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Research Article 

Influencing factors on effective width of compressed zone  

in joint column - cylindrical shell of steel silo 

Lyubomir A. Zdravkov * 

Department of Metal, Wood and Plastic Structures, University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia 1046, Bulgaria  

 

A B S T R A C T 

In order to ensure unloading of whole amount of stored product by gravity, steel silos 
are often placed on supporting structure. The simplest way to design these compli-

cated facilities is to divide cylindrical shell on two parts in our minds - discretely sup-

ported ring beam and continuously supported shell above it. Obviously, to ensure 

continuously support of shell, bending stiffness of ring beam should be high. In Euro-

pean standard EN 1993-4-1, that concept is recognized but it keeps silence about rec-

ommended stiffness of ring beam. Another way to design is to know law of distribu-
tion of compressive axial stresses due to discrete column reactions R, by height of 

shell. Knowing it, we could calculate the effective width leff of distribution of com-

pressive stresses on every level. Where effective width is equal to distance between 

discrete supports, there critical height of shell ends and above it cylindrical body is 

continuously supported. Unfortunately the above quoted standard EN 1993-4-1 does 

not give an information how to calculate leff. The questions here are; should we accept 

linear distribution of compressive forces by height? In addition, could we use directly 

the results of Whitmore (1952), where angle of distribution α = 30°? Or, even to ac-

cept a far more brave opinion that α = 45°, used by many of the elder designers? 

Moreover, is value of angle α constant or does it depend on various influencing fac-

tors? 
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1. Introduction 

Steel silos are often placed on supporting structure. 
The purpose is easily and completely unload of all stored 
product by gravity. For every project the supporting 
structure is different, depending on real conditions of ex-
ploitation. Traditionally in Bulgaria were designed and 
executed supporting structures composed by 4 columns 
and horizontal girders between them, see Fig. 1a). Lately, 
under the influence of foreign designers, we can see 
other types of supporting structures, composed by col-
umns only and vertical braces between them, see Fig. 
1b). 

Independently of type of supporting structure - built 
from girders and columns, or from columns only, it 
causes concentrated meridional forces in the cylindrical 
body of the silo. As a result, the thin shell could loses lo-
cal stability. 

The simplest way to design steel silos is to divide in 
our minds cylindrical shell on two parts - discretely sup-
ported ring beam and continuously supported shell 
above it. Obviously, to ensure continuously support of 
shell, bending stiffness of ring beam should be high. In 
European standard EN 1993-4-1 that concept is recog-
nized but it keeps silence about recommended stiffness 
of ring beam. Rotter (1985) suggested that a value of ra-
tio between stiffness of cylindrical shell and ring beam 
ψ=0.25 might be suitable for adoption in design. 

Another approach to design steel silos is to know law 
of distribution of compressive axial stresses due to dis-
crete column reactions R, by height of shell. Knowing 
the law, we could calculate effective width leff of distri-
bution of compressive stresses on every level. Where ef-
fective width is equal to distance between discrete sup-
ports, there critical height of shell ends and above it cy-
lindrical body is continuously supported. If the low is 
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simple, linear, we should know an angle α of distribution 
to the vertical axis only, see Fig. 2. Values of the angle α 
are of essential importance. Obviously as bigger would 
be the angle α as bigger would be the effective width leff, 
respectively meridional stress σx,Ed will be smaller. 

   
а) columns and hori-

zontal girders  
between them 

b) columns with circular sections  
only vertical braces  

between them 

Fig. 1. Variations of supporting structure under the silo. 

 

Fig. 2. Angle α of the distribution of compressive 
forces in the cylindrical shell and effective width leff  

if law is linear. 

Unfortunately corresponding standards EN 1993-1-
6:2007 and EN 1993-4-1:2007 do not give information 
about the values of the angle α and respectively of leff. 
Maybe because they are focused on idea about ring 
beam. Only in the standard EN 1993-1-5:2006 we can 
find a formula for determining leff due to concentrated 
force in the plain of the steel plate. The equation is as fol-
lowing: 

𝑙eff = 𝑠e√1+ (
𝑧

𝑛∙𝑠𝑒
)
2

 , (1) 

in which: 

𝑠e = 𝑠s + 2𝑡f , (2) 

𝑛 = 0.636√1+
0.878∙𝑎st,1

𝑡w
 , (3) 

where ss is the width of a loading patch; tf – thickness of 
flange where the force is applied; tw - thickness web of 
the steel plate; z – distance from the flange to the studied 
section; ast,1 – surface of the gross cross section of the 
stiffeners, put on the length se.  

Eq. (1) is valid when the inequality (4) is valid. In an-
other case the contribution of the stiffeners should be ig-
nored.  

𝑠st

𝑠e
≤ 0.5 , (4) 

where sst is the axial distance between the stiffeners. 
The question here is whether the formula (1) for plain 

plates is valid also for cylindrical shells such as the silos? 
Or to accept simple linear distribution, see Fig. 2 and use 
directly the results of Whitmore (1952), published in 
distant 1952, showing angle α=300? Or even to accept far 
more brave opinion that α=450 used by many of the elder 
designers? 

 

2. Research of Joint Cylinder - Supporting Structure 

In order to find the answer of all these questions 
above, the author developed several spatial research 
models of different silos. Software SAP 2000 v.14.2 is 
used in the research. All elements in numerical models 
of the facilities were introduced as shells with their real 
thickness. In order to reduce time for computer calcula-
tions, the supporting structure was replaced by unmov-
able hinge supports. They are 8 pcs. per silo, equally 
spaced by circumference of shell. Width of each support 
varies by silo. 

Discharging conical hopper of silos is joined to the cy-
lindrical shell at some distance above his lower end, see 
Fig. 3. This solution is classical. It permits to the girders 
or columns of the supporting structure to be placed ex-
actly under the cylindrical shell, i.e. there will not be gen-
erated additional torsional or bending moments. 

In order to study the effect of every one of influencing 
factors, research is conducted by different constructive 
solutions for the joints, as follow: 
а) The silo is composed by cylindrical shell only, without 
a discharging conical hopper and without vertical stiff-
eners above supports, see Fig. 4а). In two separate cases, 
on vertical shell are applied loads as follow: 
- Vertical load Pwe(z) only, due to friction of a stored 
product to the shell; 
- Initially the shell is loaded by radial pressure Phe(z), 
caused by product. After that, in deformed by Phe(z) con-
dition, is applied load Pwe(z) due to the friction.  
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b) Conical discharging hopper is added to cylindrical 
shell. There are not vertical stiffening elements, see Fig. 
4b). In two separate cases, on vertical shell are applied 
the same loads, described above, in point a); 
c) The silo is composed by cylindrical shell without dis-
charging hopper. Vertical stiffeners are placed on shell, 
above supports, see Fig. 4c). In two separate cases, on 
vertical shell are applied the same loads, described 
above, in point a); 
d) The silo is composed by cylindrical shell and a dis-
charging hopper. Vertical stiffeners are placed above 
supports, see Fig. 4d). In two separate cases, on vertical 
shell are applied the same loads, described above, in 
point a); 
e) The silo is composed by cylindrical shell and a dis-
charging conical hopper. Vertical stiffeners are placed 
above supports, see Fig. 4d). In two separate cases, on 
vertical shell and conical hopper are applied loads as fol-
low: 
- Vertical load Pwe(z) on the shell and meridional load 
Pte(z) on the hopper. The loads are caused by friction of 
the product to the steel structure; 
- Initially the shell is loaded by radial pressure Phe(z) and 
respectively conical hopper - by normal pressure Pne(z). 

After that, in the deformed by loads Phe(z) и Pne(z) condi-
tion, the friction loads Pwe(z) and Pte(z) are applied. 

Loads Pwe(z), Pte(z), internal pressure Phe(z), Pne(z), 
friction loads Pwe(z) and Pte(z), are calculated for real 
stored products, according to standard EN 1991-4. 

       

Fig. 3. Joint of cylindrical shell with a cone hopper.

 

 
а) cylindrical shell only 

 

 
b) cylindrical shell and a conical hopper,  

without vertical stiffening plates 

 

 
c) cylindrical shell  

and vertical stiffeners 

 

 
d) cylindrical shell and a conical hopper vertical  

stiffening plates were placed on shell 

Fig. 4. Variants of researched silos and joints.  
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Normal meridional stresses σx,Еd caused by vertical 
load Pwe(z), are measured in points in first course, above 
stiffening ring. As we know value of the shell's thickness 
t and value of the reaction R in support, effective width 
leff can be calculated according to formula: 

𝑙eff =
𝑅−Δ𝐹

σx,Ed∙𝑡
 , (5) 

where R is a vertical reaction in the discrete support, see 
Fig. 2, caused by the vertical load Pwe(z), due to friction 
of a stored product to the shell; σx,Еd – normal meridional 
stress in the cylindrical shell, above joint between cylin-
der and conical hopper; t – thickness of the cylindrical 
steel shell in the joint cylinder - conical hopper; ΔF – 
force, caused by the friction on the shell with a height Δh. 
It could be calculated by the formula: 

𝛥𝐹 =
2𝜋𝑟𝑖∙Δℎ∙𝑃we(𝑧)

𝑛s
 , (6) 

where ri is the radius of the internal surface of the cylin-
drical shell; Δh – the distance between the point of meas-
urement of normal stresses σx,Еd and the joint between 
cylinder and conical hopper; ns – number of supports in 
the cylindrical shell. 

The angle α of distribution of normal stresses in shell, 
due to reactions R in supports, could be calculated ac-
cording to formula: 

𝛼 = arctg (0.5
𝑙eff−𝑏s

ℎ
) , (7) 

in which bs is the width of the support; h – vertical dis-
tance between point of applying of reactions R and point 
of measurement of meridional normal stresses σx,Еd . 

In all models is used steel S235, with a properties ac-
cording to standard EN 10025-2:2004. 

Buckling Analysis option is activated in used software 
SAP 2000 v.14.2. This option allows to determine re-
serve of bearing capacity k of the cylindrical shell before 
buckling, partly or entirely. Multiplication the result of 
total vertical reactions and the reserve of the bearing ca-
pacity k gives the value of the total meridional critical 
force ΣRcr in which perfect shell will loses stability in the 
elastic condition. In this case meridional elastic critical 
buckling stress σx,Rcr could be calculated according to the 
formula: 

σx,Rcr =
∑𝑅cr

2𝜋𝑟𝑡
 , (8) 

where r is the radius of the middle surface of cylindrical 
shell. 

Critical normal stresses σx,Rcr and calculated through 
them design meridional critical stresses σx,Rd give quan-
titative assessment of the influence of different solutions 
of base joints on the stability of the shell. 

 

3. Results of the Research of Joint of Cylindrical 
Shell - Supporting Structure 

3.1. Silo № 1 

volume V = 110 m3 
stored product - slack lime; 
diameter D = 3 492 mm; 
height hc = 10 950 mm; 
thickness of 1st course ts,1 = 6 mm; 
width of supports - bs = 240 mm. 
 

Case 
Buckling  
factor k 

Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 12,7561 1st course, 

above the col-
umn, under the 
stiffening ring 

104,1 33,8 

b) 12,7520 104,1 33,8 

2 
а) 12,7813 105,3 34,2 

b) 12,7776 105,2 34,2 

3 
а) 24,46960 

1st course, 
above vertical 
stiffeners and 
stiffening ring 

75,1 23,1 

b) 24,59327 75,1 23,1 

4 
а) 25,14499 82,5 26,1 

b) 25,28706 82,5 26,1 

5 
а) 23,75416 82,5 26,1 

b) 23,79654 82,5 26,1 

3.2. Silo № 2 

volume V = 110 m3 
stored product - slack lime; 
diameter D = 3 492 mm; 
height hc = 10 950 mm; 
thickness of 1st course ts,1 = 4 mm; 
width of supports - bs = 240 mm. 
 

Case 
Buckling  
factor k 

Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 5,44410 1st course, 

above the col-

umn, under the 

stiffening ring 

107,1 34,8 

b) 5,44095 107,1 34,8 

2 
а) 5,44872 108,4 35,2 

b) 5,44601 108,4 35,2 

3 
а) 10,34025 

1st course, 

above vertical 

stiffeners and 
stiffening ring 

80,8 25,4 

b) 10,43100 80,8 25,4 

4 
а) 10,72707 81,8 25,8 

b) 10,83076 81,8 25,8 

5 
а) 10,07763 81,9 25,8 

b) 10,08339 81,8 25,8 

3.3. Silo № 3 

volume V = 40 m3 
stored product - grained (fine) fraction of sand; 
diameter D = 2 500 mm; 
height hc = 8 470 mm; 
thickness of 1st course ts,1 = 6 mm; 
width of supports - bs = 230 mm. 
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Case 
Buckling  
factor k 

Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 21,45635 1st course, 

above the col-
umn, under the 
stiffening ring 

79,8 33,4 

b) 21,44135 79,8 33,4 

2 
а) 21,41201 81,9 34,3 

b) 21,40105 81,9 34,3 

3 
а) 23,84189 

2nd course, 
above vertical 
stiffeners and 
stiffening ring. 
1st course does 

not buckle 

67,8 27,8 

b) 24,04884 67,8 27,8 

4 
а) 23,96794 73,0 30,3 

b) 24,14155 73,0 30,3 

5 
а) 23,75764 72,98 30,3 

b) 23,97564 72,98 30,3 

3.4. Silo № 4 

volume V = 40 m3 
stored product - grained (fine) fraction of sand; 
diameter D = 2 500 mm; 
height hc = 8 470 mm; 
thickness of 1st course ts,1 = 4 mm; 
width of supports - bs = 230 mm. 
 

Case 
Buckling  
factor k 

Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 9,41556 1st course, 

above the col-
umn, under the 
stiffening ring 

81,4 34,0 

b) 9,40196 81,4 34,0 

2 
а) 9,38163 83,4 34,9 

b) 9,37208 83,4 34,9 

3 
а) 18,47540 

1st course, 
above vertical 
stiffeners and 
stiffening ring 

66,4 27,1 

b) 18,45486 66,4 27,1 

4 
а) 19,04036 71,9 29,8 

b) 19,01426 71,9 29,8 

5 
а) 18,24653 71,9 29,8 

b) 18,15925 71,9 29,8 

3.5. Silo № 5 

volume V = 150 m3 
stored product - sand; 
diameter D = 4 500 mm; 
height hc = 8 940 mm; 
thickness of 1st course ts,1 = 8 mm; 
width of supports - bs = 350 mm. 
 

Case 
Buckling  
factor k 

Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 12,35903 1st course, 

above the col-
umn, under the 
stiffening ring 

162,5 37,2 

b) 12,16633 162,5 37,2 

2 
а) 12,37384 163,3 37,4 

b) 12,17882 163,3 37,4 

3 
а) 20,57089 

2nd course, 
above vertical 
stiffeners and 
stiffening ring. 
1st course does 

not buckle 

131,3 29,8 

b) 20,76019 131,3 29,8 

4 
а) 20,64411 140,1 32,1 

b) 20,80852 140,1 32,1 

5 
а) 19,98260 140,08 32,0 

b) 20,19925 140,07 32,0 

3.6. Silo № 6 

volume V = 150 m3 
stored product - sand; 
diameter D = 4 500 mm; 
height hc = 8 940 mm; 
thickness of 1st course ts,1 = 5 mm; 
width of supports - bs = 350 mm. 
 

Case 
Buckling fac-

tor k 
Element which 
loses stability 

leff 

cm 
α 

deg. 

1 
а) 4,76692 1st course, 

above the col-
umn, under the 
stiffening ring 

166,5 38,1 

b) 4,62667 166,5 38,1 

2 
а) 4,77424 166,1 38,0 

b) 4,63235 166,1 38,0 

3 
а) 11,13561 1st course, 

above vertical 
stiffeners and 
stiffening ring 

125,2 28,2 

b) 10,96758 125,3 28,3 

4 
а) 11,31482 135,9 31,0 

b) 11,14099 135,9 31,0 

5 
а) 10,06433 1st course,  

between verti-
cal stiffeners 

135,9 31,0 

b) 9,94094 135,9 31,0 

 
Graphics in Fig. 5 show how the angle of distribution 

α changes on the height of cylindrical shell. Points 
(joints) where the measurements were done, are situ-
ated in the 1st course, above the joint between cylinder – 
conical hopper.  

Obviously the value of angle α is not constant, it de-
crease by height. In other words, distribution of com-
pressive forces by height is not linear. Zdravkov (2017a; 
2017b) made similar conclusion in another research. 
Fortunately the effective width leff increases, see Fig. 6. 
Practical consequence is that if the values for leff are de-
termined for a point close above the joint between cyl-
inder – conical hopper, these values will be conserva-
tive, on side of safety for next manual (algebraic) calcu-
lations. 

The above mentioned results show that, when vertical 
distance above base increases, the influence of various 
stiffening elements decrease. Values of α and leff going to 
be practically the same on higher level. 

Influence of the conical discharging hopper is positive 
in all researched silos, but its contribution is a small. The 
most probably it is due to: 
- all studied models have stiffening ring on point where 
cylindrical shell and the hopper joint; 
- all researched models have relatively close spaced 8 
supports. 

 More significant is effect of using of vertical stiffening 
elements. They considerably increase the bearing capac-
ity of cylindrical shell subjected to meridional pressure 
by patch loads. On other hand, angle of distribution α, re-
spectively the effective width leff, are bigger when the 
shells do not have stiffeners, compared with stiffened 
shells. For preliminary manual calculations, averaged 
angle α could be accepted as follow: 
- cylindrical shell, without vertical stiffeners above the 
discrete supports - α = 34° ÷ 36°; 
- cylindrical shell with vertical stiffeners above the dis-
crete supports - α = 26° ÷ 30°.  
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Fig. 5. Change of angle of distribution α of normal stresses σx,Ed on the height of the cylindrical shell.

In studied there 6 models of silos, everyone with 5 
variants, are not reported an averaged angle α ≈ 45°. 
Maybe because all skirts of silos, respectively points of 
measurements, are relative height. Knoedel and Ummen-
hofer (2009) claim that value α ≈ 45° can be obtained 
when the stiffening ring is enough rigid. 

As we can notice, the distribution angle α decreases 
when the ratio of D/ts increases. Similar correlation is 
noticed by Knoedel and Ummenhofer (1998) in another 
research.  

Internal pressures Phe(z) and Pne(z) do not have no-
ticeable influence on angle α and leff if the joint cylinder 
– conical hopper is made as is shown on the Fig. 3. 

The courses of the researched here silos have various 
thickness. They decrease from lower to the higher parts, 
which is related with the different values of internal 
pressure on them. In some of the silos, like Silo №3 and 
Silo №4, buckles not the lowest 1st course, under which 
are the supports, but the upper 2nd course, which is thin-
ner, see Fig. 7. It means that in silos with stepped wall 

thickness is not sufficient to study only loaded by the 
concentrated meridional forces the lowest 1st course. 
The thinner upper courses also should be checked. And 
here again appears the problem for the value of the ef-
fective width leff in horizontal joint of the 1st and 2nd 
course and how to determine it correctly. 

 

4. Conclusions 

Design of steel silos is a complicated and responsible 
task. The difficulties become more serious when the silos 
are elevated and supports beneath are discrete. One of 
most discussed question is how to calculate effective width 
leff of compressive meridional stresses above supports. Un-
fortunately the responsive standards EN 1993-1-6:2007 
and EN 1993-4-1:2007 do not give an answer of this ques-
tion. Obviously influencing factors are a lot of and could not 
be included in one formula. Therefore it is not correct 
shown in EN 1993-1-5: 2006 formulae to be applied in silos.  
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Fig. 6. Change of effective width leff of compressive stresses σx,Ed by height of the cylindrical shell.

 

Fig. 7. The loss of stability in the cylindrical shell  
of the silos in thinner 2nd course. 

 

Fig. 8. Real distribution of compressive forces in the  
cylindrical shell and effective width leff. 
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The main outcomes from the current research of 6 si-
los on 8 supports are: 
 The value of angle α is not constant, it decreases by 

height. Real distribution of compressive forces looks 
like as is shown on Fig. 8. 

 The vertical stiffeners above the supports have con-
siderable influence of angle of distribution α and ef-
fective width leff. For preliminary manual calculations, 
the averaged angle α could be accepted as follow: 

- cylindrical shell, without vertical stiffeners above the 
supports - α = 34° ÷ 36°; 

- cylindrical shell with vertical stiffeners above the sup-
ports - α = 26° ÷ 30° . 

 The angle of distribution α decreases when the ratio 
D/ts increases. 

 When there is a stiffening ring in joint cylindrical shell 
– hopper, the influence of hopper is very small. 

 In joint cylinder - conical hopper as is shown on the 
Fig. 3, internal pressure does not have a noticeable ef-
fect on angle α and leff. 
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A B S T R A C T 

Gypsum and gypsum based composite are widely preferred in construction industry 
for various purposes. Mechanical performances of gypsum composite have been en-

hanced by researchers in order to increase its area of usage. In this research, gypsum 

composites containing expanded glass were reinforced by glass fibers (GF) and mono 

polypropylene fibers (MPF). GF and MPF were used up to 1.5%. The flexural strength, 

compressive strength, and shrinkage behavior of the composites were examined 

within the scope of this study. 50 x 50 x 50 mm and 40 x 40 x 160 sized specimens 
were prepared for the mechanical performance tests. It was obtained that flexural 

and shrinkage behavior of the composite were enhanced with the addition of MPF 

compared to GF added mixes; however, compressive strength values were not as high 

as GF reinforced composites. 
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1. Introduction 

Gypsum composites are widely used in the construc-
tion industry depending on their good sound insulation, 
thermal and fire resistance properties (Gazineu et al., 
2011; Heim et al., 2004; Li et al., 2011; Vimmrova et al., 
2011). Different types of materials can be added for en-
hancing mechanical properties of the gypsum based 
composites (Eve et al., 2002). Among various types and 
sizes, fibers are effectively used for the improvement of 
the mechanical properties (Yu et al., 2012; Wu, 2004; 
Colak, 2006). 

Reinforcement fibers can be classified into two 
groups: natural fibers and manufactured fibers. Flax and 
wool can be counted as natural fibers. And basalt, car-
bon, glass fibers are in the group of man-made fibers. 
Man-made fibers were used in this research. Glass fibers 
are widely preferred by the academics for producing 
gypsum composites (Medina and Barbero-Barrera, 
2017). While producing GF reinforced composite panels, 
the use of GF cannot be counted as conventional. Tradi-
tional design criteria are not always applicable due to the 
usage of this type of fiber. Many researches have been con-
ducted for better understanding of its structural behavior 

(Liu et al., 2008; Janardhana et al.,2007; Wu and Dare, 
2006). Especially, shrinkage behavior of the gypsum com-
posites is one of the main research topics (Zhao et al., 2008).  

MPF were also added to the gypsum composites for 
improving mechanical properties (Tazawa, 1998). MPF 
are widely used for their high specific performances and 
low costs. They can also be added into the matrix as 
forming layers or frames (Eve, 2002; Medina and Bar-
bero-Barrera, 2017). Numerous researches have been 
conducted to emphasize the importance of adding MPF 
into the gypsum based composites in the construction 
industry (Deng and Furuno, 2001; Martias, 2014). 

 

2. Material and Experimental Method 

Gypsum mixes were prepared as per the require-
ments of the Turkish standard TS EN 13279-1. The char-
acteristic properties of the gypsum can be seen in Table 
1. Expanded glass was used as aggregate. Properties of 
the expanded glass can be found in Table 2. Alkali re-
sistant GF and MPF with the length of 10 mm were used 
for the experimental studies. The fiber properties are 
presented in Table 3. 

tel:+90-338-2262000
fax:+90-338-2262214
mailto:sayildizel@kmu.edu.tr
https://doi.org/10.20528/cjsmec.2018.01.002
http://cjsmec.challengejournal.com/


10 Yıldızel and Çarbaş / Challenge Journal of Structural Mechanics 4 (1) (2018) 9–12  

 

Table 1. Characteristic properties of the gypsum 

Characteristic properties 

Compressive strength (MPa) 2.7 

Flexural strength (MPa) 1.3 

Dry density (kg/m³) 800 – 1000 

Workability time (min) 70 -95 

Final setting time (min) 130 

Table 2. Expanded glass properties 

Expanded glass 

Specific weight (g/cm³) 0.19 – 0.4 

Compressive strength (MPa) 1.4 – 2.6 

Water absorption by volume  7-19 

pH 9-12 

Color white 

Table 3. GF and MPF properties 

GF  MPF 

Ultimate strength, bending (MOR, MPa) 20-28  Specific gravity 0.91 

Elastic limit (LOP, MPa) 7-11  Tensile strength (MPa) 590  

Compressive strength (MPa) 50-80  N/A N/A 

Modulus of elasticity (GPa) 10-20  N/A N/A 

Density (kg / m³) 1870 - 2100  Density (kg / m³) 910 

Alkali resistant excellent  Alkali resistant excellent 

Mix proportions and the experimental sets were given 
in Table 4. The gypsum was replaced with the expanded 
glass by 7.5% by weight of gypsum. The materials were 
mixed in a mixer for 3 minutes to for a better homoge-
nous dry mixture. GF and MPF were added with water 

after this process and mixed for 5 minutes. The fibers 
were used at the ratios of 1%, 1.25% and 1.5% in the mix 
design. Polycarboxylate based plasticizer was selected as 
the chemical agent. Water/ binder ratio was kept constant 
at the value of 0.45 in order to obtain the stable mix..

Table 4. Mixture designs 

Mixture Code Gypsum (kg) Expanded glass (kg) GF (%) MPF (%) Water / binder ratio 

GF-1 46.25 3.75 1 - 0.45 

GF-2 46.25 3.75 1.25 - 0.45 

GF-3 46.25 3.75 1.5 - 0.45 

MPF-1 46.25 3.75 - 1 0.45 

MPF-2 46.25 3.75 - 1.25 0.45 

MPF-3 46.25 3.75 - 1.5 0.45 

All prepared specimens were kept at the molds for 24 
hours at the room temperature, and potable water was 
used for the mixes. Compressive and flexural strength of 
the samples were measured for 1, 7 and 28 days according 
to the TS EN 13279-2 standards. Shrinkage test was con-
ducted with the help of laser based shrinkage test tool. 
The dimensional changes were recorded for 24 hours. 

 

3. Results and Discussions 

Mechanical properties of the composites were pre-
sented in this section. The compressive and flexural test 
results of the specimens are given in Figs. 1 and 2, re-
spectively. 

Compressive strength results showed that compres-
sive strength values increase with the increase of each 

fiber ratios. However, GF reinforced gypsum composites 
results are higher compared to the MPF reinforced spec-
imens. As seen in Fig 1, test results were complied with 
the similar literature researches (Medina and Barbero-
Barrera, 2017; Martias, 2014). However, the results of 
other relevant studies are also confusing for the com-
pressive strength values, this situation can be the effect 
of the size and the direction of the fibers. 

As expected, the flexural strength values are in-
creased with the increasing fiber ratio. Moreover, MPF 
added gypsum composites showed a better performance 
compared to GF reinforced mixes.  

The shrinkage behavior of the gypsum composites 
can be found in Fig. 3. It was observed that dimensional 
stability of the MPF added composites are better against 
the GF added ones. 
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Fig. 1. Compressive strength test results. 

 

Fig. 2. Flexural test results. 

 

Fig. 3. Shrinkage behavior.  
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4. Conclusions 

Gypsum based composites with GF and MPF have 
been analyzed for the mechanical performances and the 
comparison. The main findings can be summarized as 
follows: 
 The increase in fiber ration in gypsum composites in-

creases the mechanical strength values of the mixes. 
 The MPF added gypsum composites showed better 

performances when analyzing flexural and shrinkage 
behavior of the designs; however, GF reinforced com-
posites compressive strength values are higher. 

 A good synergy was obtained between the MPF and 
gypsum based composites in respect to limiting 
shrinkage movements.  

 Addition of 1.5% MPF presents the mechanical results 
for the gypsum composites. 

 MPF can be preferred in replacement of GF due to 
their low cost and high specific performances in gyp-
sum composite applications. 
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A B S T R A C T 

Fragility curve is an effective method to determine the seismic performance of a 
structural and nonstructural member. Fragility curves are derived for Highway 

Bridges for many studies. In Turkish railway lines, there are lots of historic bridges, 

and it is obvious that in order to sustain the safety of the railway lines, earthquake 

performance of these bridges needs to be determined. In this study, a multi-span steel 

truss railway bridge with a span length of 25.7m is considered. Main steel truss gird-
ers are supported on the abutments and 6 masonry piers. Also, the bridge has a 300m 

curve radius. Sap 2000 finite element software is used to model the 3D nonlinear 

modeling of the bridge. Finite element model is updating according to field test re-

cordings. 60 real earthquake data selected from three different soil conditions are 

considered to determine the seismic performance of the bridge. Nonlinear time his-

tory analysis is conducted, and maximum displacements are recorded. Probabilistic 

seismic demand model (PSDMs) is used to determine the relationship between the 

Engineering Demand Parameter (EDP) and Intensity Measure (IMs). Fragility curve 

of the bridge is derived by considering the serviceability limit state, and results are 

discussed in detail. 
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1. Introduction 

Turkey is under the influence of North Anatolia, South-
east Anatolia, and Western Anatolia earthquake zones. 
Therefore, 42% of the country is located in the very high 
seismic hazard zone. The railway lines in Turkey were 
started to build up in the 19th century. %82 of the 
bridges, and culverts were built before 1960 (Çağlıyan 
and Yıldız, 2013). To determine the seismic vulnerabili-
ties of the bridges fragility curves must be derived. Fra-
gility curve is a most used effective tool to determine the 
seismic performance of bridges. Fragility is the probabil-
ity of a structural or nonstructural member which will 
exceed certain performance limit under an earthquake 
condition (Pan et al., 2010b). Fragility curves can be de-
rived in three different way; Expert base, empirical and 
analytical (Shinozuka et al., 2000a; Nielson, 2005). 

To derive expert base and empirical fragility curve 
past earthquake reports and expert opinion about the 
damage state of the bridge are a need. It is not possible 
to obtain this information for all bridges, so that the 
analytical method needed to derive the fragility curve 
becomes important. Linear and nonlinear analyses are 
being used to determine the relation between EDP and 
IM to derive analytical fragility curve. Nonlinear time 
history analysis is a frequently used and an effective 
tool to derive analytical fragility curve (Banerjee and 
Shinozuka, 2007; Bignell et al., 2004; Shinozuka et al., 
2000b; Mackie and Stojadinovic, 2001; Kumar and 
Gardoni, 2014). Analytical fragility curves are also 
commonly used to determine the seismic performance 
of the bridges (Mackie and Stojadinovic, 2003; Pan et 
al., 2010a and 2010b; Shinozuka et al., 2007a and 
2007b). 
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In this study Bekdemir railway bridge is investigated. 
60 different real earthquake data are selected, and non-
linear time history analysis is performed to determine 
PSDMs. Fragility curve of the bridge is derived by using 
two-parameter log-normal distribution function. Ser-
viceability limit states for three different serviceability 
velocities are considered. Results are discussed in detail. 

 

2. Finite Element Model of the Bridge 

2.1. Description of the bridge 

The bridge is located in Haydarpaşa-Eskişehir railway 
line at 235+470 km and built at 1980. There are 7 steel 
truss spans on the bridge. The multi-span truss girder 
bridge is supported by abutments at the edges and 6 
piers at the middle spans. One edge of steel truss span is 
simply supported, and the other edge is designed as slid-
ing support on rollers and length of a span is 25.7m while 
total length of the bridge is 187 m. The bridge has a 300 
m curve radius. Steel girders on spans are composed of 

angle section, IPN, UPN hot-rolled sections, steel plates 
and built-up sections. The bridge is a deck-type truss 
bridge. The old and new conditions, of the bridge are 
shown in Fig. 1. 

 

2.2. Finite element model of the bridge 

Commercial finite element software to be used to 
model the 3D bridge. All the elements of the bridge were 
modeled by 2-node beam element according to the shop 
drawings and site visual inspections. Computer model 
was developed by including elements, supports, all irreg-
ularities and their connections to each other. Due to cen-
terline differences of the connected beam members, ec-
centricity at the connection points was taken into ac-
count during modeling of the bridge. The weight of the 
sleepers, ballast, and rails were applied to the dead load 
at the appropriate nodes. Bridges have 40cm ballast un-
der sleepers. Steel material of the bridge was used as St 
37 given in the project. Elastic modulus of the masonry 
piers was taken as 28 GPa.

  

Fig. 1. General views of the Bekdemir railway bridge. 

 

Fig. 2. Finite element model of the Bekdemir bridge. 
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3D model of the bridge includes 1471 points, 2054 
frame elements, and 276 link elements. 16 uni-axial ac-
celerometers were used to measure accelerations of the 
bridge caused by the passage of test vehicle. The accel-
erometers were attached to a heavy steel angle base hav-
ing three short adjustable pointed legs, so that the com-
bined unit, when placed without any attachments and 
easy to level, would pick up the bridge accelerations. 
Mode shapes and modal frequencies of the bridge model 
were compared with the mode shapes and frequencies   
that were calculated by processing the field test acceler-
ation signals and 3D model of the bridge was updated. 
Frequencies of first longitudinal and transverse direc-
tions are calculated as 3.92s and 5.15s, respectively. 
Nonlinear time history analyses were conducted using 
selected earthquake data. Also, both material and geo-
metric nonlinearity were considered in the analysis. 
Piers were defined as a linear elastic element. Concen-
trated plastic hinge approach was used to define the 
nonlinear behavior of the material. SAP2000 (2017) 
PMM plastic hinge acceptance which is given FEMA 356 
Equation 5-4 was used to define the plastic joints of the 

bridge elements. Mode shape and modal frequency of 
bridge model are compared with the field test results 
and 3D model of bridge is updated. 

3. Selection of the Earthquake Record 

There are different methods that can be used to deter-
mine the demand of a structural system under a seismic 
effect. Linear static analysis, nonlinear pushover analy-
sis, nonlinear time history analysis and incremental dy-
namic analysis are some of them. Nonlinear time history 
analysis needs expensive computational effort in terms 
of time and money, but gives the most realistic result. So 
nonlinear time history analysis is commonly used (Özgür, 
2009; Choi and Jeon, 2003; Shinozuka et al., 2000a). 

Earthquake data were selected by considering differ-
ent soil types, moment magnitude (4.9-7.4), PGAs (0.001-
0.82 g), and epicentral distances from earthquake epicen-
ter (2.5-217.4 km). Fig. 3 shows the distribution of mo-
ment with central distance. Sixty real earthquake data 
were selected for soil types A, B, and C, and unscaled 
earthquake data were used for time history analysis.

 
Fig. 3. Distribution of earthquake record in terms of epicentral distance and moment magnitude.

4. Fragility Curve 

4.1. Probabilistic seismic demand model 

Probabilistic seismic demand model (PSDMs) defines 
the structural demand in terms of intensity measure 
(IMs). Seismic performance of a structural and nonstruc-
tural member can be calculated by using PSDMs (Choi et 
al., 2004). Eq. (1) can be used to derive PSDMs.  

𝑃[𝐸𝐷𝑃 ≥ 𝑑|𝐼𝑀] = 1 − 𝜃(
𝑙𝑛(𝑑)−𝑙𝑛(𝐸𝐷̂𝑃)

𝛽𝐸𝐷𝑃|𝐼𝑀
) , (1) 

where, θ is standard normal distribution function, 𝐸𝐷̂𝑃 
is the median value of engineering demand, d is the limit 
state to determine damage level and 𝛽𝐸𝐷𝑃⌊𝐼𝑀  (disper-
sion) is the conditional standard deviation of the regres-
sion. 𝐸𝐷̂𝑃 can be estimated by Eq. (2). Eq. (3) is obtained 
in linear form if the two sides of Eq. (2) are taken as ln. 
𝛽𝐸𝐷𝑃⌊𝐼𝑀  can be calculated using Eq. (4) while a and b are 
regression coefficients. 

𝐸𝐷̂𝑃 = 𝑎𝐼𝑀𝑏 , (2) 

𝑙𝑛(𝐸𝐷𝑃) = 𝑙𝑛(𝑎) + 𝑏𝑙𝑛(𝐼𝑀) , (3) 

𝛽𝐸𝐷𝑃|𝐼𝑀 ≅ √∑(𝑙𝑛(𝑑𝑖)−𝑙𝑛(𝑎𝐼𝑀
𝑏))

2

𝑁−2
  . (4) 

4.2. Determining serviceability limit state 

During the usage period, different damages and dis-
placements of the bridge elements have been observed. 
However, there are also some geometrical features that 
the bridges must have so that the railway line can be 
safely used. In EN 1990 Annex 2 (2001), lateral displace-
ment limits of bridges are defined separately for three 
different train speeds, for single span and multi-span  
bridges as can be seen in Table 1. 
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Table 1. EN 1990 Annex 2 (2001) lateral displacement limits. 

Speed Rating  

V (km/h) 

Single Span Multi-Span 

Radius (1/m) Radius (1/m) 

V ≤ 120 1700 3500 

120< V ≤200 6000 9500 

V > 200 14000 17500 

This study considered the lateral displacement limits 
state in EN 1990 Annex 2 (2001) and derived fragility 
curve to determine whether the displacement limits 
were exceeded under earthquake motion or not. 
Trainloads were not considered while nonlinear time 
history analyses were running and lateral displacements 
were recording.  

4.3. Derivation of the fragility curve 

Mid-span displacements gathered from 60 nonlinear 
time history analyses were used to derive a probabilistic 
seismic demand model (PSDMs). PGA was used as an in-
tensity measure (IMs). By using PSDMs lateral displace-
ment of bridge at mid-span points were determined in 
terms of IMs. For the nonlinear time history analysis 

runs, earthquake records were applied to all bridge piers 
and edge supports simultaneously and equally. Lateral 
displacement obtained at the mid-span of the bridge 
could also be affected by the displacements between the 
bridge piers, by the curvature of bridge geometry and by 
the differences of bridge piers foundation’s soil condi-
tion. Therefore the assumptions made during the analy-
sis should be studied carefully while the PSDMs is being 
developed, and fragility curve is being used.  

Fig. 4 shows PSDMs of mid-span displacements of the 
bridge. PSDMs can be defined based on Eq. (2) by using 
a power function of IMs and Eq. (3) by regarding the lin-
ear function of IMs. Regression coefficients a and b are 
shown in Fig. 4. b value shows the correlation between 
the EDP and IMs. The highest value of b shows more cor-
related IMs and EDP (Padgett et al., 2008).

 
Fig. 4. Probabilistic seismic demand model.

Fragility curves of the bridge were derived consider-
ing both single span and multi-span condition. There was 
limited lateral displacements at the top of the bridge 
piers, because, the rigidity of the piers. Therefore lateral 
displacements recorded in the middle of the first span 
and fourth span were close to each other.  

Fig. 5 shows the Fragility curve of the bridge in term 
of serviceability limit state. Fragility curves were de-
rived for three different velocities that were V<120 
km/h, 120 km/h<V<200 km/h and 200 km/h<V, respec-
tively For the Bekdemir bridge %50 probability of ex-
ceeding the serviceability limits occured for V>200 km/h 
at PGA=0.1g for 120<V<200 km/h at PGA=0.175g and for 
V<120 at PGA=0.475g, respectively. 

5. Conclusions 

In this study, the earthquake performance of a multi-
span steel railway bridge on the Istanbul-Ankara railway 
line, which is still in service, was determined with the 
help of fragility curves. Finite element model of the 
bridge was constructed, and nonlinear time history anal-
yses were carried out for the bridge under the effect of 
selected 60 different real earthquake data. Relation be-
tween the lateral displacements, obtained for the mid-
point of the girder bridge spans and IMs were deter-
mined by PSDMs. Multi-span lateral displacement limit 
states specified in EN 1990 Annex 2 were used to derive 
fragility curves. The PGA values were determined, which 
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resulted in exceeding the boundary condition with %50 
probability for multi-span fragility curve. It was seen 
that the bridge could exceed the limit considered for the 
serviceability conditions even in the case of small inten-
sity measures. Moreover, the increase of the train speed 
enhanced the possibility of the bridge exceeding the 

damage limit state. In the direction of this study, it is sug-
gested that train speeds needs to be limited to the re-
lated multi-span steel truss bridge. As a consequence, for 
the same type bridges, the speed is a limitation consider-
ation that must be taken into account by the local author-
ities.

 
Fig. 5. Multi-span bridge serviceability fragility curve.
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A B S T R A C T 

The purpose of this paper is to study shear locking-free parametric earthquake anal-
ysis of thick and thin plates resting on Winkler foundation using Mindlin’s theory, to 

determine the effects of the thickness/span ratio, the aspect ratio and the boundary 

conditions on the linear responses of thick and thin plates subjected to earthquake 

excitations. In the analysis, finite element method is used for spatial integration and 

the Newmark-β method is used for the time integration. Finite element formulation 

of the equations of the thick plate theory is derived by using higher order displace-
ment shape functions. A computer program using finite element method is coded in 

C++ to analyze the plates clamped or simply supported along all four edges. In the 

analysis, 8-noded finite element is used. Graphs are presented that should help engi-

neers in the design of thick plates subjected to earthquake excitations. It is concluded 

that 8-noded finite element can be effectively used in the earthquake analysis of thick 

plates. It is also concluded that, in general, the changes in the thickness/span ratio 

are more effective on the maximum responses considered in this study than the 

changes in the aspect ratio. 
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1. Introduction 

The plates resting on elastic foundation is one of the 
most popular topics for the last decade in many engi-
neering application. Winkler model, Pasternak model, 
Hetenyi model, Vlasov and Leont’ev model are the mod-
els used by the researchers to calculate the soil effects on 
the plate.  

Winkler model is used as a set of uncorrelated elastic 
springs attached to each node of the plate (Winkler, 
1867). In this method, the deflections are only related 
with the load on the plate. The deflection of neighbour-
ing points of the foundation is independent of each other. 
Hetenyi (1950) proposed a two-parameter model, Pas-
ternak model takes in to account the effects of shear in-
teraction among joining points in the foundation (Pas-
ternak, 1957). Vlasov and Leont’ev (1989) related the 
solution with a γ parameter which is calculated with soil 
material and thickness of the soil. 

The dynamic behavior of thick elastic plates has been 
investigated by many researchers (Timoshenko and 
Krieger, 1959; Leissa, 1973; Ugural, 1981; Providakis 
and Beskos, 1989a, 1989b; Qiu and Feng, 2000; Grice 
and Pinnington, 2002; Lok and Cheng, 2001; Si et al., 
2005; Wu, 2012; Kutlu et al., 2012; Sheikholeslami and 
Saidi, 2013; Tahouneh 2014 Benferhat et al., 2016; Za-
mani et al., 2017; Senjanovic et al., 2017). Ayvaz et al. 
(1998) derived the equations of motions for thick ortho-
tropic elastic plates using Hamilton's principle, but did 
not present any results. Omurtag and Kadıoğlu (1998) 
are studied free vibration analysis of orthotropic plates 
resting on Pasternak foundation by mixed finite element 
formulation, Ayvaz and Oguzhan (2008) are analysis free 
vibration of thick plates resting on Vlasov elastic founda-
tion. Ozgan and Daloğlu (2012) are analysis free vibra-
tion of thick plates resting on Winkler elastic foundation. 
All these studies are use 4- and 8-noded finite element 
which are second and third ordered mathematically. 

tel:+90-462-3774018
mailto:yozdemir@ktu.edu.tr
https://doi.org/10.20528/cjsmec.2018.01.004
http://cjsmec.challengejournal.com/
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These elements are known having shear locking prob-
lem. Thick plates have a shear locking problem (Zienkie-
wicz and Taylor, 2000) while the thickness becomes 
smaller. This means that the bending energy, which 
should dominate the shear terms, will be incorrectly es-
timated to be zero in thin plate problems. Shear locking 
can be avoided by increasing the mesh size, i.e. using 
finer mesh, but if the thickness/span ratio is “too small”, 
convergence may not be achieved even if the finer mesh 
is used for the first and second order displacement shape 
functions. Either refining the finite-element mesh or in-
creasing the order of the shape functions can improve 
the accuracy of finite-element solutions. The former is 
called h-version and the latter p-version. It is well known 
that p convergence is more rapid than h convergence us-
ing the same number of degrees of freedom (DOFs) 
(Zienkiewicz and Taylor, 1989). These problems can be 
prevented with using true shape function while built up 
the mathematical model.  

The purpose of this paper is to study parametric 
earthquake analysis of thick plates resting on Winkler 
foundation, to determine the effects of the thick-
ness/span ratio, the aspect ratio and the boundary con-
ditions on the linear responses of the thick plates sub-
jected to earthquake excitations. A computer program 

using finite element method is coded in C++ to analyse 
the plates clamped or simply supported along all four 
edges. In the program, the finite element method is used 
for spatial integration and the Newmark-β method is 
used for the time integration. Finite element formulation 
of the equations of the thick plate theory is derived by 
using second order displacement shape functions. In the 
analysis, 8-noded finite element is used to construct the 
stiffness and mass matrices. 

 

2. Mathematical Model 

The governing equation for a flexural plate (Fig. 1) 
subjected to an earthquake excitation without damping 
can be given as (Ayvaz et al., 1998; Tedesco et al., 1999); 

          guMFwKwM    , (1) 

where [K] and [M] are the stiffness matrix and the mass 
matrix of the plate, respectively, w and 𝑤̈𝑔  are the lateral 
displacement and the second derivative of the lateral 
displacement of the plate with respect to time, respec-
tively, 𝑢̈𝑔  is the earthquake acceleration.

 

Fig. 1. The sample plate used in this study.

In order to do forced vibration analysis of a plate, the 
stiffness, [K], mass matrices, [M], and equivalent nodal 
loads vector, [F], of the plate should be constructed. The 
evaluation of these matrices is given in the following sec-
tions.  

The total strain energy of plate-soil-structure system 
(see Fig. 1) can be written as;  

П = Пp + Пs +V , (2) 

where Пp is the strain energy in the plate, 
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where Пs is the strain energy stored in the soil; 
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and V is the potential energy of the earthquake loading; 

V=- A Awdq  . (5) 

In this equation E and E are the elasticity matrix 
and these matrices are given below at Eq. (14), q  shows 
earthquake loading. 

2.1. Evaluation of the stiffness matrix 

The total strain energy of the plate-soil system ac-
cording to Eq. (2) is;       

 

z 

y 

x 

xi 

w
i 

yi i 

kw 

a 

b 

t 



20 Özdemir / Challenge Journal of Structural Mechanics 4 (1) (2018) 18–26  

 

Ue 
A

A

yxyx

T
yxyx d

xyyx
E

xyyx
 

2

1
=  




































































 

+
A

A

yx

T

yx d
y

w

x

w
E

y

w

x

wk
 

2  


































 

+     A

A

yx
T

yx dww   
2

1
,,

 . (6)

At this equation the first and second part gives the 
conventional element stiffness matrix of the plate, [kpe], 
differentiation of the third integral with respect to the 
nodal parameters yields a matrix, [kwe], which accounts 
for the axial strain effect in the soil. Thus the total energy 
of the plate-soil system can be written as; 

Ue         Ae
e
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e
p

T
e dwkkw      

2

1
=   , (7) 

where  
 

   Txnynnxye www  ...111  . (8) 

Assuming that in the plate of Fig. 1 u and v are propor-
tional to z and that w is the independent of z (Mindlin, 
1951), one can write the plate displacement at an arbi-
trary x, y, z in terms of the two slopes and a displacement 
as follows; 

{w, v, u}={w0(x,y,t), zφy (x,y,t), -zφx (x,y,t)}, (9) 

where w0 is average displacement of the plate, and φx 
and φy are the bending slopes in the x and y directions, 
respectively. 

The nodal displacements for 8-noded quadrilateral 
serendipity element (MT8) (Fig. 2) can be written as fol-
lows; 
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Fig. 2. 8-noded quadrilateral finite element used in this study (Bathe, 1996).

The displacement function chosen for this element is; 
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From this assumption, it is possible to derive the dis-
placement shape function to be; 

]h,h ,h ,h ,h,h ,h ,[hh 87654321  . (12) 

Then, the strain-displacement matrix [B] for this ele-
ment can be written as follows (Cook et al., 1989); 245
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The stiffness matrix for MT8 element can be obtained 
by the following equation [Cook et al., 1989]. 
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Integration of Eq. (14) through the thickness yields; 

  

A

T
kk

T
kp dABEBBEBk   , (15) 

where the first term concerns with the bending and the 
second term concerns with the shear effects of the thick 
plate. Thus, 
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which must be evaluated numerically (Bathe, 1996). 

2.2. Foundation formulation 

As explained before, Winkler model is the simplest 
model for the plates resting on elastic foundation. In this 
model, all the deflections on the plate are due to the load 
on it. The foundation is represented with a set of uncor-
related elastic springs. So in the analysis, the stiffness of 
these springs are calculated and are added to the ele-
ment stiffness matrix. The stiffness matrices for the Win-
kler foundation can be derived by; 

    
 



1

1

1

1

  drdsJhhkk
T

w  , (17) 

where k is the elastic foundation modulus. 
After calculating all element stiffness matrices, global 

stiffness matrix can be assembled as; 

    



ep

i 1

wp kk[K]  , (18) 

where pe is the node number. 

2.3. Evaluation of the mass matrix 

The formula for the consistent mass matrix of the 
plate may be written as; 

 


dHHM i
T
i   , (19) 

In this equation,  is the mass density matrix of the 
form (Tedesco et al., 1999). 
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where m1=pt, m2=m3=  3121 tp , and p is the mass 
densities of the plate. And Hi can be written as follows, 

  .8...1//  ihdydhdxdhH iiii  (21) 

It should be noted that the rotation inertia terms are 
not taken into account. By assembling the element mass 
matrices obtained, the system mass matrix is obtained. 

2.4. Evaluation of equivalent nodal loads vector 

Equivalent nodal loads, [F], can be obtained by the fol-
lowing equation. 

  dqHT
i  [F]  . (22) 

In this equation, Hi can be obtained by Eq. (21), and 𝑞̅ 
denotes 

 gu[M]-  . (23) 

It should be noted that, in this study, the program, 
MATLAB, is used for the eigenvalue solution of Eq. (1). It 
should also be noted that, the Newmark-β method is 
used for the time integration of Eq. (2) by using the av-
erage acceleration method.  

 

3. Numerical Examples 

3.1. Data for numerical examples 

In the light of the results given in references (Özdemir 
et al., 2007; Özdemir, 2007), the aspect ratios, b/a, of the 
plate are taken to be 1, 2.0, and 3.0. The thickness/span 
ratios, t/a, are taken as 0.05, 0.1, 0.2, and 0.3 for each as-
pect ratio. The shorter span length of the plate is kept 
constant to be 3 m. The mass density, Poisson’s ratio, and 
the modulus of elasticity of the plate are taken to be 2.5 
kN s2/m2, 0.2, and 2.7x107 kN/m2. Shear factor k is taken 
to be 5/6. The subgrade reaction modulus of the Win-
kler-type foundation is taken to be 5000 kN/m3. 

In order to obtain the response of each plate by using 
the time history analysis, the East-West component of 
March 13, 1992 Erzincan earthquake in Turkey is used. 
Duration of this earthquake is 21 s, but, in this study, the 
first 8 s of the earthquake is used since the peak value of 
the record occurred in this range (Fig. 3).  

For the sake of accuracy in the results, rather than 
starting with a set of a finite element mesh size and time 
increment, the mesh size and time increment required to 
obtain the desired accuracy were determined before 
presenting any results This analysis was performed sep-
arately for the mesh size and time increment. It was con-
cluded that the results have acceptable error when 
equally spaced 8x8 mesh sizes are used for a 3 m x 3 m 
plate even if it is a thin plate, if the 0.01s time increment 
is used. Length of the elements in the x and y directions 
are kept constant for different aspect ratios as in the case 
of square plate. 
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Fig. 3. East-West component of the March 13, 1992 Erzincan earthquake in Turkey.

3.2. Results 

One of the purposes of this paper was to determine 
the time histories of the displacements and the bending 
moments at different points of the thick plates subjected 
to earthquake excitations, but presentation of all of the 
time histories would take up excessive space. Hence, 
only the absolute maximum displacements and bending 
moments for different thickness/span ratio and aspect 
ratio are presented after two time histories are given. 

This simplification of presenting only the maximum re-
sponses is supported by the fact that the maximum val-
ues of these quantities are the most important ones for 
design. These results are presented in graphical rather 
than in tabular form. 

The time histories of the center displacements of the 
thick clamped plates resting on elastic foundation with 
the subgrade reaction modulus of the Winkler-type 
foundation 5000 kN/m3 for b/a= 1.0, and 2.0 when 
t/a=0.3 are given in Figs. 4(a) and 4(b), respectively. 
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Fig. 4. The time history of the center displacement of the thick clamped plate resting on Winkler foundation for  
(a) b/a=1.0 and t/a=0.3; (b) b/a=2.0 and t/a=0.3.

As seen from Figs. 4(a) and 4(b), the center displace-
ments of the thick clamped plates for b/a = 1, and t/a = 
0.3, and for b/a = 2, and t/a = 0.3, reached their absolute 
maximum values of 0.000484 mm at 3.48 s, and of 
0.000864 mm at 3.48 s, respectively. These absolute 
maximum values are different even with the same occur-
ring time as the dynamic characteristics of the thick 
plates affect the response. It is also understandable that 
the system becomes more flexible as the aspect ratio in-
creases. 

The absolute maximum displacements of the thick 
plates for different aspect ratios, and thickness/span ra-

tios are given in Fig. 5 for the thick plates simply sup-
ported along all four edges and in Fig. 6 for the thick 
plates clamped along all four edges. 

As seen from Figs. 5, and 6, the absolute maximum 
displacements of the thick plates increase with in-
creasing aspect ratio for a constant t/a ratio. The same 
displacements decrease with increasing t/a ratio for a 
constant b/a ratio. As also seen from these figures, the 
decrease in the absolute maximum displacement for a 
constant b/a ratio increases with increasing b/a ratio. 
The curves for a constant value of the aspect ratio, b/a 
are fairly getting closer to each other as the value of  
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t/a increases. This shows that the curves of the abso-
lute maximum displacements will almost coincide 
with each other when the value of the thickness/span 
ratio, t/a, increases more. In other words, the increase 
in the thickness/span ratio will not affect the absolute 
maximum displacements after a determined value of 
t/a.  

As also seen from Figs. 5, and 6, the absolute maxi-
mum displacements of the thick simply supported plates 
are larger than those of the thick clamped plates for the 
same aspect and thickness/span ratios. In general, the 
effects of the changes in the thickness/span ratios on the 
absolute maximum displacement are larger than the 
changes in the aspect ratios.

 
Fig. 5. Absolute maximum displacement of the thick simply supported plates resting on Winkler foundation  

for different aspect ratios and thickness/span ratios. 

 
Fig. 6. Absolute maximum displacement of the thick clamped plates resting on Winkler foundation  

for different aspect ratios and thickness/span ratios.

The absolute maximum bending moments Mx at the 
center of the thick plates for different aspect ratios and 
thickness/span ratios are given in Fig. 7 for the thick 
simply supported plates and in Fig. 8 for the thick 
clamped plates, respectively. 

As seen from Fig. 7, the absolute maximum bending 
moment, Mx, at the center of the thick simply supported 
plates increases with increasing aspect ratio and thick-
ness/span ratio. The increases in the absolute maximum 
bending moment, Mx, increase with increasing aspect 
and thickness/span ratios. This is understandable that 
increasing the aspect ratio makes the plate stiffer in the 
short span, the x axis, direction. As also seen from this 
figure, in general, the effects of the changes in the aspect 
ratios on the absolute maximum bending moment, Mx, 
are larger than the changes in the thickness/span ratios. 

As seen from Fig. 8, the absolute maximum bending 
moment, Mx, at the center of the thick clamped plates, as 
in the case of the absolute maximum bending moment, 

Mx, at the center of the thick simply supported plates, 
increases with increasing aspect ratio and thick-
ness/span ratio. The increases in the absolute maximum 
bending moment, Mx, increase with increasing aspect 
and thickness/span ratios. This is also understandable 
that increasing the aspect ratio makes the plate stiffer in 
the short span, the x axis, direction. As also seen from this 
figure, in general, the effects of the changes in the aspect 
ratios on the absolute maximum bending moment, Mx, 
are larger than the changes in the thickness/span ratios. 

The absolute maximum bending moments My at the 
center of the thick plates for different aspect ratios and 
thickness/span ratios are given in Fig. 9 for the thick 
simply supported plates and in Fig. 10 for the thick 
clamped plates, respectively. 

As seen from Fig. 9, the absolute maximum bending 
moment, My, at the center of the thick simply supported 
plates decreases with increasing aspect ratio and increases 
with increasing thickness/span ratio. The decrease in the 
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absolute maximum bending moment, My, increase with 
increasing aspect ratio. The increase in the absolute 
maximum bending moment, My, increases with increas-
ing thickness/span ratios. This is understandable that in-
creasing the aspect ratio makes the thick plates more 

flexible in the long span, the y axis, direction. As also seen 
from this figure, in general, the effects of the changes in 
the thickness/span ratios on the absolute maximum 
bending moment, My, are larger than the changes in the 
aspect ratios.

 
Fig. 7. Absolute maximum bending moment Mx at the center of the thick simply supported plates resting on  

Winkler foundation for different aspect ratios and thickness/span ratios. 

 
Fig. 8. Absolute maximum bending moment Mx at the center of the thick clamped plates resting on  

Winkler foundation for different aspect ratios and thickness/span ratios. 

 
Fig. 9. Absolute maximum bending moment My at the center of the thick simply supported plates resting on  

Winkler foundation for different aspect ratios and thickness/span ratios. 
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Fig. 10. Absolute maximum bending moment My at the center of the thick clamped plates resting on  

Winkler foundation for different aspect ratios and thickness/span ratios.

As seen from Fig. 10, the absolute maximum bending 
moment, My, at the center of the thick clamped plates, as 
in the case of the absolute maximum bending moment, 
My, at the center of the thick simply supported plates, de-
creases with increasing aspect ratio and increases with 
increasing thickness/span ratio. The decrease in the ab-
solute maximum bending moment, My, increase with in-
creasing aspect ratio. The increase in the absolute maxi-
mum bending moment, My, increases with increasing 
thickness/span ratios. This is also understandable that 
increasing the aspect ratio makes the thick plates more 
flexible in the long span, the y axis, direction. As also seen 
from this figure, in general, the effects of the changes in 
the thickness/span ratios on the absolute maximum 
bending moment, My, are larger than the changes in the 
aspect ratios. 

In this study, the absolute maximum bending mo-
ments Mx at the center of the edge in the y direction and 
the maximum bending moment My at the center of the 
edge in the x direction are not presented for the thick 
plates clamped along all four edges. It should be noted 
that the variations of these moments are similar to the 
absolute maximum bending moments Mx at the center of 
the thick clamped plates. 

 

4. Conclusions 

The purpose of this paper is to study shear locking-
free parametric earthquake analysis of thick plates rest-
ing on Winkler foundation, to determine the effects of 
the thickness/span ratio, the aspect ratio and the bound-
ary conditions on the linear responses of the thick plates 
resting on Winkler foundation subjected to earthquake 
excitations.. It is concluded that 8-noded finite element 
can be effectively used in the earthquake analysis of 
thick plates resting on elastic foundation. The coded pro-
gram can be effectively used in the earthquake analyses 
of any thick plates resting on elastic foundation. It is also 
concluded that, in general, the changes in the thick-
ness/span ratio are more effective on the maximum re-
sponses considered in this study than the changes in the 
aspect ratio. 

For a thick plates resting on Winkler foundation sub-
jected to the earthquake excitations, it is somewhat dif-
ficult to interpret the effects of the thickness/span ratio, 
the aspect ratio, and the boundary conditions on the re-
sponses because both the frequency content of the earth-
quake excitation and the exact natural frequency of the 
particular thick plates resting on Winkler foundation can 
make a difference to its response. In order to generalize 
the results obtained in this study, the responses of the 
different thick plates resting on Winkler foundation sub-
jected to different earthquake excitations should be eval-
uated all together. Therefore, the curves presented 
herein can help the designer to anticipate the effects of 
the thickness/span ratio, the aspect ratio, and the 
boundary conditions on the earthquake response of a 
thick plate resting on Winkler foundation.  

The following conclusions can also be drawn from the 
results obtained in this study. 
 The absolute maximum displacements of the thick 

plates increase as the aspect ratio increases for a con-
stant t/a ratio. The same displacements decrease as 
the t/a ratio increases for a constant b/a ratio. 

 The changes in the aspect ratios are generally less ef-
fective on the absolute maximum displacement than 
the changes in the thickness/span ratios. 

 The absolute maximum bending moment, Mx, at the 
center of the thick simply supported plates resting on 
Winkler foundation increases as the aspect ratio and 
thickness/span ratio increase.  

 The changes in the aspect ratios are generally more 
effective on the absolute maximum bending moment, 
Mx, of the thick simply supported plates than the 
changes in the thickness/span ratios. 

 The absolute maximum bending moment, Mx, at the 
center of the thick clamped plates resting on Winkler 
foundation increases with increasing aspect ratio and 
thickness/span ratio.  

 The changes in the aspect ratios are generally more ef-
fective on the absolute maximum bending moment, Mx, 
of the thick clamped plates resting on Winkler founda-
tion than the changes in the thickness/span ratios. 

 The absolute maximum bending moment, My, at the 
center of the thick simply supported plates resting on 
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Winkler foundation decreases as the aspect ratio in-
creases and increases as the thickness/span ratio in-
creases.  

 The changes in the thickness/span ratios are gener-
ally more effective on the absolute maximum bending 
moment, My, of the thick simply supported plates rest-
ing on Winkler foundation larger than the changes in 
the aspect ratios. 

 The absolute maximum bending moment, My, at the 
center of the thick clamped plates resting on Winkler 
foundation decreases with increasing aspect ratio and 
increases with increasing thickness/span ratio.  

 The changes in the thickness/span ratios are gener-
ally more effective on the absolute maximum bending 
moment, My, of the thick clamped plates resting on 
Winkler foundation than the changes in the aspect ra-
tios. 

 In general, degrees of decreases and increases depend 
on the changes in the aspect and thickness/span ra-
tios, and the changes in the thickness/span ratio are 
more effective on the maximum responses considered 
in this study than the changes in the aspect ratio. 
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A B S T R A C T 

Infill walls consisting of materials such as hollow concrete, hollow clay and auto-
claved aerated concrete bricks are not only preferred in reinforced concrete build-

ings but also in steel frame structures. It is a well-known fact that infill walls limit the 

displacement of frames under horizontal loads. However, they may also bring about 

certain problems due to being placed randomly in horizontal and discontinuously in 

vertical directions for some architectural reasons. Moreover, cracks in frame-wall 

joints are observed in steel frame structures in which ductile behaving steel and brit-

tle behaving infill walls are used together. In this study, the effect of infill walls on 

steel frames has been investigated. In the steel frame structure chosen for the study, 

four different situations consisting of different combinations of infill walls have been 

modeled by using ETABS Software. Later, the pushover analyses have been per-
formed for all the models and their results have been compared. As a result of the 

analyses done by using the equivalent diagonal strut model, it has been found out 

that infill walls limit the displacement of steel frames and increase the performance 

of a structure. However, it has been also determined that in the steel frame structure 

in which the infill walls have been placed discontinuously in vertical and asymmetri-

cally in horizontal, infill walls may lead to torsional and soft story irregularities. As a 

result, it is possible to observe cracks in the joints of infill walls and steel frame, the 

deformation properties of which differ, unless necessary precautions are taken. 
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1. Introduction 

Infill walls which are widely used in reinforced con-
crete (RC) buildings are also preferred commonly in 
steel frame structures for certain architectural reasons. 
Thus, it is crucial to understand the effect of brittle be-
having infill walls between steel frames which show duc-
tile behavior. Infill walls are non-structural elements and 
they consist of materials such as hollow concrete, clay 
and autoclaved aerated concrete (AAC) bricks whose 
raw materials are aggregate, pumice, clay, basaltic pum-
ice, cement, lime and gypsum. Therefore, the effect of in-
fill walls on the structural behavior is ignored and they 
are only taken into account as dead load in analyses. 
However, analytical and experimental studies have re-
vealed that infill walls decrease story drift against hori-
zontal loads, provide strength and stiffness to a struc-
ture, and thus all this effect cannot be ignored (Kaplan, 

2008; İrtem et al., 2005; Beklen and Çağatay, 2009; Sevil 
et al., 2010; Beklen, 2009; Mehrabi et al., 1996; Murty 
and Jain, 2000). Yet, along with the contributions of infill 
walls stated above, there are also other studies available 
showings that they affect the behavior of a structure in a 
negative way (Akkuzu, 2007; Yadollahi et al., 2016). The 
design choices, such as using infill walls only in one axis 
of a structure, changing the area and position between 
stories of infill walls (Figs. 1a-b), forming ribbon win-
dows (Figs. 1c-d), might cause torsion, soft story and for-
mation of short column. As a result of the brittle struc-
ture of infill wall materials, the compressive stress 
formed in the corners leads to crushing and local loss of 
strength. Fig. 2 demonstrates that when the infill walls of 
the structure whose basement is surrounded with win-
dow walls from two sides and with infill walls from the 
other two sides have been analyzed, torsion in the struc-
ture has been determined (Doğan and Bakırcı Er, 2011). 

tel:+90-326-6135600
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While such vertical discontinuity of infill walls increases 
the stiffness of frames on upper stories, it may lead to ex-
cessive stress in structural elements of the basement 
(Tabeshpour et al., 2012; Murty and Jain, 2000; Anıl and 
Altın, 2007). 

The number of steel structures has been increasing by 
the reason of its ductile behavior, energy absorbing ca-

pacity, fast manufacture, and its being recyclable, envi-
ronment-friendly and light. They are also economical 
systems considering that they do not require formwork 
and scaffolding, they weigh much less, and they can be 
built in any weather and in less time. In steel frame sys-
tems, various partition systems are used in order to meet 
the need of partitions in the structure (Fig. 3).

             
 

Fig. 1. (a) The basement of the structure without infill walls; (b) The behavior of the structure without infill at base-
ment under horizontal load; (c) Ribbon window; (d) The formation of short column under horizontal load. 

 

Fig. 2. Basement plan and possible torsion. 

                

 
Fig. 3. Steel frame infills: (a) Light section steel and panel; (b) Hollow concrete brick; (c) AAC; (d) Hollow clay brick.  

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Similar to RC buildings, hollow concrete brick, hollow 
clay bricks and AAC are used as infill wall material in 
steel structures. In the experimental studies investigat-
ing the effect of infill walls on steel frame systems, as it 
is in RC buildings, infill walls have been found to increase 
the horizontal load bearing capacity, lateral stiffness and 
energy absorbing capacity of the frame system signifi-
cantly (Kaltakcı et al., 2006; Ghaffarzadeh and Ghalgha-
chi, 2009; Kaymak and Tuna, 2012). However, in almost 
all these studies, the asymmetrical structure and discon-
tinuity of the infill walls have not been taken into account, 
yet they have been considered as single span planar 

frames. Whereas, the behavior of steel structure frames, 
which are more ductile compared to RC, should be taken 
into account as three-dimensional with their brittle be-
having infill walls. It has been asserted that using steel 
and infill walls together, which have different mechani-
cal properties, causes cracks in joints (Öktem, 2003). 
Similarly in Fig. 4, cracks can be seen between the steel 
frame and the infill wall in finished and unfinished struc-
tures. In this study, analyses on a steel structure have 
been carried out by forming various combinations with 
infill walls. The effect of infill walls on the structure has 
been reflected by modeling them with diagonal bars.

 

Fig. 4. Steel structure under construction and cracks between infill walls and steel frames.

2. The Steel Frame Examined and the Modellings 

The steel frame chosen can be seen in Fig. 5a. This 
frame without infill has been defined as Type 1. Type 2-
4, which have been examined to understand asymmet-
rical effect of infill walls horizontally and vertically, are 
presented in Fig. 5b-d respectively. 

The columns and beams of the steel frame that has 
been examined are made of an IPE300 steel profile (Fig. 
6), and the AAC properties of infill walls are presented in 
Table 1. 

It should not be forgotten that these parameters affect 
the elasticity module of infill walls and the in-frame 
strength of infill walls showing different characteristics 

everywhere cannot be the same, either. Infill walls gen-
erate pressure in the column-beam joint region of frame 
under horizontal loads (Fig. 7). Behavior of infills formu-
lated according to this approach is presented in Eqs. (1) 
to (3) (FEMA-356, 2000).  

𝑑 = √𝐻2 + 𝐿2 , (1) 

𝑊𝑒𝑓 = 0,175 × (𝜆 × 𝐻)−0,4 × 𝑑 , (2) 

𝜆 = √
𝐸𝑚×𝑡×𝑠𝑖𝑛2𝜃

4 ×𝐸𝑠 ×𝐼𝑐× ℎ

4
 , (3)

                
 

Fig. 5. Steel frames: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.  

(a) (b) (c) (d) 
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Table 1. IPE-300 section properties. 

IPE 300 Section Properties  AAC Mechanical Properties 

Total Depth 300 mm  Block Dimensions 600x250x120 mm 

Top Flange Width 150 mm  Wall Thickness 125 mm 

Top Flange Thickness 10.7 mm  Modulus of Elasticity 2250 N/mm2 

Web Thickness 7.1 mm  Poission’s Ratio 0.25  

Bottom Flange Width 150 mm  Compressive Strength 3.5 N/mm2 

Bottom Flange Thickness 10.7 mm  Material Strength Class G3  

Fillet Radius 15 mm  Unit Weight 600 kg/m3 

 

Fig. 6. IPE300 Section. 
 

Fig. 7. Equivalent diagonal strut model.

Here, d: diagonal length, t: infill wall thickness, Wef: ef-
fective wall thickness, Em: infill wall elasticity module, Es: 
frame elasticity module, H: story height, L: frame open-
ing, L': wall opening, θ: horizontal angle of equivalent di-
agonal strut, Ic: column’s moment of inertia. The numer-
ical values of the diagonal properties of the infill wall 
were presented in Table 2. 

In the examination, the horizontal earthquake force in 
x-direction has been taken into account whereas the ef-
fect of the walls in y-direction has been assessed only as 
weight. Four different frames have been modeled in 
ETABS software, non-linear analyses have been carried 
out under growing earthquake force, and the results 
have been compared. Evaluation of analysis results 
four different steel frames comprised of various combi-
nations with infill walls have been modeled in ETABS 

software and pushover analyses have been performed. 
The displacements of the models examined which have 
occurred under the horizontal earthquake force are pre-
sented in Figs. 8a-d. 

As seen in Figs. 8a-b, Type 2, consisting of infilled steel 
frames, has more stiffness and increases strength when 
compared to Type 1 whose frames without infill walls. Fig 
8c shows Type 3, in which the basement floor is without 
infill walls because of various reasons such as commercial 
purposes and architectural decisions; the floor without in-
fill walls behaves like a soft story under the earthquake 
force, and the infilled upstairs moves as a whole. In the 
frame of Type 4 torsion has been observed in which infill 
walls are distributed asymmetrically (Fig. 8d). The plastic 
hinges in the frames that have formed under controlled 
earthquake force have been presented in Fig. 9.

Table 2. Infill wall diagonal properties. 

Type 

h λ Wef 

Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 

cm cm 1/cm 1/cm cm cm 

Type 1 285 270 0.011037298 0.010885136 46.24 46.00 

Type 2 285 270 0.011037298 0.010885136 46.24 46.00 

Type 3 285 270 0.011037298 0.010885136 46.24 46.00 

Type 4 285 270 0.011037298 0.010885136 46.24 46.00 
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Fig. 8. Displacements due to horizontal load in: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.

                

 

Fig. 9. Plastic hinges in the frames: (a) Frames without infill walls; (b) Frames with infill walls;  
(c) Effect of soft story; (d) Plastic hinges in asymmetrically distributed infill models.

While the plastic hinges have spread properly in two 
stories in Type 1, the plastic hinges have formed in the 
basement floor without walls in Type 3 which is under 
the effect of soft story (Figs. 9a, c). Since there are not 
many plastic hinges in Type 2; however, in Type 4, it has 
been observed that plastic hinges have concentrated in 

frames which having no infill and failure mechanism has 
formed (Figs. 9b, d). As a result of the analyses per-
formed for all the cases under the horizontal load, the 
base shear force and top displacement correlation are 
shown in Fig. 10a and the maximum story displacements 
are presented in Fig. 10b.

  

Fig. 10. (a) Base shear force and top displacement; (b) Maximum story displacement.

As is seen in Fig. 10, while the infill walls limit dis-
placement in Type 2 which composed of symmetrical 
and fully infilled frames, plastic deformations are seen in 
other cases. In Type 3 with infill walls only in upper 
story, less displacement was observed in comparison 

with Type 1 consisting of bare frames due to stiffness of 
infill walls and weight. As for the Type 4, where there are 
asymmetrical infill walls in each story, the infill walls 
have caused torsion in the structure, which has led to 
even more displacement.

  

(a) (b) (c) (d) 

                             IO                                                   LS                                                   CP  

(b) (a) 

(a) (b) (c) (d) 

0 Displacement (mm) 50 
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3. Conclusions 

Infill walls support the steel frames by increasing the 
stiffness and strength under earthquake loads. Because 
of that contribution of infills walls is considered as to be 
on safe side and positive reserve, the effect of infill walls 
on structural system is ignored in design. However, infill 
walls might also lead to some irregularities in the struc-
ture, since placing infill walls asymmetrically in vertical 
and horizontal directions causes certain changes in the 
stiffness and strength of the structure. That's why, in the 
draft of 2016 Turkish Earthquake Code, using flexible 
joint connection between these two elements is stated as 
an option in order to minimize the effect of brittle infill 
walls on ductile frames. 

In this study, to investigate the effect of infill walls on 
steel frame structures, four different cases have been de-
termined and their pushover analyses have been per-
formed. As a result of the analyses, it has been deter-
mined that infill walls increase strength and limit dis-
placements. Yet, it has also been seen that placing infill 
walls asymmetrically in vertical and horizontal direc-
tions may lead to some irregularities such as soft story 
and torsion. Steel frames that are structurally far more 
ductile than infill walls cause deformations under hori-
zontal load, whereas infill walls limit this situation. How-
ever, when infill walls and steel frames which have dif-
ferent deformation properties come together, cracks 
might occur in joints unless necessary precautions are 
taken. 
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