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In this study, nonlinear behavior of steel shear walls (SSW) and composite steel shear wall reinforced with
carbon fibers (CSSW) was investigated. Experimental and numerical studies were carried out to evaluate the
effects of fiber content/angle and panel width on the properties of these walls. Results showed that wider
panel widths enhance the behavior of both the SSW and CSSW. Higher fiber contents increase energy
absorption, stiffness, over-strength and capacity, but decrease ductility values. It was concluded that fiber
polymer has a more dominant effect on thin SSWs. The effect of fiber angle on the behavior of the CSSW was
also studied and a few equations, relating fiber angle to properties, were suggested.
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1. Introduction

Steel Shear Walls play an important role in improving the seismic
behavior of structures. In thin SSWs (Steel has a high slenderness ratio)
the shear buckling of steel plates usually govern the system. Main
experimental and numerical studies [1–7] reported to date have
revealed that the SSW system has good ductility, stiffness, and strength
against lateral loads imposed on the structure using its own post-
buckling behavior. Pinching on hysteresis loops under cyclic load due to
steel plate, may reduce the energy dissipation capability of thin SSWs.

Researchers [8–10] have proposed the Low Yield Point steel (LYP)
to improve the performance of the SSW. In general, the yield point of
LYP steel is about half that of A36 steel and its ultimate strain is more
than twice that of A36 steel. Their works have indicated that if LYP
steel is used for the shear panel, it will be easier to design the system
to let the steel panel yield before the surrounding frame and to ensure
that the frame may not collapse before the wall reaches its ultimate
strength. Tests of LYP shear walls subjected to cyclic loads have
indicated stable hysteresis loops, relatively large energy dissipation
capability and reduced drift angle.
By using stiffeners, the behavior mechanism of the SSW is
changed. The objective of using stiffener plates is to prevent buckling
of the steel plate prior to shear yielding [11–13]. Buckling failure of
the SSW can be deferred by adding stiffeners, but construction cost
will increase.

Adding concrete covering is another way to improve the SSW
behavior. Studies by researchers [4, 14–16] showed that adding a
concrete covering on the steel plate increases its in-plan stiffness and
enhances its buckling behavior. Also, results showed that the concrete
layer produced a better distribution of stress in the steel plate,
developing the tension field lines in a wider region. Two configurations
of concrete-composite shear were suggested by Astaneh-Asl. The only
difference between the traditional system and his innovative one is that
there is a gap between the concretewall and the boundary columns and
beams in this proposed system. In the traditional system there is no gap,
and concrete directly rests against boundary columns and beams. This
seemingly simple difference resulted in significant improvements in
the performance as well as an increase in the ductility and damage
mitigation.

This present study has proposed a model steel shear wall
composited by Carbon Fiber Polymer (CFRP) that achieves
structural performance. In the proposed system, a layer of CFRP
is placed on both sides of the infill steel plate. The structural
characteristics of the CSSW are addressed in this paper. The
nonlinear behavior of CSSW has also been investigated theoreti-
cally and a graph drawn to present its Load–drift in the inelastic
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Table 1
Steel and FRP characteristics.

Time (second) Load (kN) Shape Frequencies

Start End

0 71 0 Cyclic 0
72 180 300 Cyclic 1/60
181 360 500 Cyclic 1/60
361 540 600 Cyclic 1/60
541 576 600 Cyclic 1
577 720 600 Cyclic 2
721 828 600 Cyclic 3
829 858 600 Rectangular 1
859 878 600 Rectangular 2
879 893 600 Rectangular 3

Notations

μ Ductility
K Stiffness
Δmax Pushover displacement capacity
Ω Over strength
Δy Displacement pertaining to the yield point
Vy Idealized structural yield level
Vp First actual significant yield level
E Energy absorption

Table 2
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zone using the elastic analysis. The fiber angles were evaluated and
mathematical models were formulated to shear capacity, ductility,
energy absorption, stiffness prediction and design of CSSW.
Cyclic loading time history.

Yield point (Mpa) Elastic modules (Gpa) Poison's
coefficient

Steel 235 206 0.3
FRP (main direct) 3800 240 –
2. Numerical modeling

The nonlinear analysis of the Finite Element Method (FEM)
program by ANSYS software was utilized to investigate the SSW and
CSSW. Steel elements were modeled by shell element with 4-nodes
and 6 degrees of freedom. The CFRP layer was modeled using solid
element. Despite that CFRP is near to shell model, comparing the
numerical with experimental results and our trial and error (in this
steel shear wall composited by CFRP) showed that model of solid
gives better results.

To assess the system's post buckling behavior, use was made of the
nonlinear large deflection static analysis of the FEM. Convergence
criteria were considered for force and displacement values.

In reality, the thin infill plates upon mounting are already in a
buckled shape due to fabrication process. In incremental nonlinear
analysis, initial imperfection proportional to lowest Eigen-mode
shape of elastic buckling is introduced to the plates.
3. Experimental study

Two types of specimens studied were a single steel shear wall
(SSW) and a single steel shear wall composited by CFRP (CSSW).

On SSW specimen, 5 displacement gauges (LVDS) and 120 strain
gauges with special cable shield were transferred and date was
obtained from steel frame and plate to data logger.

The steel plate of the CSSW was roughened by sand blasting and
then the CFRP layer was applied on both sides. A certain proportion
of epoxy resin and hardener was used to glue the CFRP to the steel
plate.
Fig. 1. Test setup and d
The brittle failure modes were arranged to occur after the ductile
failure modes. Meaning, 2IPE200 from ST37 is used for the boundary
frame strengthened (beam and column) with two 12 mm plates
connected to both flanges (see Fig. 1). 3 mm thick steel was used for
the plates. As shown in Fig. 1, the specimen dimension is 2 m in width
and 1 m in height (Axis to Axis). The specimens were connected to a
rigid frame. After preparing the specimens, they were cyclically
loaded (Table 1) with 1/60, 1, 2, and 3 Hz frequency.

4. Materials

Steel and CFRP characteristics are shown in Table 2. Thickness and
weight (per area unit) of the CFRP layer are 0.176 mm and 0.03 N
respectively. These same material properties of the experimental
models are used in the numerical modeling too.

5. Experimental results

The presence of off-plane buckling and post buckling was visible in
the SSW specimen. Maximum off-plane displacement was 8 mm,
which is really high considering the steel plate thickness (3 mm).
However it was less than 5 mm for the CSSW.
imension of panel.



Fig. 2. (a,b) Failed specimens.

Table 3
Specimen properties.

Specimen Model Angle of fiber polymer (Deg) Width (mm)

S-32.5 S.S.W – 2500
S-33 S.S.W – 3000
S-35 S.S.W – 5000
S-36 S.S.W – 6000
CS-32.5 C.S.S.W Laterally and longitudinally 2500
CS-32.5-00 C.S.S.W 0 2500
CS-32.5-30 C.S.S.W 30 2500
CS-32.5-45 C.S.S.W 45 2500
CS-32.5-60 C.S.S.W 60 2500
CS-32.5-90 C.S.S.W 90 2500
CS-33 C.S.S.W Laterally and longitudinally 3000
CS-33-00 C.S.S.W 0 3000
CS-33-30 C.S.S.W 30 3000
CS-33-45 C.S.S.W 45 3000
CS-33-60 C.S.S.W 60 3000
CS-33-90 C.S.S.W 90 3000
CS-35 C.S.S.W Laterally and longitudinally 5000
CS-35-00 C.S.S.W 0 5000
CS-35-30 C.S.S.W 30 5000
CS-35-45 C.S.S.W 45 5000
CS-35-60 C.S.S.W 60 5000
CS-35-90 C.S.S.W 90 5000
CS-36 C.S.S.W Laterally and longitudinally 6000
CS-36-00 C.S.S.W 0 6000
CS-36-30 C.S.S.W 30 6000
CS-36-45 C.S.S.W 45 6000
CS-36-60 C.S.S.W 60 6000
CS-36-90 C.S.S.W 90 6000
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The CSSW had no effects on the energy transferred from the
frame, but enhanced the stress distribution over the steel plate.
This effect increased as the plate deformation progresses. Off plane
displacement gauges showed that the plate behavior shifted
toward post buckling condition in the CSSW specimen. It may be
concluded that post buckling behavior and higher energy absorp-
tion are expected to occur as loading progresses. Also the areas
under the hysteresis loops of the CSSW and SSW were 0.6206 and
0.4177 respectively.

As shown in Fig. 2, in the CSSW specimen, the destruction is little
particularly in beam–column junctions. It is even less than that of the
SSW specimen which indicates the stress distribution on steel plate.
But in connection with the CFRP-steel plate to boundary frame, some
bolts are cut.
6. Numerical specimens

The models with different widths (b=2.5, 3, 5, 6 m) and equal
thickness and height respectively 7 mm and 3 m, were studied to
investigate the effect of the CFRP on the behavior of the shear wall.
The numerical modeling and the analysis were carried out based on
the assumptions given in Section 8.

Numerical specimens were initialized according to the type of the
shear wall, the dimensions and the fiber angle. The first initial stands
for the type of the shear wall (S for steel shear wall and CS for
composite steel shearwall), the next two refer to the panel dimensions
(bd) and the last two represent the fiber angle (Table 3).

The material properties were the same as those of the
experimental models. Steel shear wall was designed that the infill
plate will yield prior to the boundary frame. And then the CFRP
layer has been applied on the infill plate to make the steel shear
wall composited with CFRP. Details of numerical models are given
in Fig. 3.

7. Validation and verification of results

To validate numerical modeling procedure, the experimental
results were modeled and analyzed using Finite Element Method
(FEM) mentioned in Section 2. Fig. 4-a and b shows a good
convergence between the experimental and the FEM results.

8. Numerical assumptions

The numerical modeling and its calculation are performedwith the
following assumptions:

– Structural parameters are calculated as the actual load-displacement
curve idealized in Fig. 5.

– The ductility values are measured as Δmax/Δy ratio from the ideal
elastic–perfectly plastic curve and stiffness, K = Vy

Δy

– The over-strength factor (Ω) is the reserved strength value
existing between Vy and Vp, as shown in Fig. 5.

– No gravitational loading is applied.
– The properties of materials used in simulations are similar to those

of the experimental tests.
– Von Misses yield theory was used in simulations due to high

accuracy in steel materials.

A sample finite element model-meshes and deformation after
analysis are shown in Fig. 6.

9. Numerical results

Results in Sections 9.1, 9.2 and 9.3 will be obtained frommodels of
steel shear walls as: S-32.5, S-33, S-35, S-36 and it's the SSW that will
be composited by the CFRP laterally and longitudinally as: CS-32.5,
CS-33, CS-35, CS-36. Finally to evaluate the fiber angle, the CSSW in

image of Fig.�2


Fig. 3. Specimen geometry.
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CFRP laterally and longitudinally will be compared with CSSW in
different angles.

9.1. Energy absorption

One of the accurate ways of measuring seismic performance of a
structure, relies on energy dissipation. In this study, the dissipated
energy of all analyzed specimens was measured as the area enclosed
by load-displacement curve. It can be seen that higher panel width
Fig. 4. (a,b) Comparison of
values increase energy absorption of both the SSW and the CSSW
specimens (Fig. 7). And increasing b/d (or d×b) ratios made the
walls more capable in the energy absorption values (Fig. 8). Also,
higher fiber contents improve energy absorption of SSW specimen
(Fig. 8). Results obtained from Fig. 8 show that the CFRP increases
the energy absorption values of the SSW from 1.84 to 2.45 times.
The CFRP is more effective on thinner SSWs. It can be concluded
that these values make the CSSW a more effective system under
seismic loads.
test with FEM (SSW).

image of Fig.�4
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Fig. 5. Idealization of nonlinear response.

Fig. 7. Energy absorption diagram.

Fig. 8. Energy absorption ratio diagram.
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9.2. Capacity, elastic stiffness, over strength

It can be seen from Tables 4 and 5 that the higherwidth of SSW and
CSSW, results in the higher stiffness and the capacity values. Also the
CFRP enhances the elastic stiffness and the capacity values. In practice,
lateral loads applied to a structure cause a displacement that results in
misalignment of vertical load from frame and wall axis. Therefore, the
structure undergoes an additional moment. The additional displace-
ment imposes a greater internal moment to neutralize the moment
caused by vertical loads. If the structure is flexible and gravitational
loads are high enough, in the critical conditions, the additional loads
generated by the P-Δ effect, may increase the stress values above the
permitted limit and result in failure. Thus, load resisting systems
havingmore stiffness and less lateral displacement under lateral loads
are more efficient.

Comparison of the over strength ratios of the CSSW/SSW shows
that the CFRP does not have a clear rate on the over strength values
with different b/d ratios. However the CFRP resulted in higher over
strength in the CSSW specimens.

9.3. Inelastic stiffness

Due to the plastic hinge, the structural parameters (stiffness,
buckling and yielding of the members) are decreased. The elastic
stiffness–drift curves of the SSW and CSSW specimens are shown
in Fig. 9. Results indicate that the stiffness values have decreased
more in the SSW compared to the CSSW. Also because of the CFRP,
the CSSW has a better performance in the inelastic zone.

In the analysis of the CSSW system, it is necessary to include the
characteristics of the elastic and inelastic behaviors of the steel
Fig. 6. a) Out-off-plane displa
plate in order to obtain the load–deformation relationships.
Sophisticated three dimensional analyses, considering the material
and the geometry nonlinearity, can be performed by commercial
finite element programs. However, it is necessary to have a simple
and reliable analytical method to predict the behavior of the shear
wall system for design purposes. The load–drift of the CSSW is
suggested as Fig. 10. This graph, has been calculated by taking
fitness in the results in Fig. 11 (ρ is percentage of elastic stiffness
(K=ρ.Kelastic)).

To plot this graph requires elastic stiffness and Δs values which
were obtained using a simple elastic analysis.
9.4. Fiber angle

In order to study the fiber angle effect on the CSSW behavior,
typical fitted plots for seismic parameters (over strength, capacity,
ductility, energy absorption and stiffness) are shown in Fig. 12. A near
linear relation between these parameters and the fiber angle can be
seen for all cases. This enables us to draw linear relations between the
seismic parameters and the fiber angle. The ratios of over strength,
cement and b) meshing.

image of Fig.�5
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Table 4
Capacity, stiffness value.

Specimen S-32.5 S-33 S-35 S-36 CS-32.5 CS-33 CS-35 CS-36

Capacity (KN) 5338.3 5669.5 7356.2 8260.14 13,159 18437.4 16,583 25,600
Kelastic (kN/mm) 586.63 637.02 835.93 917.79 797.52 1084.55 1005.03 1422.22
Ω 2.38 2.36 2.41 2.57 3.87 4.61 2.83 3.59

Table 5
Capacity ratio and stiffness ratio.

(CS/S)-32.5 (CS/S)-33 (CS/S)-35 (CS/S)-36

Capacity 1.36 1.7 1.2 1.55
Kelastic 2.47 3.25 2.25 3.1
Ω 1.63 1.95 1.17 1.4
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shear capacity, ductility, energy absorption and stiffness (CS-bd/CS-
bd-θ) values have been shortened asΩr, Fr, μr, Er, and Kr in Eqs. (1) to
(5). CS-bd represents CSSW sample including only longitudinal fibers,
while CS-bd-θ represents CSSW containing fibers at different angles.
Therefore:

Ωr = −θ3
.

3000000
+ 0:0004 θ2−0:0114 θ + 1 ð1Þ

Fr = −θ3
.

2000000
+ 0:0001 θ2 + 0:0018 θ + 0:95 ð2Þ

μr = θexp2=700000−0:0054 θ + 1:02 ð3Þ
Fig. 9. K-Drift diagram.

Fig. 10. Load–drift curve of CS.
Er = −θ2
.

900000
+ 0:0063 θ + 1:03 ð4Þ

Kr = θ4
.

10000000
−θ3

.
200000

+ 0:001 θ2−0:0148 θ + 1: ð5Þ

The formulas were obtained from the results of the following
models:

CS-32.5, CS-32.5-00, CS-32.5-30, CS-32.5-45, CS-32.5-60,
CS-32.5-90, CS-33-00, CS-33-30, CS-33-45, CS-33-60, CS-33-90,
CS-35, CS-35-00, CS-35-30, CS-35-45, CS-35-60, CS-35-90, CS-36,
CS-36-00, CS-36-30, CS-36-45, CS-36-60, CS-36-90. The only
difference between them is the fiber angles without angle (laterally
and longitudinally) with other angles.

10. Conclusion

The conclusions drawn from the experimental and numerical
investigations on the effect of CFRP on the SSWmay be summarized as
follows;

1. The fiber polymer is more effective in energy absorption values, in
thinner SSWs.

2. The higher width of SSW and CSSW, results in higher stiffness,
shear capacity and energy absorption values.

3. The CFRP enhances the elastic stiffness, the shear capacity and the
over strength values. And the stiffness values decrease more in the
SSWs compared to the CSSWs and there is improved behavior of
the SSW stiffness in the inelastic zone.

4. The CFRP results in higher over strength in SSW specimens.
Comparison of the over strength ratios of CSSW/SSW shows that
the fiber polymer does not have a clear effect on over strength
value in different b/d rations.

5. The CSSW does not have any effect on the energy transferred from
the frame, but it enhances the stress distribution over the steel
plate. This effect increases as the plate deformation progresses.

6. Finally, some equations have been suggested to calculate the
nonlinear behavior of the CSSW system using the elastic analysis.
Fig. 11. brhoN-Drift diagram.
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Fig. 12. Fitting curve parameters.
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