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Abstract: In the United States the majority of modern residential and a portion of commercial structures are woodframe construction
which typically consists of dimension lumber sheathed with X244 m (4x 8 ft) OSB or plywood panels. This paper presents the
results of a study on the development of a damage-based seismic reliability model for light-frame wood structures subject to earthquak
load. It is presented in conceptual form with a simple example for a symmetric one-story woodframe building. The concept presented her
provides the basic methodology to calibrate a seismic damage model and compute the structural reliability using a damage-based lim
state function. The illustrative example necessitated a small experimental program and the use of existing software. The mechanisti
damage model chosen for the example expresses damage as a linear combination of the maximum displacement during an earthque
simulation and the hysteretic energy dissipated by each shearwall within a structure. In order to make the model mechanistic, it wa:
regressively calibrated based on the results of static and dynamic tests conducted 2.24h (8 X 8 ft) wood shearwalls. The
fastener spacing on the perimeter of the shearwall sheathing panels was chosen as the design variable of interest, hence all damage mc
parameters were developed as a function of their spacing. Following calibration, a damaged-based limit state for reliability analysis is
developed that enables one to calculate the structural reliability index provided against a prescribed damage level. The result for a
example limit state is presented and compared to Federal Emergency Management Agency transient drift performance specifications fi
collapse prevention.
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Introduction to those under development for the design of steel and reinforced

concrete structures are being developed for woodframe structures.
Wood is the most widely used residential construction material in -~ The remainder of this paper presents a new concept that is
the United States. Woodframe bUIldIngS are relatiVer economical believed to fall under or within the paradigm of performance_
when considered on an individual basis, but their sheer numberp,seq seismic design. Specifically, damage limiting criteria that
makes them critical to the infrastructure of the country and con- may provide a prescribed reliability level against predefined dam-
tinued good seismic performance is integral to the overall eco- . S

age levels are considered. In other words, it is reiterated here that

nomic welfare. The impact of poor seismic performance in the f ¢ based seismic desi f light-f
public sector(e.g., insurance companies, government, manufac- °N€ aréa 1or periormance-based seismic design of light-irame

tures as well as the private secte.g., insurance premiums, lack wood structures to focus on is not performance with respect to
of insurance availability would be significant. Over the years collapse, but rather structural performance as it relates to damage,
much of the light-frame wood structural design code development Structural, or otherwise. This paper presents the concept of
has been based on the results of monotonic and reversed-cyclidamage-based seismic reliability and the calibration of a prelimi-
tests. While studies have been conducted using pseudodynamigary (or prototypeé damage model for calculation of damage-
tests(e.g., Dinehart and Shenton 1998; Kamiya 1988; Durham et pased seismic reliability of woodframe structures. This type of
al. 200) and shake-table test@.g., Stewart 1997 Dolan and  gamage model has not been applied to woodframe structures, thus
Mad;en 1992a,b; \_(amagL_Jchl an_d Mmov_va 1p98Be results _hav_e nuances and details have never been addressed and was one of the
only just pegun to find their way mFo desgn ches and'gwdelmes. secondary objectives of the study presented here. The model fo-
As more is learned about the nonlinear seismic behavior of wood- .
frame structures, performance-based design philosophies simila®4S€s 9" wood gheanNaIIs since staFe-of-the-art woodframe mod-
eling (Folz and Filiatrault 2001)jatechniques use an approach that
Associate Professor, Dept. of Civil Engineering, Colorado State is.hilghly dependent on the hyst.eretic behavior of the shearyvalls
Univ., Mail Stop 1372, Fort Collins, CO 80523-1372. E-mail: jwv@ within the structure. The illustrative example presented later is by
engr.colostate.edu no means meant to be applicable to all woodframe buildings, but
Note. Discussion open until September 1, 2005. Separate discussiongather it is meant to demonstrate a basic application of the concept
must be submitted for individual papers. To extend the closing date by of damage-based seismic reliability. Further, it should be noted
one month, a written request must be filed with the ASCE Managing ¢ this particular illustration of damage models and reliability
Edltor. Thg manuscrlpt for this paper was submitted for review and pos- has value in concept, but to be applied, i.e., for code calibration or
sible publication on December 17, 2003; approved on October 11, 2004. ) e ) T e T
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Selection of Damage may or may not require testing, but at the very least will require

Model the procurement of appropriate data. Now, making the flowchart
l specific to woodframe structures at this point, each shearwall
within the structure is analyzed cyclically and an equivalent non-
Identification of Critical linear single degree of freedof8DOP hysteric oscillator can be
l defined. These nonlinear oscillators represent an assembly within
o the woodframe structural modéFolz and Filiatrault 2001
T or oarametore Caltraton Maximum allowable seismic masses for the structure can be de-
termined from the appropriate design code if one is checking
r reliability levels inherent in that design code. At this point in the
Fastener Cyclic Analysis to get process, the damage model and structural model are calibrated
F i Bl bl and defined, respectively, essentially describing the resistance
l portion of the reliability problem. Existingor determinell suites
of ground acceleration records for the location of interest, i.e.,
Earthquake ,| Time Domain Analysis || Maximum Allowable site, provide the load portion of the reliability problem, provided
Grourg totion Of Wood frame Structure S e " they are scaled to the appropriate hazard level. The response of
v the structure, and each shearwall within the structure, is deter-
Damage prediction to structure using mined for each ground acceleration record in the suite of records.
Calibrated model . . . .
These responses are used as input to the calibrated seismic dam-
l age model and the damage for each shearwall within the structure
can be estimated from the model. The total building damage can
Damage - Based Reliability . L . . . . .
Estimate be estimated by combining the damage indices by weighting their

contribution to the total damage based on the amount of hysteretic

Fig. 1. Flowchart outlining the concept of damage-based seismic energy each wall dissipates.
reliability for woodframe structures

lllustrative Damage Model
Damage-Based Seismic Reliability Concept
In order to illustrate the concept described above it is advanta-

To date, much of the seismic reliability of woodframe structures geous to select a straightforward seismic damage model. Consider
or more specifically wood shearwalls has been based upon deforthe mechanistic seismic damage model originally developed for
mation limit statege.g., Rosowsky 2002; van de Lindt and Walz reinforced concretéPark and Ang 1986whose development was
2003 with the intent of eventually correlating these limit states to originally based on extensive test data for beams and columns
an acceptable level of damage. In fact, it has been said that lim-(and beam-to-column connection®ported both in the US and
iting deformation is the cornerstone of performance-based seismicJapan. Their approach was justified by stating that a structure will
design(Filiatrault and Folz 200R That approach is quite logical ~ sustain damage due to both the maximum response and the effect
since basic mechanics provides methods for computing stresse®f repeated cyclic-loading, which both occur during an earth-
from deformations. However, during strong earthquakes when quake. The simplicity of their approach may make it applicable to
moderate to severe damage occurs to structures, much of the basiether materials and structural systems. The Park—Ang damage
linear mechanics breaks down and research engineers and scierindex, D, is expressed as
tists rely on more heuristic measures of performance adequacy
ranging from experimen(.e., observationto experience. A con- m U
cept is presented here that provides a mechanism to calibrate a D= At Jj dE .y
seismic damage model and compute the seismic reliability of a v e
woodframe structure based on one or more general behataral where A,=maximum deformation during the earthquake;
performancglimit states. The methodology can be further gener- A,=ultimate deformation(note that this is not the deformation
alized and is applicable to any type of system, but no effort to that corresponded to ultimate capacity but rather the largest de-
extensively generalize the approach was made as it was considformation reached prior to failurainder monotonic loading de-
ered beyond the scope of this paper. Once the damage model isermined experimentallyf.,~the yield force of the wallwhich
calibrated, the damaged-based reliability can be computgd)by can be calculated as an equivalent yield force using a least-
coupling the model with any nonlinear hysteretic model felt to be squares approach since wood shearwalls do not posses a distinct
a good predictor of the dynamic behavior of the structure,@nhd  yield poin®); fdE=incremental hysteretic energy absorbed by the
utilizing a suite of appropriately scaled earthquake ground mo- wall during the earthquake; ang=calibration parameter for the
tions. Fig. 1 presents a flowchart outlining the overall concept for desired damage-based limit-state.
a woodframe structure, which is described below. Eqg. (1) is a direct linear combination of the maximum defor-

Beginning at the top of the flowchart in Fig. 1, initially one mation and the hysteretic energy absorbed during the motion of
selects a damage model for use in the reliability analysis. Oncethe Structure expressed as a fraction of their respective ultimate
the model is selected, the critical model parameters must be iden~values. Only parameters,, and [dE are obtained from the simu-
tified. The purpose of identifying critical parameters is to ensure lated loading history. All other parameters are predefined values
that the damage model is made mechanistic for at least theseand are essentially a function of the geometry and material prop-
parameters. This can be accomplished through regression abougérties of the component or structural system being modeled or
the mean or by making the model more generally stochgstie, analyzed. Damage to a structure is then characterized by the dam-
e.g., Park et al(1985] if sufficient test data is available. This age indexD, where the value dD=1 signifies failure or, at least,
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through the actuator and the force response of the shearwall re-
corded. Ideally, shake table testing could be used, but neither the
DD tests or shake table tests were the focus of this paper and are
given limited attention. The use of a DD test can be further jus-
tified in that an example calibration of the Park—Ang damage
model for woodframe structures is a fundamental example of an
input-output(I-O) problem. In other words, the output is directly
2.44 x 2.44m dependent on the input, and as long as the structure is deformed
shearwall beyond the elastic range the model can be calibrated.

Actuator

Note: Out of Limit State Selection
plane bracing is

not shown The selection of damage limit states was substantially more dif-

ficult in that it required(at this stagesome level of calibration
with deformation-based limit states. In the present selection of
limit state definitions, five5) different criteria were used. These
criteria were not meant to be absolute and representative of any
particular damage level. Rather, they serve as preliminary limit
states that were based on observations made during a series of
Fig. 2. Wood shearwall test setup for static and dynamic- reversed-cyclic wood shearwall tests not presented here. These
displacement tests included: A, either bottom corner nail pulling through the sheath-
ing; B, the bottom corner of the sheathing displacing out-of-place
more than 1.66 mnil/16 in); C, the sheathing displacing out-
that the predefined damage-based limit state has been reached. of-plane at mid-wall height more than 1.6 n{t/6 in); D, the
Calibration of the Park-Angor any damage model requires  bottom corner of the sheathing displacing out-of-place more than
knowledge of certain structural properties, which were deter- 3.2 mm(1/8 in); and E, the sheathing displacing out-of-plane at
mined from shearwall testing under monoto(i¢T) loading and mid-wall height more than 3.2 mif1/8 in.). Note that all out-of-
dynamic-displacementDD) loading. Dynamic-displacement test-  plane measurements were measured with respect to the framing.
ing is a displacement control dynamic test and will be explained It should be further noted that the out-of-plane movement of the
in a later section of this paper. sheathing was generally observed as the fasteners worked their
way out of the framing members during cycling. Although no
direct quantitative correlation between fail(geand this type of
lllustrative Damage Model Calibration limit state has been shown, its observed consistency shows some
promise. Its primary use in the present study was for expediency
Recall from the previous introduction of the seismic damage of illustration. Limit state A was selected as a potential service-
model concept that one or more critical model parameters shouldability overload limit state which, if reached, would most likely
be selected initially in order to make the model mechanistic. result in structural damage but probably not collapse. Limit states
These critical model parameters will typically correspond to the B, C, D, and E were selected as safety/collapse limit states since
critical design variables. For purposes of illustration, let us limit the shearwall will have lost significant load carrying capacity at
the damage model to wood shearwalls since current modelingthis point. In order to provide some level of relativity to wall
techniques for woodframe structures are highly dependent on thedisplacement, these limit states can be tied back to top-of-the-wall
hysteretic behavior of the shearwalls within the structure. In ad- deformation-based reliability levels. This will be presented for
dition, the model calibrated here will only consider a single criti- limit state E and the results compared to existing Federal Emer-
cal design parameter. The performance of wood shearwalls havegency Management AgencfFEMA) collapse prevention limit
been repeatedly shown to he significantly affected by the spacingstates.
of the fasteners around the perimeter exterioy of each sheath- As mentioned, in order to calibrate the illustrative model, sev-
ing panel. Thus exterior fastener spacing was selected as the deeral static and several dynamic tests were needed. Fig. 3 shows
sign parameter upon which to make the example model mecha-the portion of the walls displacement created as a result of the

nistic. In order to obtain the damage model parametees Eq. 1949 Puget Sound ground motion for the shearwalls having
(1) several shearwall tests were performed. These incluged: 102 mm(4 in.) fastener spacing up until a selected limited state
the results of monotonic shearwall tests to determineAthand was reached. The responses for walls having other spacings of
Fey values for walls having different exterior fastener spacing; 76 mm(3in.) and 152 mn(6 in.) are not presented here. The
and (2) dynamic shearwall tests to determine thg and [dE record was scaled in order to produce a significant transient drift

values. Fig. 2 shows a solid model of the test setup used; how-to ensure the specimens were damaged. Without some reasonable
ever, note that no out-of-plane bracing is shown. Sheathing paneldevel of damage the model would not have been able to be cali-
on all shearwalls in this study were oriented vertically. brated. Fig. 4 shows the resulting hysteresis for the wall obtained
The term dynamic-displacemelbD) test is used here to  during the experiment using that displacement signal.
mean a displacement control dynamic test. The load protocol for
the DD test was determined by exciting a representative nonlinear
hysteretic oscillator with the desired ground acceleration record
numerically. A simple hysteretic SDOF oscillator model cali-
brated to existing shearwall data was used in the present studyRecall that in order to make a damage model mechanistic it
The resulting deformation response time history was fed back should be a function of one or more design variables deemed

Regressing the Model Parameters on Fastener
Spacing
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Fig. 3. Displacement of a wood shearwall until a predefined damage Fig. 4. Experimental hysteresis corresponding to the shearwall

limit-state was reached
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Fig. 5. Diagram showing the procedure for calculation of a single calibration parameter. Note that the procedure should be repeated for eacl
test/nail spacing combination.
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critical to the problem at hand. In the present example this was NAIL SPACING (in)

the fastener spacing for the perimeter nails. In order to calibrate 3 : = : 4 i 5 : 3
the damage model using the two sets of test data and solve for the 26b . o . i25
calibration parameter, one simply rearranges E@l) as
2t : - 42
F {A D-A 154 : : Jis
l!J — e u m) (2)
f dE T o
; o8y :_______,..:-—-—‘—’/ ‘°-5;
a " . a
Setting the damage indeR, equal to unity and integrating the of . : . : - 10
hysteretic energy/dE, up to the point during the dynamic- o8 s
displacement test@s was presented in Fig) &t which the se- _
lected limit-state was reached, one may solve for the value of the T ‘ ‘ N 1
calibration parameter. This also requires the maximum deforma- Y S Ce : : {-1s
tion, A, to be extracted from the dynamic-displacement test data. R L : _2

L 1 . i . i
762 889 1016 1143 127 138.7 152.4

This model calibration procedure was obtained for each dynamic- DLS D - NAIL SPACING (mm)

displacement test, i.e., once for each earthquake record for a
single fastener spacing. This was repeated for each of the three  rig 6. Example of thes values calculated for limit state D
fastener spacingé76, 102, and 152 mijnfor a total of six cali-
bration parameters. Fig. 5 presents a diagram showing how one

can go about determining the calibration parameterfor the A a,s+hb,
damage model. Starting at the top left the control sigimatthe
present case displacement, but this could easily be replaced with
acceleration for a shake table tedtives a single test of a walbr wherea indicates the slope of the regression line amdntercept
structure. The absolute maximum displacement prior to the limit with the ordinate.

state being reached, is identified during the test. Recording
the force as the wall is dynamically moved through the desired
displacementsor the force-displacement relationship for a shake
table test the hysteretic energy dissipated by the wall was ob- Seismic reliability analysis of woodframe structures is influenced
tained. At the bottom left of the diagram an approach to determine by a large number of random variables. The most dominant hav-
an equivalent yield force and ultimate deformation from mono- ing been shown to be the variability in the earthquake load. The
tonic shearwall test data are depicted. Details of the approachesesistance, or structural, side also has variables that affect the

= dE 4
ay Stby, (@ s+be )(ays+hb,) @
u u ey e u u

Reliability Calculations

used in the example are available in van de Lindt e{2003. reliability such as panel grade and thickness, stud specific gravity,
The expression for the damage index can then be set equal tdfastener type and size, anchorage, fastener spacing, etc. As ex-
unity and the value of the calibration parameterreadily deter- plained earlier, fastener spacing was selected for illustrative pur-

mined. This procedure should be repeated for as many force-poses because it has been shown to significantly affect the re-
displacement records as are available for a single nail spésing sponse and is a convenient design parameter used in shearwall
any other design variableThe procedure is then repeated for design. Existing softwaré~olz and Filiatrault 2000, 2001avas
each nail spacing. Specifically, twip values, i.e., one for each used to model dynamic behavior of all the wood shearwalls
earthquake used to develop the displacement signal, were obwithin the structure. Suites of ground motions for Los Angeles
tained for each walls nail spacing and are shown in Fig. 6. The were scaled and served to provide the load variability for the
two values were averaged for each wall type and a best-fit line reliability analysis similar to the approaches used by Rosowsky
used to calculate an expression §oas a function of nail spacing. (2002 and van de Lindt and Wal2003. The damage indices for

Of course, the value ofi changes for each limit state. So a new each wall were computed from the response time histories for
expression must be determined for each limit state. Table 1 pre-each shearwall within the structural model using the mechanistic
sents the slope anylintercept for each linear expression of the damage model that was calibrated herein. The damage indices
calibration parametexs. Expressions for the equivalent yield were then combined to estimate damage to the entire structure.
strengthFe,, and ultimate deformation,, were also determined  The model used for this example was a rectangular 4.88
as a function of panel exterior nail spacing. Of course, these arex9.74 m (16X 32 ft) one-story building. Each of the shorter

not a function of limit state and can be expressed as sides has one shearwall with 76 niBin.) spacing on the panel
exterior and each of the longer sides has two shearwalls with
Fey=—10.16-38.5 3 152 mm(6 in.) spacing on the panel exterior as shown in Fig. 9.
Ay=-028-121 Table 1. Slope andy-Intercept Values for Linear Regression {fas a
wheres=spacing, in millimeters, of the fasteners located on the Function of Perimeter Nail Spacing
panel exterior/perimeter. The equivalent yield force and ultimate Limit state Slope Y intercept
d_eformation, each as a function of nail spacing, are presented in, ~0.0025 1.29
Figs. 7 alnd.8, respectively. . . . _0.0115 3.05
Substitution of these expressions into Hd) provides a 0.0029 017
mechanistic damage model that is only a function of the nail ' '
. . . . 0.0057 -0.18
spacing and nonlinear structural response. Mathematically, th|sE 0.0026 018

can be expressed as
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Fig. 7. Equivalent yield forceF,, as a function of nail spacing

The base sheaW,s, for the structure can be expressed as the

product of the applicable portion of the weigh¥, and a seismic
response coefficienC; (ASCE 1998

Vbase: Cs\N (5)
where
Sos
C=—> 6
* RI (6)

where Sys=design spectral acceleratioR,was set equal to 6.5
for wood shearwall structures, and the importance fattat.0.
Assuming the fundamental period of vibratidns 0.2 s(Porter et
al. 2001, one can calculateC,=0.21 for Los Angeles. Using
Table 5-4 of the APA Panel Supplementis&PA/ASCE (1996
and rewriting Eq.(5) in terms of massm

Vpase= 0.21mg (7)

For the city of Los Angeles one can 9éj,..equal to the design

Fig. 9. Symmetric one-story building model used in the damage-
based seismic reliability example

Using existing software developed as part of the CUREE-
Caltech Woodframe ProjedFolz and Filiatrault 2001Q it was
possible to obtain the properties describing each of the shearwalls
within the structural model. The fastener input used to obtain the
shearwall parameters was obtained by Rosowsky and(Rd01)
using data from Dolaf1989; and Dolan and Madsei1992a, b.

They are for 8d-Common 63%6%3.33mm (2-1/2

X 0.131 in) nails used to attach 9.53 m(8/8 in.) plywood to
shortest path first dimension lumber framing. The resulting hys-
teresis favorably compared with reversed cyclic tests not dis-
cussed herein. This was the case even though the walls tested
were not tested using the CUREE-Caltech test protocl, which is
used by the existing software package mentioned above.

The ground motions used as input to the existing software
consisted of twenty20) SAC records(Somerville et al. 1997
Two different suites of earthquake records were used in the reli-
ability analysis. The first suite consisted of 10 earthquake ground
motions scaled to have a probability of exceedence of 2% in 50
years and the second suite consisted of 10 earthquake ground
motions scaled to have a probability of exceedence of 10% in 50
years. The scaling was standard spectral scaling using ASCE

nominal shear capacity of the walls in the direction of interest and (1998 5% damped maps. A seismic analysis of woodframe struc-

solve for the code maximum allowable seismic mass.

NAIL SPACING (in)
200 3 85 1 45 2 55 & 7874
180 : : - {7.0868
160} ; |6.2002

. ' , :
140} - T : : {55118
120} : {47248

E £

E 100} : e T

2 a

< 80} -3.1496

60| : - : : : - 423622
wof L . L : : s
20 - : - : o {o7874
. . . . S i . R
762 889 1016 1143 127 1287 1524
NAIL SPACING (mm)

Fig. 8. Ultimate deformationA, as a function of nail spacing

tures prograniFolz and Filiatrault 200lpwas used to obtain the
hysteretic response of each of the six shearwalls in the single-
story structure. The structure was analyzed by applying the
ground motion in each direction. Because of the symmetry of the
structure it was not necessary to compute the damage to the entire
structure, i.e., it would be the same for each parallel side of the
structure. However, the damage to an entire structure during an
earthquake can be computed by weighting the individual assem-
blies (shearwallg based on the hysteretic energy each wall dissi-
pated during the earthquake. This has been expressed as

Dpuilding= > (N)watl (D) 8

where Dy ging=damage index for the buildingD;),,.;=damage
index for theith shear wall, and\;),,oy=weighting factor defined
as

(N = ol ©

) E (Ei)wall

where(E)),,s=total hysteretic energy dissipated by ilie shear-
wall. Once the damage indices were obtained, they were fit to a
lognormal distribution and the data was rank-ordered for com-
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parison with existing FEMA collapse prevention drift criteria. structures appears to be possible. The example presented focused
The failure probability,P;, can be read directly from the log- on limit-states that were more representative of severe structural

normal cumulative distribution functiofCDF9 in Fig. 10. Limit damage, primarily because wall finish materials were not in-

stateE was chosen here for discussion, and all the results arecluded. However, at present, knowledge of nonstructural element

available in de Melo e Silvé2003. ThePy, i.e., at a damage level  contributions and damage to them is the primary barrier to full

of unity for the 2% exceedance in 50 years earthquake &Gotal development of such a methodology at the nonstructural damage

curve, can be found by following the vertical dashed line in the level. Seismic damage models at the assembly level or even the

leftmost window of Fig. 10, intersecting the CDF, and reading the global (whole-structurg level could provide woodframe

corresponding ordinate. Subtracting the ordinate value from unity performance-based design code developers a significant amount

gives the failure probability, which for the present example is of flexibility, particularly when correlating observed structural be-

approximately 0.05. This corresponds to a reliability index of haviors with drift-based performance provisions. A concept such

1.66. The FEMA collapse prevention limit state is 3% transient as the one presented here could also provide a framework for

drift, whoseP; can be read from the rightmost window of Fig. 10 confirmation or improvement on existing FEMA drift provisions

as approximately 0.12. This corresponds to a reliability index of for woodframe structures.

1.2. The dashed horizontal lines show the difference between

these two failure probabilities which serves as a brief quantitative

comparison. This difference could be used to back-calibrate basicacknowledgments

structural(or nonstructural behaviors to meet or improve upon

FEMA drift provisions, although it should be pointed out that this The writer would like to acknowledge the partial support of the
is not at all a trivial calibration and would require extensive study gederal Emergency Management Agency through the Michigan
and the use of probabilistic models for sensitivity analysis, etc. siate Police Hazard Mitigation Grant No. FEMA-MI-1346. The
Nevertheless, the methodology presented herein could lend itselfyyiter would also like to thank Henrique “Kiko” de Melo e Silva
to this type of calibration. Although not conclusive because we o, performing the wood shearwall tests, and also extends his

are discussing a single simple symmetric structure, the concept ofyratitude to the anonymous reviewers for their suggestions for
correlating some semblance or detail of structural behavior to onejmproving the final version of this paper

or more existing limit states is, at least, apparent from this illus-
trative example.
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