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Abstract

Concrete filled steel plate composite shear walls are composed of two exterior steel face plates with concrete infilled.
The concrete core is attached to the steel face plate using mechanical connectors like studs and tie bars. The composite
shear walls were developed to reduce wall thickness, to enhance constructability, and to enable rapid construction by
eliminating the use of formwork and reinforcing bars. In this paper, a concrete filled steel plate composite shear wall
with T-shaped stiffeners was introduced, which used T-shaped stiffeners as the main mechanical connectors. The
numerical simulation by using the analytical software OpenSees was conducted for the concrete filled steel plate
composite shear walls with T-shaped stiffeners under cyclic loading, and the accuracy of the simulation was verified
against available test results. Then a parametric study was performed to study the effect of variables such as axial
compression ratio, aspect ratios, steel content ratio. The analysis results illustrated that with the increasing axial
compression ratio the bearing capacity of shear walls was slightly improved, but the degradation of stiffness was
accelerated. With the increase of aspect ratio, the initial stiffness and peak load of the shear walls decreased
dramatically, but the deformation capacity was improved. As the steel plates, especially the end plates, were thickened,
the deformation capacity of composite shear walls was improved significantly.
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1. Introduction

Concrete filled steel plate composite shear walls are composed of external steel plate and internal filled
concrete, and these two materials work together through the connection such as tie bars, T-shaped stiffeners,
etc. The infilled concrete prevents early buckling of the steel plate, while the steel plate provides restraint for
the concrete. Meanwhile, the steel plate can be used as framework during construction. This kind composite
shear wall has the advantages of large bearing capacity, good seismic performance and convenient
construction. Therefore, concrete filled steel plate composite shear wall is a high-performance lateral force-
resistance structural member for high-rise building structures.

A series of studies for this type of concrete filled steel plate composite shear wall have been carried
out by many scholars. This type of component was first applied to special structures such as offshore
structures [1], and later gradually used in building structures as floor slabs, vertical and lateral force-
resistance components [2, 3]. Eom ef al. [4] carried out quasi-static cyclic loading tests on the isolated and
coupled double skin composite walls with rectangular and T-shaped cross sections connected by tie bars, and
the main failure location of the shear wall in the test was the bottom of the wall. Nie ef al. [5] conducted a
series of theoretical and experimental research. The results indicated that concrete filled double-steel-plate
composite wall has good bearing capacity, lateral stiffness, ductility and energy dissipation capacity, and
therefore is a new type of composite shear wall with superior seismic performance. Cheng et al. [6]
conducted seismic performance tests and numerical simulation studies on the composite concrete and double
steel plates shear walls with binding bars. Through the analysis of the key parameters, such as the aspect
ratio and axial compression ratio, the law of the influence of these parameters on the seismic performance of
the shear wall was obtained. Zhang et al. [7, 8] conducted test research and numerical simulation on the
bundled lipped channel—concrete composite wall. The research demonstrated that this type of composite wall
has good seismic performance, and proposed a calculation formula for compressive bending and shear
bearing capacity for this type of composite wall.

At present, the various researches on the above-mentioned composite shear wall include researches on
different cross-sectional forms, steel plate layouts, and connection methods. However, there is still a lack of
research on the concrete filled steel plate composite shear wall with T-shaped stiffeners. Therefore, based on
OpenSees software, this paper firstly carries out a numerical simulation of quasi-static cyclic loading test of a
concrete filled steel plate composite shear wall with T-shaped stiffeners. Then, the numerical simulation
results are compared with the experimental results to verify the feasibility of the numerical simulation.
Finally, numerical simulation is conducted to analyze the effect of different parameters on seismic
performance of the shear wall with T-shaped stiffeners.

2. Description of tests used for validating numerical models

In the experimental study [9], a quasi-static cyclic loading test was carried out on four specimens of concrete
filled steel plate composite shear wall with T-shaped stiffeners. And the Specimens SW3 was selected to
verify the feasibility of the numerical simulation. For this type of shear walls, the edge adopted built-in T-
shaped steel components, and the middle segment adopted a mixed connection method of T-shaped stiffeners
and tension bolts. The specimen with a cross-section of 1000mmx 100mm consists of two steel plates with a
thickness of 2 mm in the middle. The diameter of the tension bolts of the specimen was Smm. The calculated
height and shear span ratio was 1570 mm and 1.57, respectively. The axial compression ratio # of Specimen
SW3 was 0.24. The axial compression strength of concrete f. was 31.8 MPa, and the steel yielding strength f,
was 384 MPa. Details of Specimen SW3 were given in Fig. 1 and Fig. 2.
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Fig. 1 — Sectional configuration of SW3 (unit: mm) Fig. 2 — Elevation of SW3 (unit: mm)

The general arrangement of the test setup is illustrated in Fig. 3. The axial force was first applied to
the specimen by a vertical hydraulic jack, and remained constant when it reached the predetermined value.
Afterwards, the specimen was tested under axial load subjected to cyclic lateral loading. The lateral force
was controlled by the load before yielding, and then by the displacement. Taking the displacement A, at
yielding as the step difference. Two cycles were repeated for every displacement level until the specimen
was broken, and the displacement increment was 4.
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Fig. 3 — Test setup

3. Analytical model and validation
3.1 Modeling

In this paper, OpenSees software was used to perform numerical simulation analysis on the concrete filled
steel plate composite shear wall with T-shaped stiffeners. Displacement-based beam-column elements were
used to simulate the compression and flexure characteristics of the shear wall. The shear wall was divided
into 5 elements along the length of it, each element had 5 integration points along the length. Meanwhile, in
order to make up for the inadequacy of the fiber model that cannot consider the shear deformation in the
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shear wall simulation, the Section Aggregator combined section was used to consider the shear effect. The
nonlinear shear effect of each section was simulated by defining the equivalent shear modulus of the section.

In the numerical analysis model, the concrete material adopted Concrete04 model in OpenSees. The
skeleton curve of Concrete04 model is based on the concrete model proposed by Popovics considering the
restraint effect. When the concrete elastic modulus E. is equal to 4700 times the arithmetic square root of the
concrete cylinder axial compressive strength f.’, it is the Mander model [10]. The unloading and reloading
rules of Concrete04 model under compression are determined by the Karsan-Jirsa model, and Concrete04
model considers the mechanical properties of concrete under tension. The concrete strength used in the
numerical simulation was converted from the actual measured value in the test.

The steel in the shear wall was simulated using the Steel02 constitutive model of OpenSees. The
constitutive model is based on the Giuffre-Menegotto-Pinto steel model, which can reflect the Bauschinger
Effect of the material. The strength and elastic modulus of the steel were obtained from the actual test, and
the strain hardening rate was taken as 0.02.

3.2 Comparison between numerical simulation results and experimental results

Based on the above numerical simulation method, numerical simulation analysis was carried out on the
Specimen SW3 of concrete filled steel plate composite shear wall with T-shaped stiffeners in the
experimental study. The model parameters, boundary conditions, and loading procedure used in the
numerical simulation were consistent with the experimental research. Compare the hysteresis curve and
skeleton curve in the test results under quasi-static cyclic loading with the numerical simulation results, as
presented in Fig. 4 and Fig. 5.
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Fig. 4 — Comparison of hysteretic loops Fig. 5 — Comparison of skeleton curves

By comparing the hysteresis curve and the skeleton curve, it is observed that the shape of the curve in
the numerical simulation results are roughly same as that in the test results, and the trend is similar. The
difference between these two results of the yield point and the peak point load is about 5%. Moreover, the
maximum difference in the slope of curve exceeds 20%. In the early elastic stage of the composite shear wall,
the curves in the simulation results and the test results are in good agreement. It may be because the load is
relatively small at this stage. The steel plate and concrete of the composite shear wall worked together, and
the force state was consistent with the theoretical situation at this time. In the subsequent elastoplastic stage,
the stiffness of the simulated values is slightly higher than that of the experimental values, and the
displacement at the peak load point of the simulated value is smaller than one at the peak load point of the
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experimental value. This may be due to the residual stress and slight deformation of the steel plate welding
during the test. Meanwhile, the materials in the numerical simulation are ideal materials. The slip between
steel plate and concrete cannot be considered, and it is assumed that the two materials can work well together.
After the peak load, each cycle of the numerical simulation hysteresis curve is slightly fuller than that of the
test, and the descending segment of the numerical simulation curve is gentler than that of the test. The main
reason may be that the repeated loading of the test caused the accumulation of damage to the specimen.
Firstly, the slip between the steel plate and the concrete will increase, and then the steel plate would be
partially buckled or even cracked, and finally the concrete would collapse. However, the buckling effect of
the steel plate before failure was not considered in the numerical simulation, and the bearing capacity of the
steel plate will not decrease significantly until the concrete was crushed or the steel plate failed. Therefore,
the hysteresis curve after the numerical simulation peak point is fuller, the pinch effect is small, and the
bearing capacity decreases slowly.

In general, the numerical simulation results are in good agreement with the experimental results. The
numerical simulation method and analysis model can better reflect the hysteretic performance and force
deformation trend of concrete filled steel plate composite shear walls with T-shaped stiffeners. Therefore, the
numerical simulation method and analysis model are suitable for the subsequent analysis of the influence of
the parameters of this type of composite shear wall.

4. Parametric study

Based on the numerical simulation verification of the test results of SW3, the parameter analysis of concrete
filled steel plate composite shear wall with T-shaped stiffeners was carried out through numerical simulation,
which was used to further study the influence of various parameters, such as axial compression ratio, shear
span ratio, steel plate thickness, on the seismic performance of this type of shear wall.

Table 1 — Parameters and analytical results of finite element models

Plate Axial Shear Yield Yield Peak
Model thickness compression span displacement load load

(mm) ratio ratio (mm) (kN) (kN)
SW1 3 0.12 1.57 6.80 750.60 829.09
Sw2 2 0.12 1.57 6.25 530.98 611.09
SW3 2 0.24 1.57 6.22 568.12 666.95
Sw4 2(3) 0.12 1.57 7.13 657.20 749.75
SW5 2 0.12 1 2.75 861.44 989.20
SW6 2 0.12 2 10.58 427.42 490.50
SW7 2 0.24 1 2.51 918.73 1045.48
SW8 2 0.24 2 10.17 454.54 519.13
SW9 2 0.36 1 2.60 949.44 1070.69
SW10 2 0.36 1.57 6.20 571.36 671.22
SW11 2 0.36 2 9.89 458.61 521.23

In the process of parameter analysis, a total of 11 concrete filled steel plate composite shear wall
models, including the SW3 of the test simulation, with T-shaped stiffeners were established, and details of
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model parameters are shown in Table 1. In the numerical simulation modeling, each model was set to the
same material strength. The axial compressive strength f; of concrete was 30 MPa, and the yield strength f;
of steel was 380 MPa. For the numerical simulation results, the equal energy method was used to determine
the yield point on the skeleton curve of each model. The results are shown in Table 1.

4.1 Axial compression ratio

Through the change of axial force applied to the top of the model, three groups of shear walls with the axial
compression ratio n of 0.12, 0.24 and 0.36 were numerically simulated. Fig. 6 illustrates the comparison of
the skeleton curves of each shear wall under different axial compression ratios.
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Fig. 6 — Skeleton curves of composite shear walls with different axial compression ratios

From the comparison of the skeleton curve, it is indicated that the axial compression ratio has some
influence on the horizontal ultimate bearing capacity of the shear wall. By comparing the models with the
axial compression ratio of 0.12 and 0.24, the horizontal peak loads of models SW7, SW3 and SW8 are 5%,
9% and 6% higher than models SW5, SW2 and SW6, respectively. Moreover, when the axial compression
ratio increased to 0.36, the horizontal peak load increase of the shear wall is reduced to less than 3%, and the
peak point of the skeleton curve is almost at the same position. It indicates that only when the axial
compression ratio is in the middle and low range, it has a significant effect on the horizontal ultimate bearing
capacity of the shear wall. But as the axial compression ratio increases, this effect becomes less obvious.
Meanwhile, as the axial compression ratio of the shear wall increases, the displacement corresponding to the
yield point of the shear wall and the peak point of the horizontal load decreases, but the difference is small
and the effect is not obvious. However, the slope of the descending segment of the skeleton curve increases
obviously with the increase of axial compression ratio, and the degradation of bearing capacity accelerates. It
indicates that the deformation ability of the shear wall with smaller axial compression ratio is better. These
laws are consistent with the results obtained by experimental research.

4.2 Shear span ratio

While keeping the section of the shear wall unchanged, by changing the horizontal loading point of the
model and the height of the wall, the shear wall models with shear span ratio 4 of 1, 1.57 and 2 were
calculated and analyzed respectively. The calculation result is presented in Fig. 7. Through comparative
analysis, it was indicated that increasing the shear span ratio under various axial compression ratios will
significantly reduce the initial lateral stiffness and horizontal ultimate bearing capacity of the shear wall.
Compared with SW5, SW7 and SW9 with a shear span ratio of 1.0, the ultimate load-bearing capacity of
SW2, SW3 and SW10 with a shear span ratio of 1.57 is reduced by 36%~38%, and that of SW6, SW8 and
SW11 with a shear span ratio of 2.0 is reduced by 50%~51%. Meanwhile, as the axial compression ratio
increased, the degree of reduction gradually increases. Moreover, with the increase of the shear span ratio,
the displacement of the yield point and peak load point of the shear wall continue to increase, the slope of the
descending segment of the skeleton curve is also significantly reduced, and the destruction speed of the shear
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wall gradually slows down. It indicates that as the shear span ratio increases, the deformation capacity of the
shear wall increases.
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Fig. 7 — Skeleton curves of composite shear walls with different shear span ratios

4.3 Thickness of steel plate

On the basis that the external dimensions of the model section remained unchanged, the thickness ¢ of all
steel plates of SW1 was set to 3mm. Then, the thickness of the end channel steel and T-shaped steel plate of
SW4 was set to 3mm, and the thickness of the other parts of the steel plate remained unchanged at 2mm.
When other parameters are the same, the skeleton curve comparison of SW1, SW2 and SW4 is presented in
Fig. 8.
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Fig. 8 — Skeleton curves of composite shear walls with different steel plate thickness

According to the simulation results of shear walls with different steel plate thicknesses, the overall
trend of the skeleton curve of each shear wall is similar, and the shape of the curve is not much different. As
the thickness of the steel plate increases, it also means that the amount of steel used in the same section will
increase. Therefore, the initial lateral stiffness of the shear wall increases, and the yield load and peak load
also increase significantly. Compared with SW2 with a thickness of 2mm, the yield loads of SW4 and SW1
are increased by 23% and 41%, respectively, and the peak load is increased by 22% and 35%, respectively.
Meanwhile, it also indicates that the increase in the bearing capacity of SW4 relative to SW2 is greater than
that of SW1 relative to SW4, while SW4 only increases the thickness of the end steel plate (about 20% of the
total steel plate area) relative to SW2. This indicates that the end steel plate has a more significant influence
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on the bearing capacity of this type of shear wall, and the bearing capacity of the shear wall can be
effectively improved by increasing the thickness of the end steel plate.

5. Conclusion

Based on OpenSees software, numerical simulation and parametric studies on seismic performance of the
concrete filled steel plate composite shear wall with T-shaped stiffeners were conducted. From the analytical
results, the following conclusions can be drawn:

1) The trend of the hysteresis curve and the skeleton curve of the numerical simulation was consistent
with the test, and the yield load and peak load were similar to the test results. It indicates that the numerical
simulation results are in good agreement with the experiment to a certain extent. The numerical simulation
method and analysis model can better reflect the hysteretic performance and the law of force deformation of
concrete filled steel plate composite shear walls with T-shaped stiffeners.

2) The axial compression ratio had little effect on the stiffness and bearing capacity of concrete filled
steel plate composite shear walls with T-shaped stiffeners. The stiffness and bearing capacity of shear walls
with higher axial compression were slightly higher. However, the stiffness degradation was accelerated after
the peak load, and the deformation capacity was slightly worse.

3) The shear span ratio had a significant effect on the seismic performance of concrete filled steel plate
composite shear walls with T-shaped stiffeners. With the increase of the shear span ratio, the loading
stiffness and horizontal peak load of the shear wall were greatly reduced, but the rate of stiffness degradation
gradually slowed down and the deformation capacity is improved.

4) By increasing the thickness of the outer steel plate, the bearing capacity of the shear wall was
significantly improved, and the end steel plate had a particularly significant influence on the bearing capacity
of this type of shear walls.
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