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A B S T R A C T

This paper presents an experimental evaluation of a new interface configuration for unbonded post-tensioned
shear (UPTS) walls. In the proposed configuration, the wall-base interface is shaped in a circular profile. This
circular profile presents a major difference from the currently used flat profile at the wall-base interface of
rocking UPTS walls. During lateral response, this circular profile induces the wall to predominantly rotate as a
rigid body about a fixed point without uplift, and the system dissipates energy through the contact friction that
develops at the wall-base interface. This rigid body motion resembles that of a pendulum, thereby designating
this system as a pendulum UPTSwall. At this stage, research has demonstrated the many advantages of this system
by proof-of-concept testing of a pendulum light-frame wood (LiF) UPTS wall specimen under increasing levels of
post-tensioning force. Compared with rocking UPTS walls, experimental results demonstrate that besides per-
forming damage-free when subjected to high drift levels, the proof-of-concept pendulum LiF-UPTS wall offers the
following promising outcomes: (1) insignificant to no wall uplift, (2) insignificant to no wall base shear sliding,
(3) reduced stress concentrations at the wall toes because contact stresses are distributed along the wall-base
interface over a larger region, (4) nearly constant post-tensioning forces under high drift levels, which limits
post-tensioning losses due to yielding of prestressing bars or tendons, (5) increase in energy dissipation capacity
of the system through friction, and (6) decrease in the damping reduction factor and thus, reduction in the lateral
displacement and force demands in pendulum LiF-UPTS walls. These research outcomes are likely to translate
positively to other shear wall types, namely reinforced concrete (RC) precast pendulum UPTS walls.

1. Introduction

Conventional design of shear walls in lateral force resisting systems
(LFRS), is based on energy dissipation mechanisms that rely on damage
accumulation in either regions of plastic action in reinforced concrete
shear walls [24,50] or through racking of light frame wood shear walls
[13,36,55]. For instance, in reinforced concrete shear (RCS) walls the
primary mode of energy dissipation in plastic hinges is through damage
accumulation by concrete spalling and yielding of the longitudinal
reinforcement. In conventional light-frame wood shear walls, the pri-
mary mode of energy dissipation in wall racking occurs as a result of
fasteners slip [53]. Previous research has clearly shown that these
mechanisms of energy dissipation can negatively impact the service-
ability of LFRS because of the associated resulting damage [6,13].
Furthermore, these modes of response do not fit within the societal
needs of achieving immediate occupancy following an extreme seismic
event, reducing economic losses [11,19,24]; or, moreover, they can
adversely affect the resiliency of local economies in the post-recovery

phase [19]. Consequently, response of the built infrastructure during
past earthquakes has clearly demonstrated the need to investigate new
construction systems that can remain mostly damage-free.

In the sense of traditional unbonded post-tensioned shear (UPTS)
walls the primary mode of wall performance is by rocking of walls about
its toes. These rocking UPTS walls have been developed and imple-
mented in seismic design for dealing with the above noted issues and are
intended to achieve immediate occupancy following a seismic event [2,
3,8,53,23,25]. Following the Precast Seismic Structural Systems
(PRESSS) project [41], research on rocking reinforced concrete (RC)
precast UPTS walls received worldwide attention. Experimental results
from the PRESSS project and many others demonstrated that these
systems can achieve immediate occupancy and minimize economic
losses following large earthquakes [6,7,53,41,43]. These positive out-
comes promoted the use of rocking RC precast UPTSwalls as viable LFRS
in seismic design [2,3,20,37]. More recently Chalarca et al. [10] con-
ducted a seismic evaluation of an archetype building with structural
walls composed of precast concrete panels connected through shear
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connectors and prestressed with unbounded steel bars using the FEMA
P695 far-field ground motion. Results from their investigation demon-
strated that UPTS walls are a viable LFRS in low-rise buildings [10].

The benefits of using rocking RC precast UPTS walls as LFRS derive
from their damage-free and self-centering response under lateral loads
[30,31,39,41,49,50]. The system’s deformation capacity arises primar-
ily from a decrease in the structural stiffness due to uplift and opening of
the gap at the wall-base interface. With this response mechanism UPTS
walls self-restore to a mostly damage-free configuration after a seismic
event. However, the nonlinear response due to rocking lacks the energy
dissipation capacity necessary to efficiently resist earthquakes [11,22,
34], which poses some challenges if used directly in seismic design [35,
38,43]. For instance, research has shown that compared to RCS walls,
lack of energy dissipation in UPTS walls to seismic events results in
greater lateral displacements and a higher number of displacement
peaks [31,32,54]. Some additional challenges in using rocking RC pre-
cast UPTS wall as LFRS include concrete crushing at the wall toes,
yielding of post-tensioning threaded bars or tendons, and wall shear
sliding.

To enhance the performance of rocking RC precast UPTS walls, ACI
ITG-5 [2,3] specifies diverse types of energy dissipation devices to be
added. Of these, yielding connectors using a flexural mechanism have
been identified as the most suitable for seismic design. To alleviate
concrete crushing at the wall toes, ACI ITG-5.2 (R1.2.4.1) [3] indicates
that confinement reinforcement in wall boundaries should be consid-
ered using displacement-based design concepts [3]. Another critical
issue in rocking UPTS walls is the challenge of accurately estimating the
level of compressive strains that these walls experience during rocking
[27]. To deal with the uncertainty in proposing design compressive
strains in the toe region, researchers have proposed replacing damaged
toe regions with high performance fiber-reinforced concrete toe-blocks
[12,27,52].

Regarding yielding of the post-tensioning threaded bars or tendons,
ACI ITG-5.2 (5.6.1.1) [3] specifies drift limits intended to maintain the
threaded bars or tendons within the elastic range as a means of pre-
venting shear wall sliding and thus preserving the self-centering capa-
bilities of UPTS walls [48]. In addition, ACI 318–19 [4] specifies that
UPTS walls in regions of high seismic intensity must meet the design
requirements of ACI ITG-5.1 [2] and ACI ITG-5.2 [3].

The system under current investigation represents a departure from
commonly used rocking UPTS walls by featuring a circular profile at the
wall-base interface. This interface geometry enables the wall to rotate
predominantly as a rigid body about the center of the circular profile,

and this motion is best characterized as an inverted pendulum without
significant rocking or gap opening at the contact interface. To differ-
entiate this motion from other UPTS rocking systems, this system has
been designated as pendulum UPTS wall system.

The pendulum UPTS wall system shows great potential in mitigating
the challenges facing rocking UPTS, whilst maintaining their damage-
free capabilities. For instance, due to the curved interface geometry
the potential for shear wall sliding is eliminated, thereby removing the
need for placing sliding shear stoppers at the wall toes [6]. The system’s
kinematics show that a circular profile allows for higher relative dis-
placements between coupled wall systems. This is relevant to the
response of pendulum UPTS walls because it leads in an increase in the
system’s energy dissipation capacity in coupled walls with shear con-
nectors. FEM results have also demonstrated that coupled pendulum
UPTS wall systems have enhanced self-centering capabilities [47].

This paper presents the experimental evaluation of a pendulum LiF-
UPTSwall concept under simulated lateral loads. In order to quantify the
energy dissipation of this system, while performing damage-free when
subjected to high drift levels, a single light-frame wood frame shear wall
was tested multiple times under increasing levels of post-tensioning (PT)
force. Three tests were conducted under varying post-tensioning force
levels on the same wall unit, which could be reused since it remained
undamaged. Experimental results demonstrated that the pendulum wall
system was capable of gliding without separation along the base,
remained undamaged, and dissipated considerable energy through
contact friction. Test results also confirmed that the reduction in stress
concentrations in the wall toe region eliminates the need for extra
nailing requirements at the end of wood shear walls or the need for nail
replacement after an earthquake [8]. In rocking RC-UPTS walls this
response can also lead in reduction of confinement reinforcement in wall
boundaries [3,6,35]. Test results further substantiate that at peak
response, the energy dissipation capacity of the system was comparable
to the amount of energy dissipation that develops from the hysteretic
response of conventional RC walls [40], but significantly higher than
what is feasible from LiF systems [8,53] or RC-precast rocking UPTS
walls [6,31,32]. This is a valuable outcome, because energy dissipation
capacity is an integral factor in decreasing the lateral displacement and
force demands in the seismic design of LFRS [15,21,39].

2. Research significance

In order to achieve progress in UPTS wall technologies, the research
herein addresses the following challenges: (1) compression stress

(a) UPTS-PSWF Test Setup (b) UPTS-PSWF Shear Wall Schematics
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Fig. 1. UPTS-PSWF Shear Wall.
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concentration at wall toes, (2) yielding of the threaded bars or tendons,
(3) wall shear sliding, and (4) design of a system that does not require
design drift limits to maintain the many benefits of rocking UPTS sys-
tems. Although this paper focuses on a proof of concept for a light frame
wood shear wall under increasing levels of post-tensioning force,
computational simulations have also demonstrated that many of the
promising results observed in this research program can be extrapolated
to other systems such as RC precast pendulum UPTS walls. FEM results
also demonstrated that the system’s kinematics for a circular profile
allows for higher relative displacements between coupled wall systems.
This increases the energy dissipation capacity and the self-centering
capabilities of coupled walls with shear connectors.

3. Experimental program

This section describes the experimental program conducted on an
uncoupled pendulum light-frame wood (LiF) unbonded post-tensioned
shear (UPTS) wall, which is designated herein as pendulum LiF-UPTS
wall. The wall remained undamaged, which allowed performing mul-
tiple tests on this single wall. Although this paper focuses on three tests,
other tests such as system calibration were performed but are not pre-
sented herein for brevity.

3.1. Test setup

The experimental programwas conducted at The GeorgeWashington
University (GWU) structural engineering research laboratory using the
test setup presented in Fig. 1(a). The effective wall height H, defined as
the distance from the top of the base block to the line of action of the
lateral force, was 4880-mm, and the wall length, L, was 3048-mm. The
wall was constructed with nominal 51× 203-mmwood studs, which had
an actual size of 38 × 181-mm. Shear resistance was increased by
placing 19-mm plywood sheathing on both sides of the studs, which led
to an overall wall thickness, t, of 219-mm.

Design of the test specimens was evaluated based on a parametric
finite element analysis (FEA). The parametric FEA investigation was
undertaken to investigate the influence of the following parameters on
the response of pendulum LiF-UPS walls under lateral loads: wall aspect
ratio, base radius, base friction, number and position of tendons, and
initial posttensioning stress. Since this paper focuses mainly on the
experimental program and test results, the parametric FEA are not
presented for brevity.

The wall dimensions lead to a height-to-length (H/L) aspect ratio of
1.6, a length-to-thickness (L/t) ratio of 13.9, and a height-to-thickness
(H/t) slenderness ratio of 22.3. Given the H/L aspect ratio and the
point of load application, the wall was expected to respond with negli-
gible shear deformations [5]. Furthermore, based on its H/t ratio the
wall was classified as slender. However, it was well below the maximum
permissible H/t of 50 by the American Wood Council [5].

Referring to Fig. 1(a), the base radius (R) was 2540-mm, which
corresponds to an R/L ratio of 0.83. It is important to note that a wall
with a R/L ratio of 0.5 corresponds to a wall interface in the shape of a
perfect semicircle. As shown in Fig. 1(a), four unbonded 15 mm threa-
ded steel bars were used in applying the post-tensioning (PT) force. In
the longitudinal (L) and transverse (t) wall directions the spacing be-
tween the bars was 457-mm and 76.2-mm, respectively. These four
threaded bars were fastened to the wall at the top and base against
C299×508 mm steel channels. Further details regarding the construc-
tion sequence of the pendulum LiF-UPTS wall are presented in Section
3.3.

3.2. Test matrix

A single pendulum LiF-UPTS wall test unit, depicted in Fig. 1, was
tested multiple times under the following increasing levels of PT force:
53-kN (12-kip), 107-kN (24-kip), and 133-kN (30-kip). These pre-
stressing forces correspond to, respectively, 10 %, 20 %, and 24 % of the
threaded bars allowable design force. The units were designated as
PT12P, PT24P and PT30Pwhere the PT load in kips was used in defining
each test unit. For each PT level the test wall was subjected to fully
reverse incremental cycling loading, details of which are discussed in
Section 3.4. Since the pendulum LiF-UPTS wall remained undamaged it
was feasible to perform multiple tests on this single wall.

At the onset of the research program, a series of 3D finite element
analyses were performed using the ABAQUS software [1]. The finite
element analyses (FEA) were performed considering the appropriate
geometric dimensions, PT forces, and interaction conditions at the
wall-base interface. Further details of the numerical analysis are pub-
lished elsewhere [47,46] and are not elaborated herein for brevity.

One of the challenges encountered during the testing program was to
ensure that the wall response was dominated by sliding at the wall-base
interface with minimum to no uplift/rocking during any testing stage.
To ensure the desired gliding response, FEA were conducted and results
indicated that the response was mainly characterized by uplift/rocking
response when the friction coefficient at the wall-base interface was
above 24 %, as shown in Fig. 2(a) and (b).

Conversely, the pendulum response shown in Fig. 2(c) was achieved
when a friction coefficient of 20 % or less was implemented in the 3D
FEA model. For this friction coefficient the wall and base remain in full
contact throughout the reversed cyclic loading protocol and the wall
rotates predominantly as a rigid body about the center of the wall cir-
cular profile. In order to achieve the desired response and fiction coef-
ficient, aluminum plates and friction reducing agents were investigated
and finally applied at the wall-base interface to ensure a friction coef-
ficient of less than 20 %. The friction reducing agent was a readily
available off-the-shelf engine grease and had a reported viscosity grade
of 99. This grease was applied along the entire length of the wall-base
interface with a hand operated grease pump gun and spread by hand.

Fig. 2. FEM Simulations under Different Levels of Interface Friction.

P.F. Silva et al.



Structures 67 (2024) 106987

4

Because of its high viscosity, this grease does not run when applied. In
future research other types of materials employed in practice will also be
investigated. These can include typical materials used in friction
pendulum energy dissipation devices, such as: Polytetrafluoroethylene

composites, ultra-high molecular weight polyethylene, and polyamide
[17].

Fig. 3. UPTS-PSWF Shear Wall Construction.

Fig. 4. Glulam Beam Installation on Wood Framing Wall.
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3.3. Pendulum LiF-UPTS wall construction

As shown in Fig. 3(a), the pendulum LiF-UPTS wall framing consisted
of using nine sets of 457 cm long double nominal 5 × 20 cm wood studs,
(exact size was 4 ×18 cm). In order to accommodate the relative motion
between the wall studs and the internal threaded bars, the vertical wood
studs were spaced symmetrically along the width of the wall at 32, 38,
38, and 41 cm.

Double 5 × 20 cm sill plates were nailed to top and bottom glulam
beams (GLB) with two rows of 8d nails at 10 cm on center. The weak axis
stability of the internal wood studs was increased by using double sided
2 cm × 122 cm x 244 cm plywood sheathing and 5 × 20 cm wood
blocking according to the schematics outlined in Fig. 3(a). Plywood
panels were placed on both sides according to the staggered pattern
depicted in Fig. 3(b). The plywood nailing diagram consisted of 10d
nails at a spacing of 5 cm along all blocked and supported edges. In
addition, two diagonal 0.9 mm × 76 mm (20-gauge) wide galvanized
steel braces were installed on either side of the wall as shown in Fig. 3
(a). This nailing diagram and plywood configuration provided a unit
shear wall capacity of nearly 25 kN/m. The shear capacity was obtained
using design tables from reference APA [51], which far exceeds the
required unit shear demand of 15 kN/m. The required unit shear de-
mand was based on an estimated shear force demand of 45 kN and a wall
length of 3048 mm. This unit shear demand was obtained from FEA, and
as previously stated results from the FEA are not presented herein for
brevity.

As shown in Fig. 4(a), a series of 20 mm diameter holes were pre-
drilled on the top and bottom GLBs. These pre-drilled holes were
necessary to fasten steel plates to the wall and subsequently were used
for the load transfer between the horizontal actuator and the wall, see
Fig. 1(a). Schematics in Fig. 4(b) depict the connection of the top GLB to
the wall.

As shown in Fig. 4(a and c), at the wall-base interface the circular
shape was machine-cut from a single GLB and manufactured to the
desired shape using CNC machining conducted offsite. Fig. 4(d) shows
the construction stage immediately after the plywood sheathing was
nailed to the top and bottom GLBs and the wall framing. Fig. 5(a) depicts
details pertaining to the top loading plate for post-tensioning the
threaded bars and the load transfer side plates for connection to the top
GLB. Fig. 5(b) shows the wall base with vertical outriggers, which were
provided as a means for controlling any potential out-of-plane defor-
mation of the test unit. The final assembly of the wall is illustrated in
Fig. 6(a) and (b), and Fig. 6(c) shows the wall test setup during testing in
progress. As shown in Fig. 3(a) all the blocking in the center of the wall
was placed sideways to avoid contact between the vertical tendons and
the wall. Likewise, as shown in Fig. 4(c), CNC machine slotted holes
were perforated in the GLBs to ensure that during lateral response the
tendons did not compress against the GLBs, and therefore they were not
subjected to shear stresses at the wall-base interface.

3.3.1. Material properties
The wood framing wall was constructed using Douglas-Fir Larch

Fig. 5. Top and Bottom Wall Connections.

Fig. 6. Placing Wall over Base.

P.F. Silva et al.
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(DFL) Select Structural grade lumber studs. This lumber was chosen
because of its dimensional stability, consistent material properties, and
long-term durability. According to the manufacturer the specified design
strength values for the shear parallel to grain, and compression parallel
and perpendicular to the grain were, respectively, 1240 kPa, 4309 kPa,
and 11,720 kPa. Compression strength perpendicular to the grain was
especially relevant to ensure proper transfer of compression forces from
the vertical wood studs to the top and bottom wood sill plates. The

minimum modulus of elasticity was 4760 MPa.
The 20 mm plywood satisfied the APA Rated Sheathing standards

and was produced as Structural I Sheathing [51]. This plywood provides
enhanced racking and cross-panel strength properties for shear walls. As
previously stated, the nailing diagram and plywood configuration pro-
vided a nominal unit shear wall capacity of nearly 25 kN/m.

The top and bottom top and bottom glulam beams (GLB) where DF
24 F-V4 with a modulus of elasticity of 11,720 MPa, and a nominal
compression strength perpendicular to the grain of 5102 kPa.

The four 15 mm threaded steel bars used for posttensioning had a
nominal minimum yield and ultimate strength of 157 kN and 191 kN,
respectively. These values exceeded the maximum expected prestressing
force, estimated at 80 kN per tendon.

3.3.2. Coefficient of friction
Calculated coefficients of static and kinetic friction for four different

types of surfaces are reported in Table 1. It is important to note that the
coefficients of friction (COF) were obtained via indirect methods, and
using small sampling surfaces with a small wood block. As such, these
COF values may be different those in the pendulum LiF-UPTS wall tests,
which were conducted under high compressive loads. The COFs for the
glulam beams in Table 1 are higher than those reported in the literature
for wood surfaces because sliding is not occurring parallel to the grain.
This is consistent with conclusions drawn from research projects on
cross grain laminated veneer lumber [18]. COFs used in the numerical
simulations was mainly to infer the limiting COF for which the wall
behavior changes from uplift to pendulum motion. As such in the FEM
model pendulum response is observed when the COF drops below 20 %.
As shown in Table 1, values for greased aluminum surfaces were
consistently below 20 %.

Table 1
Summary of Relevant Static and Kinetic Coefficients of Friction (COF).

Surface Interaction (1) Static COF, µS Kinetic COF, µK

Mean (%)
(5)

CV (%)
(5)

Mean (%)
(5)

CV (%)
(5)

Dry GLB wood on Dry GLB
wood(2)

72 6.21 52 13.81

Greased GLB wood on Greased
GLB wood(2,3)

32 5.97 24 9.87

Dry aluminum on Dry
aluminum(4)

62 6.41 42 12.60

Greased aluminum on Greased
aluminum(3,4)

17 9.30 12 7.71

(1) All surfaces were polished with a circular sander using a 220-grit fine grade
sand paper and cleaned with a brush.
(2) The wood surfaces were furnished by the glulam beam’s manufacturer with
the plane of the surface made at an angle with the laminations.
(3) Engine grease with a reported viscosity grade of 99 was used on all greased
surfaces.
(4) Aluminum plates were cut to size and glued to the wood surfaces.
(5) The mean and the coefficient of variation (CV) were obtained from a mini-
mum of five tests.

Fig. 7. Test Setup for Determining Static and Kinetic Coefficient of Friction.

Fig. 8. Testing Protocol Based on ACI ITG-5.1 [2].

P.F. Silva et al.
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As shown in Fig. 7(a) the angled surface indirect test method was
used to measure the static and kinetic coefficients of friction (COF) [42,
45]. The static COF, µS, was calculated as the angle required to impose
initial motion on a wood block. The angle was measured using a Digital
Image Correlation (DIC) system. The kinetic COF, µK, was determined by
calculating the acceleration at seven tracking points placed on the wood
block and along the inclined surface using Eq. (1). These tracking points
are shown in the sample DIC image in Fig. 7(b).

µK =
a + gsin(θ)

gcos(θ)
(1)

In Eq. (1), a is the acceleration calculated by the DIC system at
different tracking points, g is the gravitational acceleration, and θ is the
angle of the inclined surface with respect to the horizontal. In all COF
tests, digital images were recorded with a DIC system at a sampling rate
of 100 frames/sec.

3.4. Testing protocol

After applying the initial post-tensioning (PT) force, testing pro-
gressed by subjecting the wall to three fully reversed cycles at each of the
incremental displacement levels outlined in Fig. 8(a). This testing pro-
tocol followed the loading cycles provided in the research article by
Brown et al. [8] and is in agreement with the established minimum
experimental requirements stated in ACI ITG-5.1 [2]. Furthermore, this
testing protocol is similar but not exactly to the same as the basic loading
history suggested by CUREE for wood frame shear-wall testing [28]. The
CUREE loading protocol was not followed, for a direct comparison to
rocking UPTS walls, however the number of repeated loading cycles
beyond 1 % drift in Fig. 8(a) were higher than according to the CUREE
loading protocol.

ACI ITG-5.1 [2] stipulates that testing of UPTS walls shall be per-
formed until at least failure of the system occurs or unless the system can
achieve the following drift angles (in percent):

0.90% ≤ θW = 0.80 (H/L) +0.50 ≤ 3.00% (2)

Based on the height-to-width (H/L) aspect ratio of 1.6, the required
drift level to establish an acceptance criterion for UPTS walls is 1.78 %,
which results in the following relative top wall displacement:

ΔT = θWH = 1.78% × 4,876.8 = 86.8mm (3)

However, the target maximum displacement was increased to

± 117.1 mm or 4.12 %, which was within the stroke limit capacity of the
actuator. These values are clearly higher than the required acceptance
criteria values of 86.8 mm or 3 % drift ratio. This was implemented in
order to evaluate if these walls can exceed the maximum stipulated drift
level of 3 % without any significant level of damage. It can be shown
that for systems responding primarily within a pendulum mode, the
corresponding target pendulum drift angle is 4.12 % based on:

θW =
ΔT

H + h − R
=

117
4, 876.8 + 508 − 2,540

% = 4.12 % > 1.78 %

(4)

In Eq. (3), H is the height of the wall, R is the base radius, and h is
508 mm. This deformation geometry is depicted in Fig. 8(b). It is
important to emphasize that this research seeks to investigate systems
characterized by a pendulum response without significant separation at
the base interface, as depicted in Fig. 8(b). Furthermore, this proof of
concept intends to show that the design of pendulum UPTS walls is not
limited by drift levels necessary to maintain the many benefits of
pendulum UPTS systems.

3.5. Instrumentation

Fig. 9 depicts the different instrumentation devices that were used
during testing. The following is a list of instrumentation placed on the
test unit and is used in this paper to present and discuss the response of
each of the test units. Eight 223 kN low clearance load-washers (hollow
core compression load cells) were placed between the threaded bars nuts
and wall plates. Four of the load cells were placed at the connection of
the threaded bars to the top of the wall and four were placed at the
connection on the bottom of the wall. Placing load cells at each end of
the threaded bars allowed for redundancy in data collection of the post-
tensioning (PT) forces. Furthermore, during application of the PT force
an additional large load cell was placed between the hydraulic jack and
load transfer plate at the top of the wall. Fig. 9(a) also shows that one
string displacement transducer was placed horizontally at the top of the
wall to measure the wall top deflection, and one more string displace-
ment transducer was placed along the diagonal direction to estimate
shear deformations in the wall. A digital image correlation (DIC) system
was employed for capturing images as depicted in Fig. 9(b), which were
subsequently used to obtain localized full field displacements at the
wall-base interface. Finally, Fig. 9(c) shows the installation of strain
gages at the wall-base interface. Though only half of the wall is illus-
trated, the same strain gage layout was also used in the other half of the
wall.

3.5.1. Data collection and synchronization
Data was collected and synchronized according to three patterns.

First, data was collected and archived from the actuator control system
(i.e., actuator load cell, displacement transducer and time) at a rate of 20
points per seconds resulting in 100,000 data points. Second, data was
collected and archived from all the other instrumentation (except for the
video camera and the DIC system) at a rate of one data point every 20 s
leading to approximately 7000 data points per test. Finally, data was
collected and archived from all instrumentation including the video
camera and DIC system at a rate of one data point for every 2.54 mm
(0.1 in.) increment in the wall top displacement. The video and DIC
images were captured and synchronized with all the instrumentation

(a) Instrumentation Schematics (b) DIC and DAQ Systems (c) Strain Gages Installation 

String 
transducer
to measure 
top deflection

String 
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shear 
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Bottom:
(4) PT load 
cells

Horizontal 
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Strong 
wall

Strong 
floor
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Top: (4) PT load 
cells, hydraulic jack,       
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Fig. 9. Instrumentation used During Testing.
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devices by the data acquisition system at the predefined displacement
increments. This led to nearly 20–30 additional data points on average
from each fully reversed loading cycle, leading to approximately 900
data points per test. This data collection pattern was necessary because
of storage limitations of the DIC system, which can only store 950 im-
ages per test.

4. Experimental test results

4.1. Lateral load-deformation response

During each of the tests, the wall was subjected to 27 fully reversed
displacement-controlled loading cycles according to the loading proto-
col shown in Fig. 8(a). Three tests were performed at increasing levels of
post-tensioning (PT) force. Details on the applied PT force were previ-
ously discussed in Section 3.2. Fig. 10 depicts the actuator applied
lateral force versus the wall top displacement and corresponding drift
values. The load-deformation results depicted in Fig. 10 show substan-
tial energy dissipation capacity of the system through contact friction.

Fig. 10 indicates that the three test units were capable of sustaining
the applied reversed three cycles at the peak target displacement with
stable hysteretic loops and no noteworthy losses in the lateral load be-
tween cycles at equal displacements. Based on the drift angles, the test
units complied within the minimum experimental requirements of ACI
ITG-5.1 [2], and clearly exceeded the required drift angle of 1.78 % by a
significant amount at 4.16 %, 3.98 % and 3.55 % for each of the three

tests, respectively. During each of the three tests and using test PT12P as
the baseline unit, the peak lateral forces represent a successive increase
of 18.8 % and 43.7 %, which indicates a noticeable effect of the PT force
on the lateral load capacity.

As previously discussed, finite element analyses have shown that a
reduction in the friction coefficient at the wall-base interface modifies
the response of UPTS systems from an uplift mode to a pendulum mode,
see Fig. 2. To reflect this desired response, relevant modifications con-
sisted of placing aluminum plates coated with a high viscosity grease at
the wall-base interface. The load-deformation response in Fig. 10 clearly
indicates that the application of the interface materials was successful in
achieving the desired response and energy dissipation capacity of the
test units, which is directly related to the area inside each of the load-
deformation hysteretic loops. This results from the combined effects of
contact friction and sliding/gliding motion between the wall and base,
and the amount of contact length at the wall-base interface. Fig. 11(a)
shows the trailing end of the wall and close inspection shows the wall
remained in full contact with the base at peak response and during each
of the three tests. Contact at the wall-base interface is further discussed
in Section 4.2.

4.2. Wall base response: DIC deformations

To further validate the results from this research, a digital image
correlation (DIC) system, as illustrated in Fig. 12 was employed for
capturing images and obtain full field displacement measurements at the
base of the wall. Fig. 12(a) shows a typical DIC image and Fig. 12(b)
depicts the position of the DIC camera system in relation to the test unit.
Both of these figures outline the random speckle pattern that was opti-
mized to ensure a speckle quality and size distribution at the wall base
necessary for post processing of the DIC images.

The following discussion presents the base displacement analysis at
‘Facet Point 1’, see Fig. 12(a), which was subsequently used in calcu-
lating the system drift angle based on: Fig. 8(b)

θw =
ΔT − ΔB

H + h
Pendulum Response, (5)

In the equation above ΔT and ΔB are the displacement at the top of
the wall and the DIC calculated bottom displacement at the facet point,
and H and h are shown in Fig. 1(b) and Fig. 8(c). Fig. 13(a) shows the
displacement at ‘Facet Point 1′, respectively, versus the data point
number (i.e., Stage Number) obtained from DIC images. A typical digital
image pattern for unit PT30P is depicted in Fig. 13(b).

Assuming the wall glides without uplift along its wall-base interface,
the horizontal deflection measured by the DIC system (ΔB) corresponds
very well to the measured top wall displacement (ΔT) considering a
pendulum response based on the following calculation:
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ΔB = − ΔT

(
R

H + h − R

)

(6)

At the peak top deflection of ΔT= ± 101 mm, see Fig. 8, the base of
the wall glides in the opposite direction and the bottom deflection per
Eq. (6) is calculated atΔB= ± 90 mm. In the push direction (i.e., positive
in ΔT), the base of the wall glides in the reversed direction (i.e., negative
in ΔB) and the DIC peak bottom deflection is calculated at −115 mm. In
the opposite direction (i.e., positive in ΔB), the DIC peak bottom
deflection is + 92 mm, which is much closer to the calculated deflection
per Eq. (6). As such, within a degree of confidence it was possible to
calculate the system drift based on Eq. (5) and using the wall DIC
displacement measurements as depicted in Fig. 13. Results of this
analysis are presented in Fig. 14. Once again, the load-drift angle
response in Fig. 14, clearly indicates substantial energy dissipation ca-
pacity of the test units, drift angles clearly exceeding the required drift
angle of 1.78 %, and the wall predominant mode of response was gliding
without any significant separation at the wall-base interface.

4.3. Prestress load-deformation response

As previously shown in Fig. 1(b), four unbonded 15 mm diameter
post-tensioning (PT) steel threaded bars were used to apply the PT
forces. Forces in the PT bars were recorded using low clearance hollow
core load cells placed through the threaded bars and installed at each
end. Forces in the PT bars provide the main mechanism for the wall to
recover its initial configuration and are essential for the wall’s lateral
load resistance through contact friction. As shown in Fig. 15, during
reversed cyclic loading only a slight increase is observed in the PT forces,
which is in direct contrast to previous research results on rocking UPTS
systems [6,17,53,38,44]. These small deviations in PT force is of sig-
nificant value to the design of UPTS walls, because ACI ITG-5.1 [2] re-
quires that these systems be subjected to a sequence of
displacement-controlled cycles to drift angles in the range of 0.90 %
to 3 %. Experimental results on rocking UPTS walls, which are domi-
nated by significant gap opening (i.e., uplift), have shown that yielding

Fig. 12. DIC Image and System and Speckle Pattern.

Fig. 13. DIC Base Deformation: Test Unit PT30P.
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occurs when the drift angle is close to 1 % [32,44]. Although the drift
angle based on Eq. (4) at peak response is around 4–5 %, no signs of
yielding of the PT bars were observed in these tests. Previous research
has clearly shown that yielding of the PT threaded bars or bars will result
in the reduction of PT forces [48], and adversely affect the friction
transfer across wall interfaces (ACI ITG-5.2 [3]).

4.4. Strain gage profile response

Strain gage profiles in the push and pull directions are depicted in
Fig. 16. This figure only shows data for test unit PT30P but this response
was also typical in the other two test units. The data shows no signs of
strain concentrations along the wall-base interface, and the peak strain
at the base of the wall was below 400 micro strains. This strain level is
significantly below the level that may cause bearing failure parallel to
the direction of the wood grain (~6000 micro strains) [5]. It is clear that
the absence of strain concentrations along the wall base results from the
test units’ pendulum response, which is directly associated to the
amount of contact length at the wall-base interface and the strain pro-
file. This behavior can have significant advantages in lateral load
resisting systems since the reduction of compression and impact stresses
at the wall toes will likely ensure the wall remains damage-free in these
regions.

4.5. System lateral performance evaluation

In this research, energy dissipation during load reversal is mainly
accomplished with the gliding motion along the wall-base circular path
and the interface contact friction. The experimental results previously
described substantiate a gliding motion took place with no separation at
the wall-base interface and there was significant energy dissipation in
the system response. In the next two sections, the system performance is
characterized based on the energy dissipation capacity and equivalent
damping ratio in each load-deformation cycle.

4.5.1. Dissipated energy in UPTS wall systems
Results in Fig. 17(a) clearly indicate that increasing the PT force also

increases the energy dissipation capacity of the system. However, the
increase in energy dissipation from unit PT24P to unit PT30P was
negligible. In contrast, for test units PT24P and PT30P the peak energy
dissipation increased by nearly 30 % with respect to test unit PT12P.
Furthermore and for each test unit, it is clear that under repeated cycles
at the same drift angle, there was no significant reduction in the energy
dissipation capacity. This clearly shows that the system is capable of
maintaining its performance under reversed cyclic loading with

Fig. 14. Lateral Load-Drift Angle Response.
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minimum to no damage.

4.5.2. Equivalent viscous damping ratio
A physical measure that is of primary significance in seismic design

applications, is the equivalent viscous damping (EVD) ratio [40]. Sub-
sequently, the EVD ratio is necessary in calculating the damping
reduction factor at peak drift angles [15,21]. The EVD ratio, ξeq, was
computed at each cycle using the following expression [14,26].

ξeq =
1
4π

ED
ES

(7)

In Eq. (7) the EVD ratio is obtained by calculating ED and ES, which
are the energy dissipation and the recoverable elastic strain energy
within each loading cycle outlined in detail in Lu and Silva [33] and
others [14,26]. In quasi-static reversed cyclic load tests Eq. (7) is
generally a satisfactory approximation for calculating the EVD ratio.
This indicates that the inherent elastic damping ratio of 5 % was not
included in the analysis.

Using Eq. (7), the EVD ratio can be expressed as a function of the top
lateral displacement or drift angle. Referring to Fig. 17(b), the EVD ratio
for test units PT12P, PT24P, and PT30Pwas estimated at 24.7 %, 24.9 %,
and 26.5 %, respectively. These results substantiate that at peak
response, in any of the three PT levels, the energy dissipation capacity of
the system was comparable to the amount of EVD that develops from the
hysteretic behavior of conventional reinforced concrete frame members
[40]; but significantly higher than currently used LiF systems [8,53] or
RC-precast rocking systems [6,31,32]. Research by Dinehart and Blasetti
[16], and others have reported energy dissipation values that are
significantly smaller that the values depicted in Fig. 17(a). For instance,
Dinehart and Blasetti [16] have reported energy dissipation values of
500–3000 joules or nearly 10–50 % of the values reported in Fig. 17(a).
Research by Krzan et al. [29] have estimated the equivalent damping
ratio and reported values for light framed wood shear walls in the range
of 5–30 %, but these values were reported at significant damage levels
with significant drop in the registered lateral load under subsequent
loading cycles. Using the reported values by Krzan et al., at the peak
lateral load, the reported equivalent damping ratios drop to 5–15 %
[29]. In comparison, larger amounts of energy dissipation and damping
ratios reported in Fig. 17 were not a direct consequence of damage from
the structural system, but, through the friction that develops at the
wall-base interface. This is a valuable outcome because an increase in
the equivalent viscous damping ratio without damage on LFRS, results
in an optimum seismic response by decreasing the lateral displacement
and force demands in seismic design of LFRS [15,21,39], while
achieving the added value to society of achieving a damage-free

response.

4.5.3. Damping reduction factor
Many design codes and research studies outline design methods

based on damping reduction factors [15,21,39]. Damping reduction
factors, also termed modification factors, are used in seismic design to
modify elastic response spectral values corresponding to a damping ratio
of 5 % to other damping levels in terms of the relation:

Sa(ξeq) =
Sa(5%)

B
(8)

In Eq. (8), Sa(ξeq) is the design spectral acceleration at the target
damping ratio or ξeq, Sa(5%) is the spectral ordinate obtained at a 5 %
damping ratio, and B is the damping reduction factor. As such, B reduces
the spectral acceleration from the 5 % damping ratio to the desired ξeq.

The expressions used to develop the Eurocode [15] and FEMA 440
[21] damping reduction factors are outlined in the work by Cardone
et al. [9]. The vertical lines depicted in Fig. 18 correspond to the
damping reduction factors calculated for the test units based on the
FEMA 440 relations [21], which were obtained according to:

B =
4

5.6 − ln(ξeq)
(9)

In Eq. (9), ξeq is the EVD ratio obtained per Eq. (7) in units of percent.
Table 2 presents a summary of relevant test results at peak response.
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It is clear the damping reduction factors, B, decreased from 1.72 to 1.60,
as the post-tensioning force decreased from test unit PT30P to PT12P.
This indicates that increasing the PT force directly led to a reduction of
seismic demands by nearly 7.5 %, while increasing the lateral load ca-
pacity by nearly 60 %.

5. Conclusions

This paper reported the results of an ongoing research project with
the objective of developing a new concept for the construction of
unbonded post-tensioned shear (UPTS) walls. Whereas in other UPTS
wall systems the wall-base interface is in the form of a flat surface, in the
proposed concept this interface is built in a circular profile. The aim of
constructing the wall-base interface in the shape of a circular profile is to
ensure the wall glides along its base without uplift. Results show that
ensuring this gliding motion without uplift is critical in the response of
the proposed pendulum UPTS walls, and ensures the system dissipates
high levels of energy through contract friction while behaving damage-
free. Other key findings are summarized as follows:

• The three test units were subjected to increasing drift limits at
4.16 %, 3.98 % and 3.55 % without any signs of damage. These
values are higher than the limiting ACI ITG-5.1 acceptance criteria of
3 % drift ratio.

• Ensuring a gliding motion without uplift results in a system that
responds in its elastic state, which eliminates the need for extra
nailing requirements at the end of wood shear walls or the need of
nailing replacement after an earthquake, or extra confinement
reinforcement in wall boundaries of RC walls.

• Increasing the applied PT force translated to an increase in the lateral
load capacity. For instance, increasing the PT force from 53.4 kN to
133.4 kN, resulted in an increase in the lateral load capacity from
24.42 kN to 38.97 kN, or 43.7 %, which indicates a noticeable effect
of the PT force on the lateral load capacity. Likewise, increasing the
applied PT force also translated in an increase in the energy dissi-
pation capacity of the system.

• Although no damage was observed or recorded during testing, the
estimated peak equivalent viscous damping ratio (EVD) of the three
tested walls was 24.7 %, 24.9 %, and 26.5 %, which is comparable to
the amount of EVD ratio that develops in conventional reinforced
concrete frame members. This is a significant improvement because
an increase in the EVD ratio translates in a reduction in the lateral
design demands.

Although this paper focuses on a proof of concept for a light frame
wood shear wall under increasing levels of post-tensioning force,
computational simulations have also shown that many of the promising
results observed in this research program can be extrapolated to other
systems such as RC precast pendulum UPTS walls. Such is the aim of
ongoing research on the testing of pendulum UPTS reinforced concrete
walls with different circular profiles and subjected to different PT forces.

Finally, preliminary computational analysis has also shown that
coupled wall systems comprising of dual pendulum UPTS walls can assist
in preserving the self-centering capabilities of the system. This condition
will be evaluated in future research using nonlinear time history ana-
lyses for systems subjected to ground motions.
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