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Abstract

The objectives of this study were to evaluate the performance of wood-frame shear walls under monotonic, cyclic, and
earthquake loads by: 1) comparing performance under each loading protocol; 2) evaluating effects of anchorage; and 3) eval-
uating performance qualitatively and quantitatively with respect to code-defined performance measures. Tests were conducted
on 2440 by 2440 mm walls with 38 by 89 mm (2 by 4) Douglas-fir studs at 610 mm on center. Each wall was sheathed with two
1220 by 2440 by 11.1 mm oriented strandboard (OSB) panels and two 12.7 mm gypsum wallboard (GWB) panels installed
vertically on the face opposite the structural panel sheathing. Eight walls were tested using two historical subduction zone
ground motions scaled to a 10 percent in 50 year probability of exceedance for Seattle, with a 4545 kg seismic mass. Two
partially anchored and two fully anchored walls were tested using each earthquake time history. Earthquake tests exhibited
lower peak strength and initial stiffness than similar walls tested monotonically. Various ground motions produced similarly
shaped asymmetrical load-deflection envelopes. Fully anchored walls exhibited a limit state with severe pinching in the hys-
teresis curve beyond which performance variability increased dramatically. Maximum transient drift for six of eight tests
exceeded the 3.0 percent drift limit for collapse prevention performance in ASCE 41. Maximum drift was similar between
fully and partially anchored walls.

The U.S. Census Bureau (2004a) estimated that $538 bil-
lion of new housing would be constructed in the United States
in 2004. A large percentage of the 1.3 to 1.5 million homes
built annually (U.S. Census Bureau 2004b) is wood-frame
construction. Typically, wood- frame construction has been
thought to perform well in earthquakes, but an estimated
$10 billion of damage to residential structures caused during
the 1994 Northridge earthquake (EERI 1996) stirred a re-
newed interest in improving wood-frame construction codes
and methods. Projects such as the CUREE-Caltech Wood-
frame project (Seible et al. 1999) were launched to further un-
derstand behavior during earthquakes.

The San Andreas Fault, which runs most of the length of
California, is commonly recognized as a highly active seismic
zone. Since the 1994 Northridge earthquake, much energy
has been focused on understanding and correcting problems
caused by earthquakes in the area surrounding the San Andreas
Fault. The Pacific Northwest has traditionally been consid-
ered an area of relatively low seismic risk. In the 1980s, how-
ever, it was discovered that the Cascadia subduction zone
between southern Oregon and Vancouver, British Columbia

has the potential to generate very large magnitude earth-
quakes (Atwater 1987). This seismic hazard is caused by
the action of the Pacific Plate and smaller Gorda, Juan de
Fuca, and Explorer Plates subducting below the North Amer-
ican Plate.

In North America, subduction zone faults tend to build
strain energy over very long periods of time and the earth-
quakes tend to be less frequent, but are often larger magnitude
and longer duration than for strike slip faults. Similar types of
faults in Alaska and Chile have generated earthquakes with
magnitudes between 8.0 and 9.0 on the Richter scale. Despite
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the damage potential that these types of faults pose, very little
research for wood-frame shear walls has focused on subduc-
tion zone earthquakes. This project examines the performance
of wood shear walls under both subduction zone and strike-
slip earthquakes.

Literature review
Several studies have used shake table testing to analyze the

performance of wood shear walls. Falk and Itani (1987) mea-
sured the natural period and damping of 2.44 by 7.32 m per-
forated shear walls. Dean et al. (1988) analyzed several walls
subjected to sinusoidal vibration and 1940 El Centro shake
table tests. They observed an increase in strength and stiffness
of walls tested dynamically over walls tested statically. Pri-
mary failure modes observed were nail pull out from framing
members or nails pulling through the plywood. Dolan (1989)
analyzed walls subjected to the 1952 Kern County and 1971
San Fernando earthquakes to verify the accuracy of a numer-
ical model. Several sheathing-nailing combinations were sub-
jected to various amplitudes of each earthquake. Filiatrault
and Foschi (1991) compared the performance of walls con-
structed with nails and construction adhesive to convention-
ally nailed walls. They loaded walls with 1971 San Fernando,
1940 El Centro, and 1977 Romania earthquake time histories
and static pushover tests and found the walls behaved almost
elastically to failure and experienced almost no damage under
moderate level events. Kamiya et al. (1996) tested plywood
and gypsum shear walls subjected to 1940 El Centro and 1952
Taft pseudo-dynamic shake table tests. They concluded the
gypsum board shear walls failed even with a seismic mass
allowed by then current design shear values in Japan. Kawai
(1998) performed pseudo-dynamic tests on various shear
walls using the 1995 Kobe earthquake to compare actual per-
formance with bilinear hysteresis models. Yamaguchi and
Minowa (1998) compared shake table tests of perforated shear
walls under a Kobe type earthquake to static tests. Common
failure modes they observed were nail pullout from the fram-
ing and nail pull-through in the sheathing. They also found the
shake table tests showed an ultimate strength 14 percent
greater than quasi-static tests, but only about 50 percent of
the displacement at peak load. Karacabeyli and Ceccotti
(1998) performed several different pseudo-dynamic tests us-
ing various earthquake time histories and compared the
results to several cyclic test protocols. They found that on av-
erage the maximum load-carrying capacity of walls tested
pseudo-dynamically was 15 percent greater than for walls
tested using cyclic protocols. Failure modes observed were
nail pull through, nail withdrawal from the framing, nail edge
tear out, and occasionally nail fatigue. Yamaguchi et al.
(2000) compared the results of an El Centro shake table test
to monotonic, cyclic, and pseudo-dynamic tests at various
loading rates. They found the maximum strength of the wall
tested dynamically was approximately 125 percent of the
value from the pseudo-dynamic test. Results of the slow cy-
clic test were similar to the pseudo-dynamic test, however, the
fast cyclic test was similar to the shake table test. Duram et al.
(2001) tested 12 walls with oversized (2.44 by 2.44 m) and
conventional (1.22 by 2.44 m) oriented strandboard (OSB)
panels. They compared results of shake table tests with the
1992 Landers earthquake time history to monotonic and
cyclic tests. They found walls sheathed with oversized OSB
panels were stiffer and thus experienced lower drift than

conventionally sheathed walls. Ceccotti and Karacabeyli
(2002) conducted a shake table test of a two-story shear wall
system to compare with design values from the Canadian
design code. They found the actual period of the structure
was much longer than estimated by the code equation.

A limitation of the research just discussed to this project is
that all of the studies investigated earthquakes from crustal
strike-slip fault mechanisms. Duration, magnitude, and fre-
quency of subduction zone earthquakes may cause a different
structural response than crustal earthquakes. Secondly, al-
though limited monotonic and cyclic testing has been done
on prescriptive walls (without hold-downs) (see discussion
in Seaders 2004), all of the dynamic testing has been on engi-
neered shear walls (with hold-downs). Since residential con-
struction is often designed according to prescriptive codes
such as the International Residential Code (IRC) (ICC
2006a), there is a need to quantify the performance of these
structures under actual loading conditions.

In recent years there has been some controversy over
whether design values based on monotonic testing should
be reduced, as the City of Los Angeles/ UC Irvine shear wall
test program (CoLA/UCI 2001) recommended a reduction in
allowable unit shear values. Similarly, Dinehart and Shenton
(1998) recommended a 25-percent reduction in allowable unit
shears based on monotonic tests due to a reduction in load
between the first and fourth cycles of repeated cycles with
equal peak displacement, observed using the sequential phased
displacement (SPD) cyclic protocol (SEAOSC 1996). CUREE
design recommendations (Cobeen et al. 2004), however, con-
tradicted the City of Los Angeles/ UC Irvine report and the
research by Dinehart and Shenton (1998), stating there is
no evidence to support a reduction in design loads at this time.
Research results in this paper hope to contribute to this ques-
tion by comparing shake table testing presented in this paper
to monotonic and cyclic testing conducted in another portion
of this project (Seaders 2004).

Objectives

This paper presents a portion of a two-phase project to in-
vestigate the performance of walls under monotonic, cyclic,
and earthquake loading protocols. Overall objectives are:

1. To understand the behavior (load-deflection response,
strength, failure mode, ductility, and energy dissipa-
tion characteristics) of shear walls under various dy-
namic loadings: a) subduction zone, long duration
earthquakes from Oregon/Washington and b) earth-
quakes from specific sites in California.

2. To compare the behavior of shear walls under stan-
dard static (ASTM E564) and cyclic (CUREE) test
protocols to the behavior of walls subject to various
actual earthquake records.

Phase I of the research included monotonic and cyclic test-
ing and preliminary subduction zone earthquake testing.
Phase II included additional earthquake testing.

This paper presents the results of earthquake testing con-
ducted in Phase I of the project. Specific objectives for this
paper are to:

1. Compare the performance of walls under earthquake
tests to results obtained under monotonic and cyclic
loading protocols,
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2. Evaluate the effects of anchorage on wall perfor-
mance, and

3. Evaluate the performance of the walls qualitatively
and quantitatively with respect to code-defined per-
formance measures.

Materials and methods

Load frame and test equipment

All of the tests were conducted in the Department of Wood
Science and Engineering at Oregon State University.

The loading frame used for earthquake testing is shown in
Figure 1. The bottom rail was a 102 by 152 by 10 mm steel
beam providing a moveable foundation for the wall. The
beam was supported on pin joints connected to linear bear-
ings at both ends. Linear bearings traveled on 51 mm steel
shafts mounted to the strong floor. This ensured the founda-
tion moves with a minimal amount of friction and without
internal stresses due to flexure in the foundation beam. A
44.5 kN servo controlled hydraulic actuator with 153 mm
total stroke was attached to the foundation beam with a 90.0
kN dynamically rated load cell in-line.

Inertial mass was placed on a cart and coupled to the wall by
means of a lever assembly. Two 25.4 by 914 by 914 mm steel
plates fastened to a four-wheeled cart provided the mass. A
laterally braced tower supported a 102 by 152 by 10 mm steel
beam acting as a vertical moment arm to couple the mass cart
and a steel channel (top rail) attached to the top of the wall.
The moment arm had two alternate pivot points for attachment
to the support tower. A 51-mm shaft and bearing attached at the
midpoint or quarter point of the moment arm, allowing either
a 1:1 or a 1:9 equivalent mass ratio at the top of the wall. Hor-
izontal struts connected the mass cart and top rail to the moment
arm. The total equivalent inertial mass applied to the top of
the wall was 4545 kg, which represents the tributary mass
on a 2440 mm wide brace panel in a one-story house.

A second 55.6 kN rated load cell was mounted in-line be-
tween the top rail and the horizontal strut at the top of the wall.
Absolute position of the top of the wall was measured with
a string potentiometer mounted between the strong wall and
top rail. Linear variable differential transformers (LVDTs)
were mounted between the end stud and foundation beam

and between the end stud and top rail on one side of the wall
only. These provided measurements of separation between
the top plate and sill plate. LVDTs were only mounted on
one side to ensure a data sampling rate high enough to capture
the dynamic characteristics of the response.

A Wavetek Datron Model 302 2-channel arbitrary waveform
generator supplied the earthquake forcing function used to
drive the hydraulic actuator. Data were collected using a Dell
Optiplex GX270 personal computer with a Pentium 4 2.4 GHz
Intel Processor running National Instruments LabView 6.1.

Wall specimens

Wall specimens were designed based on the 2000 IRC (ICC
2006a) prescribed brace panel construction. Test specimens
were identical to those in previous monotonic and cyclic
testing in Phase I of this project (Seaders 2004). All of the
specimens were 2440 by 2440 mm sections with 38 by 89
mm studs at 610 mm on center. Two 32/16 APA rated 1220
by 2440 by 11.1 mm structural OSB panels were installed
vertically and fastened with 8d nails (2.87 by 60.33 mm) at
152 mm on center around the edges of the panels and at 305
mm in the panel fields. On the opposite side of the wall, two
1220 by 2440 by 12.7 mm panels were installed vertically
and fastened to the framing with 41 mm long #6 rough bugle
drywall screws at 305 mm on center on the edges and in the
fields of the panels.

Earthquake time histories

Selection. — Earthquake time histories were selected
based on several factors. A goal was to evaluate response
to earthquakes in the Pacific Northwest area affected by
the Cascadia subduction zone. As a result, records were se-
lected to represent long duration, high amplitude ground
motions generated by subduction zone interface and intraplate
fault mechanisms.

The Structural Engineers Association of California
(SEAOC), Applied Technology Council (ATC), and Califor-
nia Universities for Research in Earthquake Engineering
(CUREE) conducted the SAC Steel Project to address prob-
lems with welded, steel moment-frame connections in the
1994 Northridge earthquake (Somerville et al. 1997). One
task developed suites of acceleration-time history records
for Boston, Los Angeles, and Seattle. Ten records with fault
normal and fault parallel orientations were developed at both
the 10 percent probability of exceedance in 50 years (474-year
recurrence) level and at the 2 percent probability of exceed-
ance in 50 years level (2,475-year recurrence) for each of the
locations. Based on our objectives and equipment, records for
Seattle with 10 percent probability of exceedance in 50 years
were selected for acceleration-time histories.

Two fault normal acceleration-time histories were selected.
Characteristics of the records are shown in Table 1. An
important consideration is to select records covering a range
of frequencies. Two records scaled to the same level may
cause very different responses based on the elastic energy
demand characteristics over a range of periods. As seen in
the response spectra in Figure 2 for the selected earthquakes,
elastic energy demands for medium and longer periods are
high compared to shorter periods. This study was limited to
two earthquakes, and thus it was not possible to select re-
cords covering the full period range. In the next project

Figure 1. — Dynamic testing frame with locations of
transducers shown.
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phase, however, a larger number of earthquake records will
be included with higher elastic energy demand in the lower
range of periods.

Scaling. — Records used in the SAC steel project were
scaled from original ground motions to match a design spec-
trum at periods of interest for steel structures. Because steel
structures typically have a longer period than low-rise wood-
frame structures, the records were rescaled.

Based on the assumption that most
wood-frame buildings are approxi-
mately 3 to 9 m tall, and using the
empirical equation for estimating
period (Eq. [1]), a range of periods
between 0.1 and 0.3 seconds was
used for scaling acceleration-time
histories. The period is estimated
in the 1997 Uniform Building Code
(UBC) is:

T ¼ 0:0488 3 h0:75
r ½1�

where:

T ¼ period in seconds and
hr ¼ roof height in meters.

The design spectrum from ASCE
41 (ASCE 2007) was calculated
based on 10 percent probability of
exceedance in 50-year level USGS

seismic hazard maps for downtown Seattle and a type ‘D’ soil
classification, as shown in Figure 2. The range of periods
selected for low-rise wood-frame structures fell almost com-
pletely within the plateau of the spectrum. Next, the average
value of the response spectrum for a given acceleration-time
history was calculated between 0.1 and 0.3 seconds. Accel-
eration-time histories were then scaled by the ratio of ampli-
tudes from the design response spectrum to the 0.1 to 0.3
second period average of the time history response spectrum.

Test matrix

Preliminary earthquake testing conducted in Phase I con-
sisted of two wall treatments (fully anchored and partially
anchored) tested under two different subduction zone earth-
quake records (SE13 and SE19). Two tests were conducted for
each wall anchorage and earthquake combination for a total of
eight tests as shown in Table 2. Wall tests were labeled based
on anchorage condition, testing protocol, and test number.
The first descriptor in the label is PA or FA for partially
anchored or fully anchored, respectively. The second de-
scriptor indicates the earthquake record. SE13 indicates a
subduction intraplate earthquake and SE19 indicates a sub-
duction interface earthquake test. The third descriptor indi-
cates test number. For example, PA-SE19-1 would indicate
the first partially anchored wall tested under a 1985 Chile
subduction interface earthquake record.

Cumulative drift

A primary source of non-structural damage is interstory
drift. Energy calculations are often a useful approach for de-
termining structural elements absorbing the most damage in
a structure. One limitation of energy calculations when ana-
lyzing individual elements, however, is that an increase in en-
ergy may be caused by an increase in load or drift. Thus, a new
parameter is proposed similar to an energy calculation except
that it removes the effects of the load increase resulting from
differences in wall construction and isolates the drift. This
concept is called cumulative drift. It is the summation of
the absolute value of the change in drift for each step (Eq.
[2]). Simply, it is a measure of how much the building
‘‘moves.’’ This is very similar to calculating the energy with
the value for load normalized to one.

Table 1. — Selected earthquake parameters (Somerville et al. 1997).

Characteristic SE13 SE19

Earthquake name 1965 Seattle 1985 Valparaiso

Recording station Federal Office Building, Seattle Vina del Mar, Chile

Date/time April 29, 1965 (07:28 PST) March 3, 1985

Fault mechanism Subduction intraplate Subduction interface

Distance from epicenter (km) 61 42

Moment magnitude (Mw) 7.1 8.0

Site (soil condition) Sd (soil) Sd (soil)

Scale factor (SAC-Seattle) 0.7572 0.5692

Scale factor (original-Seattle) 3.998 0.962

Peak acceleration (g) 0.3124 0.3086

Peak velocity (cm/s) 36.5 37.0

Peak displacement (cm) 6.3 5.5

Duration (s) 74.16 100.05

Time step (s) 0.020 0.025

Figure 2. — Response spectra for selected earthquakes.
Scale factor applied to time histories matched average
period of earthquake response spectra to NEHRP design
response spectrum in shaded area.
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Cumulative Drift ¼
X

i

jDrifti � Drifti�1j ½2�

Similar to energy, cumulative drift can be summed over any
interval of interest. Change in relative displacement is calcu-
latedateachrecordedtimestep.Thiscanbesummedoveracycle
in the load-deflectioncurve,orasa functionof timeas the record
progresses. Graphically, this provides a useful tool for examin-
ing timing and magnitude ofdisplacement response through the
test.Bothshapeandmagnitudeof thecumulativedrift curvecan
be compared between tests. A steeper slope indicates larger
magnitudecycles while magnitude ofcumulative displacement
conveys how much total motion has occurred. Note that the cal-
culation ofcumulativedrift is step-sizedependent,but this issue
was not addressed in this study. The maximum step size for sta-
bility of the results should be addressed in the future.

Qualitative analysis and code comparisons

ASCE 41 (ASCE 2007) and the 1997 UBC (ICBO 1997)
were used for comparing dynamic test results to expected
performance in design level events.

Failure mode comparisons/definitions. — ASCE 41
defines several target structural performance levels to be se-
lected depending on the typeof structureanddesign objectives.
The structure is designed to achieve this target structural per-
formance for a given recurrence interval earthquake. For ex-
ample, a structure may be designed to achieve life safety
performance for the 10 percent in 50 year probability of ex-
ceedance earthquake and collapse prevention for the 2 percent
in 50 year probability of exceedance earthquake. Table 3
shows a summary of the expected condition of wood stud walls
elements after a design level event for different target struc-
tural performance levels. This provides a useful tool for ana-
lyzing the qualitative performance of test specimens. For
comparison, the UBC (ICBO 1997) and International Building
Code (IBC) (ICC 2006b) allow a maximum 2.5 percent tran-
sient drift limit at a life safety structural performance level.

Period estimates and calculations. — Period varies dur-
ing the test as the wall softens due to damage accumulation.
Fundamental period and period at failure were calculated for
each test based on initial stiffness and secant stiffness at peak
load, respectively. The period was calculated as:

T ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mass=stiffness

p
½3�

The fundamental period was compared to the empirical
code equation given in Eq. [1].

Results and discussion

Earthquake testing

Table 4 lists the backbone parameters calculated for each
earthquake test, and Table 5 shows a comparison of average

values from monotonic, cyclic, and earthquake testing. Val-
ues in Table 5 for partially and fully anchored walls were
averaged over both earthquake tests. Backbone curves for
walls with the same construction seemed to perform simi-
larly under different ground motions. Figure 3 shows that
although partially and fully anchored walls experience dif-
ferent maximum drift levels (Dmax) when subjected to dif-
ferent ground motions, shapes of the backbone curves were
nearly the same. Further earthquake testing in Phase II of this
project will explore variability of performance for various
earthquake records.

Several interesting observations can be made from the data.
First, comparison of Ppeak with average values from mono-
tonic and cyclic tests shows that values from the earthquake
tests are very similar to cyclic testing values (Table 5). Av-
erage ratio of Ppeak for fully anchored earthquake tests to the
monotonic tests is 0.937, and 1.015 for cyclic tests. Simi-
larly, average ratio of Ppeak for partially anchored earthquake
tests to monotonic tests is 0.884, and 0.994 for cyclic tests.
Thus, Ppeak of the earthquake tests was lower than the mono-
tonic tests and approximately the same as cyclic results.

Initial stiffness (Ge) from earthquake tests is lower than
cyclic values, and cyclic are less than monotonic values
(Table 5). This is surprising as it is opposite to results in pre-
vious research (Dean et al. 1988, Karacabeyli and Ceccotti
1998, Yamaguchi and Minowa 1998) that reported increased
strength and stiffness under dynamic loads. It is likely nu-
merous early cycles in the earthquake tests caused minor
damage, reducing wall stiffness.

Displacement at peak load (Dpeak) had an average value of
59.6 mm for fully anchored earthquake tests compared to
averages of 66.3 and 44.5 mm for monotonic and cyclic tests,
respectively. Similarly, partially anchored walls had average
values of 21.3, 23.4, and 20.8 mm for earthquake, mono-
tonic, and cyclic tests, respectively. Thus, monotonic tests
were more representative of Dpeak values in earthquake tests
for fully anchored walls, and cyclic tests more representative
for partially anchored walls.

Energy comparisons for fully anchored walls were only
made for subduction interface earthquake tests (SE19) since
intraplate tests (SE13) did not achieve a postpeak decrease in
load as seen in Figure 3. E was taken as the energy to failure
under the load-deflection curve for monotonic tests and un-
der backbone curves for cyclic and earthquake tests. Thus,
average E for fully anchored earthquake tests (SE19) of 1701
J was between 2062 and 1170 J for monotonic and cyclic
tests, respectively. Because of variability and small sample
size, neither monotonic nor cyclic tests are clearly more
representative of earthquake test results. Cyclic values, how-
ever, are lower and therefore more conservative.

Average E values for partially anchored walls, however,
were 159, 238, and 183 J for earthquake, monotonic, and cy-
clic tests, respectively. Thus, cyclic tests seem to be more rep-
resentative of the behavior for partially anchored walls under
ground motions.

These trends can be seen graphically by comparing earth-
quake hysteresis curves to monotonic and cyclic backbone
curves. Figure 4 shows the hysteresis curve of the first fully
anchored wall tested with the subduction interface earth-
quake (SE19) compared to fully anchored monotonic curves
and cyclic backbone curves tested in Phase I (Seaders 2004).

Table 2. — Test matrix and labeling.

Treatment

Protocol

Interface EQ
(Valpariso 1985)

Intraplate EQ
(Seattle 1965)

Partially anchored N ¼ 2 (PA-SE19) N ¼ 2 (PA-SE13)

Fully anchored N ¼ 2 (FA-SE19) N ¼ 2 (FA-SE13)
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Monotonic and cyclic curves follow the envelope of the
earthquake hysteresis to a displacement of approximately
40 mm which is a drift ratio (D / h) of 1.6 percent. After
40 mm in both positive and negative directions, results of
monotonic, cyclic, and earthquake tests diverge. Not only

does behavior for different protocols change, but variation be-
tween walls tested under the same protocol also dramatically
increases at this point (two MT and CT curves in Figure 4).
Monotonic curves have a long ductile ‘‘plateau’’ prior to
a region of rapid load capacity reduction. Increase in load
from 40 mm displacement to peak load is minimal. Simi-
larly, earthquake backbone curves have a long ductile failure
in the positive direction, and an asymmetric semiductile fail-
ure in the negative direction. This may be due to the fully
reversed cycling of earthquake response. The wall experien-
ces damage at the beginning of a cycle and is unable to carry
the full load when the cycle reverses. Cyclic backbone
curves reach peak load shortly after 40 mm displacement
and then rapidly lose load capacity.

The hysteresis curve helps explain why variation increases
after 40 mm displacement. Figure 4 shows there is only
moderate hysteresis curve pinching up to this point. The next
cycle reaches peak load and the secant stiffness decreases
dramatically, causing severe pinching behavior. This indi-
cates sheathing nail connections are unable to carry signifi-
cant load in the middle range of wall drifts and undergo
significant deformations. It is at this point where variability
in how nailed connections fail is likely to begin having the
most effect. Thus, behavior of the wall is relatively uniform
up to this limit state of 40 mm.

Drift-time history also shows a different response as drift
goes beyond 40 mm. Figure 5 shows drift of a fully anchored

Table 3. — ASCE 41 (2007) Table C1-3 — Structural performance levels and damage to wood stud walls.

Element
type

Structural performance levels

Collapse prevention (CP) Life safety (LS) Immediate occupancy (IO)

Primary Connections loose. Nails partially
withdrawn. Some splitting of
members and panels. Veneer
dislodged.

Moderate loosening of connections
and minor splitting of members.

Distributed minor hairline cracking
of gypsum and plaster veneers.

Secondary Sheathing sheared off. Let-in
braces fractured and buckled.
Framing split and fractured.

Connections loose. Nails partially
withdrawn. Some splitting of
members and panels.

Same as primary

Drift 3% transient or permanent 2% transient; 1% permanent 1% transient; 0.25% permanent

Table 4. — Selected earthquake test backbone parameters.

Earthquake
mechanism

Fully anchored Partially anchored

Subduction intraplatea Subduction interface Subduction intraplate Subduction interface

Test label FA-SE13-1 FA-SE13-2 FA-SE19-1 FA-SE19-2 PA-SE13-1 PA-SE13-2 PA-SE19-1 PA-SE19-2

Ppeak (kN) 23.58 23.17 23.30 21.20 8.94 8.57 7.87 8.75

Ppeak /Ppeak_MT
b 0.97 0.95 0.96 0.87 0.93 0.89 0.82 0.91

Ppeak /Ppeak_CT
b 1.05 1.03 1.04 0.94 1.04 1.00 0.92 1.02

Dpeak (mm) 61.1 57.9 60.7 58.6 21.9 23.8 14.8 24.9

Ec (J) 775 713 1819 1583 122 126 209 178

De (mm) 6.6 5.8 5.6 6.1 4.2 4.8 3.2 4.9

Pyield (kN) 18.21 17.45 20.34 17.85 6.02 5.24 5.65 5.03

Dyield (mm) 12.7 10.9 12.2 12.4 7.1 7.2 5.7 7.1

Dfailure (mm) 48.9 46.3 85.5 84.2 27.3 30.8 48.9 42.2

Ge (kN/mm) 1.43 1.60 1.67 1.43 0.85 0.72 0.99 0.71

a Values for FA-SE13 tests are based on maximum values from only one side of envelope curve due to asymmetry of earthquake response and incomplete
failure in both directions (Fig. 3).

b Ppeak_MT and Ppeak_CT are the average monotonic and cyclic peak load.
c Energy under backbone curve up to Dfailure, not total energy dissipated in test.

Table 5. — Average monotonic, cyclic, and earthquake test
results (Seaders 2004).

Partially anchored Fully anchored

Protocola

MT CT EQ MT CT EQ

Ppeak (kN) 9.65 8.58 8.53 24.34 22.47 22.81

Ppeak /Ppeak_MT – 0.889 0.884 – 0.923 0.937

Ppeak /Ppeak_CT – – 0.994 – – 1.015

Dpeak (mm) 23.4 20.8 21.4 66.3 44.5 59.6

E (J)b 238 183 159 2062 1170 1701c

De (mm) 3.2 2.9 4.3 3.5 4.5 6.0

Pyield (kN) 8.27 7.01 5.49 21.68 19.29 18.46

Dyield (mm) 6.9 6.0 6.8 7.8 9.7 12.1

Dfailure (mm) 32 29.1 37.3 98.6 64.8 66.2

Ge (kN/m) 1.33 1.21 0.82 2.83 2.02 1.53

a MT, CT, and EQ refer to monotonic, cyclic, and earthquake tests,
respectively.

b Energy to failure under load-deflection curve for MT and backbone curves
for CT, EQ.

c Based on SE19 only.
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wall along with the earthquake ground acceleration input.
The wall experiences harmonic excitation that causes in-
creasing amplitude cycles. There is dramatic softening of
the wall after the cycle where drift amplitude exceeds 40
to 45 mm. This cycle, point 1 in Figures 4 and 5, causes
the wall to reach peak load, but does not cause a significant

degradation in strength. Instead, the wall oscillates in the
pinched portion of the hysteresis loop with very low stiffness
and thus a longer period. This change in performance seems
to indicate a limit state in wall performance. Beyond the
40 mm limit, the wall seems only able to prevent collapse,
but does not have significant stiffness.

The Structural Engineers Association of Southern Califor-
nia (SEAOSC) defines a yield limit state and strength limit
state determined from the hysteresis curves from the sequen-
tial phased displacement (SPD) reversed cyclic test protocol
(SEAOSC 1996). It is beyond the scope of this paper to de-
termine how the 40 mm limit state shown in Figure 4 would
apply to other test protocols and shake table test results.
Despite the fact that the CUREE backbone curves only give
moderately good agreement with the dynamic curves (Fig.
4), displacement at peak load for the CUREE results (FA
walls) is close to this 40 mm limit. Further research should
investigate whether peak load and displacement at peak load
are the most appropriate limits to use for establishing design
values, or if another limit state like the 40 mm limit shown
here should be used.

This may also provide a stronger motivation for using cy-
clic testing protocols such as the CUREE protocol to establish
design values in the future. As shown previously (Seaders

2004), CUREE protocol results have
less variation than those from mono-
tonic tests. This may be due to the
fact they fail at a displacement closer
to the limit state discussed above,
with a more consistent behavior. If
the CUREE (or other) protocol pro-
duces conservative results for a wide
range of earthquakes, it might be
possible to increase allowable de-
sign values, as lower variability
would allow a lower factor of safety
while maintaining reliability.

Figure 6 shows a representative
hysteresis curve of a partially an-
chored wall subjected to the sub-
duction zone interface earthquake
(SE19) compared to average mono-
tonic and cyclic backbone curves.
Unlike fully anchored walls, there
is not a clearly defined point where
the backbone curves diverge. There
is rough agreement between the
monotonic curve and positive curves
of the cyclic and earthquake back-
bone curves. There is a strong asym-
metry, however, between positive
and negative backbone curves for
both CUREE and earthquake re-
sults. Thus, peak load (Ppeak) from
CUREE and earthquake curves are
much lower than the monotonic
curve in the negative direction.
The ASTM E2126 cyclic test stan-
dard (ASTM 2001) calculates pa-
rameters based on the average of
positive and negative backbone
curves due to this asymmetry.

Figure 3. — Representative earthquake backbone curves of
partially and fully anchored walls tested under SE19 and SE13
time histories.

Figure 4. — Test comparison of fully anchored walls tested under monotonic (ASTM
E564), cyclic (CUREE), and earthquake loads (SE19 earthquake displacement time
history).

Figure 5. — Fully anchored wall drift response.
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Code comparisons

Two primary sources of structural and non-structural dam-
age during an earthquake are interstory drift and acceleration.
Generally, a stiffer building will result in lower interstory drift
with increased building acceleration. Thus, a trade-off must
be made between limiting building damage due to interstory
drift and limiting damage from acceleration to interior com-
ponents. It is generally more desirable to limit interstory drift
and thus building damage.

Table 6 shows a summary of several displacement, en-
ergy, and period parameters calculated for each earthquake
test. None of the walls met the 2.5 percent transient drift
requirement (Dmax/h) for life safety performance based on
the UBC (ICBO 1997). In fact, only fully anchored walls
subjected to the subduction zone intraplate earthquake
(FA-SE13) fell below the 3 percent maximum transient drift
to meet collapse prevention performance defined in ASCE
41. Other fully and partially anchored wall tests had values
of maximum drift ratio (Dmax/h) as high as 5.8 percent.

Anchorage comparisons

Unlike the results for Ppeak, Dpeak,
and E from the monotonic and cyclic
tests (Table 5), indicating a signifi-
cant improvement in performance,
there is surprisingly little difference
between drift parameters (Dmax,
Dresidual, Dp-p) for partially and fully
anchored walls (Table 5).

Peak to peak drift (Dp-p) for walls
subjected to the subduction zone
intraplate earthquake (SE13) was
larger for partially anchored than
for fully anchored walls. The differ-
ence in Dp-p was a 34-percent in-
crease from an average of 98.9 to
132.1 mm for fully and partially an-
chored walls, respectively. Walls
subjected to the subduction zone in-
terface earthquake (SE19) showed

the opposite trend. Partially anchored walls had an average
Dp-p of 207.3 mm that was 6 percent lower than the average
value of 221.0 mm for fully anchored walls.

Thus, there is not a significant improvement in performance
under actual earthquake loads between fully and partially an-
chored walls. As shown in Figures 4 and 6, once a shear
wall’s hysteresis curve has severe pinching, it has lost most
of its stiffness and the wall has a ‘‘soft story’’ response with
little amplification. Thus, beyond this point partially and fully
anchored walls have approximately the same response. For the
SE13 tests, some difference can be seen due to anchorage, as
the fully anchored wall has not yet reached this limit state.

Cumulative drift and energy dissipation

Figure 7 shows a comparison of cumulative drift (Dcumulative)
and energy dissipation (Etotal) curves for fully and partially
anchored walls. There is a dramatic difference between
partially and fully anchored tests when analyzing energy
dissipation. Total energy dissipated in the earthquake tests

Figure 6. — Test comparison of partially anchored walls.

Table 6. — Earthquake parameters used for code comparisons.

Earthquake
mechanism

Fully anchored Partially anchored

Subduction intraplate Subduction interface Subduction intraplate Subduction interface

Test label FA-SE13-1 FA-SE13-2 FA-SE19-1 FA-SE19-2 PA-SE13-1 PA-SE13-2 PA-SE19-1 PA-SE-19-2

Dmax / ha (%) 2.9 2.5 5.0 5.1 4.0 4.3 5.1 5.8

Dresidual / h (%) 0.49 0.39 0.14 0.11 0.23 0.06 0.15 0.12

Dp-p (mm) 106.1 91.6 217.3 224.7 130.3 134.0 206.6 207.9

Dcumulative (mm) 2777 2520 5560 5545 2593 2276 5380 5173

Etotal
b (J) 3886 3878 9343 8434 1711 1884 3921 3748

Etotal/Ecyclic
c 0.35 0.35 0.84 0.76 0.49 0.54 1.12 1.07

umax (mm) 5.9 10.3 4.6 5.2 41.1d 59.6 N/Ae 54.9

T0 (s) 0.354 0.335 0.327 0.354 0.459 0.499 – 0.502

Tfailure (s) 0.681 0.669 0.683 0.703 0.662 0.705 0.580 0.714

Vmax (mm/s) 469.1 431.8 673.6 696.7 432.9 483.4 632.7 662.6

a h is the story height of the building.
b Total energy dissipated during test. Not energy under the backbone curve.
c Ecyclic is the total energy dissipated in the cyclic tests.
d Max value higher than listed due to data recording error.
e No data due to instrumentation error.
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(Etotal) increased approximately 2.2 times from partially to
fully anchored walls. This is a much smaller increase than
the factor of 9 difference in energy under the backbone curve
(E) between partially and fully anchored walls (Table 5).

The shape of the cumulative drift (Dcumulative) curve is
similar to the energy dissipation curve, but represents only
drift response of the shear wall without load effects. The
similarity in shape of the cumulative displacement curves
shows that timing and magnitude of the partially anchored
wall drift response were similar to the fully anchored walls
throughout the test. At the end of the test, partially anchored
walls had only 5 to 8 percent less cumulative drift than fully
anchored walls. Thus, Dmax, Dp-p, and Dcumulative do not show
a significant difference in performance between partially and
fully anchored walls.

Although the drift values did not seem to indicate that the
performance of fully anchored walls is significantly better
than partially anchored walls, partially anchored walls had
much higher uplift. Partially anchored walls had a maximum
uplift of approximately 55 to 60 mm compared with a range of
5 to 10 mm for fully anchored walls. This must be considered
when comparing results of fully and partially anchored walls.

Although the effect of repeated cycles of interstory drift on
damage accumulation has not been examined directly, it is
reasonable to predict that more interstory drift results in
greater damage accumulation. Further research is needed to

examine how damage levels are af-
fected by repeated low amplitude dis-
placement cycles. It is possible these
cycles may have more effect on non-
structural components than on struc-
tural components.

Failure mode comparisons

Similar to the monotonic and cy-
clic tests (Seaders 2004), partially
anchored walls only exhibited edge
breakout along the sill plate sheath-
ing connections. As shown in Figure
8 partially anchored walls remained
relatively rigid and rotated back and
forth as the wall deflected. Although
mostly or completely detached from
the sill plate, the walls had no other
visible damage. Each of the sheath-
ing panels in fully anchored walls
exhibited rigid body rotation as the

wall racked back and forth. This caused fully anchored walls
to have much more damage distributed throughout the wall.
This also accounts for the extreme differences in maximum
uplift (umax) shown in Table 6.

The fully anchored walls had similar damage patterns as
those observed in the cyclic testing. Typical sheathing failures
were either due to nails pulling though the sheathing or with-
drawing from the framing. This is consistent with damage ob-
served after the 1994 Northridge earthquake (Karacabeyli
et al. 1999). With increased number of cycles in the earth-
quake testing (73 to 140 cycles vs. 43 to 49 cycles), frequency
of nail withdrawal and gypsum wallboard (GWB) screw frac-
ture increased. Each of the four fully anchored walls, sub-
jected to earthquake ground motions, exhibited the same
behavior in the GWB connections. All of the GWB screws
around the panel edges fractured. GWB panels were held
in place by the screws in the panel fields, but were completely
unable to carry load by the end of the tests. Damage to sheath-
ing was concentrated in the middle 1.22 m (4 ft) of the wall.
There was significant damage at the outer panel edges; how-
ever, the center section of the wall was typically damaged so
heavily that it would have little or no load-carrying capacity
remaining. In nearly every case, sheathing was pulled away
from framing members. The walls were most reflective of the
collapse prevention condition given in Table 3.

Period estimates and calculations

Figure 9 shows the average fundamental period (T0) and
period at failure (Tfailure) for fully and partially anchored
walls with respect to the response spectrum of the earth-
quakes used in these tests. Fundamental period calculated
was longer for partially anchored walls (0.485 s) than for
fully anchored walls (0.342 s) due to the lower initial stiff-
ness of partially anchored walls. These values are much
higher than the 0.1 to 0.2 second periods predicted by the
empirical equation used in the UBC and other codes. Both
fully and partially anchored walls exhibited longer periods at
failure, 0.684 seconds and 0.658 seconds, respectively. T0

predicted by the empirical code equation and the observed T0

are different, since in an actual structure there may be non-
structural components such as partitions and finishes that add

Figure 7. — Cumulative drift and energy dissipation curves.

Figure 8. — Deflection of partially and fully anchored walls.
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stiffness not accounted for in this experiment. Effects from
the differences between empirical code equations and ob-
served fundamental periods were not examined in this study,
but should be evaluated in the future, especially with respect
to the scaling of acceleration-time histories.

The fundamental period of fully anchored walls roughly
corresponds to the 0.30 seconds for similar walls found in tests
by Filiatrault and Foschi (1991). Dynamic analysis of an en-
tire building was performed by Ceccotti and Karacabeyli
(2002), where they found the elastic fundamental period of
the structure based on a two-dimensional analysis was 0.47
seconds. This approximately corresponds to the fundamental
period of the partially anchored walls tested.

Figure 9 also gives an explanation as to why the subduc-
tion zone interface earthquake (SE19) caused so much more
damage than the intraplate earthquake (SE13). The funda-
mental period falls in a relatively low energy region of the
response spectrum for the interface earthquake (SE19). As
the walls soften they move to the highest energy region of the
response spectrum and larger displacements are expected.
The opposite is true with the intraplate earthquake (SE13).
Fundamental period of the walls begins in a higher energy
region and moves to a lower energy region of the response
spectrum as the walls soften.

Summary of protocol comparisons

Many testing protocols have been developed to simulate
earthquake performance. Each protocol has different charac-
teristics that make it more or less representative of earthquake
behavior. Earthquakes are ‘‘random’’ events, and thus behav-
ior of shear walls and structures may have a wide range of
variation. Thus, it may not be possible to design a test protocol
that models performance of shear walls under every earth-
quake. It would be conservative, therefore, to use a standard-
ized test that provides a good representation of failure
characteristics under actual earthquakes, but that represent
the lower bound of shear wall performance (Ppeak, Dpeak, E,
etc.). Based on the tests and analysis presented in this paper,
it appears the CUREE protocol generally gives a more con-
servative approximation than monotonic tests of shear wall
performance under actual earthquake loading.

Conclusions

1. Earthquake tests had lower
strength (Ppeak) and initial
stiffness (Ge) than similar
walls tested monotonically.
Peak loads were approxi-
mately equal to those from
the CUREE cyclic protocol.
Initial stiffness of cyclically
tested walls was between val-
ues from monotonic and
earthquake tests. Monotonic
tests exhibited displacement
at peak load more reflective
than cyclic tests of earth-
quake results for fully an-
chored walls. Cyclic tests
were more reflective of earth-
quake results for partially an-
chored walls. CUREE tests

generally give more conservative estimates than
monotonic tests of shear wall performance under
earthquake loads.

2. Fully anchored walls exhibited a 40 mm drift limit
state beyond which variability in performance in-
creased dramatically. This limit was associated with
pinching in hysteresis curves and lengthening in drift
response period. Displacement at peak load from cy-
clic tests was close to this limit.

3. Different ground motions produced similarly shaped
load-deflection envelope curves, but had different
maximum drifts. Positive and negative envelope
curves were asymmetrical, similar to the cyclic enve-
lope curves.

4. Fully anchored wall tested under the subduction zone
intraplate earthquake (FA-SE19) met the 3.0 percent
drift limit for collapse prevention performance in
ASCE 41. Maximum transient drift for other earth-
quake tests exceeded the collapse prevention limit,
ranging from 4.0 to 5.8 percent. Thus, neither partially
nor fully anchored walls limit drifts per current design
codes.

5. Maximum drift (Dmax), peak to peak drift (Dp-p), and
cumulative drift (Dcumulative) showed similar dynamic
response for fully and partially anchored walls, but
uplift was much lower for fully anchored walls.

6. Fully anchored walls had different failure character-
istics of the sheathing and GWB fasteners for different
loading protocols. Monotonic tests caused primarily
nail pull-through failures in the sheathing connections
and crushing of the gypsum in the screwed GWB
connections. Increased cycling of cyclic and earth-
quake tests caused nails to withdraw and GWB screws
to fracture at panel edges.

7. Average fundamental period was 0.342 and 0.485 sec-
onds for fully and partially anchored walls, respec-
tively. Period lengthened as failure approached to
average values of 0.684 and 0.658 seconds for fully
and partially anchored walls, respectively. Period was
much longer than predicted by the empirical code
equation.

Figure 9. — Comparison of wall periods to earthquake response spectrum (5% damping).
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