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Abstract. The rocking behavior of self-centering mass plywood panel (MPP) walls was investigated with
and without the use of supplementary energy dissipation systems. Two energy dissipation systems were tested.
The first system used a kinematically expanding hysteretic damper (KE-HD), whereas the second system used
slip friction connections (SFCs). The reviewed energy dissipating systems were used in a self-centering system
comprising one unbonded posttensioned (PT) hold-down rod on each side of the MPP walls. The cyclic
performance of the PT and the hybrid MPP specimens was investigated through a series of full-scale quasi-
static cyclic tests. The test results demonstrated the viability of the investigated energy dissipaters in self-
centeringMPP rocking systems. Results further indicate that hybrid specimens with SFC dissipate more energy
and provide higher strength than those with KE-HDs, however, with higher residual drift.

Keywords: Kinematically expanding hysteretic damper (KE-HD), mass plywood panels (MPP), rocking
walls, self-centering system, slip friction connections (SFCs).

INTRODUCTION AND BACKGROUND

Mass plywood panels (MPPs) are an engineered
wood product made of several layers of face
glued plywood. Figure 1 shows a section of MPP
manufactured by a local manufacturer based in
Oregon, USA. MPP wall panels generally have a
combination of face and core panels. The plies in

the face panels are oriented in a manner that
allows the panel to have a higher axial stiffness in
the longitudinal direction, whereas the core
panels have orientations that increase the stability
of the MPPs. Because MPP is a new product,
extensive research is needed to ensure its struc-
tural performance for building applications in
seismic regions.

There are only a few studies regarding the structural
performance of MPPs. The authors were highly
involved in development of the product and,
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therefore, were also the authors of other studies
looking into “Connection Performance ofMPPs” (in
review) where component tests were performed to
characterize three different fastener orientations and
connection performance in MPPs. Recently, the
rocking behavior of MPP shear walls was in-
vestigated through a series of quasi-static reverse
cyclic tests and is reported in “Experimental In-
vestigation ofMPPs ShearWalls,” (in review) by the
same authors. The test results demonstrated the
sensitivity of the lateral-load response of MPP to
different base conditions. However, the rocking
behavior of posttensioned (PT) MPP walls with and
without the use of additional energy dissipation has
not been explored.

The self-centering performance of shear wall
panels is generally achieved through the use of
bonded/unbonded PT tendons or bars. The
posttensioning system allows structures to rock
and return to its original position after an
earthquake and minimizes structural damage.
Rocking PT systems were originally imple-
mented using prestressed concrete shear walls
(Priestley 1991; Filiatrault et al 2004). Other
researchers have investigated wood structures

with self-centering systems (Buchanan et al 2008;
Sarti et al 2008; Kam et al 2010; Kuilen 2014;
Smith et al 2014; Xia and van de 2014; Sarti et al
2016; Ganey et al 2016; Otero-Chans et al 2016;
Sarti et al 2016; Akbas et al 2017; Fitzgerald
(2019), Polastri et al 2019). The results from these
studies showed self-centering performance with
minimal structural damage to rocking walls.
There is a current gap in the literature regarding
the self-centering performance of PT MPP walls.

The PT tendons are designed to remain elastic for
most events to provide the required restoring
force. This is because inelasticity in the rod
will reduce the restoring force and the self-
centering. Because of the elastic design consid-
erations, a system with only PT tendons will have
low-energy dissipation in service; therefore,
supplementary energy dissipating mechanisms
are incorporated into most self-centering systems
(Ganey et al 2016). A hybrid rocking system,
consisting of PT and supplemental damping, is a
stable and promising lateral force resisting system
(Sarti et al 2015).

Several researchers have proposed supplemental
dampers for wood structures. Examples include a
kinematically expanding hysteretic damper (KE-
HD) (Higgins 2001), tension-yielding steel rods
(Palermo et al 2006; Smith et al 2007; Kramer
et al 2016), U-shaped flexural plates (Kelly et al
1972; Baird et al 2014; Iqbal et al 2015; Ganey
et al 2016, Zimmerman and Mcdonnell 2017),
and slip friction connections (SFCs) (Loo et al
2014; Loo et al 2015; Hashemi et al 2018;
Fitzgerald 2019).

Steel yielding replaceable fuse connectors are
usually placed at the toes of rocking walls. They
are designed so that the earthquake energy can be
dissipated by plastic deformation of the fuse el-
ements without producing structural damage to
the shear walls (Palermo et al 2006; Smith et al
2007; Kramer et al 2016; Wang and Zhao 2018).
These damaged connectors can be replaced,
allowing for quick recovery after a seismic event.

Several types of SFCs have been proposed in self-
centering systems. The SFC system typically
consists of friction plates that slide relative to

Figure 1. Illustration of mass plywood panel.
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each other. To develop the required friction, the
sliding plates are clamped together with bolts and
spring washers (Chancellor et al 2014). In these
types of connections, energy is dissipated through
frictional forces and relative sliding between
sliding plates.

Research Objectives

This study investigates the hysteretic perfor-
mance of PT MPP shear walls through
displacement-controlled quasi-static cyclic test-
ing. In the first phase of this study, the self-
centering performance of PT-only specimens
was investigated. In the second phase, a hybrid
system using PT MPP walls and KE-HDs was
tested (hybrid 1). Last, a second hybrid system
using SFCs on PT MPP walls (hybrid 2) was
investigated. The specific objectives of this study
were as follows:

1. To gain an understanding of the self-centering
performance of PT MPP rocking walls.

2. To determine the hysteretic response of a
hybrid rocking configuration involving PT
MPP walls and KE-HDs.

3. To investigate the hysteretic properties of PT
MPP walls with SFCs.

MATERIALS AND METHODS

MPP for this study was produced from Freres
Lumber Co. Inc. based in Lyons, OR, with a
thickness of 76 mm. Figure 2 shows a list of
components used to assemble self-centering and
energy dissipation systems. Part 1 in Fig 2 is the
restoring plate for the self-centering system
connected to MPP walls, with a 25.4-mm di-
ameter central hold-down rod (not shown in Fig
2), made with ASTM A193 B7 structural steel,
and was mounted on each side of the MPP walls.
The posttensioning of the hold-downs was
achieved through Belleville washers (type 12-
EH-168, made by Solon Manufacturing) and two
nuts. Parts 2 through 4 in Fig 2 show Belleville
washers, wood screws (ASSY 3.0 CSK 10mm by
140 mm), and 45° wedge washers. Part 5 is the
housing assembly for the KE-HD, allowing

connection to the wall. The details of this plate
assembly are shown in Fig 3(b). All-thread 12.3-
mm-diameter (ASTM A307 Gr. A) rods were
used as the steel fuses. Parts 6 through 11 were
used to assemble the SFC. Part 6 (Fig 2) was
bolted and welded to the base rail. The SFC
assembly, involving parts 6 through 11, is de-
scribed in detail in the specimen descriptions
section of this article. Parts 6 through 11 were
originally designed by Fitzgerald (2019). Detail
sketches of the restoring assembly and the SFC is
provided in the Appendix as Figures A1 and A2,
respectively.

The PT system uses a 91-cm hold-down rod
centered on each side of the MPP walls. The
advantage of this system is the simplified as-
sembly because of easier accommodation of
shorter rods. The Belleville washers were in
series and were flattened before testing. This
system allowed for a restoring tension force in
the hold-down rods, even after yield. Until the
deformation of the rod overcomes the ini-
tial displacement of flattening the Belleville
washers, the PT system will have a tensile re-
storing force; yielding of the rod will reduce
this force, however.

Figure 2. Several connection components: (1) slotted
central restoring plate assembly, (2) Belleville washers, (3)
screws (4) wedge washers, (5) housing for kinematically
expanding hysteretic damper, (6) anchorage plate assembly,
(7) cap plate, (8) slotted plate A, (9) slotted plate B, (10) brass
shim, (11) HD polythene pad, and (12) bearing cog. Parts 6 to
12 are the components of slip friction connectors. All the
parts except part 1 and part 6 were designed in Fitzgerald
(2019).
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EXPERIMENTAL PROGRAM

An experimental program was executed to in-
vestigate the hysteretic performance of PT MPP
walls, with and without the use of supplementary

energy dissipaters (Table 1). The first pair of MPP
walls, PT specimens, had PT central hold-down
rods running along each side of the MPP walls
(Fig 3[a]). The second pair of walls, hybrid 1
specimens, had KE-HDs in addition to the central
hold-down PT rods, as shown in Fig 3(b). Last,
the third pair of walls, hybrid 2 specimens, were
constructed with SFCs in addition to the central
hold-down PT rods (Fig 3[c]). The specimens are
described in details in the next section of this
article.

PT Specimens

Figure 3(a) shows the front face of the PT
specimens. These specimens had central hold-
down PT bars on each side of the MPP speci-
mens. The hold-down bars were prestressed
between restoring plate assembly and steel
footing beam using Belleville washers and nuts.
A restoring plate assembly was connected to
the MPP specimens using 45° CSK screws. The
restoring plate assemblies were offset from the
centerline of the wall by 6 mm on each side to
avoid any conflict between the screws. When
installed, the screws split the last ply of the MPP,
causing slight bulging and splitting on the side
opposite to the plate. The initial prestressing
force of 178 kN was developed in the hold-
downs using a torque wrench and a torque
multiplier with a magnitude of 4, using cali-
bration equation from Fitzgerald (2019). It is
important to note that the torque value used on
the PT rod in this study was higher than the
values used in Fitzgerald (2019), and as such
there may be a slight error in the torque to
posttensioning conversion. To resist shear, steel
angles were placed at each toe of the MPP walls.
For assembly, the angle spacing was slightly
wider than that of the wall and wedges were used
to ensure force transfer with minimal slip
throughout testing.

Table 1. Text matrix.

Specimen types Number of repetitions Self-centering system Supplementary energy dissipater

Posttensioned 2 PT central hold-downs —

Hybrid 1 2 PT central hold-downs Kinematically expanding hysteric damper
Hybrid 2 2 PT central hold-downs Slip friction connections

Figure 3. Details of specimens: (a) posttensioned specimen,
(b) hybrid 1 specimen, and (c) hybrid 2 specimen.
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Hybrid 1 Specimens

These specimens were identical to PT specimens
except two KE-HDs on each face of the MPP. The
concept of the KE-HD from Higgins (2004) was
modified to work with mass timber rocking walls.
These connectors were installed at the corners of
the MPP, as shown in Fig 3(b). The restoring plate
assembly was connected to the MPP using the
previously mentioned screws at 45°. The top end
of the fuse connector was clamped with a pre-
stressing chuck, whereas the bottom end was
connected to the flange of the steel footing beam
with nuts and washers on the top and bottom of the
footing beam. This connection detail allowed the
fuse to deform in tension, but slide in compression.
As such, there was no pinching response in the
fuse, as the prestressing chuck would slide down
the rod during compression, always pulling on the
same length of the material. To avoid the possible
encounter of the diagonal screws, the housing for
the fuses and prestressing chucks were offset
110 mm between the front and back faces.

Hybrid 2 Specimens

The third type of specimens makes use of SFCs.
Unlike the two previous sets of specimens, 300 by
381-mm sections were removed from the corners
of the MPP walls to accommodate the SFC.
Figure 3(c) shows the SFC along with the geometry
of these specimens. The assembly of the SFC is
schematically illustrated in Fig 4. Full details of the
connection design methodology can be found in
Fitzgerald (2019), but important information and
any differences are described in the following
paragraphs. One of the only material changes be-
tween Fitzgerald (2019) and this study was to the
anchorage plates, which was altered because of
thickness differences between the three-ply cross-
laminated timber (CLT) (105 mm) and the MPP
used in this study (76 mm). In addition, the CSK
screws used with the slotted plates were installed
with an equal number of screws for tension and
compression, 12 screws in each direction per plate.

One of the major differences between the hybrid 1
and hybrid 2 specimens is toe configuration. The
SFC connection provided pin connection at toes

which maintains relatively consistent contact along
the bearing surface. This is a contrast to the other
specimens, which have a variable rocking point,
which moves to maintain equilibrium between
compression of the MPP and tension in metallic
elements. Friction is developed in the SFC con-
nection through Belleville washers clamping brass
shims between the slotted plates and the cap plates
(Fig 4). Each Belleville washer connection on the
slotted plate consisted of three washers in parallel
on one side of the plate and two in parallel on the
other. This resulted in a group of three parallel
washers in series with two parallel washers. The
calibration equation presented by Fitzgerald (2019)
was modified to take into account the washer layup
presented in this study. Washers were torqued to a
target value of 26 N-m to achieve an estimated
target friction force of 105 kN for each toe. The
other difference between the previous specimens
and the hybrid 2 specimens was the shear transfer at
the bottom of the wall. Rather than using angles
located at the toes, two bearing cogs (Fig 4) con-
nected the base of the wall to the anchorage plate,
allowing the story shear force to transfer through the
bearing. The bearing cogs were cut narrower than
originally designed by Fitzgerald (2019) to ac-
commodate the thinner wall.

Test Setup

Six (6) panels were tested under quasi-static
cyclic loading. The typical test setup is shown

Figure 4. Assembly of slip friction connection.

WOOD AND FIBER SCIENCE, JANUARY 2020, V. 52(1)106



in Fig 5. A loading beam, consisting of two
hollow structural sections welded together was
connected to the actuator. The MPP was clam-
ped between two plates attached to the loading
beam, which allowed for minor variations in the
position of the wall with respect to the actuator,
facilitating load transfer from the actuator into
the wall. Four Simpson Strong-tie HDQ8, hold-
downs were connected to the upper portion of
the wall. The hold-downs were then connected
to the loading apparatus using all-thread rods
and were tightened to hold the wall in-plane. In
addition, on one side of the wall, pin–pin pipes
were connected from the HDQ8 hold-downs to
the parallel strong wall to provide out-of-plane
bracing during testing. For the hybrid 1 speci-
mens, the rods were placed in the prestressing
chuck after the central hold-down bars were PT
to ensure no accidental preload was placed on
the energy dissipaters.

Instrumentation

Tests involved the use of the actuator load cell
(300 kN) and linear variable displacement
transducer (LVDT) (stroke:�127mm), as well as
four other LVDTs attached near the base. An
LVDT was attached to the centerline of the wall
on the back face of the specimens. The in-
strumentation plan for all the wall types are
shown in Fig 6. On each wall toe, an LVDT was
attached on the back face of each wall specimen,
measuring vertical deflection with respect to the
base beam. This allowed for measurement of
the uplift and the rotation of the wall specimens.
The distances from the edge of the wall to the
centerline of the vertical LVDTs were determined
for each test to aid in the analysis.

In addition, an LVDT was attached in the mid-
dle of the front face of the specimens to measure
the relative lateral displacement between the

Figure 5. Test setup of the posttensioned specimen.
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centerline of the wall and the floor. The displace-
ment protocol used in this study was the abbrevi-
ated CUREE protocol (Krawinkler et al 2001) with
a reference displacement of 38.1 mm, with a peak
displacement amplitude of three times the CUREE
reference displacement (Fig 7). Testing was con-
ducted at a constant cyclic rate of 0.07 Hz.

RESULTS AND DISCUSSIONS

The test results of each group of specimens (PT,
hybrid 1, and hybrid 2) were compared with the
rocking performance and energy dissipation
properties. Observations of strength, stiffness,
and damage progression are discussed.

Lateral-Load Response

Figure 8 shows the experimental hysteretic re-
sponse for each specimen, representing the force
and deflection measured at the top of the wall.
The load-deformation hysteresis response of the
first PT specimen is shown in Fig 8(a). This
specimen attained a peak load of 118 kN at 2.3%
story drift. After this displacement, the strength
suddenly dropped and regained slowly in trailing
cycles. The second PT specimen achieved a peak
load of 108 kN at 1.9% drift (Fig 8[b]). Both
specimens had similar prepeak performance.
However, the postpeak behavior between the two
specimens was markedly different. This was due
to the crushing behavior of the MPP as the second
specimen underwent a buckling failure at the
toes, explaining the sudden loss in strength and
stiffness with minimal recovery. Based on the
hysteresis of hybrid 1 specimens, it can be ob-
served that the KE-HD bars did not noticeably
influence the strength of PT specimens. However,
a flag-shape hysteresis behavior was observed
during the prepeak loading cycles (Fig 8[c]
and [d]).

As evidenced by the lateral-load response in Fig 8
[e] and [f], the presence of SFC on hybrid 2
specimens improved the lateral-load resistance
without strength degradation up to a 4% drift
ratio. In PT and hybrid 1, the strength degraded at
a point between 2.3% to 2.8% drift ratios. Both of
the SFC PT specimens achieved a peak strength
of approximately 175 kN, approximately 60 kN
higher that of other types. As expected, hybrid 2

Figure 6. The layout of sensors on mass plywood panel
walls: (a) posttensioned only specimens, (b) hybrid 1
specimens, and (c) hybrid 2 specimens. The linear variable
displacement transducer stands for linear displacement
variable transducer.

Figure 7. Loading protocol as per abbreviated CUREE
protocol.
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Figure 8. Hysteresis response of each specimen: (a) posttensioned (specimen 1), (b) PT (specimen 2), (c) hybrid 1 (specimen
1), (d) hybrid 1 (specimen 2), (d) hybrid 2 (specimen 1), and (e) hybrid 2 (specimen 2).
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specimens showed stable hysteretic behavior with
open hysteretic curves. These curves, however,
were not as idealized flag-shaped because of
friction in the SFC, slipping of the cap plates, and
losses in the posttensioning force due to the yield
of the steel components.

Self-Centering Performance

The residual drift of each specimen was determined
as the drift of the specimen in a given cycle at zero
force. Both the PT specimens demonstrated a self-
centering characteristic with a maximum residual
drift of 0.9% after 4% drift cycles (Table 2). It can
be seen that both specimens recentered back to their
original position. A similar trend can be observed in
the hybrid 1 specimens. The observed maximum
residual drift in these specimens was 0.4% after 4%
drift. Hybrid 2 specimens exhibited a self-centered
behavior; however, with a relatively higher amount
of residual deformation. The observed residual drift
after 2% drift cycle was 1.0%, and it increased up to
3.0% after 4% drift cycle (Table 2). Because the
actuator linkage slack can be expected to be
identical for all specimens, the higher residual drift
in the hybrid 2 specimens was most likely caused
by the friction between sliding plates and the ex-
tension of SFC.

Damage Progression

The PT and hybrid 1 specimens developed
similar damage progression. The damage was
concentrated at the toes, where crushing of MPP
material occurred. The rapid strength degradation
of these specimen was followed by the crushing
failure of the toes. The typical failure mode ob-
served in the PT specimens is illustrated in Fig

9(a). Although toe crushing was the dominant
mode of failure, it occurred at substantially higher
stress of 45 MPa as compared with 28 MPa
(CLT) in Ganey et al (2016). This suggests a
higher compressive strength of MPP parallel to
the strong direction, but the value is calculated
from theory and test results and was not directly
measured. In addition to the crushing failure of
MPP, tensile fracture of KE-HD was observed in
the hybrid 1 specimen (Fig 9[b]). These speci-
mens exhibited a flag-shape hysteretic behavior
up until the fracture of the fuse connectors.
However, because of the small diameter of the
KE-HD rods, no adverse shock-loading effects
were observed when the rods fractured. Unlike in
other specimens, the hybrid 2 specimens did not
develop compressive failure at the toes for a
variety of reasons. First, the toes were confined
by the SFC plates, resisting the local buckling
failures previously noted in the PT and hybrid 1
tests, allowing for higher compressive force to be
transferred from the wall into the bearing ledges
of the SFC plate. Second, additional force
transfer was available through the screws in the
plate, further increasing the capacity of the toes.
In the second specimen of hybrid 2 specimen, a
vertical crack developed at approximately 4%,
extending through the height of the specimen at
where the routed section ended. This is indicative
of the gross shear failure of MPP material. Al-
though this is an undesirable failure mode, it
occurred at a high story drift.

Backbone Curves

The experimentally obtained backbone curves are
presented in Fig 10. These backbone curves were
obtained from the envelope of the hysteresis in

Table 2. Residual drift after the 2% and 4% drift cycles.

Specimen

After 2% drift cycle (%) After 4% drift cycle (%)

Positive loading Negative loading Positive loading Negative loading

Posttensioned Specimen 1 0.07 �0.05 0.04 �0.06
Specimen 2 0.08 �0.05 0.90 �0.09

Hybrid 1 Specimen 1 0.07 �0.14 0.40 �0.11
Specimen 2 0.07 �0.05 0.20 �0.04

Hybrid 2 Specimen 1 1.06 �1.14 2.70 �2.50
Specimen 2 0.93 �0.73 3.01 �2.50
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both positive and negative directions. From these
curves, all specimens exhibited approximately
identical initial stiffness. However, the peak
strength and the postpeak behavior varied sig-
nificantly for different specimens. The PT and
hybrid 1 specimens showed rapid strength deg-
radation when compared with the backbone
curves of hybrid 2 specimens. One of the hybrid
2 specimens did not show strength degradation
during testing, as the other experienced a gross
shear failure, as mentioned previously. The
crushing of toes was the limiting failure condition
for PT and hybrid 1 specimens, which capped the
capacity of these specimens. In contrast, this
crushing failure did not develop in the hybrid 2
specimens because of the presence of SFC at each
toe of these specimens.

Table 3 provides a summary of key parameters
obtained from lateral-load responses for direct

comparison. These parameters were calculated
using the ASCE 41-13 nonlinear static procedure
trilinear curve. This trilinear curve determines
yield and stiffness using an energy balance up to
the peak load between the experimental curve and
the trilinear curve as shown in Fig 11. The first
branch of the trilinear curve is defined as the
secant stiffness from the origin to 0.6 of the yield
force, whereas the second branch is from the yield
point to the peak force. The third branch of the
trilinear curve takes the secant stiffness from
the peak force to 0.6 of the yield force on the
descending branch of the response. As this yield
point is unknown during testing, not all speci-
mens lost the capacity to reach 0.6 of the yield
force. Therefore, the third branch was defined as
the secant line between the peak force and
postpeak point of lowest force in the backbone.
The yield and peak strength values were larger for
hybrid 2 specimens when compared with other
groups of the specimen. This is mainly due to the
avoidance of toe crushing in hybrid 2 specimens,
the change in rocking point and the higher force
developed in the SFC. The hybrid 2 specimens
did, however, show smaller values of pre- and
postyield stiffness. Although the hybrid 2 spec-
imens achieved higher capacities, it is important
to note that the peaks occurred at higher dis-
placement values than in the other two specimen
groups.

Energy Dissipation

The total energy dissipated by each specimen was
determined by numerical integration using the
trapezoidal rule on the force-displacement hys-
teresis loop. Figure 12 shows the cumulative
energy dissipated during the duration of the test.
The hybrid 1 specimen exhibited flag-shaped
hysteresis performance, which was limited to
the fracture of KE-HDs and yield of post-
tensioning rod. As a result, the hybrid 1 speci-
mens did show higher energy dissipation than the
PT specimens, but the KE-HDs did not dissipate
more energy than the crushing of the MPP. This
can be inferred from the difference in the en-
ergy dissipated during the PT and hybrid 1 tests,
as although there could be some difference due

Figure 9. The observed failure modes: (a) compression
failure at toes of the PT specimen, (b) tensile failure of ki-
nematically expanding hysteretic damper in hybrid 1 spec-
imen, and (c) gross shear in the cross section failure in the
mass plywood panel panels after 4% drift cycle.

Figure 10. Comparison of backbone curves.
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to MPP variation, the only major difference
between these tests was the presence of the KE-
HDs. Considering the idealized elastoplastic
deformation of KE-HD, it appeared that the KE-
HDs contributed about 20% of the total energy
dissipation. The hybrid 2 specimens exhibited
higher energy dissipation when compared with
other groups of specimens. This is a result of a
few factors. First, the hybrid 2 specimens both
had higher force capacity and a lack of a
crushing failure parallel to the grain, increasing
the energy dissipated because of larger forces
and less degradation. In addition, the reduced
self-centering allowed for more open hyster-
etic behavior, further increasing the energy
dissipation.

CONCLUSIONS

This study reports experimental results of PT
MPP rocking walls with and without the use of

supplementary energy dissipating systems. The
energy dissipating systems comprised two dif-
ferent hybrid rocking systems: First, a hybrid
system used KE-HDs, whereas the second system
made use of SFCs at each bottom corner of the
MPP. Self-centering was achieved through a
central PT hold-down rod with Belleville washers
on each face of the MPP. Based on the experi-
mental results, the following conclusions can be
drawn.
The proposed posttensioning system, using the
Belleville washers, successfully provided the
self-centering performance to the MPP walls.

The hybrid rocking system with KE-HDs as
supplemental energy dissipaters dissipated energy
through inelastic deformation of fuse connectors
with self-centering performance. The hybrid 1
specimens resulted in a typical flag-shaped hys-
teretic behavior until the MPP crushing occurred.
The KE-HDs began to fracture during the cycles

Table 3. Experimentally obtained properties of mass plywood panel panels.

Specimen Fy (kN) Fmax (mm) K (kN/mm) K*α1 (kN/mm) K*α2 (kN/mm)

Posttensioned Specimen 1 38 119 4.67 1.67 �17.58
Specimen 2 46 110 5.43 1.55 �2.13

Hybrid 1 Specimen 1 54 107 3.33 1.33 �3.57
Specimen 2 53 124 3.79 1.64 �3.78

Hybrid 2 Specimen 1 97 176 2.44 1.11 �1.18
Specimen 2 141 177 3.12 0.80 �3.14

Fy, yield force; Fmax, maximum force; K, initial stiffness; α1, postyield stiffness factor; α1, postyield stiffness factor. The parameters presented in this table are
defined in ASCE-41 nonlinear static procedure (ASCE/SEI 41-43 2014).

Figure 11. Analysis of experimental data of posttensioned
(specimen 1) based on ASCE-41 nonlinear static procedures.

Figure 12. Total energy dissipation of mass plywood panel
walls. Percents above columns show residual story drift at 4%
drift for comparison between energy dissipation and self-
centering.
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during and immediately after theMPP crushing. No
adverse shock-loading effects were observed as a
result of KE-HD fracture.

The SFC on hybrid 2 specimens successfully
dissipated energy with symmetric hysteretic be-
havior common to friction devices without de-
veloping crushing failure at toes. The bearing cog
in this connection successfully provided shear
resistance against sliding. Unlike hybrid 1 speci-
mens, hybrid 2 specimens exhibited higher residual
drift values indicating the compromise in self-
centering performance. This study reveals that
both rocking performance and energy dissipation of
MPP structures can be achieved by adding KE-HD
or SFC to PT MPP walls.
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APPENDIX

Figure A1. Details of restoring plates: (a) central restoring plate assembly (part 1 in Fig 2) and (b) plate to house KE-HD
assembly (part 5 in Fig 2). Dimensions are in mm.
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Figure A2. Slip friction connection details: (a) anchor plate assembly, (b) cap plate details, (c) brass shim, (d) slotted plate A,
(e) slotted plate B, and (f) bearing cog. Dimensions are in mm.
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