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Abstract

Corrugated Steel Plate Shear Walls (CoSPSW) are lateral load resisting system in which
corrugated steel plates are embedded inside a boundary frame, with the corrugation oriented in
the horizontal or the vertical direction. Corrugated Steel Plate Shear Wall is a new type of lateral
load resisting system in the family of steel plate shear walls. Compared with the unstiffened
plane steel plate shear walls (SPSW), CoSPSW would have greater elastic buckling capacity, and
more resistance to the gravity loads transferred to the wall panel or neatly avoid them depending
on direction of the corrugation. The main focus of this paper is on the seismic behavior of
CoSPSWs and comparison with SPSWs. Nonlinear push-over and cyclic analyses were
conducted on a group of 3D CoSPSW and SPSW models, and parametric studies were
performed with different panel and frame configuration, as well as gravity load effects. It turns
out that CoSPSWs with deeper corrugation have higher lateral stiffness, lateral strength and
energy dissipation than SPSWSs; while CoSPSWs with shallower corrugation have higher lateral
stiffness and ductility, but lower lateral strength than SPSWs. For all cases investigated,
CoSPSWs have stable hysteric curves with no almost pinching, and they are much less sensitive
to the influence of gravity loads or weaker boundary frames, compared with SPSWs.

1. Introduction and Background

Steel plate shear walls are excellent lateral resisting systems for multi-story and high-rise
buildings, especially in highly seismic areas. Previous research has revealed that steel plate shear
walls have several advantages including light weight, high lateral strength, high ductility and
energy dissipation, efficient use of floor space, etc. (Driver RG et al., 1998). In the past ten years,
different types of steel plate shear walls have been used in representative high-rises around the
world, such as the 55 story Convention Center Hotel (2010) in Los Angeles, United States and
the 75 story Jinta Tower (2010) in Tianjin China.

CoSPSWs have corrugated steel plate instead of plane plate as the wall panel, which is
embedded inside a steel boundary frame. Corrugation will form “ribs” on the wall panel, and the
axial and out-of-plane bending stiffness is greatly enhanced along the direction parallel to the rib,
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while the axial stiffness will become minimum along the direction perpendicular to the rib,
which is called “Accordion Effects”. As a result, wall panels with vertical ribs or vertical
corrugation (called vertical CoSPSWs hereafter) will be able to resist the gravity loads
transferred to them due to enhanced vertical buckling capacity, while wall panels with horizontal
ribs or horizontal corrugation (called horizontal CoSPSWs hereafter) will neatly avoid the
gravity loads transferred to them due to “Accordion Effects”. In both cases, buckling of the wall
panel under gravity loads will be prevented, and the panels could be conveniently erected along
with the boundary frame during the construction process.

2. Finite element model and model verification

Two groups of one story, one bay SPSW and CoSPSW systems were modeled using ABAQUS,
one representing the strong frame case (denoted as SC) and the other representing the weak
frame case (denoted as WC). In each group, the SPSW and all CoSPSWs had the same boundary
frame and wall plate thickness for comparison purpose. The following key design parameters
varied for parametric studies, including 1) wall panel type (plane, sinusoidal corrugation,
trapezoidal corrugation), corrugation depth (deep, shallow), corrugation direction (horizontal,
vertical); 2) stiffness of boundary frame; 3) influence of gravity loads.

Boundary members in the strong frame case were designed according to AISC Design Guide 20
(Sabelli R, Bruneau M, 2006) and AISC 341-10 (2010), with wide-flange sections chosen from
the US desination. Boundary members in the weak frame case were chosen as wide-flange
sections with 40% lower bending stiffness than those in the strong frame case. So the beam and
column section was HM500*300*11*15 (flange 300mmx15mm, web 500mmx11mm, similar to
W21>68) and HW400*400*13*21 (flange 400mmx21mm, web 400mmx13mm, similar to
W14x132) for the strong frame case, and HM400*300*10*16 (flange 300mmx16mm, web
400mmx10mm, similar to W16>67) and HW350*350*12*19 (flange 350mmx19mm, web
350mmx12mm, similar to W14>90) for the weak frame case, respectively.
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Figure 1: Profile and cross-section of corrugated panels
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Wall panels all had a dimension of 3m by 3m by 5mm. The corrugated panels had a wave length
of 300mm, and a wave amplitude of 60mm and 30mm, representing a deep and shallow
corrugation case respectively. The vertical CoSPSW (denoted as VSW) and the horizontal
CoSPSW (denoted as HSW) had the same configuration but different direction of corrugation.



The trapezoidally corrugated panel (denoted as HTW) had similar wave shape as the sinusoidally
corrugated panel, with a slightly smaller wave amplitude to achieve the same fold length (length
of the plate before it was corrugated). Cross-section of corrugated panels are shown in Fig. 1,
and geometric sketch of the horizontal and the vertical sinusoidal CoSPSWs are showed in Fig. 2.
All the FEA models are described in Table 1.

Table 1: FEA models for parametric studies

Group  Notation Wall type Corrugation Wave Wall Boundary Section

# Direction Length Amplitude Dimension

(mm) (mm) (mm)
SC-PW Plane |

1-  SC-HSW-l  Sinusoidal  Horizontal 300 60 W 40%3 4“0”3213*2 .
Strong SC-HSW-II  Sinusoidal ~ Horizontal ~ 300 30 Top Beam
Frame  SC-VSW Sinusoidal Vertical 300 60 HM500%300*11*15

SC-HTW  Trapezoidal Horizontal 300 50 3000*3000*5

9. WC-PW Plane Column
Weak WC-HSW  Sinusoidal ~ Horizontal 300 60 HW3$’§*3§£::]2*19
Frame WC-VSW Sinusoidal Horizontal 300 60 HM4002300*10*16

The steel material had a yielding strength of 235Mpa for the wall panel, and 345Mpa for the
boundary frame, with an elastic modulus E = 2.06x105Mpa, a Poisson’s ratio v = 0.3, and a
hardening modulus Eh=1/100E. All members were modeled using 4-node shell element S4R
with reduced integration. Considering the high level of geometric and material nonlinearity after
the wall panel buckles, seven points were used throughout the wall element thickness.

Out-of-plane initial imperfection, which may occur in plane or corrugated plates due to
machining and installation, would affect the plate strength and ductility and should be properly
considered in the nonlinear analyses. Due to the absence of experimental data, a common
practice is to conduct eigenvalue buckling analysis, scale the major buckling modes and apply it
as the initial imperfection. Initial imperfection for thin unstiffened plane plates was generally set
as 1/1000 of the plate length in previous research. Considering the higher out-of-plane stiffness
of corrugated plates, initial imperfection was set as 1/750 of the panel height in this study (Nie
JGetal., 2013).

The column base and the bottom edge of the wall panel had a fixed boundary condition, in which
all 6 degrees-of-freedom were constrained for the nodes here. In order to consider the out-of-
plane bracing provided by the floor system, out-of-plane displacement of the nodes along the
beam centerline and at the beam-column connection were constrained as well.
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Figure 3: Model verification using Park’s experimental results




In order to verify the reliability of the finite element model, one-bay, three-story SC4T specimen
in Park’s experiment (Park HG et al., 2007) was modeled and cyclically analyzed using
ABAQUS. The load-displacement curve for the SC4AT model is presented in Fig. 3, which shows
a good agreement with the experimental results.

3. Nonlinear Push-over Analyses of CoOSPSW and SPSW

Nonlinear push-over analyses were conducted on one SPSW (SC-PW) and two CoSPSW models,
one with a wave amplitude of 60mm (SC-HSW-I), and the other with a wave amplitude of 30mm
(SC-HSW-II), in order to investigate the full range of elastic and inelastic behavior of CoSPSW
with deep and shallow corrugation, and compare with theoretical results.

3.1 Load-carrying Mechanism
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Figure 4: Load carrying mechanism of corrugated and unstiffened plane plates

In a SPSW system, the unstiffened plane wall is usually very slender and prone to buckling
diagonally under low levels of lateral loads. Then the wall will continue resisting lateral loads
through yielding of the diagonal tensile struts across the wall, called the “tension field action”,
which is the main lateral load-carrying mechanism of SPSWs, as shown in Fig. 4. According to
AISC Design Guide 20, lateral strength of the wall panel in SPSW is given by Eq. (1) (Sabelli R,
Bruneau M, 2006).

V,pw =0.5ft, L, sin2« (1)
where fy is the yielding strength of the steel material; tw is the thickness of the wall panel; Lt is
the clear distance between column flanges; @ is the angle of inclination of the tension field from
the vertical direction, permitted to be taken as 40° .

In a CoSPSW system, the elastic shear buckling stress of the wall panel will greatly increase due
to corrugation, and when it is much higher than the shear yielding stress, shear yielding will
happen first, which would be the load-carrying mechanism for the wall panel in this case, as
shown in Fig. 4. According to the Design manual for PC bridges with corrugated steel webs
(1998), for deeply corrugated web panels, the critical shear stress zr equals the shear yielding
stress 7, then lateral strength of the wall panel in CoSPSW with deep corrugation could be given
by Eq. (2).

Vn,CW = Tcrtw ch (2)
where z is the critical shear stress that equals to the shear yielding stress; tw is the thickness of
the wall panel; L is the clear distance between column flanges. The shear yielding stress
could be determined by the Von Mises yielding criterion shown in Eq. (3).
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where fy is the yielding strength of the steel materia

3.2 Nonlinear Push-over Analyses

Nonlinear push-over analyses were conducted, during which a lateral displacement was applied
to a control node coupling to the nodes on the exterior column flange in the top left panel zone,
and increased gradually until it reached a drift ratio of 2.5%. The lateral load versus drift ratio
curves for the shear wall systems and the wall panels are shown in Fig. 5(a) and (b), respectively.
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Figure 5: Push-over curves of shear walls and wall panels

From Fig. 5, it is clear that for the SPSW (SC-PW), the wall panel started yielding at a lateral
drift of 0.14%, and the tension field action gradually developed, during which more and more
portion of the wall panels yielded, and the lateral strength of the wall panel was very close to the
theoretical lateral strength associated with full tension field action at a lateral drift of 2%.

For the CoSPSW with deep corrugation (SC-HSW-I), the wall panel had initial yielding at a
lateral drift of 0.23%, where most part of the wall panel yielded in shear, and the yielding
continued until the lateral drift reached 0.4%, at which inelastic buckling occurred in the
diagonal direction, and the lateral strength declined slightly, but still over the theoretical lateral
strength associated with shear yielding at a lateral drift of 2%. Notice here the ultimate lateral
strength of the deeply corrugated wall panel was a little higher than the theoretical lateral
strength associated with shear yielding, because a bilinear material model was used in the
analysis, which had a strain-hardening part.

For the CoSPSW with shallow corrugation (SC-HSW-II), the wall panel had initial yielding at a
lateral drift of 0.21%, where a large part of the wall panel yielded in shear. But the wall panel did
not continue yielding, instead, it had almost immediate inelastic buckling occurred in the
diagonal direction, and the lateral strength had a sudden drop due to buckling, and started to form
a tension field. Lateral strength of the wall panel increased slightly, but declined again after the
peak, and the lateral strength of the wall panel is lower than the theoretical lateral strength



associated with full tension field action, indicating that the tension field action developed in the
shallowly corrugated wall panel was not complete, which is also reflected in the stress
distribution of the wall panel at a lateral drift of 2%.

Therefore, the push-over analysis shows that corrugated wall panels in CoSPSWs have quite
different lateral load carrying mechanism and behavior in the elastic and inelastic stages than the
SPSW. The wall panel in SPSW relies on gradual development of the tension field to resist the
lateral load, and it will approach the ultimate lateral strength under a relatively large lateral drift.

On the other hand, the deeply corrugated panel will tend to have the feature of a “thick’ wall, for
which the load-carrying mechanism is mostly shear yielding under a relatively small lateral drift,
followed by inelastic shear buckling, and the lateral strength will decline as the corrugation is
getting “straightened” by the inclined principal tensile stresses. The shallowly corrugated panel,
however, tend to have the feature of a “thin” wall, for which the load-carrying mechanism is
elastic or inelastic shear buckling. The lateral strength will drop obviously immediately after
buckling, and then start to increase as the corrugation is getting “straightened” and some tension
field starts to develop. The tension field will be incomplete compared to the SPSW though,
which results in a lower ultimate lateral strength. More cyclic analyses are needed in order to
verify the push-over results, and provide additional information on the seismic behavior of
CoSPSWs such as energy dissipation and strength degradation.

4. Cyclic Analyses of CoOSPSW and SPSW

Nonlinear cyclic analyses were conducted on the SPSW and CoSPSW models, in which cyclic
displacements were applied to the control node. The amplitude of the displacement was
increased gradually with a drift ratio of 0.25%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5%, and each
amplitude was repeated twice. Most of the models have reached the failure point at 2.5%, at
which their lateral strength has dropped under 85% of the peak lateral strength, except for SC-
PW and SC-HSW-1I, for which the cycles continued and the model reached a drift ratio of 4%
and 3% respectively in the end.

4.1 Hysteretic Behavior and Backbone curves of the system

Hysteretic curves of the SPSW and CoSPSW models are shown in Fig. 6, in which the x axis is
the drift ratio (%) and the y axis is reaction force at the control point (kN). It is clear that when
the boundary frame and panel thickness remain the same, panel type (plane, deep corrugation,
shallow corrugation) plays the most important role in the overall hysteric behavior of the
CoSPSWs, while varying the corrugation direction (horizontal, vertical) or the wave shape
(sinusoidal, trapezoidal) has negligible influence on the overall hysteretic behavior.

From Fig. 6(a), it is clear that hysteretic curves of the SPSW (SC-PW) have obvious pinching,
which might be attributed to buckling of the wall panel and reduction of the reloading stiffness
when it unloads and reloads in the opposite direction. In comparison, hysteretic curves of the
CoSPSW with deep corrugation (SC-HSW-I1) are plumper, especially in earlier stages, in which
the wall panel has mostly shear yielding. But as the system passes the ultimate lateral strength
and the wall panel starts to have inelastic buckling, the unloading stiffness starts to decline, even
faster than the SPSW, and the hysteretic curves shows more pinching in the later stages. Fig. 6(a)



also shows that CoSPSW with deep corrugation has obviously higher lateral stiffness and
slightly higher strength than SPSW, but the strength will decline after the peak.
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Figure 6. Hysteretic curves of shear walls with strong frame

Fig. 6(b) shows that wave amplitude plays an important role in the hysteric behavior of
CoSPSWs, when the other geometric properties remain the same. The CoSPSW with higher
wave amplitude and deeper corrugation has more plump hysteretic curves and higher ultimate
lateral strength than the CoSPSW with lower wave amplitude and shallower corrugation (SC-
HSW-II). The latter also shows an obvious dropping of the ultimate lateral strength in the early
stage, and more pinching in later stages, which is associated with wall panel buckling.

Fig. 6(c) indicates that when the panel is square and no gravity loads are applied, corrugation
direction has little influence on the hysteretic behavior of CoOSPSWs. The vertical CoOSPSW (SC-
VSW) had the same elastic lateral stiffness as the horizontal CoSPSW (SC-HSW-I), and only
slightly higher lateral strength and unloading stiffness. Fig. 7(d) shows that wave shape has very
little influence on the hysteretic behavior of CoSPSWs as well. The trapezoidal CoSPSW (SC-
HTW) had the same elastic lateral stiffness as the sinusoidal CoSPSW (SC-HSW-I), only slightly
lower lateral strength and unloading stiffness.

Backbone curves are extracted from the hysteric curves of SC-PW, SC-HSW-I and SC-HSW-II
in the push direction and compared with the push-over curves in the previous section, as shown
in Fig. 7. It is clear that the push-over curves and the backbone curves match well in regards to
the initial stiffness, lateral strength, and tendency of strength degradation, which validates the
cyclic results in some sense. However, push-over analyses will underestimate the strength
degradation of CoSPSWs after the peak, probably because permanent deformation of the wall
panel from repeated inelastic buckling cannot be considered.



The highest displacement for the first cycle at the same lateral displacement were extracted from
the hysteretic curves in both directions to form the backbone curves and the backbone curves are
shown in Fig. 8. Main structural characteristics such as the initial stiffness, lateral strength and
displacement at featured points on the backbone curves are shown in Table 2. Here the yielding
point Y is identified with the commonly used “Equivalent area method”. Point U is defined as
the point at which the strength has dropped to 85% of the ultimate lateral strength, and the
ductility ratio u is defined as the ratio between the ultimate displacement A, and the yielding
displacement Ay.
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Figure 7: Comparison between push-over and backbone Figure 8: Backbone curves of shear walls with strong frame

Table 2: Cyclic analysis results of SPSW and CoSPSWs with strong frame

Model Load Initial Stiffness Vy Ay Vi Am Ay u
Direction (KN/mm) (kN) (mm) (kN) (mm) (mm)
push 236 2710 24 3154 70 125- 5.2
SC-PW
pull 270 2778 24 3252 88 — —
push 315 2869 14 3298 35 80 5.6
SC-HSW-I oull 348 2866 14 3341 35 66 4.9
push 353 2242 10 2367 53 98 9.8
SC-HSWHII pull 384 2153 9 2332 53 103 11.4
push 309 2956 15 3412 35 71 4.6
SC-VSw pull 329 2902 14 3354 35 72 5.1
push 320 2782 13 3169 35 76 6.0
SC-HTW pull 356 2722 11 3148 35 68 6.0

According to Fig. 8 and Table 2, the backbone curves are basically symmetrical in the push and
pull directions. The initial stiffness of CoSPSWs is always 30-50% higher than the SPSW,
meaning that corrugation will effectively enhance the system lateral stiffness. CoOSPSW with
deep corrugation has less than 8% higher ultimate lateral strength at a 50% lower displacement,
and a ductility ratio similar to the SPSW, while CoSPSW with shallow corrugation has less than
28% lower ultimate lateral strength at a 25% lower displacement, and much higher ductility ratio
than the SPSW.

Similar to the hysteretic curves, the backbone curves of the horizontal CoSPSW, the vertical
CoSPSW, and the trapezoidal CoSPSW are very close, and the difference could be considered



negligible. Therefore, the trapezoidal CoSPSW is no longer considered in later parametric
studies,

4.2 Backbone Curves of the Wall, Frame and Lateral Strength Distribution

The “free body cut” feature of ABAQUS was utilized to obtain the lateral load resisted by the
wall panel and the boundary frame at any step. Backbone curves of the wall panel and the
boundary frame could then be obtained for each CoSPSW and SPSW system, and shown in Fig.
9.
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Figure 9: Backbone curves of wall panels and frames in shear walls with strong frame

From Fig. 9(a), it is clear that the lateral stiffness and strength of the corrugated wall panels are
obviously higher than those of the plane wall panel, especially for deeply corrugated wall panels.
Strength of these corrugated wall panels and the plane wall panel reaches the peak value at 1%
drift and start to decline, with the corrugated panels declining faster. The lateral strength of the
corrugated panels will become even lower than that of the plane wall panel after a lateral drift of
2.5%, due to the inelastic buckling and out-of-plane distortion under large drifts. Lateral strength
of the shallowly corrugated wall panel will reach the peak and start to decline at a drift of 0.2%,
due to buckling of the wall, and it will be 46% lower than of the plane wall panel at a drift 2.5%.
This observation is consistent with the tendency shown in the push-over analyses, as well as the
corresponding load-carrying mechanism of the wall panel in each system.

From Fig. 9(b), it is clear that the lateral stiffness and strength of the boundary frames are
basically similar for all systems in the early stage, since they apply the same member sections,
and variation in system lateral strength will be mainly in later stages. The boundary frame in the
SPSW will resist more lateral loads than that in the CoSPSWs, possibly due to the anchorage
needed to guarantee the tension field action in the wall panel.

The percentage of the lateral load resisted by the wall panel versus the system base shear is
called the lateral load distribution factor for wall panels in this paper. The lateral load
distribution curves could be deducted from the backbone curves for each CoSPSW and SPSW
system, as shown in Fig. 10. As shown in Fig. 10, the lateral load distribution factor for wall
panels with deep corrugation is higher than the plane wall panel, which indicates that CoOSPSWs
rely more on the strength of the wall panel to resist the lateral loads. This would make a more
effective design, since the design shear strength of steel shear wall systems only counts the
contribution of the wall currently. The lateral load distribution factor for the wall panel with



shallow corrugation is higher than the plane wall panel at the beginning but drops quickly, which
means that the CoSPSW with shallow corrugation will rely more on the boundary frame to resist
the lateral load, after the wall panel buckles in shear.
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Figure 10: Lateral load distribution curves Figure 11: Lateral strength degradation
4.3 Strength degradation

Lateral strength degradation is defined as declining of the lateral strength of a structure or
component with the loading cycle while the lateral displacement remains the same. The strength
degradation coefficient is defined as the ratio between the shear capacity of the second cycle, and
the shear capacity during the first cycle (GB50152, 1992). The strength degradation reflects the
damage progression of different structural forms under cyclic load at the same displacement.

The curves of the strength degradation coefficients and the lateral drifts curves of the CoSPSWSs
and SPSW systems are given in Fig. 11, in which the strength degradation coefficients of the
CoSPSWs and SPSW systems are generally close, varying among 0.9 to 1.0. Meanwhile, the
strength coefficients of the CoSPSWs and SPSW systems basically decline linearly as the lateral
drift increases. At large displacement, the tension field of the corrugated panel improved
irregularly, while the tension field of plane panel extends on the opposite angles only. So the
strength degradation coefficient of the CoSPSW system is apparently higher than the SPSW
system. The only exception is the CoSPSW system with shallow corrugation (SC-HSW-II), of
which the strength degradation is the most obvious in the first loading cycle (lateral drift of
0.25%) with the lowest strength degradation coefficient.

4.4 Energy dissipation

Energy dissipation capacity is an important parameter for evaluating the system seismic
performance. Dissipated energy during a cycle is equal to the area enclosed by the hysteresis
curve, and the more the enclosed area is, the better the energy dissipation capacity of the
structure is. Energy dissipation capacity of a structure can also be measured by the equivalent
viscous damping coefficient he, and higher he values also represent better energy dissipation
capacity. Fig. 12 shows the energy dissipation performance of CoSPSWSs and the SPSW during
the cyclic analyses, which includes energy dissipation in each cycle, accumulated energy
dissipation up to a certain cycle, and the equivalent viscous damping coefficient he in each cycle.
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Figure 12: Energy dissipation of shear walls with strong frame

As illustrated in Fig. 12(a), CoSPSWs with deep corrugation (SC-HSW-I, SC-VSW, SC-HTW)
have obviously higher single cycle energy dissipation than the SPSW(SC-PW), especially in the
early and middle cycles when the lateral drifts are relatively small, mostly due to the higher
lateral strength of these CoSPSWs in those cycles. In later cycles, as the lateral strengths of these
CoSPSWs are declining and getting close to the lateral strength of the SPSW, the single cycle
energy dissipation of these CoSPSWs and the SPSW are getting close as well. Fig. 12(b) shows
that the accumulated energy dissipation of CoSPSWs with deep corrugation is always higher,
and the total dissipated energy of these CoSPSWs is about 24% higher than that of the SPSW at
cycle 12. The vertical CoSPSW dissipates slightly more energy than the horizontal CoSPSW,
and the sinusoidal CoSPSW dissipates slightly more energy than the trapezoidal CoSPSW, but
changing the orientation or shape of the corrugation has overall very small influence on the
energy dissipation performance. Fig. 12(c) shows that the equivalent viscous damping
coefficients of CoSPSWs with deep corrugation reach an average value of 0.3, and the equivalent
viscous damping coefficient of SPSW reach an average value of 0.25 in the later cycles.

On the other hand, CoSPSW with shallow corrugation (SC-HSW-II) has lower single cycle
energy dissipation as well as accumulated energy dissipation than the SPSW, which is more and
more obvious in the later cycles. The equivalent viscous damping coefficient of SC-HSW-II is
getting close to that of the SPSW in later cycles though, which might be attributed to the similar
lateral load resisting mechanism, i.e. tension field action, of these two systems in later cycles.

5. Cyclic Analyses of CoSPSW and SPSW with Weak Frame

In order to investigate the influence of the boundary frame on the hysteretic behavior of
corrugated steel plate shear walls as well as plane steel plate shear walls and compare the
behavior, finite element models were constructed, with the same set of wall panels but reduced
boundary members. The top beam section was W16>67 and the column section was W14>90,
which had 40% lower bending stiffness than the boundary members of the models in the
previous section.

The trapezoidal CoSPSW was not investigated, since it showed very similar hysteric behavior as
sinusoidally corrugated CoSPSW in the previous section. The CoSPSW with shallow corrugation
was not investigated either, since it showed lower lateral strength and energy dissipation than the
SPSW in the previous section, which is expected to be even worse with a weak boundary frame.
Therefore, three shear wall models were constructed with the plane wall panel, the horizontal and
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the vertical sinusoidally corrugated wall panel with deep corrugation, which are then denoted as
WC-PW, WC-HSW-I1, and WC-VSW in this section.

5.1 Hysteretic behavior and backbone curves of the system
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Figure 13: Hysteretic curves of shear walls with different frames

The hysteretic curves of CoSPSWs and SPSW with weak frame are compared to the hysteretic
curves of corresponding systems with strong frame, as shown in Fig. 13. It can be concluded
from Fig. 13 that systems with weak frame generally have similar hysteretic curves as systems
with strong frame, meaning that there are no significant changes in system behavior, but with
lower lateral strength. The influence of the weak frame on system behavior is more obvious for
SPSW (SC-PW v.s. WC-PW) than CoSPSWSs, and more obvious for the horizontal CoSPSW
(SC-HSW-1 v.s. WC-HSW-I) than the vertical CoOSPSW (SC-VSW v.s. WC-VSW).
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Figure 14: Backbone curves of shear walls with different frames
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Backbone curves are then extracted from all hysteric curves in both directions, and shown in Fig.
14. Main structural characteristics such as the initial stiffness, lateral strength and displacement
at featured points obtained from the backbone curves are shown in Table 3.

From Fig. 14 and Table 3, it is can be concluded that the initial stiffness and lateral strength of
SPSW with weak frame (WC-PW) are about 11% and 18% lower than similar systems with
strong frame (SC-PW), while the initial stiffness and lateral strength of CoSPSWs with weak
frame (WC-HSW-I, WC-VSW) are about 5% and 13% lower than similar systems with strong
frame (SC-HSW-I, SC-VSW). It seems that reducing the frame stiffness has more influence on
the system lateral strength than the initial stiffness, and it affects the SPSWSs to a greater extent
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than the CoSPSWs. Or in other words, CoSPSWs are less sensitive to the influence of boundary
frame stiffness.

Table 3: Cyclic analysis results of SPSW and CoSPSWSs with weak frame

Model Load InitialStiffness Vy Ay Vm Am Ay n
Direction (KN/mm) (kN) (mm) (kN) (mm) (mm)

SC-PW push 236 2710 24 3154 70 125 5.2
pull 270 2778 24 3252 104 _ —

WC-PW push 211 2227 22 2585 84 133 6.0

pull 236 2287 23 2636 95 132 5.7

SC-HSW-I push 315 2869 14 3298 35 80 5.7

pull 348 2866 14 3341 35 66 49

WC-HSW-I push 296 2539 12 2853 34 63 53

pull 316 2502 10 2812 34 65 6.2

SC-VSW push 309 2956 15 3412 35 71 4.7

pull 329 2902 14 3354 35 72 5.1

WC-VSW push 293 2643 14 3008 34 68 49

pull 306 2630 13 3005 34 65 5.0

When using corrugated wall instead of plane wall in the weak frame case, the initial stiffness of
the system increases 40% and the lateral strength of the system increases 16%, as compared to
the 30% stiffness increase and 5% strength increase in the strong frame case. Therefore, similar
to the strong frame case, corrugation will increase the system stiffness to a much greater extent
than the lateral strength, and this enhancement effect is more obvious when the boundary frame
is weaker.

5.2 Backbone curves of the wall, frame and lateral strength distribution
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Figure 15: Backbone curves of wall panels and frames in shear walls with different frames

The backbone curves of the wall panel and the boundary frame are obtained for each CoSPSW
and SPSW systems with weak frame, and compared to the backbone curve of the corresponding
system with strong frame, as shown in Fig. 15.

As illustrated in Fig. 15, when the bending stiffness of the boundary frame is reduced 40% and a
weaker frame is used, lateral strength of the wall panel in SPSW has declined 50%, but backbone
curves of the boundary frame has little change, so reduction in the lateral strength of SPSW
system is mainly due to the reduction in the lateral strength of its wall panel. On the contrary,
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when a weaker frame is used, backbone curves of the wall panels have little change, but lateral
strengths of the boundary frames have declined almost 40%, so reduction in the lateral strength
of CoSPSW systems here is mainly due to the reduction in the lateral strength of its boundary
frame, instead of the wall panel.
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Figure 16: Lateral load distribution curves of shear walls Figure 17: Lateral strength degradation of shear walls

The lateral load distribution factor curves are deducted from the backbone curves and shown in
Fig. 16. It is illustrated in Fig. 16 that when the boundary frame becomes weaker, the wall panels
of CoSPSWs will tend to resist more share of the total lateral loads, while the wall panel of the
SPSW will tend to resist less share of the total lateral loads. As a result, in the weak frame case,
the lateral load distribution factor of the wall panel in the SPSW is much lower than those of the
wall panels in CoSPSWs, which means the wall panel has not functioned effectively. This might
be attributed to the fact that the weak frame can’t provide sufficient constraint to the wall panel,
and the tension field action of the wall panel in the SPSW with weak frame cannot develop
completely, as compared to the strong frame case.

5.3 Strength degradation

Fig. 17 shows the lateral strength degradation of CoSPSWs and SPSWs with different frames. It
can be seen that the fluctuation of the lateral strength degradation curves is very small, and the
strength degradation coefficients are mostly above 0.9, except for the SPSW with weak frame
model (WC-PW) in the reverse loading, in which the strength degradation coefficient is under
0.85 at a lateral drift of 2.5%.

5.4 Energy dissipation

Fig. 18 shows the accumulated energy dissipation of CoSPSWs and SPSWs with different
frames. Generally speaking, CoSPSWs still have higher accumulated energy dissipation than the
SPSW in the weak frame case, which is similar to the strong frame case. When the boundary
frame becomes weaker, accumulated energy dissipation has decreased 25% for the SPSW (WC-
PW), 22% for the horizontal CoSPSW (WC-HSW-I), and 14% for the vertical CoSPSW (WC-
VSW), respectively. It can be concluded that reducing the frame stiffness will result in reduction
of system energy dissipation, and it will affect the SPSW and the horizontal CoSPSW more than
the vertical COSPSW.
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Figure 18: Accumulate energy dissipation of shear walls with different frames

6. Cyclic Analyses of CoSPSW and SPSW with Gravity Loads

In order to investigate the influence of gravity loads on the hysteretic behavior of CoSPSW and
SPSW, cyclic analyses were conducted with the consideration of gravity load effects on the
SPSW(SC-PW), the horizontal CoSPSW with deep corrugation (SC-HSW-1), and the vertical
CoSPSW (SC-VSW). The trapezoidal CoSPSW and the horizontal CoSPSW with shallow
corrugation (SC-HSW-II) were not investigated for the same reason as in the previous section.

6.1 Hysteretic behavior and backbone curves of the system
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Figure 19: Hysteretic curves of shear walls with and without gravity loads
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Figure 20: Backbone curves of shear walls with and without gravity loads

The hysteretic curves of SC-PW, SC-HSW-I and SC-VSW with gravity loads are plotted in Fig.
19 and compared with the hysteretic curves of the same set of models without gravity loads. It is
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clear that gravity loads will affect the system hysteretic behavior by causing more pinching,
faster strength deteriorating after the peak, and reduction in the unloading stiffness, and the
influence is more obvious for the SPSW than CoSPSWs, since the unstiffened wall panel is
easier to buckle under gravity loads.

Table 4: Cyclic analysis results of SPSW and CoSPSWs with gravity loads

Model Load Initial Stiffness Vy Ay Vi Am AU n
Direction (kN/mm) (kN) (mm) (kN) (mm) (mm)

SC-PW push 236 2710 24 3154 70 125 5.2
pull 270 2778 24 3252 104 _ —

SC-PW(G) push 239 2558 20 2895 53 88 4.4
pull 243 2653 18 2924 53 86 4.8

SC-HSW-I push 315 2869 14 3298 35 80 5.7
pull 348 2866 14 3341 35 66 4.9

SC-HSW-I(G) push 356 2873 15 3299 35 57 3.8
pull 346 2708 12 3219 35 56 4.7

SC-VSW push 309 2956 15 3412 35 71 4.7
pull 329 2902 14 3354 35 72 51

SC-VSW(G) push 337 2851 14 3314 35 59 4.2
pull 327 2852 14 3287 35 61 4.5

Backbone curves extracted from the hysteric curves and compared with the backbone curves of
the same set of models without gravity loads, as shown in Fig. 21. Main structural characteristics
such as the initial stiffness, lateral strength and displacement at featured points obtained from the
backbone curves are shown in Table 4. It can be concluded that gravity loads have negligible
influence on the initial stiffness of the SPSW, but decrease its lateral strength by about 10%,
while gravity loads have almost no influence on the lateral strength of the CoSPSWs, but
increase their initial stiffness by about 10%.

When using corrugated wall instead of plane wall and considering gravity load effects, the initial
stiffness of the system increases almost 50% and the lateral strength of the system increases 14%,
as compared to the 30% stiffness increase and 5% strength increase without considering gravity
load effects. Therefore, corrugation will more obviously increase the system stiffness as well as
the lateral strength, when gravity loads from the rest of the building are transferred to the wall
panels in the steel shear wall system.

6.2 Backbone curves of the wall, frame and lateral strength distribution
The backbone curves of the wall panel and the boundary frame are obtained for each CoSPSW
and SPSW systems with gravity load effects, and compared to the backbone curve of the
corresponding system without gravity load effects, as shown in Fig. 21.

As illustrated in Fig. 21, gravity loads have almost no influence on the initial stiffness and lateral
strength of the wall panel, but they will affect the panel behavior in later stages after the peak.
Wall panels with gravity loads applied on them will have a faster strength deterioration after the
peak, which is the most prominent in the SPSW, and the least in the vertical CoOSPSW.
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Gravity loads also tend to have little influence on the backbone curves of the frames, with only a
slight reduction in the frame strength in the SPSW. Overall, the CoSPSWs are less sensitive to
the gravity load effects, especially for the vertical CoOSPSW.

T T T T T T T
2000 | | —=— SC-PW \\'\ 4 2000 | —=— SC-PW
—u— SC-PW(G) y —— SC-PW(G)
—e— SC-HSW- | % —e— SC-HSW- |
1000 - | SC-HSW- 1 (G) f\ e 1000 - |, 5C-HSW- 1 (G)
—a— SC-VSW : —a— SC-VSW
z ol —— SC-VSW(G = ol === SC-VSW(G|
= X
5 5
-1000 | J\' i -1000 -
2000 |- \\k /s | -2000 |
1 1 1 1 1 1 1 1 1
-3 .'2 A 0 1 2 3 -3 -2 -1 0 1 2 3
Drift(%) Drift(%)
(a) Wall panels (b) Boundary frames

Figure 21: Backbone curves of wall panels and frames of shear walls with and without gravity loads
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Figure 22: Lateral load distribution curves of shear walls Figure 23: Lateral strength degradation of shear walls

The lateral load distribution factor curves are deducted from the backbone curves and shown in
Fig. 22. It is illustrated that gravity loads have almost no influence on the lateral load distribution
between the wall panel and the frame either, except for the late stages in which the panel share of
the lateral loads start to decline, and more lateral loads are resisted by the frame, when the lateral
drift is beyond 1%.

6.3 Strength degradation

The curves of the strength degradation coefficients and the lateral drifts curves of the CoSPSWs
and SPSW systems under gravity loads or not are given in Fig. 23, in which the strength
degradation coefficients of the CoSPSWs and SPSW systems are generally close, varying
between 0.7 to 1.0. Meanwhile, the strength coefficients of the CoSPSWSs and SPSW systems
basically decline linearly as the lateral drift increases. At large displacement, corrugated panel
has various extensions, and the tension field of plane panel extends on the opposite angles only.
It can be seen that the lateral strength degradation becomes more significant for shear walls
under gravity loads, especially for SPSW.

17



6.4 Energy dissipation
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Figure 24: Accumulate energy dissipation of shear walls with and without gravity loads
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Fig. 24 shows the accumulated energy dissipation of CoSPSWs and SPSWs with and without
gravity load effects. Generally speaking, CoSPSWs still have higher accumulated energy
dissipation than the SPSW with gravity loads, which is similar to the case without gravity loads.
When gravity loads are applied, accumulated energy dissipation has decreased around 10% for
the SPSW (SC-PW) and the CoSPSWSs (SC-HSW-I, SC-VSW). It can be concluded that
applying the gravity loads will will result in reduction of system energy dissipation, and it will
affect these systems to a somewhat similar extent.

7. Conclusions

In this paper, nonlinear push-over analyses and cyclic analyses were conducted on Special Plate
Shear Walls (SPSWs) and Corrugated Steel Plate Shear Walls (CoSPSWs), conclusions are
drawn and shown as follows:

(1) Compared with plane SPSW, CoSPSW with deep corrugation has 34% higher initial stiffness,
and 26% higher energy dissipation and 5% higher ultimate lateral strength; but CoSPSW with
shallow corrugation has 25% lower ultimate lateral strength. Direction or configuration of the
corrugation has very little influence on the cyclic behavior of CoSPSWs, especially when gravity
loads are not applied.

(2) For CoSPSW with deep corrugation, the wall panel resists the lateral loads mainly through
shear yielding, and the lateral strength is slightly higher than that of the SPSW. For CoSPSW
with shallow corrugation, the wall panel resists the lateral loads through inelastic buckling and
then incomplete tension field action. So the lateral strength is lower than that of the SPSW.
Therefore, if system lateral strength is the main consideration during the design of a high-rise
building, CoSPSW with deep corrugation will be recommended.

(3) When a weaker frame is used, tension field action of the SPSW cannot fully develop, which

causes 18% and 25% reduction in the ultimate lateral strength and energy dissipation; CoSPSWs
is less sensitive to the fame stiffness compared to the SPSW, especially the vertical COSPSW.
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(4) When gravity loads are applied, the ultimate lateral strength of the wall panels in the SPSW
had a significant reduction of 38%; CoSPSWs is less sensitive to the gravity load effects
compared to the SPSW.

Further experimental and analytical studies will be recommended to broaden the understanding
of this type of new system and gain more insight into its seismic performance, such as failure
modes of wall panels with different levels of corrugation, wall-frame interaction, multi-story
CoSPSWs, and dynamic behavior of CoSPSWs, etc.
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