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This paper studies the seismic behaviours of frame-support shear wall under cyclic loading. Two specimens
were created for detailed analysis. One of the specimen was a frame-support shear wall reinforced by carbon
fibre reinforced plastic (CFRP) bars, and the other by steel bars. Based on an experimental study of three frame-
support shear walls, the finite-element analysis software OpenSees was adopted to conduct further theoretical
research. Based on the fibre beam column model, the Pinching4 material and zero-length rotational spring were
applied, and a numerical analysis model was established to analyse the walls, considering the bond slip of
longitudinal reinforcement. It was shown that the numerical model considering the bond slip properly simulated
the hysteresis curves of the specimens under cyclic loading, including the pinch effect. The model also achieved
a good accuracy in the simulation of the yield load and ultimate load.

1. Introduction

In recent years, fibre reinforced plastic (FRP) has become a hot topic in the field of civil engineering thanks to
its high strength and corrosion resistance. Because of the poor crack resistance of concrete, steel bars are
easily corroded when reinforced concrete structures are exposed to erosion. To ensure the safety and durability
of the structures, one of the most common practices is to replace the steel bars with FRP bars, especially the
carbon fibre reinforced plastic (CFRP) bars. For instance, the steel bar corrosion can be effectively resolved by
adopting the CFRP bars for frame-supported shear walls. However, the CFRP, as a linear elastic material with
no yield step, may suffer from brittle failure and affect the seismic performance of the structure (Grace et al.,
2005; Dong et al., 2013; Whitehead, 2005; Ge et al., 2011; Micelli et al., 2014). There have been extensive
discussions on the seismic performance of frame-supported shear wall with steel bars at home and abroad
(Liang and Cai, 2011), but relatively few experimental studies on frame-supported shear wall with CFRP bars
in transfer beam. Hence, further exploration is required for the theories and analyses on the seismic performance
of the latter structure.

This paper employs the finite-element analysis software OpenSees to promote the seismic performance
simulation of frame-supported shear walls. Based on the fibre beam column model (Archbold and Tharmarajah,
2012), the Pinching4 material and zero-length rotational spring were adopted, considering the deformation of
longitudinal reinforcement. Then, the seismic numerical analysis model of frame-supported shear wall was
established based on reinforcement slip. After that, the author analysed the hysteresis curves and mechanical
characteristics against the experiment performed by Chen (Chen et al., 2016), and verified the accuracy of the
proposed numerical model.

2. Specimen design

Two specimens were designed for mechanical analysis under cyclic load. One of the specimens was a frame-
supported shear wall reinforced with CFRP bars, and the other was reinforced by steel bars and taken as the
contrast. The detailed design of the specimens is shown in Figure 1. In the test, the end of CFRP bars did not
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slip due to the application of anchorage, and the final failure mode of all specimens was bending failure. More
details on the experimental design are given in Chen.
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Figure 1: Detailed design of specimens

3. Establishment of analysis model
3.1 Constitutive model of materials

In the cross-section, concrete is restricted by stirrups. Hence, the effect of stirrups should be reasonably
reflected in the constitutive relationship of concrete. The constitutive model of concrete is essentially a modified
Kent-Park model. In this model, coefficient k plays an important role with its excellence reaction to the increase
in concrete strength and peak strain resulted from the confinement of stirrups. The coefficient k is expressed as
follows:

p.f

k :1+—;

¢ @
where ps is the stirrup ratio; Fus is the yield strength of stirrups; F& is the compressive strength of concrete
cylinders.
The Steel02 material in OpenSees was selected as the rebar material, through which the Bauschinger effect
and isotropic strain hardening were taken into account under cyclic loading. For the CFRP, the linear elastic
material model was adopted.
Under cyclic loading, there is bond slip between rebars and concrete, which greatly affects the stiffness, strength
and deformability of structure (Elwood, 2003). In this paper, interface elements (zero-length fibre elements, with
Pinching4 material) were adopted to simulate the slip deformation (Mitra and Lowes, 2007). The constitutive
model of interface element presenting the bond-slip behaviour was shown in Figure 2. The model mainly
consists of three parts, including the multi-linear loading path, the three linear loading/unloading paths, and the
three damage response paths. The stiffness and strength degradation of the specimens were examined under
cyclic loads. The loading/unloading paths depend on the following parameters: (1) the deformation rate when
the maximum/minimum historical deformation is reached under reloading, (2) the loading ratio when the
maximum/minimum historical load is reached under reloading; (3) the loading ratio of negative/positive load to
the maximum/minimum load path during unloading. In addition, the three damage paths help to simulate the
stiffness degradation during unloading, the strength degradation of the previously unreached deformation, and
the strength degradation of reloading. The damage index 0 is used for each parameter of the three damage
paths:
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Where ai are the parameters determined by the test value; dim is the maximum value of damage index; dmax and
dmin are the maximum and minimum values of historical deformation, respectively; Dmax and Dmin are the positive
and negative deformations at the initial strength damages, respectively; « is the energy ratio of cumulative
hysteresis energy consumed at the maximum deformation under single loading; i is the number of the current

loading step.
The stiffness and strength degradations are defined as follows:
_ _ Sk
k =k, (1-) "
f
fmax,i = fmax,o (1_5| ) )
d
dmax,i = dmax,O (1_ §I ) ®)

Where ki is the unloading stiffness; o is the damage index of unloading stiffness; fmax is the maximum strength
in the damage response path; & is the loss index of the strength; dmax is the maximum deformation in the
previous step during reloading; &9 is the damage index of deformation; i is the number of current load step.

(daasf(dna))

load (ePd, ePf)

(eDispP-4_,,,rFo

(t,nFoxteP-ePf,’ ot

J deformation ¢

- - (% uForceN-eNf,)
JrForeeN f(d...))

Figure 2: Stress-strain relationship of Pinching4 material model

3.2 Element type and model establishment

OpenSees provides three macro elements of beam columns: Displacement-Based Beam-Column Element,
Nonlinear Beam Column Element and Beam With Hinges Element. The first element was adopted for the
simulation of frame-supported shear wall structure with CFRP bars.

As the requirements of fibre model, the cross-section must be meshed, allowing the variation of the section
stiffness along the length of the rod. The meshing process is explained as follows. First, the elements were
divided into several sections by Displacement-Based Beam-Column Element; then, the end displacement of the
corresponding element was calculated according to the integral of nodal displacement; next, the section
deformation was obtained by Hermite polynomial interpolating function; the resistance vector and tangent
stiffness matrix of the corresponding section were derived based on the restoring-force relation of cross-section;
finally, the force vector and the stiffness matrix of the entire element along the length of the rod were acquired
by the Gauss-Lobatto quadrature rules.

Based solely on material nonlinearity, the stiffness matrix of Displacement-Based Beam-Column Element can
be expressed as:

[K] = [, [BOOT [k(OT [B(o]dx )

where [B(X)] is interpolating function of element displacement; [k(x)]® is the tangent stiffness matrix of the section.
Then, the element resistance vector can be expressed as:
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Where [B(x)] is interpolating function of element displacement; [Dr(x)]® is the cross-section resistance matrix.
The beam and column members are properly subdivided in the modelling process, aiming to speed up the
computation and reduce the iteration error of the interpolating function. The plastic hinge length is defined as
the section height. Since the unit length of fibre element must be shorter than the length of plastic hinge, the
transfer beam and column members were divided into five sections. Moreover, the length of the end elements
was taken as the section height of element and the middle elements were equally divided.
In view of the bond slip effect of longitudinal reinforcement, a zero-length rotational spring was added to the
bottom of the column. In addition, Pinching4 material was given to the zero-length element. The element, also
based on the fibre section model, shared the same cross-section dimensions and division method with nonlinear
beam column element. The only difference lies in the material: the reinforced constitutive model of the former
adopts Pinching4 material, while the latter uses Steel02. In the zero-length rotational spring element, the force-
deformation relationship was replaced by the moment-curvature relationship of the section.
During the OpenSees modelling, the zero-length spring element had two nodes of the same coordinates. For
deformation calculation, the actual length of element was set to zero, but the sectional length was set to one.
Because the element only contained one Gaussian integral point, the deformation (curvature) of a section
equalled the element deformation (corner). Therefore, the bond slip deformation of the element can be obtained
by the curvature of the zero-length spring element.

4. Results and discussion

4.1 Hysteresis curves
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Figure 3: Comparison between the experimental and simulated hysteretic curves

As shown in the Figure 3, the hysteresis curves simulated by the model are in good agreement with the
experimental results. Overall, the numerical model considering the bond slip does well in simulating the
“pinching” phenomenon of hysteretic curves and stiffness degradation features under cyclic load.



1121

In the initial stage of loading, the relationship between horizontal load and displacement changed linearly due
to the elastic mode. With the increase in the load, the specimen stiffness of loading and unloading gradually
declined, and inflection points appeared on the hysteresis loop. The slope of the restoring force curve
demonstrates an initially small but later prominent stiffness on the positive and negative curves. Nevertheless,
the unloading curve exhibited an opposite trend. Taking the unloading as an example, lower longitudinal
reinforcement in transfer beam had entered the stage of tension yield in the previous positive loading process;
when the positive displacement was unloaded, the elastic part of the lower longitudinal reinforcement recovered
immediately, but the plastic elongation did not. During unloading, the concrete did not withstand compression
because of the original cracks. Then, the reinforcement bars were the only members to bear compression on
the lower part of the beam. That is why the cross-section stiffness was small and the curve was gentle. With the
further increase of the reverse load, the lower steel bars were pressed to the compressive yield, which closed

the original cracks and put the concrete under compression. Hence, the section stiffness entered into the rising
path.

4.2 Skeleton curves

The skeleton curves of the specimens were obtained based on the restoring force curves of horizontal load and
displacement, which are also reasonably predicted by OpenSees. As shown in Figure 4, the specimens
underwent five stages, namely, the elastic stage, the yield stage, the enhancement stage, the ultimate load
stage, and the load drop stage. The trend of the skeleton curves was similar to that of the specimens under
single loading. With the increase in loading displacement, the specimens surpassed the elastic limit and entered
into the yield state. Then, the stress remained constant despite the rapid increase of displacement. As the
displacement continued to increase, the bearing capacity of the specimens also rose up.
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Figure 4: Comparison of skeleton curves

4.3 Analysis of bearing capacity

Table 1 compares the yield load and ultimate load of the specimens obtained by the experiment and the
simulation. It can be seen that the structure reinforced by steel bears had the same bearing capacity with the
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structure reinforced by CFRP bars. The yield load of each specimen was higher than the experimental value,
with an error of about 10%. The error is resulted from the overlook of concrete stiffness degradation after
cracking in the OpenSees model.

For FSW-1 and FSW-2, the experiment and simulation agreed well on the ultimate bearing capacity of the
specimens; for FSW-3, there was a relatively large difference between the simulated and experimental ultimate
bearing capacity, but the overall error was within 12%. The results indicate that our model can accurately
describe the mechanical features of the specimens under cyclic loading.

Table 1: Comparison of yield load and ultimate load

Yield load (kN) Ultimate load (kN)
specimens Test Simulate Differences Test Simulate Differences
values values (%) values values (%)
FSW-1 265 296.07 11.70 381 373.11 2.07
FSW-2 260 288.74 11.05 394 391.16 0.72
FSW-3 290 319.28 10.10 366.5 410.36 11.97

5. Conclusions

This paper carries out simulation and analysis of the seismic performance of two specimens on frame-supported
shear walls, respectively reinforced by steel bars and CFRP bars. Based on the finite-element software
OpenSees, a numerical analysis model was established in consideration of the bending deformation and bond
slip of longitudinal reinforcement. Then, the simulated hysteresis curves and skeleton curves simulated were
contrasted with the test results. The main conclusions are as follows:

(1) The simulated hysteretic curves and bearing capacity of the specimens were consistent with the experimental
results, which verified the accuracy of the numerical model.

(2) According to the simulated and experimental results, the frame-supported shear wall reinforced by CFRP
bars had a similar bearing capacity with that reinforced by steel bars.
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