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Abstract

Corrugated double-skin composite shear (Co-DSC) walls consist of concrete filled steel tubes
and a pair of corrugated steel faceplates connected by tie bolts with concrete infill. Three
specimens with different shear-span ratios and one specimen with reinforcing sheaths at the
bottom of steel tubes were tested under axial and cyclic lateral load. Failure pattern and cyclic
behavior were presented and analyzed. Squat Co-DSC wall yielded by diagonal section of
corrugated faceplate yielding, and failed by steel tube fracture, corrugated faceplate buckling,
infilled concrete crushing and cracking. Slender corrugated DSCS walls yielded by steel tube
yielding, and failed by steel tube fracture, steel faceplate buckled throughout wall base, and
infilled concrete crushing. The strength, stiffness, and deformation capacities of squat Co-DSC
wall were higher than that of slender Co-DSC walls, while the ductility and energy dissipation
capacity were the opposite. Test results revealed that the proposed bottom reinforcing sheaths
could improve deformation capacity of the slender wall, meanwhile the base shear was not
increased. Stronger boundary columns are recommended to be used in the corrugated DSCS
walls to improve the seismic performance. Finite element (FE) push-over analyzes were
conducted, and were in good agreement with the test results. Primary parameters, including
aspect ratio, axial load ratio, and ratio of tie bolt spacing to faceplate thickness, that influencing
the overall behavior of Co-DSC walls were analyzed.

1. Introduction

Double-skin composite (DSC) wall, consisting of two exterior steel faceplates connected to each
other by connectors and infilled with plain concrete, is an effective axial and lateral load resisting
system. DSC wall was first proposed by Hitachi Ltd. for coastal buildings to resist the impact
load caused by wave and iceberg shocking (Stephens and Zimmerman 1990) and prompted
further studies (Link and Elwi 1995; Ozaki et al. 2004). More DSC walls were then proposed for
use in tunnels and safety-related nuclear facilities, with different types of connectors such as
headed studs (Shanmugam et al. 2002), Bi-Steel™ connectors (Mckinley and Boswell 2002;
Clubley et al. 2003), and J-hook connectors (Liew and Sohel 2009; Huang and Liew 2016).
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Recently, DSC walls have also been used as a lateral-load resisting system in building structures,
usually with concrete-filled steel tubes as the boundary elements and faceplates connected by tie
bolts (Ji et al. 2013; Rassouli et al. 2016) or batten plates (Nie et al. 2013). Research has proven
that the DSC walls present high axial and lateral strengths, lateral stiffness, ductility, and energy
dissipation capacity. Moreover, the use of steel faceplates improves construction efficiency
because they function as stay-in-place formwork for concrete casting.

Research showed that the seismic performance of DSC walls, such as hysteretic response and
failure modes, are strongly affected by axial load ratio, wall aspect ratio, and structural details
(Qian et al. 2012; Nie et al. 2013; Epackachi et al. 2015). The behavior of DSC walls with high
aspect ratios is governed by flexure, and the ultimate failure is generally caused by steel tube
fracture; however, the behavior of DSC walls with low aspect ratios is governed by shear, and
the ultimate failure is normally caused by steel faceplate buckling and concrete crushing (Nie et
al. 2013; Ji et al. 2017; Seo et al. 2016). For flexure-controlled DSC walls, reinforcing the
bottom of steel tubes by welding steel plates could prevent the buckling and fracture there, but
the steel tube right above the reinforced region buckled and fractured later instead (Cao et al.
2013). Furthermore, the welded steel plates also participated in lateral resisting, thus increasing
the wall base shear and demand on foundations. Therefore, a reinforcing measure was proposed
in this research, which could prevent the bottom of steel tubes from early buckling, yet did not
participate in lateral resisting.

Faceplates of the DSC walls in previous research were usually flat and thus prone to out-of-plane
deformation under large lateral pressure from the wet concrete during construction, especially if
the DSC walls are used in high-rise buildings where the walls are relatively thick (Ovarlez and
Roussel 2006). In addition, the ratio of connector spacing to plate thickness was suggested to be
limited within 37 (Wright 1995) for flat faceplates to prevent local buckling, resulting in the use
of a large number of connectors. Corrugated faceplates offer a better choice. The much higher
out-of-plane bending stiffness prevent buckling during concrete casting and help reduce the
number of connectors, thereby leading to a much more efficient construction of DSC walls.

Wright and Gallocher (1995) proposed a type of DSC wall panel with cold-formed profiled steel
sheeting faceplates. Research were conducted on single panels without boundary columns under
axial load and in-plane shear. The panels provided high shear resistance if adequate connections
were ensured at the four-edges (Hossain and Wright 2004). Elastic buckling of the profiled steel
sheeting could be prevented if enough fasteners were provided at the steel-concrete interface
(Rafiei et al. 2015; Hossain et al. 2016). However, the panels were designed as shear panels only
without boundary columns, while research on DSC walls with flat faceplates has revealed that
boundary columns contributed to the deformation and energy dissipation capacity of the system
significantly, especially in high-rise buildings (Qian et al. 2012; Ji et al. 2013). In addition, using
hot-rolled steel would increase the system ductility further. Therefore, more adaptations are
needed to apply DSC wall with corrugated faceplates in mid- to high-rise buildings.

This paper presents a new type of DSC shear wall system, namely corrugated double-skin
composite (Co-DSC) walls, to be used in mid- to high-rise buildings in seismic zones. As shown
in Fig. 1, the proposed Co-DSC wall system consists of corrugated double steel faceplates
connected by tie bolts, infilled plain concrete, and concrete-filled steel tube boundary columns.



The corrugated steel plates and steel tubes are fabricated by hot-rolled steel to meet the ductility
requirements of seismic design. Cyclic tests were carried out on three specimens with different
aspect ratios and one additional specimen with reinforcing sheaths at the bottom of concrete-
filled steel tubes. The seismic performance of the test specimens was evaluated in terms of
damage and failure pattern, hysteretic response, strength and stiffness characteristics,
deformation property, and energy dissipation capacity. Finite element (FE) analyzes were
conducted after the test, and have been proven that can reasonably predict the load-displacement
behavior of the test specimens. The effects on system lateral load-displacement relationship of
aspect ratio, axial load ratio, and ratio of tie bolt spacing to faceplate thickness were considered.
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Figure 1: Schematic of proposed Co-DSC wall system

2. Experimental Program

2.1 Specimen Design

Four specimens, designated as DCW1, DCW2, DCW3 and DCW3-R, were tested at a 1/3 scale.
Fig. 2 shows specimen geometry and structural details. Each specimen contained a concrete-
filled double corrugated steel faceplates web, with a width of 700 mm and a thickness of 70~100
mm, and two 150 > 100 mm rectangular concrete-filled steel tube columns. The overall cross-
section dimension of the specimens was identically 1000 mm wide and 100 mm thick. The steel
tubes were made of 3.5-mm thick hot-rolled seamless steel. The two corrugated steel faceplates
were fabricated from 2.7-mm thick flat hot-rolled steel plates and fixed to each other by 8-mm
diameter (D8) high strength bolts. The typical ratio of bolt spacing to plate thickness x was 56.
The effective height of specimens DCW1, DCW2, and DCW3, measured from lateral loading
position to wall bottom, was 1000, 1500, and 2000 mm, leading to an aspect ratio 1 of 1.0, 1.5,
and 2.0, respectively. Specimen DCW3-R was identical to DCW3 except that reinforcing sheaths
were attached to the bottom of each steel tube with an aim to constrain its buckling. Each
reinforcing sheath was fabricated by welding three pieces of 5.7-mm thick steel plates together
and connected to the steel tube by D8 high strength bolts.

The loading and foundation beams were both concrete-filled steel boxes. An opening was cut on
the top plate of the foundation beam as well as the bottom plate of the loading beam to
accommodate the specimen, which was securely welded to the bottom plate of the foundation



beam and top plate of the loading beam. Longitudinal, transverse and anchor bars with a
diameter of 25 mm (D25) were erected inside the loading and foundation beams to anchor the
specimen, and these beams were cast together with the specimen. Prior to testing, one side of the
specimen was coated with whitewash painting to facilitate observing damage condition.
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Figure 2: Geometric and structural details of specimens (dimension in mm)

2.2 Material Properties

The four specimens were poured with the same batch of concrete, with a compressive strength of
33.7 MPa based on testing results of three 100 mm cubes made of the same concrete used to
construct the wall specimens. Concrete Young’s modulus was determined from compressive
material tests as 2.92><104 MPa. Coupons cut from the steel tubes and faceplates for fabricating
the specimens were tested under monotonic tensile loading. Table 1 gives the measured yield
strength, ultimate tensile strength, and Young’s modulus. The high strength tie bolts had a
nominal yield stress of 640 MPa and a nominal ultimate strength of 800 MPa.

Table 1: Material properties of steel components
Thickness Yield strength Tensile strength  Young’s modulus

Steel type

(mm) (MPa) (MPa) (MPa)
Faceplate 2.7 307 445 2.02x10°
Tube 3.5 328 386 2.02x10°
Reinforcing sheath 5.7 306 457 1.94x105

2.3 Test Setup and Loading Protocol



Fig. 3 shows the test setup used to apply axial and lateral loads on the specimens. The foundation
beam was clamped to a strong floor by two steel beams and high strength fastening bolts, with
two reaction blocks situated on both sides to further restrain it from horizontal movement.
Downward axial load was applied by a hydraulic jack bearing against the beam of a rigid steel
load frame through a rolling support. A steel spreader beam was used to distribute the axial load
evenly to the specimen. Horizontal cyclic loading was applied at the mid-height of the loading
beam by a hydraulic actuator fixed to a reaction wall. Both the horizontal actuator and the
vertical jack had a loading capacity of 2000 kN. A pair of steel braces, one at the front side of the
specimen and the other one at the back side, were fixed to the load frame to prevent the specimen
from out-of-plane bending and twisting during the test.
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Figure 3: Test setup

The test of a specimen began with applying an axial load of N = 1100 kN, resulting in an axial
force ratio of n = 0.21 evaluated based on Eq. 1. This axial load was maintained to be constant
during the subsequently applied cyclic lateral loading.

N
n:
f A+ fypAp + fytA

(1)

where fc is the concrete compressive strength, Ac is the total cross-sectional area of concrete, fyp is
the yield strength of steel faceplates, Ay is the total cross-sectional area of two steel faceplates, fy:
is the yield strength of steel tubes, and A is the total cross-sectional area of two steel tubes.

Following the axial loading, displacement-controlled cyclic lateral loading was applied quasi-
statically. Same lateral loading protocol was used for the specimens. Fig. 4 shows the target
loading history in terms of drift ratio, defined as the ratio of horizontal displacement at the
loading beam to wall effective height, and the loading cycle number at each drift level. In each
loading cycle, a push was made first and followed by a pull, defined as positive (+) and negative
loading (-), respectively. The initial loading of a specimen was used to simulate the elastic
response. Target drift ratios of 0.125, 0.25, and 0.375%, with one loading cycle per drift level,
were applied in this loading stage. During the subsequent loading stage, the specimen was



planned to experience 0.5, 0.75, 1, 1.5, 2, 2.5, and 3% drift ratios, with two loading cycles at
each drift level. The testing was terminated as long as any of the following conditions occurred:
(1) the lateral load at a target drift ratio declined to 85% of the peak lateral load, (2) the axial
load could no longer be maintained due to specimen damage, and (3) the specimen was found to
be severely damaged and thus unsuitable for further loading.
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Figure 4: Lateral loading procedure

2.4 Instrumentation

The applied axial load was measured by a load cell placed between the hydraulic jack and the
loading beam of specimen. The horizontal cyclic load was measured by a load cell installed with
the actuator. A set of linear variable differential transformers (LVDTSs) and dial gauges measured
the horizontal or vertical displacement at various locations of a specimen. Fig. 5 shows the
arrangement of LVDTSs and dial gauges for testing specimen DCW3. LVDT L1, mounted at the
mid-height of the loading beam, measured the horizontal displacement at wall top and was used
to control cyclic loading in displacement mode. Four LVDTs (L2 through L5) and one dial gauge
(L6) measured the lateral displacements at other locations along specimen height. Three dial
gauges (L7, V1, and V2) were mounted on the foundation beam, measured its horizontal
slippage and vertical uplift. Two LVDTs (V3 and V4) measured the axial deformation of the
boundary columns. A pair of crossed LVDTs (D1 and D2) measured the wall diagonal
deformation.
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Figure 5: Instrumentation for specimen DCW3 (dimension in mm)



3. Test Results

3.1 Damage and Failure Patterns

All specimens experienced similar damage progress, including local buckling of steel tubes and
faceplates, fracture of steel tubes, and concrete crushing at base of the wall. The damage progress
can be characterized by three stages, including initial loading stage, damage developing stage,
and failure stage, which can be summarized as follows. Note that the responses of specimen
DCWa3-R under negative and positive loading were slightly asymmetric for unknown reason, the
average responses are described in following descriptions.

3.1.1 Initial loading stage

This stage began from the onset of testing up to the specimen reaching its yield load. The yield
load is defined as the load causing a residual top displacement equal to 0.2% of wall effective
height after unloading. Such yielding of specimens DCW1 to DCW3-R occurred at a drift ratio
of 0.98, 0.54, 0.51, and 0.52%, respectively. No notable response was observed during the initial
axial loading and the subsequent cyclic lateral loading up to the yield drift.

3.1.2 Damage developing stage

This stage started from the specimen yielding to reaching its peak load. For specimen DCW1,
initial buckling occurred at the bottom of steel tubes and the lower corners of steel faceplates. As
more loading cycles were applied, the buckling of steel tubes became obvious, the buckling of
steel faceplates propagated from the bottom corners along the diagonal direction toward the
center of wall web, indicating compression-shear damage pattern. The peak load of Pp = 1240
kN was reached at 2% drift. Specimens DCW2 and DCW3 presented similar observations at this
stage, initial buckling occurred in a steel tube and became more obvious in the subsequent
loading cycles. The peak load of P, = 873 and 600 kN was reached at a drift around 1.5%, the
buckling of steel faceplates propagated from the lower corners toward the center of wall web
horizontally, indicating compression-flexure damage pattern. Different from other specimens,
neither the steel tubes nor the faceplates experienced buckling prior to reaching 1.5% drift for
DCWS3-R, indicating that the reinforcing sheaths delayed steel tube buckling. The steel faceplates
buckled at the lower corners around a drift of 1.5%. Because of the high compressive stress at
the bottom of steel tubes, the reinforcing sheaths could not provide sufficient lateral constrain to
the steel tubes, and consequently the steel tubes buckled due to the loss of restraint. The peak
load of P, = 610 kN was reached at 1.69% drift.

3.1.3 Failure stage

This stage started from the specimen reaching its peak load and continued to the test terminating.
As more loading cycles were applied, the existing buckling became severe. The buckling at the
bottom of the steel faceplates became diagonal for specimen DCW1, while the buckling at the
bottom of the steel faceplates propagated throughout the wall base for specimens DCW?2 to
DCW3-R. All specimens finally failed by the bottom of steel tubes fracturing, accompanying
with an outflow of crushed concrete powders. Ultimate drift is defined as the target drift
corresponding to the lateral load declined to 85% of the peak lateral load. Such ultimate drift of
specimens DCW1 to DCW3-R can be then determined as a drift of 2.65, 2.04, 1.96, and 1.81%,
respectively.



After testing, the steel tubes and faceplate at the backside of all specimens were cut away to
expose the concrete infilled into the steel tubes and the wall web. Final failure patterns of all
specimens are shown in Fig. 6. Diagonal cracks of specimen DCW1 indicating concrete shear
failure were densely distributed over the entire wall web and longitudinal concrete cracks existed
in one of the steel tubes. Moreover, the buckling of steel tubes and steel faceplates resulted in the
loss of constrain to the infilled concrete so that concrete crushing happened along the horizontal
line where the steel tubes and steel faceplates severely buckled. For specimens DCW2 to DCW3-
R, concrete crushed along the entire horizontal line where the steel tubes and steel faceplates
severely buckled. Compared with specimen DCW1, less diagonal shear cracks were generated in
the wall web especially at its upper portion where concrete was nearly intact.
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Figure 6: Failure patterns of all pecimehs after test

3.2 Lateral Load-Displacement Relationship



Fig. 7 shows the measured lateral load versus lateral displacement response for the test
specimens. The hysteresis loops were relatively full without significant pinching, implying good
energy dissipation capacity. The buckling of steel tube and faceplate and the fracture of steel
tube are marked in the figures at the target lateral drifts when the testing was paused to observe
damage. The overall yielding defined previously is also indicated in the figures. Table 2
summarizes the characteristic lateral loading responses of the specimens, including the initial
stiffness Ko, overall yield load Py, yield displacement dy, yield drift ratio 6y, peak load Pp,
displacement at peak load dp, drift ratio at peak load 6, ultimate displacement dy, ultimate drift
ratio 6y, and ductility ratio .
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Figure 7: Hysteretic lateral load-drift responses

As seen in Fig. 7, the specimens behaved almost linearly before reaching the yield load Py and
there was negligible residual deformation upon unloading. DCW1 reached Py at 1% drift, while
the other specimens reached Py approximately at 0.5% drift. The initial lateral stiffness Ko and Py
decreased with the increased aspect ratio. Due to the lowest aspect ratio, the peak lateral load Pp
achieved in specimen DCW1 was 1.42, 2.07, and 2.03 times that in DCW2, DCW3, and DCW3-
R, respectively. DCW3 and DCW3-R had nearly identical P, because the reinforcing sheaths in
DCW3-R were attached to the steel tubes only by tie bolts and thus would not participate in
resisting lateral loads. To examine the effect of aspect ratio on flexural capacity, the secondary
vertical axis of Fig. 7 is used to indicate the bending moment resisted by a specimen. The
average peak bending moment reached by DCW1, DCW2, DCW3, and DCW3-R was 1240,
1310, 1200, and 1220 kN m, respectively. The similar peak moments indicated that, despite the



more severe shear cracking suffered by specimen DCW1, aspect ratio had no impact on flexural
strength when the wall specimens had the same cross-section.

Table 2: Characteristic lateral loading responses

Specimen Loading Ko Py dy Oy Pp dp Op du Oy
direction  (kN/mm) (KN) (mm) (%) (kN)  (mm) (%) (mm) (%) #
DCw1 + 126 938 995 1.00 1254 200 2.00 26.9 269 2.69
- 129 885 957 096 1226 200 2.00 26.1 261 272
Avg. 128 912 976 098 1240 200 2.00 26.5 265 271
DCW?2 + 106 555 825 055 875 225 150 309 206 3.75
- 110 541 792 053 871 225 150 30.1 201 379
Avg. 108 548 809 054 873 225 150 305 204 377
DCW3 + 58 422 109 055 634 266 133 400 200 3.64
- 60 336 940 047 565 29.0 145 381 191 4.06
Avg. 59 379 102 051 600 278 139 391 1.96 3.85
DCW3-R + 62 437 974 049 607 281 140 312 156 3.18
- 56 366 110 055 616 394 197 410 205 3.73
Avg. 59 402 104 052 610 332 169 36.1 181 346

3.3 Deformation Properties

The ultimate deformation capacity is defined as the maximum top displacement or drift ratio
capable of withstanding a lateral load at least 85% of the peak lateral load Pp. Table 2 gives the
ultimate top displacement dy and ultimate drift ratio 6, of the four specimens. A ductility ratio u
was evaluated as the ratio of dy to yield displacement dy and presented in Table 2. Each specimen
reached an ultimate drift ratio exceeding 1.8% and a ductility ratio greater than 2.7. Specimen
DCW!1 obtained the highest ultimate drift ratio even though this specimen also had the lowest
ductility ratio. As shown in Fig. 7, the loss of lateral deformation capacity in any specimen was
announced by steel tube fracture. In general, the deformation capacity decreased with increased
aspect ratio. As stated previously, the steel tubes and faceplates buckled earlier in the slender
walls DCW2 and DCWa3 than in the squat wall DCW1. In addition, as described later, the strain
at bottom of steel tubes increased more rapidly in DCW2 and DCW3 than in DCW1. These
observations indicated that the steel tube of the walls with higher aspect ratios resisted greater
axial force. Accordingly, DCW2 and DCW3 suffered earlier steel tube buckling and fracture. To
achieve better lateral deformation capacity, stronger steel tubes may be needed in the proposed
Co-DSC wall especially with a high aspect ratio. DCW3-R and DCW3 had similar lateral
strength, while the drift at peak load of DCW3-R was 22% higher than that of DCW3. This
indicated that the reinforcing sheaths delayed the peak load state without significantly increasing
the base shear.

3.4 Energy Dissipation

The energy dissipated per loading cycle and the cumulative energy dissipation were evaluated
for the specimens and shown in Fig. 8. In general, the squat specimen DCW1 had the lowest
energy dissipation capacity. Specimens DCW2, DCW3, and DCW3-R similarly dissipated
energy, indicating that both aspect ratio and the use of reinforcing sheaths caused negligible
effect on energy dissipation for slender walls.
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Figure 8: Energy dissipation

4. Finite Element Modelling

The test results are analyzed using a nonlinear finite element (FE) program ABAQUS. Due to
complexity of achieving numerical convergence, high nonlinearity in geometry and material, and
steel-concrete interaction, Dynamic/Explicit was utilized to conduct nonlinear push-over analysis.

4.1 Material Constitutive Relationships

The material constitutive relationships of both concrete and steel are shown in Fig. 9. The
concrete damage plasticity (CDP) model in ABAQUS was used as the constitutive model both for
the concrete filled between the corrugated double steel faceplates, and the concrete filled in the
steel tubes, denoted as unconfined concrete and confined concrete, respectively. The elastic-
plastic model was used as the constitutive model for all steel parts in this FE model.
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Figure 9: Material constitutive models

As shown in Eq. 2 to Eq. 5, the compressive stress-strain relationship of unconfined concrete can
be obtained by using the method developed by Guo and Shi (2003).

x=¢/e,,y=0/f, ()
o x+(3-2a, )X +(a, —2)x*  (x<1)

y= X (3)
POy (x1)
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a, =2.4-0.0125 f, 4)
a, =—0.905+0.157 f 27 (5)

where f¢ is the concrete compressive strength, ec is the compressive strain corresponding to fc, aa
and aq are the dimensionless parameters at the ascent and descent stages of uniaxial compressive
stress-strain relationship of concrete, respectively.

The compressive stress-strain relationship of confined concrete developed by Han (2016) was
adopted to simulate the compressive plastic damage behavior of the concrete filled in the steel
tubes in this study. The compressive stress-strain relationship can be obtained from Eq. 6 to Eq.
13.

2x — x* (x<1)
y= X (6)
B(x=1) +x (x>1)
X=¢/e, y=0/0, (7)
o, =[1+(-0.0135£% +0.1£)(24/ £,)***1f, (8)
g 2h ©
At
£y = &, +[1330 +760(f, /24 -1))E°?  (us) (10)
£, =1300+12.5F, (us) (11)
n=1.6+15/x (12)
fCO‘l
1.35/1+¢ €<3)
B = o1 (13)
° (£>3)

1.35\1+ &(& - 2F

The tensile stress-strain relationship of concrete used in this study was obtained by using the
method developed by Shen et al. (1993), which can be expressed as Eq. 14 to Eq. 17.

x=¢le,,y=0/0, (14)
1.2x-0.2x° (x<1)

= X 15

’ 0.31o2(x —1)"" +x (x>1) -

o, =0.26(1.25f, *° (16)

g,=4310, (uc) (17)

where gy is the concrete tensile strength, and ¢p is the tensile strain corresponding to op.
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As shown in Eqg. 18, the damaging evolution parameters of concrete in compression and tension
were calculated using the method developed by Birtel and Mark (2006).

E—l
d =1- Ik k=t, 18
‘ gkpl (]/bk _1)+O-k E’ ( C) (49

where dx is the concrete damaging evolution parameters, ok is the concrete stress, Ex is the
concrete Young’s modulus, by is the ratio of plastic strain & to inelastic strain &, t and ¢
represent the concrete in tension and compression, respectively.

In order to improve the convergence and efficiency of the calculation, bi-linear plasticity model
with Von-Mises yield surface, associated flow rule, and kinematic hardening was used for all
steel elements, where true stress otre, true strain ewrue and plastic strain ep can be obtained from
Eq. 19to Eq. 21.

O-true = nom (1+ gnom ) (19)
gtrue = In (1 + gnom ) (20)
gpl = |gtrue| _|Utrue|/Es (21)

where onom and enom are the nominal stress and strain, respectively, which can be obtained from
the coupon test.

4.2 Elements, Loading, and Boundary Conditions

Eight-node solid elements with reduced integration (C3D8R) were used to simulate the infilled
concrete, and four-node shell elements with reduced integration (S4R) were used to simulate the
faceplates, steel tubes, and baseplates. Wire elements assigned by connector section properties,
which would be explained later, were used to simulate the high strength tie bolts.

leiaI load

Reference point

:;'°

Lateral load

w2
w U1

U2, U3, UR1, UR2, <L
UR3 constrained 3

Uniaxial spring——

Fixed point—> %'
Figure 10: Schematic of FE model in ABAQUS
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Fig. 10 shows the schematic of FE model in ABAQUS. The loading of the FE models was
simulated by applying monotonic lateral displacements along U1 direction to a reference point
(RP). RP located on the centroid axis of the specimen cross section, 150 mm above the top
surface of the specimen, consisting with the height of the horizontal actuator in the test.
Kinematic coupling interaction was defined to constrain the top surface of the specimen to RP in
all translational and rotational freedoms.

The baseplate was used to simulate the foundation in the test. As is known, slight slippage of
foundation is inevitable during the test, resulting in stiffness reduction of the specimen. Thus, the
freedoms of U2, U3, UR1, UR2, and UR3 of baseplate were constrained, while the displacement
of U1 was constrained by uniaxial spring elements with an axial stiffness calculated from the
material and sectional properties of concrete filled steel box foundation beam in the test.

4.3 Contact and Connector Models

The algorithm General contact in ABAQUS was used to model the contact behavior between the
steel and concrete. For this algorithm, tangential behavior was defined using penalty friction
formulation with friction coefficient of 0.6, and normal behavior was defined using pressure-
overclosure solution with hard contact properties.

The connector section of tie bolts was defined with a translational type of axial, and a rotational

type of revolute, corresponding to the available freedoms of U3 and UR3, and the constrained
freedoms of UR1 and UR2.

4.4 Validations of FE model

Fig. 11 shows comparisons of the lateral load-displacement responses simulated by the FE
analyses with the envelope curves measured experimentally for specimens DCW1 to DCW3-R
with aspect ratios of 1.0 to 2.0, respectively. The percentage error between tested peak load in
positive direction Pt and the simulated peak load Pr was within 10% for all specimens. The
initial stiffness simulated by the FE models were also in good agreement with the test values.
These indicate that the FE analyses can reasonably simulate the overall behavior of the test
specimens.
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Figure 11: Comparison of experimental and analytical results

5. Parametric analysis

Based on the validated FE models, the effects of three primary parameters on lateral load-
displacement relationship of Co-DSC walls were analyzed.

5.1 Aspect ratio

The FE models of Co-DSC walls with six aspect ratios of 0.5, 0.75, 1.0, 1.5, 2.0, and 2.5 were
analyzed. Fig. 12 shows the effects of aspect ratio A on lateral load-displacement relationship and
Von-Mises stress development at 3.5% drift of Co-DSC walls. The lateral strength and stiffness
of Co-DSC walls decreased with the increase of wall aspect ratio. The maximum Von-Mises
stress of Co-DSC walls with aspect ratios no more than 1.0 distributed along the diagonal
direction of the wall, while the maximum Von-Mises stress of Co-DSC walls with aspect ratios
no less than 1.5 distributed horizontally at wall base, indicating typical compression-shear and
compression-flexure failure patterns, respectively.
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1400 Cmimmbwzt] = = 222075 | Gavgi 75
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0 o i i i i i i i
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Lateral displacement (mm)
Figure 12: Effects of aspect ratio

5.2 Axial load ratio

Two groups of FE models, corresponding to compression-shear Co-DSC walls with aspect ratio
of 0.75, and compression-flexure Co-DSC walls with aspect ratio of 2.0, were analyzed
respectively. Fig. 13 shows the effects of axial load ratio n on lateral load-displacement
relationship of Co-DSC walls. The lateral stiffness of Co-DSC walls increased with the increase
of axial load ratio, while the deformation capacities were the opposite. The lateral strength

15



increased along with the axial load ratio before n = 0.2, and decreased after that. Because the
failure of compression-flexure walls was primarily caused by wall base buckling and fracture in
compression, axial load ratio had more significant effects on lateral load-displacement
relationship of compression-flexure walls. In order to ensure the expected deformation capacity
and ductility, an upper axial load ratio of 0.4 is recommended.
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Figure 13: Effects of axial load ratio

5.3 Ratio of tie bolt spacing to faceplate thickness

Both the two groups of compression-shear Co-DSC wall and compression-flexure Co-DSC wall
FE models with ratio of tie bolt spacing to faceplate thickness x = 82, 58, 47, corresponding to 5,
4, and 3 corrugates, were analyzed. Fig. 14 shows the effects of ratio of tie bolt spacing to
faceplate thickness x on lateral load-displacement relationship. The ratio of tie bolt spacing to
faceplate thickness had negligible effects on lateral stiffness of the walls, while had significant
effects on lateral strength and deformation capacities of the walls. These were because that the
faceplates with sparse tie bolts were prone to buckling at damage developing loading stage.
However, the ratio of tie bolt spacing to faceplate thickness of FE model with the densest tie
bolts of 47 exceeded the upper limit of that for flat faceplate of 37, indicating that using
corrugated plate as faceplate contributed to reduce the number of tie bolts.
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Figure 14: Effects of ratio of tie bolt spacing to faceplate thickness
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6. Conclusions

A new type of earthquake-resistant composite structural wall, named Co-DSC wall, was
experimentally and numerically studied. The Co-DSC wall consisted of concrete-filled steel tube
boundary columns and corrugated double steel faceplates connected by tie bolts and infilled with
plain concrete. Three 1/3-scale specimens with different aspect ratios and one additional
specimen strengthened with reinforcing sheaths at steel tube bottom were tested under combined
axial and cyclic lateral loading. Based on the FE model validation, primary parameters
influencing the seismic performance of Co-DSC walls were analyzed. The following major
conclusions were reached:

(1) The specimens presented desired seismic performance and reached an ultimate drift ratio
exceeding 1.8% and a ductility ratio greater than 2.7. The specimens experienced similar damage
progress. The steel tubes and the faceplates buckled prior to reaching the peak load. The fracture
of steel tubes resulted in the ultimate failure. Using stronger steel tubes would improve the lateral
deformation capacity, but note that it would also increase the base shear.

(2) FE models were conducted by ABAQUS. Both lateral strength and initial stiffness simulated
by the FE models were in good agreement with the test results. The FE models described in this
paper can reasonably simulate the overall behavior of the test specimens.

(3) The moment-carrying capacity of the Co-DSC wall was not affected by wall aspect ratio.
The squat walls with aspect ratio no more than 1.0 presented compression-shear failure, and the
slender walls with aspect ratio no less than 1.5 presented compression-flexure failure. The squat
wall achieved higher drift capacity but dissipated less energy than the slender walls.

(4) An upper axial load ratio of 0.4 was recommended to ensure the expected deformation
capacity and ductility. Using corrugated plate as faceplate contributed to reduce the number of
tie bolts, which could significant improve the construction and economy efficiency.

(5) The use of reinforcing sheaths improved the drift at peak load to a certain extent without
significantly increasing the base shear of the specimen. However, the reinforcing sheaths could
not constrain the steel tube buckling at post-peak stage, presumably due to insufficient thickness
of the reinforcing sheaths. To achieve better lateral deformation capacity, using thicker
reinforcing sheaths is recommended for the proposed Co-DSC walls.
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