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Abstract: Soft-story wood-frame buildings have been recognized as a disaster preparedness problem for decades. The majority of these
buildings were constructed from the 1920s to the 1960s and are prone to collapse during moderate to large earthquakes due to a characteristic
deficiency in strength and stiffness in their first story. In order to propose and validate retrofit methods for these at-risk buildings, a full-scale
four-story soft-story wood-frame building was constructed, retrofitted, and subjected to ground motions of various intensities. The tests were
conducted to validate retrofit guidelines proposed in a “Federal Emergency Management Agency’s recent soft-story seismic retrofit guideline
for wood buildings” and a performance-based seismic retrofit (PBSR) methodology developed as part of the NEES-Soft project. This paper is
the second in a set of companion papers and presents the full-scale shake table test results using the two new approaches. The companion
paper to this paper presents the design philosophies, design details, and numerical analysis of the retrofitted building for each of the four
retrofits. DOI: 10.1061/(ASCE)ST.1943-541X.0001206. © 2014 American Society of Civil Engineers.
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Introduction

A number of full-scale tests on light-frame wood (wood-frame)
buildings have been performed worldwide over the last several dec-
ades; however, none of the tests addressed the retrofit of soft-story
buildings predominantly found in the San Francisco Bay Area.
As part of the NEES–Soft project, a four-story soft-story wood-
frame building was constructed, retrofitted, and tested on the largest
shake table in the United States. A brief summary of the retrofit
design is provided in this paper and details of the building design
and numerical validations are presented in the companion paper
(Bahmani et al. 2014). The focus of this paper is the shake table

test results of the full-scale four-story wood-frame building with a
soft and weak first story. Testing was conducted during the summer
of 2013 at the NEES outdoor shake table at the University of
California San Diego (UCSD). The comprehensive test program
examined each of the four retrofits experimentally, namely,
(1) cross-laminated timber (CLT) rocking walls based on a retrofit
based on the FEMA P-807 (FEMA 2012) guidelines and a recent
City of San Francisco soft-story retrofit ordinance, (2) steel special
moment frames (SMFs) based on the FEMA P-807 retrofit guide-
line, (3) SMF and wood shear walls based on a performance-based
seismic retrofit (PBSR) method developed as part of the NEES-Soft
project (Bahmani et al. 2014), and (4) supplemental damper assem-
blies designed based on a PBSR methodology.

There were several major test objectives: (1) to experimentally
determine whether the FEMA P-807 guideline is effective and
should be recommended by the NEES-Soft project team for
use to the practicing earthquake engineering community, (2) to
determine whether the retrofits designed based on the PBSR
methodology allowed the building to meet its performance objec-
tives, (3) to provide a better understanding of the global behavior
of full-scale soft-story wood-frame buildings, and (4) to gain
better insight into the collapse limits of soft-story wood-frame
buildings with archaic building materials. The full data set is
archived on NEEShub and is available to the public at http://
www.nees.org in perpetuity.

Description of Test Structure

In order to investigate the performance of soft-story buildings sub-
jected to seismic ground motion, a four-story building with a soft
story at its first story was designed and constructed on the shake
table at the NEES-UCSD laboratory. Fig. 1 presents isometric views
of the building from four directions. The building represented a
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corner building with two adjacent buildings on the north and west
sides. The test building had four garage doors at the first story on its
south side and two windows, a storage, and an entrance door on its
east side. The upper stories each had two two-bedroom units with
bay windows on the south and east sides. The details of the plan and
elevation views of the building are presented in the companion pa-
per (Bahmani et al. 2014). It can be seen that the large openings due
to garage and storage doors reduce the available space for lateral
load resisting systems, i.e., shear walls, thus, the building is soft
and weak at the first floor.

As mentioned in the companion paper, the effectiveness of two
retrofit methodologies (i.e., FEMA P-807 and PBSR) were exam-
ined experimentally during four testing phases in the summer of
2013 at the outdoor shake table facility NEES-UCSD. Cross-lami-
nated timber and steel special moment frames were used to retrofit
the building in accordance with the FEMA P-807 ordinance, and
steel special moment frames, wood structural panels (WSPs), and
fluid viscous dampers (FVDs) were used to retrofit the building
using a PBSR methodology. The details of the retrofit design
and location of the retrofit elements are presented in the companion
paper (Bahmani et al. 2014) and Tian et al. (2014). The shake table
is a 7.6 × 12.2 m ð25 × 40 ftÞ uniaxial shake table with a maximum
gravity payload of 20,000 kN (4,496 kips); full details on the shake
table performance and capabilities can be found in Ozcelik
et al. (2008).

Phase 1 (P-807 CLT)

Cross-laminated timber is a new sustainable wood product that has
been used to build low- and mid-rise buildings in Europe and New
Zealand and is just gaining traction in North America (Karacabeyli
and Douglas 2013). These panels were used to retrofit the soft story
(i.e., first story) of the test specimen using the FEMA P-807 retrofit
procedures. Fig. 2(a) presents the location of CLT panels in the first
story (marked by “CLT”). A total of seven 0.61-m-long (2-ft-long)
panels were installed along the X- and Y-directions (three in the X-
direction and four in the Y-direction) in order to add the required
strength to the first story. The objective of the design was to limit
the first story drift to 4% and reduce torsion based on the method-
ology of the FEMA P-807 guidelines for as high a seismic intensity
as possible with only first-story retrofit, which in the case of the
CLT rocking walls was 0.9 g spectral acceleration. Design details
are presented in the companion paper (Bahmani et al. 2014).

Phase 2 (P-807 SMF)

For the second phase of testing, steel SMFs were used to retrofit the
soft story (i.e., first story). The required strength and stiffness of the
SMFs were again calculated based on the FEMA P-807 guideline,
but the SMF retrofit was capable of achieving the requirements at
1.1 g spectral acceleration. A single one-bay SMF was installed in
the X-direction (i.e., line D) and Y-direction (i.e., line 5) to

Fig. 1. Three-dimensional (3D) isometric views of the test building: (a) northwest view; (b) northeast view; (c) southwest view; (d) southeast view
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strengthen the first story and also reduce the torsional response of
the building. The locations of steel frames are presented in Fig. 2(b)
and are marked by “SMF.” The frames were installed such that they
did not interfere with garage parking space in the first story. The
wood structural panels on grid line A and grid line 1 were not in-
stalled in the test specimen. This was a construction oversight and
was discovered just prior to conducting the test. Numerical analysis
was performed to check if a delay was necessary and it was deter-
mined that the difference was negligible, i.e., less than 1% of the
in-line response of the building.

Phase 3 (PBSR SMF)

In the third phase of testing, the building was retrofitted using the
PBSR retrofit methodology developed as part of the project
(Bahmani et al. 2014). In this method, the required stiffness and
strength of the entire building are calculated using the perfor-
mance-based seismic design (PBSD) methodology and additional
stiffness and strength can be provided based on the desired retrofit
techniques. In this third phase of testing, steel SMFs and WSPs
were used to strengthen the building over the height and in the
plane of each story to satisfy the performance criteria both for trans-
lation and rotation responses. The objective was to first eliminate
torsion in the first story and then design the retrofit for a 2% story
drift associated with a 50% nonexceedance at the maximum con-
sidered earthquake (MCE), which was 1.8 g spectral acceleration
for a hypothetical site selected within the project. Continuous steel
rods [i.e., anchor tie down system (ATS)] that react at each story sill
plate were used to resist overturning and were installed at the ends
of each wood shear wall. This is somewhat typical for multistory
wood-frame buildings in high seismic regions of North America,
but one additional performance constraint was imposed: the steel

rods were sized such that elongation at ultimate demand during an
MCE was limited to 6.4 mm (1=4 in:).

Fig. 2(c) presents the location of the SMF and WSP at the first
story, marked “SMF” and “WSP,” respectively. A two-bay steel
SMF was installed along the X-direction (i.e., line D) and Y-
direction (i.e., line 5) and was appropriately connected to the floor
above to transfer the shear forces to the foundation. The connection
between steel frame and wood floor was designed such that the
shear force between these two elements could be transferred with-
out any slippage between or damage to either of the elements. Due
to the higher strength and stiffness of the steel moment frames than
the stiffness of the existing wood walls, the center of rigidity in the
first floor moved toward the SMF, which increased the eccentricity.
In order to reduce the eccentricity at the first floor, wood structural
panels were installed on the other side of the center of mass (CM) in
the first story [i.e., lines A and 1 in Fig. 2(c)] to offset the effect of
the SMFs on eccentricity.

The upper stories were retrofitted using WSPs. Fig. 3 presents
the location of the WSPs at the upper stories. The location and stiff-
ness of the WSPs were calculated such that the eccentricity at the
upper stories was practically eliminated (close to zero), similar to
the approach used for the first story. In general, the story shear
decreases in the stories further away from ground. In order to dis-
tribute the required strength and stiffness in this building to the
upper stories, different shear wall nail spacing was used in each
story. Specifically, the same WSP length and panel thickness
was used at each story (except on lines A and 3 at the fourth story),
i.e., stacking the walls similar to a modern engineered wood build-
ing, and closer nail spacing was used for the lower stories to obtain
higher strength and stiffness. ATS rods were used to transfer the
uplift forces induced at each shear wall to the foundation. Again,
for further details of the design and retrofit elements the interested
reader is referred to the companion paper (Bahmani et al. 2014).
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Phase 4 (PBSR FVD)

In the last phase of retrofit testing, damper assemblies consisting of
FVDs installed in toggle-braced frames were used to retrofit the
first story of the test building. The damper assemblies provided
a supplemental mechanism of dissipating seismically induced en-
ergy, thus reducing the energy dissipation demand on the lateral
force resisting system (i.e., shear walls) within the structure. Seven
dampers were installed along the X-direction and two dampers
were installed along the Y-direction [Fig. 2(d) for location of
damper assemblies in the first story]. The particular damper assem-
blies used in the testing were not specifically designed for this
project, and thus to simplify installation, no effort was made to
avoid placement in the garage door openings on the south wall line.
Alternate damper assemblies that would be better suited for imple-
mentation in soft stories are presented in Schott et al. (2014). The
damper assemblies were strategically distributed in the first story to
achieve a near-optimized structural behavior (Tian and Symans
2012). The upper stories were retrofitted with WSPs at selected
locations and with various wall lengths and nail patterns as pre-
sented in the Phase 3 discussion. In comparison to the WSP in
Phase 3, the WSP in the first story (along wall lines 1 and A)
was removed based on the PBSR for the FVD. Because the design
of the upper-story retrofits was conducted specifically for the

stiffening and strengthening type of retrofit utilized in Phase 3
(which was conducted prior to Phase 4 and thus was in place
for the Phase 4 testing), it does not necessarily represent an optimal
retrofit solution for Phase 4 wherein a supplemental damper retrofit
was incorporated. The details of the PBSR FVD retrofit design can
be found in Tian et al. (2014). The building was subjected to uni-
axial excitation along its longitudinal direction (i.e., X-direction)
because the shake table at the NEES at UCSD facility is uniaxial.

Instrumentation

The responses of the building to seismic excitation were recorded
by approximately 400 sensors that were installed in different loca-
tions throughout the building. Two accelerometers were installed at
every corner of each story and at the CM of each floor diaphragm to
record the acceleration in both the X- and Y-directions. Two arrays
of five accelerometers were installed at each of the two-bedroom
units to record the accelerations and eventually to compute dis-
placement (via numerical integration over time) of the diaphragm
during each seismic test. String potentiometers and linear potenti-
ometers were installed in different locations to record the displace-
ment of shear walls due to shear and uplift forces. Strain gauges
were installed on the steel special moment frame and ATS rods
to record the strains at different locations of the frames and elon-
gation on the ATS rods. Twenty-two load cells were installed
underneath the anchor bolts of the exterior and interior walls of
the first story to record the uplift forces at each anchor bolt. Fig. 4
presents typical locations of accelerometers and string potentiom-
eters within the first story and Table 1 presents the type, location,
and quantity of each sensor used in the tests.

Ground Motion Records

In order to verify the effectiveness of the retrofits under seismic
loading, the building was subjected to two different ground
motions. The 1989 Loma Prieta-Gilroy (component G03000) earth-
quake record and the 1992 Cape Mendocino-Rio (component
RIO360) earthquake record were selected and scaled to different
spectral accelerations for each phase of testing. Table 2 presents
the ground motions and their corresponding peak ground acceler-
ations (PGAs) and spectral accelerations for each phase of the test
program. Figs. 5(a and b) present the spectral acceleration for the
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two ground motions scaled to Sa ¼ 1.2 g and Sa ¼ 1.8 g, respec-
tively, and the acceleration time histories of the ground motions
scaled to the MCE level (i.e., Sa ¼ 1.8 g) are presented in Figs. 5
(c and d). For scaling the ground motions, 22 biaxial far-field earth-
quake ground motion records of FEMA P-695 (FEMA 2009) were
used. Each ground motion consisted of a pair of horizontal ground
motions in the X- and Y-directions. A square root of the sum of the
squares (SRSS) spectrum was constructed by taking the SRSS of
the 5%-damped response spectra of two components of each pair of
the horizontal ground motion components. Each pair of ground mo-
tions was scaled such that in the period range from 0.08 to 1.5 s, the
average of the SRSS spectra of all pairs of components did not fall

below the site design spectrum. This period range represented
0.2 times the period of the stiffest retrofitted building to 1.5 times
the period of the unretrofitted building based on the numerically
predicted periods. For generation of the design spectrum in the
San Francisco Bay Area, the spectral response acceleration at short
periods (Ss) and at a period of 1.0 s (S1) were 1.8 and 1.2 g,
respectively. The building was retrofitted in both the X- and Y-
directions to withstand biaxial ground motions and satisfy the
performance criteria (i.e., translational and torsional responses);
therefore, the biaxial ground motion scaling procedure consistent
with ASCE 7-10 (ASCE 2010) was used even though the shake
table was able to produce excitation in the X-direction only.

Table 1. Summary of Instrumentation for Each Testing Phase of NEES-Soft Project

Measurement Location Sensor type

Quantity for each phase

1 2 3 4

Absolute accelerationa Each floor Accelerometer 91 91 91 90
Anchor bolt force First floor Load cell 22 22 22 22
Floor displacementb Building exterior String potentiometer 8 8 8 8
In-plane diaphragm deformation Bedrooms String potentiometer 12 12 12 12
Shear wall diagonal deformation Selected shear wall String potentiometer 59 55 51 54
Shear wall slippage and uplift Selected shear wall Linear potentiometer 86 86 50 47
ATS hold-down strain ATS rods Strain gauge — — 60 60
Strain on threaded rods on CLT Threaded rods Strain gauge 32 — — —
CLT uplift and slippage CLT panels Linear potentiometer 8 — — —
SMF lateral deformation SMF frames Linear potentiometer — 2 2 —
Strain on SMF SMF column, beam, link Strain gauge — 32 95 —
SMF base rotation and uplift SMF base connection Linear potentiometer — — 5 —
FVD axial deformation Damper frame Linear potentiometer — — — 9
FVD frame diagonal deformation Damper frame String potentiometer — — — 9
FVD frame slippage/uplift Damper frame connection Linear potentiometer — — — 22
Total 318 308 396 333
aTwo-dimensional (2D) accelerometer at the corners and center of mass of each floor.
bDiagonal string potentiometers installed at west and north side of the building from base steel to each floor.

Table 2. Test Sequences and Global Response for Each Testing Phase

Phase Seismic testa Sa (g) PGA (g) Earthquakeb
Average peak interstory drift ratioc,d (%)

Normalized maximum story shear
(Ci ¼ Vi=W)e

Story 1 Story 2 Story 3 Story 4 Story 1 Story 2 Story 3 Story 4

P807 CLT 1 0.20 0.11 LP 0.20 0.06 0.07 0.04 0.11 0.10 0.07 0.03
2 0.20 0.10 RIO 0.24 0.09 0.08 0.04 0.13 0.11 0.08 0.03
3 0.90 0.49 LP 1.43 0.32 0.33 0.23 0.28 0.26 0.20 0.10
4 0.90 0.45 RIO 1.54 0.35 0.36 0.24 0.28 0.26 0.19 0.09

P807 SMF 5 0.24 0.13 LP 0.27 0.11 0.11 0.05 0.10 0.09 0.07 0.03
6 0.24 0.12 RIO 0.38 0.13 0.14 0.06 0.13 0.11 0.08 0.04
7 1.10 0.60 LP 1.95 0.40 0.42 0.27 0.30 0.27 0.23 0.12
8 1.10 0.55 RIO 1.66 0.46 0.47 0.27 0.31 0.29 0.22 0.11

PBSR SMF 9 0.20 0.11 LP 0.14 0.12 0.11 0.04 0.14 0.12 0.09 0.04
10 1.20 0.65 LP 1.05 0.99 1.07 0.25 0.54 0.52 0.44 0.22
11 1.20 0.60 RIO 0.97 1.38 1.48 0.25 0.54 0.56 0.47 0.24
12 1.80 0.90 RIO 1.05 1.83 2.26 0.43 0.54 0.63 0.54 0.29
13 1.80 0.98 LP 1.35 1.55 1.94 0.40 0.60 0.54 0.48 0.27

PBSR FVD 14 0.50 0.27 LP 0.23 0.34 0.50 0.08 0.14 0.12 0.12 0.06
15 1.20 0.65 LP 0.67 0.77 1.11 0.19 0.32 0.25 0.26 0.17
16 1.20 0.60 RIO 0.52 1.03 1.44 0.28 0.25 0.29 0.32 0.19
17 1.80 0.98 LP 1.07 1.11 1.60 0.37 0.44 0.35 0.41 0.26
18 1.80 0.90 RIO 1.07 1.11 1.60 0.37 0.36 0.41 0.44 0.27

aOnly seismic test numbers are shown; white noise tests of 0.05 g RMS were conducted between all tests and/or repairs (Fig. 6).
bLP and RIO refer to Loma Prieta-Gilroy and Cape Mendocino-Rio earthquake ground motions, respectively.
cAverage of drifts recorded at four corners of the building at each story.
dEffective height of 2,438 mm (96 in.) was used in calculating interstory drift ratios.
eTotal weight of the building above the base steel, W ¼ 467 kN (105 kips); Vi is the story shear.
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Fundamental Period and Repair

In order to obtain the natural frequencies of the test building prior to
and after each seismic test a white noise test with an RMS accel-
eration amplitude of 0.05 g was conducted. Generally, after each
seismic test the fundamental period of the building increased
due to structural and nonstructural damage. Following repairs to
the first story of the building, the fundamental period of the build-
ing decreased to approach the initial fundamental period of the test
building at the undamaged state. Fig. 6 presents the fundamental
period of the building tracked during all four testing phases.
The fundamental period of the building without any retrofit (i.e., the
original condition) was approximately 1.0 s. The initial fundamen-
tal period of the building before Phases 1 and 2 was 0.58 s and
before Phases 3 and 4 was 0.41 and 0.55 s, respectively. During
Phases 3 and 4, the building was subjected to MCE-level
earthquakes with spectral acceleration of 1.8 g that ultimately

increased the overall fundamental period of the building even after
repairing the building. This most likely occurred as the horizontal
wood siding (HWS), which was fastened with two nails forming a
moment couple, racked, and loosened slightly during strong
shakes. During each repair and damage inspection, additional
drywall screws were added to the drywall with loose connectors
and withdrawn nails in HWSs and WSPs were replaced. Some dry-
walls were also replaced due to observation of shear cracks and
significant lack of transferring shear force.

Global Responses

As mentioned previously, the four-story test building was retro-
fitted using four different retrofit techniques and was subjected
to Loma Prieta-Gilroy and Cape Mendocino-Rio ground
motions.
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Peak Interstory Drifts

The maximum interstory drifts (ISDs) in the X-direction (i.e., par-
allel to the direction of shake table motion) were obtained by taking
the average of the accelerations recorded at the corner of each
story. The average acceleration was integrated twice with respect
to time to obtain absolute displacements. The average peak inter-
story drift ratios for all the seismic tests are presented in Table 2.
Fig. 7 presents the average peak interstory drifts over the height of
the building. The proper interpretation of the results in Table 2 and
Fig. 7, as well as results that are presented in subsequent tables and
figures, requires recognition that the seismic intensity for the PBSR
retrofits was considerably larger than those for the FEMA P-807
retrofits (see spectral acceleration column Table 2 and the spectral
acceleration values at the bottom of Fig. 7). It can be seen from
the bar chart that the peak interstory drift occurs at the first story
for the first two testing phases (the only story that was retrofitted
per the FEMA P-807 guidelines). This is typical of a soft-story
building response where the upper stories behave essentially as
a rigid body and thus experience little damage. No structural or
nonstructural damage was found in the upper stories during these
first two phases with exception of minor hairline cracks near door
and window corners on the second level. However, in Phases 3 and
4 in which a PBSR methodology was used to retrofit the building,
all stories (except the fourth story) experienced interstory drifts of
greater than approximately 25 mm (approximately 1 in.), empha-
sizing the fact that in the PBSR methodology the entire building
should be designed such that all the stories would experience
approximately the same interstory drifts. By distributing seismic
demand over the height of the building, the building can resist
ground excitations with much higher intensities. The basic idea
is similar to fundamental inelastic earthquake engineering concepts
(Chopra 2005) in which the objective is to distribute the seismic
demand evenly throughout all the stories rather than have it con-
centrated in one story. Strengthening the building and increasing its

stiffness decreases the natural period of the building resulting in
higher spectral accelerations and correspondingly higher seismic
forces at the foundation.

Building Displacement Profile

Fig. 8 presents the displacement profile of the test building for each
phase of testing when the maximum displacement relative to the
ground occurs at the roof level. Peak interstory drift of single stories
does not necessarily occur when the roof is at its peak displace-
ment, i.e., this would only occur in a first mode response. This
was particularly noticeable during Phases 3 and 4 when a higher
mode response was observed. It can be seen from Figs. 8(a and b)
that the first story experienced the maximum interstory drift among
all stories for the retrofits designed in accordance with the FEMA
P-807 guidelines; the interstory drifts of the first story were kept
less than the drift limit defined by the FEMA P-807 document
(Bahmani et al. 2014).

Figs. 8(c and d) present the displacement profile of the build-
ing for Phases 3 and 4, respectively. It can be seen that all stories
(except the fourth story) experienced interstory drifts such that
the profile of the building is closer to a straight line (i.e., one of
the basic assumptions in the PBSR methodology is that the sto-
ries are designed to achieve approximately the same peak drifts).
However, the fourth story experienced lower ISD because the
stiffness of the existing building at the fourth story was very
close to the stiffness required according to the PBSR method.
Namely, the fourth story was strengthened with WSPs that were
needed to reduce the eccentricity in this story. Fig. 8(c) shows
the profile of the building retrofitted with SMF and WSP sub-
jected to the Loma Prieta and Cape Mendocino ground motions
scaled to spectral accelerations ranging from Sa ¼ 0.2 to 1.8 g.
The maximum displacement of the roof occurred when the
building was subjected to the Cape Mendocino ground motion
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scaled to the MCE level. The maximum roof displacement
relative to the ground was approximately 130 mm (approxi-
mately 5 in.).

Fig. 8(d) presents the profile of the building retrofitted with
supplemental damper assemblies (i.e., FVD frame) in the first
story and WSP in the upper stories. The building was
subjected to ground motions scaled to spectral accelerations
ranging from 0.5 to 1.8 g. The maximum roof displacement
was approximately 110 mm (approximately 4.4 in.)
under the Cape Mendocino ground motion scaled to the
MCE level.

Global Hysteresis

The inertial force at each floor diaphragm was calculated by apply-
ing Newton’s second law by using the spatial average of the
acceleration time histories recorded at each corner of stories and
the mass associated with each story. The shear force at each story
was then calculated for all seismic tests. Table 2 presents the maxi-
mum story shear normalized by the weight of the building
(W ¼ 467 kN ¼ 105 kips) for each seismic test. It can be seen that
the maximum base shear coefficient, C ¼ VStory=W, was 0.60,
which occurred during the last test of Phase 3 (Test 13). Fig. 9
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presents the roof displacement versus the shear force at the base of
the building (i.e., base shear) for the case of the Loma Prieta ground
motion scaled to the maximum spectral acceleration for each test
phase (i.e., Sa ¼ 0.9 g for Phase 1, Sa ¼ 1.1 g for Phase 2, and
Sa ¼ 1.8 g for Phases 3 and 4). It can be seen that the global hys-
teresis curves are smoother for the first two phases wherein the
FEMA P-807 methodology was used to retrofit the building (the
PBSR retrofits, Phases 3 and 4, are not as smooth). This behavior
was expected because the FEMA P-807 retrofit tends to concentrate
deformational response in the first (soft) story, thereby limiting the
contribution of higher modes. However, as discussed previously,
for the PBSR retrofit cases the higher modes had more effect on
the response of the building, resulting in more complex global hys-
teretic behavior. The response of the building to the Loma Prieta
ground motion is presented herein because this ground motion pro-
duced the highest base shears for all phases except Phase 2 (the
base shear coefficient was 0.31 for Cape Mendocino and 0.30
for Loma Prieta in Phase 2).

Time-History Response

The responses to the Cape Mendocino-Rio record produced the
maximum displacement profile of the building for all phases except
Phase 2 (the displacement profiles for Tests 7 and 8 were close, but
the response to Cape Mendocino was selected to be consistent in
evaluating the results).

FEMA P-807 Retrofit
Figs. 10 and 11 present the translational response (interstory drift
time histories) of the first and third stories of the building in both the
X- and Y-directions for Phases 1 and 2, respectively. Figs. 10(a and b)
and 11(a and b) present the average translational responses in the
X-direction (i.e., parallel to the motion of the shake table) during
Cape Mendocino-Rio ground motion scaled to Sa ¼ 0.9 g for
the building retrofitted with CLT panels and Sa ¼ 1.1 g for the
building retrofitted with SMF, respectively. It can be seen that
the interstory drift recorded at the first story is approximately four
times the interstory drift recorded at the third story. Thus, the first
story is still soft even though it has been retrofitted, the result being
more damage in the first story than in the upper stories (the upper
stories only had hairline cracks in the drywall). Figs. 10(c and d)
and 11(c and d) present the average translational response of the
first and third stories in the Y-direction (perpendicular to the direc-
tion of shake table motion). It can be seen that the response of the
building in this direction was very small, thereby demonstrating
that torsion response had been effectively eliminated.

PBSR Retrofit
Figs. 12 and 13 present the translational time-history responses of
the first and third stories of the building in both the X- and Y-
directions for Phases 3 and 4, respectively. Figs. 12(a and b) and
13(a and b) present the average translational responses in the
X-direction during the Cape Mendocino-Rio ground motion scaled
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to Sa ¼ 1.8 g for the building retrofitted with steel SMFsþWSPs
and FVDsþWSP, respectively. It can be seen that the interstory
drift recorded at the first story is approximately 25 mm (1 in.) and
the peak interstory drift occurred at the third story. Figs. 12(c and d)
and 13(c and d) present the average translational response of the
first and third stories in the Y-direction. The peak response of
the building perpendicular to the motion of the shake table was
approximately 5 and 10% of the peak response in the X-direction
for Phases 3 and 4 testing, respectively. Again, this shows that the
torsional response of the building was essentially eliminated in
these test phases.

Torsional Response

As mentioned previously, soft-story buildings can be soft in both
translation and torsion. The four-story test building was not only
soft in both translational directions, but also had a very low tor-
sional stiffness due to high stiffness irregularity in the first story
(e.g., location of garage doors, window openings). Both the
FEMA P-807 guideline and PBSR retrofit methodology, dis-
cussed in this paper and the companion paper, are intended to
eliminate torsional response of buildings by reducing eccen-
tricities. The torsional responses of the test building at the roof
level when subjected to the Cape Mendocino-Rio ground motion
are shown in Fig. 14 for all phases. It can be seen that the
rotational response of the building at roof level relative to the
ground was 0.002 rad (0.11°) for the first two phases (FEMA

P-807 retrofit) and 0.004 and 0.003 rad (0.23 and 0.17°) for
Phases 3 and 4, respectively. Recall that the seismic intensity lev-
els varied from Phase 1 to Phase 4.

Retrofit Component Response

The retrofit elements (e.g., CLT rocking walls, SMF, WSP, FVD)
were monitored during each seismic test to ensure that they were
engaging and to quantify their response to ground excitation for
comparison and calibration with numerical models. Two retrofit
elements were selected from the PBSR retrofits (Phase 3 and 4
tests) for presentation in this paper. Fig. 15 presents the plan view
of the first story with the locations of the retrofit elements. The
selected retrofit elements are circled with dashed lines. The dis-
placement time-history responses of the SMF located at line D
[Fig. 15(a)] were obtained using the accelerometers installed above
the steel frame, then the displacement was applied as input to the
bilinear spring model used in the design to obtain the lateral
resisting force developed by the SMF. The same basic procedure
was used to obtain the force in the damper frame (i.e., FVD) in line
E except the displacement was obtained from a string potentiom-
eter attached to the damper framing assembly and the displacement
was applied as input to the viscous damper model used in the de-
sign to obtain the lateral resisting force developed by the damper
framing assembly. Figs. 16 and 17 present the hysteresis curve
(lateral force versus lateral displacement) and horizontal force
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time-history responses of the selected SMF and damper assembly
(i.e., FVD), respectively. The maximum lateral force occurred at
the maximum lateral displacement for the SMF frame because
the force and displacement were in phase, whereas the maximum
lateral force of the damper assembly occurs at approximately zero
displacement, which is due to the rate-dependent feature of FVDs
(the generated force is proportional to the velocity).

Uplift Forces

As mentioned previously, ATS rods were installed adjacent to the
end posts of each WSP for the PBSR retrofits to transfer the uplift
forces at the end of shear walls down to the foundation (i.e., shake
table). The location of the ATS rods at the first story and upper
stories are shown in Fig. 18. A total of eight continuous ATS rods
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were installed in the test building. The required cross-sectional area
of the rods was determined based on the maximum allowable uplift
displacement in the rods and shear forces at each story. Details of
the installation of ATS rods and cross-sectional areas for each rod
are provided in the companion paper (Bahmani et al. 2014). The
ATS rods are ideally located such that they do not interfere with
garage parking spaces and the architectural aspects of the building.
This was one of the most important factors in locating the WSPs for
the upper stories.

Table 3 presents the maximum uplift force that occurred in the
ATS rods when the test building was subjected to the Cape
Mendocino-Rio ground motion at the MCE level. This record
is presented herein because it resulted in the largest forces
experienced by the rods during the entire test program. In Phase
3 (i.e., PBSR SMF), it can be seen that ATS-1 and ATS-2, which
are located at the north side of the building, experienced the
highest uplift force because the WSPs were parallel to the motion
of the shake table and also had to resist to additional lateral force
due to the torsional response of the building. The ATS rods
installed at the end posts of WSP-D (ATS-5 and ATS-6)
experienced the second largest uplift force because the WSP
located at line D was also parallel to the motion of the shake
table.

In the fourth phase of testing (i.e., PBSR FVD), the maximum
uplift force occurred in ATS-3 and ATS-4, which were installed at
the WSP-3R perpendicular to the direction of motion of the shake
table. This was due to the fact that the response of the WSP to the
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Fig. 17. Response of damper framing assembly (i.e., FVD) located at southeast corner of first story in the X-direction for building subjected to Cape
Mendocino-Rio ground motion at MCE level: (a) hysteresis curve; (b) force time-history response
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Fig. 18. Location of ATS rods: (a) first story; (b) upper stories

Table 3. Maximum Uplift Forces during Cape Mendocino-Rio Ground
Motion Scaled to Sa ¼ 1.8 g

Phase
Story
number

ATS uplift force (kN)a

WSP-A WSP-3R WSP-D WSP-3

ATS-1 ATS-2 ATS-3 ATS-4 ATS-5 ATS-6 ATS-7 ATS-8

PBSR
SMF

4 16.1 14.7 2.4 4.3 11.5 9.4 1.8 1.1
3 31.5 26.6 3.9 4.8 26.1 31.5 1.3 3.8
2 52.8 62.6 7.9 12.1 53.8 38.1 7.3 7.8
1 85.5 99.4 7.9 11.0 —b —b 4.3 3.7

PBSR
FVD

4 1.9 0.7 8.1 33.7 2.6 2.7 7.2 2.7
3 1.3 1.7 56.6 59.9 5.6 3.6 21.2 20.7
2 1.9 2.8 73.8 90.4 12.3 13.6 31.8 33.3
1 55.2 67.9 6.8 6.7 —b —b 0.0 0.0

a1 kip ¼ 4.448 kN.
bATS-5 and ATS-6 were attached to the steel frame in the first story to avoid
interference with the garage space.

© ASCE E4014004-12 J. Struct. Eng.

 J. Struct. Eng., 2016, 142(4): E4014004 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
W

is
co

ns
in

-M
ad

is
on

 o
n 

10
/0

3/
17

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



lateral load induced by ground excitation is likely out of phase with
the response of the damper frame (i.e., FVDs); therefore, the WSPs
had to carry almost all the lateral force at the maximum lateral dis-
placement of the building at the point in time the dampers were
carrying almost zero force (due to zero velocity at maximum dis-
placement). This fact is also true for resisting torsional moments.
Because WSP-3R had to resist against lateral force and torsional
moment, the ATS rods associated with the shear wall (i.e., ATS-3
and ATS-4) experienced largest uplift force. The second highest
uplift forces were recorded at the ATS rods located at the end posts
of WSP-A.

Damage Inspection

A thorough damage inspection was conducted after each seismic
test to evaluate what, if any, structural and nonstructural damage
occurred during each test. Fig. 19 presents photos of typical dam-
age that occurred during Phases 2 and 3. These two phases were
selected because in both of them the SMF was used to retrofit the
building but one design was based on FEMA P-807 and the other
was based on the PBSR methodology. Figs. 19(a and b) show dam-
age that occurred during the Loma Prieta ground motion for the
walls in the X-direction at the first story and the second story,
respectively. Significant damage can be seen at the first story
(laundry room) but only a very small crack (hairline) was observed
next to the corner of a window at the second story. This confirms
that for the FEMA P-807 retrofit methodology, the first story is
expected to experience significant damage while the upper stories
do not experience significant damage because of their box-like
rigid-body behavior during excitation.

As mentioned previously, for the PBSR methodology it is ex-
pected that all stories will experience similar drifts. Figs. 19(c and d)
present damage that occurred in the first story (laundry room) and
in the third story, respectively, during the last two MCE-level tests.

Diagonal cracks on the drywall at the corner of the window of the
laundry room and cracks in WSPs and partial nail withdrawal were
observed after the building was subjected to MCE-level ground
motions. However, it is important to recall that the level of shaking
for the PBSR test results shown in these pictures is at the MCE level,
while the FEMA P-807 results shown previously are at 1.1 g,
i.e., slightly less than the design basis earthquake (DBE) level.

Summary and Conclusions

A full-scale four-story wood-frame building with a soft story at its
first floor was retrofitted using two different retrofit methodologies
and four different retrofit techniques. FEMA P-807 and PBSR
methodologies were used to design the retrofits. CLT rocking walls,
steel SMFs, WSPs, and FVDs were used as retrofit techniques. The
building was subjected to the Loma Prieta-Gilroy and Cape
Mendocino-Rio earthquake records scaled to spectral accelerations
ranging from 0.2 to 1.8 g. The observed behavior of the retrofitted
building was close to the design criteria for each test. In the FEMA
P-807-based retrofits, the maximum interstory drift was observed at
the first story and much less damage was transferred to the upper
stories, whereas in the PBSR retrofits, damage was distributed over
the height of the building, which helped the building resist ground
excitations with much higher intensities by distributing seismic
demand over the height of the building. The translational response
of the building at each story was close to the target performance
criteria used in the design for both FEMA P-807 and PBSR retrofit
procedures. The torsional response of the building was minor as
compared with the translational response, which confirms that
the building was retrofitted such that the eccentricities at the stories
were small following retrofits. It can be concluded that (1) a retrofit
in accordance with the FEMA P-807 guidelines (retrofit limited to
the first story) is suitable for achieving a life safety performance
level during strong earthquakes when retrofit of all story levels is

Fig. 19. Typical damage observed in (a) P-807 SMF retrofits at first story; (b) P-807 SMF retrofits at second story; (c) PBSR SMF at the first story;
(d) PBSR SMF at the third story
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not possible due to one or more constraints, and (2) the PBSRmeth-
odology can be applied to soft-story wood-frame buildings and
promotes a relatively uniform distribution of seismic demand over
the height of the structure, thereby allowing the building to resist
very large earthquakes with a very low probability of collapse.
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