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Assessment of aerodynamic response of the Nissibi cable-stayed 

bridge using three-dimensional computational fluid dynamics 
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A B S T R A C T 

Aerodynamic behavior has the greatest impact on long-span bridges and is the most 
important factor in the design of cable stayed bridges, which should not be over-

looked. CFD (Computational Fluid Dynamics) is the most widely used technique, 

among bridge engineers, to predict wind speed, direction and vortex-shedding form 

before conducting wind tunnel tests. In this study, a bi-directional CFD analysis with 

the wind flow parallel and perpendicular to Nissibi Bridge's, which has a main span 

of 400 m and claimed the spot of Turkey’s 3rd largest bridge, deck cross-section has 
been performed by approximate modelling of the bridge and the surrounding struc-

tures. The study is done by using CFD++ software/computer program. The results 

showed that the effect of wind acting on x direction of impact with 30 m/s has caused 

turbulence and vortex on conjugation area of the tower and it is observed that the 

upside down Y shape of the tower breaks down the balance of wind flow. However, 

bridge deck is not exposed to serious amount of vortex influence due to the wind on 

y direction. In addition, the analysis revealed that maximum pressure distribution 

occurred on vertical surface of the tower and it increases in direct proportion to the 

height of the tower. 
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1. Introduction 

Nissibi Bridge, a part of Adiyaman-Kahta-Siverek-Di-
yarbakır highway/motorway, got drowned due to the 
lake formed as a result of the construction of Ataturk 
Dam which came into operation in 1992, thus resulting 
in the disconnection of highway link between Adıyaman 
and Diyarbakır. At that time, the government divided the 
highway into two as a consequence of which the distance 
between Adıyaman and Diyarbakır increased by 150 km. 
To rectify this problem, construction of a new bridge be-
tween Kahta and Siverek came into consideration. The 
materialization of the project in question started in 2012 
with the commencement of work on cable stayed Nissibi 
Bridge that was later inaugurated in the first half of 
2015. 

The cable stayed bridge has a main span of 400 m and 
claimed the spot of Turkey’s 3rd largest bridge. Due to the 
complications and cost involved in positioning the 

bridge pier inside the reservoir/lake of the dam, it was 
deemed necessary to cross the reservoir/lake with a 
long span bridge. All types of bridges are subjected to 
wind effects but the long span bridges are the ones which 
are more sensitive to dynamic responses/effects as com-
pared to others. Dynamic wind load/force, despite of not 
being very influential from loading viewpoint, is im-
portant due to the vibrations it brings about. Tacoma 
Narrows Bridge is the most important example of aero-
dynamic properties’ influence/effect on the design. The 
bridge got demolished due to the aeroelastic flutter aris-
ing from the wind flowing at a velocity of only 64 m/s. 
This incident brought to light the importance of aerody-
namic effects over bridge (Arioli and Gazzalo, 2013).  

Bridge design should be conducted in such a way that 
it would not encounter any kind of instability and sud-
den wind impulses/excitations would remain within the 
acceptable limits. An example of it is Messina Strait 
Bridge, which would have overtaken Akashi Kaikyo 

tel:+90-212-4737070
fax:+90-212-4737180
mailto:savas.erdem@istanbul.edu.tr
http://dx.doi.org/10.20528/cjsmec.2016.12.037
http://cjsmec.challengejournal.com/
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Bridge as the longest suspension bridge, with the central 
span length of 60% more than the Akashi Kaikyo 
Bridge’s. To check the aerodynamic design properties of 
the bridge, a comprehensive study involving wind tun-
nel test simulations has been carried out (Diana et al., 
2013).   

Aerodynamic behavior has the greatest impact on 
long-span bridges and is the most important factor in the 
design of cable stayed bridges, which should not be over-
looked. In previous studies, analysis of bridges to wind-
induced motions were performed by various research-
ers (Ge and Tanaka, 2000; Xu et al., 2004; Yongle et al., 
2004; Matsumoto et al., 2001 and Ren et al., 2005). How-
ever, previous studies have been limited to analysing 
two dimensional sections only, and three dimensional 
analyses of the bridges have not yet been studies. 

All these studies underline that the high level of flexi-
bility associated with the cable stayed bridges make 
them more sensitive to wind flow as compared to other 
structures. The reasons for this susceptibility/sensitivity 
are: 
 Aerodynamic instability; incompatibility of dynamic 
effect with static effect or vibrations in the bridge deck 
arising from the dynamic effects may be sufficient to 
cause destruction of the bridge. 
 Buffeting; the effect arising from the turbulences gen-
erated by the wind flow. The bridge deck, when sub-
jected to these turbulences for a long time, may experi-
ence fatigue effect depending upon the movement of the 
deck. 
 Vortex-shedding realization results in periodic vortex 
vibrations; bridge deck may experience forced vibra-
tions (ICE Manual of Bridge Engineering, 2008).        

Investigating wind-structure interaction with wind 
tunnel tests is a quite compelling and comprehensive en-
gineering problem/study. With the developments in 
wind engineering after the tragedy of Tacoma Narrows 
Bridge, wind tunnel testing has been made compulsory 
for the design of long span bridges (Diana et al., 2013). 
However, wind tunnel test calculations become very dif-
ficult/complex due to different profiles/cross-sections 
involved in the test and are very costly, indeed. Due to 
the aforementioned reasons, Numerical simulations be-
came the center of attention for aerodynamic and aeroe-
lastic analyses. CFD (Computational Fluid Dynamics) is a 
computer modeling technique to simulate fluids flow. 
CFD is the most widely used technique, among bridge en-
gineers, to predict wind speed, direction and vortex-
shedding form before conducting wind tunnel tests. 2D 
numerical simulations, related to aerodynamic of bridge 
deck, performed over Great Belt East Bridge in Denmark 
showed very close results to the ones obtained from 
wind tunnel tests and progress was recorded in the vor-
tex formation (Bruno and Chris, 2003). In a study, on U-
shaped Bridge, involving 2D and 3D CFD models, a com-
parison of results of 2D and 3D CFD with the wind tunnel 
test results showed that 3D CFD simulations presented 
more close results to wind tunnel test results as com-
pared to 2D CFD simulations. For 3D turbulent incom-
pressible viscous flow, 3D numerical methods alongside 
Detached-Eddy simulations have been effectively used 
for bridges (Bai et al., 2010).   

In this study, a bi-directional CFD analysis with the 
wind flow parallel and perpendicular to the bridge deck 
cross-section has been performed by approximate mod-
eling of the bridge and the surrounding structures. The 
goal of the study is to determine the wind load effects on 
the bridge and its elements, by considering the wind flow 
characteristics of the region where the bridge is situated. 
The study is done by using CFD++ software/computer 
program. CFD++ is an advanced level general purpose 
computational fluid dynamics software, based on inte-
grated element modeling, integrated physics and inte-
grated calculation methodology, within advanced nu-
merical discretization and solution system. 
 

2. Methodology 

2.1. Construction stages of the Nissibi Bridge 

Nissibi Bridge is a single span bridge with the main 
central span of 400m and total span of 610m (Fig. 1). The 
height of each pylon is approximately one-fourth of the 
main span length i.e. 96.8 m and is in λ form/type. The 
cross-sections of pylons are in the form of reinforced 
concrete box sections. Despite having a self-weight much 
more than their steel counterparts, they support a vari-
ety of cable configurations. Box sections are preferred to 
provide safety against buckling with the minimum 
amount of material. Limestone type rock units related to 
Gaziantep formation, the idealized soil type which is ob-
served from the surface, are generated/created. The 
bridge foundation has been designed as shallow founda-
tion/spread footing to sit on the limestone formations at 
the base. For the static load case, the allowable bearing 
capacity of the soil has been calculated as 1000 kPa. The 
foundation of pylon is designed to have dimensions of 
40m x 7.3m x 5m as shown in Fig. 2. 

In cable-stayed bridges, straight cables radiating from 
the pylon are connected to the deck. In case of multiple 
cable arrangements the system can be fan type (i.e. ca-
bles radiating from the top) or harp type (i.e. cables are 
positioned parallel and are connected to pylon at differ-
ent heights). A combination of these two types is often 
used, known as modified fan system, and has been used 
in Nissibi Bridge. Construction/erection of hollow pylon 
shaft, in the design, provides access for supervision or 
for new placements. The horizontal component of the 
forces in the cables will be withstood by the vertical and 
transverse prestressing of the concrete pylon.      

The main span of Nissibi Bridge is made up of struc-
tural steel sections incorporating an orthotropic road 
deck while prestressed reinforced concrete box sections 
have been used in the edge spans. Box section has been 
preferred to provide a substantial amount of torsional 
stiffness. In box girders, top flange/cap not only serves 
as pavement deck but also transfer loads to vertical or 
inclined web elements. Moreover, box section bridges 
are known to be more resilient towards vibration effects 
as compared to classic bridges. In practice, single or 
multi cell box girders with rectangular or trapezoidal 
cross-sections may be employed. In the case of Nissibi 
Bridge, Trapezoidal box girders have been used (Fig. 3).  
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Fig. 1. General view of Nissibi cable-stayed bridge. 

 

Fig. 2. Cross-section of the pylon.

2.2. Finite element modelling of Nissibi Bridge 

Geometric modelling was done in CFD++ by using/im-
porting 3D CAD DWG drawings (Fig. 4) of Nissibi Bridge. 
In the modelling, especially the main elements of the 
bridge have been taken into consideration. Due to Nissibi 
Bridge being cable stayed bridge with inclined cables, 
the effect of wind, on the structure, to which the cables 
are subjected, will not be critical and has been ne-
glected.   

To get CFD analysis results very close to the real, the 
surrounding structures with which the wind interacts 
before reaching the bridge model, have also been in-
cluded in the analysis work. The modelling of surround-
ings of the bridge has been done on the basis of height 
difference from the topographic map/plan of Diyarbakır 
– Adıyaman cities. 

2 grids are created for CFD analysis. An element grid 
consisting of 5 million hybrid (hexagonal and tetragonal) 
elements is built. Domain size of 2 km x 2 km is taken to 
provide atmospheric boundary conditions. The height is 
selected as 900 m, approximately 5 times the maximum 
height within the domain. Nissibi Bridge and surround-
ings are placed within the square domain with the re-
quired wind flow provided as bi-directional through sur-
faces/faces related to this square domain. In the flow do-
main, wall boundary conditions for bridge and the sur-
rounding are modelled in different element sizes. Inside 
the domain, there are total 4 wall boundary conditions 
(as can be seen in Fig. 5); Bridge Pylons/Piers (in yel-
low), Pavement over bridge (in green), terrain over 
which the bridge rests (in red) and lake region around 
the bridge (in blue/cyan). The elements of the Nissibi 
Bridge have been modelled smaller, as compared to the 
surrounding elements, as can be seen in Table 1.  
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Fig. 3. Cross-section of the main span and support structural sections. 

 

Fig. 4. The CAD view of the geometrical modelling. 
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Fig. 5. The wall boundary conditions for the bridge and the surrounding.

Table 1. Maximum element size based on  
boundary conditions. 

Boundary Surface/Face Maximum Element Size (m) 

Pylon/Tower 0.01 

Deck 0.01 

Terrain Area/Region 0.10 

Lake Region 0.10 

2.3. Flow characteristics 

In the analysis conducted for wind coming parallel to 
the bridge, velocity of value 30 m/s, from navy-blue 
face/surface towards yellow face/surface (+x direction), 
is given. On the other hand, for the wind flow perpendic-
ular to the bridge way, velocity of value 30 m/s, from 
pink face/surface towards green face/surface (+y direc-
tion), is considered (Fig. 6). ‘Cubic k- ε’ turbulence model 

has been used for turbulence modelling. Initial and end 
boundary condition values for k and ε values are auto-
matically calculated, by software itself, while also con-
sidering geometric characteristic lengths. 

 

3. Results and Discussion 

Acting on x and y-direction (Figs. 7-8) of impact with 
effect of 30 m/s wind, maximum pressure distribution 
occurred on vertical surface of the tower and it increases 
in direct proportion to the height of the tower. This pres-
sure, ruling on horizontal section, has caused large shear 
forces on the tower. Then, due to the stress on the pylon, 
where the pylon and bridge deck is fixed, a serious 
amount of pressure distribution is noticed.  

However, the wind load on y direction did not create 
large amount of pressure on bridge deck (Fig. 9). There 
will be a sediment dislodging force on the bridge deck 
however the long distance of bridge and inclined 
hangered cables blocked it.

 

Fig. 6. Flow characteristics for the analysis.

The effect of wind acting on x direction of impact with 
30 m/s has caused turbulence and vortex (Fig. 10) on 
conjugation area of the tower. In the figure, it is observed 
that the upside down Y shape of the tower breaks down 
the balance of wind flow. In the wind flow, when the vor-
texes arrived second pylon, linear flow was broken 

down. Thus, the second (right) pylon is exposed to more 
vortex oscillations compared to the first one (Fig. 11).  

However, bridge deck is not exposed to serious amount 
of vortex influence due to the wind on x direction. Flow 
transistorizes that the wind created by crashing to the py-
lons did occur high pressure effect on the bridge deck.  



 Erdem et al. / Challenge Journal of Structural Mechanics 2 (4) (2016) 196–204 201 

 

 

Fig. 7. Measured pressure results perpendicular to bridge. 

 

Fig. 8. Measured pressure results parallel to bridge. 

 

Fig. 9. Measured pressure results on the bridge deck in y-direction. 
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Fig. 10. Kinetic energy with turbulence in the parallel direction. 

 

Fig. 11. Wind flow velocity on the pylons in the x-direction.

For the total velocity area result shown in the Fig. 12, 
the wind which has 30 m/s on the x-direction arrived the 
first pylon by gaining velocity. The wind flow, which goes 
forward by hitting the first pylon, went forward by form-
ing vortex streets. Therefore, the wind flow has taken the 
second pylon by losing its velocity. In the figure, the x-
component of velocity field shows that the vortexes, 

which occurred by the wind hitting to the first pylon, 
scattered and went forward to the second pylon. The x-
component of the negative direction resultant of vortex 
streets’ starts are on the merging on peak points. At 
these points, periodic vortex formations might be seen. 
The increase of vortex depth can be understood from the 
scattering of the wind flow velocity.

 

Fig. 12. Total velocity area results in the x-direction.  
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The velocity result perpendicular to the bridge way 
was shown in the Fig. 13. The figure indicates the wind 
flow velocity was not so high on the bridge deck section. 
This could be attributed to a larger torsional and buck-
ling rigidity of the steel box deck on that direction. 

Measurement pressure results, which affect perpen-
dicularly to bridge tower surfaces have been nondimen-
sionalized with dynamic pressure and served below the 
graphics (Figs. 14-15) with details. Pressure distribution 
graphics with 30m/s velocity has been interpreted by 
multiplying with normalized coefficients for different ve-
locities for same graphics. 

4. Conclusions 

Aerodynamic behavior is the most important factor in 
the design of cable stayed bridges as these bridges can 
suffer from a high-level of vibration due to wind.  

In general, maximum pressure distribution occurred 
on vertical surface of the tower and it goes up in direct 
proportion to the height of the tower. This pressure, rul-
ing on horizontal section, has led to large shear forces on 
the tower. In addition, the wind flow, which goes for-
ward by hitting the first pylon, went forward by forming 
vortex streets. Therefore, the wind flow has taken the 
second pylon by losing its velocity. However, at the effect 
of wind acting on x direction, when the vortexes which 
are occurred from the first pylon arrived second pylon, 
linear flow was broken down. Thus, the second pylon 
was exposed to more vortex oscillations compared to the 
first one. Finally, it was observed that the critical wind 
direction was perpendicular to the longitudinal axis of 
the bridge.   

In a future research study, the wind-cable interaction 
or different wind flow velocities on the aerodynamic re-
sponse of cable-stayed bridges would be studied.  

 

Fig. 13. Wind flow velocity on the bridge deck section in y-direction. 

 

Fig. 14. Nondimensionalized pressure results of right bridge tower (wind from y-direction). 
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Fig. 15. Nondimensionalized pressure results of left bridge tower (wind from y-direction).
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A B S T R A C T 

In this paper, a distinct elements code is used to perform a numerical investigation 
for the size and stress gradient effects on the fracture initiation and propagation 

around single or pairs of pre-existing cavities in brittle rock. To investigate the rock 

fracture around cavities and to assess the potential of the numerical model to sim-

ulate this behavior, published laboratory physical model on granite is simulated 

numerically with a Bonded Particles Model (BPM). The numerical model is pre-

sented and the calibration of the BPM micro-parameters is described. Then, the 
calibrated BPMs are used to investigate the effect of the size of the cavity on the 

primary, secondary and side wall fracturing, as well as on the fracturing modes. 

Moreover, BPMs with two circular cavities were used to study the interaction of 

these holes of the same diameter and to investigate the importance of their relative 

distance. Finally, the simulated material was studied by biaxial tests on BPMs with 

a pre-existing hole. 
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1. Introduction 

Over the past decade, the Bonded Particles Model 
(BPM) (Potyondy and Cundal, 2004) has extensively 
been used in order to simulate the mechanical behavior 
and fracture of rock under a variety of loading configu-
rations. In the BPM, the intact rock is represented by a 
dense packing of rigid spheres (in 3D) or disks (in 2D) 
bonded together at their contacts. The model is imple-
mented in the Particle Flow Code (PFC) (Itasca, 2014). 
With the recent addition of the flat-joint contact logic in 
the BPM (Potyondy, 2012) particle interlocking and fric-
tion resistance at the contact are imposed, restricting the 
relative movement of particles, and thus attaining the 
advantages of simulating the rock structure. 

In this study, the BPM is used to model the fracture 
initiation and damage around cylindrical openings in 
compression. Published laboratory physical model on 
granite (Carter et al., 1991) is simulated numerically 
with the PFC2D by using flat-joint contact model. 

2. Calibration of the Numerical Models 

The mechanical properties of the granite used for the 
physical model experiments (Carter et al., 1991) are 
shown in column 3 of Table 1. The Flat-Joint Model 
(Itasca, 2014) was used on the BPMs for the simulation of 
granite’s specimens. The relevant micro-parameters are 
presented in Table 2. Column 5 of Table 1 shows the sim-
ulation results by using the micro-parameters of Table 2. 
A very good match of the numerically evaluated macro-
properties with the experimental ones is observed. 

Carter et al. (1991) performed unconfined uniaxial 
compression experiments on prismatic granite speci-
mens with a circular hole of 3.6 mm. In order to reduce 
friction, two granite plates of 3cm thickness were placed 
by the researches between the platens of the compres-
sion machine and the specimen. According to their ob-
servations, primary tensile fractures originating from 
the top and bottom of the cavity were initially formed at 
an axial stress of 16 MPa. Stable propagation of these 
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cracks was the only phenomenon observed until the for-
mation of remote fractures, away from the opening, at an 
axial stress of 119 MPa. These were followed by slabbing 
at the sides of the hole when the axial stress was about 
126 MPa. These observations are summarized in column 

2 of Table 3. The test described by Carter et al. (1991) 
was completed at 157MPa, without reaching the maxi-
mum strength, in order not to destruct the specimen 
completely. The investigators report that cracks are not 
readily apparent due to the nature of the rock.

Table 1. Mechanical properties of granite (Carter et al., 1991) and simulation results. 

Mechanical Property Value Standard deviation Simulation results 

Tensile strength (Brazilian)  14 MPa 1.2 MPa 14.3 MPa 

Uniaxial compressive strength 226 MPa 15 MPa 226 MPa 

Young’s modulus 71.3 GPa 4.7 GPa 70 GPa 

Table 2. Micro-parameters of BPM for granite. 

Micro-parameter Value Micro-parameter Value 

Disk radius (mm) 0.36 – 0.6 Tensile strength (MPa) 14.2 

Contact modulus (GPa) 65 Cohesion (MPa) 98 

Stiffness ratio 2.5 Friction coefficient 0.685 

Table 3. Fracture initiation stress levels in prismatic granite specimens with a cylindrical hole  
subjected to uniaxial compression, as observed by Carter et al. (1991) and by the BPM of this study. 

Fracture type Stress (MPa) Standard deviation (MPa) Simulation results (MPa) 

Primary  16 2.7 17 

Remote 119 10 - 

Slabbing 126 12 120 

In the BPMs prepared with PFC2D, the aforemen-
tioned friction angle between the platens and the speci-
men was set zero as the implementation of such 3cm 
thick plates didn’t result in any substantial differences 
(Lotidis, 2014; Lotidis et al., 2015). The UCS simulation 
results of the prismatic BPM with a 3.6cm diameter hole 
are shown in column 4 of Table 3.  

 During the simulation of the physical test, primary 
cracks initially formed above and below the hole, initiat-
ing from the top and bottom boundary and extending to-
wards the upper and lower surfaces of the BPM, respec-
tively. After the initiation of the two primary fractures, a 
micro-cracking observed away from the hole. In the 
course of the UCS test, the micro-cracking becomes more 
widespread but scattered within the model. The slabbing 
at the sides of the hole starts as soon as shear cracks oc-
cur on the area of high stress concentration (AHSC) of 
the boundary. Finally, there is a strong presence of shear 
macroscopic fracture surfaces (MFSs) joining the AHSCs 
of the bases of the model. 

It may be observed from Table 3, that the axial stress 
of primary fractures appearance at the top and bottom 
of the hole and the slabbing axial stress of physical mod-
els and BPM are in very close agreement. Any difference 
arising from the BPMs with those of physical models is 
within the respective standard deviation referred to 
physical specimens. Also, in Fig. 1, the similarity of the 
fracture pattern of the BPM with the physical model of 

granite may be observed. Note that Fig. 1 illustrates the 
two models (physical and numerical respectively) dur-
ing the same applied stress level, i.e. 157 MPa. Concern-
ing the applied axial stress of remote fractures a safe par-
allelism of the BPM with the physical model may not be 
performed. 

Afterwards, five BPMs were prepared with the pa-
rameters shown in Table 2 and dimensions 20 cm x 20 
cm, each containing a single circular hole at the center 
with varying diameter (D) 1.0, 2.0, 3.0, 3.6 and 5.0 cm. 
The BPMs were subjected numerically to unconfined 
uniaxial compression and the applied axial stress where 
the first tensile and shear cracks appeared at the 
top/bottom and at the sides of the hole’s boundary re-
spectively, were measured. In addition, the applied axial 
stress during the initiation of slabbing and the maximum 
stress attained by each BPM were recorded. These re-
sults are plotted in Fig. 2, where the variation of the 
abovementioned stress levels with the hole’s diameter is 
shown. BPM with 3.6cm hole’s diameter was compared 
with Carter’s physical model (red markers) which had 
the same dimensions. 

The effect of the hole’s diameter on the fracturing 
stress levels is observed from Fig. 2. The numerical mod-
els have similar behavior and cracking and failure mech-
anisms. Specifically, primary fractures initially formed 
above and below the hole, which initiate from the pe-
riphery of the hole and extending towards the upper and 
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lower surfaces of the model, respectively. After initia-
tion of the two primary fractures, a micro-cracking ob-
served away from the hole. In the course of the UCS 
test, the micro-cracking becomes more widespread but 
scattered within the model. Then, the micro-cracks co-
alescence and one may observe an increasing curvature 
on the mean axial stress-axial strain curves σα-εα (Fig. 
1(b)). Slabbing starts as soon as shear cracks occur on 
the AHSCs of the boundaries. Finally, there is a strong 

presence of shear MFSs joining the AHSCs with the bases 
of the models. Moreover, the diagram of Fig. 2 shows that 
the compared values reduce as the diameter of the hole 
increases. In addition, axial stresses at which the 1st ten-
sile cracks are observed are similar. Finally, common for 
the five BPMs is the fact that the first shear cracks oc-
curred on the boundary of the hole, either from the left 
or from the right, with the slabbing of the holes lie in 
their presence.

         

Fig. 1. Fracture pattern of: (a) granite specimen after UCS test (Carter et al. 1991) and (b) BPM micro-cracking 
(tensile cracks=black color, shear cracks=red color, stress-strain curve=green color, D=3.6 cm). 

 
Fig. 2. Axial stress levels for 1st tensile crack/1st sign of shearing/slabbing/strength with respect to the hole’s diameter, 
as measured from the BPMs of granite. Red markers represent the results of the physical models of Carter et al. (1991).

3. Pair of Circular Holes 

The realistic results of the simulations of the previous 
paragraph encouraged the design of a new series of nu-
merical models, using the micro-parameters of Table 2. 

Five (5) BPMs were designed with dimensions 20 cm x 
20 cm, each containing a pair of circular holes of 3cm di-
ameter, with varying distance (X) between their centers 
and symmetrical relative to the center of the BPM, i.e. 4, 5, 
7, 8 and 10 cm. The results of the aforementioned simu-
lations are presented in Table 4, where the respective 
values of the BPM with a single circular hole of 3cm di-
ameter are also shown. The comparative graph of Fig. 3 
contains the simulation results on PFC2D for the granite 

BPMs with a pair of circular holes (D=3 cm). Vertical axis 
represents the applied axial stress (MPa) which was re-
sponsible for each phenomenon. Horizontal axis repre-
sents the distance (cm) between the holes’ centers. L and 
R stand for “left” and “right” hole respectively. 

The purpose of this test series was to study the inter-
action of two circular holes of equal diameter (D=3 cm) 
and the importance of the relative distance between 
them. 

The UCS testing on the BPMs with a pair of holes 
shows similar cracking mechanism for all the numerical 
samples. Initially, tensile cracks are formed above and 
below the holes, which start from the boundary of each 
hole and extend to the upper and lower surfaces of the 

(a) (b) 
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model respectively. After the initiation of these cracks, 
there is some mixed-mode micro-cracking, i.e. appear-
ance of tensile and shear cracks, away from the holes. 
During the progress of the UCS testing, this micro-crack-
ing extends at an angle of 45° (with respect to the center 
of each hole) to four directions, tending to join the 
AHSCs. The MFSs with direction from the left opening to 
the right and from the right hole to the left extend to 
meet each other in the vertical axis of symmetry of the 
BPM, and as a result the numerical specimen tends to fail 
on the symmetry axis. 

For the distance of 4 cm, the pillar between the two 
holes was collapsed, while the surfaces of cracks reached 
the underside of the model, in combination with the MFS 
on the vertical axis of symmetry at the top of the model, 
and as a result they separate the numerical model into 
three large pieces. The numerical model with 5 cm dis-
tance has a similar to the previous BPM failure mecha-
nism, except that the pillar between the two holes didn’t 
collapse. Finally, the holes of the three other numerical 
models with distances 7 cm, 8 cm and 10 cm tend to be-
have as independent.

Table 4. Comparative table of the simulation results on PFC2D for Lac du Bonnet granite BPMs  
with a single and pair of circular holes (D=3 cm). 

D=3 cm UCS (MPa) 
Primary fracture 

(left hole) (MPa) 

Primary fracture 

(right hole) (MPa) 

Slabbing  

(left hole) (MPa) 

Slabbing  

(right hole) (MPa) 

Single 178 18 18 116 116 

 Pair 

Χ=4 cm 
148 18 17.8 75.4 (right) 90 (left) 

Pair 

 Χ=5 cm 
152 16 20 110 (right) 112 (right) 

Pair 

 Χ=7 cm 
138 22 14.4 109 (right) 107 (right) 

Pair 

 Χ=8 cm 
147.5 16.8 17.8 110 (right) 105 (left) 

Pair 

Χ=10 cm 
133 13.9 15.2 97 (left) 102 (right) 

 

Fig. 3. Comparative graph of the simulation results on PFC2D for granite BPMs with a pair of circular holes (D=3 cm). 
Vertical axis represents the applied axial stress (MPa) which was responsible for each phenomenon. Horizontal axis 

represents the distance (cm) between the holes’ centers. L and R stand for “left” and “right” hole respectively.

Observing the values (maximum strength/primary 
fracture on the left and right hole/slabbing of the left 
and right hole) of Table 4, it seems that the maximum 
strength of the numerical model decreases with the in-
creasing distance between the two holes, while the ini-
tiation of the primary crack at the upper or lower 

boundary of the holes is observed at similar level of 
mean axial stress on the six BPMs. Moreover, on the 
first BPM (X=3 cm) as expected, the slabbing begins 
from the right of the left hole and from the left of the 
right hole due to the high stress concentration stress 
distribution through the pillar. 
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The fracture patterns obtained from UCS testing on 
PFC2D of granite BPMs with a pair of circular holes 
(D=3 cm) are given below in Fig. 4. The green curves 
represent the applied axial stress vs the axial strain (σα-
Εεα). Disks with different color than blue represent frag-
ments. 

 

4. Biaxial Test 

The last simulation series of this study contains biax-
ial compressive tests on PFC2D, by using the BPM that 
was designed for the simulation of the physical experi-
ment of Carter et al. (1991), i.e. 20cm x 20cm and D=3 
cm. Four (4) biaxial tests took place with different lateral 
stress p, i.e. 2, 5, 10 and 20 MPa, following the same 
methodology: first, the BPM is submitted into increasing 

hydrostatic stress field beginning from 0 MPa until 𝜎1 =
𝜎3 = 𝑝. Then, the lateral stress remains constant (𝜎3 =
𝑝) within an approximate error equal to 0.05%, and the 
applied axial stress (σ1) increases until the collapse of 
the BPM. 

The concept of the fracture process and mechanism 
for the biaxial tests stays the same as for the UCS test of 
paragraph No 2. Noteworthy is the micro-cracking initi-
ation when p ≥ 5 MPa, as the first micro-cracks are nucle-
ated either at the left or the right of the boundary of the 
hole, instead of the upper or lower, i.e. primary fractures. 
In addition, during the biaxial tests, shear micro-crack-
ing becomes more intense than the UCS test, leading on 
the creation of small fragments along the MFSs. The size 
of these fragments decreases as the lateral stress in-
creases. They start from the four (4) MFSs and they pul-
lulate as the axial stress σ1 increases.

           
 
 

      
 

Fig. 4. BPMs of granite with a pair of holes (D=3 cm) after the UCS testing on PFC2D. Disks with different color  
than blue represent fragments. (a) X=4 cm; (b) X=5 cm; (c) X=7 cm; (d) X=8 cm; (e) X=10 cm.

Fig. 5 presents the simulation results in comparison 
with the UCS values of the same BPM. Blue, red, green, 
purple and light blue markers represent the maximum 
strength of the BPM, the primary fracture initiation, the 
slabbing initiation and the total length of the upper and 
the lower primary fracture respectively. As one may ob-
serve, the total length of the primary fractures decreases 
as the lateral stress increases. On the other hand, the 
maximum strength and the applied axial stress for the 

primary fracture initiation increase. In this series, slab-
bing initiation occurs on higher stress levels than the 
UCS test, but it remains on the same magnitude for each 
biaxial test. 

The fracture patterns obtained from biaxial testing on 
PFC2D of granite BPM with a circular hole (D=3.6 cm) 
are given in Fig. 6. The green curves represent the ap-
plied axial stress vs the volumetric strain (σα-εvol). Disks 
with different color than blue represent fragments.  

(a) (b) (c) 

(d) (e) 
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Fig. 5. Simulation results of biaxial tests on PFC2D for BPM of granite. Blue, red, green, purple and light blue values 
represent the maximum strength of the BPM, the primary fracture initiation, the slabbing initiation and the total 

length of the upper and the lower primary fracture respectively.

           
 
 

      
 

Fig. 6. BPM of granite with a single hole (D= 3.6 cm) after the biaxial testing on PFC2D. Disks with different color 
than blue represent fragments. (a) Intact; (b) 𝜎3 = 2 MPa; (c) 𝜎3 = 5 MPa; (d) 𝜎3 = 10 MPa; (e) 𝜎3 = 20 MPa.

5. Conclusions 

Laboratory physical model of granite with a circular 
hole is simulated numerically with the PFC2D code. The 
macroscopic fracture propagation and failure pattern of 
the BPM are in close agreement with laboratory obser-
vations. The different diameters of the hole revealed the 
importance of size for the underground openings. BPMs 

with two pre-existing holes have relative fracture prop-
agation and failure patterns. Biaxial tests revealed differ-
ences in fracture mechanisms observed in comparison 
with UCS tests, and these differences become more sig-
nificant as the lateral stress is augmented. Further inves-
tigation is required for the micro-mechanisms leading to 
damage accumulation and fracture around large-scale 
openings in compression. 
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A B S T R A C T 

The mechanical properties at room temperature of two densities PVC foams have 
been experimentally evaluated in both quasi-static and dynamic compression load-

ing conditions. The strain rate effect have been evaluated by comparing the constant 

strength during plateau region. Energy absorption efficiency of PVC foam is investi-

gated, and it shows that in certain density range, the efficiency of lighter PVC foam is 

larger than that of heavier PVC foam, but the efficiency stress of lighter PVC foam is 

smaller than that of heavier PVC foam. While the lighter PVC foam has been com-
pressed more than heavier PVC foam when they reach their peak efficiency. There-

fore, for a certain density of PVC foam itself, when the loading rates increase, the PVC 

foam will absorb more energy more efficiently. 
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1. Introduction 

Foam materials have been extensively used in civil 
and military field such as energy absorbers to resist ex-
ternal loads (Zhu et al., 2010; Kabir et al.,2014). For ex-
ample aluminum foam, it has already been widely inves-
tigated Deshpande and Fleck (2005); Lu et al. (2009). 
PVC, which stands for polyvinyl chloride, is a new type of 
structural functional materials, and it could be produced 
into PVC foam with high porosity, low density and low 
cost, which offers similar but higher performance ability 
of remaining a constant nominal stress in large plastic 
deformation than normal foam materials. And it is often 
used in Sandwich plates as core materials to make full 
use of advantages of the capability of dissipating consid-
erable energy by large plastic deformation under static 
or dynamic loading. Avachat and Zhou (2015) investi-
gate planar composites with PVC foam cores and E-
glass/vinylester face sheets subjected to underwater 
shock. It is proposed that Low density PVC foams cores 
exhibiting better capabilities for compression than that 
of higher density cores. A major aim of this study is to 
provide a simple but reliable description of the compres-
sion behavior and energy absorption characteristic of 
PVC foams with the effect of strain rates of different den-
sities. 

2. Experimental Program 

Density of polyvinyl chloride foam, short for PVC 
foam, is easily controllable, because of the porous prop-
erty. While two different densities of PVC foams materi-
als are considered in this test, which are 80 kg/m3 (short 
for P80) and 160 kg/m3 (short for P160). And each den-
sity of PVC foam specimens is cut into cylinder with nom-
inal dimension of Φ30×10 mm from PVC foam layers 
with 10 mm thickness (Fig. 1). 

Two densities of PVC foams specimens are com-
pressed under quasi-static and dynamic loading, to de-
termine their stress-strain relationship and strain-rate 
effect of them. Quasi-static tests are conducted on a mi-
cro-controlled electronic universal testing machine in 
room temperature. While PVC foams are compressed at 
constant given velocity between two steel plates. The 
given speeds are 1 mm/min and 100 mm/min in this 
test, which means that the strain rates were 0.167/s and 
0.0016/s respectively. 

Strain-rate effect is an important consideration to eval-
uate the mechanical characteristics of materials. And it is 
widely recognized as a crucial factor that influences the 
mechanical properties of materials. Because of the matrix 
material, entrapped air, as well as micro-inertia effect, 
foam material often exhibits very deep strain rate effect. 

mailto:zhdawei@hit.edu.cn
http://dx.doi.org/10.20528/cjsmec.2016.11.028
http://cjsmec.challengejournal.com/
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Therefore, accurate dynamic behavior is important in re-
searching mechanical property of PVC foam. SHPB, which is 
short for split Hopkinson pressure bar, is a commonly used 
experimental technique to study constitutive laws of mate-
rials at high strain rates. In this test, a Φ40 mm split Hop-

kinson pressure bar is employed in the dynamic compres-
sive tests for high strain rates. As shown in Fig. 2, strain 
gauges are glued on incident bar, transmitted bar as well as 
the Φ30×10 mm specimens. Dynamic tests were per-
formed in room temperature till strain rate up to 3000/s.

  

Fig. 1. Cylinder specimen (Φ30×10 mm) of the two densities PVC foams: (a) P80; (b) P160. 

 

Fig. 2. Schematic of modified SHPB apparatus and specimen.

3. Results and Discussion 

The ability of energy absorption and the accuracy of 
the finite element analyze are highly dependent on the 
accurate material parameters of PVC. In this test, uniax-
ial compression tests were performed at different strain 
rates in order to determine the sensitivity of the mechan-
ical response to the loading rate. Fig. 3(a, b) shows the 
strain-stress curves of the two densities of PVC foams, 80 
kg/m3 and 160 kg/m3 respectively, and it shows the 
strain rates effect between 10-3/s and 3×103/s of the two 
densities of PVC foams. It has been indicated that the 
compression curves of PVC foams experience the typical 

deformation process of the metallic foams, and the 
strain-stress curves comprise of three apparently stages. 
At first it is elastic stage, the material and structure start to 
be compressed elastically, while in this stage a sharp linear 
increase in stress is observed with the strain increasing a 
little. Then it comes along with plateau stage, in which the 
stress keep almost stable or the slope of the curve is very 
small for a large range of strain, and the structure collapse 
occurred mostly in this stage, while the second stage is the 
main contributor to the large energy absorption capacity 
of foam materials. At last it is densification stage, and the 
cell wall itself have been pressed together, however it is 
seems that the stress increase exponentially.

   

Fig. 3. Nominal strain-stress curve of the two relative densities of PVC foam: (a) P80; (b) P160. 

 

(b) (a) 

(a) 

 

(b) 
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Constant plateau stress in large plastic deformation is 
the most important factor of PVC foams in blast re-
sistance. Table 1 shows the plateau stresses of the two 
densities of PVC foams under same or close strain rates. 
It is found that the plateau stresses increase with increas-
ing strain rate in quasi static and dynamic compression 
conditions. And in quasi-static region, the plateau stress of 
strain rates 0.167/s of the two PVC foams increase nearly 

the same time as it is of strain rates 0.00167/s. Therefore 
in the dynamic region, the plateau stress of PVC foam 
with higher density increase faster than that with lower 
density. And as the two densities PVC foams themselves, 
the plateau stress increase faster than the density in-
creasing, while it is indicated that when the PVC foams 
are applied as shield, heavier PVC foam may performed 
well within certain range even weight being considered.

Table 1. σn of the two density PVC of different strain rates. 

Strain rates 
σp (MPa) 

P80 Difference P160 Difference 

0.00167 1.30 / 2.93 / 

0.167 1.48 13.8% 3.32 13.3% 

3025±2 1.65 26.9% 3.99 36.2% 

The light PVC foams own the excellent energy absorp-
tion capability because of the ability of remaining nearly 
constant plateau stress in large plastic deformation. And 
the energy absorbed during compression, which is 
equals to the area under the strain-stress curve, is de-
fined as: 

𝑊 = ∫ 𝜎(𝑒)
𝜀

0
𝑑𝑒 . (1) 

By doing the research on energy absorption charac-
teristic of foam materials, an energy absorption effi-
ciency parameter was presented Miltz and Ramon, 
(1990); Avalle et al. (2001). And the efficiency parameter 
was defined as a ratio between the absorbed energy up 
to a certain strain and the stress of the strain itself, as 
following: 

𝐸 =
1

𝜎
∫ 𝜎(𝑒)
𝜀

0
𝑑𝑒 . (2) 

Energy absorption efficiency-stress curves under 
quasi-static loading of the two densities of PVC foams are 
shown in Fig. 4(a), and the peak efficiency of P80 foam is 
48.1%, while the efficiency stress is 1.72 MPa, and the ef-
ficiency strain is 0.63; however the peak efficiency of 
P160 is 47.7%, while the efficiency stress is 3.25 MPa 
and the efficiency strain is 0.55. And it indicated that the 
efficiency stress of P160 is higher than that of P80. And the 
efficiency of lighter PVC foam is larger than that of heavier 
PVC foam, however the difference is very small. While the 
lighter PVC foams compressed more than that of heavier 
PVC foam when they reach their peak efficiency. 

Energy absorption efficiency-stress curves under dif-
ferent strain rates of P160 foams are shown in Fig. 4(b). 
The curve of P160 foam in dynamic compression condi-
tion is not complete, because of the lack of loading inten-
sity, but it is already indicated that as the loading rates 
increasing, the energy absorption efficiency, the effi-
ciency stress and efficiency strain are all increasing. It 
means that when the strain rates increase, the PVC foam 
will absorb more energy in more efficient way.

   

Fig. 4. Energy absorption efficiency-stress curves:  
(a) two different densities of PVC foams; (b) three different strain rates of P160. 

 
 

 

 

   (a) 

 

   (b) 
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4. Conclusions 

In this study, the high strain rates and quasi–static 
compression behaviors of two low densities of PVC 
foams, 80 kg/m3 and 160 kg/m3, are obtained by using 
split Hopkinson pressure bar and micro-controlled elec-
tronic universal testing machine. The results show that 
the strain-stress curves of PVC foams conclude three ap-
parently stages, which are elastic stage, plateau stage 
and densification stage respectively. In certain density 
range, the PVC foams are strain rate sensitive materials. 
While in quasi-static loading conditions, the plateau 
stress of the two PVC foams increase in nearly same 
speed. Therefore in dynamic loading conditions, the plat-
eau stress of PVC foam with higher density increase 
faster than that with lower density.  

Energy absorption efficiency is also investigated in 
this study. And it shows that for different densities of 
PVC foams, the energy absorption efficiency of lighter 
PVC foam is larger but in small difference than that of 
heavier PVC foam, and the lighter PVC foams com-
pressed more than that of heavier PVC foam when they 
reach their peak efficiency. While the efficiency stress of 
P160 is higher than that of P80. Therefore by comparing 
the energy absorption efficiency of different strain rates, 
it shows that the energy absorption efficiency, the effi-
ciency stress and efficiency strain all increase as the 
strain rates increasing. 
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A B S T R A C T 

In structural engineering, the design of reinforced concrete (RC) structures needs an 
initial de-sign for cross sectional dimensions. After these dimensions are defined, the 

design constraints and the required reinforcement bars are calculated. But the re-

quired reinforcement area is not exactly provided since the size of rebars are fixed. 

At the end of the design, the security measures are provided, but the designer has no 

idea for the optimization of the design in mean of economy. For that reason, a pow-

erful search methodology can be programed by using metaheuristic algorithms. In 
this study, optimum design of reinforced concrete columns was investigated by using 

an education based metaheuristic algorithm called teaching-learning based optimi-

zation (TLBO). In the methodology, the slenderness of the columns is also taken into 

consideration by using a simple approach given in the ACI 318 design code. In this 

approach, the factored design flexural moments are defined according to the buckling 

load and axial load of columns. The design variables of the problem include cross 

section dimension of the column and the detailed reinforcement design and the opti-

mization objective is the minimization the maximum material cost of the column. Dif-

ferently from the other metaheuristic algorithms, the decision of the optimization 

type (global or local search) is not defined by using a probability parameter in TLBO. 

In optimization, two phases of TLBO; teacher (global search) and learner (local 

search) phases are consequently applied in search of best design variables. The pro-
posed approach is effective for the structural optimization problem. 
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1. Introduction 

In the design of reinforced concrete (RC) members, a 
design engineer decides several initial element dimen-
sions and these dimensions are used in the detailed de-
sign of the reinforcements. The experience of engineer 
effects the economic design of RC member. The only way 
is to find a better design is to try several member sizes if 
a design software is used. These trials may be several 
times, but it cannot be thousand times. For that reason, 
optimization is needed to carry out iterations. Thus, an 
optimum design ensuring all design constraints can be 
found. The optimum design methods are proposed for 
several RC members such as frames (Balling and Yao, 
1997; Guerra and Kiousis, 2006), beams (Barros et al., 

2005; Barros et al., 2012; Ferreira et al., 2003), pre-
stressed concrete bridges (Sirca and Adeli, 2005), col-
umns (Gil-Martin et al., 2010) and slabs (Ahmadkhanlou 
and Adeli, 2005). 

By using mathematical methods, it is only possible to 
find optimum results with some assumptions. In order to 
carry out a practical optimization, metaheuristic meth-
ods are suitable. The one of the metaheuristic methods 
used in the optimum design of RC members is genetic al-
gorithm (GA). GA is used in the design of beams (Coello et 
al., 1997; Govindaraj and Ramasamy, 2005; Fedghouche 
and Tiliouine, 2012), columns (Rafiq and Southcombe, 
1998), frames (Rajeev and Krishnamoorthy, 1998; Camp 
et al., 2003; Lee and Ahn, 2003; Govindaraj and Rama-
samy, 2007). In order to provide effective optimum 
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results, several algorithms can be combined in a single 
method. Rath et al. (1999) combined GA with sequential 
quadratic programming (SQP) for optimum design of RC 
members. Similarly, simulated annealing (SA) and Hook-
Jeeves method are used with GA by Leps and Sejnoha, 
(2003) and Sahab et al. (2005), respectively.  

In several studies (Paya et al., 2008; Paya-Zaforteza et 
al., 2009; Ceranic et al., 2001; Yepes et al., 2008), SA is 
employed in the optimization of RC members. Perea et 
al. (2008) optimized RC frames of bridges by using a 
methodology employing SA, the threshold accepting, 
random walk and the descent local search. Fiber-rein-
forced composite plates are optimized by Rama Mohan 
Rao and Shyju, (2010). SA and tabu search (TS) are com-
bined in the method. 

Another metaheuristic algorithm used in the opti-
mum design of RC members is big bang big crunch algo-
rithm (Camp and Akin, 2012; Camp and Farah Huq, 
2013; Kaveh and Sabzi, 2012). The music inspired har-
mony search (HS) algorithm developed by Geem et al. 
(2001) is used in the optimization of RC retaining walls 
(Kaveh and Abadi, 2011), RC continuous beams (Akin 
and Saka, 2010), RC frames (Akin and Saka, 2012) and 
RC beams (Bekdaş and Nigdeli, 2012) and columns 
(Bekdaş and Nigdeli, 2014; Nigdeli et al., 2015). Also, bat 
algorithm (BA) is employed for optimum design of RC 
columns (Bekdaş and Nigdeli, 2016).  

In this paper, teaching-learning based optimization 
developed by Rao et al. (2011) is employed for the de-
tailed optimum design of RC columns and results are 
compared with the results obtained by employing HS 
(Bekdaş and Nigdeli, 2014) and BA (Bekdaş and Nigdeli, 

2016). In the methodology, the slenderness effect is con-
sidered by using moment magnification factor and the 
design of RC column is carried out according to ACI318 
regulation. The methodology is coded in Matlab and the 
result is obtained for different heights of the column in 
order to see the effect of the slenderest. 

 

2. Methodology 

The teaching and learning process of a class is the in-
spiration of teaching-learning based optimization (TLBO) 
method. In a class, two phases of education are used. 
These phases are teacher and learner phases which are 
consequently applied.  

As all numerical optimization algorithms, the problem 
must be defined. The problem data contain possible 
ranges of design variables, design constraints and algo-
rithm parameters. The design variables of the RC column 
optimization are breadth (bw), height (h), number and 
size of bars in face (web or essential reinforcement), size 
of shear reinforcements and distance of shear reinforce-
ments. 

The design constants are shown in Table 1 with the 
values used in numerical example. TLBO is lucky in algo-
rithm parameters because the population of class is only 
defined by a user. Since two phases of the algorithm are 
consequently applied, a probability to choose the type of 
the optimization is not needed. In generation of new de-
sign variables, a teaching factor (TF) is used but it is not 
a user defined value. TF is randomly assigned and may 
be 1 or 2.

Table 1. Design constant and ranges of design variables. 

Definition Value  

Range of web width, bw 250 mm-400 mm 

Range of height, h 300 mm-600mm 

Longitudinal reinforcement (ϕ) 16 mm-30 mm  

Shear reinforcement (ϕv)  8 mm-14 mm 

Effective length factor in buckling, k 1.2 

Clear cover, cc 30mm 

Max. aggregate diameter, Dmax 16 mm 

Yield strength of steel, fy 420 MPa 

Comp. strength of  concrete, f'c 25 MPa 

Elasticity modulus of steel, Es 200000 MPa 

Specific gravity of steel, γs 7.86 t/m3 

Specific gravity of concrete (γc)  2.5 t/m3 

Cost of the concrete per m3 40 $ 

Cost of the steel per ton 400$ 

After the required values are defined, an initial solu-
tion matrix is generated. These matrix contains vectors 
assigned with randomly generated design variables and 
the number of these vectors are equal to population 
number of the class.  

Also, the objective functions of all possible designs in 
the vectors are calculated by controlling ACI 318 re-
quirements and if a constraint violation is observed, the 
objective function defined as Eq. (1) is penalized with a 
huge cost. 
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𝑚𝑖𝑛 𝑓(𝑥) = 𝐶𝑐 𝑉𝑐 + 𝐶𝑠𝑊𝑠 , (1) 

In the objective function, the cost of the column is cal-
culated and Cc, Cs, Vc and Ws are cost of concrete per m3, 
cost of the steel per ton, total concrete volume and total 
weight of steel, respectively.  

After generation of the initial solution matrix, the best 
solution (Xteacher) (solution with minimum objective func-
tion) is chosen as a teacher. Thus, a new solution (Xnew,i) 
is found according to Eq. (2) in teacher phase by modify-
ing old solution (Xold,i) of the ith vector in the class. 
rnd(0,1) is a random number between 0 and 1 while 
Xmean is the mean of the class. 

𝑋𝑛𝑒𝑤,𝑖 = 𝑋𝑜𝑙𝑑,𝑖 + 𝑟𝑎𝑛𝑑(0,1) ∙ (𝑋𝑡𝑒𝑎𝑐ℎ𝑒𝑟 − 𝑇𝐹 ∙ 𝑋𝑚𝑒𝑎𝑛) . (2) 

Then, student phase starts and Eq. (3) is used in gen-
eration. 

𝑋𝑛𝑒𝑤,𝑖 = {
𝑋𝑜𝑙𝑑,𝑖 + 𝑟𝑛𝑑(0,1) ∙ (𝑋𝑖 − 𝑋𝑗);  𝑓(𝑋𝑖) > 𝑓(𝑋𝑗)

𝑋𝑜𝑙𝑑,𝑖 + 𝑟𝑛𝑑(0,1) ∙ (𝑋𝑗 − 𝑋𝑖);  𝑓(𝑋𝑖) < 𝑓(𝑋𝑗)
 . (3) 

In this generation, jth and kth solutions are the existing 
solution matrix and these vectors are randomly chosen. 
The phases are consequently applied for a defined itera-
tion number. The results are updated if the solution of 
the objective function is lower than the existing one. 
Thus, the convergence of the optimum results is pro-
vided. 

3. Numerical Example 

In the study, RC columns with different length are op-
timized. The external loads are taken as 2000 kN, 50 
kNm and 50 kN for axial force, flexural moment and 
shear force, respectively. The optimum results are given 
in Table 2. Table 2 also contains the results of HS (Bekdaş 
and Nigdeli, 2014) and BA (Bekdaş and Nigdeli, 2016). 

 

4. Conclusions 

The optimum values of RC column are investigated for 
different length of RC columns. Thus, the slenderness ef-
fect can be seen from the optimum results. In all length 
cases, the external forces are taken as the same but the 
increase of the total cost does not show a linear increase 
for long columns. The difference of cost is resulting from 
the increase of the dimensions and quality of reinforce-
ments. By the increase of the cross-sectional dimensions, 
a possible reduction of quantity of shear reinforcements 
can be also seen from the results.  

The employed metaheuristic algorithm called TLBO is 
effective to find the same optimum results with BA. 
TLBO method has no user defined parameters. The only 
user defined parameters is the population of the class. 
The effectiveness of BA is depended to the algorithm pa-
rameters. In that case, TLBO is a suitable algorithm in use 
of methodologies for RC design.

Table 2. Design constant and range. 

    HS BA TLBO 

Length of the  

column (l) 
3m 4m 5m 3m 4m 5m 3m 4m 5m 

Breadth of the 

column (bw) (mm) 
400 300 300 400 300 300 400 300 300 

Height of the  

column (h) (mm) 
400 550 600 400 550 600 400 550 600 

Bars in each face 1Φ20+1Φ18 2Φ16 2Φ16 3Φ16 2Φ16 2Φ16 3Φ16 2Φ16 2Φ16 

Web reinforcement  

in each face 
1Φ18 1Φ16+1Φ18 2Φ18 1Φ16 1Φ16+1Φ18 2Φ18 1Φ16 1Φ16+1Φ18 2Φ18 

Shear reinforcement 

diameter (mm) 
Φ8 Φ8 Φ8 Φ8 Φ8 Φ8 Φ8 Φ8 Φ8 

Shear reinforcement 

distance (mm) 
170 240 270 170 240 270 170 240 270 

Optimum cost ($) 38.58 52.27 69.97 38.22 52.27 69.97 38.22 52.27 69.97 
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A B S T R A C T 

The main objective of this paper is to provide an efficient and accurate finite element 
model to understand the behavior of cold-formed steel plain angle columns. The ef-

fects of initial local and overall geometric imperfections have been taken into consid-

eration in the analysis. The material nonlinearities of flat and corner portions of the 

angle sections were incorporated in the model. Failure loads and buckling modes as 

well as load-shortening curves of plain angle columns were investigated in this study. 
The nonlinear finite element model was verified against experimental results. The 

finite element analysis was performed on plain angles compressed between fixed 

ends over different column lengths, and column curves were obtained. 
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1. Introduction 

Cold-formed steel structures have many advantages 
in terms of their superior strength-to-self-weight ratio, 
ease of construction, and economic design. In recent 
years, developed manufacture techniques and increased 
strength of materials gave the edge to cold-formed steel 
over traditional hot rolled steel in the construction of a 
wide range of structures (Ellobody and Young, 2005).  

Some researchers carried out experimental investiga-
tion to study the behavior of cold-formed steel angle col-
umns. Madugula et al. (1983) carried out 16 tests on sin-
gle equal-leg angles 45x45x3 mm and 65x65x4 mm with 
hinged end conditions. The nominal slenderness ratios 
of the test specimens varied from 90 to 250 and compar-
ison of test results with design strengths predicted from 
different codes of practice was investigated. Popovic et 
al. (1999) presented the results of 12 fixed-ended and 18 
pin-ended compression tests performed on cold-formed 
plain angle columns. The nominal sizes of angles were 
50x50x2.5, 50x50x4, and 50x50x5 with b/t ratios (flat 
flange width-to-thickness ratio) of 20.6, 12.2, and 9.6, re-
spectively. Young (2004) conducted a series of tests on 
cold-formed steel plain angle columns compressed be-
tween fixed ends. The angle sections were brake-pressed 

from high strength structural steel sheets and had a b/t 
ratio ranging from 35.8 to 57.9. The test results were 
compared with design strengths obtained from the AISI 
Specification (1996) and AS/NZS standard (1996) for 
cold-formed steel structures. It is concluded that the de-
sign strengths are generally very conservative for all col-
umn lengths. Hence design equations for cold-formed 
steel plain angle columns were proposed. 

The behavior of cold-formed steel columns is affected 
by initial geometric imperfections and residual stresses. 
Weng and Pekoz (1990) carried out a detailed experi-
mental study of residual stresses effect on the strength 
of cold-formed steel members. It is found that the resid-
ual stress distribution in cold-formed steel sections is 
different from that in hot-rolled steel sections. Jiao and 
Zhao (2003) investigated the effect of initial geometric im-
perfections, residual stresses, and yield slenderness limit 
on the behavior of very high strength circular steel tubes. 

An accurate finite element model is needed to predict 
the complex behavior of thin-walled structures. It can be 
quite costly and time consuming for experimental inves-
tigation. A detailed finite element study was carried out 
by Young and Yan (2002) for the analysis and design of 
fixed-ended plain channel columns. A finite element 
program ABAQUS was used in the analysis. The four-
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node doubly curved shell element with reduced integra-
tion and hourglass control (S4R5) was used in the model. 
The element has five degrees of freedom per node. The 
results of the finite element analysis were compared 
with the results of experimental investigation. Durmaz 
and Daloğlu (2007, 2009) provided a nonlinear finite el-
ement model to investigate the behavior of hot-rolled 
steel angles subjected to concentric and eccentric axial 
loads. It was found that the finite element model gener-
ally provided good predictions of the experimental fail-
ure loads. 

The main objective of this paper is to simulate the be-
havior of cold-formed steel plain angle columns using 
the finite element method. The finite element program 
ABAQUS 6.13 (2013) was used in the analysis. The re-
sults obtained from the model are verified against test 
results carried out by Young (2004).  

 

2. Experimental Investigation 

2.1. General 

The experimental investigation of cold-formed steel 
plain angle columns performed by Young (2004) pro-
vided the experimental ultimate loads and failure modes 
of columns compressed between fixed ends. The test 
specimens were brake-pressed from high strength zinc-
coated grades G500 and G450 structural steel sheets 
having nominal yield stresses of 500 and 450 MPa, re-
spectively. Each specimen was cut to a specified length 
of 250, 1000, 1500, 

2000, 2500, 3000 and 3500 mm. Three series of plain 
angles were tested, having a nominal flange width of 70 
mm. The nominal plate thicknesses were 1.2, 1.5, and 1.9 
mm. The three series were labeled P1.2, P1.5, and P1.9 
according to their nominal thickness. The measured in-
side corner radius was 2.6 mm for all specimens. The 
measured cross-section dimensions of the test speci-
mens are detailed in Young (2004). 

The Young’s modulus (E) was measured as 208, 207, 
and 208 GPa for Series P1.2, P1.5, and P1.9, respectively. 
The measured static 0.2% proof stress (σ0.2) was 550, 
530, and 500 MPa for Series P1.2, P1.5, and P1.9, respec-
tively. The initial overall geometric imperfections of the 
specimens were measured prior to testing. The maxi-
mum overall imperfections at mid length were 1/2950, 
1/2150, and 1/1970 of the specimen length for Series 
P1.2, P1.5, and P1.9, respectively. A servo controlled hy-
draulic testing machine was used to apply compressive 
axial force to the specimen. The fixed-ended bearings 
were designed to restrain against the minor and major 
axis rotations as well as twist rotations and warping. 

The initial local geometric imperfections, residual 
stresses, and corner material properties of the tested 
plain angle specimens were not reported by Young 
(2004). However, the values of these measurements are 
important for finite element analysis. Hence the initial 
local imperfections, residual stresses, and corner mate-
rial properties of the angle specimens belonging to the 
same batch as the column test specimens were measured 
by Ellobody and Young (2005) and used in this paper. 

2.2. Initial local geometric imperfections 

Measurements of initial local imperfections were car-
ried out by Ellobody and Young (2005) by using the co-
ordinate measuring machine. A plain angle test speci-
men of 300 mm in length for Series P1.5 was used for the 
measurement of local imperfections. The measurements 
were taken at the middle and quarter lengths of the spec-
imen. Readings were taken at regular intervals and max-
imum magnitude of local plate imperfection was 0.0021 
mm, which is equal to 0.14% of the angle thickness. The 
same factor was used to predict the initial local geomet-
ric imperfections for Series P1.2 and P1.9. 

2.3. Residual stresses 

The same plain angle specimen used in measuring the 
initial local geometric imperfections was used by Ello-
body and Young (2005) in measuring the residual 
stresses. The common method to determine the residual 
stresses is the method of sectioning that requires cutting 
the plain angle into strips to release the internal residual 
stresses. By measuring the strains before and after cut-
ting, consequently residual stresses can be determined. 
The angle specimen was marked into strips of 10 mm 
width as shown in Fig. 1. 

 

Fig. 1. Positions of wire cutting and measurements for 
the determination of residual stresses. 

Residual stresses are calculated by multiplying resid-
ual strains by Young’s modulus of the test specimen of 
Series P1.5. Table 1 summarizes the membrane and 
bending residual strains at the measurement sections 
with reference to the plain angle tip. The distribution of 
membrane and bending residual stresses in the cross 
section of the test specimen is shown in Fig. 2. 

2.4. Material properties 

The material properties in the corner of the angle sec-
tion were determined for Series P1.5 by Ellobody and 
Young (2005) by carrying out a tensile coupon test. The 
corner coupon specimen was taken from the corner strip 
after the wire cutting of the specimen used to measure 
the residual stresses. The corner coupon specimen was 
curved before testing, and the effect of bending residual 
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stresses is included in the stress-strain curve of the cor-
ner tensile coupon test. The material properties of the 
corners of Series P1.2 and P1.9 were extrapolated from 
the material properties of the Series P1.5 according to 
the measured 0.2% tensile proof stress (σ0.2) in the flat 
portions of each series. The measured and predicted ma-

terial properties of the corner coupons can be summa-
rized as follows: Young’s modulus (E) of 203 GPa for the 
three series. The static 0.2% proof stress (σ0.2) was 635, 
610, and 575 MPa for Series P1.2, P1.5, and P1.9, respec-
tively. The tensile strain after fracture (εu) was 3% for 
the three tests series.

Table 1. Measured membrane and bending residual strains for series P1.5. 

Distance from tip 

(mm) 

Membrane strain 

(μstrain) 

Bending strain 

(μstrain) 

10 75 125 

20 115 235 

30 260 420 

40 300 520 

50 210 540 

60 75 395 

70 (corner) -460 -940 

 

Fig. 2. Distribution of membrane and bending residual 
stresses along the cross section of Series P1.5. 

3. Finite Element Modeling 

3.1. General 

In this study, the finite element program (ABAQUS, 
2013) was used in the analysis of plain angle columns 
tested by Young (2004). The model used the nominal 
sizes, initial local and overall geometric imperfections, 
residual stresses, and material properties. Finite ele-
ment analysis for buckling requires two types of anal-
yses. The first is known as eigenvalue analysis that esti-
mates the buckling modes and loads. Such an analysis is 
a linear elastic analysis performed using the (*BUCKLE) 
procedure available in the ABAQUS library with the live 
load applied within the step. The buckling analysis pro-
vides the factor by which the live load must be multiplied 
to reach the buckling load. For practical purposes, only 
the lowest buckling mode predicted from the eigenvalue 
analysis is used. The second is called load-displacement 
nonlinear analysis and follows the eigenvalue predic-
tion. It is necessary to consider whether the post buck-
ling response is stable or unstable. 

3.2. Finite element type and mesh 

It is mentioned in the ABAQUS manual that the four-
noded doubly curved shell element with reduced inte-
gration S4R is suitable for complex buckling behavior 
(ABAQUS, 2013; Nandula, 1998; Young, 2004). The S4R 
element has six degrees of freedom per node and pro-
vides accurate solutions to most applications. The ele-
ment also accounts for finite strain and is suitable for 
large strain analysis. Since buckling of plain angle col-
umns is very sensitive to large strains, the S4R element 
was used in this study to ensure the accuracy of the re-
sults. In order to choose the finite element mesh that 
provides accurate results with minimum computational 
time, convergence studies were conducted. It is found 
that a 10 mm x 10 mm (length by width) ratio provides 
adequate accuracy in modeling the angles. 

3.3. Boundary conditions and load application 

Following the testing procedures for Series P1.2, P1.5, 
and P1.9, the ends of the columns were fixed against all 
degrees of freedom except for the displacement at the 
loaded end in the direction of the applied load. The nodes 
other than the two ends were free to translate and rotate 
in any direction. The load was applied in increments us-
ing the modified RIKS method available in the ABAQUS 
library. The RIKS method is generally used to predict un-
stable and nonlinear collapse of a structure such as post 
buckling analysis. It uses the load magnitude as an addi-
tional unknown and solves simultaneously for loads and 
displacements. The load was applied as static uniform 
loads at each node of the loaded end which is identical to 
the experimental investigation. The nonlinear geometry 
parameter (*NLGEOM) was included to deal with the 
large displacement analysis. 
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3.4. Material modeling 

The measured stress-strain curves for flat portions of 
Series P1.2, P1.5, and P1.9 were used in the analysis. In 
addition, the measured and predicted stress-strain 
curves of the corner coupons for the same series were 
used. The material behavior provided by ABAQUS al-
lows for a multilinear stress-strain curve to be used. 
The first part of the multilinear curve represents the 
elastic part up to the proportional limit stress with 
measured Young’s modulus and Poisson’s ratio equal to 
0.3. Since the analysis of post buckling involves large in-
elastic strains, the nominal (engineering) static stress-
strain curve was converted to a true stress and loga-
rithmic plastic strain curve. The true stress (σtrue) and 
plastic true strain (εpltrue) were calculated using Eqs. (1) 
and (2). 

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀) , (1) 

𝜀𝑡𝑟𝑢𝑒
𝑝𝑙

= ln(1 + 𝜀) − 𝜎𝑡𝑟𝑢𝑒/𝐸  , (2) 

where E is Young’s modulus while σ and ε are measured 
nominal (engineering) stress and strain values. 

3.5. Modeling of initial local and overall geometric 
imperfections 

Cold-formed steel plain angle columns with very high 
b/t ratio are likely to fail by pure local buckling. On the 
other hand, columns with very low b/t ratio are likely to 
fail by overall buckling. Both initial local and overall ge-
ometric imperfections are found in columns as a result 
of the fabrication process. Hence superposition of local 
buckling mode as well as overall buckling mode with 
measured magnitudes is recommended for accurate fi-
nite element analysis (Ellobody and Young, 2005). These 
buckling modes can be obtained by carrying eigenvalue 
analysis of the column with very high b/t ratio and very 
low b/t ratio to ensure local and overall buckling occurs, 
respectively. Only the lowest buckling mode (eigenmode 
1) is used in the eigenvalue analysis. This technique is 
used in this study to model the initial local and overall 
imperfections of the columns. Since all buckling modes 
predicted by ABAQUS eigenvalue analysis are general-
ized to 1.0, the buckling modes are factored by the meas-
ured magnitudes of the initial local and overall geomet-
ric imperfections (Young and Yan, 2002).  

3.6. Modeling of residual stresses 

To ensure accurate modeling of the behavior of plain 
angle columns, the residual stresses were included in the 
finite element model although their effect on the ulti-
mate capacity is considered to be small (Schafer and 
Pekoz, 1998; Gardner, 2002). Measured residual 
stresses are implemented in the finite element model by 
using the ABAQUS (*INITIAL CONDITIONS, 
TYPE=STRESS) parameter. Only the membrane residual 
stresses were modeled in this study. 

 

4. Results and Discussion 

In the verification of the finite element model, a total 
of 21 cold-formed steel plain angle columns were ana-
lyzed. A comparison between the experimental results 
and the results of the finite element model is carried out. 
The main objective of this comparison is to verify and 
check the accuracy of the finite element model. The com-
parison of the ultimate loads Ptest and PFEM are shown in 
Table 2. Fig. 3 plotted the relationship between the ulti-
mate load and the column effective length Leff=L/2 for an-
gles reported by Young (2004), where L actual column 
length. The column curves show the experimental ulti-
mate loads together with that obtained by the finite ele-
ment method. It can be seen that good agreement has 
been achieved between both results for most of the col-
umns. 

Table 2. Comparison between test and FE results. 

Specimen Ptest (kN) PFEM (kN) Ptest/PFEM  

P1.2L250 23.80 30.30 0.79 

P1.2L1000 18.70 22.62 0.83 

P1.2L1500 15.20 16.86 0.90 

P1.2L2000 12.60 12.11 1.04 

P1.2L2500 11.60 10.83 1.07 

P1.2L3000 8.00 8.40 0.95 

P1.2L3500 5.80 5.91 0.98 

Mean   0.937 

COV   0.011 

P1.5L250 39.60 44.29 0.89 

P1.5L1000 31.00 34.32 0.90 

P1.5L1500 25.20 25.80 0.98 

P1.5L2000 17.50 18.61 0.94 

P1.5L2500 15.70 15.63 1.00 

P1.5L3000 13.10 13.01 1.01 

P1.5L3500 11.50 11.41 1.01 

Mean   0.962 

COV   0.002 

P1.9L250 57.70 62.86 0.92 

P1.9L1000 47.80 53.37 0.90 

P1.9L1500 35.60 37.10 0.96 

P1.9L2000 27.10 29.38 0.92 

P1.9L2500 22.40 24.49 0.91 

P1.9L3000 14.80 20.04 0.74 

P1.9L3500 14.40 16.16 0.89 

Mean   0.891 

COV   0.005 
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Fig. 3. Ultimate loads of plain angle columns for Series P1.2, P1.5, and P1.9. 

 

Fig. 4. Load-axial shortening curve for P1.9L1000. 

 

Fig. 5. Failure mode of column P1.9L1000. 
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5. Conclusions 

This paper provides an efficient finite element model 
for the analysis of cold-formed steel plain angle columns. 
The initial local imperfections, residual stresses, and cor-
ner material properties of the cold-formed steel angle 
test specimens have been measured and reported in this 
paper. The finite element model includes initial local and 
overall geometric imperfections and residual stresses. 
Nonlinear material properties of flat and corner portions 
of plain angle columns are also considered in the analy-
sis. The comparison between the finite element results 
and the experimental investigation of 21 columns with 
different geometric dimensions showed good agreement 
in predicting the columns behavior. The column 
strengths, load-shortening behavior, and failure modes 
have been predicted using the finite element model and 
compared well with the experimental results. 
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A B S T R A C T 

The determination of actions on structures is an important step of in the design pro-
cess. In nature, so many outer and inner actions are acting on structures continu-

ously. The two most important ones of those actions are the earthquake and wind 

actions. For some structures, i.e. towers, high chimneys or lighting towers, the prior-

ity of these two severe actions can change. Wind forces can become a governing force 

on the design of these structures. Therefore, the determination of wind forces for 

these tall, slender and wind-sensitive structures becomes very important. Also, these 

tall and slender structures have a high ratio of height to least diameter that makes 

them more slender and wind-sensitive than any other structures. In this study, the 
determination of wind loads for a selected and modeled stadium lighting tower was 

given according to Eurocode 1 which is an international well-known standard. This 

study showed that it is difficult to calculate wind loads of stadium lighting towers 

according to Eurocode 1 because of the complexity of the document, insufficient ex-

planation of some formulas like resonant response factor and unclear graph sections 

for the reader. This study is believed to enlighten the way of the users of Eurocode 1. 
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1. Introduction 

Stadium lighting towers are generally used for light-
ing of the sport stages at dark during sport events. Four 
stadium lighting towers lighting a stadium during a foot-
ball match were shown in Fig. 1. 

The characteristic natural properties of these struc-
tures are: lightweight when compared to other struc-
tures, easily erectable, high cost efficiency, high aspect 
ratio (ratio of total length to least diameter), slender and 
wind sensitive (Chien and Jang, 2010). Also, it was stated 
by Abdullah (2011) that tall, slender and flexible struc-
tures such as towers, chimneys, masts are prone to wind 
action. In recent years, several failures of HMS towers 
have brought to light the need for a better understanding 
of the complex behavior of these structures (Warpinski 
et al., 2010). Collapse of these tall steel cantilever struc-
tures showed the importance of the right determination 
of wind loads acting to them. In Fig. 2, the base of a col-
lapsed lighting tower due to wind loads was shown 
(Repetto and Solari, 2010). 

Structural properties i.e. total height of the lighting 
tower, the strength of materials used for the construc-
tion, number of lighting bulbs used are different for dif-
ferent stadiums in different countries of the world. Light-
ing bulbs are mounted on top of the tower. Angle of light-
ing bulbs with the vertical, number and brightness of 
lighting bulbs are determined according to the needs of 
the stadium. 

The objective of this paper is to determine the along-
wind loads for stadium lighting towers according to Eu-
rocode 1. For this purpose, a stadium lighting tower that 
has 20 meters height (Fig. 3) was modeled in SAP2000 
(Wilson, 2000) and wind loads acting to this structure 
were calculated. 

 

2. Calculation of Along-Wind Forces according to 
Eurocode 1 (CEN, 2004) 

Eurocode 1 (CEN, 2004) deals with buildings and civil 
engineering works with heights up to 200 m. There are 
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so many tables, formulas and figures in the wind load cal-
culation procedure for the use of people using this stand-
ard in their calculations. Moreover, mean wind speed is 
not taken from a table or a chart. It is calculated from the 
basic wind velocity and the fundamental value of the 
basic wind velocity.  

 

Fig. 1. Four stadium lighting towers  
(Bajaj Electricals, 2013). 

 

Fig. 2. Base of collapsed steel lighting tower  
(Repetto and Solari, 2010). 

In this part of the study, it is aimed to give only brief 
information about the procedure used in the calculation 
of along-wind loads according to Eurocode 1. The across-
wind forces are not in the scope of this paper. Eurocode 
1 is open to the use of the public. Therefore, there is no 
need to give detailed calculation procedures of the 
standard for the purpose of the volume limitation of the 
study. 

 

Fig. 3. SAP2000 model of 20 meters high stadium  
lighting tower (Wilson, 2000). 

Total wind load which is shown in Eq. (1) is the com-
bination of structural factor, the force coefficient, peak 
velocity pressure and the reference area for the struc-
ture. This standard also deals with the turbulence inten-
sity in the calculation of peak velocity pressure. The most 
difficult parameter to calculate in the wind load formula 
is the structural factor because it contains the resonant 
part and the resonant part has so many parameters in it. 
Another difference used in this standard is the use of 
Reynolds number in the determination of force parame-
ter. Moreover, tables and figures are used for the selec-
tion of relevant information. 

𝐹𝑤 = 𝑐𝑠𝑐𝑑 ∙ 𝑐𝑓 ∙ 𝑞𝑝(𝑍𝑒) ∙ 𝐴𝑟𝑒𝑓 . (1) 

The detailed procedure for calculating the structural 
factor cscd is given in Eq. (2); 

𝐶𝑠𝐶𝑑 =
1+2∙𝑘𝑝∙𝐼𝑣(𝑧𝑒)∙√𝐵

2+𝑅2

1+7∙𝐼𝑣(𝑧𝑒)
 . (2) 

In Eq. (2), ze is expressing the reference height, kp is 
expressing the peak factor defined as the ratio of the 
maximum value of the fluctuating part of the response to 
its standard deviation, Iv is expressing the turbulence in-
tensity, B2 is expressing the background factor and R2 is 
expressing the resonance response factor (Handa, 2006) 
given in Eq. (3). It is on the safe side to use B2 =1.   

𝑅2 =
2∙𝜋.𝐹.𝜑𝑏∙𝜑ℎ

𝛿𝑠+𝛿𝑎
 . (3) 

In Eq. (3), F is expressing Wind Energy Spectrum, øb 
is expressing the size effect (breadth of the building), øh 
is expressing size effect (height of the building), δs is ex-
pressing the structural damping expressed by the loga-
rithmic decrement and δa is expressing aerodynamic 
damping. The force coefficient cf for a finite circular cyl-
inder should be determined from Eq. (4);

 
𝑐𝑓 = 𝑐𝑓,0 ∙ 𝜓𝜆 . (4) 

In Eq. (4), cf,0 is expressing the force coefficient of cyl-
inders without free-end flow and 𝜓𝜆 is expressing end-
effect factor. The parameter cf,0 given in Eq.(4) can be 
found by using the graph given in Eurocode 1. Also, peak 
velocity pressure qp(z) can be calculated by using Eq. (5); 
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𝑞𝑝(𝑧) = [1 + 7 ∙ 𝐼𝑉(𝑧)] ∙
1

2
∙ 𝑝 ∙ 𝑉𝑚

2(𝑧) . (5) 

ρ, Vm(z) and Iv(z) are impending air density, mean 
wind velocity and turbulence intensity, respectively.  

 

3. General Structural and Mechanical Information 
about the Stadium Lighting Tower 

A 20 meters high stadium lighting tower was consti-
tuted from 10 meters high pole sections with section 
splices. The finite element model (FEM) of the tower 
(Fig. 3) was created in Structural Analysis Program 
SAP2000. By using the structural information given in 

Table 1, two dimensional linear dynamic analyses were 
carried out. 

The FEM model of 20 meters high stadium lighting 
tower was developed from non-prismatic circle sec-
tioned steel bars. Steel has unit mass, unit weight, the 
module of elasticity and Poisson ratio, 7.849 kN.s2/m4, 
76.973 kN/m3, 200,000 MPa and 0.3 respectively. During 
SAP2000 dynamic analyses, some assumptions were 
made: all splice points have three degree of freedoms 
namely 2 translational and 1 rotational, base was fixed 
to the ground, effect of earthquakes and lighting bulbs 
and relevant equipment ignored, tower was constructed 
on sea or coastal area exposed to open sea, no effect of 
other structures to the direction of wind, no holes on 
outer or inner surfaces of the tower.

Table 1. Structural information of 20 meters high stadium lighting tower. 

Section 

No 

Section  

No 

Outside Diameter  

(mm) 

Wall Thickness  

(mm) 

Inside Diameter  

(mm) 

Height (m) 20 20 20 

0 0 1200 5 1190 

1 10 800 5 790 

2 20 400 4 392 

 

4. Calculation of Along-Wind Loads for 20 meters 
high Stadium Lighting Tower according to  
Eurocode 1 

The fundamental value of the basic wind velocity ac-
cording to logarithmic law for 20 meters high tower was 
given in Table 2. 

In Table 2, the fundamental value of the basic wind 
velocity was selected as 36.00 m/s. The value of basic 
wind velocity was given in Table 3. In Table 3, directional 
& seasonal factors were given as 1.0. 

The terrain factor used in the calculation of rough-
ness factor was given in Table 4. In Table 4, according 
to Eurocode 1, z0 and z0,11 values were selected as 0.003 

and 0.050, respectively. Also, in Table 5, the roughness 
factor was calculated depending on the terrain factor.  

After calculation of basic wind velocity and the rough-
ness factor, the mean wind velocity was calculated in Ta-
ble 6. 

The turbulence intensity was calculated in Table 7. 
Also, the size effects for breadth and height of the 20 me-
ters high lighting tower were given in Table 8 and 9, re-
spectively. 

The value of the non-dimensional frequency was 
given in Table 10 and the value of the wind-energy spec-
trum according to non-dimensional frequency was given 
as Table 11. The value of peak velocity pressure was cal-
culated and given in Table 12.

Table 2. The fundamental value of the basic wind velocity according to logarithmic law. 

Section 
No 

Height from 
Ground (m) 

H0 

(m) 
z0 

(m) 
ln(H/z0) ln(H0/z0) 

ln(𝐻/𝑧0)

ln(𝐻0/𝑧0)
 

V0 

(m/s) 
Vb,0  

(m/s) 

0 0 10.000 0.003 0.000 8.112 0.000 36.000 0.000 

1 10 10.000 0.003 8.112 8.112 1.000 36.000 36.000 

2 20 10.000 0.003 8.805 8.112 1.085 36.000 39.076 

Table 3. The value of the basic wind velocity. 

Section 
No 

Height from 
Ground (m) 

Vb,0  

(m/s) 
Cdir Cseason 

Vb 

(m/s) 

0 0 0.000 1.000 1.000 0.000 

1 10 36.000 1.000 1.000 36.000 

2 20 39.076 1.000 1.000 39.076 
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Table 4. The terrain factor. 

z0 (m) z0,11 (m) 0,19*(z0/z0,11)0,07 kr 

0.003 0.050 0.156 0.156 

Table 5. The roughness factor. 

Section 
No 

Height from 
Ground (m) 

z0 

(m) 
ln(z/z0) kr Cr(z) 

0 0 0.003 5.809 0.156 0.906 

1 10 0.003 8.112 0.156 1.266 

2 20 0.003 8.805 0.156 1.374 

Table 6. The mean wind velocity. 

Section 
No 

Height from 
Ground (m) 

Cr(z) C0(z) 
Vb  

(m/s) 
Vm(z)  
(m/s) 

0 0 0.906 1.000 0.000 0.000 

1 10 1.266 1.000 36.000 45.566 

2 20 1.374 1.000 39.076 53.686 

Table 7. The turbulence intensity. 

Section 
No 

Height from 
Ground (m) 

kl C0(z) ln(z/z0) Iv(z) 

0 0 1.000 1.000 5.809 0.172 

1 10 1.000 1.000 8.112 0.123 

2 20 1.000 1.000 8.805 0.114 

Table 8. The size effect for breadth of the structure. 

Outer Diameter at top 
of the Tower (m) 

First Mode Natural 
Frequency (Hz) 

Mean Wind Speed 
at top (m/s) 

Øb 

0.400 2.618007 53.686 0.941 

Table 9. The size effect for height of the structure. 

Height of the Lighting 
Tower (m) 

First Mode Natural 
Frequency (Hz) 

Mean Wind Speed 
at top (m/s) 

Øh 

20.000 2.618007 53.686 0.339 

Table 10. The value of non-dimensional frequency. 

Section 
No 

Height From 
Ground  

(m) 

Reference 
Length Scale  

(m) 

Reference 
Height  

(m) 
α 

Turbulence 
Length Scale 

(m) 

First Mode  
Natural Frequency 

(Hz) 

Mean Wind 
Speed at top 

(m/s) 
C 

0 0 300 200 0.380 40.159 2.618 53.686 1.958 

1 10 300 200 0.380 96.233 2.618 53.686 4.693 

2 20 300 200 0.380 125.193 2.618 53.686 6.105 
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Table 11. The wind-energy spectrum. 

Section 
No 

Height from 
Ground (m) 

C F 

0 0 1.958 0.073 

1 10 4.693 0.041 

2 20 6.105 0.034 

Table 12. Peak velocity pressure. 

Section 
No 

Height from 
Ground (m) 

Iv(z) 
ρ 

(kg/m3) 
Vm(z)  
(m/s) 

qp(z) 
(kg/m.s2) 

0 0 0.172 1.250 0.000 0.000 

1 10 0.123 1.250 45.566 2417.469 

2 20 0.114 1.250 53.686 3233.459 

The value of peak velocity pressure in Table 12 was 
dependent on turbulence intensity given in Table 7, den-
sity of air (taken as 1.25 kg/m3) and mean wind velocity 
given in Table 6. Also, the Reynolds number for circular 
cylinders was given in Table 13. In Table 13, ze is the ref-
erence height which is 60% of the total height given in 
Eurocode 1. Also, the kinematic viscosity in Eurocode 1 
was given as 0.000015 m2/s. 

The force coefficient dependent on Reynolds number 
and k/b ratio was given in Table 14. Also, end-effect fac-
tor can be selected from the figure given in Eurocode 1 
by using solidity ratio and effective slenderness. The 
end-effect factor was given in Table 15. 

In Table 15, the effective slenderness from the inter-
polation was found as 40. Also, the solidity ratio for the 
steel cantilever structure was found as 1.00 because 
there is no spacing on the body of the structure. The 
force coefficient dependent on the force coefficient of 
cylinders without free-end flow given in Table 14 and 
end-effect factor given in Table 15 was calculated in Ta-
ble 16. 

The equivalent mass per unit length for the upper 
third of the 20 meters high stadium lighting tower was 
given in Table 17. From the definition me, it may be ap-
proximated by the average value of m over the upper 
third of the structure.  

By using the equivalent mass per unit length given in 
Table 17, the logarithmic decrement of aerodynamic 
damping was given in Table 18. Also, the resonant re-
sponse part was calculated in Table 19. Structural damp-
ing was given as 0.05 for steel structures. Also, the up-
crossing frequency for peak factor and the peak factor 
dependent on up-crossing frequency was given in Table 
20 and 21, respectively. 

Peak factor, kp was selected as the greater of the val-
ues given in grey color in Table 21. Also, the structural 
factor was given in Table 22. In Table 22, the background 
factor B2 is recommended to use as 1.0. 

The total along-wind loading per unit length on 20 
meters high HMS lighting tower was calculated in Table 
23. The reference areas were calculated as the projection 
of the areas swept by the wind. This area is a trapezoid.

Table 13. Reynolds number for circular cylinders. 

Section 
No 

Height from 
Ground (m) 

Diameter of the 
Section (m) 

Vm(ze) 
(m/s) 

Ν 
(m2/s) 

Re 

0 0 1.200 46.590 0.000015 3.7*106 

1 10 0.800 46.590 0.000015 2.4*106 

2 20 0.400 46.590 0.000015 1.2*106 

Table 14. The force coefficient of cylinders without free-end flow. 

Section 
No 

Height from 
Ground (m) 

Diameter of 
the Section (m) 

Equivalent 
Roughness (mm) 

k/b Re Cf,0 

0 0 1.200 0.200 0.0001666667 3.7*106 0.000 

1 10 0.800 0.200 0.0002500000 2.4*106 0.796 

2 20 0.400 0.200 0.0005000000 1.2*106 0.801 
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Table 15. The end-effect factor. 

Section 
No 

Height From 
Ground (m) 

l b 0,7*l/b λ λinterpolation A Ac φ=A/Ac ψλ 

0 0 20.000 0.400 35.000 70.000 40.000 ... ... 0.000 0.000 

1 10 20.000 0.400 35.000 70.000 40.000 10.000 10.000 1.000 0.830 

2 20 20.000 0.400 35.000 70.000 40.000 6.000 6.000 1.000 0.830 

Table 16. The force coefficient. 

Section 
No 

Height from 
Ground (m) 

Cf,0 ψλ Cf 

0 0 0.000 0.000 0.000 

1 10 0.796 0.830 0.660 

2 20 0.801 0.830 0.665 

Table 17. The equivalent mass per unit length. 

Section 
No 

Height From 
Ground  

(m) 

Outside  
Diameter of the  

Section (m) 

Inside  
Diameter of the  

Section (m) 

Wall Thickness of 
the  

Section (mm) 

Volume  
of the Section 

(m3) 

Mass  
Per Unit Volume 
(kg/m3) (steel) 

Mass of the 
Section (kg) 

me  
(kg/m) 

0 0 1.200 1.190 5.000 ... 800.000 0.000 … 

1 14 0.640 0.630 5.000 … 800.000 0.000 … 

2 20 0.400 0.392 4.000 0.044 800.000 35.570 5.928 

Table 18. The logarithmic decrement of aerodynamic damping. 

Section 
No 

Height From 
Ground  

(m) 
Cf 

ρ 
(kg/m3) 

Top Mean 
Wind Speed 

(m/s) 

Outer Diameter  
at top (m) 

me 

(kg/m) 

1st Mode Natural 
Frequency           

(Hz) 
δa 

0 0 0.000 1.250 53.686 0.400 5.928 2.618007 0.000 

1 10 0.660 1.250 53.686 0.400 5.928 2.618007 1.142 

2 20 0.665 1.250 53.686 0.400 5.928 2.618007 1.150 

Table 19. The resonant response part. 

Section 
No 

Height From 
Ground (m) 

F Øb Øh δs δa R2 

0 0 0.073 0.941 0.339 0.050 0.000 … 

1 10 0.041 0.941 0.339 0.050 1.142 0.069 

2 20 0.034 0.941 0.339 0.050 1.150 0.057 

Table 20. The up-crossing frequency. 

Section 
No 

Height from 
Ground (m) 

B2 R2 
First Mode Natural 

Frequency (Hz) 
ν 

0 0 1.000 … 2.618007 … 

1 10 1.000 0.069 2.618007 0.664 

2 20 1.000 0.057 2.618007 0.610 
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Table 21. The peak factor. 

Section 
No 

Height from 
Ground (m) 

ν kp kp 

0 0 … 3.000 … 

1 10 0.664 3.000 3.628 

2 20 0.610 3.000 3.605 

Table 22. The structural factor. 

Section 
No 

Height from 
Ground (m) 

kp Iv(ze) R2 B2 cscd 

0 0 … 0.118 … 1.000 … 

1 10 3.628 0.118 0.069 1.000 1.032 

2 20 3.605 0.118 0.057 1.000 1.027 

Table 23. The total along-wind load on 20 meters high stadium lighting tower. 

Section 
No 

Height from 
Ground (m) 

cscd Cf qp(z) Aref 
Fw 

(kN/m) 

0 0 … 0.000 0.000 … 0.000 

1 10 1.032 0.660 2417.469 10.000 1.648 

2 20 1.027 0.665 3233.459 6.000 1.324 

5. Conclusions 

In this study, along-wind forces acting on 20 meters 
high stadium lighting tower according to Eurocode 1 
were calculated. The FEM of 20 meters high stadium 
lighting tower was developed in SAP2000 and the wind 
loading calculations were performed step by step in tab-
ular form. Due to the fact that Eurocode 1 is open to the 
use of public and the volume limitation of this study, 
there is no need to provide all detailed along-wind calcu-
lation procedures given in Eurocode 1. Therefore, only 
the relevant equations were given in the preceding parts 
of the study. Some of the results, discussions and sugges-
tions deducted from the study were given as follows: 

From Table 23, it can be clearly seen that although 
wind speed increases with height, the wind loading on 
the stadium lighting tower is not increasing with the in-
crease in height due to decreasing wind affected area be-
cause of their trapezoidal (projection) geometry. The 
calculation of resonant response factor in Eurocode 1 is 
so complex and difficult. Therefore, in this study, an ex-
planatory additional equation was provided for resonant 
response factor. In Eurocode 1, the calculation of force 
coefficient is dependent on a graph (not given in this 
study due to the volume limitation) which is constructed 
from two different equations. It is very difficult and time 
consuming for the users to directly select the value from 
the graph due to illegible closer values. Also, directly us-
age of these two different equations is time consuming. 
Therefore, the graph for the calculation of force coeffi-
cient should be enhanced and clarified for the users. 

Moreover, end-effect factor given in Table 15 was deter-
mined by using the graph (not given in this study due to 
the volume limitation) in Eurocode 1. There is no scale 
or any other provided intermediate values on this graph. 
Therefore, the obtained values for end-effect factor are 
depending on the ability of the user. Even for the same 
values of solidity ratio and effective slenderness, differ-
ent users can find different values of end-effect factor. 
This phenomenon leads wind loads to differ from each 
other. A research study can be made to clarify the use of 
this graph. 

This study is only dealt with the along-wind loading 
calculation of a 20 meters high stadium lighting tower 
according to Eurocode 1. The effect of earthquakes, 
across-wind forces (wind induced forces), divergence or 
flutter, galloping, wake buffeting are not considered and 
not taken into account. In the design of stadium lighting 
towers, it is advised to determine all of governing forces 
in order to design and construct safer stadium lighting 
towers. 
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A B S T R A C T 

In this study, the effects of soft-story on the seismic behaviour of 3-story and 8-story 
isolated buildings under near and far-fault earthquakes were investigated. Four dif-

ferent structural models with two different 1st story height were designed:  One with 

1st story height of 3m and 2nd with 1st story height of 4.5m to capture soft story effect. 

The prototype fixed base buildings were converted to seismically isolated buildings 

by introducing rubber isolators at base level. Analyses were conducted by using two 

different isolation systems (QW7.5Tb3 and QW7.5Tb4). The modelling of conven-
tional fixed base prototype seismically isolated buildings and their modal analyses 

were conducted on finite-element program SAP2000, whereas, modelling of seismi-

cally isolated buildings and nonlinear time-history analyses were conducted using 

3D-BASIS program. The four accelerations records has been used for the time-history 

analysis. Floor accelerations, story shears and inter-story drift ratios were the key 

structural responses considered. The analysis results showed seismic isolations can 

be used as a viable mitigation method for the buildings with soft-stories under near 

and far-fault earthquakes. Based on the results obtained, it is interesting to note that 

all types of buildings whether with soft story or with typical story height show the 

same acceleration trend and close values (except top floor) for all types of isolation 

systems and earthquakes considered. In addition, both 3 and 8-story buildings suf-

fered increase in interstory drifts beyond the limits defined UBC 97 under earth-
quakes containing long period pulses. 
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1. Introduction 

A soft story known as weak story can be defined as a 
story in a building that has open parking or commercial 
space and substantially less resistance or stiffness or in-
adequate ductility (energy absorption capacity) than the 
stories above or below it (Hejazil et al., 2016). In such 
buildings, the dynamic ductility demand during proba-
ble earthquake gets intense in the soft stories and the up-
per stories tend to remain elastic, and thus the whole 
building down with them (Setia and Sharma, 2012). 
Many studies have been conducted on the dynamic be-
haviour and seismic vulnerability of reinforced concrete 
structures with soft stories (Alekar et al., 1997; Kanitkar 
and Kanitkar, 2004; Lee and Ko, 2007; Mastrandrea and 
Piluso, 2009). 

It has been observed from previous research (Pinar-
basi and Konstantinidis, 2007; Ribakov, 2010; Komur, 
2016) that a popular earthquake resistant design con-
cept is the use of base-isolation devices that are placed 
between the superstructure and the substructure. The 
base isolation possess high lateral flexibility and high ax-
ial rigidity, reduces substantially the absorption of the 
earthquake's energy by the superstructure and shift the 
fundamental period of the structure toward higher val-
ues (Berton et al., 2008). Although base isolation reduces 
the possibility of damage (less inter-story drifts, shear 
forces and floor accelerations) of a building, it causes to 
large displacements in the structure relative to the 
ground. This, in turn, increases the potential of impact or 
pounding of a building with adjacent structures (Pant 
and Wijeyewickrema, 2012).  

tel:+90-212-4737070
fax:+90-212-4737180
mailto:savas.erdem@istanbul.edu.tr
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One of the important factor that affects evaluation of 
the seismic performance of a building is the type of 
earthquake ground motion. Compared to far-fault (FF) 
ground records, near fault (NF) ground motions often 
possess distinct characteristics such as producing high 
input energy at the beginning of the earthquake and have 
strong influences on the structural dynamic response, 
especially for long-period structures. In addition, for 
structures subjected to NF ground motions, the isolator 
displacements tend to be considerable while the isola-
tors experience acceptable deformations under FF 
ground motions (Providakis, 2008; Bayraktar et al., 
2009; Li et al., 2016). In the literature review, a number 
of research studies have been performed for investigat-
ing the influence of concrete strength on the structural 
performance. A recent work by Tavakoli et al. (2015) 
demonstrated the NF motion induces noticeable base 
shear so that reduction in base shear values was very 
low after utilizing lead-rubber isolating bearing in high-
rise and intermediate structure models in comparison 
with FF motion. In another study, Chopra and Chintana-
pakdee (2001) compared certain aspect of the response 
of single degree freedom systems to NF ground motions 
with their response to FF ground motions in the context 
of the acceleration, velocity and displacement sensitive 
regions of the response spectrum. It was found that for 
the same ductility factor, NF ground motions impose a 
larger strength demand in their acceleration-sensitive 
region compared to FF motions.  

A review of the literature indicates that in contrast to 
seismic behaviour of seismically isolated reinforced con-
crete buildings, no study has been conducted so far to in-
vestigate the effect of soft story on the seismic response 
of a seismically isolated building under near and far fault 
earthquakes. In this study, three story and eight story 
isolated buildings with 1st story height of 3m and 2nd 
with 1st story height of 4.5m were employed to capture 

soft story effect on the seismic response of seismically 
isolated buildings under near and far fault earthquakes. 
Analyses were conducted by using two different isola-
tion systems (QW7.5Tb3 and QW7.5Tb4) and the four 
accelerations records. Floor accelerations, story shears 
and inter-story drift ratios were the key structural re-
sponses considered. 
 

2. Methodology 

In this study, the effects of soft-story on the behaviour 
of 3-story and 8-story isolated buildings under near and 
far-fault earthquakes were investigated. The superstruc-
ture and isolation system were designed according to 
TEC 2007 and UBC 97, respectively. 

2.1. Design of the superstructures 

3-story and 8-story isolated buildings with 5 bays in 
each orthogonal direction have been used in this study. 
These structures are intended to represent typical resi-
dential low-rise and high-rise reinforced concrete build-
ings in urban areas. Two different 1st story height was 
used:  One with 1st story height of 3m and 2nd with 1st 
story height of 4.5m to capture soft story effect. The 
buildings are symmetrical about both principal axes and 
have typical column-beam sections without any shear 
walls. Typical plan of 3 and 8-story buildings, and 3D 
views of the buildings are shown in Fig. 1, Fig. 2 and Fig. 
3, respectively. It was assumed that the building im-
portance factor was 1, and that the soil type according to 
UBC 97 was Class C. Materials properties are assumed to 
be 30 MPa for the concrete compressive strength and 
420 MPa for the yield strength of both longitudinal and 
transverse reinforcement. The height of the slabs is 
taken to be 14 cm.

 

Fig. 1. Typical floor plan of 3 and 8-story buildings. 



236 Erdem and Saifullah / Challenge Journal of Structural Mechanics 2 (4) (2016) 234–245  

 

 
Fig. 2. 3D view of prototype 3-story building. 

 
Fig. 3. 3D view of prototype 8-story building. 

 

 

Fig. 4. Details of the frame section the buildings.  
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Regarding loading on the buildings, story masses 
were usually used which are lumped at centre of gravity 
(at master joint). Figure of frame sections of the build-
ings is shown Fig. 4. Details of the column and beam sec-
tions are also tabulated in Table 1. The prototype fixed 
base buildings were converted to seismically isolated 
buildings by introducing rubber isolators at base level 

(also called base isolation). A translational mass of 500 
kNs2/m was assumed to be lumped at the centre of mass 
of each floor.  

Each floor had 3 degrees of freedom i.e. 2 translations 
and 1 rotation. Rigid diaphragm was introduced at each 
floor level to distribute the lateral forces to structural el-
ements of the frame.

Table 1. Section size of the members. 

X - section Symbol 
Dimensions for  

3-story building (mm) 

Dimensions for  

8-story building (mm) 

T - beam 

h 600 600 

hw 460 460 

bw 300 300 

bf 1000 1000 

hf 140 140 

L - Beam 

h 600 600 

hw 460 460 

bw 300 300 

bf 700 700 

hf 140 140 

Column 
L 400 550 

B 400 550 

2.2. Design of the isolation systems 

Analyses were realized by using two different isolation 
systems (QW7.5Tb3 and QW7.5Tb4). Here, in QW7.5Tb3 
isolation system QW7.5Tb4 indicates characteristic 
strength of isolation system normalized with weight of 
the building (W) to be 7.5% and Tb3 indicates isolation pe-
riod to be 3 seconds. It is worth-mentioning that charac-
teristic strength of the isolation system is a measure of 

level of damping in the isolation system. The parameters 
concerning isolation systems were summarized in Table 
2. To calculate parameters for each isolator, Q (character-
istic strength), K1 (pre-yield stiffness), K2 (post-yield stiff-
ness), and Fy (Yield force) should be divided by total num-
ber of isolators used in the isolation system. In Table 2, α 
is post-yield to pre-yield stiffness ratio and Dy is yield dis-
placement of isolation system. A constant value of 0.015 
m was adopted for both the isolation systems.

Table 2. Parameters related to modelling of nonlinear isolation system. 

Super-structure Isolation System Tb (s) Q (kN) α K2 (kN/m) K1 (kN/m) Dy (m) Fy (kN) 

3-story 

QW7.5Tb3 3 1471.5 0.082 8772.982 106873.0 0.015 1603.09 

QW7.5Tb4 4 1471.5 0.048 4934.802 103034.8 0.015 1545.52 

8-story 

QW7.5Tb3 3 3310.875 0.082 19739.209 240464.2 0.015 3606.96 

QW7.5Tb4 4 3310.875 0.048 11103.305 231828.3 0.015 3477.42 

2.3. Seismic ground motions 

The modelling of conventional fixed base prototype 
seismically isolated buildings and their modal analyses 
were conducted on finite-element program SAP2000, 
whereas, modelling of seismically isolated buildings 
and nonlinear time-history analyses were conducted 
using 3D-BASIS program which has been particularly 

developed, by Nagarajaiah et al. (1991), for nonlinear 
dynamic analysis of three dimensional base isolated 
structures. The four accelerations records has been 
used for the time-history analysis. The properties of 
these acceleration records are shown in Table 3. 

The fundamental/first mode periods of the build-
ings with different 1st story heights were obtained 
through modal analyses and are presented in Table 4. 
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Analyses were done by using bidirectional earthquake 
input with strong component of earthquake along one 
main axis (X-axis) and weak component of earthquake 
along other orthogonal main axis (Y-axis) of the build-
ings. The scaled spectrum record for acceleration used 

in the analysis are shown in Fig. 5. It should not be for-
gotten that the spectrum shows the responses of a sin-
gle degree freedom system. As the buildings were a 
multi degree of freedom system, the response will 
vary.

Table 3. Parameters related to modelling of nonlinear isolation system. 

Historical  

earthquakes 

Date of  

occurrence 

Recording  

station 
Magnitude 

Strong  

component (g) 

Weak  

component (g) 

Duzce (Far-Fault) 12/11/1999 IRIGM 498 7.14 0.396 0.337 

Landers (Far-Fault) 28/06/1992 Coolwater CLW 7.28 0.412 0.282 

Northridge (Pulse-like Near-Fault) 17/01/1994 
Rinaldi Receiving 

Station RRS 
6.69 0.825 0.487 

Tabas (Pulse-like Near-Fault) 16/09/1978 Tabas Tab 7.4 0.854 0.767 

Table 4. Fundamental/First mode period of the buildings. 

Building superstructure Fixed-base natural period (s) 

3-story with 1st story of height 3m 0.357 

3-story with 1st story of height 4.5m 0.512 

8-story with 1st story of height 3m 0.638 

8-story with 1st story of height 4.5m 0.727 

 

Fig. 5. The scaled record spectra used.

3. Results and Discussion 

As the seismically isolated buildings in this study are 
subjected to bi-directional near and far-fault earthquake 
excitations, the structural responses in both global X and 
Y direction have been considered for performance com-
parison. It is important to mention that the building 
models used in this study are symmetrical so the results 

obtained would be same if the axes are reversed. Moreo-
ver, the displacements at the isolation level or the base 
displacements obtained from the analyses of all the 
building models with similar isolation parameters are al-
most same so the main focus of attention for this study is 
the superstructure responses. Floor accelerations, story 
shears and inter-story drift ratios are the key structural 
responses considered. 

A
cc

e
le

ra
ti

o
n

 (
g

)

Period (s)

Response Spectra

Duzce 498

Landers CLW

Northridge RRS

Tabas Tab

5% Damped Spectra



 Erdem and Saifullah / Challenge Journal of Structural Mechanics 2 (4) (2016) 234–245 239 

 

3.1. Floor accelerations 

Considering FF earthquakes, for 3-story buildings 
with isolation system QW7.5Tb3, the accelerations are 
normally less at 1st floor for building with soft story as 
compared to building with typical story height at 1st floor 
(i.e. 3m). However, the accelerations are more at 2nd 
floor for soft story building (see Fig. 6). It is interesting 
to note that soft story building shows almost a linearly 
increasing pattern of accelerations towards top floor, 
while, the building with typical 1st story height shows 
about same acceleration at 1st and 2nd floor but acceler-
ations increasing for 3rd floor (i.e. top floor). And, the 
accelerations at top floor level are generally less for 
building with typical 1st story than building with soft 
story at first floor. Under Northridge RRS pulse-like 
earthquake, floor acceleration increases towards top 
floor for both of the buildings i.e. building with 3m 1st 
floor and building with 4.5m 1st floor but the difference 
of floor accelerations between aforementioned buildings 

increases towards top floor with soft story building 
showing more acceleration at top floor level than the 
other. Tabas Tab NF earthquake bring about a slightly 
different response with floor acceleration almost same 
at 1st floor level for both type of buildings under consid-
eration and the difference of floor accelerations between 
two buildings highest at 2nd floor level. Buildings with 
isolation system QW7.5Tb4 follow the same trend as 
described for buildings with isolation system 
QW7.5Tb3 but typically the floor accelerations are less 
for building with QW7.5Tb4, as compared to their 
QW7.5Tb3 counterparts, due to more flexibility at the 
isolation level. 

The response in other orthogonal direction is a bit dif-
ferent as FF earthquakes show less increase in accelera-
tion from 1st to 2nd floor for soft story building as com-
pared to other principal direction X (Fig. 7). For NF 
earthquakes, the response is also slightly different for Y-
direction as compared to X-direction. Nevertheless, this 
slight difference is not so significant.

 

Fig. 6. Floor acceleration in X-direction for 3-story building. 

 

Fig. 7. Floor acceleration in Y-direction for 3-story building.  
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8-story seismically isolated buildings show different 
trend in comparison to 3-story building, as evident from 
Fig. 8. For all types of buildings, floor accelerations are 
generally more for lower floors with accelerations de-
creasing towards middle floor levels and then again in-
creases towards top floor, thus, reaching the highest 
value at top floor level. The only exception to this behav-
ior is Tabas Tab pulse-like earthquake which shows rel-
atively complex floor acceleration trend (see Fig. 8). One 
important thing to be noticed here that all types of build-
ings whether with soft story or with typical story height 

show the same acceleration trend and close values (ex-
cept top floor where a slight deviation is noted for some 
earthquakes), for all types of isolation systems and 
earthquakes considered.  

The floor acceleration response in other orthogonal di-
rection is essentially the same (Fig. 9). It can be concluded 
that 8-story buildings whether having 1st story of height 
4.5m or 3m show different response as compared to cor-
responding 3-story buildings. As flexibility of superstruc-
ture increases, the acceleration trend changes and effect 
of soft story on floor accelerations becomes less distinct.

 

Fig. 8. Floor acceleration in X-direction for 8-story building. 

 

Fig. 9. Floor acceleration in Y-direction for 8-story building.

3.2. Story shears 

In 3-story building, the story shear distribution trend 
is almost same for all earthquakes i.e. FF and NF earth-
quakes, in similar type of buildings. However, more story 
shears are observed at 1st and 2nd floor for buildings with 
soft story but the base shear and shear at top floors are 
almost same as building with typical 3m story height 
(see Fig. 10). For NF Earthquakes, comparing buildings 
with QW7.5Tb3 against the buildings with QW7.5Tb4 

isolation system, the difference in story shears and base 
shears are quite large as compared to the same seismi-
cally isolated buildings subjected to FF earthquakes. 
Overall, for every type of building and earthquake, the 
shears are more for QW7.5Tb3 as compared to isolation 
system QW7.5Tb4 which may be down to its flexibility.   

Same trend is observed for other orthogonal direction 
but difference in shears between building with 3m 1st 
story height and building with 4.5m 1st story height is 
very small (Fig. 11).   
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Fig. 10. Story shears in X-direction for 3-story building. 

 

Fig. 11. Story shears in Y-direction for 3-story building. 

For 8-story building, the story shears and base shears 
are more or less same for 3m 1st story building and 4.5m 
1st story building. The shear distribution along the height 
is not as linear as in the case of 3-story buildings. The dif-
ference of story shears between all types of buildings be-
comes less apparent on upper floors with very close val-
ues of top floor shear for every type of building, isolation 
system and earthquake (Fig. 12). Likewise 3-story build-
ing, the difference of shears at each floor level, between 
buildings with QW7.5Tb3 and QW7.5Tb4 subjected to 
NF earthquakes, is quite large in lower and middle floors 
as compared to the situation if they are excited by FF 
earthquakes. Same trend is observed for other principal 
direction i.e. along Y-axis (Fig. 13). 

3.3. Inter-story drift ratios 

In 3-story seismically isolated building with isolation 
system QW7.5Tb3, for (FF) earthquakes i.e. Duzce 498 

and Landers CLW, the inter-story drift ratios at each 
floor level are more for isolated building with 1st story of 
height 4.5m as compared to the building with 1st story of 
height 3m. The soft story at 1st floor induces an increase 
in inter-story drifts at floors above it but this difference 
decreases from the soft story towards the top floor with 
the lowest difference in inter-story drift ratios observed 
at top floor level. In the building with the same isolation 
system, under pulse like (NF) earthquakes i.e. 
Northridge RRS and Tabas Tab, overall the inter-story 
drift ratios are more as compared to that of FF earth-
quakes (Fig. 14). In this case, the soft story at 1st floor in-
duces more increase in inter-story drift ratios at every 
floor level as compared to FF earthquakes but the trend 
observed is same i.e. decrease in difference of inter-story 
drift ratios towards top floor level.  

As the isolation period is increased from 3s to 4s 
(QW7.5Tb4), an overall decrease of inter-story drift ra-
tios at each floor level is observed as compared to 
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building with isolation system QW7.5Tb3 but the differ-
ence of inter-story drift ratios (between a building with 
1st story of height 3m and a building with soft story effect 
1st story of height 4.5m) remains essentially the same. 
The same decreasing trend of difference of inter-story 

drift ratio is observed from soft story towards top floor 
as was observed for QW7.5Tb3. Likewise QW7.5Tb3, 
Pulse-like NF earthquake induces more difference in in-
ter-story drift ratios as compared to FF earthquakes 
(Fig. 14).

 

Fig. 12. Story shears in X-direction for 8-story building. 

 

Fig. 13. Story shears in Y-direction for 8-story building. 

 

Fig. 14. Inter-story drifts in X-direction for 3-story building.  
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For 3-story building, in orthogonal Y-direction the in-
ter-story drift ratios follow the same trend as observed 
in main orthogonal X-direction (Fig. 15). The only excep-
tion being the NF earthquake Northridge RRS where a 
sharp decrease, in difference between inter-story drifts 
of building with soft 1st story and normal 1st story, is ob-
served from 2nd to 3rd floor for  both isolation systems 
QW7.5Tb3 and QW7.5Tb4. 

For 8-story buildings with isolation system 
QW7.5Tb3, under FF earthquakes i.e. Duzce 498 and 
Landers CLW, an increase in inter-story drift ratios is ob-
served for building having soft 1st story (4.5m height) as 

compared to building with normal first story (3m height) 
with the greatest difference between inter-story drift ra-
tios at 1st floor level but difference becomes very small 
from 3rd floor towards Top floor level (as evident in Fig. 
16). For NF earthquakes Northridge RRS and Tabas Tab, 
inter-story drift ratios are greatest at 2nd floor level and 
decreases towards top floor with the least value of inter-
story drift ratios seen at the top floor. The difference of 
inter-story drift ratios, between building with 1st story of 
height 3m and building with 1st story of height 4.5m, is 
greatest at 1st floor level but the difference becomes very 
small from 3rd floor onwards towards top floor level.

 

Fig. 15. Story shears in Y-direction for 3-story building. 

 

Fig. 16. Inter-story drifts in X-direction for 8-story building.

For the same buildings with isolation system 
QW7.5Tb4, under FF earthquakes, inter-story drift ra-
tios are overall slightly less than that of building with iso-
lation system QW7.5Tb3. Far-Fault earthquakes induce 
maximum inter-story drifts at 4th floor level for both 
QW7.5Tb3 and QW7.5Tb4, while,  this value is greatest 

at 2nd floor level (see Fig. 16). For NF earthquakes, in the 
building with QW7.5Tb4, the difference of inter-story 
drifts between building with 3m 1st floor height and 
building with 4.5m height is highest at 1st floor level with 
the difference very small from 3rd floor onwards to top 
floor. An exception to that is Tabas Tab earthquake, 
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where the difference is less at 3rd floor followed by an in-
crease and then decrease towards top floor with the least 
value of difference observed at top floor level. However, 
unlike FF earthquakes, for pulse-like earthquakes the 
difference in inter-story drift ratios at each floor level is 
quite large between QW7.5Tb3 building with 3m 1st story 
and QW7.5Tb4 building with 3m 1st story and same trend 
is observed for buildings with 1st story of 4.5m height. In 

comparison to 3-story buildings, generally the difference 
in inter-story drift ratios becomes very small after 3rd 
story towards 8th story (top level) so a decreasing trend 
is not so obvious. Similar results are seen on the other 
orthogonal direction i.e. along Y-axis of the buildings (as 
obvious from Fig. 17). It can be concluded that soft story 
influences the inter-story drifts of stories just above it 
and becomes less pronounced at upper floors.

 

Fig. 17. Inter-story drifts in Y-direction for 8-story building.

In general for all the cases considered, max inter-story 
drift ratio limit, defined in UBC97, for seismically iso-
lated building is 0.02/RI (if calculated by time-history 
analysis). Where, RI is 2 for concrete moment resisting 
frames. It is important to mention that both 3 and 8-story 
buildings suffered increase in inter-story drifts beyond 
this limit, under earthquakes containing long period 
pulses. Inter-story drifts beyond a certain level may be 
dangerous for the integrity of the building. 

 

4. Conclusions 

Sudden changes in lateral stiffness and strength is one 
of the most important factors on the structural response 
of seismically isolated buildings under near and far fault 
earthquakes.     

In general, the results demonstrate that seismic isola-
tions can be used as a viable mitigation method for the 
buildings with soft-stories under near and far-fault 
earthquakes. In addition, it can be concluded that soft 
story influences the inter-story drifts of stories just 
above it and becomes less pronounced at upper floors. 
However, both 3 and 8-story buildings suffered increase 
in inter-story drifts beyond the limits which is defined in 
UBC97, under earthquakes containing long period 
pulses. Thus, interstory drifts beyond a certain level may 
be dangerous for the integrity of the building.   

In a future research study, the efficiency of hybrid 
isolation system with friction sliders and viscous damper 
for protection of seismically isolated buildings with soft 
story against near fault earthquakes would be studied. 
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A B S T R A C T 

A thermos elastic stress analysis method is proposed consisting of an array of infra-
red measurement sensors used for evaluation the wrinkling defects and associated 

resin pockets in a fiber reinforced polymer (FRP) composite structure. Wrinkling or 

fiber waviness defects results when out of plane distortions occur in some or all of 

the composite layers of the laminate. The wrinkles result in significant reductions of 

mechanical properties in the composite structure. The method involves instrumen-
tation and device for application of internal energy in the material such as transient 

or cyclic mechanical excitations. These external excitations are induced in a pre-

scribed or measurable cyclic or transient function of time. Infrared measurements 

from the surface of the composite are synchronized with the applied excitation en-

ergy. The results are used to provide for a map detailing the inner wrinkle defects 

and associated resin pockets in the laminated composite structure. 
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1. Introduction 

Advances in the mass manufacturing of composites 
have made it possible to consider composites as a viable 
construction material for large structural components 
and assemblies. Recent examples include the composite 
fuselage and wing sections of the 787 Dreamliner or the 
Airbus A350, which will be the first Airbus aircraft with the 
fuselage and wing structures, made primarily of carbon fi-
ber-reinforced composites. The challenge in manufactur-
ing large composite structures results in the near impos-
sibility to achieve parts with no manufacturing defects.  

Fiber waviness is considered one of the most common 
types of defects that reduce the load carrying capability 
in composite structures (El-Hajjar and Petersen, 2011). 
Pre-cure and post-cure optical and ultrasonic techniques 
have been proposed for characterization with limited 
success. Ultrasonic methods are not reliable for detec-
tion of wrinkles due to the reliance on reflection and at-
tenuation mechanisms that are not always significantly 
evident in the presence of the wrinkle defect. The wavi-
ness is not usually associated with impedance changes 

as compared with porosity which is more readily identi-
fied with the ultrasonic methods due to the large differ-
ences in impedance values between the resin, fibers and 
air voids. Industrial computed tomography scanners can 
be used to image internal flaws in composite structures 
but these currently have severe object size limitations.  

In this study, we investigate the use of the thermos 
elastic stress analysis (TSA) approach (Rauch and 
Rowlands, 1993) for characterization of wrinkle defects 
in composite structures. In the TSA method, during cyclic 
loading and the presence of reversible adiabatic condi-
tions, an infrared detector measures an un-calibrated 
TSA signal that can be correlated to the stress levels in 
the materials. Composite specimens are fabricated using 
a quasi-isotropic layup consisting of 32 plies of IM7 car-
bon fiber/epoxy prepreg and having waviness defects 
across the specimen width and at multiple locations. 
Specimens were tested at 5Hz at stress levels well below 
the failure stress of the material as damage initiation and 
propagation were not the focus of this study. The applied 
tensile stresses were maintained under 27 MPa to en-
sure the specimens remain in elastic range. 
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2. Results 

The contours produced from the TSA were analyzed 
and compared to the control specimens. Fig. 1 shows the 
TSA contours observed on the face of the specimen for 
the different waviness profiles under a mean tension 
stress (Elhajjar et al., 2014). Note that the observations 
were made on the side that is usually available for non-
destructive evaluation. In these experiments, the width 
of the specimen is the field of view of the infrared cam-
era. The results show a clear spike in the TSA signal near 
the waviness zones in all locations tested corresponding 
to the severity of the defect.  

Compared to the control specimens, there was a clear 
incidence in the thermal emissions in the vicinity of the 
waviness zone. It is believed that the resin rich zone in 
the waviness profiles is responsible for the clear signa-
tures identifying the waviness profile due to the ther-
mos elastic constant differences between the resin rich 
areas and the other areas of the structure. While the 
method provides only indications from the resin 
pocket, assumptions on the underlying defect can be 
made. For example, a conservative assumption that all 
layers below the surface have the same aspect ratio as 
the resin pocket is one way to handle the subsurface 
anomaly.

 

Fig. 1. TSA response on the surface of the specimen with respective cross-section.

3. Conclusions 

The TSA approach proposed is linked to the excitation 
energy or stress state in the material. The TSA approach 
can provide indicators of structural integrity when wrin-
kle defects are involved. It does not require application 
of infrared radiation rather the system relies on relating 
the emitted IR to the structure’s strain energy response 
under cyclic loading. Our demonstrations show that the 
present system is able to detect sub surface wrinkle and 
associated resin pockets. The system is capable of de-
tecting wrinkles and associated resin pockets to an accu-
racy of the L/D ratio of less than 20 where L/D is the as-
pect ratio, defined as the length to depth ratio of the 
wrinkle wave. This range covers most wrinkles and as-
sociated resin pockets known to cause a degradation of 
load carrying capacity in composite structures.  
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