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A B S T R A C T

Self-Centering Steel Plate Shear Walls (SC-SPSW) have been recently proposed to help achieve possible im-
mediate occupancy following an earthquake for buildings located in regions of high seismicity. For this purpose,
like other recently developed low-damage systems, SC-SPSWs seek to: (1) eliminate damage to the surrounding
gravity frame of the seismic force resisting system; (2) provide frame recentering, in order to return the building
back to its pre-earthquake near vertical alignment, and; (3) concentrate hysteretic energy to replaceable ele-
ments, providing rapid and practical reparability.

A testing program was conducted investigating the quasi-static cyclic behavior of SC-SPSW systems detailed
with three different beam-to-column connections and two SPSW infill configurations. Specimens consisted of
one-third scaled single-bay three-story frames. Results are presented for SC-SPSWs detailed with three different
post-tensioned (PT) beam-to-column rocking connections that: either (1) rock about the top and bottom beam
flanges; (2) rock about the top beam flanges only referred to as the NewZ-BREAKSS connection, or; (3) rock
about the beam centerline. The latter two connections were investigated to mitigate floor system damage due to
PT boundary frame expansion (i.e., beam-growth) that occurs with the first mentioned rocking connection detail.
Experimental and numerical results are presented for both a solid infill web plate and infill web strip config-
uration. Results presented show that solid infill web plates provide some additional strength and energy dis-
sipation due to their strength in compression and affects frame recentering for quasi-static loading conditions of
progressive increasing displacement cycles. In contrast, infill web strips are essentially tension-only and have the
benefit that they are not susceptible to tearing from the boundary frame and does not affect frame recentering.
Numerical results show that the compression strength of the solid infill web plate in these experiments was
approximately 10 percent that of the yield strength of the infill web plates in tension. Furthermore, lessons
learned from this testing program are presented that show that for a multiple actuator configuration along the
height of a multi-story SPSW specimen, a top level displacement control with force control of the lower actuators
is necessary to avoid undesired actuator interaction along the frame heights.

1. Introduction

A Self-Centering Steel Plate Shear Wall (SC-SPSW) is a robust and
ductile Seismic-Force Resisting System (SFRS) intended to provide
rapid reparability after a design level earthquake for buildings located
in regions of high seismicity [1,2]. It combines the high energy dis-
sipation benefits of conventional steel plate shear wall infill web plates
[3–5] together with a self-centering capability that is achieved through
the use of post-tensioned (PT) beam-to-column rocking joint connec-
tions. For the purpose of defining what constitutes a recentered system,
here a frame is considered to be recentered if its residual interstory drift
ratio is 0.2 percent or less. This is equal to the typical maximum out-of-

plumb tolerance of new construction and represents a condition where
no structural realignment is necessary for structural stability. Unlike
conventional SFRSs where cumulative inelastic deformations could lead
to significant residual drifts and hysteretic energy dissipation in the
frame’s beam and column components lead to components that are not
easy to repair/replace after they have yielded, the proposed SC-SPSW
limits energy dissipation to more easily replaceable infill web plates.

This paper presents quasi-static cyclic tests of one-third scale single-
bay three-story specimens that were conducted as part of a larger ex-
perimental program to investigate the system performance of SC-SPSWs
[6–8]. The SC-SPSWs investigated reported here were detailed with
three different post-tensioned (PT) beam-to-column rocking joint
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connections and two different web plate configurations, namely: solid
infill web plates and infill web strips. The latter infill web strip con-
figuration was initially conceived to compare the response of SPSWs
with a case where the angle of inclination of the tension field is con-
trolled. However, beyond that as presented subsequently, the use of
infill web strips provides some potential advantages over solid infill
web plates as a possible alternative worthy of consideration. Tests were
also conducted to obtain the response of the SC-SPSW specimens
without their infill web plates/strips for comparisons. SC-SPSWs with
the three different types of connections investigated are designated as
the Flange Rocking (FR), NewZ-BREAKSS (NZ), and Centerline Rocking
(CR) frame, namely frames with beam-to-column rocking connections
that: (1) rock about the top and bottom beam flanges, (2) only rock
about the top beam flanges also referred to as a NewZ-BREAKSS con-
nection [9] and; (3) rock about the beam centerline, respectively. The
latter two beam-to-column rocking connections were investigated as
methods to eliminate floor/roof diaphragm damage due to PT boundary
frame expansion (a.k.a., beam-growth) that typically occurs with FR
connections [10–15]. Furthermore, the following nomenclature is used
subsequently to differentiate each test specimen, where the following
acronyms are appended to the “frame type” (i.e., FR, NZ, CR):
W= solid infill web plate, B=no infill web plate (also referred to as
the PT boundary frame, or the bare frame condition), and S= infill web
strips. For example, FRW is a flange-rocking frame with solid infill web
plate, NZB is a NewZ-BREAKSS frame with no infill web plate/strips,
and CRS is a centerline rocking frame with infill web strips.

2. Overview of self-centering steel plate shear walls

The hysteretic energy dissipation mechanism of a SC-SPSW is
achieved through elastic shear buckling of the infill web plate and
yielding of the infill web plate through diagonal tension field action.
The surrounding beams (horizontal boundary elements or HBEs), col-
umns (vertical boundary elements or VBEs), and PT beam-to-column
(HBE-to-VBE) rocking joints, comprising the PT boundary frame are
designed to remain essentially elastic. Furthermore, to facilitate a near
damage free PT boundary frame, the base connections of the SC-SPSW
columns should be detailed to allow free rotation without the formation
of a plastic hinge. One such detail is presented in this paper; an alter-
native VBE base connection in SC-SPSWs was investigated elsewhere
[7]. Note that the testing program presented investigates in-plane
loading effects only. In consideration of bi-directional effects, the
pinned based column detail might need to be detailed to accommodate
out-of-plane rotation if calculated base rotation demands in that di-
rection showed this to be necessary. It is also noted that for replacement
of the infill webs following a design level earthquake, one possible
approach of replacement consists of pushing the buckled infill web
plates out-of-plane in the same direction away from the original plane
and welding the infill web plate replacement on the opposite side of the
steel beam flange connection tab plate (i.e., steel fish plate) before re-
moving the damaged one. That sequence would provide some level of
wall strength during replacement in case aftershocks are of concern.

The yield mechanism of the infill web plate is identical in all SPSW
frames (i.e. conventional and self-centering SPSWs). The differences in
global seismic response arise due to the kinematics and hysteretic re-
sponse of the steel boundary frame HBE-to-VBE connections.
Accordingly, Fig. 1 presents the basic kinematic response for a right-
ward drift at an intermediate level of a single-bay multi-story SC-SPSW
frame for each of the three different rocking connections investigated,
where: Ps is the post-tension axial force applied on the HBE associated
with a HBE-to-VBE joint connection for the FR frame, and Ps1 and Ps2 is
the post-tension axial compression force applied on the HBE at the gap-
opening and gap-closing locations of the HBEs for frame NZ and CR,
respectively. Note that the beam to column bolted shear plates are not
shown in Fig. 1 for clarity. It is important to point out that the shear
plate bolted connections need to be detailed to accommodate rotation

of the joint as shown in the figure. In the testing program reported here,
this was achieved through the use of long-slotted-horizontal holes for
frames FR and NZ shear plate bolts. For frame CR a true pin connection
was used.

In particular, for frame NZ and CR, the post-tension elements need
to be anchored to the HBE and cannot be continuous across the length
of the HBE (as done for the FR frame). This is required in order to
obtain the drift induced elastic PT elongations needed for recentering.
Additionally, while the PT elements at the gap-opening locations will
always contribute to frame recentering, the PT elements at the gap-
closing locations may or may not, depending on the relationship be-
tween the initial PT force provided, Po, and the relative joint rotation
due to frame drift. Note that the location of the PT anchor point along
the HBE will affect the strain demands of the PT elements at the max-
imum target drift, and should be located along the HBE to ensure that
the PT strains remain elastic up to that drift demand. Further differ-
ences in frame response for the different joint connections will be
highlighted subsequently through nonlinear pushover analyses after the
numerical modeling is presented.

3. Prototype building and model specimen design

The prototype building used for this project was based on the 3-
story building used in the SAC Steel Project [16]. Originally developed
as a benchmark building for steel moment frame systems, the SAC
buildings have been used extensively as a benchmark building by re-
searchers for other SFRSs including SC-SPSWs and conventional SPSWs
[2,17]. The 3-story SAC building is representative of a standard office
building with structural steel framing construction located in Los An-
geles, California, situated on stiff soil (Site Class D per ASCE 7-10 [18]
definition), and assumed to have a total of six lateral force resisting
frames in each primary orthogonal building direction. The 10% in
50 year seismic hazard level, short-period (i.e., SDS) and 1 s-period (i.e.,
SD1) spectral response acceleration parameters for the design level
earthquake, based on the 2009 NEHRP seismic hazard maps for 5%
equivalent viscous damping, were obtained to be 1.598 g and 0.842 g,
respectively.

For these tests, a scale factor of three (i.e., one-third scale of the full-
scale prototype) was selected for the model to facilitate testing. As an
initial design step, the lateral frames for the prototype building were
assumed to be conventional SPSWs and the boundary frame members
were designed using the indirect capacity design approach per the AISC
Seismic Provisions [19]. Furthermore, the equivalent lateral force pro-
cedure per ASCE 7-10 [18] was performed to obtain the design seismic
forces using the additional parameters: R=response modification
factor for SPSWs= 7; I=importance factor= 1; W=frame tributary
seismic weight= (6503 kN) * (1/6 frames)= 4817 kN. The tributary
design base shear for the prototype frame was then calculated to be
1103 kN with a story shear vertical distribution along the frame height
of 574 kN, 925 kN, and 1103 kN at Level 3, 2, and 1 respectively. Next,
using the calculated design story shears, the thickness of the infill web
plates was determined assuming that the infill web plates resist 100% of
the story shears at each level. For initial sizing purposes, ASTM A36 was
assumed for the infill web plate material. The required thickness of the
infill web plates was then calculated using the design shear strength
equation according to the AISC Seismic Provisions [19] for SPSWs as-
suming an α=angle of web yielding tension field measured from the
vertical of 45 deg.

Next, a monotonic nonlinear pushover analysis using a strip model
[3] was performed for the SC-SPSW model frames, using the geome-
trically scaled boundary frame and infill web plate member sizes ob-
tained from the preliminary prototype SPSW design. The infill web
strips were assigned elastic-perfectly plastic nonlinear axial hinges. The
mechanical properties of the boundary frame and PT members were
ASTM A992 and ASTM A416, respectively, and designed to remain
elastic up to 4% roof drift. Finally, the numerical models were checked
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using material coupons representative of the infill web plates to be used
in the experimental testing phase.

4. Numerical modeling

Numerical models of the SC-SPSW frames were developed using the
program OpenSees [20]. The boundary frame members, infill web
plates, and post-tension materials were ASTM A992, A1008, and A416,
respectively. The strip model approach noted above was used to model
the SPSW infill web plate. Accordingly, the infill web plate was mod-
eled using a series of truss elements, where each truss element was
assigned an axially yielding member model using the Hysteretic Material
definition to account for non-linear hysteretic behavior. In particular,
the material definition has a user option of a “pinchx” and “pinchy”
factor that provides pinching for strain and stress during reloading,
respectively. To model tension-only of the infill web plates, values of
1.0 and 0.0001 was used for those factors, respectively. Furthermore,
for calibration of experimental results (presented subsequently), both a
tension-only (TO) and a simplified combined tension–compression (TC)
hysteretic model for the infill web strips was considered, where the TC
model considers some compression strength contribution of the solid
infill web plate. To facilitate the latter, the Elastic-Perfectly Plastic and
Hysteretic Material definitions were combined using the Parallel Material
definition offered by OpenSees. For this purpose, the Hysteretic Material
component is identical to that used in the TO model and the Elastic-
Perfectly Plastic component is modeled as compression-only behavior.
This simplified TC model approach was proposed in [8] where a more
detailed presentation on the TC model is provided. The backbone of the
uniaxial tension stress-strain mechanical properties used in the nu-
merical models is shown in Fig. 2. Material coupon tension tests for the
boundary frame members and PT strands were not performed as it was
expected that these components would remain essentially elastic.

The PT elements were modeled using truss elements. The yield
strength of the PT elements was assumed to be 90% of the ultimate
tensile strength of the PT material (Fpu=1.9 GPa) and the elastic
modulus was assumed to be 200 GPa. For frame FR, these elements
were modeled with the Steel02 Material Giuffre-Menegotto-Pinto Material
definition with a strain hardening ratio of 0.02. To simulate the initial
applied PT force, the user option of providing an initial stress value was
used. For frame NZ and CR, the PT elements used the Elastic-Perfectly
Plastic Gap Material definition with no strain hardening, which allows
for tension-only behavior. Recall that for these connections, PT ele-
ments at the closing joint locations will relax. This latter material

definition simulates that behavior, which also allows a user input of an
initial negative strain to simulate the initial applied PT forces.
Additionally, the PT elements were designed to remain elastic up to a
target 4% roof drift. Therefore, for this purpose, an elastic-perfectly
plastic material definition for the PT elements was deemed acceptable.
Furthermore, the rocking connection was modeled using compression-
only springs (using the Elastic-No Tension Material definition) at the
HBE-to-VBE contact flange locations in combination with the use of
nodal constraints and rigidlink beams. An elevation of the numerical
strip model for frame FR is presented in Fig. 3 (frame NZ and CR si-
milar). Additional modeling of connection details in OpenSees for the
typical HBE-to-VBE joints is presented in Fig. 4. In that figure, joint
constraints in the vertical degree-of-freedom were used at nodes 1 and 2
where noted, to transfer beam shear forces to the column.

5. Numerical frame response general comparison

To provide some insight on general characteristics in behavior be-
tween SC-SPSWs detailed with the different beam-to-column rocking
connections, monotonic pushover curves are presented in Fig. 5 using
the designed test specimen parameters (to be presented subsequently).
Furthermore, this investigation is only made for the PT boundary frame,
with the understanding that the total response is a superposition of the
effects of the PT boundary frame and the infill web plate. From Fig. 5,
the following general observations are supported:

(1) Frame FRB has a bilinear response, with two linear frame stiff-
nesses, K1 and K2. Frame stiffness K1 occurs when the HBE-to-VBE

(a) Rocking connection about HBE flanges (b) Rocking connection about HBE centerline
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joints are in full contact and compressed together by the initial PT
force, Po. Upon lateral frame loading, the axial force clamping ef-
fects of Po at the HBE-to-VBE connection decreases as a result of
decompression of the HBE-to-VBE joints during frame drift. Frame
stiffness K2 occurs when the HBE-to-VBE joint just opens when the
PT tensile pre-strain at corresponding Po has been exceeded. At this
condition, the presence of PT force Po and a lever arm from the PT
centroid to the HBE-to-VBE rocking point generates a moment,
commonly referred to as the “decompression moment”. From the
point of decompression moment, all subsequent PT force demands
are from a combination of Po+ ΔP where ΔP is the additional
tension force in the PT due to strand elongation during gap opening
from increased frame drift.

(2) Frame NZB is also bilinear, but for different kinematics than for
frame FRB, leading to the different frame stiffnesses, K3 and K4.
The frame has a stiffness of K3 when all PT elements are in tension.
Should the PT elements at the closing-joints become fully relaxed
(see Fig. 1c), the frame will then have a reduced frame stiffness K4.

(3) Frame CRB also has a bilinear response with different frame stiff-
nesses K5 and K6, developing for same reasons as frame NZB.
Furthermore, if the eccentricity to the centroid of the PT elements

to the HBE-to-VBE rocking point and the initial PT forces are
identical to frame NZB, frame CRB will have a larger stiffness than
frame NZB (i.e., K5 > K3 and K6 > K4) for the reason that frame
CRB has both an opening and closing joint at each HBE-to-VBE
joint, contrary to frame NZB (see Fig. 1b).

Note that for the frame FRB and NZB curves presented, the quantity
of PT strands, PT eccentricity from the rocking point, and initial PT
force provided are identical. Yet, it is observed in Fig. 5 that the initial
stiffness of frame FRB is larger (i.e., K1 > K3). This is due to the
presence of the decompression moment effects inherent with frame
FRB. Also note that, with respect to the secondary stiffness, frame NZB
is stiffer (i.e., K4 > K2) due to the fact that the PT strands on frame
NZB are shorter. In general, the larger initial frame stiffness will be
more efficient for frame recentering response [6]. For this reason, frame
FRB provides the most efficient recentering response of the three dif-
ferent connections investigated as a result of its larger initial stiffness
provided by the decompression moment (but at the expense of beam-
growth).

6. Test specimen, setup, and loading protocol

The final specimen design showing the solid infill web plate and
infill web strip configurations is presented in Fig. 6 for frame FR and
CR, respectively (frame NZ similar). The second floor beam section is

Fig. 3. Frame FR numerical model.
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lighter than the roof beam because the demands on that beam due to
yielding of the infill web plate are not as large as those developed at the
roof. The roof beam in flexure and shear must resist the vertical com-
ponent of the yielded 26 GA infill web plate, whereas the second floor
level beam only resists the difference between the vertical components
of the yielded 24 GA and 26 GA infill web plates. The connection detail

for each of the three different frame types (i.e., FR, CR, and NZ) are
shown in Fig. 7. Note that although the actual test specimen detail for
frame CR is different than that shown in Fig. 1b presented earlier, the
pinned connection detail behavior is identical. At the foundation level,
a clevis and pin connection was provided at the VBE base to allow free
rotation without the formation of a plastic hinge. An anchor beam
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bolted to the foundation plate was provided to transfer the infill web
plate forces to the laboratory strong-floor. Furthermore, an initial post-
tensioning force, Po, of approximately 20% of the PT yield strength was
targeted for frame FR and NZ, where the PT yield strength, FyPT, was
assumed to be 90% of the ultimate tensile strength, FuPT, of the PT
strands. For frame CR, 30% of FyPT was targeted. This larger initial PT
force for frame CR is a reflection of the smaller eccentricity of the PT
from the rocking point, compared to the other frames as shown in
Fig. 7. Note that the selection of the initial force Po is dependent on a
target PT elastic response up to a target roof drift (or interstory drift)
selected by the design engineer. In the design specimens presented here,
Po was selected to target an elastic PT response up to a roof drift of 4%
as noted earlier.

The test setup used an existing modular lateral bracing system de-
veloped at University at Buffalo for the experimental testing of scaled
specimens [21]. The modular bracing system, hereafter referred to as
the Gravity Mass Frame (GMF) system, is a self-contained structure that
can support its own gravity weight, has lateral stiffness and stability in
its primary transverse direction, but has insignificant lateral stiffness in
its longitudinal direction. The system has a set of floor/roof diaphragms
consisting of 89mm thick steel plates with an approximate weight of
37.8 kN per plate, each supported by four S3× 5.7 columns. Transverse
lateral stiffness of the system is provided by L1.5×1.5×1/4 X-bra-
cing connected to each pair of gravity columns at each floor plate. A
total of three MTS 244.51 actuators were used for lateral loading, one
located at each diaphragm level attached to the steel diaphragm plates
with a built-up steel beam connection at each level with pretensioned
slip-critical bolts. The test setup is shown in Fig. 8. Additional in-
formation on the test setup and instrumentation is provided in [6].

The cyclic loading protocol used to conduct the quasi-static tests
was adapted from the ATC 24 [22] loading procedure and based on
displacement control of the roof level actuator. Initial cycles were based
on roof displacements consisting of multiples of the effective yield
displacement (i.e., 1δy, 2δy, etc.), where δy for each specimen was ob-
tained from nonlinear pushover analysis for each frame. After the dis-
placement step of 4δy, the top level actuator displacement control
changed to a target roof drift displacement (i.e., 2%, 2.5%, etc.). For
brevity, the loading protocol history for each test specimen is not
provided here but can be found in [6].

7. Lessons learned on quasi-static testing of multistory SPSWs

The first three tests were conducted on frame FR, using a dis-
placement control scheme for all three actuator levels, with the top
level actuator set to provide a “master” displacement to which dis-
placement of the other actuators were “slaved” to be equal to a set
fraction of the master displacement. The displacement shape used was
based on an approximate first mode shape pattern normalized by the

top story level. However, during the test, it was found that the use of
this displacement control scheme lead to undesired actuator interaction
across the story heights. In particular, at times, the forces applied by the
actuators were acting in opposite directions and “fighting” each other
to maintain the enforced lateral displacement shape at each floor level.
As a consequence, the global base shear versus roof drift response of the
test specimens presented in Fig. 9 exhibited a negative stiffness, sug-
gesting global instability. Also superimposed on the plots is the results
from the frame FRB test for reference. Further tests were conducted on
frame FRB to explain this unexpected response. It was determined that
the negative stiffness observed for frame FR was a consequence of the
displacement shape imposed to the specimen using the aforementioned
actuator displacement control scheme, which led to the undesirable
actuator interaction observed across the stories. As shown in Fig. 10,
this artifact disappeared when a combined force-and-displacement ac-
tuator control method was used for frame loading. This was done by
enforcing an actuator displacement control at Level 3 and corre-
sponding slaved actuator force control at Level 1 and 2 (with the ac-
tuator force at Level 3 being the master).

To provide additional insight on the displaced shape using this re-
vised actuator control, Fig. 11 provides the displacement at each level
normalized by the corresponding roof displacement for a peak positive
drift cycle as indicated in the figure. The peak drifts were selected based
on an elastic response and an inelastic response at the maximum po-
sitive roof drift cycle for the frames with infill web plates/strips. In
Fig. 11c, an additional intermediate drift cycle is provided for reference
since frames NZS and CRS were tested to larger roof drifts. It is observed
that the revised actuator control lead to a reasonable approximation of
the fundamental mode given by the actuator force load distribution.
The noticeable difference observed for the 3 percent roof drift observed
in Fig. 11a for frame NZW is due to the tearing of the infill web plate
from the boundary frame in combination with the actuators at levels 1
and 2 in force control.

Note that the modified actuator control approach described above
must be combined with closely monitored safety protocols to prevent
uncontrolled displacements at the actuator force control levels as spe-
cimen strength degradation occurs during the tests. For the remaining
frame NZ and CR tests, this alternative actuator control was used with
an approximate actuator force load pattern distribution of 1, 0.66, and
0.32 at Level 3, 2, and 1, respectively; based on the approximate first
mode distribution of story forces calculated per ASCE 07-10 [18]. For
reasons just presented, only experimental results for frame NZ and CR
are presented subsequently.

8. Experimental and numerical base shear versus roof drift
response

For frame NZ and CR, each frame type was tested sequentially with
a solid infill web plate (“W”), no infill web plate or PT boundary frame
(“B”), and an infill web strip (“S”) configuration as described earlier.
For this purpose, each test frame was left in place and only the infill
web plate configuration was modified for the subsequent test.

The global response in terms of base shear versus roof drift for frame
NZ and CR is presented in Fig. 12. Also included in that figure are the
numerical results obtained using OpenSees and will be addressed at the
end of this section. Fig. 12 and documented visual assessment support
the following observations:

(1) For the infill web plate configuration in Fig. 12a, the base shear is
not zero at the location of zero-drift; consequently, there is a re-
sidual drift at the zero-base shear condition, indicating that the
frame is not fully recentering; similar observations were also made
in [8,23]. The residual base shear is due to the development of some
compression strength of the infill web plate from the random
folding of the infill web plate as it is pushed through the zero drift
point, after cycles of progressive drift increase. Other researchersFig. 8. Quasi-static test setup.
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reported this was due to the plastic contraction of the web plate in
the direction perpendicular to the tension field direction [24]. Ac-
cordingly, the solid infill web plate configuration offers some ad-
ditional energy dissipation as evidenced by the fuller hysteretic
loops compared to a “flag-shaped” response that is characteristic of
self-centering systems. As a consequence, the developed compres-
sion strength of the solid infill web plates, does provide some re-
sistance against frame recentering. Based on the residual drifts
shown in Fig. 12a, where residual drifts are observed to exceed 0.5
percent drift, realignment of the structural frame would be required
after the earthquake [25]. Note that the influence of the developed
compression strength of the infill web plate on the frame re-
centering response for the loading protocol used was not fully un-
derstood in the design of the test specimens. This will be addressed
in a later section of this paper. However, this phenomenon is lim-
ited to quasi-static loading conditions of increasing displacement
cycles. Pseudo-dynamic and shake-table tests show that the com-
pression strength of the infill web plate does not affect frame re-
centering [7,26].

(2) For the PT boundary frame-only configuration in Fig. 12b, it is
observed that some energy dissipation occurs as the experimental
results are not completely linear elastic. Given that no infill web

plates/strips are present and the PT boundary frames remained
elastic for these tests, the hysteretic loops developed are attributed
to friction inherent in the test setup and specimen connections.
Furthermore, in comparison with frame NZW and CRW, the PT
boundary frame contribution to the total base shear strength is
approximately 10–15% of that for the frames having a solid infill
web plate condition. Accordingly, in an SC-SPSW system, the
strength and energy dissipation is essentially provided by the infill
web plates only. Therefore, as was done in this test program, the
infill web plates should be designed to resist 100% of the design
seismic shears in an SC-SPSW system.

(3) For the infill web strip configuration in Fig. 12c, recentering is
nearly perfectly achieved. That is at the zero-base shear condition, a
corresponding near zero-drift condition occurs. This indicates that
the infill web strips behave as ideal tension-only elements. The
observation that the infill strips are tension-only, support the ob-
servation above that the larger hysteric shape at the near zero-drift
location is due to the compression strength of a solid infill web
plate. Furthermore, not readily apparent from the experimental
curves for frame NZS, the PT elements at the Level 1 beam yielded
at approximately the 4% roof drift cycle. Given that this frame was
tested up to 6% roof drift provides some evidence that some PT
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yielding can occur without significant detrimental effects to the
global frame response. That is for these tests, the PT elements at the
remaining levels above was adequate to provide frame recentering.
Note that the base shear strength of frames NZS and CRS are ap-
proximately 50% of the corresponding frame NZW and CRW. This is
because the infill web strips were selected to be of the same
thickness as the solid infill web plate condition, and gaps were left
between the strips.

(4) From Fig. 12a, it can be observed that strength degradation of
frame NZW and CRW initiated at approximately 2% roof drift. This
was due to tearing of the infill web plate from the boundary frame
(propagating from the corners of the infill web plates). In contrast,
no tearing of the infill web strips occurred for frames NZS and CRS
which were tested upwards to roof drifts of 6% and 9%, respec-
tively. This was confirmed through visual observation and by ob-
servation that no strength degradation occurs in Fig. 12c. This
suggests that infill web strips are not susceptible to tearing at the
welded connection to the PT boundary frame compared to solid
infill web plate configurations.

(5) To provide further insight on the behavior of infill web plates versus

infill web strips, the hysteretic response for frame NZW and NZS is
compared in Fig. 13a and b, respectively, for two consecutive dis-
placement steps. It is observed that the hysteretic loops overlap for
frame NZW. In contrast, for frame NZS, consecutive loops occur
adjacent to one another with negligible overlap. Specifically, this
shows that energy dissipation for the infill web strips only occurs at
subsequent drifts that exceed the previous cycle, characteristic of
tension-only behavior. For further clarity, Fig. 13c and d, only
shows the results at a single displacement step (i.e., 2% and 6% drift
for frame NZW and NZS, respectively), which show the effects at
repeated displacement steps. The results show that infill web plates
do provide some energy dissipation during repeated cycles attrib-
uted to the infill web plate compression contribution presented
above. In contrast, the infill web strips provide no observable en-
ergy dissipation during repeated cycles. Typical infill web plate and
infill web strip deformation before and after testing are shown in
Fig. 14. In Fig. 14d, the tension-only behavior of the infill web strips
is evident by the deformed shaped of the strips.

Numerical results of the final calibrated OpenSees model, included
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in Fig. 12, are in reasonable agreement with the experimental results.
As presented earlier, numerical models for frame NZW and CRW, in-
cluded a combined tension–compression (TC) hysteretic model for the
solid infill web plate and infill web strip. For calibration with the ex-
periment results, approximately 20% and 10% of the yield strength of
the SPSW web plates for solid infill web plates and infill web strips,
respectively, were needed in the numerical model to obtain results
comparable with the experimental ones. However, note that 10% of
that compression value used for the infill webs actually account for the
response of the PT boundary frame alone which was not entirely linear-
elastic (see Fig. 12b). Recall that evidence of this was presented in
Fig. 13d which shows that the infill web strips exhibit tension-only
behavior. This suggests that the actual compression strength of the infill
web plate for these tests is approximately 10% of the tensile yield
strength of the solid infill web plate.

9. Experimental and numerical post-tension versus interstory drift
response

To provide insight on the response of the PT HBE-to-VBE rocking
joints, the PT response was investigated. In particular, it is the

contribution of the PT clamping force and elastic elongation of the PT
elements that provide global stability of the frame once the infill web
plates/strips have significantly yielded. Furthermore, reporting the PT
response history is insightful for frame NZ and CR, where the PT ele-
ments relax at the closing joints. Note that “relax” as used in the context
of this paper, refers to a decrease in the initial post-tensioning force, Po,
as a result of a reduction in the original gap-opening position between
the VBE and HBE flanges prior to lateral frame drift.

The PT force versus interstory drift response is presented in Fig. 15
for the Level 1 HBEs (results for Level 2 and 3 were similar). For frame
NZ, two PT response curves are shown on a single plot representing the
east and west end PT elements on the beam. For frame CR, the number
of PT elements is doubled compared to frame NZ for reasons presented
earlier. For brevity, only the response of the PT elements on the east
end of the beam for frame CR are presented (the PT elements on the
west end are similar but opposite signs). The results presented show
that although an initial PT force, Po, was provided, a reduction in PT
force immediately occurs upon frame drift. This is because a HBE-to-
VBE decompression moment is not present for frame NZ and CR; a
distinction from frame FR where HBE-to-VBE rocking does not occur
until the decompression moment has been exceeded. Furthermore, it is
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observed that the PT forces increase and decrease at the opening and
closing HBE-to-VBE joints, respectively. In particular, at the closing
joints, the PT elements are fully relaxed when the gap-closing distance
exceeds the initial post-tensioning strain of the PT elements (indicated
by the horizontal portions of the PT response curves). The significance
of this shows that frame global stability for frame NZB and CRB is not
detrimentally affected by this response. Additionally, for frame NZS and
CRS, recentering is not affected by this response either (see Fig. 12c).

Finally, another notable observation of the experimental response
curves is that although the PT elements remained elastic during the
tests (with exception of frame NZS noted earlier), there appears to be
some PT hysteretic response. This is more pronounced in Fig. 15c for
the frames with infill web strips. This nonlinear response is due to PT
force losses in Po between subsequent cycles and not due to hysteretic
behavior. Similar observations were observed in Pseudo-dynamic and
shake-table testing of SC-SPSWs [7,26].

Superimposed on the PT experimental response curves are the cal-
culated predicted response based on analytical equations describing the
PT force as a function of interstory drift. For reference, these equations
are reproduced from [6] where Eqs. (1) and (2) are the PT force de-
mands at the opening and closing joints, respectively, for frame NZ and
CR.
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In these equations, the variables are defined as follows: Po= initial
post-tension force; kb1=HBE axial stiffness along length of PT at
opening-joint; kb2=HBE axial stiffness along length of PT at closing-
joint, kPT*=PT axial stiffness reduced by an amount proportional to
the ratio of the PT force reaction at the HBE-to-VBE rocking point to
that of the force in the PT elements for frame NZ (i.e., scale factor
multiplied by kPT where the scale factor is presented elsewhere [9] and
kPT is the PT axial stiffness for frame CR); Δdrift=drift induced PT
elongation; and PHBE(VBE)=horizontal reaction at the rocking point of
the yield force resultant of the infill web plate acting on the VBE [3].
Additional information related to the above equations and definitions
can be found in [6]. In comparison of the analytical versus experimental
results, it is observed that the analytical response is conservative. That
is for a given interstory drift, the analytical equations lead to larger PT
force demands on the frame. Furthermore, the equations predict that
the PT elements at the closing joints become fully relaxed at a smaller
interstory drift than the actual condition. The conservative prediction of
the equations is a reflection of the assumption of rigid boundary frame
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Fig. 14. Typical infill web plate/strip: (a) solid infill before test; (b) solid infill
end of test; (c) infill strips before test; (d) infill strips end of test.
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behavior assumed in the derivation of the equations presented. Also,
the equations do not consider losses in Po observed in the experimental
results, due to sources such as PT anchor wedge seating. However, for
the purpose of preliminary design, the equations are deemed appro-
priate given the modest conservatism.

10. Design calculation of HBE post-tension area

At the time of test specimen design, the effects of the solid infill web
plate on recentering for quasi-static cyclic loading conditions and
loading protocol used were not fully known. Although recentering was
not achieved (i.e., residual roof drift of less than or equal to 0.2 percent)
for the frames with this infill web plate configuration, consideration of
the infill web plate effects can be incorporated into the frame design by
changing the PT parameters. Accordingly, for this purpose, a simplified
approach for calculation of the PT area needed to ensure a minimum
target residual roof drift was developed for a particular frame config-
uration and presented below.

First, recall that the global force-displacement response of the PT
boundary frame is bilinear elastic regardless of the rocking joint detail
used. As such, the method presented here can be applied for frame types

FR, NZ, and CR. However, for frame FR, subsequent equations would
also need to consider diaphragm restraint effects (as a consequence of
beam-growth) at the HBE-to-VBE rocking connections. One possible
approach was proposed in [27]. For frame NZ and CR, diaphragm re-
straint is minimized as beam-growth effects are eliminated. The one
exception is that for frame CR, a local slip detail would need to be
accommodated at the top of the beam near the HBE-to-VBE connection
where gap-opening occurs. From Fig. 12, it is realized that the com-
pression strength of the infill web plate has the effect of vertically
shifting the PT boundary frame response by an amount β, which is the
assumed compression effect of the infill web plate as shown in Fig. 16a
for a positive monotonic pushover drift condition. Correspondingly, the
residual drift then occurs at some point λ, as shown in that figure. It
then follows that, for a given β, the design effective frame stiffness K1
can be obtained for a target residual drift λ, as shown in Fig. 16b, where
the effective frame stiffness is calculated by Eq. (3). The approximate
PT area at each joint can then be obtained by designing the PT elements
for an effective frame stiffness condition defined below from a frame
analysis by the method of virtual work.
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=K
β
λeff (3)

This can be illustrated by an example using frame NZW. Consider
the rightward drift shown in Fig. 17 where: V is the total base shear; hi
is the story heights;Wi is the frame tributary effective seismic weight, Ci

is the distribution of base shear along the frame height, θ is the frame
drift rotation assumed for a rigid boundary frame, Mconn is the strength

of the HBE-to-VBE PT rocking joint, Ps is the total PT force in the PT
elements at each HBE-to-VBE joint; and y is the distance from the
rocking point to the centroid of the PT elements. For simplicity in this
example, assuming that the story heights are all equal to h, and floor
seismic weights are all equal to W, it then follows from the principle of
virtual work and using a plastic analysis approach [28], the external
work is:

= + +W C V θ h C V θ h C V θ h( )[ (3 )] ( )[ (2 )] ( )[ ( )]E 3 2 1 (4)

and the internal work is,

∑=W M θI conn (5)

Next, setting Eq. (4) equal to Eq. (5), then substituting the Ci dis-
tribution factors shown in Fig. 17c and solving for V, leads to the ap-
proximate strength of the PT boundary frame as:

⎜ ⎟= ⎛
⎝

∑ ⎞
⎠

V
M
h

6
14

conn

(6)

Furthermore, since the design approach presented here uses an ef-
fective global frame stiffness to obtain the approximate area of PT for a
given β/λ ratio, the height to the resultant of the total story shear force,
H, is required and is determined by equilibrium of the resultant over-
turning moment of the resultant story forces (i.e., base shear V),
equated to the overturning moment due to the story forces such that:

= + +V H C V h C V h C V h( )( ) ( )( ) ( )(2 ) ( )(3 )1 2 3 (7)

Substituting the Ci distribution factors shown in Fig. 17c and solving
for H leads to:

=H h14
6 (8)

Next, the equation for the effective PT boundary frame strength can
be written as shown in Eq. (9), where Δeff is the lateral displacement at
height H indicated by Eq. (8).
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Furthermore, substituting Eq. (6) for V into Eq. (9), then solving for
Keff leads to:
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In Eq. (10), Mconn is the post-tension force, Ps, multiplied by the
moment lever arm y from the rocking point to the centroid of the PT
elements, and includes both an initial PT force, Po, and a drift induced
PT force which also considers PT force losses, such that:
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PT PT

PT
drift loss

(11)

where APT, EPT, and LPT is the area, modulus of elasticity, and length of
the PT elements, respectively. Additionally, Δdrift is the drift induced PT
elongation and Δloss is the PT relaxation due to HBE axial shortening
[6]. Furthermore, to keep the equations manageable for the purpose of
initial calculations, the PT force loss term is neglected in Eq. (11) here
(for final design, this effect could be accounted for using a nonlinear
pushover analysis). Thus, by substituting Eq. (11) into Eq. (10), repla-
cing the summation term with Nconn (i.e., total number of Mconn con-
sidered in frame strength), and solving for APT leads to the following:
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Next, substituting Eq. (3) into Eq. (12) for a target Keff, Eq. (12) can
be re-written as follows:
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Eq. (13) provides the required area of PT, for the case of an axially
rigid HBE at an HBE-to-VBE joint, for a target effective stiffness, β/λ,
for the lateral force distribution shown in Fig. 17. For frame config-
urations other than shown, the virtual work calculation in determining
the strength of the PT boundary frame, V, would need to be modified
accordingly. Additionally, Eq. (13) is “exact” for the condition Po=0,
but this term can conservatively be assumed to be zero for the purpose
of an initial calculation. A nonlinear cyclic pushover analysis could be
conducted to obtain the approximate value of β, for a frame model
considering some compression strength of the infill web plate. Alter-
natively, an approximation could be obtained from a nonlinear mono-
tonic pushover analysis of a tension-only model by assuming some
percentage of the peak base shear value. As presented earlier, the
analytical models could consider approximately 10% to 20% of the
tensile yield strength of the infill web plate for the compression strength
of the infill web plates.

For this example, from a nonlinear cyclic pushover analysis, β was
obtained to be approximately 30 kN for the frame NZW considered.
Additionally, as shown in Fig. 17a, the condition when full relaxation
occurs at the closing joints (i.e., represented by zero-rotational stiffness
leading to idealized pinned connections) is assumed (i.e., Nconn=3)
which corresponds to setting Keff to K2 (shown in Fig. 5). Furthermore,
a target residual roof drift of 0.2% is selected, such that λ is equal to
(0.002)(hroof=3759mm)=7.5mm, and Po is conservatively taken to
be zero. Eq. (13) indicates that 1432mm square of PT is required. The
resulting global hysteretic response is shown in Fig. 18, which indicates
a residual roof drift of approximately 0.24%, comparable to the target
0.2%; also shown in the figure are the results for the original PT con-
figuration for reference. Furthermore, for illustration purposes, only the
area of PT strands was increased in this example and the boundary
frame was assumed to remain elastic. Accordingly, the boundary frame
member sections would require modification as warranted, commen-
surate with increased strength demands due to the increase in PT forces.

Note that the design approach presented is based on the observation
that for static cyclic loading conditions for progressive increase in roof
drifts, frame recentering is affected by the compression effects of a solid
infill web plate configuration. As noted earlier, experimental results
presented in [26] show that frame recentering is not affected by the

infill web plate compression strength for earthquake loadings. Fur-
thermore, Eq. (13) assumes a lateral force distribution based on a first
mode shape estimate. Therefore, the influence of higher mode effects is
not considered. However, the approach presented assumes that the PT
elements at the closing-joint end of the HBEs is assumed to be zero,
which may or may not occur with consideration of higher mode effects.
Therefore, while this general approach may still be applied, it is ex-
pected to lead to an upperbound design condition on the post-tension
elements. But this approach could facilitate an initial PT boundary
frame design, which could then be refined through nonlinear response
history analyses of the designed frame specific for the design earth-
quake loadings considered.

11. Summary and conclusions

Experimental results from a quasi-static testing program were pre-
sented for a recently proposed Self-Centering Steel Plate Shear Wall
(SC-SPSW) with three different HBE-to-VBE rocking joint connections
and two infill web plate configurations. It was shown that for a multiple
actuator configuration along the height of a multi-story SPSW spe-
cimen, a top level displacement control with force control of the lower
actuators is necessary to avoid undesired actuator interaction along the
frame heights. This actuator loading control was used to investigate SC-
SPSWs having HBE-to-VBE PT rocking connections that: (i) rock about
the HBE top flanges (frame NZ), and (ii) a HBE centerline rocking
connection (frame CR). The significance of these connections is that
they eliminate beam-growth, that occurs with rocking connections
about the top and bottom HBE flanges (frame FR).

From the base shear versus roof drift response, it was found that
solid infill web plates provide some additional strength and energy
dissipation due to their strength in compression. This is due to the
random folding of the infill web plate under cycles of progressively
increasing frame drift as a consequence of plastic contraction of the web
plate in the direction perpendicular of the web plate tension field.
Although this affected frame recentering for quasi-static cyclic loading
conditions for progressive roof drift loadings, it has been reported
elsewhere that it is not significant under dynamic earthquake excita-
tions. By comparison, frames with infill web strips were shown to re-
spond as tension-only elements under quasi-static cyclic loading.
Accordingly, recentering is achieved without the need to consider any
compression strength effects of the infill web strips. Of particular sig-
nificance, frames with infill web strips were cyclically loaded upwards
to 9% roof drift where no tearing of the infill web strips from the
boundary frame occurred. Compared to frames with solid infill web
plates, tearing from the boundary frame initiated at approximately 2%
roof drift with significant subsequent tearing. Therefore, infill web strip
configurations could be an alternative to solid infill web plate config-
urations to eliminate tearing from the boundary frame. The use of infill
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web strips would also facilitate infill web strip replacement after a
design level earthquake compared to replacement of solid infill web
plates.

Numerical modeling and results using the program OpenSees was
presented. From calibration with the experimental results, compression
strength of approximately 20% and 10% of the yield strength of the
SPSWs were determined for use in the numerical models for solid infill
web plates and strips, respectively. However, given that the infill web
strips were shown to be tension-only systems, this suggests that the
actual compression strength of the solid infill web plate in these ex-
periments was approximately 10%. Specifically, the simple shear plate
connections of the HBEs-to-VBEs and diaphragm connections in the test
setup contributed to approximately 10% of the global strength of the PT
boundary frame. Furthermore, analytical equations describing the PT
response were provided and shown to provide an upperbound predic-
tion to the experimental results. Finally, to also facilitate initial PT
design for frames with solid infill web plates, a simple design approach
was presented for the calculation of the HBE PT needed to limit the
residual roof drift to a target value under quasi-static cyclic loading
conditions. The results presented provide insight on the response of
post-tensioned steel frames with HBE-to-VBE rocking connections that
eliminate beam-growth. The combined contribution of the elastic re-
sponse of the PT boundary frame with the inelastic response of the
replaceable infill web plates, show that SC-SPSWs can be an effective
Seismic-Force Resisting System.
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