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Abstract. This paper examines the contribution of three sources of uncertainties to probabilistic seismic
behaviour of wood frame buildings, including ground motions, intensity and seismic mass. This sensitivity
analysis is performed using three methods, including the traditional method based on the conditional
distributions of ground motions at given intensity measures, a method using the summation of conditional
distributions at given ground motion records, and the Monte Carlo simulation. FEMA P-695 ground motions
and its scaling methods are used in the analysis. Two archetype buildings are used in the sensitivity analysis,
including a two-storey building and a four-storey building. The results of these analyses indicate that using
data-fitting techniques to obtain probability distributions may cause some errors. Linear interpolation
combined with data-fitting technique may be employed to improve the accuracy of the calculated exceeding
probability. The procedures can be used to quantify the risk of wood frame buildings in seismic events and
to calibrate seismic design provisions towards design code improvement.

Keywords: earthquake engineering; probability; reliability; wood frame structures; timber; seismic
effect

1. Introduction

Wood frame construction is the most commonly-used structural form in low-rise residential
construction. Traditionally, wood frame buildings are believed to perform well in terms of life
safety and collapse prevention during large earthquakes. However, significant damages and
economic losses have been observed after several past earthquakes, such as the 1994 Northridge
earthquake. As a result, the public’s confidence towards seismic performance of wood frame
buildings has been somewhat eroded. In some earthquake-prone regions, insurance premiums are
significantly higher and unaffordable for many home owners. With increasing concerns to build
earthquake resilience communities and build taller wood buildings, further understanding of
seismic probabilistic behaviour of such structures will benefit stakeholders, builders, designers and
homeowners.

Numerous studies on seismic reliability analysis of wood-frame structures are available.
Ceccotti and Foschi (1999) used nonlinear dynamic analysis and first-order reliability methods to
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study a seismic design factor in the National Building Code of Canada. Rosowsky (2002)
developed a risk-based methodology for seismic design of wood shear walls. A sequence of
sensitivity studies was conducted to evaluate the contributions of various sources of uncertainty to
shear wall performance using the CASHEW program (Folz and Filiatrault 2001). Zhang and
Foschi (2004) reported their work in performance-based seismic design and reliability analysis
using optimization methods to deal with the databases of structural response. The designed
experiments and neural networks were implemented to improve computational efficiency. Wang
and Foliente (2006) assessed the reliability of two low-rise non-symmetric wood frame buildings.
It was found that uncertainties due to ground motion and structural modelling are the major
sources for increases in estimated structural demand. Coupling of torsion and bidirectional
excitation also causes significant response magnification. Pang et al. (2009) performed seismic
fragility analysis of conventional one- and two-storey wood frame buildings in the central United
States considering three failure mechanisms. Capacity, demand and modelling uncertainties were
accounted for explicitly in the fragility analyses. Retrofit strategies were also suggested. Li ef al.
(2010) summarized collapse fragilities in different regions of the United States that account for
differences in construction practices and site-specific seismic hazard. Their results suggested that
current seismic design requirements in ASCE Standard 7-05 do not lead to uniform risk and may
need to be revised. Pei ef al. (2012) calibrated the response modification factor for a 6-storey cross
laminated timber building. The calibration is based on an 80% probability of not exceeding 4%
peak inter-storey drift during a maximum credible earthquake near Los Angeles, California, USA.
van de Lindt er al. (2013) reported the development of a performance-based seismic design
(PBSD) philosophy for midrise wood frame buildings and its validation. They examined the
progress, current state, and challenges for PBSD of midrise wood frame buildings.

The objective of this paper is to present a discussion of sensitivity analysis to study seismic
reliability of wood frame buildings. The CASHEW and SAWS programs (Folz and Filiatrault
2001, Folz and Filiatrault 2004) were used as a tool for nonlinear dynamic analysis. Two archetype
buildings were studied in the analysis, a two-storey house and a four-storey apartment building. In
order to accurately quantify the marginal contribution of related factors, numerical procedures
methods were employed. The variations of seismic weights, ground motion records and intensity
measure were compared for their contributions. Two different types of probability distributions of
intensity were also discussed. Based on the results of sensitivity analysis, some recommendations
were made for future study on seismic probabilistic behaviour of wood frame structures.

2. Description of configurations of archetype buildings

Two buildings were used in the analysis. The first building is the two-storey wood frame house
tested as a part of the CUREE-Caltech Woodframe project at UCSD (Fischer et al. 2001). This
building has a footprint of 4.9 mx6.1 m and a storey height of 2.6 m (Fig. 1). The lateral force
resistance system of the building relied on exterior walls. The walls along the short direction (i.e.,
the north-south direction) had large openings for doors and windows and thus were considered to
be the weak direction. All exterior walls were sheathed with 9.5-mm thick oriented strand board
(OSB) panels that fastened to the framing with 8-penny box gun nails. Tie-downs (Simpson
Strong-tie HTT22) and steel straps (CS16) were used at all openings. 12-mm thick gypsum
wallboard (GWB) panels were installed on the interior side with 32-mm long screws. A total
thickness of 22 mm of stucco with 17-gauge galvanized steel wire lath was applied to the exterior
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Fig. 1 Floor plan of the two-storey building

connected with 20-mm long staples. The locations and length of walls can be found in Fig. 1.
Further details of this building can be found in the Phase 10 test of related publications (Fischer et
al. 2001, Filiatrault and Folz 2002).

The second building is a four-storey apartment building, which represents typical multi-storey
residential buildings on the west coast of North America (Fig. 2). The building had a footprint of
57.19 mx19.23 m and a uniform storey height of 2.79 m. There was a corridor in the middle along
the longitudinal direction. The building has two stairs and 14 units, rotationally symmetric to the
center of the floor plan. It had many windows and doors on the exterior side to maximize the view
and day light. Thus, the lateral force resistance system of the building relied on five types of
interior walls, which are indicated as “S.W.” in Fig. 1. The spacing of wall studs were 405 mm.
9.5-mm OSB panels were used as sheathing panels and fastened to framing members with 65-mm
spiral nails. Nails were spaced at 305 mm along the interior of the panels. Along panel edges, nail
spacing vary from location to location, as shown in Table 1. It should be mentioned that typical
“party” wall details apply to those between two adjacent units (i.e., S.W.1 and S.W.2). Each of
these party walls had two nominal two-by-four walls side by side with a 25 mm gap in order to
improve acoustic performance of the built environment. All shear walls were properly anchored by
metal straps, tie-rods and/or other means to prevent uplift. Other walls were either partition walls
or not properly detailed for lateral force resistance. Therefore all those walls were assumed not to
contribute to the lateral stiffness or strength of the building. The floor assembly consists of GWB,
nominal two-by-ten (38 mmx140 mm) joists, 12.5-mm OSB, 38-mm concrete topping and
flooring finish, which weighs 2.0 kPa in average for the whole floor. The average seismic weight
on the roof was 1.5 kPa.

These two buildings are intended to represent typical residential buildings in North America.
Typical single-family residential buildings in this region are one or two storeys, the design of
which follows prescriptive requirements in building codes. Many multi-family apartment buildings
are traditionally four-storey wood frame structures, which need to be designed by engineers. The
two-storey house is an example of non-engineered wood frame buildings. The design of such type
of buildings is usually completed by one or two major designers, who have the control of both
structural and non-structural elements. The CUREE house has been well-studied experimentally
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Fig. 2 Floor plan of the four-storey building
Table 1 The nailing schedule of the four-storey building
S.W.1~2 (mm) S.W. 3~5 (mm)
4" floor 150 150
3 floor 150 150
2" floor 150 100
1% floor 150 75

and analytically. Therefore, it is chosen to represent single-family buildings. The four-storey
building is an example of engineered buildings. This building represents common practice of
multi-family apartment buildings in this region. The primary structural engineers of engineered
buildings are usually only responsible for major structural elements. The information of secondary
and non-structural elements, such as the connections and openings of GWB panels, is not available
for primary structural engineers at the time of structural design. Therefore, the contribution of
GWB to lateral resistance was not considered in the four-storey building.

3. Shear wall model

The reversed cyclic behaviour of all shear walls was simulated with CASHEW (cyclic analysis
of shear walls), a program that was developed by the CUREE-Caltech Woodframe project (Folz
and Filiatrault 2001). The results of each wall obtained from CASHEW were used to calibrate the
parameters of a single degree-of-freedom nonlinear hysteretic spring with strength and stiffness
degradation. With these nonlinear springs, the numerical program SAWS (seismic analysis of
woodframe structures) (Folz and Filiatrault 2004) was used to perform three-dimensional
nonlinear analyses of the structures. The SAWS program is a pancake model using the
assumptions of rigid diaphragms and zero-height nonlinear springs. Each shear wall is modeled as
a nonlinear spring defined by the hysteresis model and placed at the center of the wall. The
parameters of the springs are calibrated using search algorithms embedded in CASHEW. With the
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response of all springs and the rigid diaphragm, each floor is modeled as three degrees of freedom.
Incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002) was performed at different
levels of intensity using SAWS. This program was incorporated into a Microsoft Excel
spreadsheet using Visual Basic for iterative calculation and data visualization. The use of
CASHEW and SAWS was based on the availability and computational efficiency of NTHA.

4. Reliability methods
4.1 Ground motion records and scaling method

A suite of 22 pairs of ordinary earthquake ground motion records by FEMA P-695 (ATC 2009)
were used as the input for the nonlinear time-history analysis (NTHA). These ground motion
records were scaled to multiple levels of intensity measure using a scaling method to account for
the variation of earthquake loads. The probabilistic seismic behavior can be computed from the
results of IDA with the selected ground motion records.

The scaling process involved three steps: i) the normalization, ii) the basic scaling and iii) the
secondary scaling. The first two steps were promoted by FEMA P-695. During the normalization,
all records were scaled to their median peak ground velocity. In the second step, all records were
scaled to have a median spectral acceleration (Sa) to match the targeted spectral acceleration for
the maximum considered earthquake (MCE) at the fundamental period. With the second step, the
ground motion records were scaled to a deterministic level of intensity (i.e., the median spectral
acceleration). To ensure a probabilistic analysis, the targeted intensity level should not be
deterministic. The third step, secondary scaling, was used to consider the uncertainty of intensity
measure for reliability analysis with the scaling factors dependent on the selected distribution
types as discussed below.

4.2 Sources of uncertainties and their distributions

Three sources of uncertainties were considered in the sensitivity analysis: seismic weights,
record-to-record variability, and intensity measure. Seismic weights mainly come from dead loads
of structural and non-structural components. A lognormal distribution with a coefficient of
variation (COV) of 0.1 was assumed for seismic weights of all floors and roofs. Generally, the
seismic weights at different floors and roof can be assumed to be uncorrelated or having a
correlation coefficient not significantly different from zero. However, uncorrelated seismic
weights may produce some cases with significant vertical weight irregularities which is either not
permitted by typical building codes or should be avoided by construction practice. It was also
noted that the floor assembly is commonly the same for all levels. The materials for all levels were
assumed to come from the same suppliers or perhaps even the same shipment. Thus, it would be
reasonable to assume that seismic weights at different floor levels are highly correlated. 1t would
be practical and reasonable for this paper to assume that the correlation coefficients between any
two floors are equal to 1.

The annual occurrence probability of intensity measure, H(-), is traditionally assumed to be
linear on a log-log plot, shown as

H(S,)=as,” @)
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where S,=spectral acceleration; a and b are parameters. This assumption produces an extreme-type
distribution for the targeted exceeding probability within the expected life time of the structures.

There is no doubt that such kinds of distributions are reasonable to describe the real occurrence
probability of earthquakes for earth scientists. In terms of construction practice, most structures, if
not all, have been designed or proved to resist certain levels of earthquakes. Engineers, architects
and stakeholders may not be interested in the consequence to structures from small earthquakes.
Rather, they may be more interested in the consequence from reasonably large earthquakes within
the life period of structures. Their concerns to the performance at targeted intensity levels may be
descripted by some questions such as “what is the consequence if a 8.0-magnitude earthquake hits
this region”. Reliability analysis targeted at certain intensity levels may provide more information
for disaster prediction and mitigation. In term of seismic reliability analysis, the extreme-type
distributions produce many samples at low intensity levels. The demand calculated from these
low-intensity samples may not exceed the threshold to contribute to damage or failure
probabilities. Samples near targeted design intensity levels are scarce but useful for analysis. In
order to address the concerns from construction practice and reliability analysis, the lognormal or
other similar distributions with the mean near the targeted intensity levels may be employed. Such
distribution types allow samples concentrating around the targeted intensity level. The variation
for the distributions of intensity measure is used to consider the aleatoric and epistemic
uncertainties associated with the targeted hazard. The probabilistic analysis conducted with this
type of distribution may be viewed as an extension of the fragility analysis.

For comparison, both the extreme-type distribution shown in Eq. (1) and the lognormal
distribution were used in the analysis of the two-storey building. Based on previous research (Li et
al. 2010, Cornell et al. 2002, ATC 2009), the parameters a and b in Eqg. (1) were chosen to be
0.0144 and 3.2, respectively. These numbers correspond to a targeted spectral acceleration of 0.9 g
at the exceeding probability of 2% in 50 years. The basic scaling factor of the two-storey building
was 1.93. The scaling factor for the second scaling is defined as the ratio of a sample of the
distribution to the median spectral acceleration for the Seismic Design Category (SDC) of Dmax
defined in FEMA P-695. This case is referred to as “the extreme-type distribution”. Two
lognormal distributions were also used. The mean value of the first lognormal distribution was set
to the median spectral acceleration for the SDC of Dmax in FEMA P-695. The COV was set to 0.3.
The scaling factor for the second scaling is defined as the ratio of a random sample to the mean
value of the distribution. This is the baseline case widely used in this paper unless noted otherwise.
The second lognormal distribution had a mean value of 1.5 times of the median spectral
acceleration and a COV of 0.3. This case is referred to as the “2nd lognormal distribution”. The
four-storey building was assumed to have a lognormal distribution with a mean value equal to the
median spectra acceleration for the SDC Cmax-Dmin in FEMA P-695 and a COV of 0.3. The basic
scaling factor for the four-storey building was 0.80. This COV of 0.3 was chosen with the
reference of typical live loads.

The selected ground motion records were implicitly assumed to be uniformly distributed over
the range of its variation. All records contribute equally to the representative probability.
Therefore, the distribution of the records can be expressed as a probability density function,
fx()=1/N, where N is the total number of selected ground motion records. The discrete form of
the density function, fr(rj), may be used instead of fr(r) in the following discussion. The
uncertainties from other sources, such as structural configurations, have been well discussed by
others (Pang et al. 2009, Li et al. 2010) and were not considered here.
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4.3 Traditional reliability method

The traditional method estimates the exceeding probability of drift demand from conditional
distributions given intensity levels, shown as

F,(d) = P(Dsd)zTP[D(a)stM = X]f,, (X)dlx )

where P[D(a)<d|IM =x] is the conditional cumulative distribution function (CDF) of drift
demand, D, not exceeding the value d, given the intensity level of IM=x. This conditional
distribution of drift demand, D, has the uncertainties from ground motion records, r, and resistance
property, a. In this case, the uncertainty from seismic weights is the only resistance property.

Two ways may be employed to solve the problem with the uncertainty from seismic weights
and other sources. One way is to use the approximate conditional distribution to further simplify
Eqg. (2) shown as

Fo(d)=P(D<d) = +jlo{TP[D < y|(A: a,IM = x)]f,(a)da}f,,, (x)dx 3)

where the conditional distribution, P[D<y|(A=a ,IM =X)], is established by ranking the results
of drift demand from all ground motion records, conditioned on resistance property, a and
intensity measure, X. If two or more resistance uncertainties are considered, double or multiple
integrals will be used for the conditional distribution, P[D<y[(A=a ,IM =X)].

The other way to obtain the exceeding probability, P[D(a) <d|IM =x], is to rank the results by
sampling the probability domain of seismic weights. Then NTHA is performed for structures with
different seismic weights for all ground motion records at the intensity level of IM=x. Ranking the
drift demand from all NTHA produces the conditional distribution of P[D(a)<y[IM =x].
Actually, this is using Monte Carlo simulation (MCS) locally considering the uncertainties from
records and seismic weights. The results from the simulation may be more accurate than that
shown in Eq. (3), as the simulation determines the conditional distribution directly.

With the probability density function of capacity, fc(y), the probability of failure in Eg. (2) may
be expressed as

Py = | fo (y)IL— Fo (y)ldy
B B @)
~ 1. (yHL— [PID(a) < y|IM = x]1,, (x)cx}ely

Considering the nature of NTHA, a closed-form solution to Egs. (2) or (3) may not exist. A
numerical format of Eq. (4) used in this study is expressed as

P = kZ:,ch (yO){Lt- é P[D(a) < y||M =X ], (X )AX JAY, (5)

where M is the number of intensity levels and L is the number of capacity levels. The discrete
samples of seismic weight have been incorporated in the conditional CDF.

The conditional probability distributions, P[D(a) < y|IM =x], with uncertainties from ground
motion records and seismic weights were used to compare the influence of different factors. The
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comparison produces multiple probability distribution curves at different levels of intensity at
IM=x.

4.4 A method based on conditional distributions at given ground motion records

The conditional probability distributions of drift demand in Eq. (2) are constructed from all
records at given intensity levels. Similarly, the conditional distributions of drift demand can be
constructed from intensity measure at given ground motion records. Then the exceeding
probability of drift demand can be established as

FD(d)=P(Dsd)zTP[D(a)£d|R=r]fR(r)dr (5)

where P[D(a)<d|R=r] is the conditional CDF of drift demand not exceeding the value d,
considering the uncertainties from intensity measure and seismic weights, given the ground motion
record of R=r. The integral sign in Eq. (5) means that the variable, r, for ground motion records is
expected to be continuous. Since the ground motion records are always discrete samples
representing their earthquake characteristics, a practical form of Eq. (5) is shown as

FD(d)=P(DSd)ziP[D(a)sd|R:rj]fR(rj)Arj (6)

=1

Here j denotes the j" ground motion record under consideration. Since the selected ground
motion records are uniformly distributed in their representing ground motion characteristics, the
values of the probability density function, fx(r;), for all records are the same. The intervals between
a pair of adjacent ground motion records, Ar;, are also the same. Therefore, one has

1 .
fa (r;,)Ar; =N (j=1,2,...,.N) @)
Substituting Eq. (7) into Eq. (6) gives

1 N
FD(d)zﬁzlP[D(a)gd|R=rj] (8)
=
The probability of failure can be expressed as

P, =P(C < D) = | f (Y1 Fo(y)}dy
0
L . ©)
= 2 fe (Y HL - 2PID(@) < y[R =1, ay,
k=0 j=1

The probability of structural failure expressed in Eg. (9) is determined from the mean of the
conditional exceeding probabilities of drift demand over selected earthquake records. The
conditional probability function, P[D(a)<y,[R=r1, is established from the IDA curves of all
possible structural configurations for the j™ ground motion record. The randomness of the
conditional exceeding probability comes from both intensity measure and resistance property.
Similar to the traditional method (Eq. (2)), the conditional distribution in Eqg. (9) can be solved
from a double integral of conditional distributions. It also can be solved using a localized MCS by



Sensitivity analysis of probabilistic seismic behaviour of wood frame buildings 117

ranking the drift demand from NTHA considering uncertainties from intensity and seismic
weights. This method will be referred to as the second method.

The conditional probability distributions, P[D(a) <y, |R=r,1, with uncertainties from intensity
measure and seismic weights were used to compare the influence of different factors. Each ground
motion records has a single conditional distribution.

4.5 The Monte Carlo simulation and sampling strategies

The probability distribution of ground motion records can be considered as a uniform
distribution. Each record is a natural sample representing ground motion characteristics. The
distribution of intensity and seismic weights can be defined from statistical data. Therefore, the
drift demand follows a joint probability distribution of resistance, records and intensity. If other
uncertainty sources are considered, the joint distribution will have more random variables.
Compared with the two methods discussed above, the MCS method may be used as a benchmark
to account for the uncertainties from different sources.

The computational demand of the classic MCS using pseudo random numbers is significant due
to the time-consuming process of NTHA. However, the quasi-Monte Carlo simulation with
sequence samples can be used to reduce the number of samples and thus improve the
computational efficiency.

Different combinations of sample numbers were used to investigate their influences. A
preliminary calculation used 40 samples for intensity and 16 samples for seismic weights,
following the technique for quasi-Monte Carlo simulation. With 22 samples of ground motion
records (i.e., 22 pairs of records), the preliminary calculation ran NTHA for 14080 times. Then 22
pairs of records were rotated by 90 degree and NTHA is repeated. After the preliminary
calculation, the sample number of seismic weights was reduced to 8, 4 or 1. One sample implies
that the mean value was used in the calculation and no variation was considered. In the discussion
below, the term of “fixed weights” was used instead of “one sample”. Meanwhile, the sample of
intensity was reduced to 20 or 10. The combinations of different sample numbers for intensity and
seismic weight were studied using the MCS method as well as the methods discussed above.

5. Results and summary
5.1 Sensitivity analysis with the traditional method for the two-storey building

The numerical procedures for the three methods discussed above do not use any data fitting
technique, if data points are sufficient. These numerical procedures have the advantage of retaining
the accuracy of results from NTHA for reliability analysis. With these procedures, the influences
of different factors and sources of uncertainties can be accurately quantified and compared for
their contributions.

Three questions were examined for the influences of seismic weights. The first question was
the contribution of uncertainty from seismic weights, relative to that from ground motion records
and intensity. The second question was the influence of sample sizes for seismic weights and
intensity measure and to identify the optimized sample sizes. The third question was how well the
distribution curves can fit certain distribution types such as the lognormal distribution.

The conditional distribution, P[D(a)<y|IM =Xx], as illustrated in the traditional method was
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obtained at up to 40 levels of intensity for the two-storey building (Fig. 3). Each curve consists of
22 data points from 22 records, which may be not sufficient to accurately describe the tail of the
probability distribution. The advantage of the traditional method is that sampling strategy for
intensity can be arbitrary. Fig. 4 shows a comparison extracted from Fig. 3 at three levels of
spectral acceleration: 0.671 g, 0.915 g and 1.21 g. In these figures, “fixed weights” means that no
variation was considered for seismic weights. Simply speaking, “fixed weights” is a fragility curve
with the only uncertainty from ground motion records. “Variable weights (8 samples)” means that
eight samples were taken from the distribution of seismic weights. With 22 records (or samples), a
curve for “variable weights (8 samples)” consists of 176 data points. Similarly, a curve for
“variable weights (16 samples)” has 16 samples for seismic weights and consists of 352 data
points.

Generally, the probability distribution curves at three levels of spectral acceleration (Fig. 4)
show similar results. The results for “fixed weights” do not significantly deviate from the curve of
“variable weights (16 samples)” except for some records. This may be further explained that the
drift from NTHA is not very sensitive to the variation of the seismic weight. The variation of
seismic weights does not play a significant role compared with ground motion records (Fig. 4(a)).
It is also shown that the fragility curve for “fixed weight” has limited data points and may not
produce an accurate result for the tail of the distribution. The samples from seismic weights appear
to produce more data points and result in a smooth probability distribution curve. The curves for
“variable weights (8 samples)” and “variable weights (16 samples)” do not show much difference,
which implies that 8 samples are sufficient to produce smooth conditional distribution curves for
the traditional method. Other calculations showed that the sample number of seismic weights may
not be further reduced to 4 or 5 samples.

The data curves for variable weights with 16 samples were fit with lognormal distributions
using the maximum likelihood estimation. The original curves and fitted lognormal distributions
were compared with some examples shown in Fig. 4. From this comparison, it can conclude that
the accuracy of fitted lognormal distribution totally depends on the design point. Some accuracy
will be lost if fitted lognormal distributions are used in reliability analysis.

5.2 Sensitivity analysis with the second method for the two-storey building

The conditional probability distributions, P[D(a) <y, |R=r,], as illustrated in the second method
was obtained at 22 pairs of ground motion records (Fig. 5). Fig. 5(a) shows the results without

|
| Drift (%) 1

0.0 2.0 4.0 6.0 8.0 10.0

Fig. 3 Conditional distributions at 40 levels of intensity for the traditional method
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Fig. 5 Conditional distributions at 22 pairs of records for the second method

considering the uncertainty from seismic weights. Each curve in Fig. 5(a) has 40 data points at the
selected 40 levels of spectral acceleration. Compared with Fig. 3(a), the distribution curves in Fig.
5(a) can be very accurate in the tail by increasing the number of samples of intensity measure or
using different sampling strategies. Fig. 5(b) shows the conditional distributions considering the
uncertainties from both intensity and seismic weights. 16 samples were used for the uncertainty of
seismic weights, which result 640 data points for each curve in Fig. 5(b).

The curves for three records were compared for the contribution of uncertainties from various
sources (Fig. 6). The index numbers of records shown in this figure refer to those of the ordinary
ground motion records of FEMA P-695. The mean curves from Fig. 5(b) are also shown in Fig. 6
as the reference. The curves for “variable weights (8 samples)” are almost identical with those for
“variable weights (16 samples)”, which indicates that 8 samples may be sufficient to consider the
uncertainty of seismic weights. The curves for “fixed weights” typically match those for “variable
weights” except in some local regions in Fig. 6(c). This result indicates that the uncertainty of
seismic weights may not significantly affect the calculated conditional distributions of demand.

The optimized sample number of intensity measure depends on the targeted exceeding
probability. For example, 40 samples appear to be sufficient for the CDF of 0.9 as 4 intensity
samples fall in the tail of the curves even without the uncertainty of seismic weights (Fig. 5(a)).
Other curves (Figs. 5 and 6) do not clearly show the number of intensity samples in the tail. Their
optimized sample numbers can be justified to be the same with the fixed seismic weights based on
the nature of MCS.

Lognormal distributions appear to fit the data very well in some instances (Figs. 6(a) and 6(b))
but not so well in others (Fig. 6(c)). This may be explained by the nature of IDA. The drift demand
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Fig. 7 Conditional distribution for the second method (the extreme-type distribution)

associated with Figs. 6(a) and 6(b) is close to a linear function of intensity measure while the
intensity measure follows a lognormal distribution. When the nonlinearity between drift demand
and intensity measure is significant, the lognormal distribution does not fit well (Fig. 6(c)). In
order to further verify this explanation, the distribution of intensity measure was changed to the
extreme-type as mentioned above. After the NTHA was performed, the results are shown in Fig. 7.
Comparing these results with in Fig. 6(a), the lognormal distribution does not fit the data well in
this case. A similar conclusion can be drawn from the comparison for other records. Therefore, the
fitness of any distribution depends on several factors including the nature of IDA results and the
assumed distribution types of the intensity measure and records.

5.3 Sensitivity analysis with the MCS method for the two-storey building

Three probability distribution curves are shown in Fig. 8. In this figure, the curve of “fixed
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weights (40 intensity samples)” was produced by ranking drift demand from 22 pairs of records
scaled to 40 levels of spectral acceleration without the consideration of the uncertainty from
seismic weights. Similarly, the curve of “fixed weight (10 intensity samples)” consists of 10 levels
of spectral acceleration. The curve of “variable weights” was produced by ranking drift demand
from 14080 samples.

From Fig. 8, it can be observed that three curves are almost identical regardless of their
different sample sizes for intensity measure or the consideration of uncertainty from seismic
weights. The agreement of three curves can be further observed from numerical calculation of drift
demand at certain level of exceeding probability. The drift demand at 90% of exceeding
probability from fixed seismic weights with 40 samples for intensity, fixed seismic weights with
10 samples for intensity and variable seismic weights are 3.13%, 3.14% and 3.12%, respectively
(Table 2). This result confirms that the uncertainty of seismic weights does not significantly
contribute to the overall distribution of drift demand, although seismic weights do affect some
conditional distributions locally. The comparison from the ‘“2nd lognormal” and extreme-type
distributions shows a similar conclusion (Figs. 9 and 10). This result can be explained that the
uncertainties from ground motion records and intensity measure dominate the variation of the
resulting probability distribution of demand for the buildings studied in this paper. It is noted that a
COV of 0.1 used for seismic weights is a reasonable estimation while a COV of 0.3 for intensity
measure may have been underestimated. Therefore, the uncertainty of seismic weights may not
need to be considered in typical seismic reliability analysis.

Figs. 8, 9 and 10 also indicate the optimized number of samples for intensity measure. If the
region of interest for the CDF is near 0.9, 10 samples for intensity appear to be good enough to
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Fig. 12 Fragility curves from the MCS method (the extreme-type distribution)

provide a reasonable approximation. Using 40 samples for intensity measure does not measurably
improve the accuracy of results for CDF=0.9. More samples for intensity measure will make the
curves smoother and may be necessary if the design CDF approaches to its tail.

The probability distributions obtained from MCS may be used to calibrate the fragility analysis
established at a fixed intensity level (Fig. 3). For comparison, the fixed intensity levels shown in
Figs. 11 and 12 were chosen to be the mean value of their probability distributions. These two
figures show the comparison for the second lognormal distribution and the extreme-type
distribution, respectively. The figures also show another type of fragility curve with the
uncertainties from both ground motion records and seismic weights, also known as “fragility with
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variable weights”. The comparison shown in these figures further confirms that fragility curves
without considering the variation from intensity may not accurately represent the probability
distribution curves.

5.4 Comparison of different methods for the two-storey building

The exceeding probability (Ps) at given drift capacity levels can be computed with the three
methods discussed above. With the traditional and second methods, the conditional distributions
from IDA may have limited data points. A general way is to fit the data points with certain
distributions, with which the exceeding probability can be computed. However, the error of the
data fitting technique may be accumulated through the addition of multiple conditional
distributions. The discrepancy of results observed in Tables 2, 3 and 4 may be partially explained
by the error of data-fitting. In order to improve the accuracy for the traditional and second
methods, linear interpolation can be used if the drift capacity is within the boundary of data points.
The conditional distributions of “variable weights (16 samples)” shown in Fig. 4 were used as an
example. A drift capacity of 7% has exceeded the value of the greatest drift demand (2%) of the
curve in Fig. 4(a). Therefore, the fitted lognormal distribution had to be used. In Fig. 4(c), the
same 7% drift capacity is within the range of the solid curve. Thus, the exceeding probability at
the drift capacity of 7% can be determined from linear interpolation. The accuracy of the linear
interpolation and data fitting can be observed from the difference between the curves shown in
Fig. 4(c). As a comparison, the results of this lognormal distribution are shown in Table 3 while
the results for the extreme-type distribution are shown in Table 4.

Table 2 Exceeding probability at 7% drift capacity and drift capacity at 10% exceeding probability for the
lognormal distribution

P: @ 7% drift Drift @ Pr = 10%
Partial All Partial All
data-fitting* data-fitting® data-fitting* data-fitting®
Traditional method 2.84% 3.38% 3.13% 3.30%
The 2nd method 2.63% 2.73% 3.14% 3.28%
MCS 2.57% 3.12%

Note: *“Partial data-fitting” refers to that some results of conditional distributions are obtained from linear
interpolation

2“All data-fitting” refers to that all results of conditional distributions are obtained from data-fitted
lognormal distribution

Table 3 Exceeding probability at 7% drift capacity and drift capacity at 10% exceeding probability for the
2nd lognormal distribution

Pr @ 7% drift Drift @ Ps = 10%
Partial All Partial All
data-fitting data-fitting data-fitting data-fitting
Traditional method 18.0% 20.3% 18.6% 16.2%
The 2nd method 17.9% 21.2% 18.7% 14.6%

MCS 17.9% 20.1%
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Table 4 Exceeding probability at 7% drift capacity and drift capacity at 10% exceeding probability for the

extreme-type distribution

Jianzhong Gu

Pf @ 7% drift

Drift @ Pf= 10%

Partial All Partial All
data-fitting data-fitting data-fitting data-fitting
Traditional method 0.16% 0.19% 0.60% 0.60%
The 2nd method 0.16% 0.15% 0.59% 0.60%

MCS

0.14%

The results using the MCS shown in Tables 2-4 were considered to be relatively accurate.
These results from the partial data-fitting (with linear interpolation) are close to those obtained
from the MCS, which indicates that the partial data-fitting is more accurate than all data-fitting to
produce the conditional distributions. The comparison of results also indicates that the traditional
and second methods may slightly over-estimate the exceeding portability. This overestimation may
be explained by the nature of the conditional distributions used by the traditional and second
methods. At lower intensity levels, data-fitted conditional distributions always produce some
values of probability of failure, the error from which is accumulated through the calculation.

5.5 Results of the four-storey apartment building and summary

The results of the four-storey building are very similar to those of the two-storey building.
Examples of the results are shown in Fig. 13-15. These results confirms the findings that have
been observed from the two-storey building as discussed above. The main sources of uncertainties
of seismic demand comes from ground motion records and intensity measure. The variation of
seismic weights does affect some conditional distributions for the traditional method and second
method. A COV of 0.1 of seismic weights does not contribute much to the overall probability
distributions of seismic demand. It does not appear to be necessary to consider the uncertainty
from seismic weights with the MCS for both buildings studied in this paper.

If the uncertainty of seismic weights need to be considered for the traditional and second
methods, eight samples may be sufficient to construct the conditional distribution curves. For the
second method, the optimized sample number of intensity depends on the targeted exceeding
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probability. Forty (40) samples used in this analysis appear to produce satisfactory results. For the
MCS method, 16 samples appear to produce satisfactory results for a COV of 0.3 even without the
consideration of uncertainty from seismic weights.

The data-fitting using certain assumed distributions results the loss of some accuracy. For the
traditional and second method, using data-fitting techniques to obtain conditional distributions
causes some error, which may be accumulated to the final results. Whether a lognormal
distribution can fit the data points well depends on several factors, including the nature of IDA
results and the assumed distribution type of intensity measure and records. In order to improve the
accuracy, the partial data-fitting with linear interpolation may be used if the targeting data are
within the boundary of data points of the probability distributions.

6. Conclusions

Three seismic reliability methods and their corresponding numerical procedures were used for
sensitivity analysis of wood frame structures. Two buildings were analyzed, including a two-storey
house representing typical low-rise residential buildings and a four-storey apartment building
representing typical multi-storey construction. Two types of probability distributions for intensity
measure were used: the lognormal distribution and the extreme-type distribution. The sources of
uncertainties include ground motion records, intensity measure and seismic weights. Different
sample numbers were used to study the marginal contributions of related factors.
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The results of sensitivity analysis show that the main sources of uncertainties come from
ground motion records and intensity measure. Seismic weights do not appear to contribute much to
the overall probability distribution of the seismic demand of the buildings. If the uncertainty of
seismic weights has to be considered in conditional distributions, eight samples may be sufficient.
The sample number for intensity measure used by the second method depends on the targeted
exceeding probability. Forty samples appear to be sufficient for a COV of 0.3. With the MCS, 16
samples for intensity measure appear to be enough. When data-fitted conditional distributions are
used in the traditional and second methods, the error from data-fitting techniques may be
accumulated through the calculation. In order to improve the accuracy of results, linear
interpolation combined with data-fitted distributions can be used to compute the conditional
distributions. The results of probability failure are found to heavily depend on the probability
distribution types of intensity used in the analysis, as well as the drift capacity. The methods and
results in this paper will provide a benchmark to quantify the safety margin of such wood
buildings under earthquake loadings, if a proper probability distribution of intensity and the
ultimate drift capacity under extreme loadings can be defined.
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