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ABSTRACT
Over the last decade, the province of British Columbia (BC) has undertaken a significant
effort to retrofit their most at-risk school buildings. To quantify the seismic risk of the
province’s school buildings, and to expedite the seismic upgrading of the most at-risk
schools, the Seismic Retrofit Guidelines (SRG) have been developed. As part of the SRG,
a series of full-scale, one-storey wood frame classroom shake table tests were conducted
to provide full scale test data; to validate the collapse prevention performance of the
structure when subjected to high intensity long duration ground motions; and finally, to
verify the critical performance-based hypothesis that forms the basis of the SRG PostEarthquake Evaluation Guidelines.
This paper presents the use of numerical models to predict the seismic behaviour of lightframe wood structures subjected to long duration ground motions. First, a highly detailed
numerical model of the test structure was created. The nails, framing members, hold-downs
and sheathing were modeled explicitly and the contributions of the strength and stiffness
around wall openings and non-structural sheathing was included. Time-history analysis
results from the model were directly compared to the full-scale test data to validate the
models. The tests comprised running the shake table for short and long duration ground
motion records such as those obtained from the 1995 Kobe, Japan event (short duration)
and the 2011 Tohoku, Japan event (long duration), at different intensity levels. During the
test program, the structure was subject to extreme levels of shaking which induced large
drift levels up to and exceeding 6% drift. The test data are used to examine the capability
of numerical models to predict the damage of wood frame structure near collapse subjected
to high intensity ground motions. Also, the effect of non-structural sheathing and the
strength and stiffness contributions of the openings are investigated. The validated detailed
model was then used to investigate the effect of the duration of ground motions on the
performance of light-frame wood structures.
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ABSTRACT
Over the last decade, the province of British Columbia (BC) has undertaken a significant effort to
retrofit their most at-risk school buildings. To quantify the seismic risk of the province’s school
buildings, and to expedite the seismic upgrading of the most at-risk schools, the Seismic Retrofit
Guidelines (SRG) have been developed. As part of the SRG, a series of full-scale, one-storey wood
frame classroom shake table tests were conducted to provide full scale test data; to validate the
collapse prevention performance of the structure when subjected to high intensity long duration
ground motions; and finally, to verify the critical performance-based hypothesis that forms the basis
of the SRG Post-Earthquake Evaluation Guidelines.
This paper presents the use of numerical models to predict the seismic behaviour of light-frame
wood structures subjected to long duration ground motions. First, a highly detailed numerical model
of the test structure was created. The nails, framing members, hold-downs and sheathing were
modeled explicitly and the contributions of the strength and stiffness around wall openings and nonstructural sheathing was included. Time-history analysis results from the model were directly
compared to the full-scale tests data to validate the models. The tests comprised running the shake
table for short and long duration ground motion records such as those obtained from the 1995 Kobe,
Japan event (short duration) and the 2011 Tohoku, Japan event (long duration), at different intensity
levels. During the test program, the structure was subject to extreme levels of shaking which induced
large drift levels up to and exceeding 6% drift. The test data are used to examine the capability of
numerical models to predict the damage of wood frame structure near collapse subjected to high
intensity ground motions. Also, the effect of non-structural sheathing and the strength and stiffness
contributions of the openings are investigated. The validated detailed model was then used to
investigate the effect of the duration of ground motions on the performance of light-frame wood
structures.

Introduction
Over the past 10 years the Ministry of Education in the province of British Columbia has
implemented a Seismic Retrofit Program for public schools. As part of this program, the Ministry
collaborated with the Association of Professional Engineers and Geoscientists BC (APEGBC) and
1

MASc, E.I.T., Fast & Epp, Vancouver, V6J 1G1, mmulder@fastepp.com
Research Associate, University of British Columbia, armin@civil.ubc.ca
3
Professor, University of British Columbia, ventura@civil.ubc.ca
4
Graduate Student, University of British Columbia, fairhurstmike@gmail.com
5
Research Engineer, University of British Columbia, mehrtash.motamedi@gmail.com
2

Mulder et al. Modelling and Testing of Light-frame Wood Buildings Subjected to Long Duration Motions.
Proceedings of the 11th National Conference in Earthquake Engineering, Earthquake Engineering Research
Institute, Los Angeles, CA. 2018.

the University of British Columbia (UBC) to develop a set of performance-based Seismic Retrofit
Guidelines (SRG) which are based on a program of experimental testing and state-of-the-art
nonlinear analysis [1]
Concurrently, the 2015 edition of the National Building Code of Canada is featuring an updated
seismic hazard model with an updated earthquake catalogue, including probabilistic treatment of
the Cascadia subduction zone and the resulting use of long-duration ground motions [2]. The most
recent version of the SRG (3rd Version, September 2016) has emphasis on the long-duration effects
both in the experimental program and in the ground motion selection and analysis. Long-duration
testing has been performed on URM walls, wood shear walls, and a single storey wood frame
structure.
This paper focuses on the analysis of light-frame wood construction in a full-scale shake-table
testing program performed using long duration and short duration records. The numerical model
was run with the same conditions and compared to the test results. The numerical model was then
subjected to several long and short duration records to assess the duration effect.
Long Duration Effects
The influence of ground motion duration on the performance of structures is not well understood.
It is difficult to isolate duration effects from the other shaking parameters (i.e. magnitude,
frequency content); often higher magnitude earthquakes correspond with longer duration ground
motion. Furthermore, up to 10 years ago, prior to the Tohoku 2011 and Maule 2010 earthquakes,
it was challenging to produce significant results due to the limited database of available ground
motion records. There also has not been good agreement between scientist on how to define
‘duration’ itself. More recently the tendency is to use the duration definition related to the amount
of energy released during the shaking, such as ‘significant duration’. Current seismic design
practice and loading protocols for component tests do not explicitly consider the effect of duration.
Performance based engineering methodologies can implicitly consider duration through the
qualitative ground motion selection for a given location. In geological locations where crustal and
subduction earthquakes have a significant hazard, such as found in south-western British
Columbia, Canada, the effect of duration may be a cause for concern in regards to significant
damage and collapse (i.e. in Victoria, B.C. at 1sec period structure subduction, subcrustal and
crustal contributes to 60%, 22% and 17% of the total hazard, respectively).
A comprehensive state-of-knowledge review on the effect of ground motion duration on structural
damage was compiled by Hancock and Bommer [3]. In this review, it was noted that the majority
of experimental tests showed a high correlation between number of loading cycles and specimen
damage. In studies that rely on numerical methods, the conclusions were less clear: most studies
using cumulative damage or displacement measures found a correlation between ground motion
duration and structural damage; however, studies that used extreme responses (such as maximum
interstorey drift or displacement) generally did not find strong correlations between duration and
damage. These results may be due to limitations in the numerical models, which did not always
properly account for cyclic strength and stiffness degradation.
A study by Chandramohan et al. [4] found that the probability of structural collapse is higher for
long duration ground motions compared to short duration ground motions considering spectrally

equivalent sets of records for a ductile steel moment frame building. Spectrally equivalent set of
records were used to isolate the event of duration from other shaking parameters. A similar study
[4] was conducted on a reinforced concrete bridge pier and the effect of duration was quantified
as a 17% decrease on collapse capacity when considering the long duration set rather than the short
suite of ground motion. An additional study by Chanadramohan et al. [5] found that the mean
annual frequency of collapse of the same steel moment frame building was underestimated by
29%, 59% and 7% for Seattle, WA, Eugene, OR, and San Francisco, CA, respectively, when using
typical-duration ground motions from the PEER NGA-West2 database (as compared to ground
motions selected using source-specific probability distributions of the durations of the ground
motions anticipated at the site). The probability of collapse was more significantly underestimated
for sites where subduction earthquake sources govern the hazard. Fairhurst et. al. [6] concluded
similar trends for conventionally constructed reinforced concrete coupled shearwall buildings.
There has been little research in determining the effect of duration and subduction earthquakes on
light frame wood structures. After seismic events, such as the Northridge earthquakes, the research
was focused on addressing the deficiencies observed in the post-earthquake evaluations. The
earthquakes were crustal strike-slip, as common to California, and thus, the cyclic-testing protocols
developed better represent the characteristics of crustal seismic events.
The main parameter of interest for the selection of the ground motions used in this study was the
significant duration, which is defined as the 5-95% of the accumulation of the integral [4]:
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where 𝑎(𝑡) represents the acceleration time history of the record and 𝑡𝑚𝑎𝑥 represents the length of
the record. Long duration ground motions are defined in this study as a ground motion with a
significant duration longer than 30s.
The intention of this study was to compare the effects of long duration vs. short duration motions
on the performance of light-frame timber structures. To best perform the comparison a spectrally
equivalent short (based on minimizing sum of squares errors between the two response spectra)
duration motion was selected for the long duration motion. An experiential and analytical study
was then completed with spectrally equivalent pairs. An image of the full-scale test setup is shown
in Figure 1.

Figure 1: Full-Scale Test Setup

Figure 2: M-CASHEW Model of Classroom North and South Elevation for Second Testing
Configuration
Numerical Model
The prediction for the wall behavior was completed using a detailed M-CASHEW2 model (Figure
2). The M-CASHEW model, developed by Pang and Hassenzadeh [7], is a 2D shear wall and
diaphragm modeling program. The frame elements have four translational and two rotational
degrees of freedom (DOF). The sheathing panels are modeled with one rotational DOF, two
translational DOFs and two shear DOFs. The bending and axial elongation of the framing
members, separation and bearing contacts between framing members, uplift and anchorage of the
hold down devices, shear deformation of the sheathing panels, nonlinear shear slip response of the
sheathing nails, and second order effect of gravity loads (P-delta) can be captured.
Several connection types are defined in a database available in the M-CASHEW program and have
been used for the classroom wall model. The sheathing nails between the framing and the plywood
were modelled with the evolutionary parameter hysteretic model, EPHM material model fitted to
the connection test data by Ekiert and Hong [8] for nominal 51mm (2 in.) thick Hem-Fir attached
to 11.1 (7/16 in.) thick OSB using 8d common nails. This data was available and the difference in
the sheathing type was felt to not significantly affect the response. The EPHM model was
developed to capture the behaviour of light-frame wood shear walls at high drift levels where
stiffness and strength degradation is significant. In-cyclic and cyclic deterioration of strength and
stiffness is included in the model, which according to Ibarra et al. [9] and Chandramohan et al. [4]
makes the model suitable for studying the influence of duration of ground motion on collapse.
The gypsum sheathing and framing connections are modeled with the MSTEW material model
based on cyclic tests by Dinehart et al. [10] of No. 6 gypsum screws and 12mm (1/2 in.) thick
gypsum wall board. The frame-to-frame shear slip for the double stud nails are modeled elastically.
The end nail connections between the end posts and sill plates were modelled with a non-linear
hold-down spring to describe the uplift response and nail withdrawal, as well as a M-STEW model
to described the shear-slip response of two 10d sinker nails. A non-linear contact element is used

to describe the bearing deformation between the framing elements. The hold-down elements were
modelled with non-linear hold-down springs based on the component testing by United Steel
Products (UPS) hold-downs and matched by van de Lindt et al. [11]. The details of the components
of the model and the hysteretic material models in M-CASHEW numerical model used are shown
in Figure 3.
It should be noted that the elements were tested using the CUREE protocol [12]. This protocol has
been recognised to be realistic for simulating earthquake loading effects for light-frame wood
construction. This protocol better captures the effect of crustal ground motions, further
investigation of the effect on behaviour of the elements with longer protocols with multiple pulses
should be completed to have a better representation of the element behavior in a long duration
seismic event.

Figure 3: Hysteretic models for (a) frame contact, (b) end nails, (c) sheathing nails, and (d)
PHD5 Hold-downs, [11]

The monotonic and cyclic response of the shear wall model was determined, as shown Figure 4
and Figure 5, respectively. The standard cyclic protocol in MCASHEW was used. The ultimate
force and initial stiffness was estimated as 87.2kN (19.6 kips) and 2.62kN/mm (15.0 kips/in.) The
displacement at ultimate is approximately 125mm (4.9 in).

Figure 4: Monotonic response of classroom shear wall numerical model

(a)
(b)
Figure 5: (a) Standard M-CASHEW Protocol, (b) Cyclic Response
Comparison of Numerical Model and Experimental Results
The response spectra and time history for the short duration and long duration spectrally equivalent
pairs are shown in Figure 6 for the KOBE_KAK090/Tohoku_MYG0161103111446-EW records.
The ground motions were scaled to the 2% in 50 years’ total hazard level for Vancouver, BC. The
scaling factor, magnitude of earthquake, hypocentral distance, Vs30 and significant duration for
the ground motions are summarized in Table 1.
Table 1: Ground motion record properties
Short Duration Motion

Long Duration Motion

KOBE_KAK090

Tohoku_MYG0161103111446EW

Scale Factor

1.35

1.10

Magnitude

6.9

9.0

Hypocentral Distance (km)

30.10

114.00

Vs30 (m/s)

312.0

580.0

D5-95 (sec)

12.86

107.00

Figure 6: Kobe and Tohoku spectrally equivalent records (a) response spectra and (b) time
history of short and long duration records
During the experimental tests, the specimen experienced drifts between 1%-2% for the first run.
At this damage level the gypsum board cracked along window corners and some nail tear through
occurred. Failure of the shear walls was localized along the edges of the panel. During the second
run the specimens experienced drifts up to 4%. The dominant mode of failure in the shear walls
was nail pull through and localized shear off of nails. The residual drift of the specimen was close
to zero and the specimen carried the full internal loads after the tests. The comparison of the
numerical and experimental displacement time-history and hysteretic response for two consecutive
runs for the long and short duration motion, respectively, are shown in Figure 7 Figure 8, Figure
9, and Figure 10. The time-history response of the model and test specimen show close to the same
dynamic behaviour. The hysteretic damping seems to match reasonably well. Overall, it was
observed that the long duration motion caused the specimen and model to experience more drift
and damage.

Figure 7: Numerical Model and Experimental (a) hysteresis (b) displacement time history for
Long Duration Run 1

Figure 8: Numerical Model and Experimental (a) hysteresis (b) displacement time history for Long
Duration Run 2

Figure 9: Numerical Model and Experimental (a) hysteresis (b) displacement time history for Short
Duration Run 1

Figure 10: Numerical Model and Experimental (a) hysteresis (b) displacement time history for
Long Duration Run 2
A comparison of the force-drift hysteretic and time-history response of analysis using the validated
MCASHEW model for additional long and short duration ground motions pairs is shown in Figure
11 and Figure 12. At the design hazard level, the long duration ground motion caused 32% and
27% more drift than the first and second especially equivalent short duration motion, respectively.
This suggests that the margin against collapse may be lower when this type of system is subjected
to long duration motions. A more comprehensive analysis program should be completed with a
wider selection of various ground motions scaled to a range of hazard levels to have a better
characterize of the effect of ground motion duration on seismic behaviour and expected collapse.

Figure 11: Comparison of numerical analysis results for Kobe (Short) and Tohoku (Long)
spectrally equivalent ground motions (a) hysteresis, (b) displacement time-history

Figure 12: Comparison of numerical analysis results for Sfern (Short) and Tohoku (Long)
spectrally equivalent ground motions (a) hysteresis, (b) displacement time-history
Conclusions
A full-scale wood frame classroom was tested on the linear shake table at the UBC EERF facility.
The testing program was performed to evaluate the effect ground motion duration on the seismic
performance of light-frame wood structures. The full-scale classroom was subjected a series of
ground motions. A detail numerical model (M-CASHEW2) where each nail, stud, sheathing panel,
and hold-down was modeled explicitly was built. hysteretic and time-history response of the
structure was accurately predicted for the first two runs.A preliminary study investigating the
effect of ground motion duration was completed using the validated detailed numerical model. The
results suggested that for spectrally equivalent short duration and long duration ground motion
pairs the structure would experience more damage and higher absolute drift during a long duration
seismic event.
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