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Research Article 

Experimental study on the rotation capacity of bolted and welded 

beam-to-column connection using cold-formed steel sections 

Mahyar Maali a,* , Merve Sağıroğlu a , Mahmut Kılıç b , Abdulkadir Cüneyt Aydın b  

a Department of Civil Engineering, Erzurum Technical University, 25050 Erzurum, Türkiye 
b Department of Civil Engineering, Atatürk University, 25240 Erzurum, Türkiye 

 

A B S T R A C T 

This paper investigates new bolted and welded beam-to-column connection types on 
the cold-formed steel sections (CFS) and their behaviors determined using full-scale 

experiments. This study aimed to analyze the influence of weld/bolt connections 

based on CFS profile and failure modes to provide the necessary data for improving 

Eurocode 3. In contrast, the rotation and ductility of a joint of the welded connection 

are lower than the bolted connection. Thus, the bolted connection exhibits a semi-
rigid behavior‒also, the energy dissipation capacity values in the bolted connection 

are bigger than welded connection. Thus, the bolded connection has a semi-rigid be-

havior. Also, model failure is determined by the type of connection (bolted and 

welded). The rotation and ductility of a joint of the welded connection are lower than 

the bolted connection. Thus, the bolted connection exhibits a semi-rigid behavior‒

also, the energy dissipation capacity values in the bolted connection are bigger than 

welded connection. Furthermore, the specimens of the welded connection have rigid 

behavior in the failure modes. 
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1. Introduction 

The use of light steel in a structural system has been 
increasing rapidly in recent years because of many ad-
vantages such as being economical, faster construction, 
and lightness. However, the existing design guides con-
cerning domestic and foreign standards are not as 
straightforward as those of conventional steel struc-
tures. The most important area in steel column beam el-
ements is the connection area. In addition, connecting 
tools are made in light steel (cold-formed steel) with var-
ious methods (bolt, weld, and screw). It is necessary to 
consider the behavior of connections in the design and 
analysis of steel frames because it represents the actual 
behavior (Sagiroglu and Aydin 2015). Beam-column 
connections are considered rigid or pinned in traditional 
steel structures calculation methods. Although this ide-
alization of the joint behavior simplifies the analysis pro-
cess, it results in differences between the idealized be-
havior and the actual behavior of the structure. Accord-
ing to these theoretical idealizations; 

 In rigid connections, there is no local rotation in the 
elements; when an external moment acts, this mo-
ment is distributed in proportion to the stiffness of 
the elements. 

 Again, according to this assumption, local rotation oc-
curs in an articulated joint. However, the elements do 
not transfer moment. 
However, the joints are neither perfectly rigid nor 

fully articulated in reality. Joints used in steel frames ex-
hibit semi-rigid and non-linear behavior. In recent stud-
ies, it has been proven that accepting the joint as semi-
rigid gives more accurate results. In addition, some stud-
ies have shown that semi-rigid joint performance pro-
vides benefits such as reduction in joint elements, size, 
and weight (Bagheri et al. 2012). Fig. 1 shows the behav-
ior of the steel beam to column connection. 

Recently, many experimental studies have been car-
ried out to examine the actual behavior of cold-formed 
steel beam-column connections. However, after 1950, 
experimental studies focused on semi-rigid connections. 
Therefore, cold-formed steel beam-to-column connec-

tel:444-5-388
fax:+90-442-230-0036
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tions types investigated in recent years have increased, 
and many researchers are trying to obtain the actual be-
havior of the connection. In addition, experimental re-
search on this topic is limited due to the high cost of ex-
perimenting. Therefore, both numerical and experi-

mental studies in the literature are examined, and it is 
seen that the effort to obtain the actual behavior on these 
issues is limited. Table 1 summarizes the cold-formed 
steel beam-to-column connections experiments per-
formed in the last ten years.

 

Fig. 1. Joint types. 

Table 1. Cold-formed beam-to column connection experiments. 

Author Aim of research (CFS) Number of experiments 

Bagheri et al. (2012) Moment resistance determined by the earthquake 3 

Anwer et al. (2012) Bolted connections for the channel sections 10 

Torabian et al. (2015) Lipped channel 20 

Freya et al. (2016) Semi rigid connections 2 

Serror et al. (2016) Rotation capacity 10 

Maali et al. (2018a9 Screwed beam-to-column connections 3 

Zhao et al. (2018) 
Hysteretic behaviour of steel storage rack beam-to-

upright boltless connections 
8 

Bucmys et al. (2018) Bolted gusset plate joints 3 

Ayhan and Schafer (2019) Floor-to-wall connection 27 

Benchaphong et al. (2021) Bolted connection in the trusses 9 

In this research, the beam-to-column connection of 
endplate and double C profile beam jointed with gusset 
plate and bolted and welded was selected. The moment 
rotation (M-θ) behavior, moment-rotation characteristic 
values, and failure modes of the bolted and welded 
beam-to-column connections in the cold-formed steel 
structures with various dimensions of elements have 
been evaluated and compared. Various beam thick-
nesses and gusset plate thicknesses have been used to 
make a meaningful comparison. Also, the welded group 
was compared to bolted group specimens tests. Six cold-
formed steel connections in two groups (welded and 
bolted) have been tested based on these parameters. Fi-
nally, this paper presents the evolutionary development 
to use bolted-welded connections by beginning by using 
different beams and different gusset plate thicknesses. 

 

2. Specimens Test Details 

This paper presents the six experimental tests in two 
groups that studied the rotation capacity of bolted and 
welded beam-column connections using cold-formed 

steel sections under statically loaded. All experiments 
were done on a 1/1 scale. The experimental program is 
shown in Fig. 2 and detailed in Table 2. First, the gusset 
plate with various thicknesses was welded (the manual 
metal arc welding process) to the end plate with a thick-
ness equal to 10 mm using a continuous 45° fillet weld 
with the down-hand position for the workshop (Aydın et 
al. 2015a, 2015b; Maali et al. 2015). Second, the stiffener 
with 2mm thicknesses was welded to the C Profile. The 
gusset plate CFS profile, plate stiffener, and end-plate 
properties were S235. The weld length was 50mm with 
2mm weld thickness in the weld group specimens test. 
The bolt's diameter was M8 with grade 8.8. The beam is 
made of back-to-back light steel channel sections com-
posed of 13 bolts, and the beam-to-column connection 
was a connection area with nine bolts. Thus, this study 
aimed to analyse the influence of various beam thick-
nesses and used stiffener in the CFS beams, with gusset 
plate with various thicknesses on the behavior of mo-
ment-rotation curve, to provide the necessary data for im-
proving Eurocode 3 (Eurocode 3 2005) and also, compare 
the moment-rotation curves results of the experiments in 
the welded group and the test results in the bolted group. 
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The gusset plate thickness is indicated in Table 2 by the 
letters "P", the beam thickness is labelled as "C", the bolted 

connection is labelled as "B", the welded connection is la-
belled as "W", while the use of stiffener is labelled as "S".  

Table 2. Properties of the test specimens. 

Group Test Specimen 

Gusset plate 

thickness 

(P, mm) 

Use of 

stiffeners 

Bolted 

diameter 

(mm) 

Beam 

thickness 

(C, mm) 

Beam 

Stiffeners 

thickness 

(mm) 

Length of 

beam and 

column 

(mm) 

Column 

Profile 

(S235) 

Bolted 

B-C1-P1-S 1.0 YES 8.8 1.0 2.0   

B-C1.5-P1.5-S 1.5 YES 8.8 1.5 2.0 1500 HE280B 

B-C2-P2-S 2.0 YES 8.8 2.0 2.0   

Weld 

W-C1-P1-S 1.0 YES - 1.0 2.0   

W-C1.5-P1.5-S 1.5 YES - 1.5 2.0 1500 HE280B 

W-C2-P2-S 2.0 YES - 2.0 2.0   

 

Fig. 2. The beam-to-column connection details (CFS beams details: C200-20-85).

The hydraulic pump (250kN with 300mm stroke) 
measured applied load (P) by a load cell; displacement of 
the beam measured by three LVDTs (300 mm) (LVDTs, 
shown as DT in Fig. 2). The bending moment obtained by  
(Aydın et. al. 2015; Maali 2018; Maali et. al. 2018b, 2019; 
Kılıç et al. 2019) research:  

𝑀 = 𝑃 ∙ 𝐿load  (1) 

𝜃 =
arctan[𝛿𝐷𝑇1−𝛿𝐷𝑇2−((−

𝑃

𝐸𝐼
)(

𝑋𝐷𝑇1
3

6
−
𝐿load𝑋𝐷𝑇2

2

2
))]

𝐿1
 (2) 

where I is the moment of inertia and E is the Young’s 
modulus of beam. The rotational deformation of the joint 
(Ɵ) is equal to the connection rotation. 𝛿𝐷𝑇−1 , 𝛿𝐷𝑇−2 , 
𝑥𝐷𝑇−1
3  and 𝑥𝐷𝑇−2

2  represent the location and distance be-
tween LVDTs. 

3. Moment-Rotation Curve 

The M–Ɵ curve for connection obtained of the Euro-
code 3 Part 1.8 BS EN (1993) is given in Fig 3.  

Also, the ductility of a joint (Ψ𝑗) and the rotation val-
ues at the maximum load and corresponding ductility 
levels (Ψ𝑗.maxload) given by Maali et al. (2018b):  

𝛹𝑗 =
𝜃𝐶𝑑

𝜃𝑀.𝑅𝑑
 (3) 

𝛹𝑗.maxload =
𝜃𝑀.𝑗.max

𝜃𝑀.𝑅𝑑
 (4) 
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1. Lower moment in the elastic area, Mmink−R 

2. The plastic flexural resistance, Mj.Rd 

3. The bending moment capacity, MƟ.Cd 

4. Upper moment in the plastic area, Msupk−R 

5. The maximum bending moment, Mj.max 

6. The rotation lower moment in the elastic area, 
Ɵmink−R  

7. The rotation plastic flexural resistance, ƟM.Rd 

8. The rotation upper moment in the plastic area, 
Ɵsupk−R 

9. The rotation maximum bending moment, ƟM.j.max 

10. The rotation capacity, Ɵcd 

11. The initial stiffness, Sj.ini 

12. Post-limit stiffness, Sj.p−l 

Fig. 3. Moment–rotation curve characteristics of the Eurocode 3.

4. Test Results 

In this study, the moment-rotation curves of six cold-
formed steel beam-to-column under static load are 
drawn, and characteristic features such as moment re-

sistance, stiffness, rotation capacity, the ductility of a 
joint, and energy dissipation are represented by mo-
ment-rotation curves are determined. Fig. 4 and Table 3 
show the moment–rotation characteristics of the two 
groups.

 

 

Fig. 4. Moment-rotation curve of the two group. 

Table 3. Moment-rotation characteristic properties for all specimens’ tests. 

Group Experiment 

Resistance 

(kN.m) 

Stiffness 

(kN m/rad) 
Rotation (rad) Ductility of a joint 

Energy 

dissipation  

(kN.m.rad) 

𝑀𝑗.𝑅𝑑  𝑀𝑗.𝑚𝑎𝑥 𝑀𝑗.𝑚𝑎𝑥/𝑀𝑗.𝑅𝑑 𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1 𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1⁄  𝜃𝑀𝑗𝑅𝑑 𝜃𝑀𝑗.𝑚𝑎𝑥 𝜃𝐶𝑑  Ψj=
Ɵ𝐶𝑑

Ɵ𝑀𝑗𝑅𝑑
 Ψj.maxload=

Ɵ𝑀𝑗.𝑚𝑎𝑥

Ɵ𝑀𝑗𝑅𝑑
      E 

Bolt 

B-C1-P1-S  13.42 15.28 1.14 0.38 3.87 0.098 0.065 0.17 0.35 5.39 2.62 3.41 

B-C1.5-P1.5-S  14.22 18.39 1.29 0.14 4.16 0.033 0.031 0.191 0.29 9.35 6.16 3.89 

B-C2-P2-S  21.03 22.37 1.06 0.59 7.36 0.08 0.103 0.15 0.34 3.30 1.46 4.14 

Weld 

W-C1-P1-S  16.80 21.83 1.30 0.58 2.91 0.199 0.036 0.08 0.141 3.91 2.22 0.98 

W-C1.5-P1.5-S  22.78 27.61 1.21 0.46 2.56 0.18 0.044 0.08 0.123 2.80 1.82 1.82 

W-C2-P2-S  29.07 32.71 1.12 1.1 7.72 0.142 0.071 0.11 0.14 1.97 1.55 2.57 
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4.1. Bolt group 

Fig. 4 and Table 3 show that the plastic flexural re-
sistance and the maximum bending moment values in-
creased by about 5.6%–36.18% and 16.91%–31.69%, 
respectively, with increased gusset plate thicknesses and 
beam thicknesses of the 1mm to 2mm. Also, the ideal 
value for the 𝑀𝑗.max/𝑀𝑗.𝑅𝑑  is between 1 and 1.3. Table 3 
shows that the𝑀𝑗.max/𝑀𝑗.𝑅𝑑 for the B-C1.5-P1.5-S  and B-
C1-P1-S specimens test increased by about 11.62%, in-
creasing beam thicknesses and gusset thickness of 1 to 
1.5mm. While, the 𝑀𝑗.max/𝑀𝑗.𝑅𝑑 for the between B-C2-
P2-S and B-C1-P1-S and between B-C2-P2-S and B-C1.5-
P1.5-S specimens test decreased by about 7.55% and  
21.70%,  respectively, with an increase in beam thick-
nesses and gusset thicknesses. Table 3 shows that the 
𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1⁄ values decreased by about 22.5%–196.97%, 
respectively, with increased gusset plate thicknesses and 
beam thicknesses of 1mm to 2mm. Additionally, Table 3 
shows that the𝜃𝑀𝑗𝑅𝑑 value for B-C1.5-P1.5-S and B-C1-
P1-S specimens test decreased by about 109.67%, in-
creasing beam thicknesses and gusset thicknesses of the 
1 to 1.5mm. While the𝜃𝑀𝑗𝑅𝑑 value for the between B-C2-
P2-S and B-C1-P1-S and between B-C2-P2-S and B-C1.5-
P1.5-S specimens test increased by about 36.89% and  
69.90%,  respectively, with an increase in beam thick-
nesses and gusset thicknesses. Moreover, Table 3 shows 
that  𝜃𝑀𝑗.𝑚𝑎𝑥  value for the B-C1.5-P1.5-S and B-C1-P1-S 
specimens test increased by about 10.99%, increasing 
beam thicknesses and gusset thicknesses of the 1 to 
1.5mm. While the 𝜃𝑀𝑗.𝑚𝑎𝑥  value for the between B-C2-
P2-S and B-C1-P1-S and between B-C2-P2-S and B-C1.5-
P1.5-S specimens test decreased by about 13.33% and 
27.33%, respectively, with an increase in beam and gus-
set thicknesses. In addition, Table 3 shows that 𝜃𝐶𝑑 value 
for the B-C2-P2-S, B-C1.5-P1.5-S, and B-C1-P1-S speci-
mens test decreased by about 20.68%-2.94% with an in-
crease in beam thicknesses and gusset thicknesses of the 
1 to 2mm. Also, Table 3 shows that the Ψj for the B-C1.5-
P1.5-S and B-C1-P1-S specimens test increased by about 
42.35%, with an increase in beam thicknesses and gusset 
thicknesses of the 1 to 1.5mm. While, the Ψj for the be-
tween B-C2-P2-S and B-C1-P1-S and between B-C2-P2-S 
and B-C1.5-P1.5-S specimens test decreased by about 
63.33% 183.33%, respectively, with an increase in beam 
thicknesses and gusset thicknesses. Moreover, Table 3 
shows that the Ψj.maxload for the B-C1.5-P1.5-S and B-C1-
P1-S specimens test increased by about 57.46%, with an 
increase in beam thicknesses and gusset thicknesses of 
the 1 to 1.5mm. While, the Ψj.maxload for the between B-
C2-P2-S and B-C1-P1-S and between B-C2-P2-S and B-
C1.5-P1.5-S specimens test decreased by about 79.45% 
and  321.92%,  respectively, with an increase in beam 
thicknesses and gusset thicknesses. Also, the energy dis-
sipation capacity increased by about 12.33%-17.63% 
with an increase in beam thicknesses and gusset thick-
nesses of 1 to 2mm. Generally, the moment resistance, 
critical rotation capacity, and energy dissipation capac-
ity increased with an increase in beam thicknesses and 
gusset thicknesses of 1 to 2mm. While the stiffness de-
creased with an increase in beam thicknesses and gusset 
thicknesses of 1 to 2mm. 

4.2. Weld group 

Fig. 4 and Table 3 show that the plastic flexural re-
sistance and the maximum bending moment values in-
creased by about 26.25%–42.21% and 20.93%–33.26%, 
respectively, with increased gusset plate thicknesses and 
beam thicknesses of the 1mm to 2mm. Also, the 
𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1⁄ values decreased by about 10.55%–40.14%, 
respectively, with increased gusset plate thicknesses and 
beam thicknesses of 1mm to 2mm. Also, the𝜃𝑀𝑗𝑅𝑑 value 
increased by about 18.18%-49.29%, increasing beam 
thicknesses and gusset thicknesses of 1 to 2mm. Moreo-
ver, the 𝜃𝑀𝑗.𝑚𝑎𝑥  value increased by about 27.27% with 
an increase in beam thicknesses and gusset thicknesses 
1 to 2mm. While the 𝜃𝐶𝑑 value decreased by about 
0.71%-14.63% with an increase in beam thicknesses and 
gusset thicknesses of 1 to 2mm. In addition, Table 3 
shows that the Ψj and Ψj.maxload values decreased by about 
39.64%-194% and 21.97%-43.22%, receptively, with an 
increase in beam thicknesses and gusset thicknesses of 
the 1 to 2mm. Also, the energy dissipation capacity in-
creased by about 19.71%-30.08% with an increase in 
beam thicknesses and gusset thicknesses of 1 to 2mm. 
Generally, the moment resistance, plastic flexural rota-
tion capacity, and maximum rotation capacity increased 
with beam thicknesses and gusset thicknesses of 1 to 
2mm. While the stiffness, critical rotation capacity, en-
ergy dissipation capacity, and the ductility of a joint de-
creased with an increase in beam thicknesses and gusset 
thicknesses of 1 to 2mm.  

4.3. Comparison between bolt and weld group 

Fig. 5 and Table 4 show the comparison between bolt 
and weld groups. Fig. 5 and Table 4 show the following: 
 The 𝑀𝑗.𝑅𝑑  , Mj.max and  𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1⁄  values for the W-C1-

P1-S and B-C1-P1-S, W-C1.5-P1.5-S and B-C1.5-P1.5-
S, W-C2-P2-S and B-C2-P2-S models increased by 
about 20.12%, 37.57%, 27.66%, 30%, 33.39%, 
31.61%, 50.75%, 81.66%, and 43.66%, respectively, 
with used welded connection compared to bolded 
connection. Therefore, the welded connection exhib-
its a rigid behavior. 

 The 𝜃𝑀𝑗𝑅𝑑 , θ(Mj.max), 𝜃𝐶𝑑,Ψj and  Ψj.maxload values for 
the W-C1-P1-S and B-C1-P1-S, W-C1.5-P1.5-S and B-
C1.5-P1.5-S,  W-C2-P2-S and B-C2-P2-S models de-
creased by about 80.55%, 45.07%, 112.5%, 138.8%, 
36.36%, 148.22%, 135.77%, 142.86%, 37.85%, 
233.93%, 67.52%, 18.01%, and 238.46%, respec-
tively, with used welded connection compared to 
bolded connection. While, The 𝜃𝑀𝑗𝑅𝑑 , and Ψj.maxload 
values for the W-C1.5-P1.5-S and B-C1.5-P1.5-S, W-
C2-P2-S and B-C2-P2-S models increased by about 
29.55%, and 5.81%, respectively, with used welded 
connection compared to bolded connection. Hence, 
the rotation and ductility of a joint of the welded con-
nection lower than the bolted connection. Thus. The 
bolted connection exhibits a semi-rigid behavior. 

 The energy dissipation capacity values for the W-C1-
P1-S and B-C1-P1-S, W-C1.5-P1.5-S and B-C1.5-P1.5-
S, W-C2-P2-S and B-C2-P2-S models decreased by 
about -247.96%, -113.74% and -61.09%, respect-
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tively, with used welded connection compared to 
bolded connection. Therefore, the energy dissipation 
capacity values in the bolted connection are bigger 
than welded connection. Thus, the bolded connection 
has a semi-rigid behavior.  

Generally, the rotation and ductility of a joint of the 
welded connection are lower than the bolted connection. 
Thus. The bolted connection exhibits a semi-rigid behav-
iour also, the energy dissipation capacity values in the 
bolted connection are bigger than welded connection. 
Thus, the bolded connection has a semi-rigid behavior.

      

 

Fig. 5. The moment-rotation characteristics comparison between test specimens. 

Table 4. The moment-rotation characteristics comparison for all test specimens. 

Experiment 𝑀𝑗.𝑅𝑑  Mj.max 𝑆𝑗.𝑖𝑛𝑖 𝑆𝑗.𝑝−1⁄  𝜃𝑀𝑗𝑅𝑑 𝜃𝑀𝑗.𝑚𝑎𝑥 𝜃𝐶𝑑 Ψj Ψj.maxload 
Energy  

Dissipation 

Percent W-C1-P1-S  
to B-C1-P1-S (%) 

20.12 30.00 50.75 -80.55 -112.50 -148.22 -37.85 -18.01 -247.96 

Percent W-C1.5-P1.5-S  
to B-C1.5-P1.5-S (%) 

37.57 33.39 81.66 29.55 -138.80 -135.77 -233.93 -238.46 -113.74 

Percent W-C2-P2-S  
to B-C2-P2-S (%) 

27.66 31.61 43.66 -45.07 -36.36 -142.86 -67.52 5.81 -61.09 

4.4. Failure modes 

Fig. 6 shows the test specimens' collapse modes. There 
are three types of failure modes for bolted connections in 
Eurocode 3 (1993); there are three types of failure modes 
the first is only plate yielding, the second is plate yielding 
with bolt breakage, and the third is only bolt breakage. 
Therefore, comparisons of failure modes were made as 

follows, according to Fig. 6: in the bolt's connection speci-
mens test, all specimens’ tests. The collapse occurred with 
the yield gusset plate with tear gusset. Also, all models 
were without the bolts failing, and the shape of the gusset 
plate after it collapsed was similar to the sinus shape. 
Thus, failure modes in the bolted connection occurred in 
the second mode in Eurocode 3 (1993). In the welded con-
nection specimens test, in the all-specimens tests, the col-
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lapse occurred with the yield gusset plate with the sharing 
welding in the end-plate area. Also, all model collapse oc-
curred with the buckled C profile beam. Generally, model 

failure is determined by the type of connection (bolted 
and welded). Furthermore, the specimens of the welded 
connection have rigid behavior in the failure modes.

 

  
B-C1-P1-S W-C1-P1-S 

  
B-C1.5-P1.5-S W-C1.5-P1.5-S 

  
B-C2-P2-S W-C2-P2-S 

Fig. 6. Collapse modes of test specimens and comparing collapse mode.

5. Conclusions 

The aim of this study was studied on the rotation ca-
pacity of bolted and welded beam-column connections 
using cold-formed steel sections. The main conclusions 
can be summarized as follows: 

 Bolted connection: the moment resistance, critical ro-
tation capacity, and energy dissipation capacity in-
creased with beam thicknesses and gusset thick-
nesses of 1 to 2mm. In contrast, the stiffness de-
creased with an increase in beam thicknesses and 
gusset thicknesses of 1 to 2mm. 

The yield gusset plate with tear gusset 

Sinus Shape 

Weld 
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 Welded connection: the moment resistance, plastic 
flexural rotation capacity, and maximum rotation ca-
pacity increased with beam thicknesses and gusset 
thicknesses of 1 to 2mm. While the stiffness, critical 
rotation capacity, energy dissipation capacity, and the 
ductility of a joint decreased with an increase in beam 
thicknesses and gusset thicknesses of 1 to 2mm.  

 Comparison between bolt and weld group: the rota-
tion and ductility of a joint of the welded connection 
lower than the bolted connection. Thus, the bolted 
connection exhibits a semi-rigid behaviour also, the 
energy dissipation capacity values in the bolted con-
nection are bigger than welded connection. Thus, the 
bolded connection has a semi-rigid behavior. 

 Failure modes: model failure is determined by the 
type of connection (bolted and welded). Furthermore, 
the specimens of the welded connection have rigid be-
havior in the failure modes. 
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A B S T R A C T 

Improving the performance of structural frames is one of the most important focuses 
of today's researchers. The total base shear capacity of the structural frames will in-

crease by reaching the maximum number of plastic hinges. In this work, the effects 

of bracing system type on different heights of steel frames were investigated. Static 

pushover analysis was used to evaluate the performance of 4, 8, and 12-story steel 

frames with seven structural configuration systems. The results showed that the per-

formance of braced frames increased significantly in terms of number of plastic 

hinges, total base shear and performance point compared to unbraced frames. The 

capacity curves were maximum in the one-story X-bracing, multi-story X-bracing, 

and single diagonal bracing systems. 
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1. Introduction 

Structures designed by seismic code procedures are 
expected to undergo large deformations in the inelastic 
range when subjected to strong earthquakes; however, 
seismic codes are still based on elastic methods. This 
procedure can cause unpredictable and weak response 
during strong earthquakes with inelastic activity une-
venly distributed among structural elements by Lee et al. 
(2004). In capacity design, buildings are allowed to be 
damaged during strong earthquakes. The distribution of 
this damage is determined by the designer and neces-
sary precautions are taken. In ductile behavior, plastic 
deformation is adopted in the design. The location and 
type of these damages are the most important elements 
of the capacity design and are affected by many factors 
such as the bracing and the stiffness of the members by 
Al-Safi et al. (2020). It is known that the stiffness matrix 
of any structure is given by Eq. (1).  

[𝐾] = {𝐹}{𝑈}−1 (1) 

where {F} is the external force, [K] the stiffness matrix, 
and {U} denotes the displacements. In other words, the 

lower the displacement, the greater the stiffness. Plastic 
hinge formation distinguishes the location of the build-
ing where greater potential damage can occur. In this ar-
rangement, by reaching the maximum number of plastic 
hinges, theoretically, the building has the highest ulti-
mate load. Otherwise, the building will collapse with less 
load and less plastic hinges. Achieving the maximum 
number of plastic hinges could be a new performance 
goal in seismic design. Higher rigid frames can be ob-
tained by adding bracing systems. Many bracing systems 
have been proposed in the literature and the most com-
monly used bracing systems are multistory X-bracing 
proposed by Aninthaneni and Dhakal (2017), Yang et al. 
(2019), single diagonal Abou-Elfath et al. (2017), Sab-
ouri-Ghomi and Payandehjoo (2017), Setyowulan et al. 
(2020), Zeng et al. (2019), V-bracing Kanyilmaz (2017), 
Salmasi and Sheidaii (2017), one story X-bracing Al-Safi 
et al. (2021), Jamkhaneh et al. (2019), Mahmoudi et al. 
(2019), Mashhadiali et al. (2016), concentric braced 
frames Banihashemi et al. (2015), Cesare et al. (2014), 
De Stefani et al. (2015), Hammad and Moustafa (2021), 
Mirjalali et al. (2019), Nezamisavojbolaghi (2020), and 
K-bracing Tajmir Riahi et al. (2020). In the above litera-
ture, there is a lot of research on the braced frames, but 
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most are finite element analysis (FEA) or experimental 
work with a limited number of stories and limited brac-
ing systems; however, there is no study focus on the per-
formance-based seismic design of these frames with a 
different bracing system and a different number of sto-
ries. This study aims to examine the performance-based 
seismic design of the most recommended bracing sys-
tems in the literature and to find the most effective brac-
ing system for frames out of six bracing systems investi-
gated in terms of plastic hinge number, base shear vs. 
displacement capacity curve, and performance point. 
For this purpose, 4, 8, and 12 story steel frames with six 
bracing configurations (K-bracing, inverted V- bracing, 
V- bracing, single-diagonal bracing, one story X- bracing, 
and multi-story X- bracing) were examined. 
 

2. Research Methodology 

2.1.  Building information 

In this study, steel frames with 4, 8 and 12-story were 
selected to represent low, mid, and high-rise frames. The 

frames selected were typically intermediate steel mo-
ment frame with Cd = 3 and R = 3.5. Frames have 4@4 m 
bays and a story height of 3.2 m. An approximate analysis 
was carried out to determine the dimensions of ele-
ment’s cross sections. Structural sections of all frames 
were designed according to AISC 360 (2016) and sum-
marized in Table 1. Earthquake loads were calculated ac-
cording to IBC (2020) and Class C soil was used. The 
spectral response acceleration parameters at short pe-
riod, SS, and at a period of 1s, S1, are 0.36g, 0.17g, respec-
tively. The dead load was accepted as 37 kN/m’, live load 
= 8 kN/m’, and finishing load = 6 kN/m’. A36 steel was 
used. Pushover analysis was performed using Sap2000 
Software V22. Six types of bracing systems (Single diag-
onal, V-bracing, inverted V-bracing, K-bracing, multi-
story X-bracing, and one-story X-bracing) compared to 
the unbraced frame on the number of plastic hinges, 
base shear vs. displacement capacity curve, and perfor-
mance point (V, D) (Fig. 1(a-g)). The sections of the col-
umns and beams were kept the same in all frames to in-
vestigate the effect of bracing configurations. The con-
nections between beams and columns has been consid-
ered to be rigid.

 

 
(a) Unbraced frame 

 

 
(b) One-story  

X- bracing 

 
(c) Multistory  

X-bracing 

 
(d) V- bracing 

 
 

 
(e)  Inverted  

V-bracing 

 
(f) Single diagonal 

bracing 

 
(g) K-bracing 

 

Fig. 1. Types of bracing systems used. 

Table 1. Structural sections used in pushover analysis. 

Building Stories Column Beam Bracing 

4-story 1st -4th  HEB 350 IPE 330 2𝐿 70 × 8 × 0 

8-story 

1st -2nd  HEM 600 IPE 330 2𝐿 70 × 7 × 0 

3rd-4th  HEB 550 IPE 330 2𝐿 70 × 7 × 0 

5th -8th  HEB 360 IPE 330 2𝐿 50 × 6 × 0 

12-story 

1st -2nd HEM 700 IPE 330 2𝐿 70 × 8 × 0 

3rd -4th  HEM 650 IPE 330 2𝐿70 × 8 × 0 

5th -8th HEB 500 IPE 330 2𝐿60 × 8 × 0 

9th -12th HEB 360 IPE 330 2𝐿60 × 8 × 0 
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2.2. Plastic hinge properties  

The non-linear (M-θ) plastic hinge properties used in 
the examined frames are shown in Fig. 2. Moment and 
rotation values are normalized to the corresponding 
yield values. According to FEMA 356 (2000), the length 
of the plastic hinge regions is equal to half the section 
depth.  

𝐿𝑃 = ℎ 2⁄  (2) 

where 𝐿𝑃 is the length of plastic hinge, and ℎ is the depth 
of the section. 

Depending on the performance level chosen, a con-
stant lateral drift should be applied at the top node of all 
frames. Lateral drift limits must meet the limits given in 
Table 2 (Naeim 2001). Assuming life safety performance 
level, lateral drift was calculated as 0.02 of the frame 
height, and base shear remained variable.
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Fig. 2. Plastic hinge properties for (a) beams, and (b) columns.

Table 2. Deformation limits by Naeim (2001). 

 Performance limit 

Interstory  
drift limit 

Immediate  
occupancy 

Damage  
control 

Life  
safety 

Structural  
stability 

Maximum  
total drift 

0.01 0.01-0.002 0.02 0.03 Vi/Pi 

 

3. Results and Discussion 

3.1. Plastic hinge formation 

In this study, beam and column sections were kept the 
same in all configurations for comparison. The plastic 
hinges formed in the structural members (columns and 
beams) of braced and unbraced frames are shown in 
Figs. 3-5 and summarized in Tables 3-5. The perfor-
mance of plastic hinges is classified into three levels as 
follows proposed by FEMA 356: 
 “Immediate Occupancy (IO): Damage is light, and 

structure retains most of its original strength and 
stiffness. There may be minor cracking on the struc-
tural members”.  

 “Life Safety (LS): Substantial damage to the structure 
and the structure may have lost a large portion of its 
strength and stiffness”.  

 “Collapse Prevention (CP): Severe damage and little 
strength and stiffness remains. Building is unstable 
and is near collapse”. 
In the 8- and 12-story buildings, the number of plastic 

hinges formed was higher in all braced frames compared 
to the unbraced frame. On the other hand, in low rise (4-

story) frames, the number of plastic hinges increased in 
some bracing systems, while it decreased in others. Fig. 
3 and Table 3 show that the maximum number of plastic 
hinges formed in 4-story frames are in V-bracing and 
then in inverted V-bracing. In this system, the perfor-
mance levels remained "Life safety" as assumed, but the 
other systems were moved to the "Collapse prevention" 
performance level. Compared to the unbraced frame, the 
number of plastic hinges increased by 45% and 19% for 
V-bracing, inverted V-bracing systems, respectively.  

In the mid-height frames (8-story), Fig. 4 and Table 4 
show that, plastic hinges increased in all braced frames 
and the maximum number of plastic hinges was noticed 
in the inverted V-bracing system. The number of plastic 
hinges compared to the unbraced frame were increased 
by 32, 28, 22, 20, 20, and 18% for the inverted V-bracing, 
multistory X-bracing, V-bracing, one-story X-bracing, 
single diagonal bracing, and K-bracing, respectively. In 
addition, the final performance level of inverted V-brac-
ing, V-bracing, and K-bracing remained life safety (LS) 
performance level; however, other bracing systems have 
moved to the collapse prevention (CP) performance 
level. This is the main reason for the increase seen in the 
capacity curves of these frames. 

In the high-rise building, Fig. 5 and Table 5 show that, 
the behavior was similar to that of mid-rise buildings. All 
frames with bracing showed an increase in the number 
of plastic hinges compared to the unbraced frame. More-
over, single diagonal, multistory X-bracing, one-story X-
bracing, and K-bracing were moved to the performance 
level of collapse prevention (CP), while other systems re-
mained at the life safety (LS) performance level. Com-
pared to the unbraced frame, the K-bracing, multistory 

(a) (b) 
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X-bracing, single diagonal, one story X-bracing, V-brac-
ing, and inverted V-bracing systems showed an increase 

in the number of plastic hinges by 26, 25, 17, 12, 12, and 
12%, respectively.

 

     

   

Fig. 3. Hinge severity legend for 4-story buildings. 

Table 3. Final performance level calculations for 4-story buildings. 

System type Element 
Total 

number 
of hinges 

<IO 
(%) 

<LS 
(%) 

<CP 
(%) 

>CP 
(%) 

Performance 
level 

Unbraced frame 
Beam 25 60 40 0 0 

LS 
Column 6 0 100 0 0 

Single diagonal bracing 
Beam 19 42 58 0 0 

CP 
Column 6 0 83 0 17 

Multistory-X bracing 
Beam 16 38 63 0 0 

CP 
Column 18 22 17 0 61 

One-story X-bracing 
Beam 19 37 63 0 0 

CP 
Column 9 11 78 0 11 

K-bracing 
Beam 18 44 56 0 0 

CP 
Column 8 25 63 0 13 

V-bracing 
beam 39 23 77 0 0 

LS 
column 6 0 100 0 0 

Inverted V-bracing 
beam 31 3 97 0 0 

LS 
column 6 0 100 0 0 

Table 4. Final performance level calculations for 8-story buildings. 

System type Element 
Total 

number 
of hinges 

<IO 
(%) 

<LS 
(%) 

<CP 
(%) 

>CP 
(%) 

Performance 
level 

Unbraced frame 
Beam 50 40 60 0 0 

LS 
Column 0.0 0 0 0 0 

Single diagonal bracing 
Beam 54 39 61 0 0 

CP 
Column 6 0 83 0 17 

Multistory-X bracing 
Beam 52 37 63 0 0 

CP 
Column 12 0 83 0 17 

One-story X-bracing 
Beam 54 37 63 0 0 

CP 
Column 6 0 83 0 17 

K-bracing 
Beam 53 34 66 0 0 

LS 
Column 6 0 100 0 0 

V-bracing 
beam 55 18 82 0 0 

LS 
column 6 0 100 0 0 

Inverted V-bracing 
beam 60 18 82 0 0 

LS 
column 6 83 17 0 0 
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Fig. 4. Hinge severity legend for 8-story buildings. 

 

     

   

Fig. 5. Hinge severity legend for 12-story buildings. 
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Table 5. Final performance level calculations for 12-story buildings. 

System type Element 
Total 

number 
of hinges 

<IO 
(%) 

<LS 
(%) 

<CP 
(%) 

>CP 
(%) 

Performance 
level 

Unbraced frame 
Beam 76 24 76 0 0 

LS 
Column 0 0 0 0 0 

Single diagonal bracing 
Beam 82 40 60 0 0 

CP 
Column 7 0 86 0 14 

Multistory-X bracing 
Beam 82 41 59 0 0 

CP 
Column 13 15 69 0 15 

One-story X-bracing 
Beam 76 50 50 0 0 

CP 
Column 9 22 67 0 11 

K-bracing 
Beam 89 30 70 0 0 

CP 
Column 7 0 86 0 14 

V-bracing 
beam 79 18 82 0 0 

LS 
column 6 0 100 0 0 

Inverted V-bracing 
beam 79 6 94 0 0 

LS 
column 6 83 17 0 0 

3.2. Capacity curves and performance point results   

Static pushover analysis was performed to calculate 
the base shear vs. displacement capacity curves of all 
studied frames (Fig. 6).  As mentioned in the previous 
section, the capacity curve is directly proportional to the 
number of plastic hinges forms. Fig. 6 clearly shows that 
the capacity curves of braced frames significantly in-
creased. In low rise frames (Fig. 6a) single diagonal and 
one-story X-bracing systems showed the highest base 
shear values. In the single diagonal bracing, one-story X-
bracing, multistorey X-bracing, K-bracing, V-bracing, and 
inverted V-bracing base shear was increased by 823, 
820, 667, 221,107, and 59% in compassion to the un-
braced frame.  The reason for this increase is the transi-
tion of single diagonal, multistory X bracing, one-story X 
bracing and K bracing systems from LS performance 
level to CP performance level. Hence, the total plastic 
moment carried by these hinges increased; however, for 
the other systems the number of plastic hinges increased 
but the performance level remained the same. The ca-
pacity curves of the mid-rise (8-story) frames are shown 
in Fig. 6b and the maximum base shear value is observed 
in the multi-story X bracing system. Similar to low-rise 

frames this significant increase was because the perfor-
mance level of these frames changed from LS into CP. 
The increase in base shear compared to the unbraced 
system was 502, 494, 492, 202, 97, and 64% for multi-
story X-bracing, one-story X-bracing, single diagonal, K-
bracing, V-bracing, and inverted V-bracing systems. In 
high-rise (12-story) frames, base shear value was maxi-
mum in the one-story X-bracing system followed by the 
multistory X-bracing and single diagonal systems (Fig. 
6c). In comparison with the unbraced frame, total base 
shear was increased by 517, 484, 481, 208, 103, and 68% 
for one story X-bracing, multistory X-bracing, single di-
agonal bracing, K-bracing, V-bracing, and inverted V-
bracing systems, respectively.  

In this study, the performance point was evaluated ac-
cording to the FEMA 440 Displacement Modification, 
FEMA 356 Coefficient Method, FEMA 440 Equivalent Lin-
earization and ATC-40 Capacity Spectrum methods (Ta-
bles 6-8). The results show that the performance point of 
the bracing systems increases the base shear value corre-
sponding to a decrease in the roof displacement.  This 
showed that the stiffness of the braced frame was greater 
than that of the unbraced frame. Thus, the number of 
plastic hinges and capacity curves also increased.

Table 6. Performance point results for 4-story buildings. 

System type 

ACT-40  
Capacity spectrum 

FEMA356  
Coefficient method 

FEMA440  
Equivalent linearization 

FEMA440  
Displacement modification 

V (kN) D (mm) V (kN) D (mm) V (kN) D (mm) V (kN) D(mm) 

Unbraced frame 712.74 42.92 1155.25 69.67 712.75 42.92 1377.87 83.13 

Single diagonal bracing 1038.39 9.63 2214.59 19.70 1057.90 9.80 2040.33 18.21 

Multistory X-bracing 1045.24 11.89 2056.07 22.79 1045.25 11.89 1698.78 19.18 

One-story X-bracing 1042.78 9.67 2155.73 19.20 1054.99 9.78 1961.03 17.53 

K-bracing 1003.15 21.19 1715.43 36.19 1005.52 21.24 1660.71 35.04 

V-bracing 1055.99 14.87 1698.36 28.03 1055.99 14.87 1544.01 24.67 

Inverted V-bracing 1001.64 32.48 2413.19 68.18 1470.15 42.52 1517.24 43.52 
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Table 7. Performance point results for 8-story buildings. 

System type 

ACT-40  
Capacity spectrum 

FEMA356  
Coefficient method 

FEMA440  
Equivalent linearization 

FEMA440  
Displacement modification 

V (kN) D (mm) V (kN) D (mm) V (kN) D (mm) V (kN) D(mm) 

Unbraced frame 805.30 84.81 1204.33 127.09 805.30 84.81 1204.33 127.09 

Single diagonal bracing 1721.64 41.39 2766.90 65.43 1756.43 42.19 2929.68 69.17 

Multistory X-bracing 1702.77 42.18 2599.38 63.16 1702.77 42.17 2656.81 64.45 

One-story X-bracing 1709.22 41.07 2172.38 51.72 1722.99 41.51 2798.64 66.10 

K-bracing 1284.75 55.42 1908.70 82.16 1285.39 55.45 1949.70 83.92 

V-bracing 1486.54 47.13 2111.51 71.66 1486.54 47.14 2137.28 72.69 

Inverted V-bracing 1159.96 67.10 2537.95 125.76 1574.99 84.95 2537.95 125.76 

      

 

Fig. 6. Base shear vs. displacement capacity curves for (a) 4-story, (b) 8-story, and (c) 12-story buildings. 

(a) (b) 

(c) 
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Table 8. Performance point results for 12-story buildings. 

System type 

ACT-40  
Capacity spectrum 

FEMA356  
Coefficient method 

FEMA440  
Equivalent linearization 

FEMA440  
Displacement modification 

V (kN) D (mm) V (kN) D (mm) V (kN) D (mm) V (kN) D(mm) 

Unbraced frame 734.98 121.04 1181.57 194.94 734.99 121.04 1181.57 194.94 

Single diagonal bracing 1441.73 60.79 2860.02 117.30 1603.81 97.33 2860.02 117.30 

Multistory X-bracing 1434.92 64.56 2550.19 107.87 1461.74 65.62 2250.19 107.87 

One-story X-bracing 1595.66 59.07 2809.42 101.04 1680.15 61.99 2809.42 101.04 

K-bracing 1120.08 80.29 1873.74 133.61 1145.37 82.08 1873.74 133.61 

V-bracing 1242.75 64.81 1947.55 109.69 1283.65 67.37 1947.55 109.69 

Inverted V-bracing 982.08 95.03 2452.69 197.05 1413.12 123.83 2452.69 197.05 

4. Conclusions 

In this study, a total of six bracing configurations were 
investigated based on the number of plastic hinges 
formed, the capacity curve and performance points. The 
following conclusions can be drawn from the study: 
 Bracing members are important to resist lateral loads 

and, in this study, all braced frames showed a higher 
base shear as well as a greater number of plastic 
hinges compared to the unbraced frame. 

 Multi-story X-bracing, one-story X-bracing, and single 
diagonal bracing systems have the highest capacity. 
Thus, the increase in the base shear for the 4-story, 8-
story, and 12-story frames was 823%, 502%, and 
517%, respectively. 

 According to the FEMA 440 displacement modifica-
tion, FEMA 356 coefficient method, FEMA 440 equiv-
alent linearization, and ATC-40 capacity spectrum 
methods, the performance point of the bracing sys-
tems has a large base shear corresponding to a small 
roof displacement. This indicates that the rigidity of 
the braced frame is greater than the unbraced frame. 
For future studies, performance-based design can be 

investigated on different joint types or different support 
types. 
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A B S T R A C T 

In this experimental study the effect of waste steel tire wire was investigated on the 
concrete bollards of mechanical behavior under impact loading. Concrete bollards 

were produced using three different dimensions with three different volumes of 

waste steel tire wire (0%, 5% and 10%). The concrete was 30 MPa strength. The con-

crete bollards were cast into molds with a size of 100x100 mm, 150x150 mm and 

200x200 mm and standard length of 1100 mm prism. Nine cube specimens of three 

different dimensions are tested. 84 kg of an impact load is used with the drop height 
of 400 mm in this study. Compressive strength tests were achieved. Concrete bollards 

were kept in laboratory standard conditions. According to the results of study com-

pressive strength of the concrete vary between 25-30 MPa. The use of waste steel tire 

wire in the concrete bollards contributes to the less crack, less deflection, more ac-

celeration and more energy dissipation at the end of the specimens. The experi-

mental test aimed to research the effect of waste steel tire wired concrete on the me-

chanical behavior under impact loading as a possible environmentally friendly and 

sustainable solution. It can be said that the results provide the potential usage of 

waste steel tire wire manufacturing friendly to nature and sustainability of the con-

crete bollards. Generally, the usage of waste steel tire wire in concrete could be an 

innovative method in the construction industry. 
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1. Introduction 

Rapid technological developments, industrialization 
and population growth made the humankind face to face 
with problems that have not encountered before, very 
quickly. The increment in the amount of waste product 
is one of the important consequences of this. With the in-
crement in the amount number of wastes, the rapid pol-
lution of nature and the environment threatens bios in 
terms of health. For this reason, researches on recycling 
of wastes are intensively carried out and implemented. 
Significant achievements can be acquired by recycling 
waste tires that have reached the end of span. Protecting 
the nature and keeping it clean is the most important 
achievement. The product with high added value ob-
tained by recycling can be used as a raw material in the 
production of different products. With the decrease in 

imports, it can be beneficial to close the current account 
deficit and to employment by creating a new business 
branch.   

It is the main duty of humankind to leave a cleaner, 
more sustainable environment and nature to posterity. 
Developed countries constitute millions of waste tires 
every year in consequence of the rapid enhancement of 
vehicles. Approximately 1.4 billion tires are sold out 
globally every year and accordingly many of them fall 
into decay and became waste. These tires waste generate 
one of the most important problems of waste, as it is 
large in volume and because of their durability (Lo Presti 
2013). By recycling waste tires, rubber and steel wire 
can be obtained. 

Concrete which has low tensile strength but on the 
contrary, high compressive strength is a well-known 
building material. In order to improve these properties, 
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lots of researches have been done and new components 
have been developed. The most common is fiber-rein-
forced concrete. The idea of using fibers is to increase the 
tensile strength of concrete by enhancing the load bear-
ing capacity by bridging cracks. It has been proved that 
the usage of steel fibers controls the crack attitude and 
changes it to ductile (Faghih 2017). The main purposes 
of modern engineers by adding fiber to concrete can be 
written as to improve the plastic crack properties of 
fresh concrete, tensile and flexural strengths, impact 
strength and toughness, and durability of concrete. It is 
also to control the failure mode and crack formation with 
post-crack ductility (Hannat 2003). Recently, many re-
searches about the usage of rubber and steel wires recy-
cled from waste tires in concrete have been done. It has 
been proven that the concrete acquired by adding waste 
steel tire wires has acceptable improvements especially 
in toughness and post-crack behavior. Consequently, 
waste steel tire wired concrete seems to be a promising 
candidate for both structural and non-structural execu-
tions (Aiello et al. 2009). 

Zeynal (2008) conducted an experimental study to in-
vestigate the effect of steel fiber and water/cement ra-
tios on the impact strength and mechanical properties of 
steel fiber concrete. With the usage of only 0.4%, 0.8% 
and 1.2% long steel fibers by volume in concrete; it can 
be increased by 2% to 10% in compressive strength, 
13% to 42% in split tensile strength, and 14% to 115% 
in flexural strength. He concluded that an increase in the 
value of impact number that causes fragile ranging from 
3.5 to 23.9 times to be obtained. Şengül (2016) re-
searched to examine the mechanical properties of con-
crete containing steel wires obtained from waste tires. 
Concrete was produced by using different ratios of steel 
fibers obtained from waste tires with an average diame-
ter of 0.3, 0.6, 1.4 mm and an average length of 5 cm. It 
was observed that the splitting tensile strength slightly 
increased as the steel wire content increased. The use of 
steel wires obtained from waste tires in concrete did not 
significantly affect the compressive, flexural and split-
ting tensile strength of the concrete. Concrete containing 
steel wires recovered from waste tires show the similar 
behavior in the descending part of the load-deflection 
curves that is of residual strength and toughness, com-
pared to concrete containing standard steel fibers ac-
quired in bending. Test results showed that steel wires 
recycled from waste tires can be used in concrete instead 
of standard steel fibers. Senesavath’s (2021) experi-
mental study investigated the effect of steel wires recy-
cled waste tire on concrete properties. By using the 
waste steel tire wire, a more ductile behavior was ob-
tained after the first crack formation and an increase in 
energy absorption capacity was observed. Flexural 
toughness showed an increasing trend with the addition 
of waste tire steel wire. Siraj (2009) investigated the me-
chanical behavior of steel wire obtained from waste tires 
in concrete. The experimental study used 0.5, 1.0 and 
1.5% waste steel tire wire by volume. The test specimens 
were produced in the dimensions of 150 mm cube spec-
imen, 150 mm diameter with 63.5 mm height cylindrical 
specimen and 100x100x500 mm beam. With the addi-
tion of steel wire recycled waste tire, enormous in-

creases in the flexural strength and post-crack energy 
absorption capacity of concrete were achieved. In addi-
tion, it was observed that the first crack and final failure 
impact strength increased significantly in the repeated 
drop weight test. Mastali (2018) conducted a study in 
which the properties of steel wire recycled waste tire 
concrete were determined. In the experimental study, 
samples with varying fiber content by volume (0.5, 0.75, 
1.0, and 1.5) were produced. When examining the first 
crack and the final crack resistance depending on the 
waste steel tire wire usage, the impact resistance in-
creases by creating bridging. In addition it is stated that 
waste steel tire wire gives the superlative productivity 
when compared to industrial steel fibers in terms of the 
optimum mechanical properties, impact resistance and 
minimum cost. And also Mastalli (2019) conducted an-
other study on high-strength concrete in which the ef-
fects of steel wire recycled waste tire were compared. 
The experimental study has a miscellaneous comparison 
that as the volume of waste steel tire wire increases, the 
initial impact resistance, the final impact resistance, the 
drop weight number after crack initiation until failure, 
the deformation ability, the energy absorption capacity, 
and the impact energy increase. 

The data obtained from the experimental study on the 
effect of waste tire steel wire by recycling waste tires un-
der impact loading of concrete are examined in this arti-
cle. There are lots of studies about industrial steel fiber 
or steel wire recovered from waste tire on concrete, but 
a few about impact loading or blasting. In this research 
paper on concrete bollards that are often faced to impact 
loading, differently from other researches, waste steel 
tire wire is added for the purpose of examine impact 
loading. 
 

2. Experimental Study 

A total of 9 square based prismatic concrete speci-
mens, with and without waste steel tire wire were de-
signed for impact load. The specimens represent a pro-
totype of concrete bollards that help guide traffic flow of 
vehicular. These concrete bollards are characterized by 
low to moderate waste steel tire wire by ratio and cross 
section. Geometry and waste steel tire wire ratio details 
of the specimens indicated in Table 1. All the specimens 
had 1100 mm height. The columns were divided into 
three sets. All sets had three specimens. Each set had a 
square cross section of 100 mm, 150 mm and 200 mm by 
respectively. All the collected data were achieved with 
the help of LabView SignalExpress program by National 
Instruments during the experimental study. Also all the 
collected data processed with the help of DIAdem pro-
gram by National Instruments.    

2.1. Materials 

Three types of concrete mix with waste steel tire wire 
were used with volume ratio of 0%, 5% and 10% for the 
concrete bollards. The steel wire was obtained from 
waste tire is shown in Fig. 1. The waste steel tire wire 
were added to the concrete mixing machine by desired 
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volume ratio and waited three minutes for an adequate 
mixture in each time. Then by sufficient time for curing 
and gaining strength, all the testing of specimens was 
completed in 7 days. Two piece of 150 mm test cubes 
were used to obtain the cube strength of concrete for 
specimens and the mean strength was recorded 30 MPa. 
The cubes were tested at the age of 28 days, at the same 
time first specimen was tested in the laboratory. Because 
of understanding the effect of steel wire recovered waste 
tire, three concrete mix (0%, 5% and 10%) used for con-
crete bollards. 

2.2. Method 

A total of 9 square based prismatic specimens were 
casted using appropriate moulds and prepared at the 
same time. The columns were divided into three sets. All 
sets had the ratio of the area of longitudinal steel bar to 
the area of the specimen same as 0.5%. The concrete 
cover was provided in all the columns 8 mm. The con-
crete thickness of about 50 mm was cast between ends 
of the longitudinal bars on both the top and bottom sur-
faces of the specimens. The specimens cured in the la- 

boratory conditions. Three different types of specimens 
for tests were casted in 100x100 mm, 150x150 mm and 
200x200 mm cross section area and the length of 1100 
mm were produced. The casting and concreting of the 
concrete bollards are shown in Fig. 2. Three different 
cross section and three volume of waste steel wire, nine 
specimens were produced. 

 

Fig. 1. Waste steel tire wire sample used for tests.

           

Fig. 2. Appearance of the concrete bollards while casting and concrete working. 

Table 1. Properties of the test specimens. 

Specimen Cross-section (mm²) Length (mm) Waste steel ratio (%) 

C10x10-0S 100x100 1100 0 

C10x10-5S 100x100 1100 5 

C10x10-10S 100x100 1100 10 

C15x15-0S 150x150 1100 0 

C15x15-5S 150x150 1100 5 

C15x15-10S 150x150 1100 10 

C20x20-0S 200x200 1100 0 

C20x20-5S 200x200 1100 5 

C20x20-10S 200x200 1100 10 

The experimental setups of impact loading with the 
drop weight machine are shown in Fig. 3. The experi-
mental setup of drop weight machine was manufactured 
to research the impact loading test of specimens. After 
the amount of load determined for the experimental 
study is adjusted, the load hits the determined area of the 

sample by making a free fall motion on a rail. This study 
uses an impact load of 84 kg with the drop height of 400 
mm. The accelerometers, LVDTs and load cell are also 
shown in Fig. 3. With the specially designed supports for 
the concrete bollard sample, it is ensured that the ele-
ment act as cantilever for this experimental test. 
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Fig. 3. Set-up for the impact loading test.

3. Results and Discussion 

3.1. Displacement – time graphs assessment 

The displacement time graphs of the concrete bol-
lards were acquired from the LVDTs at the right and left 
end sides of the specimen. The maximum deformations 
of the concrete bollards under impact loading were ob-
tained 60.72 mm, 59.10 mm and 57.10 mm for 100x100 
mm cross section of the specimens. Similarly, 22.83 mm, 
22.30 mm and 19.80 mm for the 150x150 mm cross sec-
tion specimens and 10.80 mm, 10.50 mm and 9.20 mm 
for the 200x200 mm cross section specimens (by respec-
tively %0, %5 and %10 waste steel tire wire ratio). The 
maximum deformation of the concrete bollards under 
impact loading decreased by 6% to 15% depends on the 
waste steel tire wire content by volume. And also, the 
maximum deformation of the concrete bollards under 
impact loading increased depends on the cross section 
decreased. The experimentally obtained maximum de-
formations at the end of the concrete bollards versus 
steel ratio are given in Fig. 4. Maximum deformations of 
cross section 200x200 mm concrete bollards are very 
small and these are mostly elastic deformations and a 

low part of it is plastic. However while the cross section 
of the concrete bollards under impact load decreased, 
deformations are ascended which mostly plastic defor-
mations and a low part of it is elastic. 

The residual deformations of the concrete bollards 
under impact loading were obtained 54.15 mm, 51.69 
mm and 48.66 mm for 100x100 mm cross section of the 
specimens. Similarly, 14.11 mm, 13.27 mm and 11.80 mm 
for the 150x150 mm cross section specimens and 1.23 
mm, 1.13 mm and 0.92 mm for the 200x200 mm cross 
section specimens (by respectively %0, %5 and %10 
waste steel tire wire ratio). The residual deformation of 
the concrete bollards under impact loading decreased by 
10% to 25% depends on the waste steel tire wire content 
by volume. And also, the residual deformation of the con-
crete bollards under impact loading increased depends 
on the cross section decreased. The experimentally ob-
tained residual deformations at the end of the concrete 
bollards versus steel ratio are given in Fig. 5. 

According to these results, the maximum deformation 
of concrete bollards decreases as the waste steel tire 
wire ratio increases. Thus, as their capacity increases, 
they have more ability of deformation. They have a 
greater impact load carrying capacity.  
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Fig. 4. Maximum deformation – steel ratio relationship obtained experimentally under impact loading. 

 

Fig. 5. Residual deformation – steel ratio relationship obtained experimentally under impact loading.

Displacement - time graphs of the concrete bollards 
according to waste steel tire wire ratio for all sections 
separately are given in Fig. 6. And also for all sections dis-
placement versus time graphs are given below in Fig. 7. 

3.2. Acceleration – time graphs assessment 

The acceleration time graphs of the concrete bollards 
were acquired from the accelerometers at the right and 
left mid sides of the specimen. The maximum accelera-
tion of the concrete bollards under impact loading were 
obtained 53.3, 59.6 and 64.9 g for 100x100 mm cross 

section of the specimens. Similarly, 81.6,  87.0 and 93.9 g 
for the 150x150 mm cross section specimens and 98,5, 
106,2 and 113,1 mm for the 200x200 mm cross section 
specimens (by respectively 0%, 5% and 10% waste steel 
tire wire ratio). The maximum acceleration of the con-
crete bollards under impact loading increased by 6% to 
17% depends on the waste steel tire wire content by vol-
ume. And also, the maximum acceleration of the concrete 
bollards under impact loading increased depends on the 
cross section increased. The experimentally obtained 
maximum accelerations at the end of the concrete bol-
lards versus steel ratio are given in Fig. 8.

     

Fig. 6. Displacement – time graphs of the concrete bollards under impact loading. 
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Fig. 7. Displacement – time graphs for all of the concrete bollards under impact loading. 

 

Fig. 8. Maximum average acceleration – steel ratio relationship obtained experimentally under impact loading.

Acceleration versus time graphs of the concrete bol-
lards for all sections are given in Fig. 9. 

3.3. Impact load – time graphs assessment 

The impact load versus time graphs of the concrete 
bollards were acquired from the load cell on the top side 
of the specimen end. The impact load of the concrete bol-
lards all exhibits a similar pattern with an initial peak 
point. Similarly, the initial peak is considerably bigger 
than subsequent peaks. The experimentally obtained im-
pact load versus time graphs on the top side of the con- 

crete bollards end are given in Fig. 10. 

3.4. Deformation 

The impact failures and the crack progressives of the 
100x100 mm cross section specimens (by respectively 
0%, 5% and 10% waste steel tire wire ratio) are given in 
Fig. 11. Whole crack initiation region is the support re-
gion of the concrete bollards. The crack size decrease 
with the waste steel tire wire ratio increase. It can be ex-
plained with the formation of crack bridges with the help 
of the steel wires and they slow down the crack.
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Fig. 9. Acceleration – time graphs for all of the concrete bollards under impact loading. 

   

   

   

Fig. 10. Impact load – time graphs for all of the concrete bollards under impact loading.

The impact failures and the crack progressives of the 
200x200 mm cross section specimens (by respectively 
0%, 5% and 10% waste steel tire wire ratio) are given in 
Fig. 12. Crack initiation region is the support region of 
the concrete bollards as the same with other cross sec-
tion specimens. The crack size decrease with the waste 

steel tire wire ratio increase. It can be explained with the 
formation of crack bridges with the help of the steel 
wires and they slow down the crack. 

Experimentally obtained results such as maximum de-
formation, residual deformation, maximum impact load 
and maximum average acceleration are given in Table 2.   
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      a) C100x100-0S      b) C100x100-5S                c) C100x100-10S 

Fig. 11. Failure of the C100x100 concrete bollards under impact loading. 

       
    a) C200x200-0S                 b) C200x200-5S              c) C200x200-10S 

Fig. 12. Failure of the C200x200 concrete bollards under impact loading. 

Table 2. Experimentally obtained test results. 

Specimen 
Maximum  

deformation (mm) 
Residual 

deformation (mm) 
Maximum  

impact load (kN) 
Maximum average  

acceleration (m/sn²) 

C10x10x110R-%0S 60.72 54.15 25.86 53.3 

C10x10x110R-%5S 59.10 51.69 25.92 59.6 

C10x10x110R-%10S 57.10 48.66 26.02 64.9 

C15x15x110R-%0S 22.83 14.11 26.79 81.6 

C15x15x110R-%5S 22.30 13.27 14.16 87.0 

C15x15x110R-%10S 19.80 11.80 26.68 93.9 

C20x20x110R-%0S 10.80 1.23 26.45 98.5 

C20x20x110R-%5S 10.50 1.13 26.40 106.2 

C20x20x110R-%10S 9.20 0.92 26.01 113.1 

4. Conclusions 

The conclusions of this experimental study that inves-
tigated effect of waste steel tire wired concrete on the 
mechanical behavior under impact loading are summa-
rized below. 
 Specifications of the waste steel tire wires may not be 

equal such as thickness and length of wires. Steel 
wires recovered from waste tires also have some 
shredded rubber particulars in content. One more 
process may be useful to ensure the homogeneous 
and standardization of the steel wires recovered from 
waste tires. 

 The maximum deformation of concrete bollards de-
creases as the waste steel tire wire ratio increases. 
Thus, as their capacity increases, they have more abil-
ity of deformation. They have a greater impact load 
carrying capacity. 

 As the added volume of the steel wires recovered 
from waste tires increases, the workability decreases. 

 Promising results are obtained by adding steel wires 
recycled from waste tires to concrete bollards, in 
terms of impact resistance, 

 In terms of sustainability and a cleaner nature for pos-
terity, recycling should be increased in our lives. 
The experimental test aimed to research the effect of 

waste steel tire wired concrete on the mechanical behav-
ior under impact loading as a possible environmentally 
friendly and sustainable solution. It can be said that the 
results provide the potential usage of waste steel tire 
wire manufacturing friendly to nature concrete bollards. 
Utilization of waste steel tire wire contributes to the sus-
tainability of the concrete bollards. And also it is possible 
to enhance the productivity with more research. The ef-
fect of waste steel tire wire alignment during placing can 
be considered for further investigation. The more waste 



158 Şengel et al. / Challenge Journal of Structural Mechanics 8 (4) (2022) 150–158  

 

steel tire wire ratio can be studied for better applicability 
and acceptability of this material. Since concrete bol-
lards can be exposed to aggressive environmental condi-
tions, their durability should also be considered in future 
studies. It also needs to be investigated under dynamic 
and static loading conditions. Generally, the usage of 
waste steel tire wire in concrete could be an innovative 
method in the construction industry. 
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A B S T R A C T 

In this study, a novel auxetic structure, namely RDN, is presented in two- and three-
dimensions. The unit cells are created by modifying the conventional re-entrant 

structure and the 2D and 3D structures are formed by multiplying these unit cells. 

Finite element analyses are conducted to study the deformation mechanism of these 

structures under uniaxial tension, and the mechanical properties of the structures 

are obtained. Also, a 3D unit cell is modelled with different strut thickness values to 

examine the effect of the strut thickness on mechanical properties. Numerical models 

are developed using ANSYS/Static Structural software and linear elastic analyses are 

performed by applying small displacements to the structures. It is found that the 2D 

and 3D RDN structures possess a high negative Poisson’s ratio but relatively small 

stiffness compared to the other auxetics. The analyses of the 3D unit cells showed 
that increasing the strut thickness led to higher stiffness values but reduced auxetic 

behaviour of the structure. 
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1. Introduction 

Auxetic structures or materials are characterised by 
negative Poisson’s ratio and contrary to traditional ma-
terials, expand due to tensile forces and contract with 
compressive effects (Fu et al. 2016; Wang et al. 2016). 
When compared to common materials, auxetic struc-
tures have many enhanced and unique mechanical prop-
erties such as fracture toughness, energy absorption and 
synclastic curvature due to their unusual deformation 
behaviour (Wang et al. 2018; Quan et al. 2020). These 
features make auxetics attractive for many practical ap-
plications such as biomaterials (Kuribayashi et al. 2006; 
Ali et al. 2014; Kolken et al. 2018; Yao et al. 2021), pro-
tective devices (Foster et al. 2018; Krishnan et al. 2021), 
civil engineering (Assidi and Ganghoffer 2012; Dhana-
sekar et al. 2016; Zahra and Dhanasekar 2017), sensors 
(Xu et al. 1999; Ko et al. 2015), aerospace (Liu 2006; Ajaj 
et al. 2016), and so on. 

Although auxetic materials can be found in nature, re-
search into these materials has typically concentrated on 
manmade structures and started from the pioneering 
work carried out by Lakes (1987) (Wang et al. 2016; 
Shepherd et al. 2020). Following Lakes’ seminal work, 

two-dimensional (2D) artificial auxetic structures have 
experienced remarkable development and the achieve-
ments in these 2D structures have provided a great un-
derstanding of the nature of the unusual materials. How-
ever, with the development of fabrication techniques, 
three-dimensional (3D) auxetics attracted considerable 
interest and researchers have triggered a trend to de-
velop more complex 3D models in recent years (Fu et al. 
2016; Wang et al. 2018; Gao et al. 2021). Some papers in 
the literature have examined the mechanical properties 
of the various existing auxetic structures, while other 
studies have been carried out to expand the family of 
auxetic structures and explore potential applications of 
these structures. Among these studies, Fu et al. (2016) 
developed a novel 3D re-entrant structure that can 
achieve a negative Poisson’s ratio in two principal or-
thogonal directions. Lu et al. (2017) proposed two novel 
auxetic 3D chiral structures based on the 2D cross chiral 
structure and confirmed that the combined structures 
have a higher Young’s modulus. A new structure named 
re-entrant chiral auxetic (RCA) was proposed by 
Alomarah et al. (2019) based on the re-entrant and chiral 
structures. They compared mechanical properties of this 
structure with three different auxetic honeycombs and 
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mailto:s.orhan@erzurum.edu.tr
https://doi.org/10.20528/cjsmec.2022.04.004
http://cjsmec.challengejournal.com/
https://orcid.org/0000-0002-1357-6039
https://orcid.org/0000-0003-0561-1110


160 Orhan and Erden / Challenge Journal of Structural Mechanics 8 (4) (2022) 159–165  

 

stated that the RCA structure offered better energy ab-
sorption capacity than the other three auxetics. Qi et al. 
(2020) replaced the sloped cell wall of a re-entrant hex-
agonal honeycomb with a double circular arch cell wall 
and proposed a novel re-entrant circular (REC) struc-
ture. The specific energy absorption of the REC structure 
was found to be much higher than that of the regular re-
entrant honeycomb. Su et al. (2020) proposed a unique 
re-entrant honeycomb structure with reinforcement 
arches to achieve better structural stiffness while retain-
ing the auxetic behaviour of the structure. Wei et al. 
(2020) developed a new 3D anti-tetrachiral auxetic and 
investigated the deformation characteristic of the struc-
ture. They found that one of the Poisson’s ratios is inde-
pendent of the geometric parameters. Gao et al. (2021) 
proposed a class of novel 3D auxetic structures based on 
the rigid rotating mechanism. They stated that these 
structures are capable of offering a Poisson’s ratio from 
positive to negative in a wide range along the three prin-
cipal axes and are suitable for many engineering applica-
tions. 

As can be seen from the above literature, various re-
searches have been conducted to create new auxetics by 
modifying the geometries of existing ones. In this paper, 
a new auxetic lattice structure, namely RDN, was pro-

posed in two- and three-dimensions based on the corre-
sponding re-entrant auxetic topology. The behaviour of 
these structures under tensile effects was investigated 
with FEM-based (finite element method) analyses using 
ANSYS software. From the numerical analyses, stiffness 
and Poisson’s ratio values of these structures were cal-
culated and compared with other auxetic structures. 
Moreover, the 3D unit cell of the structure was modelled 
by varying the thickness of the struts between 0.5 and 
1.5 mm to investigate the influence of strut thickness on 
auxetic behaviour. Finally, von Mises stress distributions 
on the structures were examined.   

 
2. Design and Analysis 

The RDN structure was designed based on the 2D re-
entrant structure geometry. By modifying the 2D re-en-
trant auxetic, first a 2D unit cell consisting of diagonal 
and horizontal ligaments was designed, and then a three-
dimensional unit cell was modelled (Fig. 1). 

The 2D and 3D unit cells were constructed by CAD 
software SolidWorks 2016 (Dassault Systems, Massa-
chusetts, USA) and by combining the unit cells, two- and 
three-dimensional structures were obtained as seen in 
Fig. 2.

 

Fig. 1. Two- and three-dimensional RDN unit cells (all dimensions in mm). 

 

Fig. 2. Two- and three-dimensional RDN structures (all dimensions in mm).  
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In modelling these structures, the dimensions of our 
previously examined auxetic structures (Orhan and 
Erden 2022) were taken into account. Thus, the mechan-
ical properties were intended to be comparable. Finite 
element analyses were conducted to examine the behav-
iour of these structures under displacements as uniaxial 
tension and the stiffness and Poisson’s ratio of the struc-
tures were determined. Besides, the 3D unit cells were 
modelled with four different strut thickness values (0.5, 
1, 1.2 and 1.5 mm) to explore the effect of strut thickness 
on the auxeticity of the RDN structure.   

The numerical simulations of the structures were per-
formed using the Static Structural analysis module of the 
ANSYS Workbench (v20.R1) (ANSYS Inc., PA, USA) soft-
ware. To determine the mesh element size and the 
boundary conditions, the results of the validation and 
mesh convergence study we had previously performed 
and presented were taken into account. In our previous 
study (Orhan and Erden 2022), we modelled and ana-
lysed the re-entrant structures that were investigated 
numerically and experimentally by Wang et al. (2016) 
and compared the results to validate our models. De-
tailed information about these analyses was given in our 
previous paper. In line with the results obtained from the 

validation study, the boundary conditions applied in the 
analyses are shown in Fig. 3. All structures were fixed 
from one side and a constant displacement was applied 
to the other side. Two platens of thickness 5 mm, were 
placed to the top and bottom sides of the 3D structure 
and platens were fixed on the structure employing 
“bonded” contact. In the 3D unit cells, fixation and load-
ing were made directly on the surface of the struts, and 
no platens were used. Displacement values were taken 
as 1/1000 of the structures’ heights (𝜀𝑦 ≤ 0.001) to con-
duct analyses in the linear elastic region. In the analyses, 
all structures were meshed with hexahedron (hex20) el-
ements and the selected mesh size was of 0.67 mm fol-
lowing our previous mesh convergence study. The 
"structural steel" from the ANSYS material library was 
defined as material for all RDN structures in the analysis 
(Table 1). 

Considering the points seen in Fig. 3 and using Eqs. 
(1) and (2) given below, the Poisson’s ratio (𝜈𝑦𝑥 ) of each 
RDN auxetic was determined. Also, the force values cor-
responding to the applied displacements were obtained 
for each structure and force-displacement curves were 
created. The stiffness of the auxetics was derived from 
the slope of these curves.

Table 1. Material properties used in numerical analysis. 

Material Density  
Young’s 
modulus 

Poisson’s  
ratio 

Tensile yield 
strength 

Tensile ultimate 
strength 

Structural steel 7.85 gr/cm3 200 GPa 0.3 0.25 GPa 0.46 GPa 

 

Fig. 3. Boundary conditions used in FEM analysis.

𝜀𝑥 =
∆𝐿𝑥

𝐿𝑥
   ,   𝜀𝑦  =

∆𝐿𝑦

𝐿𝑦
 (1) 

𝜈𝑦𝑥 = −
𝜀𝑥

𝜀𝑦
 (2) 

where, 𝜀𝑦 is the strain calculated in the longitudinal di-
rection, 𝜀𝑥  is the strain calculated in the lateral direction, 
𝐿𝑥  and 𝐿𝑦 are the original distances between points C-D 
and A-B, respectively, and ∆𝐿𝑥  and ∆𝐿𝑦 are the change in 
distances between these points after deformation. 
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3. Results and Discussion 

The force-displacement curves generated from the 
analyses of the two- and three-dimensional RDN struc-
tures are illustrated in Fig. 4 and the stiffness and Pois-
son’s ratio values of the structures are given in Table 2. 

From these results, it is seen that the 2D and 3D RDN 
structures showed auxetic behaviour as desired and had 
a high negative Poisson’s ratio. When these results were 

compared with the previously examined re-entrant, loz-
enge grid, arrowhead and elliptic hole structures (Orhan 
and Erden 2022), the stiffness and Poisson’s ratio values 
of the 2D RDN were found to be larger than the values 
obtained from the re-entrant and lozenge grid structures. 
In three dimensions, it is determined that the Poisson’s 
ratio of the RDN structure was larger than those of the re-
entrant and lozenge grid structures, and the stiffness 
value was smaller than that of the other four auxetics.

 

Fig. 4. Force-displacement curves of the RDN structures.

Table 2. Mechanical properties of the RDN structures 
obtained from the analyses. 

Auxetic 

Stiffness (N/mm) Poisson’s Ratio 

2D 3D 2D 3D 

RDN 3601 11916 -0.704 -0.806 

When the von Mises stresses at the 2D and 3D RDN 
auxetics were examined, it was seen that the maximum 
von Mises stresses occurred at the corner points where 
the longitudinal struts are connected to the horizontal 
elements (Fig. 5). The highest von Mises stresses of 
259.1 MPa and 212.8 MPa were found at the 2D and 3D 
structures, respectively. In order to reduce the stress 
concentration, the edges can be substituted by curves.

 

Fig. 5. Maximum von Mises stresses at the RDN structures.

The force-displacement curves obtained from the 
analyses of the 3D unit cells modelled with different 
strut thickness values are shown in Fig. 6. The Poisson’s 
ratio, relative density and stiffness values of these unit 
cells are also given in Table 3. It is found that the Pois-
son’s ratio decreases from -0.793 to -0.663 and stiffness 
increases from 22876 N/mm to 60874 N/mm with an in-
crease of thickness from 0.5 mm to 1.5 mm. Although in 

a study conducted by Meena et al. (2019), it was stated 
that the thickness had no discernible effect on the auxe-
tic behaviour of the structure, our results were con-
sistent with other studies where it was indicated that the 
Poisson's ratio of the auxetic structure decreases with in-
crease of strut thickness (Lee et al. 1996; Schwerdtfeger 
et al. 2012; Ren et al. 2015). The Poisson’s ratio and stiff-
ness values versus strut thickness are plotted in Fig. 7.  
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Fig. 6. Force-displacement curves of the 3D RDN unit cells. 

Table 3. The effect of strut thickness on the mechanical properties of the unit cell. 

Strut thickness (mm) Poisson’s ratio Stiffness (N/mm) Relative density (%) 

0.5 -0.793 22876 0.0321 

1.0 -0.721 42475 0.0508 

1.2 -0.688 50694 0.0616 

1.5 -0.663 60874 0.0716 

 

Fig. 7. Poisson’s ratio and stiffness change with strut thickness.

Fig. 8 shows the stress distribution along the 3D unit 
cells with different strut thicknesses. The maximum von 
Mises stress was obtained as 347 MPa at the unit cell 
with 0.5 mm strut thickness. As the strut thickness and 
the relative density of the unit cell increased, the stress 

values gradually decreased. Hence, the largest stress was 
determined as 305.5 MPa for the unit cell with 1.5 mm 
strut thickness. The percentage change of the maximum 
von Mises stress with respect to the change of strut 
thickness is shown in the Table 4.

Table 4. Change of the maximum von Mises stress with increasing strut thickness. 

 Strut thickness (mm) 

 0.5 1 1.2 1.5 

Percentage increase of the strut thickness (%)  100  140  200  

Maximum von Mises stress (MPa) 347 333.3 321.6 305.5 

Percentage decrease of the maximum von 
Mises stress (%) 

 3.95  7.32  11.96  
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Fig. 8. Maximum von Mises stress distributions at the 3D unit cells.

4. Conclusions 

In this present work, a new auxetic lattice structure 
was proposed in two- and three-dimensions. The design 
of this structure was carried out by modifying the con-
ventional re-entrant auxetic. Finite element analyses 
were conducted under axial extension to determine the 
mechanical properties and the deformation characteris-
tics of these structures. The analyses showed that the 
structures are capable of offering auxetic behaviour and 
a high negative Poisson’s ratio. It was found that the 
Poisson’s ratio of the 3D RDN auxetic was greater than 
the lozenge grid and re-entrant structures but the stiff-
ness of the structure was lower when compared with the 
re-entrant, lozenge grid, arrowhead and elliptic hole 
structures. However, this design is the first step for the 
RDN structure. Considering the stress distribution in the 
structure, the unit cell modifications and shape optimi-
sation can be performed, and the mechanical perfor-
mance of the structures can be enhanced. In addition, 
analyses can be carried out under both quasi-static and 
dynamic compression loads to determine other mechan-
ical properties of the structure, like compressive and 
buckling strength. Furthermore, experimental investiga-
tion of the presented structures could be performed and 
the possible application of the structure in different 
fields such as biomedicine or civil engineering could be 
determined in future works. 
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A B S T R A C T 

In composite plate shear walls–concrete filled (C-PSW/CF), there is an indeterminate 
flow of force between concrete, steel plate and tie bars. Finite element methods 

(FEM) are frequently used to verify this force flow. The theoretical models available 

in the literature to predict the tie bar maximum axial force demands were based on 

walls without boundary plates. The finding in this study is intended to help under-

stand whether current theoretical approaches are conservative and can be applied 

to boundary plate walls as well. Within the scope of this study, tie bar axial force de-
mands for walls with boundary plates consisting of planar and round shapes and 

without boundary plates were investigated and compared. For this, a previously 

benchmarked finite element (FE) wall model was considered and configured to have 

no boundary plate and have planar and round boundary plates. FE models were an-

alyzed under monotonic lateral displacement up to 4% drift ratio. Passive lateral 

pressures and transverse force variations on the planar and round boundary plates 

were investigated. 
 

 

A R T I C L E   I N F O 

Article history:  

Received 1 June 2022 

Revised 25 August 2022 

Accepted 23 September 2022 
 
Keywords: 

Composite plate shear walls 

Concrete-filled 

Tie bar 

Boundary 

Axial force 
 

1. Introduction 

In composite plate shear walls – concrete filled (C-
PSW/CF) there is an indeterminate flow of forces between 
the wall parts (i.e., steel plates, infill concrete and tie bars). 
This force flow provides composite behavior and 
achieved by axial and shear force transfer between the 
wall parts. Axial and shear forces are transferred from 
concrete to steel plate or from steel plate to concrete by 
means of direct pressure and interface friction between 
the steel and the concrete, and also by the tie bars dis-
tributed along the wall surface at specified intervals.  

Capacity-based design principles are followed in the 
design of C-PSW/CF. The wall is assumed to attain plastic 
moment capacity at the base: the steel plates are as-
sumed to attain their yield strength, and the concrete is 
assumed to reach its unconfined compressive strength. 
Because of constructional appeal such as modular con-
struction, construction speed, functionally (being used 
as formwork, falsework) off-site fabrication, and struc-
tural appeal such as ductility, high-stiffness and strength,  

C-PSW/CF have been extensively researched in the last 
two decades (e.g. Oduyemi and Wright (1989), Wright et 
al. (1991), Bowerman et al. (1999), Xie and Chapman 
(2006), Eom et al. (2009), Ramesh (2013), Alzeni and 
Bruneau (2017), Polat and Bruneau (2017, 2018), Varma 
et al. (2019), and Kenarangi et al. (2021)). 

Polat and Bruneau (2018) showed that axial forces on 
the steel plate were redistributed to infill concrete fol-
lowing the steel plate local buckling. Polat et al. (2021) 
and Polat (2022) showed that tie bars axial force de-
mands in planar C-PSW/CF result from the prying action 
of the steel plate and the confinement action of the infill 
concrete. The prying action is introduced by steel plate 
local buckling following yielding under wall flexural de-
formation and is related to prying length and through-
thickness plastic moment of the steel plate. The concrete 
confinement action is introduced under wall flexure and 
large compressive strains developed within the con-
crete. Arching action is assumed to form within the con-
crete under compression between the adjacent tie bars 
in the vertical axis. Theoretical models were developed 
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http://cjsmec.challengejournal.com/
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to predict the tie bars axial force demands due to prying 
action (Polat et al. 2021) and to predict the tie bars axial 
force demands due to confining action (Polat 2022). 
However, although the walls examined in these studies 
did not have boundary plates, in practice, boundary 
plates can often be preferred because they both increase 
the strength of the wall and form a formwork for con-
crete placement. This study aims to investigate the influ-
ence of round and planar boundary plates, which are fre-
quently used for C-PSW/CF, on the axial force demands 
of the tie bars. In addition, this study shows that the the-
oretical models developed by Polat (2022) based on 
walls without boundary plates to predict tie bar maxi-
mum force demands are conservative and can also be ap-
plied for walls with boundary plates. 

 

2. Wall Geometry and Properties 

Fig. 1(a-c) illustrates the cross-sections of the wall 
models. Note that the wall model shown in (c) was de-
signed and tested by Alzeni and Bruneau (2017) and was 
used as a reference for the other wall geometries shown 
in (a) and (b). Wall cross-sections consist of steel web 
plates, infill concrete and boundary plates. The location 
of the tie bars, extending between the dual steel web 
plates, are also indicated in the Figure. Model NB, shown 
in the Fig. 1(a), has no boundary plates. Models B1 and 
B2, shown in Fig. 1(b-c), have boundary elements in the 
form of planar and round plates, respectively. Except for 

the boundary plates, the walls have otherwise the same 
geometry and dimensions.  

Fig. 2 shows a representative wall dimension in eleva-
tion and plan view for Model NB. All Models has a height 
of 3048mm, infill concrete thickness of 203.2mm, steel 
web plate and boundary plate thickness (ts) of 7.94mm, 
tie bar diameter of 25.4mm. The total depths of the 
cross-sections are 1016mm, 1025.5mm and 1235mm for 
Models NB, B1 and B2; respectively. The tie bars are 
spaced 203.2 mm horizontally (w2) and vertically (w1), 
except that the horizontal distance between the last two 
rows is 152.4 mm. The slenderness of the steel web plate 
given by the ratio of vertical tie spacing to plate thickness 
(w1/ts) equal to 25.6 for all Models. The reinforcement 
ratio (calculated as the ratio of steel area to concrete 
area) is 7.8%, %9.4, and %8.96 for Models NB, B1 and 
B2, respectively. Accordingly, all Models have satisfac-
tory reinforcement ratio with regards to AISC 341-22 
Seismic Provisions (AISC 2022) where the reinforce-
ment ratio for C-PSW/CF is limited to 1-10%.  

The infill concrete has uniaxial compressive strength 
of 47.8 MPa. The steel web and boundary plates have a 
yield strength of 427 MPa, an elastic modulus of 205463 
MPa. For the tie bars, elastic material properties were 
used. Note that six tie bars were identified in Fig. 1(a) 
and denoted as; Tie11, Tie12 for the first row Tie21, Tie22 
for the second row, and Tie31, Tie32 for the third row. In 
Section 4, the axial force demand on these tie bars will be 
used to compare for Models NB, B1 and B2 under mono-
tonic lateral displacement.

 

Fig. 1. Illustration of wall cross-sections: (a) Model NB; (b) Model B1; and (c) Model B2.

3. Finite Element Modeling 

3.1. Element and material models 

Finite element (FE) models of the walls were devel-
oped using LS-Dyna (LSTC 2022). Fig. 3 shows the iso-
metric views of the developed FE models. Since the walls 
were symmetrical with respect to the loading direction, 
the walls were modeled only in half using the symmetry 
boundary conditions. In terms of elements, four node 
fully integrated shell element was used for modeling the 
web and boundary plates, eight node constant stress 
solid element was used to model the concrete and two 

node beam element was used to model the tie bars. In 
terms of element sizes, each solid element was 
25.4x25.4x25.4mm, each shell element was 25.4x25.5, 
and each beam element was 25.4mm. For modeling the 
tie bars, the slip model developed by Polat et al. (2021) 
was used. In this model, tie bars extending between the 
steel plates are restrained to infill concrete in the two or-
thogonal transverse directions (i.e., X and Z axes) and un-
restrained in its own axis (i.e., Y axis); allowing develop-
ment of uniform axial force along the tie bars. For typical 
half-symmetric FE model, for example for Model NB, a 
total of 19200 solid elements, 4800 shell elements, and 
360 beam elements were used.  
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Fig. 2. Dimensions of Model NB in: (a) Elevation view of 
wall and tie bar placement; and (b) Cross-section. 

For modeling the concrete, the Karagozian & Case 
Concrete Model – Release III (KCC) was used. The selec-
tion of this model is based on prior studies (Polat 2020; 
Polat et al. 2021) that have shown that walls with KCC 
can reasonably predict the ultimate strength of the walls 
tested while simulating concrete dilation.  For modeling 
the steel, the plastic-kinematic material model was used. 
This model is represented by bi-linear curves with elas-
tic and post-elastic modulus. The same material model 
with elastic properties was used for modeling the tie 
bars. Note that, Model B2 was developed previously with 
base footing (with different concrete material model and 
without tie bar slip model) by Polat and Bruneau (2017) 
and benchmarked against tested specimen (Alzeni and 
Bruneau 2014; Alzeni and Bruneau 2017). Model NB is 
the same model considered in the investigation of tie 
bars axial force demands in C-PSW/CF without bound-
ary plates by Polat et al. (2021). 

3.2. Finite element analysis 

The Models were subjected to static displacement at 
the top. Implicit solution procedure of the program was 
used for the inelastic nonlinear analysis of the Models. 
The maximum time step for the nonlinear analysis was 
set to 0.01second (resulting in hundred steps for a total 
of 1 second loading curve). Using 4-core dedicated pro-
cessors, a typical analysis duration was about two hours. 
Fig. 4(a-c) shows the pushover curves of the walls under 
monotonic lateral displacement. The maximum lateral 
load carrying capacity was 917 kN for Model NB, 1265 
kN for Model B1, and 1660 kN for Model B2. Model NB 
exhibited gradual strength degradation as a result of 
steel plate local buckling and lack of boundary element. 
For example, it has a wall strength of 860 kN at 4% drift, 
corresponding to a strength loss of about 7%. Strength 
degradation for Models B1 and B2 was limited, at-
tributed to having boundary plates in these Models.

               

Fig. 3. Isometric views of the half-symmetric FE models of: (a) Model NB; (b) Model B1; and (c) Model B2. 
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Fig. 4. Pushover curves of: (a) Model NB; (b) Model B1; and (c) Model B2.

3.3. Passive lateral pressure on boundary plates 

Fig. 5(a-c) shows the contours of interface normal 
forces forming under flexural wall deformation for Mod-
els NB, B1 and B2. It should be noted that interface nor-
mal forces are nodal forces formed at the steel plate-con-
crete interface. Under wall flexure, the part of the con-
crete under compression expands laterally due to Pois-
son affect and shear dilation. The lateral expansion of 
concrete is restrained by the steel plates and tie bars 
which provides passive lateral pressure on concrete sur-
face. Interfacial pressures can be obtained by first ob-
taining the interfacial normal forces at the interface 
nodes of steel plates then dividing these forces by the ef-
fective area. Therefore, the contours shown in the Figure 
can be interpreted as pressure contours other than the 
numerical values shown. 

The highest values for passive lateral pressures occur 
in the region where the lateral expansion of the concrete 
is restrained by the tie bars and boundary plates. Tie 
bars provides lateral restraint by means of axial stiffness 
whereas boundary plates provide lateral restraints by 
means of transverse plate stiffness. Because Model NB 
has no boundary plate, tie bars located at the very bot-
tom of the wall on the compression side were subjected 
to larger axial force demands. However, for Models B1 
and B2, boundary plates contributed to transverse force 
resistance of the tie bars against concrete lateral expan-
sion, so the tie bars of these Models received less axial 
force demands. Because of the round shape of the bound-
ary plate of Model B2, the passive lateral pressures (or 
interface normal forces) were more evenly distributed, 
while lateral pressures were concentrated at the corner 
of the planar boundary plate of Model B1.

           

Fig. 5. Interface pressure acting on steel plate of: (a) Model NB; (b) Model B1; and (c) Model B2.

Although Fig. 5 provides useful information about the 
formation of passive lateral pressures, it cannot be inter-
preted reasonably for an understanding of the actual 
magnitude of the pressure distribution. To facilitate the 

interpretation of the actual magnitude of pressure distri-
bution, three-dimensional pressure distribution over a 
selected partial region of the boundary plates were plot-
ted.  
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Fig. 6(a-b) shows these selected partial regions in 
Models B1 and B2 boundary plates. Fig. 7(a-b) shows the 
three-dimensional interface pressure distributions on 
the boundary plates of Models B1 and B2. Note that, in-
terface pressures were obtained by dividing the inter-
face force created at each node of the shell element by 
the corresponding tributary surface area of the element. 
As shown in Fig. 7(a), interface pressures reach their 
maximum where the planar boundary plate meets the 
web plate. The interface pressures decrease almost line-
arly from the maximum points and drop to zero at quar-
ter wall thickness from the edge. As shown in Fig. 7(b), 
interface pressures are more evenly distributed over the 
interface area of the round boundary plate. Note that, 
slightly above the wall base, pressures drop in these ar-
eas as a result of plate local buckling in the round bound-
ary plate. Compared to the pressure distribution on the 

planar plate, the pressure distribution on the round plate 
is more uniform and is distributed higher elevation. 

           

Fig. 6. Selected location of boundary plates of:  
(a) Model B1; and (b) Model B2 for 3D interface pres-

sure distribution.

           

Fig. 7. 3D interface pressure distribution on boundary plates of: (a) Model B1; and (b) Model B2.

4. Comparison of Tie Bar Axial Forces 

Fig. 8(a-f) compares axial force demands of the six tie 
bars (Tie11, Tie12, Tie21, Tie22, Tie31, Tie32) identified pre-
viously. For all Models, the tie bars closest to the wall 
boundary received larger axial force demands than the 
interior tie bars. This behavior is explained by the in-
crease in concrete dilation as a result of increased axial 
strain demand on the concrete. Tie bars axial force de-
mands decreased with distance from the wall base. Ex-
ception to this was observed in the second row of tie bars 
(i.e., Tie21, Tie22). For these bars, plate local buckling con-
tributed to axial force demands (note that steel plate lo-
cal buckling take place between the first and second row 
of tie bars). It should be noted that tie bars receive addi-
tional axial force demand due to prying action in addi-
tion to the confining action (Polat et al. 2021; Polat 
2022). All the tie bars in Model NB received greater axial 
force demands than tie bars in Models B1 and B2. All the 

tie bars in Models B1 and B2, except the first-row tie bars 
(i.e., Tie11, Tie12), received similar axial force demands. 
But for the first-row tie bars, the axial force demands in 
Model B1 are greater than in Model B2. This is attributed 
to the fact that the round boundary plate contribution to 
concrete confinement better than the planar plate. To 
demonstrate this, Fig. 9(a-b) shows the force variation in 
the transverse direction on the boundary plates along 
the wall height for Models B1 and B2. The transverse 
forces were obtained by multiplying the transverse 
stresses on the shell element with the area of the shell 
element in the transverse direction. Force demands 
were obtained at 0.5%, 1.0%, 2.0%, 3.0% and 4.0% wall 
drift ratios. For both Models, the transverse force de-
mands on the boundary plates increase with increasing 
wall drift. For Model B2, the curves are smoother while 
for Model B1 they are slightly jagged. While transverse 
forces on the planar boundary plate were almost limited 
to a height of plastic hinge (1000mm) for Model B1, 
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transverse forces on the round boundary plate of Model 
B2 were spread out almost to the height of the wall. This 
is important in terms of showing the effectiveness of the 
round boundary plate compared to the planar one. Com-
parison of tie bars axial force demands for walls with and 

without boundary plates in Fig. 8(a-f) demonstrate that 
the theoretical models developed by Polat (2022) based 
on walls without boundary plates to predict tie bar max-
imum force demands are conservative and can also be 
applied for walls with boundary plates.

   

   

Fig. 8. Comparison of bar axial force demand in Models NB, B1 and B2 for:  
(a) Tie11; (b) Tie12; (c) Tie21; (d) Tie22; (e) Tie31; and (f) Tie32. 

 

Fig. 9. Transverse force variation along the height of wall boundary elements: (a) Model B1; and (b) Model B2.

5. Conclusions 

The influence of boundary plates on tie bar axial force 
demands in planar C-PSW/CF was numerically investi-
gated. Three-dimensional finite element wall models 

were developed. Three planar C-PSW/CF were used, two 
of which had boundary elements consisting of planar 
and round plates. The models were subjected to mono-
tonic displacement up to 4% drift ratio. The findings 
from the numerical results are as follows: 
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 Inclusion of boundary plates resulted in a decrease in 
tie bars axial force demands. This applies to both 
types of boundary plates. 

 Except for the tie bars located at the very bottom of 
the wall, the tie bars received almost similar axial 
force demands for both type of boundary plates.  

 Compared to the wall without boundary plate, tie bar 
axial force demands in the walls with boundary plates 
decreased significantly with distance from the base of 
the wall. 

 The theoretical models developed previously by Polat 
(2022) based on walls without boundary plates to pre-
dict tie bar maximum force demands are conservative 
and can also be applied for walls with boundary plates.   

 Passive lateral pressures are more evenly distributed 
on the round plate but spread towards the corners on 
the planar plate. This is important for the connection 
between the boundary plates and the web plates. 
Pressure concentration on the plate corners may re-
quire more rigorous connection design between the 
boundary plates and web plates. 

 The round boundary plate takes greater transverse 
force demands than the planar plate, especially con-
tributing more to the confining force resistance of the 
first-row tie bars, thus helping to decrease force de-
mands on these tie bars. 
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