characteristics. 

II. MODELING OF DEEP RECTANGULAR SLOT 
There are several forms of rotor slots (rectangular, trapezoidal 
...), in the case of engines with deep slots, at start, the current 
is on the upper part of the slots, it follows that the rotor 
behaves as if the section the conductors being wound was 
reduced, resulting in an increase of the ohmic resistance of the 
rotor. Late start speed, current moves downward slot and is 
distribute nearly uniformly over the entire section of the beam. 
From the AC gap exists only to a depth called penetration 
depth given as follows: 

                              2
g gf
ρ ρδ

µ ω πµ
= =                               

(1) 

With : Depth of penetration of the alternating field; ρ: 
Resistivity of the material of the cage; μ: Permeability of the 

material of the cage; f: Frequency of the alternating field; gω: 
Heartbeat of the current in the slots. 

As the speed increases, the slip g decreases and the current 
extends over the entire section of the bar, the resistance is 
diminished, and after the expression (1), the depth of 
penetration increases up to embrace the entire surface of the 
bar, for the low slip of the nominal market. One thus gets, an 
engine with the resistance of the rotor varies by current 
movement [2].  We can therefore express the resistance  and 
the leakage reactance   in the following way: 

         2 2 2r e fr k r r′ ′ ′= +           (2),            2 2 2n e fx k x x′ ′ ′= +           (3) 
For the rectangular shape: 
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and  : Coefficients that take into account respectively 
for the increase of the resistance  and of the decrease of the 
reactance '; h: Height of the bar [3]. 

III. NUMERICAL CALCULATION OF PARAMETERS 
OF ROTOR BARS 

The calculation of kr and kx a rectangular bar by the 
analytical solution seems relatively easy and gives exact 
solutions, born less it has a major drawback it does not take 
into account the non-linearity and distortion of the geometry. 
Another solution is needed to address this problem, in this case 
a numerical calculation MEF is performed, it is to mesh the 
space (subdivide the area) element [3]. The mesh size can be 
formed of triangles or quadrilateral for areas axisymetrical or 
2D and prisms or headers for areas 3D. 

A. Simulation of a rectangular bar  
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The simulation conditions, similar to that which the rotor 
bars are subject requires to properly attaching the boundary 
conditions. n our case, Neumann conditions are applied to the 
left and right sides of the bar, and Dirichlet conditions on the 
high and low sides, distribution of the field lines and the 
variation of the current density are presented by following 
figure [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Current densities and field lines in a rectangular bar 
under different frequencies 

III.  MODELING OF SLOTS BY THE THEORY OF THE 
CIRCUITS 

Now we present another method of calculation of 
coefficients and When the rotor bars are traversed by 
currents comers of the starting frequency to said vacuum 
operation. The skin effect occurs it could be analyzed using the 
circuit theory; this method is very suitable for bar cross−section 
of the rotor of arbitrary shape (double cage, trapezoidal ...). In 
this method, a solid conductor was divided into n layers 
imaginary or actual sub−conductors. The height of the driver 
is  the height of the sub-driver is . The width of the slots 
varies of  to  also width of driver can vary. This usually 
occurs when the skin effect of a bar mold under pressure to 
squirrel cage is evaluated. The length of the iron core is l [5]. 

 

Fig.2. Slot rotor divided into sub-elementary conductors 

       The currents in the sub-conductors k and k+1 are   et  

In the steady state, the equation for the voltage is:    

                          (6) 

        Or ΔΦk is the leakage flow circulating between the kth and  

(k +1)th sub-conductors. 

     The flux density of in the sub-driver k depends on the 

F.M.M of connection of current calculated from the lower 

part of the slot of the sub-driver k.                       (7) 

                         (8) 

     Where  is the width of the slot to the position of the kth 
sub-driver. 

(9) 

By substituting (9) into (6), we get: 
                  (10) 

Then, one obtains: 
(11) 

The resistance and inductance of the driver elementary k are: 

,                 
(13)     

 If the initial value of the current I1 is not known, one can 
choose a value arbitrarily (for example 1A), and the rest of the 
currents will be resolved according to the system of equations 
(14). 

(14) 

F=25Hz 

F=50Hz 

F=3Hz 
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In this way, all the currents of sub-conductors of the bar are 
determined. 

       The total current of the bar is:      (15) 

After you have obtained the currents from (14), the rest of 
calculation will be as follows: 

       The resistance of the bar taking into account the skin 

effect is given by: (16) 

      The coefficient, which takes into account the increase in 

resistance of the bar, is:                         (17) 

With : resistance of the bar without taking into account the 

skin effect. 

       The coefficient of the conductivity of dispersion of the 

slot :  taking into account the skin effect is given by the 

following expression:                (18) 

      The coefficient of the conductivity of dispersion of the slot 
without taking into account the skin effect is given by the 

following expression: :                   (19) 

With Sum of sections of elementary conductors. 
The coefficient which takes into account the decrease of the 
conductivity of dispersion of the slot is given by the following 
formula:                      (20) 

IV. RESULT OF SIMULATION OF THE THREE             
METHODS 

       The curves of developments of parameters and sont 

obtained from the simulation results, they are represented as 

follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

The results obtained by the three analytical methods, digital 
and that of theory of the circuits are almost similar (the relative 
error maximum is estimated at 0,075 % ) of or the validity of 
use of these last two methods for other forms of notches of 
geometry more complex.  

IV.1. APPLICATION FOR THE DIFFERENT FORMS OF 
SLOTS 

A. Slot trapezoidal in shape 
The curves of developments of settings and  for a slot 

trapezoidal in shape from two numerical method and theory of 
circuits (analytical) are as follows: 
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B. Slot of trapezoidal shape reverse 

The figures below represent, respectively, evolutions of the 
and  for parameters a slot of inverted trapezoidal shape. 

C. Slot to form double cage 

The results of the simulation for a double notch gage is as 
follows: 

V. DYNAMIC MODELING OF THE IM 

      The above results have allowed us to observe the skin 
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Fig.7. Evolution of  in function of the slip 
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effect for deferent forms of rotor slots and use it in a model of 
MI of average power (15kW) by means of resistance r2 and the 
leakage reactance x2 defined screen, has obtained the results 
shown in Figures below: 
 

V.1.     INTERPRETATION OF RESULTS 

According to the results obtained for the different forms of 
slots rotor blade rows, it was found that the latter to a 
significant influence on the characteristics of starting the 
machine(very good improvement of the starting torque, as well 
as the startup time), the forms of slot which tend to reduce the 
width of the bar in the direction of the slot (reverse trapezoidal, 
double cage) have a better starting torque and a smaller time, 
since the current tends to flow on the upper part of the driver 
starting torque and a smaller time, since the current tends to 
flow on the upper part of the driver. 

      These forms of slots further increases the resistance of the 
rotor, unlike in the case of rectangular slot the width is 
constant, the increase of the resistance is due only to the effect 
of skin, the torque developed by the engine during start-up, is 
more important than the one developed if account is not taken 
of the latter, whereas for the case of the trapezoidal slot, the 
section is large where the current density is high, therefore it is 
in the direction of reducing the effect of skin. 

VI.   CONCLUTION 

We studied the influence of slot shape on the startup 
characteristics of IM (15kW and 2p=2 pole), exploiting the 
phenomenon of skin effect using three methods discussed 
earlier to determine the coefficients that take into account the 
increase resistance 'and the decrease in the leakage reactance 
rotor  to various forms of rotor slots. We found that the skin 
effect and more important in the cage and double-reverse 
trapezoid notch and offer improved torque and low startup time 
since the current tends circulated on the upper part of the 
driver  
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Abstract—Layered composite materials are increasingly used in 

many engineering applications. Recently, composites are used in 

aircraft structures, automobiles, sporting goods, and many consumer 

products. On the other hand, particle swarm optimization gains lots of 

attention in many research fields because of its simplicity, 

convergence and robustness. This article deals with a multi-objective 

optimization problem of a composite plate of three layers in order to 

control the thermal stresses induced by a prescribed thermal load. 

The plate contains nontraditional interfaces between the layers whose 

profiles follow a power law. The numerical model is solved using the 

finite element analysis while the optimization is done by applying the 

particle swarm optimization technique. Different parameters are 

optimized simultaneously so that the induced normal and shear 

thermal stress components are minimized simultaneously. It is found 

that the stresses can be minimized greatly by the proper choose of the 

optimum values of the different parameters.  

 

Keywords—finite element analysis, layer composites, Multi-

objective optimization, layered composites.  

I. INTRODUCTION 

ECAUSE of their high performance, extensive attention has 

been paid to layer composite materials to be used in 

different engineering applications. Many research works dealt 

with the behaviors of layer composites under different loading 

conditions considering the interfaces as flat surfaces 

perpendicular to the lay-up direction of the layers [1-4]. It is 

found that high stresses may induce at the interface between 

any two successive layers due to the properties mismatches. 

Some studies were accomplished to investigate the effects of 

modifying the interferences on the induced stresses. 

Introducing a convex interface/joint design that inspired by the 

shape and mechanics of trees was among the considered 

modifications of the interfaces [5-6]. Nontraditional interface 

profiles, curved interfaces, were investigated concluding that 

the stresses can be reduced by the proper selection of the 

interference profile parameters [7]. However, Innumerable 

data were required for the best choice of the interface profiles 

to reduce the induced stresses sufficiently. Therefore, 

optimization methods should be applied for more successful 
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and efficient control of the stresses that induce in such 

structures. 

Optimization is an important issue faced every day in the 

manufacturing industry to meet special requirements and 

ensure the best performance of a structure. The population-

based optimization algorithms are becoming increasingly 

more popular than the traditional search optimization 

techniques for solving complex optimization problems. The 

major difference between them is that the traditional search 

techniques start with initial population, while the population-

based optimization algorithms start with a single initial guess 

value. Therefore, the population-based optimization is more 

efficient in finding global or near global optimum solutions, 

while the final result of the traditional optimization method 

depends on the initial guess. Moreover, the traditional 

optimization methods are time consuming in solving nonlinear 

and complex optimization problems. Therefore, the heuristic 

search techniques, such as genetic algorithm, simulated 

annealing, particle swarm optimization algorithm (PSO), 

immune algorithm, and harmony search algorithms, are more 

effective than the gradient techniques in finding the global 

optimum. The PSO is more advantageous over other 

techniques as it is algorithmically simpler, generally 

converges faster and more robust [8, 9]. Thus, PSO 

encouraged researchers from various backgrounds to use it in 

solving many optimization problems. Elsawaf et al. [10] and 

Elsawaf et al. [11] combined PSO with the simplex method for 

an optimum structure design of a composite disk with single 

and multiple piezoelectric layers to control the maximum 

thermal stress induced in the structural layer. For other 

application, Metered et al. [12] recently introduced an 

investigation into the use of a PSO algorithm to tune the PID 

controller for a semi-active vehicle suspension system 

incorporating magnetorheological damper improving the ride 

comfort and vehicle stability. Shabana et al. [13] applied PSO 

for a single-objective optimum design of a three layer 

composite plate with nontraditional interface. The objective 

was to minimize the maximum normal thermal stress induced 

in the structure while the design variables were including the 

interface profile parameter. It was found that the maximum 

normal stress can be minimized greatly using the optimum 

values of the different parameters, compared to those obtained 

without optimization [7]. However, only the normal stress was 

considered. For more successful design of such structures, it is 

required to minimize not only the normal stress but also the 

shear stress. 

Multi-objective optimization of layered 

composite plate for thermal stress control 

A. Elsawaf, Yasser M. Shabana, and T. Vampola 
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A multi-objective optimization algorithm generally provides 

a set of optimal solutions called Pareto-optimal solutions. 

There may be no single solution from the Pareto-optimal set of 

solutions to be recognized as superior to whatever other Pareto 

solution for admiration to the specified and identified 

objective functions. The main goals of a multi-objective 

optimization algorithm are to guide the search towards the 

global Pareto-optimal front and also to maintain population 

diversity in the Pareto-optimal solutions. Once those set of 

Pareto solutions are obtained, trade-off investigations can be 

performed by the designer and from that the most suitable 

solution based on site or problem specific requirements is 

chosen. Jacob et al. [14] used a multi-objective genetic 

algorithm (GA) for optimization of laminated composite 

materials. Two model problems having multiple, conflicting, 

objectives of laminated composite materials were studied. In 

the first model, the objectives were to minimize the mass of 

the laminate while maximizing the load carrying capacity. For 

the second model, the objectives were to maximize the axial 

and hoop rigidities while minimizing the mass of the laminate. 

Lee et al. studied a stacking sequence design optimization for 

multilayered composite plate [15]. He illustrated that the 

design of the stacking sequence of fibres had a dramatic 

influence on the strength of multilayered composite plates and 

the optimized composite structures had lower weight, higher 

stiffness and reasonable cost. The study of a multi-objective 

optimization method for fibrous composite plates with 

curvilinear fibers to maximize the mechanical properties, 

including fundamental frequencies or in-plane strengths, and 

minimizing the average curvatures of fibers was presented in 

[16]. Omkar et al. [17] used another evolutionary algorithm 

called Artificial Bee Colony (ABC) for multi-objective design 

optimization of composite structures. Multiple objectives of 

minimizing weight and the total cost of the composite 

component to achieve a specified strength were studied. PSO 

used in [18] for the optimum design of a composite box beam 

of a helicopter rotor blade. It was observed that the PSO gives 

better solution quality with less computational cost compared 

to GA.      

In this article, the maximum induced normal and shear 

stresses in a three layer plate with nontraditional interface are 

minimized by optimizing the different geometrical parameters. 

These optimized parameters include the interface profile 

parameter and the height of the nontraditional interface on the 

right surface relative to the mid-surface. The considered 

composite plate is an isotropic mixture of two components: 

Nickel (Ni) and Alumina (Al2O3). The finite element analysis 

is used to evaluate the thermal stresses in the plate and the 

particle swarm optimization technique is used for optimizing 

the interface geometrical parameters. 

II. PROBLEM STATEMENT AND SOLUTION 

The improvement of layered composite materials offers 

great prospective for use in advanced aerospace and vehicle 

applications, which may expose to unavoidable thermal 

environment.  Modifying the composite behaviors, such as the 

thermal response, is one of the main objectives in order to be 

used for structures with severe loading conditions. The 

maximum weakness in a structure can be observed at the 

interfaces between the layers as they exhibit the maximum 

induced stress. Thus, the composites behaviors are depending 

mainly on the properties of the interfaces between the layers. 

The aim of the present study is to provide the designers of 

layer composites with better choices of the interface geometry 

so as to minimize the induced stresses and have safe designed 

components. 
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Fig. 1 Layered composite plate, 

(a) Traditional interfaces            (b) Non-traditional interfaces. 

 

The two-dimensional plane-strain specimens with three 

layer plate in both traditional and non-traditional interfaces are 

shown in Fig. 1. The considered structure consists of three 

layers with thicknesses of h1, h2 and h3 starting from the 
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bottom layer and measured at the mid-surface of the plate. The 

plate width equals 2b whereas its thickness equals h1+h2+h3. 

The upper nontraditional interface (Fig. 1-b) has a height t on 

the right surface relative to the mid-surface of the plate. The 

height is considered to have a negative value if the interface 

on the right surface is below its position on the mid-surface. 

The origin of the coordinate system xy is supposed to lie at the 

mid-point of the lower face as shown in the figure. The y axis 

is chosen to be orthogonal to the faces of the layers and along 

their lay-up direction while, the x axis is assumed to be 

orthogonal to the lay-up direction and parallel to the lamina 

faces. 

The bottom and top layers are made of nickel (Ni) and, 

alumina (Al2O3) respectively, while the intermediate layer is a 

mixture of 60% Ni and 40% Al2O3. Therefore, the ceramic 

volume fraction satisfies the following relations 

 

1 2

c 1 1 2

1

1 for y h h

v 0.4 for h y h h

0 for y h

 


   
 

 (1) 

 

For such cases, the through-thickness variation of the 

different properties, such as Young’s modulus, Poisson’s ratio 

and coefficient of thermal expansion, in the three-layer 

composite system can be written as 

 

c 1 2

c m 1 1 2

m 1

P for y h h

P(y) P(P ,P ) for h y h h

P for y h

 


   
 

 (2) 

 

where Pc and Pm are the properties of the homogeneous 

ceramic and metal materials, respectively. P (Pc, Pm) is the 

interlayer properties following the rule of mixtures. Also, the 

temperature-dependent properties [19] of the constituent 

materials are considered and these properties are assumed to 

vary linearly with the temperature for reliable and accurate 

prediction of the structure response. Therefore, the material 

properties of the layered plate are both position and 

temperature dependent. Table 1 lists the considered materials 

properties at different temperatures [19]. 

 
Table I: Material properties used in the FEM simulations [19] 

Temperature 300 (
o
K) 800 (

o
K) 

Material 
E 

(GPa) 
v 

σY 

(MPa) 

α x10-6 

(1/oK) 

E 

(GPa) 
v 

σY 

(MPa) 

α x10-6 

(1/oK) 

Ni 208 0.31 148 13.4 166 0.31 124 16.7 

Al2O3 380 0.25 - 5.4 380 0.25 - 8.4 

 

In the present analyses, the interfaces between the different 

layers are assumed to be perfectly bonded at all times and the 

multilayer system behavior to be elastic-plastic originate from 

the elastoplasticity of the metal while the ceramic behaves 

elastically. The plane strain as a geometric approximation of 

structures is considered. For the finite element mesh, the 

element used is an 8-node isoparametric element and the 

numbers of elements along the horizontal and vertical 

directions are 80 and 70, respectively. Therefore, 2800 

elements are used for one half of the model. The element size 

is refined near the interfaces between the layers and the free 

edges to accommodate the concentration of stress, and the 

smallest element size is 5 × 10
−5

 m. For the loading conditions, 

uniform cooling (no thermal gradient) is assumed while 

cooling from the fabricated temperature of 1100 K to the room 

temperature. Therefore, the temperature difference (T) in the 

current analysis is considered to be 800 K. 

The upper interface exhibits higher stresses than the lower 

one [19] therefore, the geometry of the upper interface is the 

one of the considered optimized parameters for the sake of 

minimizing the critical induced stresses. On the other hand, 

the lower interface is assumed to be a traditional one. The 

considered profile of the upper interface is following a power 

 
mY(X) X  (3) 

 

where 
1 2{ [ ( )] / }Y y h h t    denotes the non-dimensional 

vertical coordinate of the interface relative to the mid-surface; 

{ / }X x b  denotes the non-dimensional horizontal 

coordinate normalized by the half width of the plate; t is the 

height by which the upper interface is moved on either the 

right surface (X=1) or the mid-surface (X=0) from its 

traditional level; and m is an exponent. When t=0, the 

interface is the traditional one that is perpendicular to the lay-

up direction of the layers. When t is positive/negative, the 

ceramic content is decreased/increased relative to its 

traditional value. Figure 2 shows the interface profiles for 

various values of the parameter m when t is upward on the 

right surface of the plate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Interface profiles following the power law. 

When m=1, the interface is a flat surface inclined on the 

lay-up direction of the layers. For a lower value of the 

parameter m, the interface profile changes sharply at the mid-

surface of the plate and changes smoothly at the right surface. 
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On the other hand, for higher values of the parameter m, the 

phenomena of the interface profile are vice versa of those of 

the lower values. However Eq. (3) is valid when t occurs on 

the right surface, the following relation is to be applied when t 

occurs on the mid-surface of the plate 

 
mY(X) (1 X)   (4) 

III. INTERFACE GEOMETRY OPTIMIZATION 

A. Optimization Problem  

The main aim of solving an optimization problem of a 

structure is to minimize the induced stresses and therefore 

decrease the damage probability. For the considered layer 

composite structure, it is required to independently evaluate 

the optimum values of the interface geometrical parameters 

(interface profile parameter m and the height t of the interface) 

to minimize the maximum induced thermal stresses. The 

nonlinear optimization problem which determines the 

interface parameters is defined as: 

 

     1 2

                                   

                 ,  

Find K

Minimize f K f K f K
 (5) 

 

Where K represents the required design variable either m or t,  

f1 stands for the maximum induced normal stress (y) and f2 

stands for the maximum induced shear stress (xy). If the 

optimization problem Eq. (5) is solved to only minimize either 

f1 or f2, it is a single objective problem whereas if considering 

both f1 and f2, it is a multi-objective problem. Since there are 

many local optima in the solution space of the optimization 

problem (5), PSO technique is applied to get the global 

optimum. 

B. Particle Swarm Optimization Algorithm  

PSO algorithm is a computational technique originally 

contributed by Kennedy et al. [20] which was inspired from 

the social behavior of the movement of organisms in a bird 

flock or fish school. PSO algorithm optimizes a problem using 

a population called swarm of candidate solutions called 

particles. Particles are initially scattered in the solution space 

with random initial positions. The position of a particle ( )

py   

and its velocity ( )

pv   are iteratively enhanced in the solution 

space towards the optimum solution with the influence of its 

local best position ( )

pb   and the overall best position ( )g   

obtained from all the candidates. When the process is repeated 

for sufficient number, the best solutions eventually will be 

found. Updating the particles’ positions for a single objective 

optimization is controlled by [21]; 

 
( 1) ( ) ( 1)

p p py y v      (6) 

( 1) ( ) ( ) ( )

p p 1 1 p p

( ) ( )

2 2 p

v [ ]

            [ ]

W v c rand b y

c rand g y

   

 

       

  

 (7) 

where W is a nonnegative inertia weight, c1 and c2 are 

acceleration coefficients, and rand1 and rand2 are random 

numbers between 0 and 1. In most cases of multi-objective 

optimization problems, there is no exact solution but many 

alternative solutions. This family of potential solutions cannot 

improve all the objective functions simultaneously and it is 

called Pareto optimality [22]. PSO has been advocated to be 

suitable for multi-objective optimization [23]. The multi-

objective particle swarm optimization (MOPSO) algorithm is 

used to find nondominated (Pareto) solutions. The main 

characteristic of this algorithm is the use of an external 

repository which stores nondominated solutions. The 

algorithm starts by generating an initial population. At each 

iteration, the repository is updated for the new non-dominated 

solutions. At the end of the process, the repository contents 

form the Pareto front. In MOPSO Eq. 7 is updated to the 

following; 

 
( 1) ( ) ( ) ( )

p p 1 1 p p

( ) ( )

2 2 p

v [ ]

            [ ]h

W v c rand b y

c rand R y

   

 

       

  

 (8) 

 

where Rh is a solution selected from the external repository in 

each iteration t. Further details for the algorithm 

implementation can be found [23]. The values used in this 

study for W, c1 and c2 are 0.729, 1.496 and 1.496 respectively. 

IV. RESULTS AND DISCUSSIONS 

It is considered that all layers of the plate have the same 

thickness and a layer thickness equals 5 mm. Also, the plate 

width is related to the default layer thickness by b/h1 = 8. 

Moreover, the default values of m and t are 1 and 1 mm, 

respectively when they are not considered among the 

optimized parameters. The considered optimization ranges of 

the interface parameter and the interface height on the right 

surface are 0≤m≤8 and -5≤t≤5 mm, respectively. The effects 

of both the interface profile parameter m and the height on the 

right surface t of the interface are studied individually 

considering f1 and f2 for the multi-objective problem. 

A. Optimizing the Interface Profile Parameter (m)  

Considering only f1 as a single-objective problem in 

Shabana et al. [13], it was found that the optimum value of the 

interface profile parameter m = 8 at which f1=615 MPa. Figure 

3 shows the numerical results obtained by solving the multi-

objective problem given in Eq. (5). It can be seen that 

minimum f1, which is consistent with the results of the single 

objective study [13], occurs while f2, the shear stress 

component, is at its highest value of 67.4 MPa. It seems from 

the obtained results that generally by increasing the 

interference profile parameter m above 3.80, the shear stress 

component increases while the normal stress component 

decreases. The minimum normal stress component obtained 

when m is selected between 7.98 to 8.0 while, the minimum 

shear stress component acquired when m is equal to 3.83.  
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   Fig. 3. Pareto fronts for the effect of m on stress components 

where t=1 (mm). 

B. Optimizing the Interface Height on the Right Surface (t) 

The solution of the single-objective problem for f1, Shabana 

et al. [13], revealed that the optimum value of the interface 

height t = 5 at which f1=472 MPa. The numerical results 

obtained by solving the multi-objective problem given by Eq. 

(5) when considering f1 and f2 are shown in Fig. 4. The figure 

again confirms same result obtained in [13] from the single 

objective study at which f1 is at its lowest value whereas f2 is 

at its highest value. It is clearly seen that lower values of shear 

stress component obtained when t is negative where the 

interface on the right surface is below its position on the mid-

surface. However, lower values of normal stress component 

obtained when t is positive where the interface is above its 

position on the right surface as shown in Fig. 4. The minimum 

value of the normal stress component can be obtained by 

selecting t=5 mm whereas the minimum shear stress 

component can be obtained when t=-4.58 mm is selected.    

 

Fig. 4. Pareto fronts for the effect of t on stress components where 

m=1. 

The stress variations along the vertical right surface y for 

both the traditional and the optimized nontraditional interfaces 

are shown in figures 5 and 6.  

Figure 5 shows the normal stress variations for two cases 

compared with the traditional interface. The first case selected 

for the optimum value of m for minimizing the normal stress 

depicted in figure 3 while, the second case selected for the 

optimum value of t for minimizing the normal stress illustrated 

in figure 4. Those values are m=8 and t=5 mm with their 

default corresponding values of t=1 mm and m=1 respectively.  

 

Fig. 5. Normal stress variations for the traditional and 

nontraditional interfaces. 

It seems from figure 5 that, the maximum normal stress 

component has been reduced by 63.45% for the first case and 

71.79% for the second case compared to the similar value with 

the traditional interface. 

The shear stress variations compared with the traditional 

interface are shown in figure 6. Similar to figure 5, the best 

two values for minimizing the shear stress component, shown 

in figures 3 and 4, are selected for comparison. Those values 

are m=3.83 and t= -4.58 mm with their default corresponding 

values of t=1 mm and m=1 respectively.  

 

Fig. 6. Shear stress variations for the traditional and nontraditional 

interfaces. 

The maximum shear stress component has been reduced by 

86.34% for the first case and 73.38% for the second case 

compared with the traditional interface as seen in figure 6.  

V. CONCLUSION 

The multi-objective optimization problem of a composite 

plate of three layers, which made of Ni and Al2O3, in order to 

control the thermal stresses is investigated. The maximum 
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induced normal and shear stresses in a three layer plate with 

nontraditional interface are minimized by optimizing the 

different geometrical parameters. These optimized parameters 

include the interface profile parameter and the height of the 

nontraditional interface on the right surface relative to the 

mid-surface. The numerical model is solved using the finite 

element analysis while the optimization is done by applying 

the particle swarm optimization technique. It is found that the 

stresses can be minimized greatly by the proper choose of the 

optimum values of the different parameters. For the future 

work, the multi-objective optimization will be used to 

optimize the different geometrical parameters simultaneously. 
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Abstract— Concrete has become a universal building material. Its 
mechanical resistance is considered as a basic criterion. Currently we 
see that the concrete can be affected by its environment. Its 
performance decreases when it is exposed to moisture, pollution and 
other aggressive substances such as chlorides and sulfates. 
Aggressive substances are generally conveyed by the water. The 
water content is thus a good indicator of the durability of concrete. 
Non-destructive methods were developed for diagnosing the state of 
a structure at a given time. This allows monitoring and preventive 
maintenance work. The technical Radar (Radio Detecting And 
Ranging) is one of the buildings auscultation techniques used. It is an 
application of electromagnetism and was mainly used for finding 
buried objects in concrete and recognition of discontinuities or 
geometries. Relatively recent research has shown that the radar can 
also be used as a tool for characterizing the state of the material. This 
enables new application fields. 
The water content is an essential parameter in the durability of 
concrete. The radar signal is analyzed in terms of mitigation and 
speed, by the use of different reflected signals and also the direct 
wave signal between the transmitter and receiver. The measurements 
made in the laboratory or on site indicate the sensitivity of this signal 
to the desired settings. The propagation speed is directly related to 
the dielectric constant. This measure gives an idea about the actual 
concrete moisture condition. 
 

Keywords—concrete, durability, geo-radar, non-destructive 
methods.  

I. INTRODUCTION 
The mechanical strength of concrete was long considered a 

basic criterion for the concrete but experience shows that this 
material can be weakened by the environment. Thus, It appears 
pathologies such the steel reinforcement corrosion and spalling 
of the concrete. The presence of water is an essential 
parameter leading to these pathologies. For this, it has been 
developed several techniques for auscultation of used 
constructions, among them, the Radar technical Radar (Radio 
Detecting And Ranging). It is an application of 
electromagnetism as support of measures, it was mainly used 
for finding objects buried in the concrete as frames, or for the 
recognition of discontinuities or geometries. Research [1], [2] 
and [3] Recently enough showed that the radar may also be 
used as a characterization tool of the state of the material. This 
opens up new applications for the evaluation of some 

 
 

sustainability indicators, in particular the water content, by 
analysis of radar signals in terms of mitigation and speed. 

II. PRINCIPLE OF MEASUREMENT 
The radar technique is based on the use of electromagnetic 

pulse emitted by an antenna. The pulses spread by reducing 
materials. At each interface between two electromagnetically 
different materials, a part of the pulse energy is reflected back 
to the surface. Thus the successive echoes are recorded in a 
time signal by the receiving antenna. In general, the antennas 
are in a same box, this corresponds to a conventional 
configuration of acquisition. 

 
 
 
 
 
 
 
 

Fig. 1 Principle of measurement by Radar 

III. RELATIONSHIP BETWEEN THE DIRECT WAVE 
AND MOISTURE OF MATERIAL 

The direct wave is propagated directly from the transmitter 
to the receiver. The sensitivity of the direct wave in the 
moisture condition of the materials (eg soil, concrete) has been 
studied by many authors [4] and [5].  

Increasing water content of concrete leads to a sharp 
variation of the radar signal parameters. This is usually due to 
the increase of permittivity and conductivity of concrete. Thus 
the presence of water and / or water-filled cracks can affect the 
behavior of the radar signal. 

IV. ANALYSIS OF THE RELATIONSHIP BETWEEN 
EMW SPEED AND MATERIAL MOISTURE. 

The analysis is made on samples of concrete. The sample is 
cut by a cylindrical sawing. These types of samples are 
commonly called "carrots concrete." The study of samples 
allows to characterize accurately the state of the material. This 
also has a necessary calibration operation for future on-site 
measurements. It was used a radar system (CRS 20 GSSI) with 
antennas frequency 1.5 GHZ. 
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Fig. 2 concrete core 

 
Fig. 3 Measure system 

 
Fig. 4 Antennas 1.5 GHz 

A.  Measuring device 
The device is composed of two vertical square screens of 

1m from the side. They are covered by a self-adhesive 
aluminum foil to have reflectors character. The screens are 
drilled in the middle to receive the concrete core which is also 
covered with aluminum in order to ensure a linear propagation 
of electromagnetic waves and avoid wave reflection to the 
contour. The transmitter and receiver are applied to each end 
of the core. 

This measurement system requires certain conditions to the 
core: it must have a height of 150 mm and a diameter of 75 
mm to fit the experimental device. Otherwise it was completed 
by polystyrene. 

 
 
 
 
 
 
 
                                
 
 
 
 
 
 
              Fig. 5 Experimental device 

 
The measure is affected on core of concrete and full air core 

to determine the initial time of propagation. 
 
 
 
 
 
 

 
 
             Fig. 6 Measure on the concrete core 

 
 
 
 
 

 
 
 
 
Fig. 7 Measure on the air 

B. Results on the concrete core 
 
From these graphs we determined: the arrival time of EMW 

in the concrete and the initial time t0 

 
 

 

 

 

 

 

 

 

 
         Fig. 8 Radar signals in the concrete and in the air 

The velocity in concrete is calculated using the following 
equation: 

 =                          (1) 

With :  1.58 ns et  = 0.68 ns 

 = 10.58 cm/ns 

From this speed value, we deduced the value of the 
dielectric constant e which is equal to 8.2, this corresponds to 
a concrete more or less wet. 

The same operation was performed on the same core oven 
dried at 80 ° C to constant mass, The results are as follows: 

 1.02 ns,  = 0.39 ns and  = 13.06 
cm/ns 

This speed value corresponds to a dielectric constant equal 
to 5.27. 
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Therefore the EMW propagation speed is directly related to 
the moisture content of the material. More concrete is dry over 
the speed of propagation of electromagnetic waves, the higher 
the dielectric constant is low. 

V. SENSITIVITY OF RADAR TECHNIQUE TO THE 
WATER CONTENT 

In order to study the effects of water content on the radar 
signal,  researchers used large specimens with a water content 
is controlled and evenly distributed [6], [7]. 

 The specimens were used to measure the propagation speed 
using radar antennas in bi-static mode. [6] Two concrete 
compositions have been used with respective water / cement 
ratios of 0.66 and 0.48 and porosity accessible to water of 
14.7% and 12.5%. Figure 2 shows the speed changes 
depending on the volume of water related to the volume of the 
sample (volumetric water content) for both tested concretes. 

 
 
 
 
 
 
 
 
 

      

 Fig. 9 Speed variation of direct wave with water content.  

The test shows that the variation of speed of the direct wave 
depends only on the volume of water and not on the type of 
concrete or of its intrinsic porosity, Fig. 9. 

 The attenuation, it is function of the amplitude. The 
amplitude decreases (attenuation increases) with the increase 
of water content, Fig.10. 

 
 
 
 
 
 
 
 
 
 
 
 Fig. 10 Relationship between the amplitude of the direct wave and 

the reflection on steel bar and a water content in the concrete 
The researches were conducted [8] at the same topic they 

have shown that the permittivity (dielectric constant) of the 
concrete is proportional to the volumetric water content. 
Fig.11 

 

 

 

 

 

 

 
 
 
 
 
 
 

     Fig. 11 Variation of the concrete permittivity with water content.  

VI. SENSITIVITYOF RADAR TECHNIQUE TO 
CHLORIDES 

Measurements were performed on specimens conditioned at 
different degrees of saturation with more or less loaded with 
NaCl solution (40 to 120 g / l). [9] 

 
 
 
 
 
 
 
 
 
 

  Fig. 12 Effect of Chlorides on the attenuation of the direct signal 
[9] 

The results showed that the presence of chlorides attenuates 
significantly the amplitude of the radar but this does not have 
an effect on the speed. 

 
VII. SENSITIVITY OF RADAR TECHNIQUE TO 

CHANGES IN ENVIRONMENTAL ELECTROMAGNETIC 

PROPERTIES 

A.  Determination of concrete bedding 
As already shown in figure 1, there are two types of EM 

wave, the direct wave and a reflected wave, it is obtained 
where there's a change in the middle of the EM properties 
(permittivity and conductivity) 

 
 
 
 
 

 
 

 

 

  Fig. 13 Profile radar indicating the position of the reinforcements 

in a reinforced concrete wall (Radan 7) 
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Fig.13 shows the different phases and elements obtained as 
a result of changes in EM properties. Hyperbolic shapes shown 
the position of steel bars in the concrete. 

The identification of reinforcement allows us to determine 
the depth of the coating; it is by the method of Kirchhoff 
migration, which converts the information X-T to XZ, from the 
knowledge of the speed radar waves in concrete. 

This allows transforming hyperboles obtained in radar 
imaging to rounded shapes corresponding to reinforcement of 
concrete. 

This method helps us to monitor the depth of the coating 
over time. 

 
 
 
 
 
 
 
 

FIG. 14 KIRCHHOFF MIGRATION [10] 

VIII. CONCLUSION 

By relationship between the electromagnetic waves of radar 
and some physical and geometrical characteristics of the 
material, it is possible to determine parameters informing on 
concrete durability because: 

-the Speed of the direct wave is a function of physical 
characteristics of the material (moisture and salinity). 

-From The reflected electromagnetic waves, it is possible to 
determine some geometrical characteristics of the material 
(detection frames, determination of the coating and 
identification of anomalies). 

By its sensitivity to changes in water content and chloride, 
technical radar would enable the prevention of reinforcement 
corrosion in reinforced concrete structures. The radar has a 
large capacity of acquisition, but interpreting the results need 
the use of software such as RADAN. 
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Abstract— In recent years 3D digitizing and modeling of cultural 

heritage has become increasingly common. This is due mainly to 

advances in laser-scanning techniques, to modeling techniques based 

on images, to increasing the computing power and to virtual reality. 

In this work we compared consolidated operating mode of the laser 

scanner with the techniques of image capture and generation of 3D 

models based on photographs made with ordinary digital cameras. 

Through the help of special software exploiting appropriate 

photogrammetric techniques and algorithms defined in "Structure 

from Motion" (SfM) we can get reconstructions and high-resolution 

DEMs (Digital Elevation Model) of high quality. Object of study is a 

masonry tower dating back to the fifteenth and sixteenth century 

located in the south of Italy (Marina di Gioiosa Jonica, Reggio 

Calabria). 

 

Keywords—Geometrical survey, Masonry structures, 

Photogrammetric techniques, Structure from motion, Terrestrial laser 

scanner. 

I. INTRODUCTION  

HE world of cultural heritage is experiencing a phase of 

promotion and development of its assets thanks to the 

progress of survey techniques and multimedia communication.  

The introduction of new measuring devices such as 3D laser 

scanners, spherical photogrammetry, structure-from-motion 

photogrammetry and the latest methods of image-based 

modeling produced a strong change in the mode of acquisition, 

treatment and restitution of metric information. These new 

techniques allow the construction of digital photo-realistic 3D 

models that can be used as an information system and as an aid 

to structural modeling.  

The digital model becomes an operational tool that can be 

implemented in new information systems able to handle 

complex and typologically heterogeneous data for both single 

buildings and large geographical areas. 

 
V. Barrile is with the DICEAM Department, Faculty of Engineering 

Mediterranean University of Reggio Calabria, Reggio Calabria 89100 IT 

(phone: +39-0965-169-2301; e-mail: vincenzo.barrile@unirc.it). 

G. Bilotta was with the Department of Planning, IUAV University of 

Venice, Venice 30135 IT. She now collaborates with the DICEAM 

Department, Faculty of Engineering Mediterranean University of Reggio 

Calabria, Reggio Calabria 89100 IT (e-mail: giuliana.bilotta@iuav.it). 

D. Lamari is with the DICEAM Department, Faculty of Engineering 

Mediterranean University of Reggio Calabria, Reggio Calabria 89100 IT 

(email: antonio.lamari@gmail.com). 

G. M. Meduri is with the DICEAM Department, Faculty of Engineering 

Mediterranean University of Reggio Calabria, Reggio Calabria 89100 IT 

(email: ing.giuseppemariameduri@gmail.com). 

 

In this paper, a promising photogrammetric technique is 

applied to a XV-XVI century masonry castle in southern Italy 

(Marina di Gioiosa Jonica, Reggio Calabria) called Torre 

Galea (Fig. 1) for the purpose of building surveying and 

structural modeling. 

The flow chart of Fig. 2 shows the workflow, starting from 

the digital images, yields to the 3D structural model. 

 

Comparison between techniques for generating 

3D models of cultural heritage 

V. Barrile, G. Bilotta, D. Lamari, G. M. Meduri 
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Fig. 1 Views of Torre Galea- Marina di Gioiosa Jonica (RC) 
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Fig. 2 Workflow for transition from photogrammetric 3D survey to a 

structural model 
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II. CONSTRUCTION OF 3D MODEL 

The procedure of photographs processing and 3D model 

construction comprises four main steps. 

1. The first phase is the alignment of the camera. At this 

step, PhotoScan seeks common points on the photographs to 

merge with each other through the identification of a matching 

camera for every image and parameters of aging and 

calibration. As a result, they form a cloud of scattered points 

and a series of shots. The points of the cloud representing the 

alignment results between photos and will not be used directly 

in a further procedure of construction of the 3D model (except 

for the method of reconstruction cloud based Fig. 3). However, 

it can be exported for further use in external programs. For 

example, the cloud obtained can be used in a 3D editor as a 

reference to any evaluations. On the contrary, the set of 

positions taken by the camera are essential for the construction 

of the 3D model via PhotoScan. 

2. The next phase is the construction of dense point cloud. 

(Fig. 4) Based on the positions of recovery estimated and 

extracted from the photos, PhotoScan generates a point cloud 

more dense and detailed. This point cloud can be modified and 

classified before proceeding with the export or the generation 

of three-dimensional mesh model. 

3. Then we proceed with the construction of the mesh. (Fig. 

5) PhotoScan reconstructs the surface of a 3D polygon mesh 

representing the object based on the dense point cloud 

obtained from the previous stage. In this case, Point Cloud 

based method can be used for the rapid generation of 

geometries based on point clouds scattered. Generally, there 

are two algorithmic methods available in PhotoScan that can 

be applied for the generation of 3D meshes: Field Height - for 

the type planar surfaces, or Arbitrary - for each object type. 

4. After building the polygonal network, it may be necessary 

to adjust them. PhotoScan is able to make some corrections, 

such as decimation of the mesh, the removal of isolated 

components, the closing of holes, etc. When a more complex 

and detailed editing is pursued, a professional editing software 

has to be used. In this regard, PhotoScan allows exporting the 

mesh and to edit it with another software and then reopen it in 

PhotoScan through the most common interchange formats. 

5. After the geometry (and hence the mesh) has been 

reconstructed, it can be structured and/or used for the 

production of orthophotos. There are several ways in texturing 

PhotoScan, described in detail in the manual supplied with the 

software. 

It is possible to scale the 3D model starting from a known 

measurement, for example, we measured in a site the size of 

the door, which was found to be 0.90 meters. 

In order to scale the model we define two markers (Fig. 8) 

that allow defining the distance between two known points, 

then we proceed to create a "scale bar" and to change the 

known distance. 

 

 
 

Fig. 3 Point Cloud Base 

 

 
 

Fig. 4 Dense Point Cloud 

 

 
 

Fig. 5 Mesh 

 

 
 

Fig. 6 Texture with the position of the camera (blue square) 
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III. POLYGON MESH IMPROVEMENT 

For eliminating defects of mesh, we proceed exporting the 

3D model from PhotoScan in STL format, and then we 

imported the model into Geomagic Studio software. This 

software provides editing point cloud, mesh and editing 

functions of advanced surfacing, in addition to its accurate 

functions of processing 3D data. 

The Mesh Doctor is an automatic improvement of polygon 

mesh. It is generally preferable to use the Mesh Doctor after 

importing a polygonal model. 

The steps to follow in order to improve the mesh are: 

1. Import the model (STL) within Geomagic Studio to set 

the unit of measurement. 

2. The software automatically recognizes the presence of 

mesh and then provide information to that effect and asks if 

you want to launch an analysis mesh doctor, once made the 

analysis shows us graphically (Fig. 9) identifying with red 

areas the parts of the mesh that need to be repaired.  

3. If necessary, we can rescale the model using the specific 

tool available in Geomagic (Figg. 10, 11). 

 

IV. INSTRUMENTS AND SOFTWARE USED 

 For the survey we used the laser scanner Leica HDS 3000 

distributed with the software supplied by Leica (Cyclone™) 

that allows we to manage both scanning operations and those 

of computing and data processing. 

The scans required the use of 16 targets arranged on the 

frame in such positions that, the various scans, had in common 

at least 4 targets, fundamental for the subsequent phase of 

recording and sewing of consecutive scans. 

After the survey phase, in the laboratory, we generated the 

3D model of the structure through the recording operations of 

the various scans (whose characteristics are shown in table III) 

and the subsequent thinning of the raw data by eliminating the 

highest number of points not belonging to the structure and 

surrounding vegetation. We thus obtained a single cloud of 

 

 
 

Fig. 7 3D model with texture 

 

 
 

Fig. 8 Markers with flags 

 

 
 

Fig. 9 Mesh with damaged areas identified in red 

 

 
 

Fig. 10 Measurement of the door by two points 

 

 
 

Fig. 11 The tool "Resize" 
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points representative of the investigated object. Since, also, the 

tool equipped with an inner camera to the CCD for the 

simultaneous acquisition of images of the raised portion, it was 

obtained a model highly realistic (Fig. 12) resulting from the 

association, with each point laser detected, of information of 

the color of its digital image. 

3D laser scanning of the tower was carried out by two 

operators. There have been 4 scans around the outer perimeter 

of the object in a time of ca. 1.4 hours. To merge the scans 

have been used 16 target. For the next RGB color scans have 

been used 52 photographs. The entire point cloud thus 

obtained ca. 26 million, was sampled up to a distance of 1 cm 

with Geomagic Studio software. It was subsequently generated 

a 3D mesh with 1.3 million vertices ca. and 2.5 million faces 

ca. The work activities related to TLS can be so summarized: 

1,4 hours for the acquisition of the 4 scans, 1.5 hours for the 

RGB coloring of all scans, 2.5 hours to the meshing in 

Geomagic Studio for a total 5.4 hours for the entire workflow 

The generation of 3D point clouds from photogrammetric 

data with related models was carried out with the open-source 

software bundler / PMVS2 and VisualSFM and with low-cost 

software PhotoScan produced by Agisoft. A feature common 

to both VisualSFM that PhotoScan is the use of algorithms that 

make wide use of the GPU in order to significantly accelerate 

the processing of data. The images were captured with a 

Samsung model PL20 with CCD sensor 1/2:33” and shutter 

aperture f/3.5-5.9. The images obtained have dimensions of 

4320 x 33240 pixels. 

The images were taken at eye. A total of 219 photographs 

were taken for the entire outdoor area. The generation of point 

clouds was conducted with a Workstation DELL T7610 

processor XEON 2680 v2 10 core with 32 GB of RAM 

equipped with an NVIDIA Quadro FX 4800 with 1.5 GB of 

RAM and running Windows 7 Professional 64-bit. Table I 

summarizes the results obtained from the use of the three 

software.  

You may notice the important differences in the results 

obtained. All the clouds generated by the three software have 

been scaled using different reference distances measured in the 

field. The accuracy of the distances of the reference appears 

significantly influenced by the density of the points 

constituting the cloud. It is to highlight how the software 

PhotoScan offers the possibility to locate and fix the control 

points in the shots made at high resolution, to use a 

sophisticated model of camera calibration including the 

determination of the focal length and the distortion of the 

radial lens. 

 

Table I Statistics on the production of clouds of points with the use of 

the three software 

 

  Visual SFM Bundler/PMVS2 PhotoScan 

No. images 219 219 219 

No. points 8741118 13527920 28431222 

Time 2,10 h 3,25 h 4,75 h 

Standard 

deviation σ 
8 cm 4,5 cm 2 cm 

 

 

 
 

Fig. 12 Grayscale point cloud obtained by laser scanner survey 

 

 
 

Fig. 13 Point cloud (spectrum) obtained by laser scanner survey 

 

 
 

Fig. 14 Texture obtained by laser scanner survey 
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V. 3D MODELS IN COMPARISON 

We compared the 3D models of the Tower, made with 

VisualSFM, Bundler/PMVS2 and Agisoft Photoscan, with 

reference data obtained from laser scanning to assess the 

geometric quality of the 3D models. The quality of the 3D data 

obtained from VisualSFM and Bundler/PMVS2 does not 

match the high quality geometric obtained by TLS. In 

particular, in the generation of the 3D model, there was a 

deviation of 20 cm with VisualSFM and 16 with 

Bundler/PMVS2. The deviation detected with PhotoScan was 

4 cm. The tables summarize the results obtained from the 

survey and Photoscan TLS. 

 

VI. CONCLUSIONS 

This work shows that, next to the surveys carried out with 

laser scanner systems, even low cost systems based on 

photographic shots are able to produce 3D of large objects 

such as the Tower under study. Data acquisition with cameras 

is fast, flexible and economical than laser scanning. The results 

obtained with the software PhotoScan show mean deviations 

of two centimeters resulting geometrically very close to the 

data obtained by laser scanning. 

The software VisualSFM and Bundler/PMVS2 well suited 

to the acquisition and generation of 3D models of small 

objects, for the return of large objects show all their limits. As 

regards the quality and the reliability, the limiting factors of 

SFM are, in general, and especially for large objects, the light 

conditions, the number of images, and the resolution of the 

photographs taken. They are also to be particularly important 

measurement procedures and the identification of control 

points for resizing the 3D model obtained. To this purpose, the 

use of a camera with high resolution and with the objectives of 

superior quality could improve the results obtained. In the 

present case, we could obtain results significantly more 

optimized and precise if the acquisition of the images was 

made using UAV systems. 

It is evident as the performance capabilities of the 

computers are critical to the minimization of the processing 

time of the data, especially for larger objects, characterized by 

a large number of photographs necessary for a complete 

reconstruction of the object acquired. At present, 

experimentations continue in order to optimize the generation 

of 3D models with particular reference to the findings of 

archaeological. To do this, we make extensive use of UAV 

systems with substantial results. 

 

REFERENCES   

[1] A. Bandiera, J. A. Beraldin, M. Gaiani, “Nascita ed utilizzo delle 

tecniche digitali di 3D imaging, modellazione e visualizzazione per 

l’architettura e i beni culturali”, Ikhnos, 2011, pp. 81-134. 

[2] L. Guidi, Acquisizione 3D e modellazione poligonale. Edizione 

Mondadori, Milano, 2010. 

[3] L. Barazzetti, G. Forlani, F. Remondino, R. Roncella, M. Scaioni, 

“Experience and achievements in automated image sequence orientation 

for close-range photogrammetric projects” in Proceedings of SPIE 

Optics+Photonics, vol. 8085, 23-26 May, Munich, Germany, 2011. 

[4] M.T. Como, “Il restauro di monumenti a torre in muratura”, Restauro, 

2000, pp.152- 153. 

[5] V. Barrile, G.M. Meduri, G. Bilotta, “Comparison between Two 

Methods for Monitoring Deformation with Laser Scanner”, WSEAS 

Transactions on Signal Processing, vol.10, 2014, pp. 497-503. 

[6]  V. Barrile, G.M. Meduri, G. Bilotta, “Laser scanner technology for 

complex surveying structures”, WSEAS Transactions on Signal 

Processing, no.3, vol.7,  2011, pp.  65-74. 

[7] V. Barrile, G.M. Meduri, G. Bilotta, “Laser scanner surveying 

techniques aiming to the study and the spreading of recent architectural 

structures” in Proceedings of the 9th WSEAS International Conference 

on Signal, Speech and Image Processing (SSIP '09): Recent Advances 

in Signal and Systems, 2009, pp. 92-95. 

[8] Agisoft PhotoScan v.1.1 (http://www.agisoft.com/). 

[9] Geomagic Studio 2013 (http://www.geomagic.com/). 

[10] Autodesk Autocad 2016 (http://www.autodesk.it/). 

[11] V. Barrile, G. M. Meduri, R. Pucinotti, “Il rilievo di strutture esistenti 

mediante l’impiego della scansione laser finalizzato alla 

modellizzazione strutturale: un caso di studio” in Atti del Convegno 

Nazionale "Sperimentazione su Materiali e Strutture", Venice, 

december 2006, pp. 831-838.  

[12] R. Pucinotti, G. M. Meduri, V. Barrile, "L’applicazione della scansione 

laser e della tecnologia radar ad un ponte in cemento armato" in Atti del 

12° Congresso Nazionale dell’AIPND – Conferenza Nazionale sulle 

Prove non Distruttive Monitoraggio Diagnostica, Milan, 11-13 October 

2007, pp. 1-8. 

[13] V. Barrile, G. M. Meduri, G. Bilotta, "Laser scanner surveying 

techniques aiming to the study and the spreading of recent architectural 

structures" in Proceedings of the 2nd WSEAS International Conference 

on Engineering Mechanics, Structures and Engineering Geology, 

EMESEG '09: "Recent Advances in Engineering Mechanics, Structures 

and Engineering Geology", Rodos, Greece, July 22-24, 2009, pp. 25-

28. 

[14] V. Barrile, G. Bilotta, G. M. Meduri, “Archaeological Investigations 

with TLS and GPR Surveys and Geomatics Techniques”, in Towards 

Horizon 2020 - Proceedings of 33rd EARSeL Symposium 2013 3-6 June 

2013, Matera, Italy, pp. 857-864. 

[15] F. Remondino, F.  Menna, “Image-based surface measurement for close-

range heritage documentation”, International Archives of 

Photogrammetry, Remote Sensing and Spatial Information Sciences, 

vol. 37(B5-1), 2008, pp. 199-206. 

[16] F. Remondino, S. F. El-Hakim, A., Gruen, L. Zhang, “Turning images 

into 3-D models”, IEEE Signal Processing Magazine, vol. 25 no. 4, 

2008, pp. 55-65. 

[17] D. Scharstein, R. Szeliski, Middlebury Stereo Vision Page, 2009, 

http://vision.middlebury.edu/stereo/, visited at 7.1.2012. 

[18] N. Snavely, S. M. Seitz, R. Szeliski, “Modeling the World from Internet 

Photo Collections”, International Journal of Computer Vision, vol. 80 

no. 2, 2008, pp. 189-210. 

[19] D. Abate, G. Furini, S. Migliori, S. Pierattini, “Project Photofly: New 

3D Modelling Online WEB Service”, International Archives of 

 

Table II Summary results from PhotoScan 

 

Photo 
No. 

Acquisition 
time  

Processing 
time 

Dense 
cloud  

Vertices 
No. 

Sides  
No. 

Standard 
deviation σ  

219 0,4 h 4,75 h 28431222 1516899 3028118 4 cm 

 
 

Table III Summary results from TLS method 

 

Setting 
up No. 

Acquisition 
time  

Processing 
time 

Dense 
cloud  

Vertices 
No. 

Sides  
No. 

Standard 
deviation σ  

4 1,4 h 4 h 25822457 1314597 2518047 0,5 cm 
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Abstract— Although during the drying unit operation a severe 

shrinkage of leafy material occurs no explicit account of this fact is 

taken in herb plant drying modelling. Even more rare , not to say un-

existed, are applications of the true driving force, that is the 

thermodynamic driving force , according to the opinion of the 

authors. In this work both aspects have been considered and 

explicitely applied in the modeling of drying of a common herb plant, 

mentha viridis, used as a model  aromatic herb plant material.  

Application of the two before mentioned aspects leads to interesting 

findings which are thoroughly discussed in the present paper. 

Keywords—Drying, modeling, shrinkage, water activity 

I. INTRODUCTION 

HIS paper carries some new ideas concerning the 

modeling of the unit operation of drying. Conventional 

modeling of convective air drying implies the use of the so-

called apparent or effective diffusion coefficient, Deff, although 

the dehydration occurring during the drying process does not 

follow a strict diffusion mechanism. Application of the above 

mentioned coefficient as predictive tool presents serious 

difficulties since reported values of that coefficient in the 

literature show differences of several orders of magnitude even 

for the drying of the same species [1],[2].  

Main factors affecting mass transfer during the drying are 

the shrinkage which alters the geometry of the examined 

specimen and also the driving force, which should not be 

based on the water content but rather on the water activity in 

the leafy material and in the air, i.e. the water potential, given 

that  water activity is closely connected to the chemical 

potential which is also closely connected to energy, according 

to Thermodynamics [3]-[5]. Concerning shrinkage, 

dehydration studies have shown that there is a linear 

relationship between the volume change ratio and the water 

content change ratio.  

Thus, these two factors are taken explicitly in to 

consideration upon modeling of the drying of leafy materials. 

To or knowledge , no such study has ever been done before. 
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The conventional approach includes in the Deff parameter all 

factors influencing. The alternative approach , on the contrary, 

applied in the present paper takes in to account both important 

factors , namely , the shrinkage effect and the true driving 

force and leads in interesting observations.  

II.  MATERIALS AND METHODS 

A. Mentha viridis herb 

Fresh Mentha viridis leafy material was provided by 

AGROPLANT LTD in  Limassol, Cyprus, and was used the 

same day in all experiments carried out in the drying 

equipment which was the pilot plant air dryer , described 

below. 

 

A. Experimental Design 

A complete factorial design was performed, where the 

independent variables were air temperature (40, 50, 60 and 

70°C) and air velocity (1.5, 2, 2.5, 3 m s-1) leading to 16 total 

of combinations. For each treatment, approximately 100g of 

fresh, healthy leaves were separated from the stems and 

subsequently placed in thin layers onto the five trays of the 

dryer chamber. The weight loss was recorded every 10 sec; the 

end of drying was defined when the weight remained stable for 

more than 10 min and the moisture content was lower than 

12%. Each experiment was repeated twice and samples were 

kept at -22°C for further analysis. 
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B.  The pilot plant air dryer 

The pilot scale air dryer An air-dryer was designed and 

developed based on previous work[6]. An automatic scale 

(accuracy ±0.1g) was mounted on top of a flow chamber 

with controlled temperature and horizontal air flow. A 

metallic structure comprising of 5 perforated stainless steel 

trays (allowing the air movement in-between leaves and 

trays) was hanged by the scale (Fig.1).     

 

 

 

Fig.1 Schematic representation of lab scale air dryer with 

major parts: 1. Heating Unit; 2. Control Unit; 3. 

Thermometer, Hygrometer, Anemometer; 4. Electronic 

Scale; 5. Perforated Stainless Steel Trays; 6. Computer for 

data recording and processing 

D Shrinkage and water activity measurements  

The shrinkage ratio was obtained  by measuring the 

dimensions of the leafy material before and after each 

experiment. The water activity was obtained through the 

sorption isotherm of the leafy material. The sorption 

isotherm for 50 oC is shown below (Fig.2). 

 

  
 

Fig. 2. Sorption Isotherm of  Mentha viridis at 50 
o
C 

III. THEORY 

Here the principles of the development of the model are 

given.  

   The leaves are assumed covering uniformly the 

area through which the water transport takes place.. 

 The medium in which the transport takes place 

includes the convective boundary layer attached to 

the leafy material, thus the leaf layer and the 

boundary layer are taken as a unit. 

 The temperature remains constant during drying thus 

we refer to isothermal drying.  

 The shrinkage is assumed  to occur isotropically. I 

 The driving force for drying is given by the active 

concentrations 9activities) rather than simply 

concentrations. Thus the model belongs to the 

Thermodynamic models  

In the following the utterly important aspects of shrinkage 

, the flux and the driving force are considered.  Assuming 

isotropic shrinkage [7], the relationship between water 

content and volume of the leafy material is as follows:                                                                 

                                                                                        

              Αt=Α0 (Mt/M0 )^(2⁄3)       (1) 

 

Mo and Mt  being the moisture content the initial one and 

at time t respectively and Ao and At the surface area, the 

initial one and at time t respectively. The area as a function 

of the moisture content is introduced in the expression of the 

mass transfer flux, J 

 

   Jt= ΔMt/(Δt. Αt )         (2) 

 

being Jt the flux at time t, during a time interval Δt, ΔMt 

is the moisture loss during the interval time Δt, and At the 

surface area of the leafy material to be dehydrated. Thus the 

effect of shrinkage is explicitly taken into account. 

 

The driving force is modeled as the difference between 

the water activity in the air (that is the relative humidity of 

the air) and the water activity in the leafy material of 

Mentha viridis. The relative humidity of the air, ψ,  was 

obtained from registered data in the pilot dryer and the 

water activity, aw, of the leafy material obtained through the 

sorption isotherm as mentioned above in the Materials and 

Methods section.  

Finally the constitutive equation connecting the flux with 

the driving force 

 

Jt=Leff (αw,t-ψ)                                             (3)                            

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 147



 

 

Leff  is  the thermodynamic mass transfer coefficient, known 

also as mass conductivity a term coined by G. Crapiste (the 

Bahia Blanca model)  [8].   

IV. RESULTS 

 The results in terms of reduced moisture content versus 

time for different temperatures at constant air velocity 1.5 m/s, 

are given in Fig. 3 

 

 
 

 

Fig.3. Reduced moisture content vs time at different 

temperatures for air speed of 1.5 m/s. 

 

 

 Choosing the temperature of 50 
o
C, for herb product  

quality reasons, the effect of the air velocity on the reduced 

moisture content is given in Fig.4.  

 

 
 

Fig.4. Reduced moisture content vs time at different air 

velocities for a drying temperature of 50 
o
C. 

 

 

 

 

 

 

 

  

Furthermore, plotting the flux vs the driving force as 

defined above in the section of Theory, straight lines are 

obtained. An example of such a diagram is shown in Fig.5. 

This result provides a first strong evidence for the validity of 

the model developed in this paper.   

 

 
Fig.5 Flux versus driving force for the drying at 50 oC 

 

 

V. DISCUSSION 

Figures 3 and 4 predict a severe shrinkage ration 

between initial and final values (up to 90% decrease in 

volume) and this has been verified by the experiment. In 

the present approach the shrinkage has been taken in to 

account in the water flux. The decrease in the surface 

leads to an increase of the flux, other thinks equal, since 

the surface area A is in the denominator of the expression 

for the flux.  

Furthermore, eq. 5 shows a clear tendency of a phase of 

increased drying rate for leafy materials, in terms of 

dehydration flux, opposite to the common establishment 

of constant and falling rate periods. Of course more 

experiments are needed to support this interesting finding.  

Also eq. 5 provides a strong evidence that the driving 

force should be based on the water activity than on the 

moisture content. Thirdly the Leff (mass conductivity) 

behaves as a real constant, for the same temperature, 

compared to the traditionally used Deff. 

As ideas for a future research, more experimentation is 

required to draw final con clusions on the first findings of 

the present study. In addition to the Mentha viridis , other 

leafy materials should be examined. 

 

Acknowledgment 

The authors acknowledge Dimitris Panayiotou, Director of 

the AGROPLANT LTD company located in Limassol Cyprus 

for his support to the project and never theless for the supply 

of raw material, the Mentha viridis herb.  

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 148



 

 

REFERENCES   

[1] D.M. Kadam, R.K. Goyal, K.K. Singh , & M.K. Gupta . Thin layer 

convective drying of mint leaves. Journal of Medicinal Plants 

Research, 5(2), 164-170, 2011. 

[2]  I. Doymaz,  Thin-layer drying behaviour of mint leaves. Journal of 

Food Engineering, 74(3), 370-375, 2006 

[3]  J.A. Wesselingh, R. Krishna (2006). Mass transfer in multicomponent 

mixtures. Delft Academic Press, Delft, 2006  

[4]  V. Gekas, Mass Transfer Modeling   Journal of Food Engineering, Vol 

49, 2-3, pp 97-102, 2001 

[5] A.  Orphanides, V. Goulas ,, & V. Gekas.. Introducing the concept of 

sono-chemical potential: A phenomenological model for ultrasound 

assisted extraction. Journal of Food Engineering, 120(1), 191-196, 

2014. 

[6] J.V. García-Pérez, J.A. Cárcel, S. de la Fuente-Blanco, &E. Riera-

Franco de Sarabia . Ultrasonic drying of foodstuff in a fluidized bed: 

Parametric study. Ultrasonics, 44(SUPPL.), e539-e543, 2006. 

[7]    N. P. Zogzas, Z. B. Maroulis & D. Marinos-Kouris (1994) Densities,        

shrinkage and porosity of some vegetables during air drying, Drying 

Technology, Vol. 12, Issue 7, pp 1653-1666, 1994. 

[8] V. Gekas, Transport Phenomena of Foods and Biological Materials, 

CRC Press, Boca Raton (FL), 1992. 

 

 

 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 149



 

 

  
Abstract—This paper presents an experimental investigation of 

sloped surface roughness of the direct Poly Jet 3D printing process 
(DPJ-3DP). The parameter tested is the angle θ of the slopped 
surfaces in X and Y directions. The surface roughness parameter 
measured were the average mean surface roughness (Ra, μm), and the 
total height of the roughness profile (Rt, μm). The investigation 
shows that both Ra and Rt increased when the angle θ increased, in 
both X and Y directions. Additionally, the best value of surface 
parameters was achieved at angle θ equal to zero and the worst at θ 
equal to 90 degrees. 
 

Keywords—Surface roughness, direct poly-jet 3d printing, 
Sloped Surfaces 

I. INTRODUCTION 
he transition from the Rapid Prototyping (RP) and Rapid 
Tooling (RT) to the 3D Printing era has been taking place 

over the last years. The potentials brought about from such a 
technology aim to affect the way products are produced in a 
similar way that RP and RT transformed the traditional 
approaches for the design and development of a product. RP is 
an advanced manufacturing technology commercialized in the 
mid ‘80s. Currently, RP technology is widely utilized in 
manufacturing for conceptual and functional models. The 
application of RP has been shown to greatly shorten the 
design-manufacturing cycle, hence reducing the cost of 
product and increasing competitiveness. Further development 
of this technology is focusing on short and long term tooling 
which again has been proved in some cases to reduce costs and 
cycle times. Evolution of RP is the so called 3D printing 
processes. Recently developed technologies, such as Selective 
Laser Sintering (SLS), three-dimensional printing (3DP) and 
PolyJet enable to produce customized and complex parts in a 
short amount of time [1], compared to traditional RP 
technologies such as Stereolithography (SL). The Polyjet 
Direct 3D Printing (PJD-3DP) system builds detailed models 
with smooth surfaces by a process of addition photopolymer 
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resin layers. This is enabled by a technology utilizing 
simultaneous jetting of modeling materials to create physical 
free form prototypes [2]. It is capable of creating parts of 
complex geometry with materials such as photo-curable resins 
that can be used in the areas of automotive, electronics, 
consumer goods, medical development, etc. In 3D printing, 
layers of a photopolymer resin are selectively jetted onto a 
build-tray via inkjet printing [3]. The printing head, composed 
by a number of micro jetting heads, injects a 16 μm thick layer 
of resin onto the built tray, corresponding to the built cross-
sectional profile. The jetted photopolymer droplets are 
immediately cured with ultraviolet lamps that are mounted 
onto the print carriage. The repeated addition and 
solidification of resin layers produces an acrylic 3D model 
with a dimensional resolution of 16 microns. The PJD-3DP 
process has the ability to simultaneously jet multiple materials 
with different mechanical and optical properties.  3D printing 
could be considered a fully controllable process, since the 
majority of the process parameters can be altered on user’s 
demand. Consequently the quality of the part does depend on a 
number of factors. Two basic quality indicators can be 
considered as major i.e. the model’s surface roughness and 
model’s dimensional accuracy. Both depend on the machine 
and the process variables [4].  Several attempts have been 
made to make a systematic analysis of errors and the quality of 
the prototypes.   
 

 
Fig. 1: The PolyJet Direct 3DP Process [2] 

 
Experimental analysis of dimensions, surface roughness, 

and mechanical properties between PJD-3DP and ZCORP-
3DP processes has been investigated in study [5]. 
Determination of surface texture parameters Ra and Rz for 
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horizontal surfaces of parts produced by PJD-3DP have been 
performed in [6]. The results indicate that for mate surfaces Ra 
equals approximately 1.04μm while Rz about 5.6μm. For 
glossy surfaces Ra is approximately 0.84μm and Rz 3.8μm. 
Mechanical properties of parts produced by PJD-3DP, have 
been investigated in [7]. The study concluded that the part 
orientation has an effect on mechanical properties due to the 
heterogeneity of light energy by the photopolymer material 
during jetting process. The variability in the mechanical 
properties of parts manufactured via PJD-3DP has also been 
examined in [3]. It has been concluded that part orientation 
affects tensile strength and tensile modules with highest tensile 
modulus occurring in the XZ orientation. An investigation of 
the process parameters effects, concerning the dimensional 
accuracy of parts produced by the Polyjet Direct 3D Printing 
Process, was presented in [8]. The results indicate that the 
dimensional accuracy of external dimensions are affected in 
principle by the blade movement and the Layer Thickness, 
while the internal, primary by the Layer Thickness and the 
Scale factor. Additionally, an investigation of the process 
parameters effects, concerning the vertical and planar surface 
roughness of parts produced by Polyjet Direct 3D Printing 
Process was presented in [9]. The results indicate that the 16 
microns layer thickness, and glossy style provide the optimum 
surface roughness results while scale factor could not be 
considered as a dominant factor. 

In the current work, the slopped surface roughness is 
investigated in direction X and in direction Y as indicated in 
Figures 5 and 6. The results were compared with the analytical 
model (eq. 1) which is extracted in the [10] 

 

 (1) 
 
where Lt is the layer thickness-height and θ is the sloped 

surface angle.  
 

 
Fig. 2. Platform setup-Side view (Y-Z plane) 

 

II. EXPERIMENTAL SETUP  
A part has been designed with two details on the top surface 

(see Fig. 3) and then is placed seven times, on the same 
platform, as shown in Figures 4-6. Slopped surfaces on both X 
and Y directions are 0, 15, 30, 45, 60, 75 and 90 degrees from 
build platform. The selected part geometry has been prepared 

in STL format.  
 

 
Fig. 3: CAD file of the test part 

 
 

 
Fig. 4. Platform setup-ISO view 

 

 
Fig. 5. Platform setup-Side view (X-Z plane) 

 
 

 
Fig. 6. Platform setup-Side view (Y-Z plane) 

  
The surface texture parameters measured during this study 

were the following (Fig.7): 
• Ra (μm): the arithmetic mean surface roughness 

(arithmetical mean of the sums of all profile 
values). Ra is by far the most commonly used 
parameter in surface finish measurement and for 
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general quality control. Despite its inherent 
limitations, it is easy to measure and offers a good 
overall description of the height characteristics of a 
surface profile [3]. 

and 
• Rt or Rmax (μm): total height of the roughness 

profile, i.e., the vertical distance between the 
highest peal and the lowest valley along the 
assessment length of the profile. From Fig.1, Rt= 
Zp + Zv. This parameter is very sensitive to the 
high peaks or deep scratches. 

 

 
 

 
 

Fig. 7: Surface texture parameters 
 

The seven prototypes have been built on an Objet Eden 250 
using the Objet Fullcure 720 RGD material (Fig.8). The layer 
height was 16 microns, and the parts were built in mate mode. 
 

 
Fig. 8. Eden250™ 3D Printing System 

 

III. I. EXPERIMENTAL RESULTS AND CONCLUTIONS 
The seven parts were oriented and set on platform as shown 

in Figures 4-6. The layer thickness was set at 16 microns and 
the build style was set on mate mode. After the manufacturing 
the seven parts were cleaned using a waterjet machine and then 
sloped surfaces were measured using the Mitutoyo Surftest RJ-
210 tester. The measurements of the sloped surfaces surface 
roughness were shown at Tables 1 and 2 in both X and Y 
directions. At Figures 9 and 10 the comparison between 
experimental and analytical (eq. 1) measurements are 
presented. The results shows that analytical model is not 

appropriate for surface roughness (Ra) prediction. 
Additionally, experimental results shows that the surface 
roughness increased when the angle degrees increased. 
 

 
Fig. 9. Parts with sloped surfaces in X and Y directions 

 
 
 

degrees Ra (μm) Rt (μm) 
0 0.537 4.294 
15 4.188 29.311 
30 6.259 44.345 
45 8.377 61.807 
60 12.425 102.28 
75 15.211 140.93 
90 18.722 137.54 

Table 1: X-Direction measurements (Y Rotation) 
 

 
degrees Ra (μm) Rt (μm) 
0 1.985 13.393 
15 3.584 25.167 
30 5.367 43.641 
45 8.729 76.513 
60 12.035 80.545 
75 14.142 97.445 
90 14.496 105.62 

Table 2: Y-Direction measurements (X Rotation) 
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Fig. 9. Experimental and analytical measurements in  

X-Direction 
 

 
Fig. 10. Experimental and analytical measurements in  

Y-Direction 
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Abstract—In the paper the global nonlinear dynamic response 
of a steel frame, constituting the basic module of the primary 
structural system of the steel hall, to a strong seismic shock was 
analyzed. Additionally, the nonlinear behavior of the roof ridge 
of the frame designed as a bolted apex connection was studied 
in detail. A strong earthquake of Northridge (1994) was 
applied as  the kinematic excitation of the structure. To 
guarantee the real nonlinear behavior of the steel material the 
material parameters of the structural steel were determined 
experimentally on the basis of the tensile test of the steel 
specimen. The dynamic analysis revealed that the seismic 
response of the frame to the shock was strongly nonlinear. It 
occurred, that the frame lost global stability during the phase 
of strong ground motion of the shock. The frame also 
experienced the out-of-plane motion and the roof ridge was 
rotated by circa 60o. The  disintegration of the bolted apex 
connection appeared: the end plates went plastic and they 
partially lost contact. The complete yielding of some of pre-
tensioned bolts was caused by additional tension resulting from 
the split of the end plates. The bending of the bolts occurred 
due to the split of the connection and the deformation of the 
end plates. 

Keywords-steel frame; bolted apex connection; nonlinear 
dynamic response; plastic behavior; earthquake  

I.  INTRODUCTION 
 Engineering structures, especially made of steel,   indicate 
strong nonlinearities, both material and geometrical, while 
exposed to heavy earthquakes. The problem of nonlinear 
seismic behavior, which concerns industrial steel halls have 
been extensively studied in last decades [1, 2, 3, 4].  

Strong geometrical nonlinearity of a primary structural 
system of steel structures, which occurs in large 
displacements, may lead to global loss of dynamic stability, 
or even total collapse of buildings [3]. Then, material 
nonlinearity results in local plastic behavior of the steel 
material, like yielding with associated plastic flow or plastic 
hinges [4].  

For these reasons nonlinear behavior of a whole primary 
structural system of a steel structure is the key issue of the 
dynamic analysis. Additionally, the performance of 
connections linking particular members of a primary 

structural system, like column-to-rafter or rafter-to-rafter 
roof connections, seems to be of crucial importance in the 
dynamic analysis [5, 6, 7]. These connections, usually 
designed as frictional links, are exposed to degradation or 
even disintegration during strong seismic shocks. Partial loss 
of contact resulting in the decrease of contact surface 
between connection’s members or even total separation of 
connection’s elements may happen due to seismic action. 

In the paper the global nonlinear dynamic response of a 
steel frame, which is the basic module of the primary system 
of the steel hall, to a strong seismic shock is analyzed. 
Additionally, the nonlinear behavior of the roof ridge of the 
frame, designed as a bolted apex connection, is identified 
and explained in details.  

 

II. BASIC DESCRIPTION OF THE ANALYZED STEEL FRAME 
The calculations of the dynamic response to a strong 

earthquake were performed for a part of industrial steel hall. 
The main geometry and dimensions of the hall were based 
on the existing design. The industrial hall had a rectangular 
shape of the following dimensions: the width 21.0 m and the 
length 66.0 m.  

The primary structural system of the hall consisted of 12 
single-storey steel frames arranged regularly at spacings of 
6 m in the longitudinal direction. Each frame had straight 
vertical columns and tapered rafter sections. No interior 
column was mounted; the frame was created as a clear span.  

The height of the frame measured from the base level 
(concrete underlayment) varied from 6.5 m at the eave struts 
to 7.5 m at the ridgeline of the roof.  The frames were fixed 
at the base. 

Both  columns and rafters were made of straight, rolled H 
section profiles: HEB 300. The main frame of the primary 
structural system of the hall is presented in Fig. 1. 
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Figure 1.  The primary structural frame of the hall. 

The exterior columns of the frame were fixed in the base. 
The connections between columns and rafters were created 
as end-plate joints. The end plates were welded to the rafters 
and fastened to the columns by eight 24-mm diameter bolts 
arranged in four rows. The bolts were pre-tensioned with the 
force of 200 kN. Additionally, the connection was 
strengthened by a haunch. The details of the column-rafter 
connection are presented in Fig. 2. 

 
Figure 2.  The end-plate joint connection between the column  

and the rafter. 

The roof ridge constructed as bolted apex connection 
(accordingly to  Eurocode 3-8 [8]) is shown in Fig. 3. The 
connection consists of two end plates and three rows of 24-
mm diameter bolts (two bolts in a row). The end plates were 
made of 25 mm thick steel sheets of dimensions 
30 x 41.5 cm. The end plates were welded to the rafters and 
joined together by the bolts. The bolts were pre-tensioned 
with the force of 200 kN. 

 
Figure 3.  The bolted apex connection between rafters in the roof ridge. 

The geometry of the end-plate metal sheet along with the 
location of the bolts is shown in Fig. 4. The typical behavior 
of such connection under the dead and live load from snow  
results in tension of the bottom side and compression of the 
upper side of the connection. For this reason two rows of bolt 
were placed in the bottom part and one in the upper part of 
the end plate.  

Both the end-plate column to rafter and the rafter to 
rafter connections were designed as frictional connections. 
According to Eurocode 3-8 a friction coefficient was 
assumed 0.2. This value is usually expected in case of 
surfaces with no pretreatment.  

 
Figure 4.  The end-plate metal sheet of ridge connection. 

The secondary structural system of the main hall 
consisted of roof purlins, girts, eave struts and bracings. The 
roof area was equipped with purlins: horizontal beams 
spanning between frames. The purlins were the principal 
members of the roof secondary support system supporting 
roof panels, transferring loading to the frames and helping 
stabilize the roof. The girts constituted  the principal 
members of the wall secondary support system. They, like 
the purlins, transferred the loads imposed on the covering 
system of the wall panels onto the frames. Both the purlins 
and the girts were design as simply supported beams, 
connected to the main steel frames by bolts (Fig. 5a). They 
do not  constitute continuous beams (Fig. 5b). 
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 (a)   
 

(b)  
Figure 5.  Details of : a) simply supported girts; b) continuous girts [9]. 

The fact that the purlins and girts are constructed as 
simply supported beams (see Fig. 5a) is of a crucial 
importance for the dynamic analysis. Since the whole 
structure is relatively soft in the direction perpendicular to 
the planes of the main frames, the dynamic analysis can be 
carried out for one steel frame only instead of analyzing the 
whole structure. Such simplification is possible due to the 
fact that the elements of the secondary structural system, i.e. 
purlins and girts, constructed as simply supported beams do 
not stiffen the whole structure as much as continuous beams. 
The torsion of the rafters is almost free in this case. The 
displacements of frames in the out-of-plane direction are also 
less limited. 

III. EXPERIMENTALLY DETERMINED CONSTITUTIVE 
PARAMETERS FOR STEEL MATERIAL 

The elements of the analyzed frame were made of  
structural steel of a commercial symbol S235JR. It was 
decided that in dynamic analysis the elasto-plastic model of 
the steel material will be used. The real nonlinear behavior of 
the structural steel during the dynamic analysis was 
guaranteed by experimentally determined material 
parameters. The stress-strain curve for the structural steel 
was obtained on the basis of the tensile test of the rectangular 
steel specimen, which was performed using the Zwick-Roell 
universal testing machine. For comparison, a numerical 
simulation of above mention test was also carried out. The 
numerical process was conducted with the ABAQUS 
software [10]. The specimen was discretized by the SHELL 
S4R finite elements. In the numerical calculations the 
parameters of the non-linear elasto-plastic steel material 
were taken from the experiment.  

The theoretical  strain-stress curve was determined as a 
result of the experiment. Hence, it could be stated that the 
parameters of the elasto-plastic model of  steel were verified 
experimentally.  

Figures 6a and 6b show the experimental tensile test and 
its numerical simulation, respectively, for a specimen  made 
of the structural steel material.  

 
Figure 6.  Tensile test of the steel material: a) experiment,  

b) numerical simulations. 

Fig. 7 presents the comparison of the curves obtained 
from the numerical simulation and from the experimental 
tensile test. On the basis of Fig. 7 it could be noticed that  
good agreement of both curves was obtained.  

 

 
Figure 7.  The comparison of the stress-strain curves obtained from the 

experimental tensile test and from the numerical simulation. 

The experimentally obtained yield curve data of the 
structural steel are summarized in Table 1.  

TABLE I.  CONSTITUTIVE PARAMETERS OF THE ELASTO-PLASTIC 
STEEL MATERIAL 

Yield stress 
[MPa] 

Plastic strain 
[ - ] 

245 0.00000 
250 0.00020 
251 0.00026 
252 0.00032 
255 0.00055 
257 0.00100 
259 0.00168 
260 0.00250 
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265 0.00631 
270 0.00870 
280 0.01270 
290 0.01680 
300 0.02150 
320 0.03300 
330 0.04050 
340 0.04900 
350 0.06000 
360 0.07500 
370 0.09600 
375 0.11200 
378 0.12600 
380 0.13750 
383 0.17300 
383 0.22000 

 
The elasticity modulus of 195 GPa was also obtained 

from the experimental test. The Poisson’s ratio of 0.3 and the 
mass density 7850 kg/m3  were assumed. 

The material of the bolts was also described as an elasto- 
plastic. Due to the lack of experimental data, the material 
parameters were assumed on the basis of the literature data 
[11]. The elasticity modulus of 210 GPa was used. The 
adopted strain-stress elasto-plastic curve is shown in Fig. 8. 
The yield stress of 900 MPa and the limit stress of 1003 MPa 
were assumed for the steel material of  bolts. 

  
Figure 8.  The adopted stress-strain curve for the bolt steel material [11]. 

IV. SEISMIC INPUT DATA 
A strong seismic shock of Northridge (1994) [12] was 

applied as the kinematic excitation (accelerations) for the 
dynamic analysis of the structure. The magnitude of the 
shock equaled 6.7. Two components of the Rayleigh shock 
wave, horizontal and vertical, were taken into consideration 
during the dynamic analysis. The time history of 
accelerations acting in the horizontal, in-plane direction is 
shown in Fig. 9a, whereas the time history of accelerations in 
the vertical direction is presented in Fig. 9b. The maximal 
values of accelerations in horizontal and vertical direction 
equaled 17.45 and 10.28 m/s2, respectively. 

 

 
Figure 9.  Time history of accelerations in: a) horizontal in-plane 

direction; b) vertical direction. 

V. THE NUMERICAL MODEL OF THE FRAME  
WITH BOLTED APEX CONNECTION 

A. Comments on the numerical model of the entire frame 
A three dimensional FEM model of the steel frame was 

created using the ABAQUS software. The whole structure 
except the analyzed bolted apex connection and the column-
rafter connection was discretized with about 5000 8-node 
continuous shell finite elements SC8R, provided by the 
ABAQUS element library.  

The elements of the secondary structural system were not 
included in the numerical model. They were replaced by 
concentrated forces which represent the dead load of the roof 
and the walls and the live load. 

Neither springs representing soil-structure interaction nor 
dashpots characterizing ground damping were taken into 
consideration in the numerical model. Such boundary 
conditions reflected the very stiff ground that the frame is 
founded on. Hence, it was possible to apply the seismic 
motion of the ground directly to the column footings. 

B. Details of the numerical model of the bolted apex 
connection 
In order to obtain accurate results the mesh of the 

analyzed connection was densified. The apex and the end-
plate joints (end plates, bolts, and fragments of rafters and 
columns close to the end plates) were modelled with about 
30000 brick, linear C3D8R finite elements  provided by the 
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ABAQUS library. The numerical model of the bolted apex 
connection with a FE mesh is presented in Fig. 10 whereas 
the single bolt with a washer is demonstrated in Fig. 11. 

.  

 
Figure 10.  The bolted apex connection model with a FE mesh. 

 

 
Figure 11.  The model of the single bolt with a FE mesh. 

The unilateral  frictional contact between end-plates and 
bolts (both shanks and washers) as well as between two end 
plates, was modeled by surface-to-surface contact elements. 
To allow for misplaced bolts, holes in end plates were 2 mm 
oversized.  

The pretension of the bolts was realized by generating 
initial thermal strains by assuming thermal expansion 
coefficient of the bolt material C0

151008.1 −⋅ , and cooling 

the bolts by C0530 . The bolts’ pretension caused initial 
compression of the end-plates resulting in concentration of  
plastic zones (about 0.8% equivalent plastic strain) around 
the bolt holes even before the dynamic shock had been 
imposed on the structure (see Fig. 12).  

 
 

 
Figure 12.  Distribution of equivalent plastic strains concentrated around 

the bolts due to the application of compression forces  

VI. DYNAMIC RESPONSE OF THE FRAME TO THE SEISMIC 
SHOCK 

A. Global dynamic loss of stability of the frame 
The dynamic response of the frame to the strong seismic 

shock was evaluated by the time history analysis using the 
Hilber-Hughes-Taylor direct integration method for the 
solution of equations of motion.  A minimal time step 
increment of 10-5 s was necessary for this highly nonlinear 
analysis to obtain convergence.  

The Rayleigh model of damping, proportional to the 
stiffness and the mass of the structure, was applied with 
coefficients determined for damping ratios 2.5 % referring to 
the first and the second circular frequencies.  

The global frame behavior during the phase of strong 
motion of the ground is presented in Figs 13-15.  

 
Figure 13.  The in-plane motion of the frame performed up to about 7 s 
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Figure 14.  The out-of-plane configuration of the frame resulting from the 
global loss of dynamic stability during the phase of strong ground motion 

 
Figure 15.  The final equilibrium configuration of the frame (at the end of 

the phase of strong ground motion) with the bolted apex connection 
displaced approximately by 2 m and rotated by 60o 

From the very beginning of the shock the frame, excited 
in longitudinal direction Z and vertical direction Y, 
performed the in-plane motion up to about 5.6 s (Fig. 13). 
Then, the phase of strong movements of the ground started  
and the frame was reported to have the out-of-plane motion 
(Fig. 14). Once the amplitudes of ground motion had grown 
substantially, the frame lost its global dynamic stability. This 
phenomenon appeared due to some material imperfections, 
like non-uniform mass distribution resulting from 
irregularities of the mesh. The global configuration of the 
frame at  the end of the phase of strong ground motion (9.5 s) 
is presented in Fig. 15. The roof ridge of the frame is 
displaced by approximately 2 m. The rotation of the roof 
ridge, reaching about 60o, is also clearly visible (Fig. 15). 
Despite the large displacements and rotations caused by the 
phase of strong ground motion, the frame did not collapse. It 
stabilized in a new state of equilibrium configuration and 

from now on (9.5 s) to the end of the shock (16 s) oscillated 
around this new configuration. 

B. Local non-linear behaviour and degradation of the 
bolted apex connection 
The final configuration of the bolted apex connection 

along with the distribution of equivalent plastic strains are 
presented in Fig. 16. One raw of bolts is removed from the 
view to reveal the plastic strain concentration in the end 
plates in the vicinity  of the bolts holes. The rotated 
connection is shown along with the global coordinate system 
to present the rotation of the roof ridge, which was initially 
placed vertically (parallel to the vertical axis Y), having two 
upper bolts located at the top.  

The zones of equivalent plastic strains in the end plates 
were enlarged significantly in comparison with the small 
areas affected by yielding caused by the bolts pre-tension 
(see Fig. 12). The maximal value of this plastic measure 
reached 5.7% in the end plates.  

 
 

Figure 16.  The final position of the bolted apex connection rotated by 
approximately  60o along with equivalent plastic strains distribution 

It is clearly visible that significant  displacement and 
rotation of the bolted apex connection is accompanied by the 
partial separation of the end plates. The contact surface 
between the end plates considerably decreased as shown in 
Fig. 17. 
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Figure 17.  The final contact surface between the end plates (red area) 

reduced by the seismic shock  

The loss of contact between the end plates is also evident 
in Fig. 18. The split of the end plates resulted in further 
indicators of degradation of the connection: the parts of the 
rafters adjacent to the end plates as well as the bolts affected 
by additional tension resulting from the split underwent 
significant yielding.  

 
Figure 18.  The deterioration of the bolted apex connection: the lost of 

contact between the end plates,  the yielding of the rafters in zones adjacent 
to the end plates, the yielding of the bolt resulting from additional tension  

However, it must be emphasized that the mechanisms of 
the additional plastic zones evolution are not the same for the 
rafters as for the bolt. In case of the rafters, the parts adjacent 
to the end plates yielded in compression, whereas the bolt 
experienced strong tension.  

Fig. 19 shows the time history of equivalent plastic strain 
(black line) and the logarithmic minimal principal strain (red 
line) at a point located in the rafter’s plasticized zone, 
whereas Fig. 20 presents the development of plastic 
measures at a point situated in the bolt shank. 

 
Figure 19.  Time history of of equivalent plastic strains (black line)  

and the minimal principal strains (red line) at a point located  
in the rafter’s plastic zone 

 
Figure 20.  Time history of of equivalent plastic strains (black line)  

and the maximal principal strains (red line) at a point located  
in the bolt’s plastic zone 

First of all, it could be noticed that the time histories of 
both, minimal and maximal, logarithmic principal strains 
presented in Figs 19 and 20 respectively, show that the 
oscillations of strains resulting from ground vibration were 
negligibly small in comparison with the rapid increase in 
strains that occurred due to the loss of dynamic stability at 
about 7 s. 

It is also clearly visible that the rafter dominant strain is 
compressive - the maximal equivalent plastic strain (around 
4 %) and the minimal principal strain were almost the same 
(see Fig. 19).  

The opposite situation can be detected in case of the 
plastic behavior of the bolt shank. The maximal equivalent 
plastic strain was almost identical with the maximal principal 
strain developed in the bolt strongly pulled after the 
connection disintegration (see Fig. 20).   

The chart in Fig. 21 illustrates the stress-strain curve for 
the pre-tensioned bolt shank. After the global loss of stability 
of the frame, the bolt underwent plastic yielding and the 
substantial jumps of principal strain were observed twice, 
reaching a level of approximately 4 and 7.5 %, respectively. 
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Also several stages of elastic loading-unloading cycles can 
be recognized, with the final elastic stress-strains oscillations 
around the new state of equilibrium configuration (see 
Fig. 15), that started after the phase of the strong ground 
motion had been finished.  

 
Figure 21.  The stress-strain curve for the pre-tensioned steel bolt  

under the earthquake 

The equivalent plastic strains in the bolt with the 
maximal value of approximately 7.3 % were distributed as 
shown in Fig. 22. This distribution of plastic strains as well 
the bolt deformation indicate the effect of bending of the 
bolt. It occurred due to the partial split and the deformation 
of the end plates. 

 

 
Figure 22.  The distribution of the equivalent plastic strains in the pre-

tensioned steel bolt bent due to the end plates deterioration 

VII. CONCLUSIONS 
 
In the paper the global nonlinear dynamic response of a 

steel frame, which is the basic module of the primary 
structural system of the steel hall, to a strong seismic shock 
was analyzed. Additionally, the nonlinear behavior of the 
roof ridge of the frame designed as a bolted apex connection 

was studied in detail. The following conclusion can be 
formulated on the basis of the analysis: 
1. Global nonlinear behavior of the frame occurred – it lost 

dynamic stability during the phase of strong ground 
motion. The time histories of plastic measures showed 
rapid grow when the strong ground motion initiated.  

2. Local non-linear behavior and disintegration of the bolted 
apex connection took place - the contact surface between 
the end plates of the connection considerably decreased. 
The pre-tensioned bolt underwent bending due to the 
partial split and the deformation of the end plates. 

It should be strongly emphasized that only a 3D modelling of 
the structure enables to identify both global and local 
nonlinearities of dynamic behavior. 
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Abstract—Residents of buildings are increasingly calling on 

designers to take comfort conditions of living spaces into account in 
their analysis in addition to the safety of use or functionality. This is 
particularly important in the case of low-energy and passive 
buildings, buildings for which only we elaborate rules of good 
design. Ensuring comfort of living spaces includes taking account 
different aspects of it. One of the aspect is vibrational comfort which 
is difficult to ensure. In this article the possibility of using one of the 
energy-saving technology to reduce the influence of vibration on 
humans is presented. Two variants of FEM models of the same 
building were made to compare traditional technology of construction 
slabs with the technology with using insulation materials. Both 
variants have been subjected to kinematic excitation coming from a 
passing tram. Then influence of vibrations on humans using the RMS 
value in both variants was analyzed. The results of the analysis and 
conclusions are also presented in this paper. 
 

Keywords—FEM model, Insulating materials, RMS value, 
Vibrational comfort. 

I. INTRODUCTION 
N recent years the importance of environmental influences 
gradually increasing. This is because we live in an 

increasingly polluted environment. The pollution should be 
understood as not only air or water pollution, but in 
accordance with Polish Law on Environmental Protection [1] 
this is also a noise and vibrational pollution. The first 
recommendations for ensuring acoustic comfort and vibration 
may be found in [2]. The Regulation [2] sets 6 basic 
requirements for the performance of buildings. They concern: 

• mechanical resistance and stability, 
• fire safety 
• health and environmental hygiene, 
• safety in use, protection against noise, 
• energy savings and thermal insulation. 

The Act [3] introduces a set of functional requirements to be 
met by buildings - including protection against acoustic noise, 
complementing acoustic requirements for the protection 
against vibrations that are received passively by man located 
in a building. And in [4] the issue of protection against noise 
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and vibration is dedicated section IX, which defines the scope 
and the way to protect the building and its surroundings, with 
an indication of the acoustic requirements included in the 
technical standards. The essence of the requirements of anti-
noise and anti-vibration protection is very well captured in § 
325 (included as the first in section IX). 

To give technical sense of this requirement in the 
Regulation [4] are listed a number of issues that must be 
considered during designing a building:  

• suitable for reasons of acoustic locations of residential 
buildings, housing and public buildings: the recommendation 
of locating in the least exposed to the occurrence of noise and 
vibration,  

• reduce the risk to the building caused by noise and 
vibration - by maintaining the distance between sources of 
noise and vibration and buildings in which there are rooms 
that require protection against external noise and vibration, as 
well as the use of appropriate protection against noise and 
vibration in the form of suitably shaped building, 

• suitable acoustic properties of interior and exterior 
partitions in the building, 

• the acoustic quality used in building technical devices 
representing the equipment of the building, 

• anti-noise and anti-vibration protection installations - 
limiting the generation of noises and vibrations, and spread 
them in the building and penetration into the building 
environment. 

The Annex to Regulation [4] "List of Polish Standards 
mentioned in the Regulation" gives the following standards 
relating to Section IX "Protection against noise and vibration": 

• PN-87 / B-02151.02, "Limit values sound levels in rooms" 
[5], defines acceptable levels of noise penetrating into spaces 
subject to acoustic protection, 

• PN-B-02151-3: 1999, "Acoustic partitions in buildings and 
acoustic insulation of building elements. Requirements " [6], 
lays down minimum acoustic properties of the interior and 
exterior partitions in the building, 

• PN-88/B-02171, "Evaluation of vibration influence on 
humans in buildings" [7], defines acceptable levels of 
vibrations transmitted to the building and received passively 
by humans staying in the building, 

• PN-85/B-02170, "Evaluation of the harmfulness of 
building vibrations due to ground motion" [8] gives methods 
to assess the influence of vibration on buildings giving a 
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detailed assessment methodology, and the approximate 
assessment of the scale SWD, which are subject to compact 
masonry buildings up to 5 storeys. 

A set of the issues listed in the Regulation [4], which should 
be taken into account by the designer of the building is a list of 
issues relating to the anti-vibration and anti-noise protection of 
the building together with a general indication of the ways to 
resolve them. According to this arrangement every building 
design should be analyzed and the acoustic effects of chosen 
designing solution should be evaluated.  

II. PROCEDURE FOR EVALUATION THE VIBRATION INFLUENCE 
ON PEOPLE RESIDING IN THE BUILDINGS  

The primary level of reference in assessing the influence of 
vibrations on humans is called perception threshold of 
vibration. The results of research in this area are basis for 
formulating criteria for assessing the influence of vibrations 
on humans. If the vibrations at the point of  their perception by 
human are characterized below the perception threshold then 
vibrations can be considered as undetectable by humans. Fig. 
1 shows two lines which represents perception threshold of 
vibrations in horizontal and transverse directions. 

 

 
Fig. 1 Perception threshold of vibration for humans in buildings. 

 
One of the factor that influences on the sensibility of 

vibration by the people is the position of the vibration 
perception by human. In standards approaches in order to 
ensure comparability of measurements results are adopted in 
the same receiving positions of vibration by human. Standing 
and sitting positions are treated as one because of the axis "z", 
which extends along the spine in these positions is the vertical 
axis, while the axes "x" and "y" are horizontal axes. In the 
supine position while the axis "z" becomes the horizontal axis, 
the axis "x" is the axis on the back-chest, while the axis "y" 
assumes a direction side by side (see Fig. 2 acc. [9]). 

 

 
Fig. 2 Directions of receiving vibration by human. 

 
To receive from the perception threshold of vibration, lines 
that are representing the vibration comfort they should be 
multiplied by the appropriate factor (see Table 1 acc. [7]). As 
shown in the following table, the value of the correction factor 
depends on the time of a day, a room destination and the 
frequency of vibration. 

Table 1 
Values of correction factor  

Room destination The time 
of day 

Value of correction factor 
depending on repeatability  

of vibration 
Continuous 
vibrations 

or 
vibrations 
occurring 
more than 
10 times 
per day 

Vibrations 
occurring 

less than 10 
times per 

day 

operating theaters, 
precision laboratories, 
etc. 

day 
night 1 1 

hospitals, patients 
rooms etc. 

day 2 8 
night 1 4 

apartments, residence 
rooms, dormitories, etc. 

day 4 321) 

night 1,4 4 
offices, schools, etc. day 

night 4 642) 

workshops, factories, 
etc. 

day 
night 8 1283) 

1)factor refers to the time in which the operations take place or in 
which laboratories are precise actions 
2) factor may be doubled if there are applicable occasional 
vibrations previously announced 
3) factor may be doubled for work in heavy industry workshops 
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To evaluate the influence of vibrations on humans according 
to [7,9] so-called effective value RMS of vibration 
acceleration determined from the formula (1) is needed: 

𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅 = �1
𝑇𝑇 ∫ 𝑎𝑎2(𝑡𝑡)𝑑𝑑𝑡𝑡𝑇𝑇

0       (1) 

where: T- averaging period [s]. 
In vibration perception points by humans based on the 
recorded signal of vibration acceleration for analyzed 
vibration direction, the RMS value is calculated in 1/3 octave 
bands. Than calculated RMS is compared with the limit values 
resulting from multiplying the perception threshold of 
vibrations by a correction factor. An example of such an 
analysis is shown in Fig. 3 (acc. [10]): 
 

 
Fig. 3 The result of RMS analysis of floor vertical vibrations caused 

by train passing (acc. [10]) 
 

As it can be seen from the above figure for frequency equal 
31,5 and 50 Hz the perception threshold of vibration in 
vertical direction has been exceeded and for frequency 31,5 
Hz even comfort level at night has been exceeded. However 
for these both frequencies the perception threshold of 
vibrations in horizontal direction has not been exceeded. The 
highest value of exceedance occurs at the frequency equal 40 
Hz, in which comfort level for vertical vibrations has been 
exceeded even during a day and for horizontal vibrations this 
level has been exceeded during a night. Similar analysis were 
made in several papers, for example in [11], [12], [13]. 

III. DESCRIPTION OF ANALYZED BUILDING 
Building selected for analysis is located in Cracow near two 

kinematic excitation sources: 
• road with heavy traffic located 3,6m from the 

building, 
• tramway located 13,8m from the building (distance 

measured from the railhead) 
It is two-storey building built in traditional brick 

technology, typical in Poland (see Fig.4).  

 
Fig. 4. View of the building from the side of the tramway. 

 
Horizontal floor plans and vertical cross-section of the 

building are given in Fig. 4 -7 (acc. [14]). 
 

 
Fig. 4 Horizontal plan of building basement. 
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Fig. 5 Horizontal plan of the first floor. 

 
Fig. 6 Horizontal plan of the second floor. 

 
Fig. 7 Cross-section of the building. 

IV. DESCRIPTION OF THE BUILDING MODEL 
FEM model was made using ABAQUS program in two 

variants: model of the construction (variant 1) and model of 
construction with floor with insulating materials (variant 2). 
Material properties adopted in these two variants of the model 
are summarized in Table 2. 

Table 2 
Values of material properties. 

  Parameter 
 
 
Material 

Young’s 
modulus 
E [GPa] 

 

Poisson’s 
ratio 
ν [-] 

Mass 
density 

ρ [kg/m3] 

Reinforced-
concrete 25 0,17 2400 

Masonry 
walls 1,5 0,25 1800 

Mineral 
wool 0,04 0,20 150 

Fermacell 
floor 
element 

1,15 0,33 1125 

 
The geometry of the building was introduced into the 

ABAQUS program on the basis of inventory based on which 
Fig. 4-7 were formed. Critical damping of the entire structure 
is equal to 5%. Then boundary conditions of the model were 
adopted – it was rigid support. After the introduction of 
boundary conditions finite element mesh was assumed, using 
the triangular spatial elements (see Fig. 8). 
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Fig. 8. View of the building model. 

 
Correctness of the construction model has been tested by 

performing modal analysis, resulting in the first few natural 
frequencies. Results of modal analysis for first five natural 
frequencies are listed in Table 3. 

Table 3 
Results of modal analysis 

Mode 
number 

Natural frequency 
[Hz] 

Description of mode shape 
(orientation) 

1 7,95 1st in East-West direction 
2 10,11 1st in North-South direction 
3 13,24 Torsional 
4 21,81 2nd in in East-West 

direction 
5 26,07 2nd in North-South 

direction 
 
In an east-west direction the building has a smaller stiffness 

hence the lower values of frequency in this direction. The 
natural frequencies obtained from the model were compared 
with the frequency values measured on building of similar 
design and height (see [15]). FEM building model seems to be 
correct because the values obtained from the model are close 
to those obtained from the measurements carried out on a 
similar building. 

After verification of the structural model, numerical 
simulation of passing the tram was performed and RMS values 
were calculated in points of vibration perception by humans 
(in the middle of the floors). RMS values were calculated and 
compared with lines corresponding to perception threshold of 
vibration and to comfort level for both analyzed variants of 
building model. 

V. RESULTS OF ANALYSIS 
To obtain the RMS values in the middle of floors on the 

ground floor and upstairs (see Fig. 9) it was necessary to load 
the building foundation with excitation registered at ground 
level.  

 

 
Fig. 9. Localization of measurement point. 

 
The registered excitation signal was obtained due to 

measurements which were made on this building [14]. After 
loading the foundations of the model of the building with 
registered excitation it was possible to obtain vibrograms at 
selected points. The example of such vibrogram obtained on 
the construction in the middle of the first floor is shown on 
Fig. 10. 

 
Fig. 10. Vibrogram registered on the first floor. 

 
From such a vibrogram it is possible to make RMS analysis 

according to formula (1). Results of RMS analysis of 
construction model are shown on Fig. 11-12. As can be seen 
from figures below the perception threshold of vibration by 
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humans is exceeded on the first floor of the building. On the 
ground floor vibrations are on the edge of the human 
perception threshold of vibration. On the first floor not only 
the perception threshold of vibration is exceeded, but also the 
comfort level has been exceeded in the daytime, which 
represents the line marked on the graph as 1.4 az. 

 

 
Fig. 11. The results of RMS analysis obtained on the ground floor of 

the construction. 
 

 
Fig. 12. The results of RMS analysis obtained on the first floor of the 

construction. 
 

After the RMS analysis made for building construction, the 
floor slab has been modified by adding layers of the floor. 
Layers of the floor selected to analysis are made of energy-
efficient materials that meet a high acoustic requirements and 
in particular with the high impact sound insulation factor. 
Material properties of  insulation layers of the floor are listed 
in Table 2 and due to their high damping characteristics the 
critical damping value is equal to 7% according to [16]. The 
cross-section of the chosen floor is shown on Fig. 12. 

 
Fig. 13. Cross-section of the floor. 

 
After adding layers of flooring on the ground floor and first 

floor, the building's foundations were loaded again with the 
same dynamic forcing caused by tram passing. Once again 
vibrograms were received and on their basis the RMS analysis 
was made in the same points as for the model of construction 
itself. Fig. 14-15 shows the results of RMS analysis obtained 
from building model with acoustic floor.  

 
Fig. 14. The results of RMS analysis obtained on the ground floor of 

the construction with acoustic floor. 
 

 
Fig. 15. The results of RMS analysis obtained on the first floor of the 

construction with acoustic floor. 
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As can be seen from above figures the perception threshold 
of vibration by humans is not exceeded on both the ground 
and the first floor of the building. To be sure that on the first 
floor the perception threshold of vibration is not exceeded 
vibration perceptibility ratio WODL [17] was calculated. 
Maximum values of human vibration perceptibility ratio 
WODL and the corresponding frequency f with respect to both 
variants of the building model are presented in Table 4.  

Table 4 
Maximum values of human vibration perceptibility ratio 

WODL 
Floor  Ground floor First floor 

Construction WODL 0,98 3,07 
f [Hz] 25 25 

Construction 
with 

acoustic 
floor 

WODL 0,89 0,27 

f [Hz] 25 25 

 
WODL values above 1,0 are indicating exceed of the human 

perceptibility threshold of vibration. On the first floor of 
construction of the building this ratio is three times exceeded. 
But after addition acoustic floor, WODL value decreased 
below the human perceptibility threshold of vibration. 

It is also worth noting that the maximum WODL values are 
at frequency of 25 Hz, which is a dominant frequency of tram 
passing. 

VI. CONCLUSION 
The above example demonstrates that by using insulating 

materials on the floor it is possible to reduce vibrational 
influence on people in buildings which are localized near 
tramway. Floor layers were chosen due to their acoustic and 
energy-efficient properties. This kind of materials are not 
being measured for their dynamic properties. This is a major 
difficulty in numerical modeling to enter the relevant data for 
these materials. The dynamic material properties were 
assumed according to similar materials which were examined 
in available literature. 

The article presents situation that may occur when assessing 
the influence of vibration on people in buildings. This paper 
also presents the procedure that can be useful in the design 
situation when it’s not possible to introduce changes in the 
structure of the building but it’s possible to make some 
changes in the floor’s layers. 

The correctness of the presented method has been proven by 
comparing the building model with measurements of a similar 
object. During the RMS analysis the vibration character has 
not been lost, the maximum value of WODL ratio occurred for 
the  dominant frequency of vibrations caused by tram passing. 

Using a simple linear analysis the method of estimating the 
influence t of vibrations on people in buildings is shown. The 
next step of analysis will be to conduct nonlinear analysis for 
this purpose and compare both linear and nonlinear analysis 
with each other. If the differences will be not significant the 
linear analysis will be better because of computing time. 

A good direction for future research activities will be also 
comparing the numerical models with measurements on the 
real structure and to analyze other solutions of the inter floors.  
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Abstract—This paper discusses a human-machine interaction 

paradigm based on an operator’s body gestures and voice commands 
for assistive applications. In the context of the humanoid robots 
already present on the market for the large public use, assistive 
robotics became a wide usage area to exploit the potential synergy of 
human-robot cooperation in order to extend and enable human 
activities that would otherwise be difficult or even not possible for 
the human alone. To enable these applications, simple and natural 
communication and interaction means are needed. The algorithms 
presented in this paper can be used for solving various assistive tasks 
and are based on Dynamic Time Warping (DTW) and Isolated Word 
Recognition (IWR). The system is tested successfully on the 
particular case of NAO humanoid robot, within an experimental 
scenario.  
 

Keywords—gesture recognition, voice commands, DTW, 
assistant robot, HRI. 

I. INTRODUCTION 
HE recent research in human-robot interaction is focused 
on creating domestic applications, with an increasing 

number of personal service robots that invade our homes or 
offices. Intelligent robots provide their support in many 
unpleasant, tedious human activities. These robots need to be 
capable of acquiring sufficient understanding of the 
environment, being aware of different situations, detecting and 
tracking people, as well as establishing a successful 
communication with humans in order to be able to cooperate 
with them [1]. 

An assistant robot should be able to interpret the verbally or 
non-verbally given instructions of the human [2]. In such 
context, researchers strive to find new simpler, more intuitive 
and human-like ways of interaction, that at the same time 
require less computational power and less sophisticated sensor 
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devices. Along with other more recent approaches, the use of 
body gestures still remains a natural and thus an attractive 
alternative to cumbersome interface devices for human-
computer interaction (HCI). Among various actions, the 
pointing gesture is natural, and perhaps, the most intuitive 
interaction paradigm, effective even in noisy environments and 
useful for commanding or simply messaging a robot [3].  

In this paper we focus on the development of natural 
human-robot communication by means of human speech and 
gesture commands. In particular, we focus on using Dynamic 
Time Warping (DTW) for gesture recognition. The resulting 
module is used in combination with voice recognition to create 
human-like capabilities and behavior of the assistant robot. 
Thanks to this approach the robot gathers a very powerful 
ability: that of moving in an indicated direction and perform a 
required task - a High Level Interaction (HLI) paradigm [4] 
that we refer hereinafter as “point-and-command”. Basically, 
this interaction metaphor is about indicating the robot a spatial 
location and a task to be performed there. 

II. BACKGROUND 
Robots have been used as research tools in a variety of 

applications [1], [5], [6]. Some of them focus on how robots 
are accepted in the current society [7], suggesting an 
increasing presence of intelligent robots in our daily life, 
provided natural interaction is enabled. Latest research points 
the use of gestures as a way of interacting with computers and 
robots, as a natural and intuitive way of communication or 
option selection [1], [8].  

There are many techniques used for gesture recognition [9], 
[10]. Commonly, these techniques are divided in two main 
categories: sensor-based and vision-based. While for the first 
category, the user is forced to bear different sensing devices 
attached to his body (gloves, magnetic trackers), in the vision-
based approach the user does not require to wear any contact 
devices. The technique uses a set of visual sensors and 
algorithms to recognize gestures [8]. At the same time, 
gestures can be static or dynamic. For detecting dynamic 
gesture recognition in real time, there are issues  in 
determining the start and the end points of a meaningful 
gesture pattern from a continuous stream [11]. While static 
gesture (pose) recognition can typically be accomplished by 
template matching and pattern recognition techniques, the 
dynamic gesture recognition problem involves the use of more 
advanced techniques [12].  

Given these observations, researchers have proposed 
various solutions to optimize recognition of gestures [3], [11]. 
In this paper we will refer only to those based on vision, 

Using body gestures and voice commands for 
assistive interaction  

Răzvan Gabriel Boboc, Mihai Duguleană and Gheorghe Leonte Mogan  
 

T 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 169



 

 

generally body gestures. As shown in [13], the most widely 
used techniques for recognizing body movements are Hidden 
Markov Model (HMM), Dynamic Time Warping (DTW), 
Finite State Machine (FSM) and Neural Networks (NN). 
HMM was used in [3] for recognizing pointing gestures in 
order to control a mobile robot. They used 3D particle filters 
and a cascade of two HMM to estimate the pointing direction, 
dealing both with large and small pointing gestures. In [14] a 
probabilistic model, dynamic Bayesian network (DBN) was 
used for hand gesture recognition, which includes HMMs and 
Kalman filters. Also, NN in combination with HMM was used 
in [15] for hand gesture recognition, but the algorithm involves 
high computational costs.  

Dynamic Time Warping was first used for speech 
recognition [16], but was extended also to other areas, 
including gesture recognition [17]. As we have seen above, 
there are several techniques used for detection and recognition 
of human gestures, but the most popular are HMM and DTW. 
Some papers have demonstrated that better results can be 
obtained with DTW instead of HMM both in voice recognition 
(animal vocalization) [18] and gesture recognition [12]. 

A. Gesture recognition with DTW 
In order to detect gestures with a video camera, pattern 

matching technique or other similar algorithms can be used. 
Pattern matching involves the use of recorded drawings of 
gestures that serve as templates against which detected 
gestures can be compared. An example of such a technique is 
DTW, a template matching algorithm. The patterns are in this 
case a time sequence of measurements. DTW computes the 
cumulative distance between each pair of values of both time 
sequences, giving a measure of similarity between the two time 
sequences. 

Various improvements have been made to the DTW 
algorithm, to make it more efficient, according to various 
authors. The methods used to make DTW faster fall into three 
categories [19]: constraints, data abstraction, indexing. In [20] 
a parallelisation of the original DTW algorithm is presented, in 
order to monitor multiple data streams using graphic processor 
units (GPUs). Lately, a probabilistic approach was proposed in 
[21]. Our technique combines data abstraction with lower 
bounding technique to improve performance.  

B. Voice commands recognition 
There are many studies on speech recognition with specific 

interest in commanding robots. The main goal of almost any 
work in this area is to achieve a natural-language 
communication with the robot assistant. 

Various algorithms are used to achieve speech recognition. 
One of them is the Dynamic Time Warping (DTW), which is 
based on pattern comparison, fairly similar to the one used in 
video processing [22]. Other studies use Hidden Markov 
Models (HMMs) [23], empowering statistics to handle a 
specific vocabulary. Artificial Neural Networks (ANNs) is 
another technique used one its own or combined i.e. with 
HMM for achieving speech recognition [24]. 

For this study, we use a vocabulary approach based on 
Microsoft Kinect speech recognition library. The algorithm 
behind the library is as follows: an audio stream taken from 

Kinect sensor is parsed and then vocal utterances are 
interpreted. If the engine recognizes some elements, they are 
sent to the processing unit. If the command is not recognized, 
it removes that part from audio stream.  

III. OVERVIEW OF THE PROPOSED SYSTEM 
To identify the human gestures we used a Kinect camera 

mounted in front of the user.  This corresponds to a human 
sitting at his desk situation (Fig. 1). The Kinect camera records 
the movements and listens for voice signals recognizing the 
words spoken by the user. As a result, it sends a 'wake up' 
command to the robot.  

The assistive robot is physically able to autonomously walk 
to a specified location, recognize an object and grab it. In 
order to be able to command the robot for performing these 
tasks, a vocabulary of words and gestures was designed. It 
consists of several arm movements and speech commands 
which may be combined in several ways. Since the 
environment can be noisy or with poor lighting conditions, 
some commands have been chosen for use in both modes of 
interaction (by gesture and voice). Thus, for starting the 
interaction with the robot, the users can perform an 
initialization gesture or can speak the robot name.  

The robot has a fixed initial position, which is marked with 
a NAOmark, as in Fig. 2. Objects are placed in different 
positions in the room. After the connection with the robot is 
established, the user can ask the robot to bring him an object 
indicated by pointing gesture (Fig. 8). The robot will move in 
the indicated direction, will identify the object and will grab it, 
then will move back to the user. If the robot encounters certain 

difficulties such as obstacles or can’t identify an object, it asks 
by voice or by a predefined gesture. In [4] this paradigm 
(name here “point-and-command”) was defined as a high-level 
command, which do not explicitly specify the target location, 
but help robots in autonomous target selection. 

A. Hardware and software prerequisites for theoretical 
and experimental studies 

Microsoft Kinect sensor was used in this work for both 
gesture and speech recognition. This sensor is a low cost 
capture device originally developed for the Xbox 360 video 
game console. It contains a RGB-D camera for image 
acquisition and an array of four microphones for capturing 

 
Fig. 1. Overall view of the system architecture 
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sound and locating its source. Due to its benefits, Kinect was 
used for research purposes, enabling touch-less interactions 
through voice and gesture. Users can move freely, without 
being constrained to wear other sensors or devices on their 
body. 

Kinect for Windows SDK was used, which is a toolkit that 
provides an interface to interact with the device. It provides 
API libraries for .NET and C/C++ applications that run on 
Windows platforms. 

Kinect SDK tracks 3D coordinates of 20 body joints in real 
time (30 frames per second) and the obtained joint positions 
are used to recognize the gesture or posture which will 
command the robot.  

A desktop PC is the main processing unit. As is illustrated 

in Fig. 1, on this computer runs the application that allows 
gesture recognition, voice recognition, a speech/gesture 
integrator system and the communication with the robot. The 
computer is equipped with an Intel core i7 X 990 CPU 3.47 
GHz, 12 GBs RAM.   

IV. METODS 

A. Human's gestures recognition  

In gesture recognition, a comparison between two sequences 
is essential. Dynamic gesture recognition typically contains 
two components: segmentation and recognition [25]. 
Segmentation is the process of locating a gesture from a frame 
sequence. We use DTW technique to assess the similarity 
between two video sequences obtained from Kinect sensor. 
The input data is compared with a predefined sequence; the 
two sequences are aligned in order to determine the minimum 
cost path. This minimum cost represents the optimal alignment 
between the two sequences, which means that the 
corresponding gesture is considered to be recognized. 

A problem that occurs is to know when to start the gesture 
recognition procedure, because if a gesture differs only in 
starting position from the predefined sequence, the result of 
the alignment with DTW technique will be very different. For 
this, we choose to use an initialization phase, which consists of 

a simple word spoken by the user, by which the robot is 
warned that the user wants to start a gesture interaction. When 
that predefined word is pronounced, the program automatically 
starts the gesture recognition process. The end of the gesture is 
considered when the hands stops moving.  

B. Structure of the proposed algorithm 
The flow diagram of the proposed algorithm is shown in 

Fig. 3. As it can be seen, the first stage is to detect the human. 
After that, features are extracted. The DTW algorithm is 
applied to the extracted vectors and if the gesture is 
recognized, then the robot will perform the requested action. 
Otherwise, it will initiate a speech interaction in order to ask 
for further details.   

The proposed gesture recognition algorithm involves 4 
steps: 1) automatic human detection, 2) feature extraction, 3) a 
gesture pattern stage, where gestures are compared with 
reference gestures, 4) gesture recognition (Fig. 3). 

The first stage of the algorithm is to detect the human body. 
This is facilitated by the Kinect sensor that can find the 
skeleton using a very fast and accurate recognition system that 
requires no setup, because a learning machine has already been 
instructed to recognize the skeleton. Joint positions are 
obtained like in Fig. 4. For this study, just the arm joints are 
relevant, especially hand, wrist and elbow joints. The 
coordinates of that joints form a feature vector.  

For simplicity, two assumptions were made: first, it was 
assumed that a single person is presented at a time in front of 
the sensor and second, that person has a sitting posture. The 
initiative of initiating an interaction with the robot belongs to 
operator. After the initialization stage, the system is ‘prepared’ 
to recognize the gesture performed by the user. The gesture 
should be performed quickly because is represented on 33 
frames. After the 33th frame, the feature vector is compared 
with sample gestures. Once a gesture is recognized, depending 
on its significance, the 
system will decide what 
task the robot should be 
performed.  

Feature extraction. 
The most important 
information about a 
body gesture is the 
motion of limbs. In this 
case, upper limbs are 
relevant because the 
system was designed for 
humans sitting on chair. 
The motion of an arm is 
described by its 
trajectory in space. This 
trajectory represents a 
time sequence of 
positions of the arm.  

The feature vector captured from Kinect contains the x, y 
positions of each arm joint. This vector is then preprocessed in 
order to prepare it for DTW computation. Preprocessing stage 
includes eliminating missing or redundant data and other 
variations and set vector length. The feature vectors that are 

 
Fig. 2. Layout of the testing room 

 
Fig. 3. Gesture recognition flow 

diagram 
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characteristic for a command gesture are extracted and then 
stored into a database. 

The minimum distance from the Kinect device for an 
accurate detection is 60 cm. The sensor is placed on a tripod, 
in front of the user’s desk (see Fig. 8).  

C. DTW Method 
Dynamic time warping (DTW) is a powerful technique in 

the time-series similarity search [26]. An overview of this 
method is given below. 

Given two time series sequences: x = x1, x2, … , xi, …., xn of 
length n and  y = y1, y2, …, yj, …, ym of length m, a n-by-m 
matrix can be obtained, where each element of the matrix 
represents the distance between two elements of the time 
series, named cost matrix. The optimal alignment between x 
and y needs to be found, such that the overall cost is minimal. 
A warping path w = w1, w2, …, wk, …, wp defines such 
mapping between the elements of the two time series (Fig. 5). 

DTW(x, y) = min   
The DTW warping path is constrained to follow some 

restrictions, like monotonicity, continuity, warping window, 
slope constraint and boundary conditions [27]. 

The cost for the optimal alignment is recursively obtained 
by:     

  As we said above, new versions of DTW algorithm were 
developed for improving speed, while others were developed 
for improving accuracy. The lower bound technique for DTW 
was first proposed in [28]. A lower-bound function for DTW 
is a function that always returns a value smaller than or equal 
to the actual DTW distance. The most cited lower bound is 
LB_Keogh, which uses the warping path to compute an 
envelope on the warping cost. Improved versions of the 
envelope technique were proposed in [29].  

The warping envelope of time series x is represented by the 
pair U(x) and L(x), where: 

U(x)i = maxk {xk | |k-i| ≤ γ} 

L(x)i = mink {xk | |k-i| ≤ γ },  i = 1, .., n, where γ is a local 
constraint 

The lower bounding function LB_Keogh is defined as: 

 
In order to satisfy the requirements of a robust gesture 

recognition system for interaction with a mobile robot, we 
propose an improved version of DTW, that combines several 
techniques, as will be shown below. 

The time complexity of DTW algorithm is O (n*m) for two 
sequences like those presented above, which makes the 
method not practice for longer time series. Although our 
sequences, represented by feature vector are small, we decide 
to use the algorithm presented in [19], which is O(n) both in 
time and space. The presented method, named FastDTW, uses 
a multilevel approach with three steps: coarsening, projection 
and refinement. First, the size of time series is reduced by 
averaging adjacent pairs of points, and then a warp path is 
calculated for this lower resolution, which will be used to find 
the warping path for higher resolutions. Finally, the warping 
path is refined, searching for the optimal path on each side of 
the projected path, according to a radius parameter, that 
indicates the number of cells to be evaluated.  

FastDTW was slightly modified. After the coarsening step, 
the minimum distance warping path was obtained using 
another technique, a lower bound function introduced in [29], 
that that offers a plausible speedup [30]. Given the time series 
presented in section 2.1, LB_Improved is defined as: 

LB_Improved (x,y) = LB_Keogh(x,y) + LB_Keogh(y, 
H(x,y)) , where H(x,y) is the projection of x on y: 

 , i = 1, 2,…,n 

DTW compares the sequence obtained for an unknown 
gesture to one or more reference templates. Having more 
reference templates, the recognition rate will be higher, but the 
computing time also increases. For this reason, an approach 
implemented in [31] for speech recognition is used. This 
algorithm, named Quantized DTW, stores one reference model 
for each gesture. This algorithm was adapted for gesture 
recognition.  

The Quantized DTW together with FastDTW and 
LB_Improved were combined in order to obtain a fast and 
accurate gesture recognition algorithm. 

V. HUMAN-ROBOT INTERACTION 
HRI inputs are diverse, but we focus in this paper on vision 

and speech. Computer vision was used to process human 
gestures and to detect objects, while speech was used to 
exchange information between human and robot. User can give 
instruction to the robot using both gesture and voice, in the 
same way as people communicate with each other.  

A. Gesture interaction 
A gesture is a bodily movement made intentionally by a 

human in conversation, in order to aid in better understanding 

 
Fig. 4. Kinect joints 
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of what he said. In human communication, hand, head and arm 
gestures play an important role.  

In HRI domain, since assistive robots interact with non-
expert users, natural interfaces are essential and therefore 
robots should be able to understand the modalities used by 
humans during interaction. The same as in human-human 
interaction, a gesture can provide information or to 
communicate intention to robot. A set of gestures was created, 
which represents the ‘command vocabulary’ for HRI. In Table 
1 are shown the defined gestures. Most of the gesture were 
inspired from [32]. 

Special attention was given to pointing gesture because is an 
easier way to draw robot’s attention indicating an object or a 
location in space and is useful for non-expert users. Once the 
gesture was been detected, the next step is to estimate the 
pointing direction. For this work, we need to calculate the 
angle between user’s arm and shoulder center. Three joints 
from the skeleton describe this gesture: shoulder center, 
shoulder and hand (Fig. 6). The estimated angle was calculated 
using the following formula:  

 
, where v1, v2 are 

two vectors: 
v1 = Shoulder – 

Hand 
v2 = 

Shoulder_Center - 
Shoulder   

The pointing 
gesture is used 
only when the 
robot is in the 
home position, 
knowing its 
orientation and the 
distance from 
Kinect. Otherwise, 
it does not know in 
which direction to 
go. 

All gestures are 
made with arms, 

excepting two: head nod and head 
shake. We choose to use these 
gestures because are the most 
commonly used in interpersonal 
communication when they accept or 
reject something. As simple head 
tracking algorithm was used, taking 
into account the head rotation on 
the sagittal or transverse plane. 

Some gestures have different 
meanings depending on the context.  
For example, when the user says 
‘Rotate left’ and robot is moving, it 
will change direction of walking to 
left with 15°. If the robot is not 
moving, the same command will 

refer to robot’ camera, and then it will rotate the head 15° to 
left.  

To make the 
interaction more 
realistic some 
basic behavior for 
humanoid robot 
were developed 
(like shrugging, 
confused - robot 
scratches its head.  

B. Speech 
interaction 
As for gesture interaction, a set of speech commands was 

created. In Table 2 are shown the basic verbal phrases used in 
interaction, but is not a complete table because some of them 
can be combined to form predefined utterances, as it will be 
shown in below. 

For starting the interaction with the robot, the user is 
required to say the robot’s name (“NAO”) in order to know 
that user is speaking with it.  

The voice command system was created using Kinect for 

 
Fig. 5. a) The alignment of two time series (x, y) by DTW; b) and the mapping between them – the 

warping path (with blue dots) 

Table I. Gesture vocabulary 

 

Fig. 6. Pointing angle 
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Windows SDK, combined with Microsoft Speech Recognition 
(MSR) API. Kinect SDK provides various audio capabilities 
and Microsoft Speech platform provides classes to work with 
speech recognition captured by Kinect sensor, converting 
spoken words to written text. The sensor can detect audio that 
is within ± 50 degrees in front of sensor and also supports up 
to 20 dB of ambient noise cancellation.    

Microsoft Speech Recognition has advanced grammar and 
vocabulary and it doesn't require any training for the models. 
The user should create his grammar with the desired keywords. 
A Kinect handler will initialize audio stream and will start the 
audio capturing. Once the speech recognition engine starts, 
user will load the grammar and from now the system is ready 
to listen from Kinect. Then, each recognized word has a 
confidence level, showing the reliability of the detection.  

C. Gesture/speech fusion 
Speech and gesture recognition modules are run 

simultaneously. After the command “Attention” (by gesture) or 
“NAO” (by voice), the system waits for another command that 
can be by gesture or by voice. There are four possibilities 
resulting from combination of interaction modalities: only 
gesture (G), gesture+voice (GV), voice+gesture (VG), only 
voice (V). Each command is sent to the decision system, which 
is based on different rules and, according to these rules, the 
task that have to be performed is identified. If the commands 
are GV or VG, the system decide if gesture command is 
congruent or not with voice command. The tasks or actions 
implemented are the following: navigation (N), fetching (F), 
grabbing (G), pushing (P), and teleoperation (T).  

The following rules constitute part of the knowledge base 
and express how the system has to react: 

If <gesture command> is C and <voice command> is GL 
then task is N 

If <gesture command> is Sp and <voice command> is B 
then task is F 

If <gesture command> is Ob and <voice command> is GO 
then task is G 

If <gesture command> is A and <voice command> is C then 
task is T 

If a gesture command is incongruent 
with the voice command, the robot will 
respond by predefined behaviors or by 
speech. Otherwise, the system decides 
the action given by one command only or 
both congruent commands.  

D. Robot tasks 
Programming of the robot consists 

of path planning according to the target. 
So a task in our work is defined as 
movement to a location plus a simple 
manipulation (two sub-programs). Each 
task has so need 2 essential inputs: 
location and handling. These two 
information are obtained by the robot 
through dialogue: the robot asks by voice 
and human answer by one of the 
mentioned metaphors. We choose to use 

some simple tasks that are commonly found in home 
environments: push, fetch.  

We choose also to use only the basic capabilities of the 
robot and not to enhance them. The system uses an external 
computer to perform all the computations concerning 
gesture/speech interaction, video processing, and so on.  

For grabbing an object task, an algorithm inspired from 
[33] was used for measuring the distance to the object with 
video camera and sonar sensors. 

For simplicity, we choose objects with known shapes: 
balls, cubes, and cones (Fig. 7). Each object has some 
particular properties or attributes that are shown in Table 3.  

Shape attribute refers to volumetric property of the object 
(2D form). The software associates the object name with a 
simplified representation of the object, corresponding to shape, 
color, and size properties. 

An image taken by the robot’s camera is first segmented 
using a color detection algorithm using OpenCV. In this 
operation, the 
robot tries to 
separate the 
object in the 
scene from the 
background. 
The shape of 
the objects is 
detected using 
edge detection 
algorithm [34]. 

VI. RESULTS 
In this section will be presented the experiment conducted 

with the aim to test the performance of the system and to 
evaluate operation and precision dialogue in global 
application. The experiments were conducted in our institute 
environment. The user asked NAO to follow his instructions 
given by means of multimodal requests. NAO is asked to go in 
a desired direction indicated with pointing gesture. The robot 
will navigate in that direction and will bring to the user an 

Fig. 7. The objects used for experiment 

Table II. Speech vocabulary 
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object whose name and properties are sent to robot by voice 
command.  

A simple dialogue between user (U) and NAO humanoid 
robot (N) is proposed. The experiment was conducted by 4 
persons for 3 times. The user asks NAO to bring him a red ball 
located in a certain position in the environment. Below is 
shown the whole dialogue. 

U: ‘NAO!’ 
N: ‘Yes, I hear you” 
U: ‘Please, give me the red ball from there!’ 
N: ‘Can you show me how the red color looks like?’  
(user show it a sample painted in red) 
N: ‘What about the shape of the object?’ 
U: ‘The ball has this shape’(user show it a circle drawn on a 
paper or by gesture – draw a circle in the air with his hand) 
(the robot walk in that direction – when it identify the red 
color, it will goes toward to identify the shape) 
N: ‘Is that the object?’ 
U: ‘No, I need a bigger one’ 
(the robot will continue looking until it find a bigger ball)  
U: ‘Grab the object!’ 
(the robot decide if it can grab the object with one hand or 
with both hands) 
U: ‘Bring it to me!’ 
(NAO is looking for NAO mark and go in that direction) 
U: ‘Leave it’ 
(NAO leave the object) 
U: ‘Thank you!’ 
N: ‘Do you want another thing?’ 
U ‘No’ 
(NAO will go to home position) 

During the experiment more gestures have been used in 
order to test the performance of recognition algorithm, 
especially for navigation task. The confusion matrix among 
gesture commands for 4 users is shown in Table 4.   

VII. DISCUSSION 
In this work we describe a framework for a natural and easy 

human-robot communication and interaction. While most of 
the multimodal HRI systems proposed in literature focus on a 
single modality, our system allows the users to express their 
instructions as combinations of gestures and speech inputs. 
The main strengths of our system are: the improved method of 

gesture detection, 
easy and natural 
interaction 
through gestures 
and voice 
commands, and 
the gestures and 
voice feedback 
provided by the 
robot.  

The purpose of 
the interface is to allow expert and non-expert users to 
cooperate and interact with an assistant robot operating in a 
domestic environment. A gesture and a speech vocabulary 
were implemented and the commands can be sent by one or 
both modalities. So, a first objective of our research was to 
provide the robot with social interaction capabilities, which are 
essential for assistive robots applications. 

Most of the work was focused on gesture interaction, 
specifically gesture recognition. An improved DTW method 
was implemented and tested, with good results both in 
accuracy and efficiency. The method increases the robot 
reactivity at the human requests enhancing the naturalness of 
the interaction. Combined with the speech/gesture capability 
resulted in a versatile interface that facilitates powerful 
interaction paradigms like the “point-and-commands” one.  

However, there are some problems or limitations that were 
encountered during the experiments and that still need to be 
addressed. The recognition accuracy is dramatically affected 
when there are poor lightning conditions or noise in the 
operation environment. On the other hand, when multiple 
humans appear in the visual range of sensor, the system has 
difficulties in identifying the right user. In some situations the 
robot was unable to identify markers and lose orientation. 
Also, some smaller obstacles were not detected and sometimes 
the robot falls.  

The above problems and others show that several further 
developments are needed to be addressed in our future 
research, as follows: 
- Expanding the gesture vocabulary by adding also hand 

gestures, that are more intuitive and which can express 
more of the user wishes. 

- Implementing a more advanced method to detect object with 
different shapes and colors and for object manipulation. 

- Considering the possibility 
that more users wish to 
interact with the robot in the 
same time. In this case, the 
system must be intelligent 
enough to select the user that 
will interact with the robot. 

- Developing more complex 
scenarios with a variety of 
tasks that have to be 
performed by the robot. 

Table III. Objects and their attributes 

 

Table IV. Confusion matrix for navigation task 
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Fig. 8. The testing room. The user indicates the location by pointing 

and verbally the task to be executed 
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Abstract—The seismic risk analysis of buildings at urban scale 

requires the effective classification of the exposure and the definition 
of the vulnerability through reliable fragility curves. Fragility curves 
give the probability of attainment of certain damage measures (limit 
states) as a function of a proper intensity measure of the earthquake. 
A suitable taxonomy for ordinary masonry buildings and its use in 
the assets classification is proposed. With regards to vulnerability 
models a procedure for estimating the fragility curves, from both 
expert elicitation and analytical models, is described. In particular, 
the latter considers a rigorous evaluation of uncertainties. 
 

Keywords—Seismic vulnerability, Risk assessment, Fragility 
curves, Masonry, Taxonomy.  

I. INTRODUCTION 
HE definition of fragility functions for masonry buildings 
is a hard task because we refer to a wide variety of 

constructions, which are characterized by very different types 
of masonry and structural systems, moving through historical 
periods and geographical areas.  

As regards the first point, masonry is a composite material 
and the mechanical properties are related not only to those of 
the constituents, blocks (stone, solid clay bricks, adobe, etc.) 
and mortar (mud, lime, hydraulic lime, cement), but also to the 
dimensions and shape of the blocks, the interlocking in the 
external leaves and the transversal connection through 
thickness.  

With reference to the structural systems, ancient 
constructions, but also recent vernacular ones, are very 
different from engineered masonry buildings, such as confined 
or reinforced masonry. The former were built by an empirical 
approach and are usually vulnerable, first of all to local 
mechanisms (out-of plane behavior); however, in high seismic 
areas specific details were adopted to prevent from damage 
(metallic tie rods, timber belts, buttresses, connections of 
horizontal diaphragms to masonry walls, etc.). The latter have 
been specifically conceived to withstand the earthquake, after 
a detailed damage observation, as in the case of confined 
masonry (widely adopted in South American countries), or on 
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the base of modeling and capacity design criteria, as in the 
case of unreinforced masonry building (with RC, reinforced 
concrete, ring beams at floor level) or reinforced masonry. 

Among the masonry building may also be considered the 
mixed structures, such as the traditional mixed masonry-
timber buildings or the rather modern mixed masonry-RC 
buildings. The formers may have different configurations: a) 
timber reinforced masonry buildings, with horizontal timber 
ties at various levels and connected through thickness (e.g. in 
the Balkan, Greek and Turkish area); b) timber-framed 
masonry buildings (e.g. frontal walls of Pombaline buildings 
in Portugal, or smaller building with main bearing walls 
confined and braced with timber elements, all over the world); 
c) buildings with masonry walls at the lower stories and 
timber frames at the upper ones. Besides confined masonry, 
the spread of RC technology in the first half of 20th century 
has caused the birth of different types of mixed masonry-RC 
buildings, results of functional choices and often quite 
vulnerable: a) masonry perimeter walls and RC interior 
frames; b) raising of masonry buildings with RC framed 
structures.  

Another important distinction is between ordinary and 
monumental masonry buildings. The latter category collects 
special type of assets, from the morphological point of view, 
such as: churches, mosques, towers, minarets, fortresses, etc.; 
they have a specific seismic behavior and, usually, a higher 
vulnerability, as testified by the last seismic events. Models 
and fragility functions defined for ordinary masonry buildings 
can be also used for monumental palaces, but in addition it is 
required an additional vulnerability assessment of some 
specific elements, if present (loggias, cloisters, colonnades, 
wide halls with double height, etc.). 

This paper is focused on ordinary masonry buildings. In 
particular mechanical models and fragility functions are 
proposed for ordinary unreinforced masonry buildings. 
However, the general framework of the procedure outlined in 
the §III, in terms of key assumptions, uncertainties treatment 
and modeling issues, can be adopted also for the derivation of 
fragility functions of other masonry buildings typologies. 

In Table 1 the main features that are useful for the 
taxonomy of masonry buildings are listed. Each building is 
described by a string of codes, separated by slashes and 
hyphens. Slashes mark the main categories of the taxonomy: 
FRM – Force Resisting Mechanism; FRMM – Force Resisting 
Mechanism Material; P – Plan; E – Elevation; CO – Cladding 
& Openings; DM – Detailing & Maintenance; FS – Floor 
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System; RS – Roof System; HL – Height Level; CL – Code 
Level. Within each category, the list of possible options is 
defined by proper acronyms; a more detailed classification and 
sub-classification (in square brackets, Table 1) is related to 
some of the category options and can be indicated in the 
taxonomy by separating codes by hyphens.       

 
Table 1 proposal of taxonomy for Masonry Buildings 

 
 

In the case of masonry buildings the FRM is always the 
Bearing Walls system (BW), which can present very different 
seismic behavior depending on geometry and constructive 
details. Usually reference is made to Out-of-Plane (OP) and 
In-Plane (IP) mechanism, depending on the connections and 
distance between masonry walls, as well as on the stiffness of 
horizontal diaphragms. If a global seismic (box-type) behavior 
can be assumed, a sub-classification is possible: each single 
wall may be analyzed by an equivalent frame model (EF) or 
by simplified models that assume the hypotheses of strong 
(SSWP) or weak (WSSP) spandrels. The choice of the most 
reliable model depends on available as-built information. 

The category FRMM considers different structural material: 
Unreinforced Masonry (URM); Reinforced Masonry (RM); 
Confined Masonry (CM); Timber-framed Masonry (TM); 
mixed Masonry-RC (MRC). In particular, in the URM case, a 
detailed classification is important, with reference to blocks 
and mortar characteristics, because the mechanical properties 

vary in a wide range. 
The configuration of the building Plan (P) is very important 

for the seismic vulnerability, both with reference to the 
regularity (R, IR) and to the possible interaction with other 
buildings (Isolated – I – or Aggregated in urban blocks – A). 
This information is useful to address the most probable 
collapse mechanisms (BW classification).  

Information on the regularity in Elevation (E) may help in 
the definition of the behavior factor and the ductility, due to 
the possible different localization of the weak story. 

The role of non-structural elements is almost negligible in 
masonry buildings, but it is important to know the regular 
distribution and percentage of openings (CO). A regular 
distribution (RO) may promote the WSSP behavior, which is 
characterized by a higher displacement capacity but a lower 
strength than the SSWP case. Moreover, a High percentage of 
openings (H%) at the base story, typical in the case of shops, 
may produce a weak story mechanism, which has a low 
displacement capacity. 

Another important category, in particular in the case of 
URM buildings, is the quality of constructive details and the 
state of maintenance, which is an essential prerequisite in 
order to exploit the former aspect (DM). The attribution of 
High Quality Details (HQD) must consider the adherence to 
the rules of the art, which altogether define a local code of 
practice referred to different scales of the construction: the 
masonry (way to assure interlocking and transversal 
connection), the wall (distribution of openings, lintels, etc.) 
and the global construction (wall-wall and wall-horizontal 
diaphragms connections). The systematic presence of effective 
tie rods (WT) or ring beams (WRB) may prevent from out-of-
plane mechanisms and increase the strength and ductility of 
spandrels, for the in-plane behavior; it is worth noting that RC 
ring beams drive the seismic response to weak story 
mechanism (SSWP behavior), while tie rods increase the 
ductility of uniform mechanisms (WSSP behavior).   

The Floor System (FS) influences the seismic behavior, 
with reference both to its mass (which increases the horizontal 
seismic actions) and its stiffness (which allows a certain 
degree of redistribution of the horizontal seismic actions 
between the vertical walls). A rough categorization is obtained 
by distinguishing between Rigid (R) and Flexible (F); the 
attribution has to consider not only the stiffness but also the 
effectiveness of the connection with vertical walls. A more 
detailed classification can consider also the material and 
configuration (i.e. the presence of masonry vaults can also 
induce horizontal thrusts).  

Similar information are required on the Roof System (RS), 
which is an important parameter for the vulnerability 
assessment, because of its mass (dynamically amplified due to 
its position at the top of the building) and the possible 
presence of a horizontal thrust (Tr), which can induce local 
collapse mechanisms. 

The Height Level (HL) is very important because it 
influences very much the seismic vulnerability and is always 
available or very easily detectable. The possible categories (L, 
M, H and Ta) must be redefined, in terms of number of stories, 
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for masonry buildings, because they are on average lower than 
RC or steel buildings.  

Finally, the Code Level (CL) category is very important and 
must be properly defined in the case of masonry buildings, 
which are usually old and not seismically designed (PC); in 
this case, it is useful to estimate the local seismic culture, 
which is high (HAC) in areas frequently affected by 
earthquakes. For modern buildings, designed by considering a 
seismic code (LC, MC and HC), the categories should mainly 
consider the seismic hazard used for the design, taking also 
into account the accuracy of the code provisions.  

The vulnerability assessment at territorial scale requires to 
group the buildings that have a similar seismic behavior in 
order to evaluate the damage and losses of the built 
environment due to a given hazard assessment. To this aim, 
the proposed taxonomy cannot be directly used, because 
available information is always incomplete and, anyway, a too 
very detailed subdivision of the building stock considered in 
the risk analysis might be useless and difficult to be managed.  

Depending on the available data and after a preliminary 
study of the characteristics of the built environment in the 
urban area under investigation, the first step of the 
vulnerability assessment is to proceed to a proper 
classification of buildings. To this aim, among the available 
information, the parameters that mostly affect the seismic 
behavior must be singled out. Each vulnerability class, which 
can be synthetically named by a number or a short acronym, is 
clearly identified by a precise taxonomy, that is a list of 
category and related classification information. Missing 
information in the taxonomy means that no data are available 
to better describe the buildings, so fragility functions must 
represent the average vulnerability of a large set of 
configurations. On the contrary, if some parameter is 
excluded, all other options should be listed in the taxonomy. 

Fragility functions must be defined, according to suggestion 
of section §IV, for each building class. It is worth noting that 
the dispersion is higher when few building classes are used, 
each one including constructions characterized by quite 
different behavior; on the contrary, a too much detailed 
classification may lead to the definition of classes with quite 
similar fragility functions, but with a lower dispersion. 

As an example, in the case of a risk analysis at regional 
scale, when little information is available, the following tags 
of the taxonomy could describe a possible classification: 
 Class 1: /BW/URM-FB-HM/R/R/RO/HM/R/P/M/PC-MAC/ 
 ……. 

If the analysis is focused on a urban district, with a small 
number of buildings, it is possible to limit the possible 
options, after a quick sample check survey, and split the 
classes proposed above, on the base of: quality of seismic 
design and construction details, materials of floor and roof 
system, etc. 

II. REVIEW OF EXISTING FRAGILITY FUNCTIONS  
Many fragility functions have been developed and can be 

taken from the literature for the risk analysis of masonry 
buildings [1]-[10]. They have been derived according to 

different approaches, which can be traced back to the 
classification of §III.B: 1) empirical (e.g. [11]-[13]); 2) expert 
elicitation based (e.g. [14]); 3) analytical, based on nonlinear 
static approaches through simplified (e.g. [2], [15]-[24]) and 
detailed models (e.g. [25]) or based on linear dynamic 
approaches (e.g. [26], [27]); 4) hybrid methods (e.g. [28]). 

Many fragility functions have been obtained from observed 
damage after the occurrence of an earthquake; these data are 
valuable, because they are directly correlated to the actual 
seismic behavior of buildings and can be very useful for 
validation of analytical methods and calibration of hybrid 
fragility functions. However, empirical fragility functions are 
strongly influenced by the reliability of the damage 
assessment, which is often made by a quick survey aimed to 
other scopes, as the building tagging for use and occupancy.  

Once in the study area masonry building typologies have 
been analyzed and building classes defined, it is necessary to 
derive the appropriate fragility functions. To this end, for each 
class, fragility functions taken from different authors may be 
used and properly combined, but attention must be paid 
because these functions could be biased due to some 
parameters or aspects. 

First of all, a crucial factor is the choice of the seismic 
intensity measure. Empirical data are usually referred to 
macroseismic intensity, which is not an instrumental measure 
but is based on a subjective evaluation. This approach is 
suitable when the aim of the risk analysis is to draw a 
comparative scenario, probably useful to plan mitigation 
strategies; for an accurate loss estimation, however, it is 
necessary to convert macroseismic intensity into an 
instrumental intensity measure, and this step introduces 
important approximation and normally huge uncertainties. On 
the contrary, if empirical fragility functions are given in terms 
of Peak Ground Acceleration (PGA), it is worth noting that 
this parameter is directly related to the spectral characteristics 
of the input motion of the specific seismic event. In these 
cases, the correlation between intensity and damage should 
present a low dispersion, which has to be increased before 
using those functions. 

Another difficult task is the definition of consequences that 
are evaluated by the fragility functions. Usually Damage 
States (DS) are considered, which are referred to physical 
damage to structural and non-structural elements, but fragility 
functions can be also drawn in terms of a Damage Index (DI), 
related the cost of repair, or of some Performance Indicators 
(PIs), which are related to the conditions of use (operational, 
occupancy, life safety). All the above-mentioned effects 
(except DI) are discrete states and are defined by a qualitative 
judgment (in case of observational functions) or by a 
correlation with some structural parameter, as the interstory 
drift (in case of analytical based functions).  

Finally, it is worth noting that the characteristics of masonry 
buildings are dependent from the local seismic culture and the 
available materials in the area; as an example, the apparently 
detailed description “irregular stone masonry with lime 
mortar” may correspond to very different seismic capacities, if 
it is assigned to buildings in different countries. Thus, the 
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extrapolation of empirical fragility functions for traditional 
masonry buildings to other geographic areas is questionable. 

In conclusion, the use of existing fragility functions has to 
be made carefully. In order to increase the reliability of the 
results, it is suggested to combine a significant number of 
fragility functions, obtained from different authors and with 
different methods, assigning to each one a proper subjective 
probability, related to the reliability of the source and the 
fitting with the characteristics of the building class under 
investigation, in order to obtain a weighted fragility function. 
Depending on the availability and reliability of fragility 
functions, the building classification should be more or less 
detailed. An excessive splitting of the built environment into 
detailed classes, with associated low dispersed fragility 
functions, turns out to be specious if their reliability is not 
robust; in these cases it is better to reduce the number of 
buildings classes and ascribe to each one a more reliable 
fragility function, even if defined by a bigger dispersion. 

In the context of analytical based on nonlinear static 
approaches, this chapter proposes a procedure to derive 
fragility functions for masonry buildings, once a building class 
is defined by tagging the various categories of the taxonomy 
(Table 1). The general framework of the method, the 
probabilistic key assumptions and the modeling bases are 
treated in §III, while some operative recommendations for the 
different possible approaches are given in §IV. The 
development of tailored fragility functions is the suggested 
way to improve the reliability of the vulnerability and risk 
analysis. 

III. UNCERTAINTIES AND MODELING ISSUES 
The fragility function gives the probability that a generic 

Limit State (LS) is reached given a value im of the Intensity 
Measure IM: 

𝑝𝑝𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) = 𝑃𝑃(𝑑𝑑 > 𝐷𝐷𝐿𝐿𝐿𝐿|𝑖𝑖𝑖𝑖) = 𝑃𝑃(𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿 < 𝑖𝑖𝑖𝑖) = Φ�
𝑙𝑙𝑙𝑙𝑙𝑙 � 𝑖𝑖𝑖𝑖

𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿
�

𝛽𝛽𝐿𝐿𝐿𝐿
� 

where: d is a displacement representative of the building 
seismic behavior, DLS is its Limit State threshold, IMLS is the 
median value of the lognormal distribution of the intensity 
measure imLS that produces the LS threshold of the and βLS is 
the dispersion. 

A fragility function is thus defined by two parameters: 
IMLS and βLS. The median intensity IMLS can be obtained 
from the statistical analysis of data from damage observation 
after earthquakes (empirical methods) or by a mechanical 
model (analytical methods), that is representative of the 
average seismic behavior of buildings of that particular class.     

The dispersion βLS depends on different contributions, 
related to: a) the uncertainties in the seismic demand 
(epistemic βH, for the derivation of the hazard curve, and 
intrinsic βD, in the variability of the seismic input described 
only by the value of IM); b) the uncertain definition of the 
Limit State threshold (βT); c) the variability of the capacity 
(βC) of buildings that belong to the considered vulnerability 
class (which collects buildings of different behavior, even if 

characterized by the same taxonomy tags). As all the above 
contributions can be assumed statistically independent, the 
dispersion is given by: 

𝛽𝛽𝐿𝐿𝐿𝐿 = �𝛽𝛽𝐻𝐻2 + 𝛽𝛽𝐷𝐷2 + 𝛽𝛽𝑇𝑇2 + 𝛽𝛽𝐶𝐶2 (2) 

In case of analytical methods each contribution can be 
computed, while for empirical methods LS is directly 
evaluated from the damage distribution of observed data, 
which includes all of them; however, in this case, it is 
necessary to verify if the dispersion has to be increased, 
because empirical data are not fully representative, in terms of 
masonry typology (βC) or characteristics of the input motion 
(βD).  

The following sub-sections describe the main aspects 
related to the derivation of fragility functions for masonry 
buildings from analytical methods, based on nonlinear static 
approaches. 

A. Capacity and demand by nonlinear static analysis  
The seismic vulnerability of building is described by its 

capacity curve that gives the acceleration A of an equivalent 
nonlinear single-degree-of-freedom system, as a function of its 
displacement D. The capacity curve can be obtained by a 
proper conversion of the pushover curve, obtained by a 
nonlinear static analysis of a multi-degrees-of-freedom model 
of the structure, or through simplified analytical models. In the 
latter case the capacity is usually described by a bilinear curve, 
without hardening for masonry buildings.  

The seismic demand is expressed by an Acceleration-
Displacement Response Spectrum (ADRS), which gives the 
spectral acceleration Sa as a function of the spectral 
displacement Sd, for a damping coefficient ξ0 =5%, considered 
valid in the initial elastic range. Usually in hazard analysis the 
spectral shape is assumed constant with the annual rate of 
exceeding, which is given by the hazard curve as a function of 
a proper IM of the ground motions.  

The evaluation of the displacement demand for a given 
value im of the IM can be obtained through various methods, 
like the N2-Method originally proposed by Fajfar [29], the 
Capacity Spectrum Method [30], the Displacement-Based 
Method [16], Coefficient Method [31], [32], the MADRS 
Method [33]. They all consider, under different approaches, 
the reduction of the seismic demand in the nonlinear phase of 
the building response. These methods look for the intersection 
of the capacity with the properly reduced demand, by using 
either acceleration/displacement or displacement/period as 
coordinates (Sd=SaT2/4π2).  

For the evaluation of fragility functions it is necessary to get 
the value IMLS of the IM that produces any LS threshold. To 
this end the use of over-damped spectra [30] is very effective, 
once these thresholds DLS have been fixed on the capacity 
curve (§III.C) and the corresponding equivalent viscous 
damping ξLS is evaluated, which also takes into account the 
hysteretic contribution. It results: 

𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿 = 𝐷𝐷𝐿𝐿𝐿𝐿
𝐿𝐿𝑑𝑑1(𝑇𝑇𝐿𝐿𝐿𝐿 )𝜂𝜂(𝜉𝜉𝐿𝐿𝐿𝐿 )

 (3) 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 180



 

 

where: Sd1 is the displacement response spectrum, normalized 
to IM, TLS is the linear equivalent period corresponding to LS: 

𝑇𝑇𝐿𝐿𝐿𝐿 = 2𝜋𝜋� 𝐷𝐷𝐿𝐿𝐿𝐿
𝐴𝐴(𝐷𝐷𝐿𝐿𝐿𝐿 ) (4) 

and η(ξLS) is the damping correction factor [34]: 

𝜂𝜂(𝜉𝜉𝐿𝐿𝐿𝐿) = � 10
5+𝜉𝜉𝐿𝐿𝐿𝐿

 (5) 

It is worth noting that overdamped spectrum is obtained 
simply multiplying by η(ξLS) in the range of typical periods 
for buildings, while for very low and high periods the effect of 
damping tends to vanish. Figure 1 shows the procedure, 
considering LS on the capacity curve and the identification of 
IMLS, using PGA as IM and a typical response spectrum shape. 

 

 
Fig. 1. Application of overdamped spectra for the evaluation of IMLS.   
 

B. Identification of proper Intensity Measures  
The vulnerability assessment, embodied by the application 

of fragility functions, is one of the steps of the seismic risk 
analysis. The identification of the proper Intensity Measure 
(IM) comes out from different constraints, which are first of 
all related to the adopted hazard model, to the typology of the 
exposed asset but also to the availability of data and fragility 
functions for all different exposed assets. 

Empirical fragility functions are usually expressed in terms 
of the macroseismic intensity I (defined according to the 
different Macroseismic Scales: EMS, MCS, MM), which can 
be regarded as an empirical IM. The macroseismic intensity 
already contains implicitly the vulnerability, because it is 
defined on the basis of the damage observation; in order to 
overcome this gap, modern macroseismic scales, such as 
EMS, assign the intensity taking into account a detailed 
building types classification. The accuracy of the risk analysis 
results is then linked to the reliability of the hazard 
assessment, if an empirical IM is used. 

Analytical based or hybrid fragility functions are, on the 
contrary, related to instrumental IMs, which are related to 
parameters of the ground motion (PGA, PGV, PGD) or of the 
structural response of an elastic SDOF system (spectral 
acceleration Sa or spectral displacement Sd, for a given value 
of the period of vibration T). Sometimes, integral IMs can be 

useful, which consider a specific integration of a motion 
parameter (Arias Intensity IA) or of a spectral value (Housner 
Intensity IH) [35].  

Correlation is necessary when hazard and vulnerability 
assessments are made by using different IMs or one wants to 
calibrate analytical fragility functions (related to a detailed 
building classification) by available empirical fragility 
functions (referred to wider classes of buildings). Anyhow, the 
use of correlation always increases the uncertainties of the 
results (dispersion βLS of the fragility function). 

Similarly to what was said on different types of fragility 
functions (empirical, expert elicitation, analytical based and 
hybrid), for the identification of proper IMs it is worth noting 
that empirical ones give results coarse but correct on average, 
while instrumental IMs allow to better take into account a 
detailed taxonomy, in the definition of building classes, and 
the local site effects, but, when these fragility functions are 
used, it is necessary to pay attention to the characteristics of 
the input motion that was considered for their derivation.  

The seismic performance of a masonry building cannot be 
described by only one IM but, at least, the response spectra 
shape should be known. If a vector-valued hazard assessment 
is available [36], more than one IM could be used and vector-
valued fragility functions derived (e.g. [27]). If already 
available fragility functions are used, it is better to refer to the 
spectral value for the period compatible with the specific 
Limit State threshold (acceleration Sa(T) and displacement 
Sd(T) response spectra are linked by the period of vibration T, 
so the two IMs are equivalent). In this case the dispersion βLS 
of the fragility function is mainly due to the variability of the 
capacity of buildings in the class.   

Most of available fragility functions are in terms of PGA; in 
this case, if the difference between the spectral shapes of the 
input motion obtained by the hazard assessment and that used 
for deriving the fragility function is known, it is possible to 
properly tune the last one. Otherwise, the use of PGA as IM 
implies a wider dispersion βLS of the fragility function, due to 
the uncertainty in the spectral shape. 

As masonry buildings are usually not flexible, PGD or 
spectral values for long periods (T>1 s) are not significant, 
except for some types of monumental structures (churches, 
slender towers) or for the verification of local mechanisms.  

With reference to local site amplification, spectral values 
are better correlated with vulnerability, because they take into 
account the modification of the seismic input for the 
significant periods. If PGA is used, fragility functions should 
be tuned by considering a mean ratio between the spectral 
values on local site and stiff soil conditions, for the relevant 
periods of the buildings, or a greater value of the dispersion 
should be used, in order to consider the increased uncertainty 
due to the spectral demand (β).  

In case of using empirical IM (macroseismic intensity), it is 
not correct to include local site amplification in the hazard 
curve, because this phenomena affects buildings depending on 
their dynamic properties; a possible solution is to modify the 
empirical fragility function, so considering it as representative 
of the vulnerability of a particular class of buildings on a 
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specific soil type [14].  

C. Definition of Damage States and Performance Levels  
In seismic risk analysis the scenario of the built 

environment is expressed in terms of Damage States (DS), 
which are a discrete qualitative description of the overall 
damage in structural and non-structural elements of the 
building. Usually five damage states are considered: DS1 
slight, DS2 moderate, DS3 extensive, DS4 near collapse and 
DS5 collapse.  

Empirical methods describe the DS through a qualitative 
damage observation, on the basis of distribution and severity 
of cracks, according to specific forms and sketches; to this 
end, modern macroseismic scales can be a good reference (e.g. 
EMS98 [37]). 

In the case of analytical methods, if a detailed numerical 
model of the building is available, the damage in each 
structural element is obtained through static or dynamic 
nonlinear analysis and a sort of virtual damage state attribution 
could be made. However, it is worth noting that numerical 
models give continuum damage variables and identification of 
discrete DS is not an easy task. As an example, [38] have 
proposed a multi-scale approach for masonry buildings that 
defines Limit States (LS) on the capacity curve by checking (i) 
the spread of damage in masonry elements (piers and 
spandrels), (ii) the interstory drift in masonry walls and (iii) 
the global behavior of the building (described by its capacity 
curve). LSs are the thresholds that separate various DSs 
(Figure 2). 

 

 
Fig. 2. Example of capacity curve of a masonry building, obtained by 
pushover analysis on a detailed model, with the definition of LS 
thresholds and DS ranges.  
 

Damage States can be related to specific performances of 
the building: the use and occupancy, the safety of people and 
the reparability (in terms of economic convenience). Usually 
Performance Limit States (PLS) are defined as coincident to 
related Damage Limit States (LS); this means the fulfillment 
of a performance is guaranteed if the seismic displacement 
demand is not beyond the corresponding LS threshold. 

The above mentioned detailed mechanical based methods 
are used in hybrid approaches, while analytical methods adopt 
simplified models, which give directly the capacity curve 
without a detailed description of damage in the building. In 
these cases, LSs may be defined: a) by considering limit 
values of macro-parameters of the building response, on which 
the simplified model is based (as, for example, the interstory 

drift); b) by a heuristic approach, which considers that the 
transition from a DS to the following one usually occurs in 
certain positions of the capacity curve. In the latter, a possible 
positioning of LSs is obtained as follows (Figure 3a): LS1: 
D1=0.7Dy; LS2: D2=c2Dy; LS3: D3=c3D2+(1-c3)D4; LS4: 
D4=Du. The position of LS2 depends on the complexity and 
irregularity of the building; the coefficient c2 may vary 
between 1.2 and 2, being lower for simple and regular 
buildings. LS3 is usually closer to LS4, in particular for 
simple and regular buildings (0.3<c3<0.5). 

Equivalent viscous damping may be defined for each LS as 
a function of the displacement (Figure 3b), by a simple 
relation [16], [39], [40]: 

𝜉𝜉𝐿𝐿𝐿𝐿 = 𝜉𝜉0 + 𝜉𝜉𝐻𝐻 �1 − �𝐷𝐷𝑦𝑦
𝐷𝐷𝐿𝐿𝐿𝐿
�
𝜁𝜁
� (6) 

where: ξ0 is the initial damping (usually assumed equal to 
5%), ξH is the maximum hysteretic damping and ζ is a free 
parameter (ranging between 0.5 and 1). 
 

   (a) 

  (b) 

Fig. 3. a) Example of capacity curve of a class of masonry buildings, 
with heuristic definition of LS thresholds (c2=1.35, c3=0.4) and b) 
typical equivalent viscous damping relation.  

 
Once the seismic demand is defined (§III.B), by the spectral 

shape and the selection of a proper Intensity Measure to scale 
it, the values IMLSk and the dispersions βLSk (k=1,..4) can be 
evaluated by (3) and by the procedure described in §III.D. 
Fragility curves are then given by (1) and shown in Figure 4a.  

The DS probability distribution, for a given value of the IM, 
can be thus obtained from fragility functions; for k=1, 2 and 3, 
the discrete probabilities are given by: 

𝑝𝑝𝐷𝐷𝐿𝐿𝐷𝐷 (𝑖𝑖𝑖𝑖) = 𝑝𝑝𝐿𝐿𝐿𝐿𝐷𝐷 (𝑖𝑖𝑖𝑖) − 𝑝𝑝𝐿𝐿𝐿𝐿𝐷𝐷+1(𝑖𝑖𝑖𝑖) = Φ�
𝑙𝑙𝑙𝑙𝑙𝑙� 𝑖𝑖𝑖𝑖

𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷
�

𝛽𝛽𝐿𝐿𝐿𝐿𝐷𝐷
� −
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Φ�
𝑙𝑙𝑙𝑙𝑙𝑙 � 𝑖𝑖𝑖𝑖

𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷 +1
�

𝛽𝛽𝐿𝐿𝐿𝐿𝐷𝐷 +1
� (7) 

With regards to DS4, it is worth noting that analytical 
methods usually are not able to define LS5, and thus pLS5; this 
LS occurs after important local collapse mechanisms that 
make the mechanical model meaningless. If it is considered 
that DS4 is generically named “complete” damage, including 
both “near collapse” and “collapse” DSs, it results that 
pDS4=pLS4. However, by assuming that the probability 
distribution of DSs is well represented by the binomial 
distribution, it is possible to share pLS4 according to the 
following formulas (𝜇𝜇𝐷𝐷𝐿𝐿 = ∑ 𝑝𝑝𝐿𝐿𝐿𝐿𝐷𝐷4

1 ): 

𝑝𝑝𝐷𝐷𝐿𝐿5(𝑖𝑖𝑖𝑖) = 0.8[1 − (1 − 0.14𝜇𝜇𝐷𝐷𝐿𝐿1.4)0.35]𝑝𝑝𝐿𝐿𝐿𝐿4(𝑖𝑖𝑖𝑖) (8) 
𝑝𝑝𝐷𝐷𝐿𝐿4(𝑖𝑖𝑖𝑖) = 𝑝𝑝𝐿𝐿𝐿𝐿4(𝑖𝑖𝑖𝑖) − 𝑝𝑝𝐷𝐷𝐿𝐿5(𝑖𝑖𝑖𝑖) (9) 

 

(a) 

(b) 

Fig. 4. a) Fragility curves, b) Damage States probability distribution.  

In order to complete the DS distribution it is necessary to 
evaluate the probability that the building has “no damage” 
(DS0): 

𝑝𝑝𝐷𝐷𝐿𝐿0(𝑖𝑖𝑖𝑖) = 1 − 𝑝𝑝𝐿𝐿𝐿𝐿1(𝑖𝑖𝑖𝑖) = 1 −Φ�
𝑙𝑙𝑙𝑙𝑙𝑙� 𝑖𝑖𝑖𝑖

𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿1
�

𝛽𝛽𝐿𝐿𝐿𝐿1
�  (10) 

Figure 4b shows a typical discrete damage distribution of 
damage states, directly obtained from fragility functions of 
Figure 4a for a given value IM=im. 

D. Sources of uncertainties and propagation  
In a probabilistic seismic risk analysis many uncertainties 

have to be taken into account; Pinto gives a general overview 
in chapter §II. Their propagation is considered in fragility 
functions through the dispersion βLS, which can be evaluated 

by Eq. (2). The estimation of different contributions is 
discussed in the following. 

βD – Uncertainty on the spectral shape of the seismic demand 

The Probabilistic Seismic Hazard Analysis (PSHA) gives 
the occurrence of earthquakes with a proper IM through the 
hazard curve λ(im). Usually a fixed shape of Acceleration-
Displacement Response Spectrum is associated, except the 
case of a complex Vector-Valued PSHA [36]. The normalized 
response spectrum Sa1(Sd), scaled to the value im=1, can be 
defined as a stepwise function or through some analytical 
formulas in fixed ranges of the period T (as it is made in 
seismic codes).  

In order to take into account the uncertainty on the spectral 
shape, which plays a significant role due to the large 
variability of possible records, it is necessary to define the 
response spectra Sa1,16(Sd) and Sa1,84(Sd), for the confidence 
levels 16% and 84%. They can be obtained by the selection of 
a large number of real digital records, compatible with the 
characteristics of earthquakes that give the maximum 
contribution to the hazard and of soil conditions; in particular, 
from the disaggregation of the PSHA, it is important to 
consider: magnitude, epicentral distance, focal depth, source 
mechanism. Figure 5a shows a typical example of a median 
response spectrum and the corresponding confidence intervals, 
if the Peak Ground Acceleration PGA is used ad IM; Figure 5b 
shows the same response spectra in the case where the 
maximum spectral acceleration Sa,max is assumed as IM. 
 

 
Fig. 5. Influence of the selection of the IM on the propagation due to 
the uncertainty on the spectral shape of the seismic demand: a) 
IM=PGA; b) IM=Sa,max. 

For each LS, the estimation of β requires the evaluation of 
the intensity measures IMD,16 and IMD,84 that correspond to a 
displacement demand equal to DLS, on the median capacity 
curve of the considered class of buildings, by using the 
confidence levels response spectra Sa1,16(Sd) and Sa1,84(Sd) 
respectively. It results: 

𝛽𝛽𝐷𝐷 = 0.5�𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝐷𝐷,84� − 𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝐷𝐷,16��  (11) 

This contribution to the dispersion is lower if a good IM is 
used. It is quite evident from Figure 5 that, at least for LS1 and 
LS2, Sa,max is better than PGA. 

βH – Epistemic uncertainty on the hazard curve 
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Epistemic uncertainties in the seismic sources and the 
attenuation laws give rise to confidence intervals, which can 
be summarized by the hazard curves λ16(im) and λ84(im), 
representative of the confidence levels 16% and 84%. 

For each LS, it is necessary to valuate IMLS that corresponds 
to the displacement demand DLS on the median capacity curve 
of the considered building class, by using the median response 
spectrum Sa1(Sd). The dispersion βH is given by: 

𝛽𝛽𝐻𝐻 = ½�𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝐻𝐻,84[𝜆𝜆(𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿)]� − 𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝐻𝐻,16[𝜆𝜆(𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿)]�� (12) 
where IMΗ,16 and IMΗ,84 are the inverse functions of λ16(im) 
and λ84(im), respectively, and λ(im) is the median hazard 
curve. 
 

   
Fig. 6. Influence on the spectral demand of the epistemic uncertainty 
on the hazard curve. 

Figure 6 shows an example of hazard curves, median and 
confidence intervals, and the corresponding response spectra; 
in this case for the evaluation of βH only the median response 
spectrum is used.  

βC – Uncertainty on the capacity curve 

The dispersion on the capacity curve of a masonry building 
is related to random variables, such as the material parameters 
(strength and stiffness on masonry), the geometry (effective 
thickness of masonry walls and vaults), the drift capacity of 
masonry panels or the in-plane stiffness of horizontal 
diaphragms, but also to epistemic model uncertainties, related 
for example to the assumptions in the definition of the 
equivalent frame or in modeling the connection between walls. 
Usually, if accurate as-built information is available, these 
uncertainties can be reduced. 

This is not the case in seismic vulnerability analysis at 
territorial scale, when an “equivalent capacity curve” must be 
evaluated representative of a wide class of buildings, defined 
by the taxonomy through a proper list of tags. Then the above 
parameters have to be considered as random variables, with a 
dispersion compatible with the variability of the characteristics 
of buildings in the class.  

The uncertainty propagation can be evaluated by Monte 
Carlo simulations or by using the response surface method 
[23], [41]. The latter approach is very effective and is based on 
the approximation of the surface of log(IMLS), in the 
hyperspace of the significant random variables, by a hyper-
plane, whose coefficients are determined by a least square 

regression on a set of numerical experiments. If N is the 
number of random variables, M=2N models are defined by a 
complete factorial combination at two levels, in which each 
variable assumes values correspondent to the confidence 
levels of 16% or 84%. The matrix Z (M rows × N columns) 
collects in each row the combination of values assumed by 
each standard normalized random variable (-1 for confidence 
level 16%, +1 for confidence level 84%).    

For the i-th model, the capacity curve Ai(D) is obtained and 
the Limit States are fixed (DLSk,i, k=1,..4). By considering a 
generic LS, the value IMLS,i is evaluated by the median seismic 
demand Sa1(Sd), using (3). The vector Y (M rows) collects the 
values log(IMLS,i), i=1,..M. The angular coefficients of the 
hyper-plane are obtained as: 

𝜶𝜶 = (𝐙𝐙𝑇𝑇𝐙𝐙)−1𝐙𝐙𝑇𝑇𝐘𝐘 (13) 
The dispersion βC is given by: 

𝛽𝛽𝐶𝐶 = √𝜶𝜶𝑇𝑇𝜶𝜶 (14) 

βT – Uncertainty on the Limit State thresholds 

The definition of the LS thresholds is also subjected to 
dispersion, because models adopted for the evaluation of the 
capacity curve are simplified and the displacements DLS 
usually derives from a heuristic approach. 

Considering the median capacity curve, obtained by using 
the mean values of the N random variables, DLSk (k=1,..4), 
usually distributed as in Figure 3a, can be assumed as median 
values. Proper distributions should be defined for these 
random variables, which take into account that in a single 
building the k-th DS could be reached a little bit before or 
after the median value DLSk. It is reasonable to assume the four 
distributions do not intersect. LS1 is always in the “elastic” 
branch of the capacity curve. LS2 is in the first part of the 
“plastic” branch and it is not reasonable to assume it moves 
too much further the median value DLS2. The position of LS3 
is very variable and sometimes it occurs even for a low value 
of the displacement, but the possible intervals of LS2 and LS3 
can be separated. 

The use of a Beta distribution seems to be the best option, 
but for the sake of simplicity, due to the large number of 
uncertainties involved in a seismic risk analysis, very simple 
uniform distributions are suggested, which probably lead to a 
slight overestimation of βT. Figure 7 shows a proposal, with 
the indication, for a generic LS, of the 16% and 84% 
confidence levels of DLS, named DLS,16 and DLS,84; they are 
simply obtained by moving from the median value, on the left 
and right side, of 2/3 of the semi-wide of the uniform 
distribution. 

For each LS, it is then necessary to evaluate IMT,16 and 
IMT,84 that corresponds to a displacement demand equal to 
DLS,16 and DLS,84 on the median capacity curve of the 
considered class of buildings, by using the median response 
spectrum Sa1(Sd). The dispersion βT is given by: 

𝛽𝛽𝑇𝑇 = 0.5�𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝑇𝑇,84� − 𝑙𝑙𝑙𝑙𝑙𝑙�𝐼𝐼𝐼𝐼𝑇𝑇,16�� (15) 
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Fig. 7. Uncertain definition of the LS thresholds. 

IV. DERIVATION OF FRAGILITY FUNCTIONS 
After a proper building classification, tailored to data 

already available or that can be acquired through the survey, 
fragility functions can be defined by using existing ones or 
developing new customized curves. 

In the first case, for each building class, the available 
functions have to be collected and examined. After the 
assignment of a subjective probability to each one (logic tree 
approach), related to its reliability and coherence with the 
considered building class, the fragility function can be 
obtained by a simple weighted summation. The use of existing 
fragility functions must consider several critical aspects. When 
a fragility function refers to a broader class of buildings, the 
dispersion βLS should be reduced and it is worth considering if 
the mean value IMLS has to be modified (if the behavior of the 
subclass is better or worse than the average). When a fragility 
function refers to a subclass of buildings, within the class of 
interest, it would be necessary to have fragility functions for 
the other subclasses (in the other branches of the logic tree), 
otherwise the obtained final fragility function would result 
biased; as an alternative, the dispersion βLS should be 
increased and the mean value IMLS properly modified, on the 
base of expert judgment.   

Next sections give some hints for the development of new 
fragility functions. This can be done either by empirical data, 
if a robust database of damage observations is available in the 
area or in other regions where built environment has similar 
characteristics, or by analytical data, by the definition of 
mechanical models representative of each building class and 
able to assess the dispersion due to the variability of seismic 
behavior in the class. 

A. From empirical/macroseismic data  
In this ambit, Lagomarsino and Giovinazzi [14] have 

proposed a macroseismic vulnerability model, which can be 
considered an expert elicitation method. It is directly derived 
from the European Macroseismic Scale [37], which defines six 
vulnerability classes (named from A to F) and various building 
types (seven of them related to masonry buildings).  

It is worth noting that macroseismic scales are not 
instrumental based and they implicitly contain a vulnerability 
model. If a building class is considered, the linguistic 
definitions of EMS98 may be translated in quantitative terms, 

by the fuzzy set theory, and an incomplete Damage states 
Probability Matrix (DPM) is obtained. The completion is 
made by using the binomial probability distribution. The 
vulnerability is synthetically expressed by a vulnerability 
curve [42], which gives the mean damage µD (=∑𝐷𝐷𝑝𝑝𝐷𝐷𝐿𝐿𝐷𝐷 ) as a 
function of the macroseismic intensity I: 

𝜇𝜇𝐷𝐷 = 2.5 + 3 𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝐼𝐼+6.25𝑉𝑉−12.7
𝑄𝑄

�      (0 ≤ 𝜇𝜇𝐷𝐷 ≤ 5) (16) 

where: the vulnerability index V and the ductility index Q are 
parameters representative of the seismic behavior of a group 
of homogeneous buildings. 

The vulnerability index has been defined to vary between 0 
and 1 for the six vulnerability classes of EMS98. To each 
building class a plausible range of values of V is associated, 
defined by a proper membership function, according to the 
fuzzy set theory [43]; Table 2 shows intervals for each class of 
maximum plausibility. The ductility index is equal to 3, in 
order to obtain the best fit. 

Table 2. Ranges of maximum plausibility for vulnerability index of 
the six EMS98 classes 

Class A B C D E F 
V 0.84÷0.92 0.68÷0.76 0.52÷0.60 0.36÷0.44 0.20÷0.28 0.04÷0.12 

 
Fragility functions, in terms of macroseismic intensity I, can 

be evaluated by the binomial distribution: 

 (17) 

𝑝𝑝𝐷𝐷𝐿𝐿𝐷𝐷 = 5!
𝐷𝐷 !(5−𝐷𝐷)!

�𝜇𝜇𝐷𝐷(𝐼𝐼)
5
�
𝐷𝐷
�1 − 𝜇𝜇𝐷𝐷(𝐼𝐼)

5
�

5−𝐷𝐷
     (𝐷𝐷 = 0, . .5) (18) 

Limit States can be identified on the vulnerability curve as 
points for which pLSk=0.5 (k=1,..5). The vulnerability curve is, 
for the macroseismic method, analogous of the capacity curve 
for the analytical ones. Figure 8a shows vulnerability curves, 
with LS thresholds, for the central (white expected) values for 
the six EMS98 vulnerability classes. Figure 8b shows the 
correspondent fragility functions of DSs for Class B (V=0.72). 

If a proper correlation law between intensity and PGA is 
assumed, the fragility functions in terms of PGA are obtained; 
it is worth noting that, given the high number of uncertainties 
involved in the process, all macroseismic intensity scales may 
be assumed equivalent to this end. Many correlations may be 
found in literature, which have been calibrated in different 
areas and are usually in the form: 

𝐼𝐼 = 𝑡𝑡1 + 𝑡𝑡2𝐿𝐿𝑙𝑙𝑙𝑙(𝑃𝑃𝑃𝑃𝐴𝐴) (19) 
Figure 8c shows the fragility functions in terms of PGA, 

having assumed two different correlation laws: a) Faccioli and 
Cauzzi [44], described by (16) with a1=6.54, a2=4.51 (PGA in 
m/s2); b) Murphy and O’Brien [45] for Europe (a1=7, a2=4), 
which gives higher values of PGA for I>8, if compared to the 
former one. It is worth noting that fragility functions looks 
very similar to a lognormal cumulative distribution; the 
dashed lines represent the best fit, which is obtained for all 
LSs by the following values of the dispersion: a) βLS=0.54; b) 
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βLS=0.61. 
It is worth noting that fragility functions in Figure 8 refer to 

the central value of V for Class B and can be considered 
representative of a subset of buildings in the class. In order to 
consider the whole class, the range of plausible values of the 
vulnerability index V must be considered. As an example, 
Figure 9a shows fragility functions of LS4 in terms of 
macroseismic intensity, for the extreme plausible values of the 
vulnerability index V and for the two values that define the 
interval of maximum plausibility (Table 2). Figure 9b shows 
the fragility functions in terms of PGA (considering Murphy 
and O’Brien correlation law). The fragility function of the 
whole vulnerability class is obtained by a convolution of all 
plausible fragility functions; the result is the dashed line in 
Figure 9b, which is well fitted by a lognormal cumulative 
distribution with dispersion βLS4=0.64 (0.57 in case of Faccioli 
and Cauzzi correlation law). The dispersion is increased a 
little because in this case the fragility function represents the 
behavior of all different building of the class, instead of a 
small sub-set of these.  
 

     (a) 

   (b) 

     (c) 

Fig. 8. Central values of V: a) vulnerability curves for the EMS98 
vulnerability classes, with indication of LS; fragility functions of 
Class B in intensity (b) and PGA (c). 

   (a) 

   (b) 

Fig. 9. a) Fragility curves of DS4 for Class B, by macroseismic 
intensity, considering all plausible values of V; b) corresponding 
fragility curves in terms of PGA, with derivation of the overall 
behavior of Class B (dashed lines). 

EMS98 proposes a classification of buildings into various 
types, according to masonry and horizontal diaphragms 
characteristics. The seismic behavior of these macro-
typologies can include two or even more vulnerability classes, 
each one with a different subjective probability (see Fig. 5 in 
[14]). The corresponding vulnerability functions for each DS 
can be obtained with the procedure described above and 
showed in Figure 9b. As an example, if the building class 
involves two EMS98 vulnerability classes, the value of βLS, 
for the two considered correlation laws, increases to: a) 0.62; 
b) 0.7. 

Once the building classes have been defined by a proper list 
of tags from the taxonomy, fragility functions may be derived 
through the macroseismic method by defining a proper 
membership function for the vulnerability index (range of 
plausible values). The range can be very wide, if the building 
class is generic, while can be very narrow, smaller than that of 
a single EMS98 vulnerability class, if much information is 
available. 

The general format of the macroseismic vulnerability 
method can also be used when empirical data are available. In 
this case, for a specific building class (defined by data 
acquired and by the constructive characteristic of the built 
environment in the area where damage survey was made), the 
DSs distribution (and thus the mean damage µD) is supposed 
to be known for one or more values of the macroseismic 
intensity. If only one point of the vulnerability curve is 
available, the vulnerability index V can be fitted and, for each 
LS, the corresponding IMLS can be evaluated and a proper 
value of βLS can be assumed, by considering the variability of 
behavior in the class. If damage data are available for more 
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values of the intensity, both V and Q can be fitted. After the 
conversion into fragility functions, the values of βLS may be 
directly fitted. 

B. From analytical methods  
The use of simplified mechanical models presents the 

following main advantages: a) fully employ all results of 
PSHA (instrumental IMs, seismic input in the spectral form); 
b) keep explicitly into account the various parameters that 
determine the structural response (and evaluate accurately the 
uncertainty propagation). However, the reliability of the 
vulnerability assessment is affected by the capability of the 
model to simulate the actual seismic response of the examined 
class; to this end simplified models must be validated and 
calibrated with observed damage or results from more 
sophisticated models. 

As far as global response of existing masonry buildings is 
concerned, in-plane behavior of masonry walls can be 
modeled by an Equivalent Frame (EF), made by vertical piers 
(the columns) and horizontal spandrels (the beams), connected 
by rigid nodes of non-zero size. The generalized actions in 
masonry elements, all along the pushover analysis, depend on 
the relative stiffness and strength of piers and spandrels. The 
solution can be obtained only numerically, while analytical 
simplified models can make reference to two limit conditions: 
1) Strong Spandrels Weak Piers (SSWP), which corresponds 
to the shear-type frame model and is associated to the 
occurrence of a soft-story failure; 2) Weak Spandrels Strong 
Piers (WSSP), in which full height piers (from the base to the 
top) work like fixed-end cantilevers and fail at the base due to 
axial and bending failure (rocking with crushing at the toe). 
Figure 10 summarizes the effects of the coupling effectiveness 
of masonry piers, both in terms of deformed shape at collapse 
and distribution of the generalized forces (shear V and 
bending moment M), in a masonry building subjected to 
seismic loads, passing from the case of very weak spandrels 
(WSSP) to the shear-type idealization (SSWP). The effects on 
the capacity curve, in terms of overall strength, stiffness and 
displacement capacities, are also shown.  
 

 
Fig. 10. Influence of stiffness and strength of piers and spandrels on 
the capacity curve: generalized internal forces (V, M) in masonry 
piers and damage patterns according to the EF model and the two 
limit conditions of SSWP and WSSP (adapted from Tomaževič [46]) 

It is evident, in particular for medium and high-rise 
buildings, the range of variation of the seismic response is 
significant; thus, it is necessary to be able to catch these 
different behaviors for a reliable assessment. Usually, the 
presence of specific constructive details plays a crucial role in 
addressing the choice of the correct intermediate behavior 
between the two limit idealizations (WSSP and SSWP). In 
general, the SSWP hypothesis is consistent with new masonry 
buildings, in which masonry spandrels are always connected 
to lintels, tie beams and floor slabs, made of steel or reinforced 
concrete. On the contrary, in ancient buildings spandrels are in 
many cases quite weak elements, as lintels are in timber or 
made by masonry arches, tie beams are very rare and 
horizontal diaphragms are flexible (e.g. due to the presence of 
vaults or wooden floors). In these cases the behavior is closer 
to WSSP. 

Among the different mechanical models proposed in 
literature (as mentioned in §II), in this section the DBV-
masonry (Displacement Based Vulnerability) method is 
suggested. It was originally proposed in [47] with some 
further modifications [23], [24]. The analytical formulation 
makes reference to the SSWP model, under the simplified 
hypothesis, in the evaluation of the total base shear, that all 
masonry piers fail at the same time, which is true if they are 
more or less of the same size and the building is regular in 
plan. The vulnerability of actual buildings, which do not meet 
these hypotheses, is estimated applying proper corrective 
factors. Similarly it is possible to evaluate the capacity curve 
of buildings characterized by EF or WSSP behavior.   

An alternative to the use of simplified analytical models is 
to assume, for each building class, one or more then one 
completely defined prototype buildings, and to perform static 
pushover or incremental dynamic analyses with detailed 
MDOF nonlinear models. The variability of seismic response 
can be evaluated by analyzing the uncertainties propagation of 
model parameters and/or by considering a proper number of 
different prototypes, representative of the class.      

This approach can be more detailed because specific 
constructive details of buildings in the region under 
investigation may be taken into account explicitly. However, it 
is strongly dependent from the choice of prototypes and it is 
necessary to be sure they are really representative of all the 
building stock.   

C. From hybrid approaches  
Hybrid approaches are based on a combination of the 

methods described in §IV.A and §IV.B.  
In particular, empirical data in terms of macroseismic 

intensity can be interpreted by means of the macroseismic 
vulnerability method [14], [42], by fitting, for each defined 
building class, the two free parameters: the vulnerability index 
V and the ductility index Q. Then, fragility functions can be 
obtained through a proper I-PGA correlation. Simplified or 
detailed mechanical models provide fragility functions by a 
complementary approach.    

The comparison provides a cross-validation of the two 
methods and helps in the definition of more reliable function 
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for the seismic risk analysis. Depending on the specific case, a 
different degree of reliability can be ascribed to the two 
approaches. 

V. CONCLUSION 
The paper presents two procedures to derive fragility curves 

for masonry buildings. For the first, it is important to note that 
each component of the dispersion coefficient can be evaluated 
analytically, differently from other studies that numerically 
estimate just one component (due to the demand) of the 
overall uncertainty. In the paper also the definition of a 
suitable taxonomy and the criteria to be adopted for a 
consequent classification of the built environment are 
discussed. Moreover, it is worth noting that the combined use 
of the two approaches may give interesting results: 
- the analytical model, that has the advantage to keep 

explicitly into account the various parameters that determine 
the structural response of each vulnerability class, allows a 
more detailed classification of the assets present in hazard 
zones that are thereby subjected to potential losses; 

- the expert elicitation based models are obtained from 
observed damage and directly correlated to the actual 
seismic behavior of buildings.  
Therefore, the latter becomes the fundamental support to 

make reliable the results from the analytical method. 
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Abstract*:  ZnO nanostructures  were  grown on  alumina
substrate by Pulsed Laser Deposition (PLD) and Vapor-Liquid-Solid
(VLS) technique using Au catalyst.  While the catalyst disposal on
the substrate surface had a random distribution, we were trying to
align the grown nanostructures by controlling nucleation process by
additional seedings.  While pressing substrate surface with a carbon
contaminated  aluminum  foil,  a  weak  tendency  of  nanowire
alignment  on  paralel  lines  could  be  observed  on  some  substrate
areas. More evident results were obtained for ZnO nanobels growing
case. We interpret nanostructure lining as preferential interaction of
the vicinal plane edges with the contaminated foil and respectively
ZnO  preferential  nucleation  on  the  vicinal  planes  edges,  after
interaction with the foil surface. 

Keywords:  ZnO  nanowires,  Nanostructure  alignment,
Carbon seeding

I. INTRODUCTION

Zinc Oxide  (ZnO) is  a  direct  band-gap  (Eg = 3.37 eV)
semiconductor  with  a  large  excitation  binding  energy  (60  meV),
exhibiting  near  UV  emission,  transparent  conductivity  and
piezoelectricity  [1].  Thus,  ZnO  nanomaterials  are  promising
candidates for nanoelectronic and photonics. Compared with other
semiconductor materials, ZnO has higher exciton binding engery, is
more resistant to radiation, and is multifunctional with uses in the
areas as a piezoelectric, ferroelectric and ferromagnetic. ZnO-based
semiconductor  and  nanowire  devices  are  also  promising  for  the
integration on a single chip. So far, the various applications of ZnO
nano materials such as UV detectors [2-5], chemical sensors [6-8]
and FED [9-11] are under way.  Moreover, ZnO is biocompatible and
can be used for biomedical applications without coating so biosesors
are  also  a  promising  opportunity  for  the  ZnO  nanostructures.  

Nano-devices  fabrication  involve  a  precise  control  of
nanostructure  morphology,  properties  and  spatial  positioning.  In
applications as microfluidics or surface acustic senzors (SAW),  the
structures alignment is crucial for the device performances. Even if
the nanostructures fabrication is more and more effective using so
called  Bottom-UP  techniques  as  vapor-liquid-solid  (VLS)   for
structure  growing,  the  precise  positioning  of  the  catalyst  on  the
substrate surface is still a challenge. The best performance in catalyst
positioning still belongs to the Top-Down techniques by using beam
lithography which is in many cases not an affordable option. There
are  also  non-lithographic  techniques  for  structure  alignment
involving growing the structures using templates [12-15] or  various
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self assamblig monolayers [16-18] to pattern the catalyst before
growing the structures while still using VLS method. However,
the  available  non-lithographic  options  are  still  rather
sophisticated and limited as performances. 

Previous  studies  have  shown  that  oxide  nanowires
growing  by  VLS  technique  might  be  in  some  particular
experimental conditions significantly enhanced by the presence
of carbon seeds [19]. Thus, for these cases, the nanowire growth
process is conditioned not only by the disposal of the gold liquid
catalyst  but  also  by  the  carbon  seed  presence.  In  these
circumstances, we can virtually control the  nanostructure growth
process by controlling booth catalyst and seed disposal over the
surface.  By  using  a  random  gold  catalyst  distribution  on  the
substrate  surface  we  report  here  some  results  on  the  ZnO
nanostructures  alignment  on  the  alumina  substrate  using  the
substrate  mechanical  interaction  with  a  carbon  contaminated
aluminum foil surface. 

II. EXPERIMENTAL SYSTEM

Our  experimental  system  consist  of  a  Pulsed  Laser
Deposition (PLD) using an Lambda Physics ArF excimer laser.
We have gown ZnO nanostructures based on the Vapor-Liquid-
Solid  (VLS)  technique  using  Au  catalyst  on  (11-20)  Al2O3

substrate. Some special plume filtering techniques are necessary
for growing ZnO nanowires using our experimental system [20-
21]. By considering plume interaction with obstacles [22,23],  we
opted in this experiment for the axe-off system geometry (Fig. 1)
filter technique, and a variable offset 'h' of the substrate surface
ax from the plume central horisontal propagation plane. The 'h'
value  control  would  help  as  controlling  the  plume  filtering
efficiency and respectively the plume particle fluency. We used a
sintered ZnO target for the ablation process and a single crystal
alumina  substrate.  Ambient  oxygen  pressure  was  1  Pa  and
substrate temperature  about 8000 C. 

For the disposal of the seeds over the substrate surface, we were
using an  aluminum (flat)  foil  heaving a  carbon contaminated
surface.  Such  a  foil  was  placed  on  the  alumina  substrate  and
pressed against the deposition surface (Fig. 2). in order to transfer
the carbon contaminant on the substrate surface. 

ZnO Nanostructure Alignment on Alumina
Surface by Carbon Seeding
A. Marcu, L. Trupina , T. Yanagida,  C. P. Lungu and T. Kawai

Fig. 1 Experimental PLD system in a axe-off configuration
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III. RESULTS 

For  the  case  of  the  optimal  system  parameters,   and
respectively  for  appropriate  plume  filtering  and  particle  fluency,
corresponding in our system to a 5 cm target-substrate distance and
about 5 mm 'h' off-ax distance, vertical ZnO nanowires (Fig. 3 a)
could be obtained on the several square millimeters (11-20) alumina
substrate as could be seen in a scanning electron microscopy (SEM)
image  in  Fig.  3a.  However,  while  reducing  the  plume  filtering
efficiency and increasing the fluency, (in our case by decreasing 'h'
with few millimeters)  the grown morphology would change from
nanowire to nanobelts with no preferential orientation and a top view
image of  the substrate  surface is  presented in  Fig.  3  b.  For  such
experimental  conditions,  previous  investigations  proved  that  by
sputtering carbon seeds on the substrate surface we could still grow
nice and vertical nanowire [19] but with no preferential alignment of
the grown structures over the substrate surface. In this experiment,
by pressing  the substrate  surface  instead of  sputtering  the carbon
seeds  the  nanowire  growing  enhancement  was  also  obtained.
However, unlike for the carbon sputtering case, a weak tendency of
linear alignment of the grown structures could be noticed. In figure 4
are presented a top view SEM image of ZnO nanowires on alumina
substrate surface and respectively a 450 angle view image. 

By further decreasing the 'h' offset value, the plume filtering get
worse and the particle fluency increase.  Even by using carbon
seeds, in this case, ZnO grown morphology would be a mix of
nanowire  and  nanobelts.  Interesing  fact  is  that  the  grown
structures  where heaving a more evident alignment tendency and
SEM images of such a substrate surface are presented in Fig. 5.
The  ZnO  structures  are  still  grown  vertical  on  the  substrate
surface but tend to form parallel lines. The distance between the
alignment  lines  is  of  the  order  of  tens  of  nanometers.  The
alignment  tendency  is  visible  on  areas  of  square  micrometers
order or more, but without covering uniform the hole substrate
area. 

Fig. 3 ZnO nanostructures growing in a) optimal conditions and b) non optimal conditions

Fig. 2 Substrate contamination using a carbon contaminated
aluminum foil

Fig. 4 ZnO nanowire alignment tendencies on alumina substrate a) top view and b) 450 view
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IV. RESULTS INTERPRETATION AND DISCUSSIONS

An  atomic  force  microscopy  (AFM)  investigation  was
used  to  compare  the  substrate  surface  in  different  stages  of  the
sample preparation. We started with a clean 11-20 alumina surface.
In order to see the vicinal plane edges, the alumina substrate was
initially  thermally  treated  [24]  and  an  AFM  image  of  the  11-20
alumina surface is presented in Fig. 6a. The substrate vicinal plane
edges could be clearly seen and it is  interesting to notice that the
distances  between  the  plane  ages  is  of  the  order  with  the  ZnO
aligned nanoblets inter-space. After the gold catalyst deposition, the
substrate was heated up to the deposition temperature (8000 C) end
kept for several minutes in order to form the catalyst droplets, but no
alignment of gold catalyst could be observed Fig. 6b. After pressing
the  surface  with  the  contaminated  aluminum  foil  surface  no
differences from the initial surface could be traced by AFM. EDX
techniques  could  not  detect  traces  of  carbon  presence  either.
However, the carbon seeds disposed by sputtering, even if they were
also  experimentally  confirmed  as  enhancing  the  growing  process
they were also no traceable. By transferring more carbon the changes
could  become traceable  by  booth   AFM and EDX investigations
(Fig.  6c)  but  this  case is  far  from the optimal  seeding condition.
Thus,  we  could  only  conclude  that  that  we  do  transfer  traces  of
carbon using this technique, but the amount of transferred material
could not be detected with our methods.

Fig. 5 ZnO nanobelts alignment tendencies on alumina substrate a) top view and b) 450 view

Fig. 6 AFM images of the : a) 11-20 alumina surface, b) gold catalyst after being heated at the working temperature (8000 C) and
c) EDX pattern of over-contaminated surface with AFM surface image inlet (inset SEM image of the scanne area)
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A transmission  electron  microscopy  (TEM)  image  of  a
ZnO structure is presented in Fig. 7a. Since the gold droplet is still
on the top of the structure it means that the VLS mechanism is still
the leading process of the nanostructure growing. This is sustained
by  the  previous  observation  that,  generally,  no  nanostructure
growing could be observed in the absence of gold catalyst. However
the triangular membrane growing process, between the nanowire and
the substrate,  does not  seem to be related with the VLS process.
Thus,  in  Fig.  7b,  we  can  see  SEM  images  of  a  ZnO nanowires
heaving a triangular membrane which are not up the nanowire tip.
Furthermore,  in  Fig.  7c  we  can  see  not  only  nanowires  growing
together with nanobelts, but nanowire grown through a membrane of
a  different  wire  suggesting  that  the  nanowire  and  the  nanobelt
growing processes are independent processes which do not actually
affect each other. However, the ZnO membrane alignment has to be
related with the carbon contamination technique since no aligment
could be observed while using carbon sputtering. Taking also into
consideration  that  the  distance  between  aligned  structures  is
comparable with the distance between substrate vicinal plane edges
and that the surface 'steps' and defects are also known to work as
seedings  [25-27],  we  can  came  to  the  conclusion  that,  in  our
experiment,  the  membrane  growing  is  related  with  the  ZnO
preferential nucleation on the vicinal surface edge.  If the assumption
is true, the vicinal surfaces edge has to be particularly affected by the
interaction with the carbon contaminated aluminum foil, in spite of
the  fact  that  these  modifications  were  untraceable  within  our
investigations.  Thus,  a  preferential  seeding  on  the  vicinal  plane
edges seems effective for  booth nanowire  and nanobelts  samples.
The  assumption  is  a  reasonable  one  since  for  a  'plane-plane'
interaction, the  contact between surfaces would take preferentially
place between the peak zones, which in our case correspond to the
edges  of  the  vicinal  planes.  However,  the  interaction  between
substrate surface and the foil seems to have rather critic parameters
for  observing this  phenomenas,  since the alignment  of  the grown
structures  could  be  observed  only  on  some  of  our  investigated
samples and only over square millimeter order areas at most.

Fig. 7 Microscopy images of ZnO nanobelts: a)TEM image of a ZnO nanostructure, b) SEM image of an  incomplete ZnO
membrane and c) SEM image of a nanowire grown through a membrane
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V. CONCLUSIONS

ZnO nanostructures were grown on alumina substrate by
PLD/VLS technique using gold catalyst. We placed carbon seeds on
the substrate surface by pressing the it over a carbon contaminated
aluminum foil. Even if the  catalyst droplets were having a random
distribution  over  the  surface,  in  some  areas,  the  grown
nanostructures tend to align on on parallel lines at distances of the
order of vicinal surfaces edges distances. We interpret this alignment
results as being related with the vicinal surfaces edges preferential
interaction with the contaminated foil surface and and contamination
leading  to  a  preferential  nanostructure  nucleation  on  these  edge
regions.
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Abstract—Expansive soils are problematic due to the 
extensive damages they may cause to structures and 
infrastructure. This paper presents results from a case study 
conducted in an area (Irbid, Jordan) that is characterized 
by a surficial formation of highly expansive soil. A school 
building suffering from damages that are attributed to the 
shrinkage of the soil layer under the foundation was 
investigated. The interaction between the expansive clay soil 
layer and the structure was studied through diagnostic 
investigation of the existing cracks, the properties of the 
foundation ground, and the climatic and other relevant 
stratigraphical factors. The results of this study indicated 
that the structural damages in building members (columns, 
beams and footings) were mainly due to the swelling 
gradient. Remedial measures were proposed to rehabilitate 
and strengthen the structure and prevent further damages.   
 
Index Terms—expansive clay, soil-structure interaction, 
shrink-swell of clay 
 

I. INTRODUCTION 

Expansive soils pose a severe threat to civil 
engineering infrastructure worldwide. Excessive cost of 
damages to infrastructure mainly due to expansive soils is 
reported each year. Expansive soil is typically 
characterized by its potential for significant volume 
change with varying water content. Expansive soils are 
especially abundant in arid zones [1]. The primary factors 
governing the behavior of expansive soil are grouped 
under three categories: i) geology, ii) soil index 
properties, and iii) environmental factors. Geology is 
important in determining the formation and presence of 
expansive clay minerals as well as the amount of aging. 
Soil index properties indicate the type and amount of clay 
particles, dry density and water content of the soil. The 
most relevant environmental factors are the presence of 
vegetation, as it affects the moisture content of the soil, 
and amount of precipitation and wetting-drying cycles as 
they can cause great variation in the moisture content. In 
addition to all these factors, when it comes to design of 
foundations on expansive soil, the surcharge pressure 
plays a significant role on the expansion potential and the 
interaction between the soil and structure. In general, 
light structures (i.e., low rise buildings) are very prone to 

damages resulting from expansive soil. This paper 
presents a case study from an area (Irbid, Jordan) 
characterized by a surficial formation of highly expansive 
soil. A low-rise school building with symptoms of 
distress and visible cracks was investigated to address the 
source and extent of damages and propose rehabilitation 
measures. 

II. SITE DESCRIPTION  

A. Location, Climate and Stratigraphy 
The site is located in Irbid, Jordan Fig. 1, which is a 

semi-arid area with a long rainy season (November 
through April), followed by a hot dry summer (May 
through September). The annual precipitation in the study 
area varies from 200 mm to 800 mm. The site is covered 
by a surfacial layer of expansive clay soil. The typical 
soil profile in the area consists of 2 - 3 m of dark grayish 
brown clay layer underlain by reddish brown clay layer 
down to a depth of 10 m. Then, weathered materials of 
large rounded boulders of basalt exist just above the 
clay/basalt interface [2].  

 
Figure 1.  Location map of the study site. 

B. Current State of Structure 
The structure of study is a reinforced concrete (RC) 

structure consisting of a “library building” and “main 
building” as shown in Figs. 2 and 3, respectively. The 
main building consists of ground, first, and second floors 
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while library buildings are ground floor only. The visual 
inspection of the structure revealed evidence of cracking 
of external and internal walls of the western portion of 
the buildings. The structure had been subjected to 
cosmetic repair for cracks, however cracks have 
redeveloped and reappeared. Some photographs showing 
the current state of cracks/damages are presented in Fig. 4 

III. FIELD EXPLORATION AND LABORATORY TESTING  

A. Field Exploration 
For field exploration purposes four test pits were 

excavated. The approximate locations of these test pits 
are marked in Figs. 2 and 3. The test pits reached to 
depths of 210 cm to 265 cm below ground surface. 
Disturbed soil samples were collected at various depths 
for laboratory testing. All sides and the bottom of each 
test pit, including foundations, were thoroughly 
examined. Soil strata and material recovered were 
described.   

 Existing cracks were spotted and monitored for a 
period of about 3 months by using thin glass till tales that 
were fixed across existing cracks at different locations at 
the interior face of the building walls. 

B. Laboratory Testing 
Laboratory tests were performed on selected samples 

from each test pit.  The percentage of sand, silt, and clay 
for the studied soil were determined in accordance with 
ASTM procedure [3] and found to be (8-11) %, (52-54) 
% and (35-40) %, respectively. Atterberg limits were 
determined according to ASTM procedure [4]. The 
results showed that the soil samples have Liquid Limit 
(LL) of (58-63) %, Plastic Limit (PL) of (30-31) %, and 
Plasticity Index (PI) of (28-32) %. Based on Unified Soil 
Classification System (USCS), the soil was classified as 
high plasticity clay (CH). The degree of potential 
expansiveness was determined as high expansiveness 
according to the chart given by [5].  

IV. FOUNDATION INSPECTION  

A. Test Pit 1(Library Building) 
The RC foundation has dimensions of 100 x 130 x 30  

cm and depth of 250 cm from the adjacent external 
sidewalk level.  The foundation is underlain by a plain 
concrete layer with thickness of 15 cm and protrudes a 
distance of 15 cm from the external face of the footing. 
The foundation materials are composed of dark brown, 
very stiff to hard silty clay material with occasional 
gravels of chert and limestone. 

B. Test Pit 2 (Library Building) 
The RC foundation has dimensions of 120 x 150 x 35 

cm and depth of 265 cm from the adjacent internal 
ground level. Similar to the formation of Test Pit 1, the 
soil beneath the foundation is dark brown, very stiff to 
hard silty clay with occasional gravel of chert and 
limestone. 

C. Test Pit 3(Main Building) 
The RC strip foundation has width of 180 cm and 

thickness of 30 cm. The foundation is placed 215 cm 
below the adjacent external sidewalk level. The soil 
formation underlain the foundation is consistent with that 
of previous test pits (i.e., Test Pits 1 and 2), revealing 
dark brown, very stiff to hard silty clay with occasional 
gravels of chert and limestone.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. General layout of library building and test pits             

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. General layout of main building and location of test pits. 
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D. Test Pit 4 (Main Building) 
The RC strip foundation has width of 190 cm and 

thickness of 30 cm. Depth of foundation is 210 cm from 
the adjacent internal ground level. The soil beneath the 
foundation was found to be the same as that discovered in 
the other test pits; dark brown, very stiff to hard silty clay 
material with occasional gravels of chert and limestone. 
Location of test pits in the library and main buildings are 
shown in Figs. 2 and 3, respectively. Fig. 5 shows cross 
section of the foundation in the main building Test Pit 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Test pit 3 and state of cracks in main building 
 

 
 
 
 
 
 
 

Figure 5. Elevation view of foundation at test pit 4 in the main building  

V. ANALYSIS OF THE LABORATORY AND FIELD TEST 
RESULTS  

The expansive clay layer is the focus of this study.  To 
understand the interaction between the soil and the 
structure, it is important to quantify the swell/shrink 
potential and bearing capacity of this founding clay layer. 
The average value of the measured corrected standard 
penetration test blows/ft, N60 at the depth of foundation 
was 17. The undrained compressive strength may be 
found through empirical correlations employing N60 
value and PI [6]. Using such correlation, the unconfined 
compressive strength of the stiff clay was estimated as 
200 kN/m2. The allowable bearing capacity of the 
foundation was calculated based on [7]:  qult = Su Nc/ FS 
= 100 x 5.14/3 = 171 kN/m2. The dead load and  live load 
on the slab were computed as 7 kN/m2 and 4 kN/m2 
respectively. The calculated bearing pressure was 156 
kN/m2 which is less than the allowable bearing capacity 
of the soil.   

VI. DESCRIPTION AND CLASSIFICATION OF  CRACKS 

A. Cracks in the Library Building 
Most of the cracks took place at the western portion of 

the building, and particularly at the southern west and 
northern west corners of the building. Diagonal, vertical 
and horizontal cracks were observed at internal and 
external walls, particularly at the library room and in the 
furniture store room.  

B. Cracks in the Main Building 
Most of the cracks in the Main Building were found to 

be at the external and internal walls of the western 
staircase of the building, at the ground and first floors. 
Two diagonal cracks were observed at internal partitions, 
and columns located in the ground and first floors.  
Based on the cracks classification given by [8] the 
observed cracks classification ranged from negligible to 
moderate. 

VII. SWELLING PRESSUR AND SWELL POTENTIAL 

The relationship between the swell potential and 
plasticity index can be expressed as follows [9] 

 
Sp = BeA(I

p
)    (1) 

 
Where,   A = 0.0838, B = 0.2558 and Ip = plasticity index. 
Using Eq. (1) the swell potential of the clay can be 
calculated as 3.7 %. In the present study the depth of the 
expansive clay layer was found to be 8 m below the 
ground surface. The depth of foundation was found to be 
on average about 2.0 m in the main building as shown in 
Fig.6, and 2.5 m in the library building. The depth of the 
active zone extends down to 3.5 m. Thus, the thickness of 
clay layer beneath foundation that is susceptible to heave 
due to moisture content variation is 1.5 m in the main 
building and 1.0 m in the library building.   
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Figure 6. Seasonal variation of water content with depth for Irbid soil. 
[12]. 
 
Based on the calculated percent heave, the total surface 
heave is estimated to be 5.6 cm under the main building 
and 3.7 cm under the library building. These values of 
heaving result in significant angular distortion; 1/135 and 
1/90 for the library building and main building, 
respectively. Such large values of angular distortion are 
immediate cause for cracking in the structure, as they 
exceed the allowable limit of 1/500 for single and 
multistory structures [10]. The variation of swelling 
pressure in the area with natural moisture content may be 
calculated from Eq (2) [11].  The results of this equation 
coincides well with measured values of Irbid clay [12]. 

 
 logps=  -2.0 + 0.02LL +0.001ρd -0.04wn     (2) 
 

Where        ps = swelling pressure in kg/cm2 

                  LL = liquid limit (%) 
                  wn  = natural moisture content (%) 
                  ρd = dry density of soil in kg/m3 

The variation of swelling pressure with the moisture 
content variation is plotted in Fig. 7 as predicted by Eq. 
(2). 

 

 
 
Figure 7. Variation of swelling pressure with the moisture content 

for the studied soil. 

VIII. CAUSES OF CRACKS 

Based on the field observation and Laboratory tests 
conducted in this study the following factors were found 
to contribute to foundation movement observed cracks. 

 

A. Depth of Foundation 
The foundation is located within the active zone i.e. 

the zone of the seasonal moisture variation. Depth of 
foundation ranges from 215 to 265 cm below the adjacent 
external sidewalk level while the depth of the active zone 
is 300 cm.  

B. Foundation soil 
The foundation soil was found to bee highly plastic 

with high swelling potential. Thus, the soil is susceptible 
to movement by swelling and shrinkage as a result of 
moisture content variation. 

C. Moisture Content Variation  
The main cause of foundation movement either 

upward or downward is the change in soil moisture 
content. This change is resulted from changes in the field 
environment from natural conditions. For the library 
building, the moisture content at the time of the 
investigation (April) was found to be 25.1 % at the base 
of the foundation outside the building (Test Pit 1) while it 
was found to be 12.9 % under the footprint of the 
building (Test Pit 2). Such discrepancy between the 
values of moisture content inside and outside the building 
may be explained by the presence of plants and tress 
surrounding the perimeter of the building. Further, the 
footprint area of the building is covered by the structure 
itself that limits the exposure, thus is likely to experience 
less variation in the moisture content when compared to 
the outer perimeter which is open with direct exposure. 
The difference in moisture content between inner and 
outer perimeters leads to dish-shape heaving as shown in 
Fig. 8. This may explain the cracks in the exterior walls 
of the library building. 

Local edge heave below the southern west and northern west
corners of the library building-dish shape heaving.

water supplywater supply

Figure 8. Local edge heave below the southern west and northern west 
corners of the library building-dish shape heaving 

 
The moisture content for the main building at the time of 
the investigation was found to be 17.3 % in the soil of 
uncovered area and 19.2 % in the soil of covered area at 
the base of the foundation. The high value of moisture 
content in the covered area is due to the migration of 
water vapor from higher temperature uncovered area to 
the cooler inside covered area to equalize the thermal 
energy of the two areas. The construction of the main 
building was started in the summer where the moisture 
content was low. However, the moisture content has 

0,1

1

10

100

1000

10 20 30 40

Sw
el

lin
g 

Pr
es

su
re

, (
kP

a)

Water Content (%)

winter 

foundation 
level summer 

active zone 

non-active 
zone 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 198



increased with time.. It is important to pint out that the 
moisture content in the uncovered area starts a decreasing 
trend towards the summer, and especially because of the 
plants and tress nearby. Such decrease in the uncovered 
will result in what is called doming heave as shown in 
Fig. 9. 

Long term heave beneath the main
buidling- dome heave

Local shrinkage
due to water
extraction by

trees

 
Figure 9.  Long term heave beneath the main building- dome heave 

D. Surrounding pavement 
It was observed that the library building is surrounded 

by a pavement of width of 1 m from the south and north 
sides of the building. The pavement showed sagging, 
settlement and cracks and separation from the adjacent 
walls. Thus water from rainfall and surface water is 
allowed to drain towards the foundation causing moisture 
content variation. 

E. Effect of Trees 
At the site, trees and various plants of dense population 

were found to surround the building. The extraction of 
water from soil due to the existence of trees and plants is 
expected to be substantial.  
Building damage can be noticed as trees height becomes 
approximately equal to their distance away from the 
building.  In nearly every such case damage has 
subsequently increased in severity as the trees have 
grown higher heights. In most cases the crack patterns 
have indicated relative downward movement of the part 
of the building nearest to trees. This fact can be taken as 
circumstantial evidence that the building damage has 
been caused by moisture extraction from the ground 
associated with tree growth and root spread. The main 
cause of water removal and replenishment is the weather; 
shrinkage of the ground occurs due to evaporation in the 
hot dry season, and swelling occurs due to rainfall 
infiltration in the cool wet winter season. The ability of 
the climate to remove water from ground is greatly 
increased by the pumping action of plants which transpire 
moisture through their leaves into the atmosphere; the 
moisture is taken from the ground by fine roots. 

IX. BUILDING REPAIR AND REMEDIAL MEASURES 

The type of building repair and any remedial measures 
undertaken on a damaged building will depend on three 
factors: the extent and scale of the damage, the nature of 
the movement causing the damage and the cost of the 

repairs and remedy in relation to the value of building. In 
the current study the following remedial measures and 
building repair types were recommended: 

A. Environmental Control 
1. Sloping the ground down and away from the buildings 
so that any water run-off flows away from it. 
2. Ensuring that water supply pipes and sewer pipes are 
all not damaged and not leaking and sufficiently flexible, 
or are flexible connected, to accommodate movements. 
 
3. Ducting all rainwater falling onto roofs well away from 
the foundations to the adjacent streets or areas. 
 
4. Cutting all trees around the buildings particularly, the 
tress located at the northern side of the library building, 
and the western side of the main building. 
 
5. For library building. It is recommended to reconstruct 
the pavement (approximately 2 m wide) at the northern 
and southern sides of the building. The pavement in 
general shall be slopping outwards at 2.5 % in order to 
protect the soil near the building from surface water. The 
pavement should not be connected to the building though 
dwells instead it should be separated from the building by 
sealed vertical slip joint. Suggested typical details for the 
pavement are shown in Fig. 10. 
 

 
Figure 10. Pavement Details 

B. Building Repair 
It is expected that the implementation of the remedial 
technical and environmental measures specified in (A) 
will restrict the problem and swelling and shrinkage of 
the foundation soil appreciably. Continuous monitoring 
of crack progression is recommended and in case there is 
any underpinning to the foundation in away to increase 
the depth of the foundation below the active zone region 
(3 m depth) below the ground surface. If no further 
movement is detected at least six months after the 
implementing of the remedial measures, crack repair may 
proceed. 

X. CONCLUSION 

A damaged RC building due to an expansive soil was 
investigated in the form of a case study. Diagnostic 
analyses of the damage were conducted through 
reconnaissance measurements. The investigation showed 
that the foundation soil is highly plastic and has high 
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expansiveness potential. The field and laboratory 
measurements showed that the main reason for building 
cracking was the swell/shrink movement of the 
foundation soil and consequently the building foundation. 
Calculated angular distortion was found to exceed by far 
the allowable limit for typical residential buildings. This 
finding was significant in identifying the causes of 
differential movement of foundation and eventual 
cracking of the walls of the building. Remedial measures 
were prescribed in the current study. The proposed 
remedial measures focused on isolating the foundation of 
the building from the water so, there will be no change in 
moisture content over the year which will substantially 
reduce the swell/shrink movement of the foundation and 
ceasing the building movement. 
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 Abstract — Within the framework of Cracow University of 
Technology through innovative project by University of 
Technology and Malopolska autonomy ‘Spin – transfer model 
of innovations in Malopolska’ was created Malopolska’s 
Energy Efficient Construction Center (MCBE).  
MCBE groups together Cracow University Of Technology 
researchers working in energy efficient construction field. It is 
a place which disseminate information of the energy efficient 
construction area and also entity involved in implementing 
innovations in construction. MCBE promotes energy efficient 
construction. As part of the laboratories which are promoted 
by MCBE most innovative is newly created technologies 
Malopolska Laboratory Of Energy Efficient Constructions 
(MLBE).  
One example of MCBE  activities is development of first in 
Poland energy efficient buildings certificate. The first certified 
building is Malopolska Laboratory Of Energy Efficient 
Constructions (MLBE). 

Keywords—energy-efficient buildings, MCBE Certificate, 
Near Zero Energy Buildings.  

I. INTRODUCTION - ENERGY EFFICIENT BUILDING - 
CERTIFICATION OF BUILDINGS 

ilding sector in Poland is undergoing significant 
transformation which in the end will be filling the 

obligations of Poland as a Member State in the EU in this area. 

 
 

 MCBE - MALOPOLSKA’S CENTER OF ENERGY EFFICIENT 
CONSTRUCTIONS – 2012  
This investment is an innovative unit of Cracow University of Technology, 
whose aim is to establish a partnership network of cooperation between 
science and business. Such cooperation enables scientists and entrepreneurs to 
develop and implement new technologies in the field of energy efficient 
construction. 
Malopolska’s Centre of Energy-Efficient Construction unit of Cracow 
University of Technology - Project "SPIN - Model transfer of innovation in 
Malopolska" realized by the Human Capital Operational Programme, Priority 
VIII: Regional human resources, Measure 8.2. Transfer of knowledge, Sub 
8.2.1. Support for cooperation zone of science and Enterprises. The aim of the 
project is to increase the intensity of knowledge transfer and exploit the 
potential of universities by companies in Malopolska. In this study Design 
Builder software was used (that has been purchased under this project).  
 
M. Fedorczak-Cisak is working in  Malopolska Laboratory of Energy 
Efficient Constructions Civil Engeneering on Cracov Uniwersity of 
Technology, Poland (corresponding author to provide phone: 0048-696 04 60 
50; fax: 0048-12-628-30-61; e-mail: mfedorczak-cisak@pk.edu.pl).  
M.Furtak – Director of  Malopolska Laboratory of Energy Efficient 
Constructions Civil Engeneering on Cracov Uniwersity of Technology, 
Poland, (corresponding author to provide phone: 0048-608 177 419; e-mail: 
mfurtak@pk.edu.pl).  
 
 

 

Implementation of the Directive 2002/91/EC and its detailed 
version Directive 2010/31UE [10] about buildings energy 
performance. Requires us to necessity of buildings  design 
with a much reduced demand for energy – buildings ‘almost 
zero energy’. The process of designing buildings with so low 
compared with traditional energy consumption objects affects 
the choice of construction materials and insulations system 
solutions to ensure, on the one hand, the structural safety as 
well as fulfillment of the sharp heat protection requirements. 
Objects with almost zero energy demand require a specific 
approach to both, the design process and the implementation 
and use of the objects. This type of buildings have very tight 
external enclose and restrictive parameters of thermal 
insulation. These buildings are equipped with specialized 
systems of technical installations, rising in a maximum 
possible, active or passive, of renewable energy for example, 
by opening the object on the southern side and the extraction 
of energy from solar radiation.  As a result, these objects have 
minimized demand for energy both, primary (indicating the 
non-renewable sources of energy consumption) and the final 
determining actual energy needs of the building. The low 
energy buildings design is a challenging job for architects, 
particularly in the aspect of providing appropriate thermal 
protection but also ensure the comfort of using the building 
(Fig 1) [1], [3]. All aspects of comfort experienced by the use 
shall be taken into consideration and very thoroughly analyzed 
during the process of designing energy efficient buildings [5-
8]. 
 

 
Fig.1. The criteria considered in designing nearly zero energy 
buildings. 
 
Necessary element to the design and implementation of energy 
efficient buildings is to check its parameters for appropriate 
thermal insulation, energy demand, comply with the comfort 
requirements or uses eco-friendly materials. A guarantee of 
good design and object’s execution is certification, which will 
indicate assessment of the selected parameters, standard in 
which the building was constructed.  

M. Fedorczak-Cisak, M.Furtak 

The development of energy-efficient construction in the 
Malopolska region by the projects SPIN. Malopolska 

Certified Energy-Efficient Building. 
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The certification process may include both the process of the 
concept and the design and construction process, and the use 
of the object. 
 
Around the world there are certificates – environmental 
assessment of buildings. One of the most important is the LCA 
method (life cycle assessment). This method assumes the 
building assessment throughout the life cycle.  The processes 
of acquiring row materials, productions of building materials 
and use of the buildings  are significant consumer of natural 
resources and one of the main emitters of harmful substances. 
Although it is not possible to completely eliminate the 
negative impact of the building on the environment, such tools 
as LCA allow to minimize this impact. Rational use of 
resources and raw materials is possible through a detailed 
analysis of the impact of proposed building on the man, the 
climate and the environment.  
The analysis is carried out both for the entire building’s life 
cycle as well as distinguishing between the different stages of 
its life: the production of construction materials, building 
erection phase, operation of building and its demolition, which 
makes it one of the most methodically advanced tools for 
environmental assessment. The analysis takes into account the 
most important environmental indicators, the green house 
effect, soil and water acidification, photochemical ozone 
synthesis ability, capacity to consumption of fresh water.  
 
Other certification methods developed in different countries 
are considerably simplified to the LCA [2]. All are listed in 
table 1. Presented evaluation systems as the main criterion 
shall assess the building impact on the environment, partly 
include social and economic aspects. Table 2 shows the main 
evaluation criteria which are taken into account in the various 
certification system.  
  
Table1. Developed for different countries environmental 
assessment [1]. 
System Environ

ment 
Social 
aspec
ts 

Econom
ic 
aspects 

under 
development 

EU Flower YES NO NO under 
development 

BREEAM YES Partly NO for 
environmenta
l assessment 

LEED YES Partly NO the US is not 
adapted to 
the 
conditions of 
the EU 

DGNB YES YES Partly Only 
Germany 

SBTool YES YES YES research 
CASBEE YES YES YES Only Japan 
 
Table2. Developed for different countries environmental 
assessment. 
System Country Rated issue 
BREEAM U.K. management 

comfort 
energy 
transport 
water consumption 
materials 
land use 

 ecology 
waste 

LEED U.S.A. sustainability 
the effectiveness of water 
management 
energy and atmospheric 
pollution 
materials and resources 
indoor environmental quality 
innovation and design process 

GBTool iiSBE consumption of resources 
environmental burden 
Indoor environmental quality 
quality of service 
economy 
management 
transport and communication 

CASBEE Japan quality of the building 
internal environment 
quality of service 
external Environment 
environmental burden 
energy 
raw materials and consumables 
external Environment 

 
 All of the presented environmental assessment systems 
require a long period of time to prepare the final version of the 
certificate, because are involved in each of the stages: design, 
erection and use of the buildings. 
Each of the systems has been developed for the climatic 
conditions of the concerned country (United Kingdom, United 
States, Germany, Japan), including not only the local climate, 
but also the database available for the given country of 
construction materials, whether specific requirements for 
buildings. 
 

II. MALOPOLSKA CERTIFICATE ENERGY EFFICIENT BUILDINGS 
(MCBE) 

 
Experts of the Malopolska’s Energy Efficient Construction 
Center (MCBE) with cooperation with Malopolska’s Energy 
Efficient Construction Laboratory (MLBE) recognizing the 
need for certification of buildings developed MCBE 
Certificate. This document confirms the high power 
characteristics of a building, its reliable performance and 
minimal impact of building on the environment, and residents 
comfort and health. 
The certification process begins right from the design stage, 
where the MCBE team helps to determine the design 
parameters of the future investment. During erection experts 
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of the Cracow University of Technology verify that the 
building is made correctly, in accordance with construction 
and design assumptions and while building is used will be 
examined for correctness of proper execution and the quality 
of the internal environment. Additionally there will be 
specified carbon footprint of the building, which will 
determine how much the building impacts on the environment.  
The building that meets the criteria of the MCBE Certificate 
only positives for the user – from health, through better 
housing comfort, protection of the environment up to the 
specific savings for the owner. Such a building is 
characterized by a much less demand on the energy required 
for heating and ventilation as compared with traditional 
technology, largely uses the heat produced from a variety of 
renewable energy sources, uses natural light (Fig 2). 
 
 

 
Fig.2 MCBE Certificate Criteria. 

III. DESIGN ASSUMPTIONS OF MCBE CERTIFICATE 
 
To adopt a correct assumption about establishing the level of 
the energy parameters and parameter limits for heat protection 
of buildings for the purpose of the MCBE certificate, there 
was a series of energy simulation carried out. Simulations 
included calculating the energy demand for heating, the 
preparation of domestic hot water, cooling (if there is cooling 
installation in the building) and lighting (in the case of public 
buildings) for various types of buildings. As a basis of 
calculation for the buildings certification in Malopolska 
province, we used a method adopted in the Regulation of the 
Minister Of Infrastructure And Development dated June 3rd 
2014, a methodology for the calculation of the energy 
performance of the building and dwelling.  

The requirement calculation for energy demand, primary and 
final was made on the basis of the monthly balance sheet 
method in accordance with the methodology for calculating 
the energy performance of the building. [9-23]. 

Weather data 

Malopolska province is diverse in terms of climatic 
conditions. There are three different climate zones in 
accordance with the standard PN-80/B-02403. MCBE experts 
assumed, that the MCBE certificate will take into account 
different climatic conditions of Malopolska. The figure below 
shows the breakdown of the climate zones (fig 3). 

 
 

 
Fig 3. Climate zones in Malopolska. 

Malopolska province is diverse in terms of climatic 
conditions. There are three different climate zones in 
accordance with the standard PN-80/B-02403. MCBE experts 
assumed, that the MCBE certificate will take into account 
different climatic conditions of Malopolska. The figure below 
shows the breakdown of the climate zones. 

The calculation uses the weather data posted on the website of 
the Ministry Of Infrastructure And Development for 
meteorological stations representing the areas of Malopolska 
province: Krakow III climate zone, Nowy Sacz climate zone 
IV and Zakopane climate zone V (Fig 3). Meteorological data 
include the average multi-annual values of the external 
temperature, and solar radiation for each month of the year.  
 
Calculations were made for the following types of buildings: 
-single family (in addition to phase 1-calculation according to 
current regulations, checking classes) 
− three single-family houses of different A/V shape factor, one 
store building, building with occupied  attic, two store 
building with unoccupied attic, 
-multi-family – four multifamily buildings with different A/V 
shape factor, 
-residential with services – one multi-family building with 
services on the ground floor, 
-public building – two office buildings of different A/V ratio, 
two school buildings of different A/V ratio and one building 
with more floor height for example. Sports Hall 
-commercial – two commercial buildings with different A/V 
ratio. 
 
Table 3. Geometric data of analyzed buildings. 
Model of 
building 

Usable 
area 

The cubic 
capacity 
with 
controlled 
temp. 

A/V The 
degree of 
glazing in 
exterior 
walls 

 m2 m3 1/m - 
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Single-
family 1 

150 367,5 0,66 0,09 

Single-
family  1 
with 
garage 

178,9 448,6 0,63 0,07 

Single-
family  2 

122,1 310,9 0,73 0,09 

Single-
family  3 

149,2 356,3 0,8 0,08 

Multi-
family  1 

5286,7 13713,7 0,32 0,23 

Multi-
family  2 

2627,3 6581,7 0,35 0,20 

Multi-
family  3 

1956,1 4996,9 0,44 0,18 

Multi-
family  4 

966,53 2404,8 0,47 0,16 

services 
part 

1956,1 5175,9 0,44 0,18 

Living part 1480,3 3749,2 
Services 
part 

475,8 1426,7 

Office 1 4952,8 17209,2 0,10 0,60 
Office 2 11031,4 38873,4 0,12 0,59 
Sports hall 
1 

633,4 2620,4 0,41 0,06 

Merchant 1 10062,1 83313,9 0,16 0,00 
Merchant 2 2261,2 13197,4 0,26 0,06 
School 1 2651 10668,7 0,18 0,07 
School 2 2663,7 11156,4 0,31 0,07 

In the analysis adopted in all buildings following values of the 
coefficients heat transfer through external walls , which is set 
in the table below (Tabl. 4). 

Table 4 summary of coefficients heat transfer through external 
walls 

The type of partition Coefficient heat 
transfer U 

 [W/m2K] 
Externall wall 0,15 
ground floor 0,20 
The ceiling above 
unheated space 

0,15 

The roof above 
unheated space 

0,25 

Windows 0,9 
Eksternal walls 1,3 

 

Heating system 

The calculation of the final and primary energy demand is 
performed for two commonly used solutions. The first of these 
is the installation of central heating systems supplied with gas 
furnace while the second installation is supplied with the 

district heating. The tables below show the partial efficiency 
used in calculations. 

Ventilation system 

The analysis includes two types of ventilation: natural and 
mechanical ventilation intake-exhaust, with heat recovery 
efficiency up to a maximum of 80%. The tightness of the 
building in the case of natural ventilation is n50 = 3,00 1/h in 
the case of mechanical ventilation n50 = 1.5 1/h. In the 
technical conditions is written that in the building of up to 9 
stories gravitational or mechanical ventilation may be used. In 
case of higher buildings shall be used mechanical exhaust 
ventilation or intake-exhaust ventilation. Therefore, in the 
multi-family buildings  1 and 2 was  used instead of natural 
ventilation mechanical exhaust ventilation. The tightness of 
the building in case of exhaust ventilation is n50 = 1.5 1/h. 

Hot water preparation system. 

The calculation of the final and primary energy demand was 
made for two commonly used installation solutions. The first 
of these is the installation prepares the hot water out of gas 
furnace and the second is the municipal district heating 
network. Tables below show the partial efficiency applied in 
the calculations. 

Non-renewable primary energy factors 

Non-renewable primary energy factors are in accordance with 
the regulation on the production of the energy performance of 
the building and data given on the pages by the district heating 
companies and are as follows:  
− network gas = 1,1;   
− energy eclectic w = 3.0;   
- MPEC-Krakow 2013w = 0.62;   
- New Sacz w MPEC = 1,3;  
-  Geotermia Podhalańska w = 0.39. 
As a result of the carried out analysis assumes the following 
values for buildings that meet the assumptions of the energy-
saving Buildings Certificate 
 
Table 5 Parameter values for Malopolska energy-efficient 
Building certificate,  and verification method. 

Parameters  Method of 
verification 

Coefficient U [W/m2K] 
External walls: 
a)  ti≥ 16oC 
b)  8oC ≤ ti< 16oC 
c)  ti< 8oC 

 
0,15 
0,45 
0,90 

architectural 
and building 
documentations 

External Roofs 
a) ti ≥ 16oC 
b) 8oC ≤ ti<16oC 
c) ti< 8oC 

 
 

0,15 
0,30 
0,70 

architectural 
and building 
documentations 
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Parameters  Method of 
verification 

Ground floors 
a) ti ≥ 16oC 
b) 8oC ≤ ti<16oC 
c) ti< 8oC 

 
0,20 
1,20 
1,50 

architectural 
and building 
documentations 

External windows  
a) ti ≥ 16oC 
b) ti< 16oC 

 
 

0,9 
1,4 

architectural 
and building 
documentations 

External doors 1,3 
architectural 
and building 
documentations 

Energy consumption [kWh/m2a] 
Coefficient EP 
(Primary Energy) 70 energy 

performance 
Coefficient EU (Use 
Energy) single family 
building 

60 
energy 
performance 

Coefficient EU (Use 
Energy) multi family 
building 

40 
energy 
performance 

Research „in situ” 
Loak test Yes In situ 
Air quality Yes In situ 
Thermovision Optional In situ 
Thermal comfort Optional In situ 

 
The value of the indicator of Energy Use of a building which 
satisfies the assumptions of the MCBE Certificate, taking into 
account the climate zones in Malopolska 
 
Table 6 Reference indicator of energy demand for heating and 
cooling EU'ref  taking into  account of the  correction value  
factor related to the location of the building ΔE 

Type of 
building 

Reference indicator of primary 
energy demand EU’ref= EUrefΔE 

[kWh/(m2rok)] 

 Kraków 
Nowy 
Sącz Tarnów 

Zakopa
ne 

Single-family 
building 60,0 58,8 56,4 74,3 

Multifamily 
buildings 40,0 39,2 37,6 49,5 

single-family 
houses with a 
system of 
cooling 

62,5 61,3 58,8 77,4 

multi-family 
buildings with 
the installation 
of cooling 

42,5 41,7 40,0 52,6 

public buildings 60,0 58,8 56,4 74,3 
public buildings 
with the 
installation of 
cooling 

65,0 63,7 61,1 80,5 

 

The value of primary energy ratio of the building which 
satisfies the assumptions of the MCBE Certificate, taking into 
account the climate zones in Malopolska 

Table 7. Primary energy demand reference indicator to heating 
and cooling EP'ref taking into  account of the  correction value  
factor related to the location of the building ΔE 

Type of 
building 

Reference indicator of primary 
energy demand EP’ref= EPrefΔE 

[kWh/(m2rok)] 

 Kraków 
Nowy 
Sącz Tarnów 

Zakopa
ne 

Single-family  70,0 68,6 65,8 86,6 
Multi family  70,0 68,6 65,8 86,6 
single-family 
houses with a 
system of 
cooling 

75,0 73,5 70,5 92,8 

multi-family 
buildings with 
the installation 
of cooling 

75,0 73,5 70,5 92,8 

public buildings 120,0 117,6 112,8 148,5 
public buildings 
with the 
installation of 
cooling 

145,0 142,1 136,3 179,5 

IV. MALOPOLSKA LABORATORY OF ENERGY EFFICIENT 
CONSTRUCTIONS 

The first certified Certificate object is a super innovative 
building - Malopolska Laboratory of Energy Efficient 
Constructions.  
It is a building erected in the center of Cracow, adapted to 
existing buildings.  
The building is realized in pole-plate technology. 
Geometric parameters: 
-The usable area of the building: 1,039.39 m2 
-The cube of the building: 5 050,41m3 
-Number of floors of the building: 5  
-Building-height: 19.24 m 
-The geometry of roof - flat roof 
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Fig.4. Cross-section of the MLBE building 

 
MLBE building is fully automated and it is a laboratory to test 
energy-saving technologies "in situ". 
 
MLBE is equipped with the research systems: 
- 6 independent heating sources 
- 14 independent climate zones 
- 3 thermal wells (125 m) 
- 2 ground heat exchangers 
- 3000 sensors 
 
Table 8,9. Thermal parameters MLBE: 
 
The type of partition Coefficient heat 

transfer U[W/m2K] 
Externall wall 0,12 
Ground floor 0,10 
Roof 0,13 
Windows 0,70 
External door 0,80 
 
Energy consumption 
coefficient 

[kWh/m2a] 

EP 119,6 
EUH+W 13,6 
 

 
Fig.5. View of the building MLBE. Laboratory “in situ” energy 

efficient technology. 

V. SUMMARY 

Whether the building is energy-efficient is decided by many 
factors. First, the design of the building must be made in 
accordance with the principles of integrated design. 
Appropriate design assumptions must be taken on the heat 
transfer coefficients and energy consumption. Just as 
important is the quality of the materials used for its 
construction and execution stage care. A comprehensive 
review of the whole process, both the executive and the design 
is a difficult task for the investor, because it requires 
knowledge of many engineering disciplines. Certification of 
energy-efficient buildings is a necessary part of the 
verification of the buildings for adequate heat protection and 
comfort of the rooms. 
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Abstract — Presented in this paper Malopolska Energy-Efficient 
Building Laboratory (MLBE) of Cracow University of Technology 
provides the ability to perform research in the field of improving  
energy efficiency in the building industry while taking into account to 
ensure comfortable conditions. The basic installations and technical 
equipment to ensure proper functionality of the building MLBE will 
be discussed. Examples of the type of "in situ" measurements that can 
be done using building technology and integrated process control 
system equipped with a BMS in the context of the research for 
energy-efficient installation solutions. 

Keywords—energy-efficient building, integrated control 
systems, Building Management System (BMS), optimal 
process control, "in situ" measurement of LonWorks 
technology..  

I. INTRODUCTION 
NDER  Polish membership in the European Union there 
were possibilities of financing a number of construction 

projects from EU funds. Thanks to financial support, a number 
of modern buildings with diverse functionality were built. 
Innovative technologies help to reduce the operating costs of  

 
 
MLBE –LESSER ENERGY-EFFCIENT CONSTRUCTION 
LABOARATORY  

Construction and equipment of the Malopolska Laboratory of Building 
Energy-Efficient (MLBE) were financed by the Project MRPO.05.01.00-12-
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for the years 2007-2013; Priority Axis 5 - Krakow Metropolitan Area; Action 
5.1 - Krakow Metropolitan Area as an important junction of the European 
Research Area, value of the Project is approx. 20 million -  for 2014 year. 

The Laboratory is the first place in Poland to do such large-scale 
research on energy efficient technologies and the comfort of the 
occupants of low - energy buildings. This interesting project gives the 
University the leading position in the sector of energy efficient 
building. 
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these objects. After the first phase optimistic use of modern 
technical solutions, installation and material came reflection 
that often this type of approach is not the best.. Investors began 
to prudently choose the solutions. There were reports supported 
research that the use of certain technologies are not optimal. 

Poland is obliged to introduce regulations for building with 
low energy consumption [1].  

Currently, the implementation of Directive 2010/31 / EU [2] 
on the energy performance of buildings causes that special 
attention is given to issues related to the energy consumption of 
buildings. User requirements for thermal comfort newly 
constructed buildings grows. It all makes energy saving 
solutions are being sought to enable a high comfort while 
providing the lowest possible investment costs. 

It is therefore necessary to conduct scientific research "in 
situ" in the real scale in order to guarantee optimum 
configuration of devices and systems used in the selected 
building.  

Nowadays it is the rapid development of integrated process 
control systems in buildings. In Poland issue of standardization 
in the field of building automation has been ordered.  

Less and less problems arise in the case of the need to 
integrate automation systems, using various communication 
standards. 

In accordance with current legislation, the use of building 
automation for buildings with low energy consumption is not 
obligatory. 

In special cases it is not possible to achieve some heat 
protection requirements of the building without the use of a 
properly configured process control system. 

  

II. FUNCTIONALITY OF INTEGRATED AUTOMATION 
SYSTEM  

Computer simulations on the building structure or functioning 
of its individual installations, performed in computer programs 
DesignBuilder type, in the context of limiting its energy 
consumption are very useful tool.  

A. Romańska-Zapała 

Multi-level integrated process control and 
energy management 

on the example of the Malopolska Laboratory of 
Energy Efficient Building 
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However, in the case of multivariate analysis processes with 
respect to energy consumption and optimal work of individual 
systems such as ventilation, heating, lighting, and air 
conditioning, this type of computer calculations are not 
sufficient. 

If comfort is also taken into account in this process, to 
perform correct analysis and assessment of parameters 
characterizing the building the "in situ" measurements are also 
needed. It was also the justification for the idea of creating the 
Malopolska Energy Efficient Building Laboratory of Krakow 
University of Technology. The construction was completed in 
September 2014.  

The Laboratory is the first place in Poland to do such large-
scale research on energy efficient technologies and the comfort 
of the occupants of low-energy buildings. This interesting 
project gives the University the leading position in the sector of 
energy efficient building. 

The innovative building is situated on the University campus 
in Warszawska street. It has 5 floors (built area is 258,41m2, 
utility space is 1039 m2, the front elevation is 17,02 m wide 
and 19,24 m high). It is a slab and column construction with 
self-supporting external walls and glass elevations.  

Owing to this, materials and construction can be changed to 
meet research needs.  

Inside there is 14 climate and energy zones where researchers 
study properties of materials and technologies in relation to 
climate conditions.  

The object has an intelligent control system and relies on 
varied systems of heating and ventilation. Energy supply also 
comes from different sources including renewables. 

All installations such as heating, cooling and ventilation have 
meters so as to allow current monitoring. The object comprises 
of 14 thermal zones working independently of one another so 
as to make their comparative analyses possible.  

The laboratory is supplied with specialist research equipment 
for testing and implementing new technologies, material and 
construction solutions and installations.  

Thermal comfort of the occupants is studied and analyses of 
air quality are made for the tested technologies. 

 The integrated automation system used in this building is 
based on the technology Lon Works. The combination of all 
installations (see Fig. 1) allows remote monitoring and control 
of all devices including heating and cooling. The integrated 
process control system includes both automation systems, 
control and data acquisition (including lighting, heating, air 
conditioning, ventilation, and monitoring of measurement 
systems) and safety systems (including systems intruder alarm 
and access control system) . The integration of automation 
systems with security systems can increase building energy 
efficiency through the implementation of process control 
strategies in different rooms depending on the current degree of 
utilization of these rooms by users. 

Network infrastructure system was developed on the basis of 
several data transmission standards such as IP, BACnet, LON, 
MBus, Modbus, Dali, OPC, combining logical systems 
automation equipment rooms, access control, intruder alarm, 
media monitoring, and technical devices and drivers for central 
ventilation and air conditioning. Ability to work using the most 
popular standards allows to research facilities and technology 
with almost no restrictions. 

Fig.1. A plan of the first floor of MLBE building 
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 The main goal of the integrated control system is to use the 
signals from all available sensors and corresponding control 
depending on the data obtained from these sensors. To 
facilitate the the work of users monitoring data are presented 
using visualization system. Systems created in addition to the 
present values of the parameters that are important for the 
process control gives full control over installations. The 
visualization of the flow of control is built in such a way that 
each person after a brief training could use this system. Of 
course, for security reasons workstations, visualization systems 
are located in places inaccessible to random people, and access 
is further protected by passwords and access levels. The 
workstation is not the control unit, but the device through 
which you can reprogram, view job status, control the system. 
To ensure the functionality of individual installations systems 
are connected with BMS (Building Management System). The 
building management system (installations) along with sensors 
arranged on the object, detectors (including specialist 
measurement devices) creates a so-called intelligent building. 
Such a structure collecting data element of the system can 
adjust system parameters to the environmental conditions 
which currently occured inside and outside of the controlled 
object. The solution is adjusted primarily to maximize comfort 
and functionality, in addition to minimizing costs associated 
with maintenance of the building.  

The system includes three levels - the master level  (its task 
is to support operator, collection, processing and data 
collection), the controllers level  (implementation of control 
algorithms of individual subsystems such as lighting heating, 
air conditioning, ventilation, etc.) and object level, including 
sensors and implementing components  related with tested 
technology. 

Devices of master level and of the drivers level  are 
connected by separate computer network-based on structured 
cabling (Ethernet IP). Object devices are connected with 
controllers or via direct connections with individual inputs and 
outputs drivers, or by local fieldbuses data, specific to the 
industry for example heat meters are connected to M-bus, the 
ventilation control  / air conditioning fieldbus BACnet MS / 
TP, lighting elements system  are connected by DALI fieldbus , 
and automation components and, among others, parameters 
from weather stations or heat pump control was carried out 
using LON bus. Sequentially Modbus protocol was used in the 
process control unit AWS and heat pump air-glycol.  

Master management level (BMS)  realizes operator station, 
which acts as a server system automation, control and data 
acquisition (USAD). The system automation, control, data 
collection and management of the building Malopolska 
Laboratory of Building Energy-Efficient is a distributed control 
system (DCS), which in addition to the standard functions 
performed by the modern BMS enables research in the range 
energy efficiency of different technologies used in building 
installations. 

The BMS MLBE thanks to a number of international data 
transmission standards found in building automation systems, it 
is possible to turn on the system and examine the work of 
external devices. Standard base system is PN-EN ISO 14908 
(LON) [4]. 

The system integrates control of all building technological 
installations (air ventilation / air conditioning, heat pumps, 
cooling unit, fan coil units Room &, wall heating, underfloor 
heating, ceiling heating, chilled beams, variable air flow 
regulators). This functionality can be expanded by adding 
additional devices planned. 

The automation system integrated object-level building 
security systems such as the system intruder alarm and access 
control system. This solution will allow to carry out research on 
the impact of integration on the energy efficiency of the 
building in accordance with DIN EN 15232 [3]. 

The control system uses modern, programmable automation 
servers LINX-121 / LINX-151, Lioba-180 modules, modules 
IBAS drivers L-DALI and touch panels L-VIS. 

The room automation and monitoring system was carried out 
on the basis of automation servers which are enable to 
communicate with object level devices.  Equipments that are 
used belong to the group of freely programmable in accordance 
with IEC 61131-3, which allows object-oriented data 
integration from various sectoral fieldbuses.  

The software L-WEB allows direct access to the data and 
functions of automation servers from the operator station and 
the external terminals. Part of the system responsible for the 
implementation of safety functions (burglary and access control 
system) communicates directly with the master server level via 
a router control network. 

In the laboratory rooms freely programmable controllers are 
applied in order to implement any control strategy within a 
given space. In selected areas of laboratory touch panels that 
allow to preview of the current parameters of the room (eg 
temperature, humidity, air velocity on supply and exhaust, the 
state apparatus), to control of individual local systems: lighting 
(internal and external - street lighting),  for heating / cooling 
and to ask the required parameters, were installed. 

On the roof of the building and on three sides of the world  
weather stations with control module are located. In some 
rooms it is possible to carry out control in relation to the supply 
air temperature, extract air or room temperature. All the 
measured parameters and modulation are made available and 
archived in the system USADA.  

In selected places heat / refrigeration installation system is 
used to measure the consumption of heat/cold. Heat meters 
with M-Bus interface were used for measurements. They 
provide the ability to read parameters such as flow rate, 
temperature control and return temperature.  

Integrated master level control system was implemented 
using three computer stations. Each of them has a specific 
function. The first is the system operator station USADA, 
which includes the following software - MSDE SQL Server, 
Software Lon Maker (for example system configuration is 
shown in Fig. 2), NL-OPC Server, L-LOGICAD (see fig. 3) 
and L-WEB. At the second station were installed LabView 
software, which is used to manage research experiments. The 
third computer includes specialist software dedicated to 
specific research. 
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III. METHODOLOGY OF CONDUCTED EXPERIMENTAL 
RESEARCHES  

 
 
 
 
Analysis of selected technologies and systems used in the 

MLBE building is a multistep process. Pre conducted computer 
simulations, for which are built simplified models of examined 
the premises, facilities and processes using, among others,  
 

Fig. 2. Example of system configuration using the software Lon Marker 
 

Fig. 3. Example of system configuration using the software LogiCAD 
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Fig. 4. The control panel work sources of heat and cold 

Fig. 5. Control panel operation of the ventilation system 

Fig. 4. The control panel work sources of heat and cold 
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programs such as ANSYS, DesignBuilder and software, 
presented in the previous section.    

Then, after evaluation of obtained results, parameters of 
examined system are selected and the schedule of "in situ" 
research shall be established.  

In Figure 4 shows a control panel work of individual sources 
of heat and cold, installed in the building MLBE. It is possible 
to free programming in a wide range and selection of a parallel 
mode of operation of the equipment. As another example, 
Figure 5 presents the control panel ventilation. 

It is possible to configure any operation of the ventilation unit 
according to the criterion of control. 

In order to make an objective assessment of the analyzed 
parameters, measurements are carried out in two identical 
rooms. One of them acts as a room with assumed control 
parameters.  

Application during the research an integrated process control 
in LonWorks technology enables repeatablness of experimental 
conditions and automatic data collection in SQL database.  

In addition, in some rooms it is possible to connect additional 
devices which are not elements of the existing building 
infrastructure, such as fan coil units, or various types of heating 
or cooling devices. Additionally, in two rooms used for 
research on the integration of building automation systems, 
made in a variety of corresponding standards, KNX bus system 
is installed. Using these hardware capabilities, the real becomes 
conducting research in all basic standards on the effectiveness 
of building automation devices in a very wide range.  

After carrying out cycle of measurement, the obtained data 
are processed using programs such as STATISTICA in which 
numerical methods are used to search relationship between the 
measured parameters. The results and statistically significant 
dependencies are the basis for the correction of process control 
algorithms.  

The final effect of such actions is to develop optimized 
process control algorithms, and subsequently to carry out an 
atempt to implement self-learning algorithms. 

IV. FUNCTIONAL PROGRAM OF „IN-SITU” RESEARCH 
Performed experimental studies are carried out in natural 

conditions typical for using the building in urban areas 
monthly, quarterly and annual.  

Used in MLBE building integrated control system allows, 
among others, the following examples of controls of selected 
process: 

• Control of VAV systems as a function of CO2 - in 
selected rooms of air flow control is based on 
measurement of carbon dioxide concentration. The 
measurement is carried out by sensors mounted on the 
CO2 exhaust channel from the room. Increase of the 
concentration of CO2 in the air above the 700 ppm 
increases the flow of air in the room through the 
activation of VAV air supply and exhaust with taking 
into account existing legislation [5, 6, 7]. 

• lighting control system administration and DALI system 
– communication lighting is controlled with buttons or 

dependent on the presence of motion detectors. You 
can choose one of several available operating modes 
of lighting: "attached", "disabled", "the motion 
detectors". For laboratory, teaching and office rooms 
lighting fixtures with adjustable light intensity were 
used. In the conference rooms luminaires with DALI 
system which gives the possibility to change the 
intensity of light were used. Intensity control takes 
place in these rooms from the touch panel. Selection 
of control is also possible from the BMS operator 
station. 

• blind control - the building is equipped with external 
blinds controlled by local switches in the rooms, the 
touch panel or BMS station. External blinds are from 
2 to 4 floor. 

• ceiling, wall and floor heating / cooling  - temperature 
stabilization of medium in relation to the set room 
temperature.  

These are only examples. The scale of the research is much 
wider. 

V. CONCLUSION 

At present integrated process control systems are used in 
buildings more often. Both in new buildings and in the case of  
modernized building are introduced building automation 
components. The rapid development of information technology 
and changes in the legislation obliging investors to the use of 
energy-saving materials and technologies, meant that building 
automation is an important element of energy-efficient 
construction 

In addition, to ensure adequate comfort of use of buildings 
and maintenance of energy consumption at a certain 
predetermined level may be easier in the case of application of 
advanced building automation solutions. 

There is a need for scientific research into innovative 
technical solutions in an independent and objective research by 
specialized units. This is also the role of the newly created 
Malopolska’s Laboratory of Energy Efficient Building.  
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Abstract — Malopolska Centre for Energy-saving 

Building (MCBE) came into being  thanks to an innovative 
project “SPIN – a transfer model of innovation in Malopolska” 
of Cracow University of Technology and Malopolska 
Government. MCBE gathers  around itself research workers of 
Cracow University of Technology, active in the field of 
energy-saving building. It is a place of popularizing 
information on energy-saving building,  as well as a unit 
participating in realization of building innovations. MCBE 
helps to solve problems connected with designing and 
realizing buildings of low energy consumption. One of the 
examples of MCBE scholarly activity is analysing  the 
problem of overheating the rooms in energy-saving buildings 
and the influence of all types of solar screens on the users’ 
comfort improvement. 
Keywords—energy-efficient buildings, comfort, Solar gains.  

I. INTRODUCTION – NEAR ZERO ENERGY BUILDINGS 
IN POLAND. LAW, DEMANDS. 

ne of the main aims of the European policy are activities 
aiming at protection of the environment resources, 
including limiting  energy usage in building. Such a 

policy started to be shaped in the 70’s of the previous century, 
when during XXIV  General Session of the United Nations 
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Organization on the present state of the environment in the 
world, a report alerting to progressing environment 
degradation was resented. In the report the UN Secretary 
postulated the necessity of the environment protection and 
rational usage of its resources 
In 1987 another report was presented „Our common future”, 
in which the basis of the sustainable world development idea 
was defined as “ development that meets the needs of the 
present without compromising the ability of future 
generations to meet their own needs”.  
The effect of those postulates was that the European Union 
initiated meetings during which  the situation of the Earth  
natural resources depletion was analysed and activities aiming  
at limiting this process were postulated. The meetings of the 
representatives of the whole world countries called the Earth 
Summits  or Climatic Summits took place already in: 1992 
UN “Earth Summit”, in Rio de Janeiro Agenda 21, in 1997 
Climatic Summit in Kyoto, in 2002 Earth Summit in 
Johannesburg, in 2014 Climatic Summit in New York. 
During the meetings, in result of long negotiations and 
agreements, many documents were accepted and introduced, 
such as: a declaration on environment and development;  
Global Activities Programme – Agenda; Convention on 
Biological Diversity; Convention on Climate protection; or 
one of the most important: 20 20 Energy Package.According 
to the Package, the member countries declare to: reduce 
CO2 emission by 20% in 2020 in comparison to 1990, 
increase usage of energy from renewable sources in the EU 
from 8.5% at present  to 20% in 2020 (for Poland an 
increase from 7% to 15% was established), increase 
energy effectiveness in 2020 by 20%. 
In 2010 Directive 31/2010/UE [8]was developed and 
accepted. It is a document of significant influence on the 
future of the building sector in all EU member countries. The 
document points at the development policy direction as far as 
designing and realisation standards in building are concerned. 
The primary aim is to reduce usage of energy from non-
renewable sources and to increase energy effectiveness of the 
buildings. The Directive presents generalized  definition of the 
near zero energy consumption of the buildings and the terms 
by which such buildings have to be elaborated as a building 
standard in EU member countries. 
Signing the 31/2010/UE Directive is connected with its 
implementation in the state legislation by creating the 
mechanisms of the Directive regulations implementation in the 
Polish legal acts and orders. The Ministry responsible for legal 
changes in this respect, in Poland the Ministry of 
Infrastructure and Development developed and introduced the 
following documents:  
- Novelized  Technological Conditions (Minister of Transport, 
Construction and Marine Economy’s  order from 5July 2013 
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changing the order concerning technological conditions the 
buildings and their localization should fulfil (Journal of Laws 
of the Republic of Poland, abbreviated Dz.U. nr75,pos.690 
with later amendments) (in effect since 1 January 2014). [9] 
[10]. 
- Novelized scope and form of construction project 
(Minister of Transport, Construction and Marine Economy’s  
order from 25 April 2012 concerning the detailed scope and 
form of construction project (Dz.U. 2012, pos. 462), (in effect 
since od 3 October 2014) [11].  
- Novelized methodology of certificate compiling (Minister  
of Infrastructure and Development’s order from 3 June 2014 
concerning methodology of calculating energy characteristics 
of a building and dwelling being  an independent techno-
usable whole and the way in which certificate specimens of 
energy characteristics are compiled (in effect since 3 October 
2014) [12]. 
- Act on energy characteristics of buildings (Dz.U. from 
2014, pos. 1200) (came into effect on 9 March 2015) [13]. 
- Minister of Infrastructure and Development’s order from 17 
Feb. 2015 on the specimens of protocols  from heating 
system or air-condition inspection –9 March 2015 [14]. 
- Minister of Infrastructure and Development’s order from 27 
Feb. 2015 on the method of the detailed scope of carrying 
out verification of energy characteristics certificates and 
protocols from heating or air-condition systems inspection –9 
March 2015 [15]. 
- Minister of Infrastructure and Development’s order from 27 
Feb. 2015 on methodology of determining energy 
characteristics of a building or its part and energy 
characteristics certificates - 19 April 2015 [16]. 
 
EU Parliament and Council 2010/31/UE Directive from 19 
May 2010 on energy characteristics of buildings (OJ of EU 
UE L 153 from 18 June 2010, p. 13) in Article 9 imposes on 
the EU countries the necessity of developing and introducing 
into the state legal order the state plan aiming at increasing the 
number of building with near zero energy consumption [8]. 
 
According to art. 39 sect.2 of the act on energy 
characteristics of buildings the state plan has to include: 

1. Definition of buildings of low energy consumption 
characteristic of each member country specificity  

2. Government administration activities undertaken 
in order to promote  buildings of low energy 
consumption, including designing, constructing and 
reconstructing of the buildings in such a way as to 
ensure their energy-saving and to  increase obtaining 
energy from renewable sources in new and already 
existing buildings: 

3. time table  of achieving the goals discussed in point 
2. 

EU DEFINITION of „near zero energy consumption” 
General definition included in art.2 of 2012/31/EU directive 
defines “a building of near zero energy consumption” as a 
building of very high energy characteristics. Near zero or very 
low amount of required energy should come in a very high 

degree from renewable sources, among them from renewable 
sources  of energy produced on the spot or in the vicinity. 
Polish DEFINITION of „a building of near zero energy 
consumption” 
Developed by the Ministry of Infrastructure and Development 
the state plan aiming at increasing of the number of buildings 
with near zero energy consumption determines the level of 
energy characteristics that a building is to fulfill for Polish 
climatic conditions. By “a building of low energy 
consumption” is to be understood a building which  fulfills 
the requirements connected with saving of energy and heat 
insulating power included in the technological and 
building regulations presented in art.7 sect.1 point 1 of the 
act from 7 July 1994,to be in effect since 1 January 2021 and 
for buildings occupied by public authorities and being 
their property – since 1 January 2019. 
Parameters determining a Polish definition of near zero energy 
consuming building are thus included in Technological 
Conditions elaborated for the year 2021. 
Heat parameters determine  minimum requirements  for heat 
penetration coefficient UC [W/m2K] and for non-renewable 
primar energy indicator EP[kWh/m2year]. Below, in table 1 
and 2 heating requirements for buildings are quoted, included 
in Technological Conditions novelized in 2014.   
 
Table 1. Basic requirements of heat protection referring  to UC heat 
penetration coefficient in buildings, in effect since 2013, 2017 and 
2021 
Lp. Type of partition Coefficient UC(max) [W/(m2·K)] 

1.01.2014 1.01.2017  1.01.2021  

1 External walls 

a) ti ≥ 16°C 0,25 0,23 0,20 

b) 8°C ≤ ti < 16°C 0,45 

c) ti < 8 °C 0,90 
2 Roofs 

a) ti ≥ 16°C 0,20 0,18 0,15 
b) 8°C ≤ ti < 16°C 0,30 
c) ti < 8 °C 0,70 

3 Ground floors 
a) ti ≥ 16°C 0,30 
b) 8°C ≤ ti < 16°C 1,20 
c) ti < 8 °C 1,50 

4 Windows 
a) ti≥ 16°C 1,3 1,1 0,9 
b) ti< 16°C 1,8 1,6 1,4 

5 Skylights 
a) ti≥ 16°C 1,5 1,3 1,1 
b) ti< 16°C 1,8 1,6 1,4 

6 External doors 1,7 1,5 1,3 
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Table 2. Heat protection requirements referring to Primar Energy for 
buildings, in effect since 2013, 2017 and 2021 
lp Type of 

building 
Partial maximum index value EPH 

+ W for heating, ventilation and 
DHW [kWh/(m2rok)] 

2014 2017 2021 
1 Building:    

 One-family 120 95 70 
 Multi-family 105 85 65 

2 Collective 
residential 

95 85 75 

3 Public    
 Health care 390 290 190 
 Other 65 60 45 

4 Budynek 
gospodarczy, 
magazynowy i 
produkcyjny 

110 90 70 

 

II. NEAR ZERO ENERGY BUILDING IN POLAND. 
STATE EXPERIENCE 

 Building in Poland has been shaped according to the changing 
regulations on heat protection, particularly in external lining of 
the buildings, which serve to protect the building from  heat 
loss through penetration. Till the 50s of the previous century 
heat protection of the buildings was not taken into 
consideration in the standards. The first demands were 
presented in 1953 in PN-B-02405:1953 and were to prevent 
outdropping of water vapour on the inner surface of partitions 
rather than protect the buildings against heat losses. 
Growing care about heat protection of the buildings can be 
traced in the Polish regulations in the 90s. The subsequent 
standards were more and more restrictive in demanding heat 
protection of the buildings. In 2008 the requirements referring 
to the coefficient of heat penetration U were accompanied by 
an alternative notation on the indicator of non-renewable 
primar energy EP (PN-EN-ISO 6946: 2008) [3]. In spite of 
gradually growing restrictions in the state regulations, Poland 
does not have considerable experience in designing and 
realizing low energy objects. Buildings of near zero energy 
demand mean a great jump in the building standards. There 
are a few examples of passive buildings realized in Poland, 
which may be accepted as extreme standard of energy saving 
buildings. The first passive building in Poland built near 
Wrocław (Fig. 1) is an example, another one is a passive 
sports hall in Słomniki near Cracow (Fig.2). 
 
 
 
 

 
Fig. 1 The first passive building in Poland in Smolec near Wrocław 

 

 
Fig. 2 The first passive sports hall in Słomniki near Cracow 

 
Because low energy buildings are at the same time very tight 
and have external partitions of very good heat parameters 
(heat penetration coefficients)  excess of energy from solar 
radiation, especially in summer, may result in overheating of 
the rooms. Overheating is  a process which negatively 
influences the user’s comfort and the work of the whole 
construction. 
Rooms overheating is an important problem especially in the 
case of energy saving buildings with large glazing  from the 
southern side. Wrongly designed glass façade  may cause 
excess of solar energy stored in well insulated rooms. 
In Technological Conditions the problem of rooms 
overheating is expressed through demands referring to the 
restrictions in solar radiation permeability [1] [2]. 
The condition concerning protection against overheating is 
defined as a coefficient of total energy permeability of the 
solar radiation of the windows and glass  as well as transparent 
partitions g [1]. 
 
g = fC · gn                                                                [1] 
where: 
gn – coefficient of total permeability of energy of solar 
radiation for the type of glazing, 
fC − coefficient of radiation reduction due to the applied anti-
solar  facilities, 
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The values of radiation reduction coefficient due to the applied 
fC anti-solar facilities  are determined in Technological 
Conditions depending on the applied anti-solar protection. 
 
Table 3. Values of the coefficient of total energy permeability of the 
solar radiation for different types of glazing [17]. 
Lp The type of glazing  Coefficient 

g [-] 
1 Single glazing 0,85 
2 Double glazing 0,75 
3 Double glazing with selective 

coating 
0,67 

4 Triple glazing 0,70 
5 Triple glazing with selective 

coating 
0,50 

6 Double windows 0,75 
 
 
Elements reducing solar radiation permeability may be 
different breakers of solar radiation, internal and external  
shutters, roller blinds, awnings or elektro-chromic glass, 
window panes changing properties depending on the electric 
impulse applied. Screens limit the amount of solar radiation 
stream coming through the window pane, what influences the 
user’s comfort [4] [5]. 
 

III. ANALYSIS OF ANTI-SOLAR SCREENS INFLUENCE 
ON THE USER’S COMFORT 

 
In order to test the effect of solar shutters comfort analysis was 
performed for the model building energy simulation program 
Design Builder [18]. 

 
Fig. 3 Analyzed building model 

 
The examination aim  
The aim of the simulation carried out on the Model is to check 
the influence of different anti- solar screens on the conditions 
inside the room exposed to the direct solar radian 
 
Description of the task 
All calculations were carried out for the hottest summer week 
of the year. Analysis was carried out for the following 
variants: 

          a) No screen 
          b) Shield over the windows of 0.5 [m]  in length 
          c) Shield over the windows of 1.0 [m]  in length       
          d) Shield over the windows of 1.5 [m]  in length  
          e) Shield over the windows of 2.0 [m]  in length     
          f) external shutters   
          g) electro-chromatic widows                                                                                                                                            
The first case is used to evaluate efficiency of the remaining 
analyzed shields and does not take into consideration any 
protection against solar radiation. The following cases are the 
shields in the form of non-transparent canopies localized 
above the windows (Fg.3) differing in length. Variant 5 are 
external shutters  of average  reflectance. In the case when 
temperature inside  the room exceeds 24[°C]  the shutters 
protect against exceeding radiation. The final variant are the 
electro=chromatic windows. They are steered by means of 
data coming from the sensor of light intensity whose boundary 
value was accepted as 200 [Lx]. 
The analysis was carried out for four sizes of the southern wall 
glazing being subsequently 30%,50%, 70% and 90% of the 
glazed southern wall. In order to free the model from many 
variables having influence on rooms overheating the 
remaining walls are full walls. 
 
Results 
 
 

 
 

Fig.4 Graph of maximum dependence of inner air temperature on the 
kind of shield for chosen sizes of glazing. 

 
The graph presented in Fig.4 shows in what way the kind of 
anti-solar protection, working on the windows in a southern 
wall, influence the maximum temperature noted in the 
examined room. For 30% of glazing the lowest temperature 
value was obtained for electro-chromatic windows, however, 
the difference between them and the variant with no shields is 
only1.5 [o C]. 
Together with the growth of the size of glazing the 
effectiveness of the shields grows. In the case  of glazing 
equal to 90% the most effective proved  installing a canopy of 
2 [m] in length what made it possible to reduce inner 
temperature by 9.7 [o C] 
Smaller effects observed for30% glazing were caused mainly 
by a smaller amount of solar radiation coming to the room, 
what causes that temperature inside the room is closer to that 
outside. For larger glazing the larger amount of radiation 
energy reaches the inside of the building and is accumulated 
,thus in the calculations the inside temperature was unusually 
high, equal to 39.4[o C] 
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From the above data it becomes obvious that using shield for 
small glazing does not significantly influence the conditions 
inside the room, while in the case of large surface of the 
windows it is an essential element deciding about the resulting 
inner temperature. 
 
 

 
 

Fig.5 Graph of temperature course during 24 hours for glazing equal 
to 50% for different anti-solar shields 

 
Fig.6 Graph of temperature course during 24 hours for glazing equal 

to 90% for different anti-solar shields 

In figures 5 and 6 shown above there are graphs of inner air 
temperature course on the day on which the highest external 
temperatures were noted. In the case of glazing equal to 50%  
favourable lowering of inner temperature could be observed 
for shields of 0,5 [m] and 1 [m] in length, also for the external 
shutters and electro chromatic windows. Bigger lengths  of the 
shields do not significantly influence the conditions in the 
room. The situation is different for glazing equal to 90% of the 
southern wall surface. Together with the length of the shield 
temperature inside the building lowers significantly. Even 
between a 1.5 [m] and 2[m] shield  temperature is lowered by 
about 2[o C]. In the case of large glazing the most effective 
solution is to apply external shutters which allow to maintain 
considerably stable inner temperature within the range of 
25÷27 [°C]. 
In the case of all kinds of anti-solar protection temperature is 
lowered both during direct activity of solar rays in the day 
time  and during the night. In the model it was assumed that 
there is gravitational ventilation in the building, which acts 
only in the presence of people and the amount of the 
exchanged air is about 35 [m3/h] per person. Assuming such a 

low ventilation level there is no possibility to lower 
temperature inside the room considerably during the night, 
therefore in all the cases the difference between day and night 
is not big. 
 

IV. CONCLUSIONS 
 
Designing, realisation and usage of the buildings of low 
energy consumption is  a very complicate process. To make 
optimum use of all possible energy sources, such as solar 
radiation in energy balance, the design of the building should 
be analysed  in respect of both profits and losses  caused by 
excessive overheating of the rooms, especially in summer 
time. 
From the analyses carried out in this article it is clear that 
using shading systems favourably reduces temperature inside 
the rooms and thus effectively improves the user’s comfort. 
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Abstract — The aim of this study is to investigate whether, by 
using commonly available insulation materials it is possible to 
achieve building parameters as: 

- low energy demand, 
- for passive building.  
The article presents the results of analyzes of selected building 

designed in accordance with the Technical Conditions in relation to 
the Standard NF15 and NF40 which are Polish passive building 
design guidelines. The study analyzed opportunities to reduce energy 
requirements of the building and this study also attempts to optimal 
selection of design elements of the building due to the energy 
requirements using computational simulation tool which is the 
program Design Builder. External partitions due to the number of 
layers, the thickness of layers and air tightness of enclosure were 
adopted as the decision variables. The scope of work includes 
energy analysis of existing residential house, built in the 80s. 

Keywords—energy-efficient buildings, dynamic energy models, 
tightness of buildings, parametric optimization.  
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I. INTRODUCTION 
OWADYS the function that buildings perform is not only 
shelter, security and convenience, but equally important is 

how they influence on our environment (see for example [1], 
[2], [3]). In response to the growing awareness and concern 
about the environment in Poland and in Europe gaining 
popularity energy-efficient and passive constructions. This is 
not caused only by lower energy consumption or non-
renewable resources consumption such as coal, oil and gas, but 
also the construction shall be equal to reduced CO2 emissions 
compared with traditional construction whilst ensuring better 
indoor environment quality for humans. Energy efficient 
building, despite higher investment costs, minimizes expenses 
related to the use of the building, so the overall balance of 
costs from the point of view of users, it is more advantageous 
financially.  

Along with the growing demands for energy savings in the 
building, the energy for exploitation of buildings is minimizing 
and has become one of the main topics of analysis and 
research.  

Important parameters for evaluation of energy efficiency of 
the building is an indicator of seasonal heating demand for 
heating and air-tightness of the building. As a result of careful 
selection of these parameters for example by computer 
simulations the energy consumption and indirectly reduction of 
CO2 emissions of the selected building could be improved. 

The indicator seasonal heating demand is a very important 
element for evaluating the energy consumption of the building. 

Estimated data for the average multi-family buildings in 
Poland, seasonal heat demand depending on the year, are as 
follows: 

• in buildings built before the entry into force of PN-82 / B-
02020 (ie. before approx. 1985). - approx. 250-280 
kWh / (m2a)w budynkach wzniesionych zgodnie z 
wymaganiami PN-82/B-02020 (tj. po ok. 1985r.) – 
ok. 220 kWh/(m2a) 

• in buildings built in accordance with the requirements of 
PN-91 / B-02020 (ie. after approx. 1995). - Approx. 
160 kWh / (m2a) 

• in buildings built in accordance with the requirements of 
1997 (ie. after approx. 1999). - approx. 120-140 kWh 
/ (m2a). 

The Regulation of the Minister of Transport, Construction 
and Maritime Economy was signed on 5th July 2013. This 
regulation changes the ordinance on technical conditions to be 
met by buildings and their location (Journal of Laws of 2013., 
Pos. 926) [4]. The regulation came into force on January 1st 
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2014. It contains a new "technical conditions to be met by 
buildings and their location". The regulation changes the 
existing requirements of thermal insulation of the building 
envelope, and exacerbating value of the indicator for primary 
energy demand of the building. These parameters will be much 
stricter until 2021. 

Published regulation is a consequence of the implementation 
of art. 4 to 8 of the Directive of the European Parliament and 
the EU Council of 19 May 2010 on the energy performance of 
buildings (recast) (Dz. U. EU L 153, 18.06.2010, p. 13) [5].  

The role of the member states is to establish rules that will 
define the energy standards of the building and its components 
whereas the three fundamental aspects: technical, economic 
and financial, that is, the cost-effectiveness of the solutions. 

The purpose of Directive 2010/31/EU is the use of 
economically reasonable improvement energy performance of 
buildings as a result of lower heat demand for heating, cooling, 
domestic hot water and lighting, through the use of appropriate 
materials (with good thermal insulation parameters λ 
[W/mK]), the technology performance of heating system and 
tap water and mounting techniques with a responsible and 
thoughtful use of selected power sources.  

II. BUILDING DESIGN USING DYNAMIC ENERGY SIMULATIONS 
 
Computer simulations of the building allow to make a 

decision that will be able to optimize the architectural design 
and installation, which leads to a reduction in energy demand 
and allows for ensuring adequate internal environmental 
conditions. Building energy simulations, also called the energy 
modeling of the building, it is the use of software to predict 
energy consumption of the building.  Building Energy 
Modeling is the practice of assessing energy consumption of 
the building through simulations using a lot of of energy-
related elements. Programs for simulation energy performance 
are powerful tools for studying energy efficiency and thermal 
comfort throughout the life cycle of the building. Most 
programs for thermal simulations consist of calculation tool 
based on simple input and output text file. 

There are many programs for dynamic energy simulation 
based on specific, simplifying assumptions.  It is important to 
be aware of these assumptions and be able to decide whether 
they are justified and which may influence on the results of the 
simulation. For example, the weather data are adopted on the 
basis of measurements from previous seasons and based on 
them future external thermal loads are assumed. Another 
assumption is that the temperature in the room is spatially 
uniform. This is a good foundation for not so high spaces, but 
not so good for larger rooms where the temperature varies 
depending on the height of the storey.  

There are two main elements in energy design programs: 
calculations tool and graphical interface. Calculation tool uses 
input files of a particular form taken from the geometry model. 
Compared to other graphical interface design architecture, the 
energy modeling programs are very weak. This tool defines 
simple architecture and reads only the simple geometry. This is 
one of the main reasons for difficulties in communication 

between architecture design and designing using energy 
programs. 

Computer simulations presented in this article are based on 
DesingBuilder software. 

A method of modeling of buildings is the formation of 
blocks which are the basic elements used to create the model 
in DesingBuilder program. There are three types of elements 
that could be added to the building model: 

• Building Blocks - constitute the outer shell of model or 
part of model, they can be divided inwardly to form a 
series of zones. The finished house consists of a set of 
construction elements, which may include external 
walls, roofs and floor tiles. 

• Outline Blocks - are used to help to create a more 
complex geometry. They are created and edited in 
exactly the same way as main element, but is only 
created a 3D shape without related building 
components such as walls, floors, roofs, etc. 

• Component Blocks - are used to create visual elements, 
an external area and shading of structures that zones 
do not contain. 

  In DesignBuilder program there are three types of HVAC 
systems: 

• Simple - suitable for use in the initial design phase, 
heating / cooling system is modeled by a calculation 
algorithms of basic load. 

• Compact - can be useful when modeling in EnergyPlus. 
They allow for modeling of HVAC systems in some 
detail, without necessarily been drawn air flow 
network and coping with complexity of control 
systems and connection nodes. The compact HVAC 
is an intermediate between simple and detailed model 
HVAC options. 

• Detailed - DesignBuilder system models are connected 
by a placing several predefined installation schematic 
diagrams, which are then combined to form a 
complete system. 

In this study was used DesignBuilder software capabilities 
to perform residential building model and simulate the four 
selected variants of external partitions. The influence of 
external partition structures and tightness of the building on its 
energy consumption was also investigated.   

III. DESCRIPTION OF ANALYZED BUILDING 
The object subjected to analysis is an existing residential 

building located in Tarnow.  Single-family home design dates 
from the year 1979. The building was built in the years 80s- 
90s using economic method. Over the years, changes were 
made in the body of the building, and used expanded 
polystyrene insulation with a thickness of 10cm (with λ = 
0.035 [W / mK]). 
General design data 
Usable area: 107,57 m2 
Building area: 88,63 m2 
Cubature: 718 m3 
General characteristics of the building: 
Residential detached house – one-storey building with a garage 
in the basement. Designed in traditional construction. 
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Construction-material data: 
• Concrete continous footings 
• Basement walls - concrete, faced with brick inside / 

thickness equal 12cm  
• Ground floor and upper floors walls made of brick and 

cinderblock MAX on cement and lime mortar 
• Internal dividing walls made of full and hollow bricks 
• Slabs over the basement and floors are ceramics FERT 

type. 
• Envelope Roof - covering: galvanized sheet steel 

wooden structure 
warming of the floor – Suprema 

• lintels, balconies, stairs, cornice - reinforced concrete 
• Waterproofing - a double roofing felt on glue situated 

on continuous footings and under ground floor slab. 
• Ridge height: 8,3 m 
• Roof angle: 40 ° 

Finishing works  
• Floors - residential rooms - wooden floor, cork; in the 

hall, kitchen, bathrooms - terracotta. 
• Plasters - cement and lime. 

 The figures below summarizes the plans of individual 
storeys with taking into account the surface area and the cross-
section of the building chosen for analysis. 

 

 
Fig. 1. Ground floor plan 

 

 
Fig. 2. First floor plan 

 

 
Fig. 3. Cross-section of the building 

IV. MODELLING AND ENERGY SIMULATIONS OF BUILDINGS ON 
CHOSEN BUILDING EXAMPLE 

Basic data are given before creating a model. These data 
concern on: 
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• Location - determines the geographic location and 
weather data for all buildings on this site, 

• Standards, legislation and building regulations in the 
given region. 

The figures below illustrate the boundary conditions 
introduced to the program DesignBuilder. 

 
Fig.4. Boundary conditions of the model 

 

 
Fig. 5. Designed weather data 

 
Data taken for analysis: 

Heat transfer coefficient: 
 Ug= 1,0 W/m2K,  - coefficient U for glass window 
 Uf = 1,8 W/m2K  - coefficient U for  window frame  (see [6]). 
Light transmission Lt = 80%,  
The total transmission coefficient of solar energy g = 62%.  

HVAC simple modeling system was selected for designing, 
due to the lack of complex systems such as heat pump systems, 
air conditioning or ventilation with heat recovery. 

The HVAC system selected in the design is based on a 
template "Hot water radiator heating, nat vent." which means : 

• heating system using coal boiler of the central heating      
(efficiency ratio equal 0.85%). 

• natural ventilation; 3 ac / h - the amount of ventilation 
air (fresh air), 

• DHW system - gas heater 100l volume; (efficiency 
ratio equal 0.85%). 

 
The figures below illustrate the visualization of modeled 

building. 
 

 
Fig. 6. Visualization of building model 

 

 
Fig. 7. Visualization of the building withstaging path of the sun 

 
The path of the sun in relation to the location of the building 

has an impact on the analysis and was included in the model 
(Fig. 7).  

Four variants of the model have been analyzed: 
• Option I - variant design - a wall with air gap (see 

fig. 8) 
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Fig. 8. Cavity wall without insulation 

 
• Option 2 – the existing situation - cavity wall with 

air gap + 10cm Styrofoam insulation (see. Fig. 9) 

• 
Fig. 9. Cavity wall with 10cm thermal insulation 

 
• Option 3 - cavity wall with air gap + 20cm 

Styrofoam insulation (see. Fig. 10) 
 

 
Fig. 10. cavity wall with air gap + 20cm Styrofoam insulation 

 
• Option 4 - cavity wall with air gap + 30cm of insulation 

(see. Fig. 11) 

 
Fig. 11. Cavity wall with 30cm thermal insulation 

V. ANALYSIS RESULTS 
The calculation of designed heating are conducted in 

order to determine the size of heating equipment to meet the 
required conditions for internal temperatures to the weather - 
the coldest winter, which can occur in a given location. In the 
statement profits from solar heating and internal gains such as: 
lighting, electrical equipment, heat exhausted from users are 
not considered.  Wind speed and direction were adopted by 
design data. The calculations include heat conduction and 
convection between the zones of different temperatures. 

The simulation calculates the heating capacity required to 
maintain the set temperature in each zone, and displays the 
total loss of heat divided into: 

• Glazing 
• Walls 
• Floors 
• roof 
• Departed outer 
• The internal natural ventilation (ie heat losses to other 

colder adjacent rooms and the vents, windows, doors, 
openings). 

The total loss of heat in each zone are multiplied by a safety 
factor of 1,2. It provides additional heat required in the 
building to bring the required temperature in a relatively short 
period of preheating and allows you to be sure that 
comfortable conditions are maintained in all, including the 
most extreme winter conditions. In the test case, the coefficient 
is smaller than in the case of public buildings where buildings 
are not used by the weekend. Then we must be sure that the 
installation is large enough to heat the building shortly after a 
cold start in the winter on Monday morning when the building 
cooled during the weekend. In the case of a residential 
building such situations doesn’t take place, because during the 
week there are not large differences in energy demand. 

Tightness is a leak, air permeability, related to the 
infiltration of cold / hot air into the building and / or loss of the 
heated / cooled air from the inside by means of splits, cracks, 
pinholes, etc.. In the building material.  

The loss of cooled / heated air through the "uncontrolled 
ventilation" influence on the energy consumption of the 
building. This loss will cause the need for additional energy to 
re-heating or re-cooling of the air. It also influence on the 
comfort level of residents of the building. Therefore it is 
important to carefully and conscientiously make connections 
and transitions.  

Assessment of tightness of the building is carried out at 50 
Pa pressure difference between the internal pressure of the 
building and the external atmospheric pressure. PN-EN 13829: 
2002 [7] provides for the examination method of measuring 
the pressure with ventilator.  

Requirements for tightness - n50 value - are defined in the 
"Regulation of the Minister of Infrastructure ', Acts Of 2002 
No. 75, item. 690, on the technical requirements to be met by 
buildings and their location [8]. However, Polish legislation 
does not impose the obligation to perform leak testing of 
buildings - they are only recommended.   

The maximum values of air changes are as follows: 
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• buildings with gravitational ventilation: n50 ≤ 3.0 [1 
/ h] 

• buildings with mechanical ventilation: n50 ≤ 1.5 [1 / 
h] 

• passive buildings, energy-saving: n50 ≤ 0.6 [1 / h]. 
 

Passive and energy-efficient buildings must meet the 
condition of air change n50 ≤ 0.6. The air ventilation in 
passive houses should be provided through heat recovery units. 

Because the tightness of the building has a significant 
impact on energy demand, examined building will be analyzed 
with taking into account this parameter. Depending on the 
variants of the outer layer air change at a pressure of 50 Pa 
will be also varied.  

The first value is five air exchanges. It was chosen on the 
basis of similar buildings constructed in the 80s. The tightness 
and accuracy in these years was not particularly important 
aspect, which values N50 can range from 4 [1 / h] to 10 [1 / h]. 
The value of n50 ≤ 5.0 [1 / h] is the maximum value that can 
be assumed in DesignBuilder program. In the simulations were 
also analyzed three air exchanges, this is the number of air 
exchanges that should satisfy buildings with gravitational 
ventilation and the requirements for passive buildings - 0.6 [1 / 
h]. 

 
Table 1. Matrix simulation variants [9] 
 U 

[W/m2K] 
n50  
[1/h] 

V1- without insulation  0,84 5.0 3.0 0.6 
V2 - 10 cm of insulation 0,24 5.0 3.0 0.6 
V3 - 20 cm of insulation 0,14 5.0 3.0 0.6 
V4 - 30 cm of insulation 0,10 5.0 3.0 0.6 
 

Thanks to simulations in an easy way, it is possible to 
compare different solutions. On the basis of statements it can 
be concluded that the problem of leakage, which is usually 
overlooked is extremely important. Only improving the U-
value in order to obtain better performance of the building, 
without proper tightness, we will not achieve the planned 
savings in the use of building. Leaks translate directly into 
increased demand for heating energy. 

In the case under examination system of mechanical 
ventilation and infiltration dominates the greatest heat loss as 
shown in Fig. 12.  

 

 
Fig. 12. Summary of energy losses through infiltration for all variants 

 
Ensure better tightness of the building has a direct impact on 

its final energy demand. This relationship is shown in Figure 
13, which were included to compare the results of simulation 
variants. 

 

 
Fig. 13. Final energy demand - comparative summary results of 

simulation variants 

The characteristics of energy-efficient construction is low 
power consumption while ensuring better indoor environment 
for humans. As a result, for considered four different variants 
with an increase airtightness of the building envelopes, there 
was also observed a reduction of CO2 production. Suitable 
variants are shown in Fig. 14. 
 
 

 
Fig. 14. CO2 emissions, summary of simulation variants 

 
When calculating annual energy consumption for heating for 
all examined variants of the outer shell of the building there 
was observed a decrease of energy consumption with an 
increase in air tightness of the building envelope. In shown in 
Fig. 15 graph can be observed large differences in energy 
consumption for air exchange n50 = 0.6 [1 / h], and N50 = 5 
[1 / h]. For variants W2 and W4 biggest differences were 
observed. 

Recent Advances in Mechanics, Mechatronics and Civil, Chemical and Industrial Engineering

ISBN: 978-1-61804-325-2 226



 

 

 
Fig. 15. Annual energy consumption for heating - comparative 

summary 

VI. CONCLUSION 
The tool, which are energy simulations, meets our 

expectations and growing needs for rapid analysis. However, 
this is still a new field, complicated and may cause difficulties 
in use. You have to understand the limitations of the software, 
their complexity, as well as a wealth of knowledge about the 
processes of energy in buildings. The main value of the 
simulation is to compare different solutions rather than 
absolute energy consumption prediction.  

Based on the analysis of simulation it can be concluded that 
only by meeting requirements for building envelope, without 
heat recovery and renewable energy sources, it is not possible 
to satisfy the NF40 and NF15 [10] conditions. 

The heat losses caused by lack of tightness of the partitions 
(see Fig. 12) have a significant impact on energy demand of 
buildings, they may even increase it to 50%, what can be seen 
on Fig. 15. Improving the U-values for the building envelope 
without improving the tightness will not bring significant 
results in energy savings for heating (see Fig. 12). In addition, 
uncontrolled air infiltration can reduce indoor environmental 
quality, causing unpleasant for residents, local drafts. The 
penetration of the hot moist air may lead to an interlayer 
condensation that may cause decreased of durability of the 
envelope. 

Increasing the air tightness of the building, while 
improving the value of factor U of external partitions, as 
shown in Figure 14, results in a reduction in CO2 production. 
 Computer simulations are very helpful in the design of 
energy efficient buildings and the selection of the parameters 
of external partitions used in the design. An important factor 
directly influencing on energy consumption and CO2 
emissions is tightness, and so in energy efficient building 
design process, special attention must be paid to the 
elimination of the so-called "uncontrolled ventilation" [11]. 
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Abstract—The paper deals with methods for modeling and 

optimizing chemical reactors in which chemical transformation are 
accompanied with formation of insoluble dispersed phase. Work is 
devoted to the analysis of the mechanism of formation and evolution 
of solid particles in chemical apparatuses with formation of an 
insoluble phase in a reaction zone. In the paper the system analysis of 
processes is carried out and their basic stages are proved. 
 

Keywords—Chemical reactor, insoluble products, aggregation 
and sedimentation, reactor modeling  

I. INTRODUCTION 
N many cases processes in chemical technologies are 
accompanied by formation of the new solid disperse phase. 

It can be phase transition, as in cases of crystallization or 
desublimation, or it can be formation of low soluble 
substances during chemical reactions [1]-[5].  

As a whole it is possible to allocate a lot of directions of a 
modern science dealing with processes and apparatuses of 
chemical technologies in which the problems of calculating the 
kinetic and dynamical characteristics of reactors with 
formation of a polydispersed solid phase in a working zone are 
relevant [6]-[8].  

1. Production of nano-dispersed powders of oxides of 
precious metals for constructional  and functional bioceramics.  

2. Creation of sorbents, catalysts and molecular grids with 
given structure.  

3. Creation of methods for calculating and optimal 
engineering of technological processes dealing with a method 
of chemical sedimentation.  

Methods for calculating apparatuses in which there are 
phase transitions of types “liquid-solid” or “vapour-solid” are 
developed more or less in detail [1], [3].  However engineering 
methods of calculation and designing of processes in chemical 
reactors with formation low soluble products of chemical 
reaction in working zones of the apparatuses are developed to 
a lesser degree [9]-[14]. 
   The area of researches in this work is limited to working out 
methods of calculation and designing of processes and 
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chemical apparatuses in which there exist formation and 
aggregation of suspensions of low soluble products of 
chemical reactions [14], [15].  

Therefore, the goal is to create theoretical foundation and 
engineering procedures for calculating the chemical 
apparatuses in the conditions of joint course of chemical 
reactions and processes of aggregation and sedimentation of an 
insoluble dispersed phase formed in working zones of the 
reactor. 

II. SYSTEM ANALYSIS 
The first stage is the primary nucleation. According to 

modern representations during this process microscopic 
roentgen – amorphous particles appear in a solution. These 
primary particles are exposed further to aggregation and 
crystallization. These primary particles are exposed further to 
aggregation and crystallization. These processes occur 
simultaneously and are kinetic competing. Crystallization 
occurs by way of reorganization of structure of particles with 
using substance of the given particle, i.e. without mass transfer 
with environment [14], [16]- [20]. 

Aggregation is induced by interaction between primary 
particles with simultaneous re-crystallization. As a result larger 
secondary crystals are forming. These processes occur in 
kinetic area. 

Under the theory of block growth [1], [21], [22]  the transfer 
of substance from a liquid phase into a solid phase of a deposit 
is a result of formation of primary particles. Then the 
substance stream into a deposit phase is equal to speed of 
occurrence of crystallizing substance in a solution. According 
to last data [2], [22]-[24] during crystallizing low soluble 
substances the particles of a dispersed phase are distributed not 
only by the size, but also by the degree of completion of 
crystallizing. 

For the description of the second zone of the reactor as a 
zone of diffusion   limited aggregation (DLA), the 
mathematical apparatus of fractal theory can be involved. 
According to fractal model the deposit of low soluble 
substances in this zone is the single cluster. Growth of this 
cluster occurs by joining to it the primary particles and the 
secondary crystals arriving to a cluster surface by diffusion 
mechanism [22], [25], [26].  

Thus deposit growth is described as movement of an active 
zone, i.e. area where new particles have been joined to the 
cluster. Trajectories of particles begin out of the area occupied 

On modeling the chemical apparatuses for 
reactions with insoluble products 
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by the cluster, and come to an end at the moment of contact of 
a particle with cluster surface. This process also can be 
described as random walk by means of the Smoluhowski 
equation [25]: 
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Here  ( )tnk  is the density of  kn - particle clusters.  
The kernel of system of the Eq. (1) considers dependence of 

section of collisions on the sizes and mobility of clusters. Such 
approach can be successfully applied to problems where there 
are sources and drains which correspond to presence of an 
external field in a vicinity of a point of equilibrium phase 
transition. The probability of joining of a particle is highest to 
ledges of clusters: Probability of joining of the particle which 
has reached the cluster in an active zone can be estimated as 

max1 p− .  As a result it is received a following kinetic 
equation of growth of the cluster at a big quantity of particles: 

 

( )aNp
dN
rd N

max= ,                      (2) 

 
where  a – is the characteristic size of an attached particle.  
As a whole the formed cluster is characterized by two 

parameters: the average radius of sedimentation Nr  and the 
width of an active zoneψ . At great numbers of particles N  
we can obtain: 

FD
N NNr 1~ −γ ,                   (3) 

 
    where fD  is fractal dimension of cluster structure, γ - is an 
indicator depending on characteristic length. Corresponding 
expression for width of an active zone also is given by fractal 
theory as average distance between branches of the cluster: 

 
( ) 23~ χψ +− FD

Nr ,                       (4) 
 

 where χ – is an indicator of anisotropy of a deposit. As 
characteristic length in the zone of DLA the diameter of the 
reactor can be used. From this it follows that at the methodical 
organization of experimental researches Eqs (3) and (4) can be 
used as the base form of empirical dependences.  

The described mathematical model reflects the basic 
features of process of sedimentation and can be offered for the 
regular organization of experimental researches and 
optimization of the reactor. However, use of known 
mathematical models of formation and aggregation of 
insoluble phases for engineering calculation leads to variety of 
mathematical difficulties and, is connected with definition of a 
great quantity of parameters, and acceptance of adequate 

engineering decisions is very difficult. 
In that work we submitted the generalized mathematical 

model on the basis of the scheme of the cascade of three 
reactors connected consistently with different working 
volumes and rates of mixing.  The re-circle between reactors I 
and II is caused by the fact that the deposit layer in the second 
area is friable  

 
 
Fig. 1. The structural schemes of the reactor in the form of the   
            cascade of three reactors with intermediate re-circle 
 
The submitted model allows calculating time stays of 

reagents in each of cascades of the scheme of the reactor. The 
characteristics of the re-circle can be calculated with the help 
of the fractal model of the deposit in the second zone. This 
approach gives the closed description of heat and mass transfer 
processes in the reactor with deposit formation in working 
volume. The model takes into account the structure of the 
basic zones of the reactor. However, definitions of the 
managing criteria in given model, taking into account real 
dynamics of structure of streams, are not perfected.   Therefore 
model use in engineering calculations demands additional 
researches, and the estimation of efficiency of the model 
cannot be given with full definiteness.  

III. AGGREGATION MODEL 
The primary nucleation is the first stage of aggregation 

process. During this process microscopic amorphous particles 
or partially crystalline particles-monomers have been 
generated in a solution.  

Let us consider the first order reaction occurring in a 
solution under the conventional scheme BA → . The analysis 
of known data allows asserting that as a result of primary 
nucleation there are mainly monomers of an insoluble phase. 
Then Smoluchowski equation expanded by the chemical 
source looks as follows 
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where factor  χ  considers the monomer mass, and iC  is 

the concentration of  i -mer.  
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Figures 2, 3 depict some results of the numerical 

experiments [27] and theoretical researches. Here 0E  is the 
specific control parameter:  
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Fig.2  Total concentration of clusters in the system with first-order  
          reaction   
   

 
Fig.3. Stages of aggregation 

IV. REACTOR MODEL  
This section deals with the methods for modeling chemical 

reactors in the case when an insoluble dispersed phase is being 
formed in a working zone. Following problems are thus 
solved:  

1. Distribution of concentration of a dispersed solid phase 
over height of the periodic reactor with mixing has been 
described. 

2. The procedure for calculating the time of reagents stay in 
the reactor taking into account the formation and 

sedimentation of solid phase has been developed.  
The general model reads [5] 
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where  chemI - intensity of a chemical source depending on 

a reaction order.  
The rate of sedimentation taking into account the evolution 

of average size of solid particles in consequence of 
aggregation is: 
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Formation of suspension in the periodic reactor with a mixer 

is considered in approach of isotropic turbulence. The decision 
of the equation of diffusion for the reactor of periodic type in 
case of reaction of the first order looks as follows 
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The concentration of solid phase averaged over height of the 

reactor reads 
 

 )exp()1)(exp(
0

)0( kt
W

CD
DHW

HW
D

C
sol

lef
efsol

sol

efC
sol

sol −−−= .   (11) 

 
   The stage of the end of chemical transformations and 
achievement of demanded conversion in the reactor with 
mixing is characterized by an exit on a stable curve of 
distribution of density of suspension over height of the 
apparatus (Figure 4).   

 

 
 

Fig. 4. Plots of exit to stable curve of the density of suspension: 
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Further the example of calculation of a stage of 

sedimentation of solid phase and formation of dregs is 
considered in case of model representation of suspensions in 
the form of two initial different fractions and fraction of theirs 
aggregate. 

   After the end of the first period of sedimentation in the 
reactor still there are dregs of the first fraction in a zone of 
height 

   
2121

)( TWWH −=  ,                               (12)       

 
where  1W ,  2W  are the sedimentation velocities of small 

(index 1) and big (index 2) fractions; 2T   is the time of 
complete sedimentation of the big fraction.  

In this zone the gradient of density of the first fraction will 
be observed. This gradient can be calculated from following 
reasons.  

Inasmuch as ( ) ( )tt
3101

ρρρ −= , for the time delay of 

sedimentation between fronts of different fractions it is 
possible to write. 

12
WW

zt
−

= ,                                    (13) 

  
where z  is the current vertical coordinate. 
Then we obtain the expression for calculating the density of 

small fraction in a zone between sedimentation fronts: 
 

( ) ( ))(
123101

WWzz −−= ρρρ  ,                    (14)                                     

 
where  3ρ  is the density of  the aggregate fraction.  
Thus, the presented model allows counting almost all basic 

characteristics of process of sedimentation.  

V. CONCLUSIONS 
The model of aggregation of a disperse phase in systems 

with chemical reactions which is based on the Smoluchowski’s 
equation for binary coagulation is submitted.  Regularities of 
process of aggregation in systems with a chemical source of 
monomers of an insoluble phase are studied, and presence of 
two critical concentrations in the course of coagulation of an 
insoluble phase in the reacting systems caused by achievement 
of a threshold of coagulation for primary monomers and end of 
an active stage of chemical reaction in the periodic reactor is 
confirmed. The mathematical model of periodic chemical 
reactors with mixing devices for calculating and optimizing 
processes with formation of an insoluble phase in a working 
zone has been carried out.  
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Abstract—The paper describes a new dissipation device  that can 

be used to preserve the structural integrity of civil engineering 

structures under seismic loads. The proposed device is made in 

aluminum and dissipates energy through the hysteretic behavior and 

the local plasticization. It is a very simple device with a low cost of 

production. The proposed dissipator has been tested using a 

monotonic type of experiment in order to define its main 

characteristics, then its dynamic characteristic behavior has been 

obtained through some tests on a 3D shaking table. The frame has 

been subjected to a series of accelerograms allowing  to determine 

the dynamic behavior of the shear panels under severe work 

conditions, and to assess the efficiency of the device. 

 

Keywords—Seismic protection, Steel and Aluminum devices,  

Hysteretic dissipaters, Shaking-table tests.  

I. INTRODUCTION 

IBRATION control is a subject that has received large 

attention in the field of earthquake engineering, and, 

accordingly, a variety of new techniques and devices have 

been developed for controlling structural vibrations induced by 

earthquake ground motions. Among passive control devices, 

tuned mass dampers (TMDs), tuned liquid dampers (TLDs), 

viscous dampers, and hysteretic dampers are particularly 

popular. TMDs, TLDs and viscous dampers are very efficient 

in controlling vibrations produced by small ground motions, 

but they do not sufficiently dissipate energy during large 

ground motions. Moreover, some problems related to their 

weight (TMDs,TLDs) or to their accommodation (viscous 

dampers) into the structure limit their use.  

Hysteretic dampers develop their damping from the energy 

dissipation due to the hysteretic behavior of their material (like 

steel) that are strained beyond the yield limit. They can 

provide relatively large dissipation for their size, and thus can 

be cost-effective. 

Studies have been developed from numerical and 

experimental points of view on hysteretic dampers subjected to 

near-field motions [1] to understand their efficacy during this 

kind of seismic events. Comparisons have also been developed 

between frames equipped with hysteretic dissipaters or friction 

dissipaters [2, 3], and equipped with dissipators or isolators 

[4]. 

A critical drawback of such hysteretic dampers is that they 

cannot function as dampers unless their materials receive 
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inelastic excursions, since the materials’ post-yielding 

hysteresis is the source of energy dissipation. Because of this 

drawback, they are effective only for larger earthquake 

excitations but fail in providing the required damping for  

smaller vibrations.  

Moreover, most of the seismic codes are oriented to the 

concept of damage control: the structure should resist to minor 

or moderate ground motions with minimum structural damage, 

and may be damaged during large earthquake without collapse 

and loss of lives. For these reasons structural steel has been 

used for the seismic control of structures in recent years. To 

overcome the problem that steel devices cannot be used for 

smaller vibrations since in this case they have not inelastic 

deformation, dampers made of low yield steels [5], having a 

yield stresses as small as 100Mpa, have been designed [6-8]. 

The application of low-yield steel plates acting in shear 

allows a large amount of earthquake energy to be dissipated by 

complementary elements, which, therefore, serve as hysteretic 

dampers.  

Actually, there are several types of dampers that could be 

profitably used for the seismic control of structures, but the 

combination of low-yield steel and shear panels is particularly 

effective.  

First, the use of low-yield material insures the damper to 

undergo large inelastic deformations at the first stages of the 

loading process, thus enhancing the energy dissipation 

capability of the whole system in a wide range of deformation 

demand. Secondly, the use of a plate subjected to uniform in-

plane shear force allows the yielding of the material to be 

spread over the entire damper, ensuring a very large global 

energy dissipation capability. Thirdly, low-yield strength shear 

panels are characterized by a very stable hysteretic response 

up to large deformations, with a conspicuous strain-hardening 

under load-reversals and with limited strength and stiffness 

degradation arising from buckling. 

The difficulty to produce low-yield steel have pushed to use 

the aluminum alloy that could offer a similar behavior. 

Shear devices have been designed either as large panels 

rigidly and continuously connected along the confining frame 

elements, either as elements installed in the frameworks of a 

building connected by bracing or pillar type system [5-14]. 

The difficulty to find low-yield steel on the market has 

pushed to use aluminum, which could offer a behavior similar 

to low-yield steel. 

In this paper the behavior of new dissipation devices made 

in aluminum and steel is discussed. To maximize the energy  

dissipation, it is necessary that the panels start to deform 

Shear panel for seismic protection of structure  

Dora Foti  
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plastically at relatively low forces, and they could still 

guarantee an adequate resistance before the final rupture. The 

aluminum is characterized by a low-yield behavior. To avoid 

the easy out-of-plane deformation of the aluminum plates, 

high-resistance steel stiffeners have been added. Therefore the 

aluminum panel presents some area with facilitated 

plasticization, due to the lower yield point of the aluminum 

and the geometric configuration adopted.  

Starting from the initial idea and on the basis of theoretical 

considerations and numerical simulation, the optimal geometry 

of the panel has been defined. A detailed report on this first 

phase of design of the devices is summarized in previous 

works [15,16]. 

The optimized device has been tested for dynamic 

characterization, the shear force-deformation hysteresis has 

been obtained to evaluate the plasticization under loading. 

Quasi-static tests have been performed in the testing laboratory 

of the Technical University of Bari to verify the design; then 

shaking-table tests have been performed at LNEC laboratory 

(Lisbon, Portugal) to simulate the real in situ behavior of these 

devices [16,17]. 

II. DESCRIPTION OF THE DISSIPATIVE DEVICE  

The two types of shear panels that have been tested on the 

shaking table are principally made of a 2mm-thick aluminum 

plate (AW-8006 EN573-3) which is symmetrically coupled to 

two 6.5mm-thick steel plates. The steel plates present some 

wide openings, its function in order to give a lateral stiffness to 

the device. In this way, the out-of-plane instability phenomena 

of the aluminum plate is avoided, or at least delayed. The 

geometrical configuration and the dimensions of the panels are 

shown in Fig. 1. 

The two different kinds of panel differ only in the means of 

connection of the plates. In the first solution, the three plates 

have been fixed with epoxy resin and uniformly bolted to the 

steel plates. In the second one, brazing has connected the 

plates. In the last junction modality, the initial geometry has 

been varied and two lateral 500x100x100mm wings have been 

welded in place, to limit the lateral out-of-plane deformations 

of the panels. The sole use of epoxy resin to join the plates has 

been rejected, because this solution has not been effective 

during the preliminary tests. 

In fact, these tests proved that the load transmission among 

the plates is critical for the device, since the plasticization of 

the aluminum plates could be obtained if the same deformation 

of all the plates is achieved. 

The bolted specimen had the most efficient response, while 

in the brazed connection the existence of imperfectly adherent 

areas led to delamination. This result is not due to bad junction 

execution, but to a manufacturing difficulty.  

III. TESTING 

A. Preliminary quasi-static tests  

Some preliminary tests have been performed at the 

Laboratory of the Technical University of Bari to evaluate the 

mechanical characteristics of the shear panels, both in terms of 

global and local behaviors. The tested panels were made: a) 

one made with an aluminum plate and two steel reinforcements 

(referred as “aluminum shear panel”), b) another with an inner 

steel plate and two steel reinforcements (referred as “steel 

shear panel”).  

 

 
Fig. 1 Geometric description of the panel. 

 

On the basis of the quasi-static results [17] the design of the 

panel was improved: 

1. A first type of panel has been designed tightening the 

three plates by epoxy glue and a series of 108 M6(8.8) bolts. 

2. A second type of panel has been designed welding the 

three plates by brazing; in addition, the two steel plates were 

welded laterally, once at each side of the dissipator, to cope 

with the out of the plane forces.  

B. Shaking-table tests 

The shaking table tests were performed at the laboratory of 

the “Laboratorio National de Engenharia Civil” (LNEC) in 

Lisbon. The two types of aluminum devices were mounted on 

a frame connected to a shaking table (Fig. 2). 

The shaking table measures 5.6x4.6m in plane and has three 

degree of freedom, two horizontal and one vertical. The 

characteristics of the shaking table are illustrated in detail in a 

report published by LNEC [16]. 

The measuring system is composed of: LVDT displacement 

transducers, optical absolute displacement sensors located at 

the nodes of the frame and at the top and base of the panels, 

tridimensional piezoelectric accelerometers. The nodes of the 

framed structure and the top and base of the panels have been 

instrumented. Each side of the frame is identified by the four 

cardinal points; the earthquake direction is the East-West (Fig. 

3), and the panels (Figs. 4 and 5) are installed on the North 

and South sides of the frame to work in their plans for the 

East-West direction of the signal. 
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Fig. 2  Frame on shaking table. 

 

The transducers measured: 

• the accelerations in the three directions (vertical, 

transverse and longitudinal) of the shaking table;  

• the (vertical, transverse and longitudinal) accelerations of 

the top of the panel on the North and South sides of the frame;  

• the (vertical, transverse and longitudinal) accelerations of 

the top and base of the frame’s columns on the North-West 

side; 

• the displacements (in vertical and transverse directions) 

of the shaking table; 

• the displacements (in vertical and transverse directions) 

of the top and base of the frame column on the South-East 

side; 

• the displacements (in vertical and transverse directions) 

of the top and base of both panels.   

 

 
Fig. 3 Geometric characteristics of the frame. 

 

Moreover, to catch the possible out-of-plane instability of 

the panel the longitudinal displacements in the middle of the 

external wings of the panels have been measured  (Fig. 5). 

 

 
Fig. 4 The bolted panel on the frame for shaking-table tests. 

 

 

Characteristics of the test frame 

The frame utilized for the tests is made of four HEA100 

columns and HEB280 beams, the V bracing system consists of 

HEB100 diagonals connected to the upper nodes of the frame 

and the top of the panel through M10 bolts. The frame is 

stiffened with two diagonals to avoid torsional vibrations of 

the frame (see Fig. 5). 

A mass of 8500 kg is added on the top of the frame to 

simulate the masses that usually act on a real structure. 

The structure without panels and bracing (bare frame) has 

been also tested to obtain some comparisons with the results of 

the frame with panels for a low level of seismicity. 

 

 
Fig. 5 The bolted panel after the test. 

 

Characteristics of the earthquake 

The earthquake used in the test is the Aigio (EW 

component) earthquake (Fig. 6) scaled by a factor of two. It is 
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characterized by a maximum peak ground acceleration of 

PGA=0.54g and a duration of 6s. This choice of an impulsive 

earthquake like Aigio is motivated on the necessity of catching 

the dissipative capacity of the panels. The tests were 

performed at increasing levels of peak ground acceleration. A 

“pink noise” has been applied to the structure after a sequence 

of tests using the Aigio input, to evaluate the natural 

frequencies of the frame, and to identify possible changes of 

its dynamic characteristics. 

Tests on the frame with bolted and with brazed panels have 

been performed. In addition and for comparison aims, tests on 

the structure without any dissipating device have been also 

performed. 

IV. TESTS RESULTS 

The tests performed with increasing PGA have 

demonstrated that a large dissipation capacity has been offered 

by both types of aluminum shear panels (bolted and brazed).  

 

 
Fig. 6 Aigio earthquake, component E-W (1995). 

 

During the first tests at a low seismic intensity no damage 

on the panels appeared, but the cycle is already quite large, 

showing a dissipative capacity at these levels. Figs.7 and 8 

show the hysteresis cycles of both panels (bolted and brazed) 

at low seismic intensity levels. When the PGA increases, the 

hysteresis cycles become wider and the energy dissipated is 

higher. Moreover, it can be seen that the panel does not lose its 

initial stiffness. From the comparison of the hysteresis cycles 

of the bolted and brazed panels it can be noticed that the 

cycles are similar in shape and in size at low PGA. 

At higher seismic level, the bolted panels showed some 

buckling phenomena. In particular, the out-of-plane inflection 

started at PGA=0.5g.  

The brazed panels have been subjected to the same 

deformation only at high levels of PGA because of the 

presence of the lateral stiffeners on the wings. Two transducers 

located to measure the displacement orthogonal to the input 

direction of the panel corresponding to the out-of-plane 

deformation. Figs. 9 and 10 show the out-of-plane 

displacement of the panels due to six repetitions of the Aigio 

earthquake record. Each repetition produce an increment into 

the permanent deformation in both panels. 

 
Fig. 7 Bolted panel: hysteresis at low level of seismicity. 

 
Fig. 8 Brazed panel: hysteresis at low level of seismicity. 

 

It can be noticed that the permanent deformation and the 

consequent loss of planarity of the panels, verified at medium-

high earthquake intensities, do not seem to affect their 

dissipative capacity. 

 

 
 

Fig. 9 Out-of-plane displacement of the bolted panel at low level of 

seismicity. 

 

Moreover, the wings added to the brazed panels reduced the 

out-of-plane deformation and assured a better cohesion 

between the plates. However, it reduced the plasticization, and 

consequently the dissipative capacity of the brazed panels that 
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is effective at high levels of the seismic intensity. Fig. 5 shows 

the final deformed configuration of the bolted panel at the end 

of the test, where a clear out-of-plane deformation is 

registered. 

 

 
 

Fig. 10 Out-of-plane displacement of the brazed panel at low level of 

seismicity. 

 

In Fig. 11 the maximum displacement at the top of the frame 

column is reported versus to the PGA of the input. At low 

level of the seismic intensity, the frame with both the types of 

devices, as expected, had smaller displacements compared to 

the ones of the bare frame. For medium levels of the input 

intensity the bolted panels gave a better response with a 

reduced displacement at the top of the column, while at high 

levels of the input intensity the brazed panels gave smaller 

displacements, probably due to the presence of the wings that 

initially (at low PGA) reduced the inelastic deformation but 

did not limit the plasticization for large earthquakes. This 

result proves how critical can be the design of this type of 

shear panels, since an added stiffness could reduce the 

efficiency in dissipation. In the meanwhile the problem of 

buckling should be taken into account to avoid instability 

problems. 

 
Fig. 11 Maximum transverse displacements of the top of the frame at 

increasing PGA. 

V. CONCLUSIONS 

The new aluminum-steel panels proposed have been shown 

to be able to dissipate a large amount of seismic energy, 

limiting and concentrating the seismic damage. The simple 

device has the advantage of an easy replacement that allows to 

restore rapidly the functionality of a building 

The performed tests on a frame protected with the proposed 

shear panels have shown their capability to dissipate a large 

amount of seismic energy, limiting and concentrating the 

damage. In fact, the tested frame was found to withstand even 

catastrophic events without damage. The localized damage 

was exclusively concentrated in the panels.  

Two types of dampers have been tested on the shaking table. 

The comparison of the experimental results has shown that the 

total behavior of the brazed panels was not completely 

satisfactory for the lower plasticization capacity and the 

delamination danger that showed up in the most severe test 

conditions. The first problem was due to the presence of the 

wings in the brazed panels, that had been added with the aim 

of guaranteeing better cohesion of the plates. However, they 

negatively influenced the plasticization capacity, since this 

inelastic phenomenon appeared at high levels of the seismic 

intensity. 

Both bolted and brazed panels suffered of the out-of-plane 

deformations, the buckling phenomenon of the aluminum plate 

and permanent deformations. 

The test results have proved the importance of an optimum 

design of the device to avoid buckling phenomena, to transfer 

properly the shear force among the plates, and to make 

possible the plasticization at low levels of the input seismic 

intensity. To solve these problems in the damper design the 

choice of the stiffeners, the type of connections among the 

plates and the plates thickness are crucial points to be 

accurately considered. 
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Abstract-This work was undertaken to prepare new 
modified polymeric adsorbent containing 
amidoxime functional group. Poly(vinylpyrilidone- 
maleic acid-acrylonitrile) P(PVP-MA-AN) was 
prepared, modified and functionalized with 
amidoxime, P(PVP-MA-AO). The P(PVP-MA-AO) 
resin was prepared by gamma irradiation grafting 
polymerization of P(PVP-MA-AN) in the presence 
of ammonium ferrous sulfate. Conversion of nitrile 
groups into the amidoxime was carried out by 
hydroxylamine in alkaline solution. The 
identification of amidoxime group was qualitatively 
performed. The structure of the prepared modified 
polymeric resin was characterized and confirmed by 
FTIR, TGA, SEM and surface area analyzer. Results 
showed that the monomers were successfully 
grafted and converted into amidoxime. The ion 
exchange behavior of P(PVP-MA-AO) resin was 
investigated for sorption of  La3+ , Ce3+, Nd3+, 
Eu3+,and U+4. Batch experiments were carried out to 
investigate the effect of pH, contact time and metal 
ion concentration on the sorption capacity of 
P(PVP-MA-AO) resin. The obtained results 
demonstrated that the new prepared sorbent has 
higher sorption uptake for U4+ than that for La3+ , 
Ce3+, Nd3+, Eu3+. The results also revealed that the 
new P(PVP-MA-AO) resin has relatively high 
selectivity and high capacity for U4+ reached to 152 
mg/gm. 
 
Keywords- Grafting copolymer, Irradiation, 
Lanthanides, Uranium, Sorption. 
 
1. INTRODUCTION 
   The preparations of newly functionalized 
grafting polymer by gamma irradiation 
technique are reported in the present study. 
Modified polymeric ion exchange polymers 
are moderately crosslinked hydrophilic 
polymer networks. The modification of 
polymers has been of considerable importance 
in various polymer applications for a long 

time. Introduction of new functionalities on to 
existing polymer surfaces has been useful in 
several applications [1]. In metal uptake 
applications, can absorb large quantities of 
water or other aqueous fluids [2], they are 
mostly used for recovery of rare metal ions 
from sea water [3] and removal of traces of 
radioactive metals from wastes [4]. Thus, 
modified polymers found widespread 
applicability due to their high capacity [5]. Ion 
exchange polymers can be prepared by 
different methods [6], including 
polymerization processes for functional 
monomers to obtain homopolymers or 
copolymers, which can be used in our desired 
application. Also, they can be prepared by 
chemical modification of existing polymers. In 
this method, the modification can be carried 
out through many ways. One of them is the 
modification by grafting of functional 
monomers onto suitable polymeric substrates 
[7-8]. Polymers modified by radiation are 
frequently used as synthetic materials for metal 
adsorption. Their main advantages are high 
chemical and mechanical stability, high ion 
exchange and high exchange rate .  
   This paper focused on the development of 
polymer formulations to produce modified 
polymeric resin containing selective function 
groups. The use of gamma radiation 
technology is expected to improve the 
functional properties, therefore, the present 
study has been conducted to synthesize free 
radical vinylpyrilidone polymer by grafting 
copolymerization of VP, MA and AN by 
means of simultaneous gamma irradiation. 
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2. Experimental. 

2.1. Chemicals and Reagents. 
   All chemicals and reagents were of analar 
grade and were used without further 
purification. All salts of lanthanium, Cerium, 
Neodymium and Eurobium were obtained 
from Merck. De-oxygenated water was 
prepared by boiling bi-distilled water for about 
15 minutes followed by cooling under a stream 
of pure dry nitrogen gas at room temperature 
[9-11].  

2.2. Equipment and Instruments. 
   A cobalt-60 gamma cell of type MC-20 
(Russia), was used as an irradiation source for 
polymerization at the Cyclotron Project, 
Inshas, Egypt. It has two chambers of 5 liters 
for sample irradiation. The samples were 
irradiated in glass bottles at room temperature 
in the presence of air compressor. A digital 
analytical balance of model WH 205-4, 
Wiggen Hauser manufacturing (Germany), 
with a sensitivity of 110-4g, was used for 
weighting the samples and the standards. The 
balance was calibrated periodically for quality 
control of the analysis. A laboratory oven, OF-
02G, JEIO TECH manufacturing (Korea), was 
used for drying the polymeric samples. A 
programmable shaker thermostat, BS-21, Lab. 
Companion, JEIO TECH manufacturing 
(Korea), was used for shaking samples during 
the preparation and experimental processes. 
Bi-distilled water system GFL Bi-Dest 2104, 
KARL KOLB manufacturing (Germany), was 
used for obtaining the double distilled water. 
pH meter of model 420A+, thermo Orion 
manufacturing (USA), was used for adjusting 
the pH of solutions.  
   The prepared resins were dried and grinned 
to a fine powder, then mixed with KBr and 
pressed to a disk for IR analysis. The FTIR 
(Fourier transformed infrared) spectra were 
performed on a computerized 
spectrophotometer in the range of 4000-400 
cm-1, Bomem, Hartmann & Braun, Michelson, 
MB-Series 157 (Canada). 

   A computerized UV/Vis double beam 
spectrophotometer of model T80, PG 
Instruments Ltd. (England), was used for 
spectrophotometric determination of metal 
ions. 
   Thermal analysis was undertaken using a 
Shimadzu thermogravimetric analyzer model 
TGA-50 (Tokyo, Japan). The prepared 
polymeric materials were washed several times 
with bi-distilled water, Dried under vacuum 
and powdered. In order to remove water 
completely, the samples were dried for 30 min 
before being characterized by TGA. The 
thermal stability was investigated at a heating 
rate of 10°C/min, under nitrogen atmosphere 
(20 ml/min) from room temperature up to 
600°C. The morphology of the prepared resins 
was Determined JEOL-JSM 6510 LA (Japan). 
Scanning electron microscope at accelerating 
voltage of 15 kV was used for investigating the 
pore structure of different prepared resins at 
high magnification and resolution by means of 
an electron beam. 

2.3. Preparation of Modified polymeric Resin. 

2.3. 1. Preparation of Hydroxylamine Solution. 
   42.1 g of Hydroxylamine hydrochloride 
(NH2OH.HCl) was dissolved in 300 ml 
methanolic solution (methanol to bi-distilled 
water ratio of 5:1). The HCl of NH2OH.HCl 
was neutralized by NaOH solution and the 
precipitate of NaCl was removed by filtration. 
The pH of the reaction solution was adjusted to 
10.0 by adding NaOH solution. The reaction 
medium was maintained at methanol to bi-
distilled water ratio of 5:1. 

2.3.2. Preparation of Poly ( Vinylpyrilidone - 
Maleic Acid – Amidoxime ) P(VP-MA-AO) 
Resin.  
 Poly(vinylpyrilidone– Maleic acid- 
Amidoxime) P(VP-MA-AO) was prepared in 
two steps, the first step prepare P(VP-MA-AN) 
by grafting polymerization technique of 
monomers and polymer in de-oxygenated 
water using γ-rays and the second step 
modification of acrylonitrile group to 
amidoxime group by treatment with 
hydroxylamine solution[12]. 
   The first step was carried out as following, 
48 g of MA was dissolved in 100 ml bi-
distilled water, mixed with 32 ml of AN and 3 
g ammonium ferrous sulphate as inhibitors and 
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complete the mixture to 200 ml bi-distilled 
water, the solution was mixed with 4 g DAM 
as crosslinker dissolved in 50 ml bi-distilled 
water, the total solution mixed with 12 g of 
PVP which dissolved in 50 ml bi-distilled 
water. 
   The mixture was transferred into glass 
ampoules and nitrogen gas was purged into the 
ampoules to remove air from the solutions. 
The glass ampoules were sealed and then 
subjected to gamma-rays at irradiation dose 15 
kGy in air at ambient temperature. The 
obtained resins were cut into small pieces with 
a stainless steel scissors, soaked in acetone for 
removal of unreacted monomers, washed with 
bi-distilled water dried and stored. 
   The second step is the amidoximation of 
acrylonitrile present in P(VP-MA-AN) resin to 
P(VP-MA-AO) resin. Resin is based on the 
treatment of acrylonitrile with hydroxylamine 
[12]. About 20 g of the prepared P(VP–MA–
AN) resin was placed into the two-neck flask, 
which was equipped with a mechanical stirrer, 
condenser and thermostat water bath. Then 40 
ml of hydroxylamine solution was added to the 
flask with 300 ml methanolic solution 
(methanol/bi-distilled water 5:1) and the 
reaction was carried out at 70°C for 2 h 
duration. The resin was separated from the 
solution by filtration and washed several times 
with methanolic solution (methanol/bi-distilled 
water 5:1). Then, the resin was treated with 200 
ml of acidic solution (0.1 N HCl) for at least 5 
min. Finally, the resin was filtered, washed 
several times with methanolic solution 
(methanol/bi-distilled water 5:1) and then dried 
at 50°C to a constant weight. 

2.3.4. Qualitative Test of Amidoxime 
Functional Groups. 
    There are several methods have been 
employed for confirmation of amidoxime 
groups in the resin [13]. Many metal ions bind 
with amidoxime to produce visual color in the 
resin bead. Therefore, the presence of 
amidoxime groups in the resin was confirmed 
by vanadium ion test in the formation of a 
purple complex. About 0.2 g of wet resin was 
shaken with solution of vanadium(V) ions in 
dilute hydrochloric acid where, a purple 
coloured complex on the resin beads was 
observed[14]. 

 2.4. Adsorption Studies. 
    The interaction of the prepared polymeric 
resins with La3+ , Ce3+, Nd3+, Eu3+and U4+ 
metal ions aqueous solution was carried out by 
contacting under mechanical stirring 0.05 g of  
the prepared resins with 10 ml 100 mg/l of 
aqueous solution of  each element individually 
at room temperature for 3 hrs. The polymeric 
resins were separated from solution by 
centrifugation and then filtration using 0.45μm 
whatman membrane filter to ensure for the 
removed of suspended material in solution. 
Metal ions concentrations were measured by 
using a computerized UV/Vis double beam 
spectrophotometer using 4–(Pyridyl–2–azo) 
resorcinol (PAR) as sensitive coloring reagent. 
Based on the initial and final metal 
concentrations, after measurement the 
remaining metal ions in the filtrate percent 
uptake and the capacity were determined 
respectivly by:- 

( )
m

VCCgmgq ei −=)/(         … … (1) 

% 100)(
i

ei

C
CCuptake −

=         .…  (2) 

   Where (q)is the maximum capacity(mg/g) Ci 
and Ce are the initial and equilibrium 
concentrations (mg/l) of metal ions solution, 
respectively, V is the volume of solution in 
liter and m is the weight of the resin in gram.  
   The effects of shaking time, pH and initial 
metal concentrations, were tested using batch 
conditions by magnetic stirrer at 180 rpm. The 
effect of shaking time was performed at pH = 
4, concentration 100 mg/l and various shaking 
time from 5 min to 24 hrs. For these 
investigations 0.05 g of the studied resin was 
immersed into 10 ml of solutions, after that the 
mixture was centrifugation and then filtrated 
and measured. The effect of pH on the 
adsorption of La3+ ,Ce3+, Nd3+, Eu3+ and U4+ 
metal ions onto P(VP-MA-AO) resin was 
studied by equilibrating the mixture containing 
a 50 mg of dried resin and 10 ml of 100 mg/l 
stock  metal ions solution at different pH 
values between 1.0 and 5.0, depending on the 
precipitation curve studied. The effect of initial 
metal ion concentration on the adsorption 
process onto resin was studied by varying 
initial metal concentration from (25 to 2000) 
mg/l for uranium metal ion. For these 
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investigations, 0.05 g of each resin was 
contacted with 10 ml of metal solution then 
shaked at room temperature for 3hrs. The 
mixture was centrifuged, filtrated and 
measured. 
 
3. RESULTS AND DISCUSSION 
3.1. Preparation of P(VP-MA-AO) Resin. 
   The grafting by the mutual irradiation 
includes irradiation of polymer and monomers 
simultaneously, to form free radicals for 
polymerization process [15]. P(VP-MA-AN) 
resin was prepared by grafting 
copolymerization of MA and AN monomers 
onto P(VP) as a grafting polymer in the 
presence of DAM as acrosslinker and 
ammonium ferrous sulphate as inhibitor, by 
using gamma-radiation technique. The 
conversion of nitrile group to amidoxime one 
was carried out by treatment of the prepared 
resin P(VP-MA-AN) with hydroxylamine 
hydrochloride in an alkaline medium, carried 
out at optimum experimental conditions of 
copolymer-hydroxylamine ratio 1:1, reaction 
period 2 h, temperature 70°C, reaction medium 
methanol to water ratio of 5:1 and pH 10.0. 
The reaction mechanism for synthesis of 
P(VP-MA-AO) resin is shown on Sch. (1). 
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Sch. (1): Synthesis of P(VP-MA-AO) resin. 

 

3.2. Characterization of the Prepared 
Polymeric Resins. 

3.2.1. FTIR Analysis of Poly(vinylpyrrilidone - 
Maleic Acid - Amidoxime) P(VP-MA-AO). 
   According to chemical structure of the 
polymers, hydrogen bonding must be between 
the carboxylic group and the amide group. 
Fourier transform infrared spectroscopy was 
used for the identification of hydrogen bonds 
in P(VP-MA-AN) as shown in FTIR spectrum 
Fig.1. From the literature the carbonyl group of 
PVP exhibits a peak between 1640 and 1680 
cm-1[16]. When the carbonyl group forms 
intermolecular bonding there is anegative shift 
exhibited in the IR spectrum.  The absorption 
peaks appeared at 1640, 2147 and 1709 cm-1 
are attributed to contributions of carbonyl (–C 
=O) ,cyano (–≡N) and carboxylic (–COOH) 
groups of PVP, AN and MA respectively, the 
presence of these peaks verifies the 
polymerization of PVP, MA and AN by 
gamma-radiation technique. The bands 
appearing at 3058 corresponding to the 
adsorbed water molecule [17,18]. The 
absorption peak around 3500 cm-1 can be 
ascribed to the C–N group and Shows the 
absorption peaks at 1729 cm-1 for C=O of 
carboxylate group. After amidoximation, the 
CN band (2147 cm-1) disappeared, a new band 
of amidoxime groups >C=N stretching 
vibration formed at 1648 cm-1 and the amide II 
band of NH formed at 1570 cm-1. This proved 
the conversion of cyano groups to amidoxime. 

3.2.2. Scaning electron microscope 
   The morphology of P(VP-MA-AN), P(VP-
MA-AO) resins is observed by SEM in Fig. 2. 
It can clearly observe that the thin-layer P(VP-
MA-AN) that the spontaneous stacking curls 
form petal-shaped aggregates. This flocculent 
aggregate in the absence of external forces will 
remain stable and it is difficult to separate from 
each other. Fig. 2b shows that P(VP-MA-AO) 
has flake structure and the size is also larger 
than the previous. This is mainly due to that 
the AO makes the surface layer peeling off 
more obvious and the layers become thinner, 
thus increasing the adsorption capacity. 
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Fig.1. FTIR spectrum of of (a) P(VP-MA-AN) and 

(b) P(VP-MA-AO) 

       

 
 Fig. 2. The scanning electron micrograph of (a) 
P(VP-MA-AN) resin and (b) P(VP-MA-AO) resin. 

3.2.3. Thermogravimetric Analysis (TGA). 
   The TGA and DTA curves for P(VP-MA-
AO) resin are shown on Fig. 3, in which the 
thermogram of P(VP-AA-AO) resin is divided 
into three stages based on TGA and DTA. It 
can be seen that, the first stage from 63 to 
190°C with a maximum at 118°C exhibits a 
weight loss of 21.44%  due to the removal of 
absorbed or coordinated water molecules. The 
second stage from 190 to 420°C with a 
maximum at 343°C exhibits a weight loss of 
23.2% due to release of water as a result of 
anhydride decarboxylation. This 
decomposition may be occurred through a 
cyclization process with the removal of water 

molecules from two carboxylic groups Sch. 2. 
The third stage from 420 to 800°C with a 
maximum at 453-665°C, decomposition of 
P(VP-MA-AO) resin is characterized by a 
weight loss of 27.74% due to a short chain 
fragments created by chain scission. This stage 
is the main one, its weight loss being almost 
higher than that occurring in the other two 
stages. 
   The thermal stability was evaluated by 
TGA/DTA analysis within the temperature 
range 25°~1000ºC. The result of TGA and 
DTA for P(VP -MA-AN) resin indicates two 
different weight loss ranges 20-220°C, 220-
700°C. The first weight loss is due to the 
desorption of water from the resin, the second 
weight loss may be related to chain scission, 
anhydride decarboxylation Sch 3. These 
findings suggest that the P(VP-MA-AN) resin 
is thermally stable up to 200°C. 
   The TGA and DTA curves for P(VP-MA-
AN) resin are shown on Fig. 3, in which the 
thermogram of P(VP-MA -AN) resin is 
divided into two stages based on TGA and 
DTA. It can be seen that, the first stage from 
20 to 220°C with a maximum at 158°C 
exhibits a weight loss of 57.9% due to the 
removal of absorbed or coordinated water 
molecules. This stage is the main one, its 
weight loss being almost higher than that the 
other stage. The second stage from 220 to 
700°C with a maximum at 456°C exhibits a 
weight loss of 41% due to release of water as a 
result anhydride decarboxylation Sch.3. This 
decomposition may be due to a short chain 
fragments created by chain scission [19, 20]. 
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Fig. 3. DTA and TGA curves for P(VP-MA-AN) 

and P(VP-MA-AO) resins. 

 
 

Sch. 2. Effect of heat on MA (dehydration). 

 
Sch. 3. Decarboxylation of MA anhydride. 

 
3.2.4. Surface Morphology of the Prepared 
Polymeric Resins. 
   The BET-surface area depends on particle 
size distribution, partical shape and number 
distribution of sracks and pores in the material 
[21]. The surface area and pore volume of 
P(VP-MA-AN)  and P(VP-MA-AO) resins, 
illustrated in Table 1, showed small specific 
surface area and pore volume which, indicated 
that the porosity is very low. 
Table 1. Show porous properties of amidoxime 
resin. 

Resin Surface area 
(m2/g) 

Pore volume 
(Cm3/g) 

P(VP-MA-
AN) 

13.2 0.045 

P(VP-MA-
AO) 

12.8 0.027 

 

3.3. Sorption of Metal ions. 
3.3.1. Metal Hydrolysis. 
   The main sorption  processes of La3+, Ce3+, 
Nd3+, Eu3+ and U4+ metal ions are mainly 
affected by the side reaction that may be 
occurred due to the  precipitation which mainly 
depends on solution pH. In this respects, series 
of experiments have been tested separately to 
evaluate the degree of contribution of each of 
the two reaction mechanisms (sorption and 
precipitation). The results are not demonstrated 
for brevity. Based on the obtained data, it 
could be observed that all the investigated ions 
are partially precipitated at pH 6. Therefore, 
the sorption experiments for all the metal ions 
were tested in the pH range from 1 to 5 to 
avoid the metal hydrolysis. 

 
3.3.2. Adsorption of La3+, Ce3+, Nd3+, Eu3+ and 
U4+ metal ions by  P(VP-MA-AO) and P(AM-
MA-AO)  Resins. 
3.3.2.1. Effect of Contact Time. 
   The influence of contact time on the rate of 
the adsorption of La3+, Ce3+, Nd3+, Eu3+ and 
U4+ metal ions is shown in Fig. 4. The 
adsorption results of P(VP-MA-AO), P(AAm-
MA-AO) resin show an initial rapid adsorption 
rate. It can be attributed to the fact that, at the 
initial stage, the adsorption sites are more 
available and the metal ions can interact easily 
with the sites. Therefore, high adsorption rate 
is takes place. Besides, the driving force for 
adsorption is the concentration gradient 
between the bulk solution and the solid-liquid 
interface and the concentration gradient is high 
in the initial period, which results in a high 
adsorption rate. The sorption uptake 
percentage was attained to equilibrium after 3 
hrs for all the investigated metal ions. 
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Fig. 4. Effect of contact time on the adsorption of 

(a)U4+, (b)La3+, (C)Ce3+, (d)Nd3+, (e)Eu3+ metal ions 
onto P(VP-MA-AO) resin.  

3.3.2.2. Effect of pH. 
    pH plays an important role for the 
adsorption of  La3+, Ce3+, Nd3+, Eu3+ and U4+ 
metal ions on the prepared resins. The results 
are shown in Fig. 5 revealed that the 
percentage of sorption steeply increases with 
increasing pH up to 5. The low degree of 
sorption of elements at low pH values 1-2, can 
be explained by the fact that at low pH values 
the H+ ion concentration is high and therefore 
protons can compete with the cations on the 
surface sites. In addition, as pH increases, 

surface positive charge decreases, this would 
result in lower columbic repulsion of the 
adsorbed metal ions. In aqueous solution, the 
hydrolysis of trivalent lanthanides begins at pH 
6 and various species can be formed, such as 
metal hydroxide. Thus, as pH increases, (over 
pH 5.0) hydrolysis precipitation most probably 
would start due to the formation of various 
hydrocomplexes in aqueous solution. It is also 
found that, the adsorption of (U4+) metal ions is 
higher than the adsorption of La3+, Ce3+, Nd3+ 
and Eu3+ metal ions. 
   The maximum uptake percent onto P(VP-
MA-AO) resin at pH 5.0 reached to  87, 48.24, 
39.84, 32, 24 % for U3+ , La3+, Ce3+, Nd3+ and 
Eu3+ respectively. It is clear that, P(VP-MA-
AO) is more effective for the quantitative 
removal of (U4+) than La3+ , Ce3+, Nd3+ and 
Eu3+. This can be explained in terms, the 
dissociation of amide, carboxylic and 
amidoxime groups increase with the increase 
of pH providing additional binding sites for the 
adsorption of metal ions. At higher acidic 
conditions, i.e.low pH value of 1.0-3.0, low 
adsorption of metal ions was occurred. This is 
attributed to the competition between H+ ions 
and metal ions for the active sites (amide, 
carboxylic and amidoxime groups) on the 
adsorbent surface. Hydrogen bonds may be 
formed between the active sites of the 
adsorbent surface causing the surface layer to 
shrink. This surface layer acts as a barrier 
slowing down the adsorption of metal ions. 
With the increase of the pH of the solution, the 
amount of adsorbed metal ions increases and 
maximum adsorption was obtained at pH of 
5.0.  
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Fig. 5. Effect of pH on the adsorption of (a) U4+, (b) 
La3+, (c)Ce3+, (d)Nd3+, (e)Eu3+ metal ions onto 
P(VP-MA-AO) resin.  
   According to the previous metal ions uptake, 
the effect of initial metal ion concentration on 
the adsorption process for P(VP-MA-AO) 
resin will be investigated in details for U+4 to 
evaluate it maximum capacity. 

 
3.3.2.3. Effect of initial U4+concentration on 
the adsorption process of P(VP-MA-AO) resin. 
   Batch experiments was performed to study 
the effect of the initial U4+ concentration on the 
metal uptake onto P(VP-MA-AO) resin. The 

results are illustrated in Fig. 6. The adsorption 
results show an initial rapid adsorption rate. 
The maximum capacity was reached to 152 
mg/gm for U+4 onto P(VP-MA-AO) resin. 
   The functional groups of P(VP-MA-AO) 
resin as weak acids are dissociated at pH 5 and 
consequently, the adsorption of U+4 ion from 
the solution takes place. The surface of the 
adsorbent is expected to be negatively charged, 
which facilitate the adsorption of the positively 
charged uranium ions, consequently, the 
adsorption capacity of U4+ metal ions 
increases. The amidoxime groups on the 
adsorbent surface, also, increase the adsorption 
of  (U4+) metal ions [20]. 

 
Fig. 6. Effect of initial U4+ metal ion concentration 
on the adsorption capacity onto P(VP-MA-AO) 
resin. 

 

4. CONCLUSION 
   In this study, P(VP-MA-AN) resin was 
prepared by gamma irradiation induced 
grafting polymerization technique. The surface 
of polyacrylonitrile resin was modified through 
a simple functionalization process using 3% 
hydroxylamine solution in alkaline condition. 
The poly(amidoxime) resin possessed, -
H2NC=NOH- function groups on the surface, 
which is responsible for the increase in the 
exchange capacity of the poly(amidoxime) 
resin. This structure was confirmed by the 
FTIR, TGA, surface area and pore volume 
analyzer and SEM micrographs.  The 
characteristic data confirmed the grafting of 
poly(VP) remarkably alters the structure of the 
resin and indicate that conversion of 
acrylonitrile to amidoxime. The thermal 
stability of P(VP-MA-AO) is higher than that 
of P(VP-MA-AN). This may be due to the 
presence of AO function group. The 
application of P(VP-MA-AO) for sorption of 
La3+, Ce3+, Nd3+, Eu3+ and U4+ metal ions was 
tested at different shaking time and pH. The 
results showed that P(VP-MA-AO) is highly 
selective for U4+ rather that lanthanide metal 
ions. The maximum adsorption capacity P(VP-
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MA-AO) toward U4+  reached to 152 mg/g at 
pH 4. 
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Abstract: The mechanical properties such as hardness and especially fracture toughness of present structural ce-
ramics are not enough to permit design of high performance products. It is generally believed that further im-
provement of fracture toughness and hardness is only possible by making composites of ceramics with ceramic
fiber. The wide-spread use of mullite–zirconia (MZ) composites is due to the fact that the zirconia dispersion in
the mullite matrix improves the thermo-mechanical properties. The preparation process to produce the compos-
ite sample using electrophoretic deposition (EPD) which deals with three types of powder: α-alumina, silica and
zirconia, mixed with the suspension based on 2-butanone, n-butylamine and polyvinyl butyral (PVB). Hardness
and fracture toughness were measured using indentation methods on cross sections of the sample with applying
two loads: 5kg and 10kg. Electron microscopy analysis (SEM) and X-ray diffraction (XRD) tests were used to
examine the microstructure, composition and crystallization behavior of the deposits. The results were compared
with mullite matrix properties to detect the enhancement in mechanical properties.

Key–Words: Electrophoretic deposition, ceramic matrix comppsites, mullite, zirconia, functionally graded mate-
rial, mechanical properties

1 Introduction
During the last 25 years, tremendous progress has
been made in the development and advancement of
CMCs (ceramic matrix composites) under various re-
search programs. CMCs find applications in advanced
aerojet engines, stationary gas turbines for electrical
power generation, heat exchangers, hot gas filters, ra-
diant burners, heat treatment and materials growth fur-
naces, nuclear fusion reactors, automobiles, biologi-
cal implants [1]. Mullite is one of the basic ceramic
materials traditionally used for refractories and is con-
sidered an attractive selection for many industrial ap-
plications because of its high temperature mechani-
cal properties. For the development of the structural
materials, mullite has been delayed since it has a low
fracture toughness and relatively low strength at room
temperature compared with other engineering ceram-
ics.

The extensive use of mullite/zirconia composites
is due to the fact that the zirconia dispersion in the
mullite matrix improves the thermo-mechanical prop-
erties, leading to toughness by transformation and
microcracking[2].

Mullite/zirconia composites can be prepared us-

ing various methods: (1) Sintering of mullite powder
and zirconia powder (2) Reaction sintering of alumina
and zircon powders (3) Reaction sintering of alumina,
silica and zirconia powders [2–3].

It has been reported that the optimum content of
zirconia is ≈ 15wt%[4].

In this research the third method was used and the
fracture toughness and hardness are improved when
zirconia reinforced mullite matrix using EPD tech-
nique to fabricate the composite sample.

2 Experimental

2.1 Materials

Commercially available (SiO2 , 99.9% purity, Aldrich
Chemical Company Inc., USA) and α-Al2O3 (99.95%
purity, Alfa Aesar Chemical Company Inc, USA) pow-
ders were used as the starting materials representing
the composition of mullite (3Al2O3.2SiO2) and ZrO2
(99.5% purity, Aldrich chemical company Inc, USA).
2-butanone (96% purity-Ajax), n-butylamine and PVB
form the suspension medium.
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2.2 Suspension preparation
A total of 50g of mullite (α-Al2O3/SiO2) with 60wt%
for α-Al2O3, 40wt% for SiO2 and 10g ZrO2 were
prepared for the sample. These three powders were
separately milled for 24h in a planetary ball mill at
200 rpm using zirconia balls with 10mm diameter as
milling media with a ball to powder ratio of 5:1. Sub-
sequently, the powders were milled horizontally in
ethanol for 24h using the same balls to break up hard
agglomerates. The ethanol was evaporated in an oven
at 90 ◦C for 48h, then the powders were placed in a
drying cabinet at 25 ◦C.

The present study used non-aqueous EPD which
uses organic solvents which normally are less polar
than water. A basic requirement for EPD is that sus-
pended particles must have a high electrophoretic mo-
bility that can be increased by adding dispersants, so
n-butylamine was used as dispersant in this suspen-
sion, and polyvinylbutyral (PVB) as a binder. The
suspension system used technical grade 2-butanone,
n-butylamine and PVB as suspension medium. n-
butylamine was used to disperse the metal oxide pow-
ders in 2-butanone and PVB.

The mixing proportion is 10g of powder per
100mL in the ratio of 60wt% for α-Al2O3 and
40wt% for SiO2. All weight percentages of additives
are taken from total powder weight. 2wt% of PVB was
added as well as 10vol% of n-butylamine. PVB was
first dissolved in 40mL of 2-butanone and then added
to the main suspension.

Three suspensions were prepared and mixed with
the powders that were prepared previously in a glass
container by a magnetic stirrer for 24 hour, and
then the pH value was measured by a pH meter for
each suspension. The suspensions were then put in
glass containers and placed in an ultrasonic cleaning
bath with a frequency of about 15kHz to 45kHz for
30min. Table 1 indicates the suspension composi-
tions.

2.3 Electrophoretic deposition and sintering
EPD is one of the colloidal processes that is used in
ceramic production with many advantages: short for-
mation time, simple equipment and the process can be
applied to any shape depending on the electrode shape

Table 1: Compositions for 200mL suspension

suspension
Mullite (g)

ZrO2 2-butanone (mL) n-butylamine (mL) PVB (g) pH at 25 ◦C
α-Al2O3 SiO2

I 12 8 0 180 20 0.4 12.6
II 6 4 10 180 20 0.4 12.36
III 12 8 0 180 20 0.4 12.29

such as cylinder, spherical and flat plates.
The parameters affecting EPD, can be classified in

two types, firstly those related to the suspension prop-
erties such as electrical conductivity, pH, particle size
and size distribution, binder and dispersant concentra-
tion and ζ -potential, and secondly the parameters that
relate to the EPD process, such as deposition time, the
applied voltage, size and shape of the electrode and
the distance between the electrodes.

The EPD cell in this study was described in [5]
and consisted of two stainless steel electrodes with a
surface area of 10cm2 (5.25cm × 1.923cm) and a
thickness of 0.5cm. The surfaces of the deposition
electrodes were polished to facilitate the removal of
the deposit and to avoid cracking of the deposit during
drying. Furthermore, the edges of the deposition elec-
trode were enclosed by tape in order to avoid deposi-
tion around the edges of the electrode. The electrodes
were cleaned with acetone then vertically placed in a
polytetrafluoroethylene (PTFE) vessel. PTFE was used
in order to avoid deposition between suspension and
vessel as PTFE is a non-conductive polymer. The PTFE
container had a volume of 100mL. The distance be-
tween the electrodes was fixed at 3cm.

A DC voltage source, Apparatus Corporation, was
used to apply the electric field. The source was capa-
ble of performing either as a constant current or as
a constant voltage source. A voltage of 275V was
applied for 30min. The suspensions were pumped
through the deposition cell by peristaltic pumps. Peri-
staltic tubing with a diameter of 4mm was used for the
circulation system. The maximum and minimum feed
rates were 4.25mLs−1 and 0.12mLs−1, respectively.

The total deposition time for composite material
was 30min. A magnetic stirrer was used to mix the
suspension during all EPD steps. Initially suspen-
sion I, loaded with 100gL−1 mullite (silica and alu-
mina), was poured in the deposition cell and circulat-
ing process continued between the deposition cell and
the circulating beaker using pump 1 for 600s, and then
suspension II with 50gL−1 mullite and 50gL−1 ZrO2
was added into the beaker of circulating suspension
using pump 2 and was pumped through the deposition
cell by means of pump 1 at a rate of 2.5mLs−1. The
pump rate between deposition cell and circulating sus-
pension was fixed throughout the deposition process.
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After 1200s of deposition, suspension III, with
100gL−1 mullite was added to the circulating suspen-
sion by pump 2 at a rate of 0.4mLs−1. After 300s of
deposition, the addition of the suspension was com-
pleted. During the subsequent step, the suspension
was circulated for 300s without any future additions,
and during all the described steps, EPD was continued
in the deposition cell. The powder deposits took place
on the anode electrode due to the negative charge of
the particles.

After EPD, the green bodies were dried in air for
48h. Afterwards, the powder deposits were removed
from the electrode. The green bodies were dried in an
oven at 100 ◦C for 12h in order to avoid cracking and
preparation for sintering. The two main factors affect-
ing sintering are sintering temperature and time. Pure
oxide ceramics require relatively long time and high
temperature because the diffusion proceeds in solid
state. The green bodies obtained by the EPD were
sintered in a chamber furnace, after the sample had
dried; the sintering process took place at 1500 ◦C for
2h. Fig. 1 shows the sample after EPD.

Figure 1: The sample after EPD

To provide time for the binder to burn out, the
sample was heated at 3 ◦Cmin−1 to 500 ◦C, held at
500 ◦C for 30min and then heated to the final sintering
temperature at a rate of 5 ◦Cmin−1 and held at 1500 ◦C
for 2h and furnace cooled. To avoid and minimize the
damage to the samples during sintering, the samples
were placed on an alumina crucible. Length and width
of sample were measured before and after sintering to
determine linear shrinkage.

2.4 Preparation of samples
The sintered samples were cross-sectioned on a dia-
mond cutter using sufficient flow of non-oily coolant.
The surfaces of the sintered samples were ground with
emery paper of 400, 600, 800, 1200 and 1500 grit
and polished to a near mirror finish. The ground sam-
ples were polished with cotton to reduce scratches on
the surface, and to make a mirror surface finish with
minimum scratches. After grinding and polishing, the
samples were thermally etched at 1350 ◦C for 30min.

Finally, the samples were moulded in epoxy to
allow easier handling during the hardness tests.

2.5 hardness and toughness test

The Vickers hardness was determined on a Mitutoyo,
AVK-C2. The test force is maintained for 15s and 5kg
and 10kg loads were applied by the indenter to the
sample’s cross-sectioned surface to obtain a hardness
profile.

The indentation fracture toughness, KIc was cal-
culated from the length of the cracks induced by the
same indent using the Anstis formula, as shown in
eq. 1[6].

KIc = η

√
E
H

F

C
3
2

(1)

Where η is a geometric factor, estimated at 0.016, E
the Young’s modulus, H is the hardness, F is the in-
dentation load, and C is the indentation radial crack
half length of the cracks parallel to the layers at the
surface. Since the E value for the composite is not

known η

√
E
H is estimated to be 0.062 which is a suit-

able value for mullite ceramics.

3 Results and Discussion
3.1 Density and porosity
The sample deposit was smooth and an approximately
flat surface was obtained. Exactly how roughness
is affected by the suspension stability is unclear but
one can assume that the convective motion, powder
amounts and applied voltage play important roles.
The dimension of the green deposit and shrinkage of
the deposit with dimensions after sintering are shown
in Table 2.

It is observed that the shrinkage perpendicular to
the deposition surface is significantly higher than par-
allel to the deposition surface.

Density measurements were taken according to
the Archimedes method. The result is shown in Ta-
ble 3. The porosity may be caused by exaggerated
grain growth.
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Table 2: Dimensions and shrinkage of the deposits be-
fore and after sintering

length width thickness
(mm) (mm) (mm)

Green 32.25 30.62 8.18
Sintered 30.45 29.28 7.15

Shrinkage (%) 5.6 4.4 12.6

Table 3: Theoretical and sintered density and open
porosity of the sample.

Theoretical Sintered Open
density density porosity

(gcm−3) (gcm−3) (%)
3.50 3.067 12.4

The level of porosity would decrease with in-
creasing sintering temperature, but this might also
lead to cracking due to the mismatch in coefficients
of thermal expansion between the constituents of the
composite. The porosity and the grain size affect
hardness and fracture toughness of the product.

3.2 Microstructure
The microstructures of the sample were analysed on
SEM. Mullite phase commences to appear in tem-
perature range 1400 ◦C to 1500 ◦C during sintering
process[7] when alumina (Al2O3) and silica (SiO2)
powders combine in solid state reaction to form mul-
lite phase. The microstructure was observed after
thermal etching.

A highly porous microstructure with small pores
homogeneously distributed was observed after sinter-
ing at 1500 ◦C, due to the diffusion processes in zir-
conia, silica, and alumina grains. Sintering at 1500 ◦C
produced important changes in the microstructure. A
dense matrix composed of grey and black areas (mul-
lite and alumina, respectively) in zone (A), white
grains (tetragonal zirconia) were observed in zone (B),
mullite grains were well developed in the dense matrix
and some of grains showed a change from rounded
to slightly elongated shape and it was difficult to de-
tect zirconia grain boundaries in zone (C). The SEM
images show that some microcracks appear clearly
due to the difference in average particles size, 0.3µm,
0.5µm and 0.5µm for alumina, silica and zirconia
respectively and the mismatch of the coefficient of
thermal expansion. The porosity is observed while
two types of grains were noticeable dispersed grains
(white) of zirconia, and a mullite matrix (gray) in zone
(D) as indicated in Fig. 2.

(a) Mullite (gray) from the
edge of the sample surface.

(b) Mullite (gray) and zirco-
nia (white) in center zone of
the sample from the edge.

(c) Dense micrograph for
central region in the middle
of the sample

(d) Microcracks appear in
central zone of the sample

Figure 2: SEM images of the microstructure

3.3 XRD
XRD analysis showed that the formation of mullite
was essentially complete with omly traces of residual
alumina or silica detected. Furthermore, due to the
presence of yttria as well as the containing effect of
the matrix on the submicrometer grains, the zirconia
was present in the tetragonal phase, which is benefi-
cial for transformation toughening. The addition of
zirconia caused rapid mullite formation in the pres-
ence of the Y2O3 that is used to stabilise the zirconia
[8].

3.4 Hardness and toughness
The hardness and toughness were measured across the
cross section at regular intervals. The results are de-
picted in Figs. 3 and 4 for hardness and toughness,
respecively.

As expected the material close to the surfaces was
harder than the core material due traces of alumina
due to incomplete reaction between alumina with sil-
ica to form mullite phase. The alumina traces affect
hardness and other mechanical properties of compos-
ite, as alumina is harder than zirconia , (HAl2O3 =
18GPa > Hmullite ≈ HZrO2 = 10GPa to 15GPa) [9].
Besides this, the coefficient of thermal expansion for
zirconia is larger than that of mullite (10.3×10−6

vs 5.3×10−6), causing the zirconia-rich inner layer
to be under tension and the surface layer to be un-
der compression[5]. Therefore in this case the outer
layers are more enduring than the inner layer against
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Figure 3: Vickers hardness measured on the cross-
section at two different indentation loads

wear and stress.
The lowest hardness was found in the core of the

sample and was around 11GPa for both indentation
loads. This is slightly lower than the literature value
for mullite, perhaps due to porosity or microcracking.
The highest measured hardness was 21.3GPa.

The indentation load is critical in the measure of
hardness and fracture toughness using the indentation
method. The amount of load could affect the indenta-
tion size and the crack length, being dependent of the
sample dimension and the microstructure of the mate-
rial.

The presence of zirconia promoted the densifica-
tion through a marked reduction in porosity by fill-
ing of interparticle voids which was considered to be
the important contributor for the increase in strength
and KIc. The major improvement in KIc in the mul-
lite/zirconia composite is also due to the presence of
microcracking and crack-closure compressive strains
as a result of transformation toughening. This is be-
cause of thermal contraction mismatch between the
phases and volume expansion associated with zirco-
nia transformation and mullite formation.

The fracture toughness for the pure components
is KIc, Al2O3 = 1.5MPa to 4.5MPa

√
m, KIc,mullite =

2.6MPa
√

m and KIc,ZrO2 = 14MPa
√

m. The highest
measured fracture toughness was 5.5MPa

√
m, while

the lowest value was 3.4MPa
√

m. Both are signifi-
cantly higher than the toughness of pure mullite.

4 Conclusions
A functionally graded zirconia/mullite composite was
prepared from alumina, silica and partially stabilised
zirconia by EPD with single phase mullite near the sur-
face and composite containing ≈ 15% zirconia in the
core.
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Figure 4: Fracture toughness measured on the cross-
section at two different indentation loads

The formation of mullite from alumina and zirco-
nia was essentially complete, with traces of unreacted
alumina increasing the surface hardness to 21.3GPa
whereas the zirconia in the core increased the fracture
toughness to 5.5MPa

√
m. However, the hardness in

the core layer was lower, perhaps due to the occur-
rence of micro-cracking.

It was found that the measurement of hardness
and toughness depends critically on the applied load
during testing.
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ABSTRACT 

In the 20th Century the technological developments also caused the change in the 
building systems as in every area of life. The plate systems, the shell systems, the space-cage 
systems, structure systems, the pneumatic systems and the cabled systems defined as the 
modern structure systems were also included into the concentration system known as the 
traditional structure system and the system developed following it. The place’s perception 
also changes together with the changed structure systems. In this study the effect of the 
modern structure systems upon the interior place and its perception upon human shall be 
evaluated via the survey study with the determined bicuspid adjective couples. As a result, the 
study shall direct the pragmatists by analyzing the effects left as the place perception by the 
modern structure systems upon the human. 

Key Words: Structure Systems, Engineering, Space, Perception. 

 

INTRODUCTION 

The development of the developing 
structure system solutions and the development of 
the construction materials in the engineering 
progress in parallel to this case while a formal 
anxiety is being searched in the aesthetic concept, 
in the architecture comprehension changed at the 
beginnings of 20th Century. The modern structure 
systems develop in addition to teh concentration 
and skeleton systems. These systems are separated 
into 6 groups as the folded plate system, the shell 
systems, the space-cage systems, membrane 
systems, the pneumatic systems and the cabled 
systems. Every carrying system has the different 
solutions and the different perceptions for the place 
in it. 

It is seen by examining the building’s 
development that the new structure designs’ 
building weight decreased and minimized the 
building material in the architectural history [1]. 

Innovation in architecture represents 
developments in specifications of materials and 
functionality that is provided to the architect.  
Function of material and to discover innovative 
methods in its application require creative approach 
[2]. As for the architectural design process, it is the 
mass established by deforming and fictionalizing, 
sites, surfaces, and an attempt becoming objective 
with structural elements.  As a result, once looked 
at theproduct, we could see the architectural design 
as fictionalization, building of structure,  and an 
action of formation [3].  

As how important designing is, the 
application of a designed project, sturdy 
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construction, and a structure that remains tall are as 
important as it is [4]. Differences exist between 
physical structure and perceptual structure in 
modern-day buildings [5]. While the physical 
structure provides carrier system to stand tall, as for 
the perceptual structure, the real carrier that varies 
from the system leads to an optical illusion.  

 The changes in the engineering field 
affects the architectural design process directly, 
affect the place’s main elements such as ceiling, 
wall, flooring and also the design decisions 
depending on it directly besides standing besides 
sustenance of the building. 

1. Space Components:  

 It is important to examine the place by 
separating it into its components limiting it in order 
to understand the three dimensional concept better. 
The units defining the architectural place are 
examined as the horizontal and vertical units in 
general in the scope of Euclid’s geometry. The 
horizontal units can be classified such as the 
flooring, the ceiling, the beam; the vertical units can 
be classified such as the walls, the columns, the 
joinery dividers. The columns, the beams and the 
floorings defining the place are also the structural 
units forming the structure system [6].  

He emphasised in ‘’Ten Books Upon 
Architecture’’ named famous work by Vitruvius 
that it is necessary to think of the security 
(durability) , function (convenience) and aesthetic 
(beauty) scales together [7]. The human started to 
develop the structure systems and units even from 
the first times when he had the skill to design the 
events in his mind. For example it is one of the 
greatest building problems that the interval between 
the walls of a place or between the carrying units is 
passed/exceeded. In the first times the new 
solutions were produced with the building units 
such as the lintel, the arch, the vault, the dome by 
covering of the wooden materials onto the upper 
parts of the place and particularly by using the 
stone-brick materials. The new construction 
methods were developed with the power of the 
design, the architecture and the engineering [8]. 

It shall be possible with a good work and a 
compatible team work among the experts related to 
the subject to be able to perform the complex 
processes such as building together [9]. The 
building has the usage aim and function firstly. It is 

important to design the building in conformity with 
this aim in that regard. Also another condition of 
that the building is useable is that it is built with the 
materials appropriate for the aim [4]. 

2. Classifying of the Structure Systems  

2.1. Concentration Systems: The most specific 
characteristics of the concentration systems are that 
they are formed by superimposing the carrying 
units by the result of agglomeration  and by 
integrating them with a connective substance. The 
stone is a material durable against pressure tension 
used since the old ages until now. In the 
accumulation system the carrying components and 
the components dividing the place or covering the 
structure clashes with each other. As it is a building 
system enabling to pass through the wide spaces by 
gathering the small dimensional building materials 
such as the arch, stone-brick thought as a curve 
beam, it might also have an aesthetic image 
characteristic in terms of the place perception [10]. 

2.2. Skeleton Systems: It is called the skeleton 
(carcase) systems to the systems where the 
components supporting the carrying system with 
the components classifying the structure. We can 
exemplify the reinforced concrete, wooden and 
steel systems as the most common examples for the 
skeleton system. The spaces that cannot be passed 
with the accumulation system could be passed with 
the skeleton system. The components formed the 
structure in the skeleton system are separated into 
two parts as the carrier one and the carried one. 
These are the columns and the beams. 

2.3. Modern Systems (Superficial Structure 
Systems): The folded plates, shells, the space cage 
systems, membranes, the pneumatic and cabled 
systems are included in this group. They generally 
have the geometers formed by the curve and folded 
surfaces. The wall, flooring, roof are not 
discriminated in the whole of the main structure 
system. These components are united structurally 
and functionally by the integration of the structure 
system  [8]. 

1. Folded Plate Systems: The load carrying way of 
the folded plates formed by the superfacial 
continuously carrier components is likened to the 
plate and screen works in terms of the static 
principles. The plates are the planar carrier 
components carrying the loads that are big in 
comparison to its two dimensions’ thickness and 
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affecting its surfaces perpendicularly to the vertical 
structure components by bending.  

2. Shell Systems: Another modern structure system 
where the structural advantages ensured by the 
surface’s shape are benefitted from is the thin shells 
that are made of the curve superficial components. 
The shell system is the single or double curvature 
volumetric structure systems resisting with the axial 
powers tangential to the middle line of the shell 
against the external powers, that process the 
carrying and covering at the same time, its two 
dimensions are much bigger than its thickness. 

3. Space Cage Systems: The space cage systems 
are the three dimensional structure systems 
consisting of the smooth bars and the jointed knot 
points. As all of its components that were made in 
order to cover the very wide spaces are connected 
to each other, it is in the three dimensional cage 
shapes working in a whole in every direction. These 
systems are more effective and economic in 
comparison to the structure systems dominated by 
the beding case by being affected by only the 
pressure and pulling powers [10]. 

4. Membrane Systems: Thee tents are the best 
examples for membranes. Its material is used as a 
superficial carrier factor only trying to pull and 
does not have any important stable bending, that is 
flexible/bendable [8]. 

5. Pneumatic Systems: As the membrane is a 
surface uniting both the covering and also carrying 
duties in the group also defined as the closed 
membranes, it forms a completely closed volume. 
The system’s carry is allowed by giving pre stress 
to the membrane cover with the pressure difference 
created within a closed volume. 

6. Cabled Systems: The cable bunches and the 
steel ropes shortly defined as cable are the 
components formed by collecting and uniting many 
of the units as thin, long and lineal as the fibre or 
the wire according to the construction 
characteristics. They are this system’s advantages 
that the cable systems are light, the cables are high 
resistant, the components trying to pull do not have 
any flexion problem and therefore the material can 
be made as thin as possible [10]. 

 

MATERIAL and METHOD: 

The impression left on them was measured by the 
survey method by giving double-edged 5 different 
adjective couples, on the trial group of 30 persons, 
by selecting the photographs of the fronts and the 
interior places of the structures took important 
places in the literature, belonging to each one of the 
systems collected in 6 groups in order to measure 
the modern structure systems’ affect in place and 
perception upon the human. The trial group was not 
informed about the places, only the structure 
system’s kind was determined. The visuals were 
showed in company with the slide. The adjective 
couples were determined as Extraordinary-
Ordinary, Warm-Cold, Dynamic-Static, Emotional-
Rational, Persistent-Disappearing. The proportional 
approach was determined upon the adjective 
couples given according to the surveys’ results. As 
the values closed to the top and bottom end, of the 
adjective couples were determined according to the 
rating system of 100%, the comparison was made. 

Definitions of the Adjective Couples: 

1.Extraordinary:  Marvelous, that is different than 

its similar ones, the accustomed one. Ordinary: 

Any, coarse, common, accustomed. 

2.Warm: That its first affects stir the liveability 

and the belonging. Cold:That stirring up the 

negative disquieting thoughts. 

3.Dynamic: Alive, effective, movable, changeable 

any moment. Stagnant: Not alive, dull, immovable. 

4.Emotional: That the emotion dominates, the 

emotion affects extremely. Rationalist: That agrees 

with rationalism prone to logic, mentalist, rational. 

5.Persistent: Sign, clue, indication remained in 

back from/after any event or any case. 

Disappearing: That is recessive, not left any 

specific effect. 

 

Selections of Building: Yokohama International 
Terminal-Japan as the sample of the folded plate 
systems, Sydney Opera Building-Australia as the 
sample of the shell systems, Metropolis Umbrella-
Spain as the sample of the space cage systems, 
Denver International Air Terminal-USA as the 
sample of the membrane systems, Soap Bubble 
Swimming Pool-China as the sample of the 
pneumatic systems and Millennium Dom-England 
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as the sample of the cabled systems were 
selected/elected. The sample of the structure that is 
mostly common in literature, of the elected samples 
was taken in the scope of the structure system. 

1. Plate Systems 

 

  

 
Figure 1.2.3.4. Yokohama International 

Terminal-Japan View, Plan, Section [11-12] 
 

Adjective Ratios 
(%) 

Adjective Ratios 
(%) 

Extraordinary 90 Ordinary 10 
Warm 10 Cold 90 
Dynamic 76.66 Stagnant 13.33 
Emotional --- Rationalist 100 
Persistent 93.33 Disappearing 6.66 
 

2. Shell Systems 
 
 

 
 

Figure 5.6.7.8. Sydney Opera Building-Australia 
View, Plan, Section [13-14-15-16] 

 
Adjective Ratios 

(%) 
Adjective Ratios 

(%) 
Extraordinary 96.66 Ordinary 3.33 
Warm 90 Cold 10 
Dynamic 90 Stagnant 10 

Emotional 40 Rationalist 60 
Persistent 100 Disappearing ---- 
 

3. Space Cage Systems 

 

 

 
 

Figure 9.10.11.12. Metropolis Umbrella-Spain 
View, Plan, Section [17-18-19] 

 
Adjective Ratios 

(%) 
Adjective Ratios 

(%) 
Extraordinary 100 Ordinary --- 
Warm 70 Cold 30 
Dynamic 93.33 Stagnant 6.66 
Emotional 13.33 Rationalist 86.66 
Persistent 100 Disappearing ---- 
 

4. Membrane Systems 

 

 

 
 

Figure 13.14.15.16. Denver International Air 
Terminal-USA  View, Plan, Section [20-21-22] 
Adjective Ratios 

(%) 
Adjective Ratios 

(%) 
Extraordinary --- Ordinary 100 
Warm 10 Cold 90 
Dynamic 23.33 Stagnant 76.66 
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Emotional ---- Rationalist 100 
Persistent ---- Disappearing 100 
 

5. Pneumatic Systems 
 

 

 
 

Figure 17.18.19.20. Soap Bubble Swimming Pool-
China 

View, Plan, Section [23] 
Adjective Ratios 

(%) 
Adjective Ratios 

(%) 
Extraordinary 93.33 Ordinary 6.66 
Warm 93.33 Cold 6.66 
Dynamic 96.66 Stagnant 3.33 
Emotional 10 Rationalist 90 
Persistent 100 Disappearing --- 
 

6. Cabled Systems 
 

 

 
 

Figure 21.22.23.24.  Millennium Dom-England  
View, Plan, Section [24-25-26] 

Adjective Ratios 
(%) 

Adjective Ratios 
(%) 

Extraordinary 93.33 Ordinary 6.66 

Warm 86.66 Cold 13.33 
Dynamic 93.33 Stagnant 6.66 
Emotional 16.66 Rationalist 83.33 
Persistent 90 Disappearing 10 
EVALUATION: 

The impressions left on the human by the 
modern structure systems by the result of the survey 
work performed were rated according to the slices 
of 100%. It was concluded that the folded plate 
systems were extraordinary, cold, dynamic, 
rationalist and persistent. It was seen that the shell 
systems were extraordinary, warm, dynamic, 
rationalist and persistent. The space cage system is 
extraordinary, warm, dynamic, rationalist and 
persistent. It came up that the membrane systems 
had the ordinary, cold, rational, disappearing 
feelings. It was determined that the pneumatic 
systems were extraordinary, warm, dynamic, 
rationalist and persistent. The cabled systems are in 
the extraordinary, warm, dynamic, rational and 
persistent case. 

It came up that the membrane systems 
were ordinary, the folded, shell, space cage, 
pneumatic and cabled systems were extraordinary; 
the folded plate and membrane systems left a cold 
impression but however the shell, space cage, 
pneumatic and cabled systems left a warm 
impression, the folded plate, shell, space cage, 
pneumatic and cabled systems were dynamic 
despite the membrane system was static, all modern 
structure systems were rational and the membrane 
systems were disappearing, the folded, shell, space 
cage, pneumatic and cabled systems were persistent 
when we compared the modern structure systems to 
each other.       
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Figure 25. Plate Systems Graph 

 

 

Figure 26. Shell Systems Graph 

 

 

Figure 27. Space Cage Systems Graph 

 

Figure 28. Membrane Systems Graph 

 

 

Figure 29. Pneumatic Systems Graph 

 

 

Figure 30. Cabled Systems Graph 
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RESULTS:  

It came up that the modern structure 
systems had an extraordinary set up in the slice of 
83.34%, left a warm impression on the human in 
the slice of 66,66%, was dynamic in the slice of 
83.34, 100% was rational, the slice of 83.34% was 
persistent in the meaning of the engineering, 
architecture and place arrangement. 

This study gave the user’s evaluation 
depending on his/her place perception of the system 
to be selected in conformity with the structure’s 
function in the selection of the structure system that 
will be used in the wide spacious areas. The user 
measured the affect of the modern structure systems 
on the user. This research’s result shall direct to the 
implementers/practitioners. It is the sample that the 
engineer, the architecture and the interior architect 
should be in interaction. The study shall also guide 
the young researchers. 
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