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ABSTRACT:

A plan irregularity rapid visual screening methimd seismic performance assessment of
wood-frame, single-family dwellings is presentdglesults from 124 samples were compared
with (i) building-specific, non-linear time-histognalysis, and (i) FEMA 154 and ASCE 31

Tier 1. Verification using two houses damaged ie tt994 Northridge Earthquake is

presented. The method includes effects of shapsiot@l forces from eccentricity, and is

based on conservative values of shear wall capaaind a non-linear time-history analysis.
The method is relatively more conservative than BS&l Tier 1 and FEMA 154, and

provides conservative but reasonable predictiorstfal earthquake damage.

Short Title: Case Study for Plan Irregularity Screening Tool

CE Database subject headings. seismic analysis; wood structures; rapid visceg¢aning



1. Introduction

Economic losses due to major earthquakes have betmsive, including to residential
buildings or single family dwellings (SFD). For emple, the dollar loss to SFD from the
1994 Northridge Earthquake was at least $20 billiGircher et al. 1997]. In the City of Los
Angeles, a total of 40,010 (of the existing 442)%4D were damaged [Schierle 2000].
Damage was observed on different elements suclaragg doors, chimneys, cripple walls,
partition walls, and shear walls. The total remaist for SFD was estimated to be more than
$414 million, and for those with shear walls danthdke estimated average shear wall repair
cost was as much as $ 11,819 per building. Damagkdar walls demonstrates the load path
is reasonably defined but shear capacity to rgs@mind motion forces is lacking in many of
these SFD. Many existing wood-frame SFD were nugireeered in their design. Some were
code-prescribed but the level of damage from a negahquake is unknown. For engineered
structures, they are designed to provide life gafabhd not damage control. The inherent
torsion due to eccentricity is also not typicalhgluded in the design practice of SFD due to
the non-engineer designer. The adequacy of shdlr iwaxisting wood-frame SFD to resist
both direct shear and torsional shear (due to &city) from future earthquakes thus should
be evaluated.

This paper presents the method and results ofhing and final phase of a project
whose objective was to develop a rapid visual singe(RVS) tool for evaluating seismic
performance of wood-frame SFD. The first phase kisuc et al.,, 2012a] introduced an
approach to classify wood-frame SFD based on spapemeters including the number of
floors, plan shape, base area, percent cutoff arehpercent openings, as shown in Figure 1
for L-shape buildings. That study showed that, wheglecting contributions from interior
walls, seismic performance of wood-frame SFD & #ame size (base area), shape, and

percent openings, is strongly dependent on theativplan proportions (shape ratio) and



amount of reduction in area from the base rectafpdecent cutoff). The second phase
[Lucksiri et al., 2012b] developed a plan irregitlarapid visual screening (piRVS) method
which takes into consideration the shape of therffdan, number of stories, base-rectangular
area, percent cutoff, and openings from doors/wwsdand garage doors. It was found that
plan shape and plan irregularity were importantuiess especially in houses located in high 1
(Sa= 1.00g) and high 2 ¢S 1.509) seismicity regions. For low and moderaismicity, the
performance ranges from satisfying the collapsggrgon limit to the immediate occupancy
limit. This third phase is on piRVS implementatiwith three study objectives as follows:
I.  To determine uncertainties inherent in piRVS sctnasresult from configuration
differences between piRVS index models and an bbtusse population.
li. To compare prediction results from piRVS [Luckstial., 2012b] to FEMA 154
[FEMA 2002a] and ASCE 31 Tier 1 [ASCE, 2003].
iii. To compare the prediction results from piRVS, Tiesf ASCE 31, and FEMA 154

to examples of 1994 Northridge Earthquake houseadam

2. Evaluation methods

Fast and qualitative methods for building seisnaizard evaluation were mainly
developed to preliminary identify the inherent sms of seismic deficiencies in buildings
and to obtain a recommendation of whether a maalde analysis should be performed.
The assessment generally involves building inspeand/or simple calculations. This

study focuses on three methods that can be appli8&D building types including:

2.1 FEMA 154 (Rapid Visual Screening of Buildingsfor Potential Seismic Hazards)
FEMA 154 [FEMA, 2002a] was developed by the Feddtalergency Management

Agency to identify, inventory, and rank buildingbat are potentially seismically



hazardous. FEMA 154 methodology is based on a istle survey” of a building. A
simple data collection form is provided for eacisecity area which was classified as
low-, moderate-, and high-seismicity based on thgeeted response acceleration. The
process starts by the determination of a basictstral hazard (BSH) score based on the
primary lateral load resisting system. Score medsfi(SMs) are selected to incorporate
effects of height, plan irregularity, vertical ig@arity, year built, and soil types. For plan
irregularity, just one SM was provided for eachustural type and each seismicity
regardless of level of irregularity severity (esge of reentrant corners). A final score (S)
is obtained by summation of the BSH and all apples&SMs. FEMA 154 performance
scores were based on spectral displacements oésemative models and predictions
from nonlinear static analysis. The properties @bresentative models, i.e. building
capacity curves and fragility curves, were obtaifreth HAZUS 99 [NIBS, 1999]. The
suggested cutoff score (S= 2) is related to 1% adviity of collapse. Buildings with final

scores of 2 or less are suggested to have mordedetaaluation.

2.2 Tier 1 of ASCE 31-03 (Seismic Evaluation of Existing Buildings)

ASCE 31 [ASCE, 2003] is a three-tiered evaluatioocpss. Tier 1 summarizes potential
deficiencies through the provided checklists amdp#e calculations. The checklist is a
compliant/non-compliant evaluation system, withpgosformance scoring. For light wood
frames, a simple procedure for demand-capacity kihgoof shear walls is provided.
With an appropriate ductility related m-factor, ahestresses are checked against the
suggested shear wall capacity. Tier 2 and 3 promidee detailed evaluation guidelines
focusing on the potential deficiencies as indesdifin Tier 1. ASCE 31 evaluates

buildings at immediate occupancy (I0O) and life safeS) performance limits.



2.3 piRVS (Plan Irregularity Rapid Visual Screening)

PiRVS [Lucksiri et al., 2012b] was developed foiss@c performance evaluation of
wood-frame SFD, with plan irregularity. The tool aexines the adequacy of the
structure’s exterior shear walls to resist latdoates resulting from ground motions,
including torsional forces induced from plan irr&gity but does not cover other sources
of seismic deficiencies such as cripple walls, ancholts, chimneys, and vertical
irregularities. It uses the concept of a sidewallk/sy with a similar scoring procedure to
FEMA 154. Selection of the BSH score is based emiimber of floors, plan shape, base
area, shape ratio, and percent cutoff area. Setecif the SMs is based on percent
openings along short and long directions, and gadamrs. A final score (S) is obtained
by summation of the BSH score and all applicablesSRerformance scores were based
on spectral displacements from a set of represeatabodels and predictions using
nonlinear time-history analysis. piRVS supportsleaton at immediate occupancy (l10),
life safety (LS), and collapse prevention (CP) perfance targets with the suggested

cutoff scores of 3.5, 2.5, and 1.5, respectively.

. Methodology

3.1 Study Samples

There are two sets of samples studied. The firsinetudes 124 wood-frame SFD in

Oregon; 95 one-story houses from Corvallis (TaBlarid 29 two-story from Salem and

Portland (Table 2). Observation was performed thihomage data of Google Earth, with

the limitation that not all wall sides can be obeel It was assumed that the percent
openings on the unobserved sides are equal to ¢éhghted average (by length) of the

percent openings of the observed walls along tmeesdirection. The second set of

samples was selected from 530 buildings damagdterni994 Northridge Earthquake



[ATC, 2000]. Applicable buildings were W1 type (tigframe) with floor area less than
464 nf (5,000 ff), and having damage on the exterior walls. Eleversésyualified but

only two were usable. Exclusion of the other nineldings was due to one of the
following: having complex plan shapes, ground mugiavere not recorded, unable to
locate/observe on Google Earth, no reference plamid,roofing material unclear. Image
from Google Earth permitted a simulated sidewalkssy. An assumption was made for

percent openings on the unobservable side, assdisdu

3.2 Modeling assumption

Simplified models were used to represent thesectsires. The following assumptions
were used in this study. Building structural systeas assumed to be made of vertical
shear walls, and horizontal diaphragm elementsudhicy roof, ceiling, and floor.
Exterior shear walls are structural-sheathed onsiahe and gypsum wallboard-sheathed
on the other. Lateral loads were resisted by extesiiear walls only. Story height is at
2.44 m (8 ft). A dead load of 527 Nnfl1l psf) was assumed, based on ASCE 7-05
[ASCE, 2005], for shear walls and a uniformly distted load per floor area of 718 NYm
(15 psf) for partition walls. Seismic masses foofraeiling, and floor, were 478 Nfm
(10 psf), 191 N/rh (4 psf), and 383 N/M(8 psf), respectively. Sample buildings were
assumed to have no vertical irregularity and teltore 1976, in other words, before the
initial adoption of seismic codes such as the 19B& [ICBO, 1976] for engineered
structures, and also before the first editionshef ¢urrent International Residential Code

(IRC) [ICC, 2012] for prescribed designs of houses.



3.3 Level of Seismicity and Soil Types

Level of seismicity was classified as low, moderate high based on design spectral
acceleration (Table 3) at short period (0.2 sed) BA sec. In piRVS, the high seismicity
was separated into 2 ranges to increase the resol#ts defined in ASCE 31 [ASCE,
2003], the design spectral acceleration is a fonctf the expected MCE and the site
adjustment factors. The site adjustment factor k0free different site classes from class
A (hard rock) to class E (soft clay). The seismyidével for ASCE 31 and piRVS thus
depends on site class. Differently, FEMA 154 defiseismicity based on site class “B”
which refers to rock with an average shear wavecoigl between 762 to 1,524 m/s
(2,500 to 5000 ft/sec).

In this study, comparisons between piRVS and ASIETier 1 were made at the
upper limits of each seismicity, i.e. at 0.167g500g, 1.000g, and 1.500g. For
comparisons between piRVS and FEMA 154, site diasgas assumed. Since the site
adjustment factor for site class B equals 1.0, lthel of seismicity for a building

comparison for FEMA 154 and piRVS is always the sam

3.4 Evaluation Methods and Assumptions

FEMA 154

Study samples were considered to be the W1 builtyipg, defined as light wood-frame
residential and commercial buildings smaller tharequal to 464 M (5,000 ff). Three
BSH scores were obtained, one for each seismi&itys for plan irregularity were
applied for L-, T, U, and Z-shape samples due &mtrant corners. Since all dwellings
were assumed to be built before 1976, the postHmeadk SMs were not applied.

Samples with final scores of 2 or greater wereedgas “Pass”, otherwise, as “Fail”.



FEMA 154’s cutoff level (at S= 2.0) is related 186 probability of collapse. ASCE
31 and piRVS use different performance limits inlohg immediate occupancy (1% drift
for piRVS, 10), life safety (2% drift for piRVS, DSand collapse prevention (3% drift for
piRVS, CP). Additional back-calculation was perfednfor the FEMA 154 S = 2 cutoff
score to obtain percent lateral drifts that coroespto such a level of probability of
collapse. Based on the BSH definition [FEMA, 2002b[d default values for building
capacity curves and fragility curves [NIBS, 19988rcent lateral drifts at the S = 2 cutoff
score for high-, moderate- and low-seismicity a/@%4 4.8%, and 3.8%, respectively.
The percent lateral drifts for high and moderaismseity regions are equal because they
share the same values of drift ratio [NIBS, 19%9@jttdefine a damage state. Although the
drift limits are different, evaluation results wetempared between FEMA 154 and the

piRVS at the CP limit.

ASCE 31 Tier 1

The shear wall shear stress check in ASCE 31 Tierldased on a performance-based
methodology using pseudo lateral forces. This meéhat a pseudo lateral force was
applied to a structure to obtain an “actual” displaent during a design earthquake. The
pseudo lateral force was calculated using Equdfihn
V=CSW 1)

where C= modification factor to relate expected maximurelastic displacements to
displacements calculated for linear elastic respp8s spectral acceleration (g's); and
W= effective seismic weight. Modification factor limsed on the number of stories. For
wood frames, C equals 1.3 and 1.1 for one-storytanestory buildings, respectively.

The pseudo lateral force (Eq. 1) is distributedigally to determine story shear at

each floor level using the prescribed methods rktiGe 3.5.2.2 [ASCE, 2003]. The story



shear was then used to calculate average the siness in shear walls (Eg. 2). Since the
analysis is linear, the (pseudo lateral) force ¢éach the expected displacement is
unrealistically high. The ductility-related m-factewas used to reduce the pseudo lateral
force to a more realistic level.

Vavg = (Vi/Lw)/m 2)
where \{= story shear at level j (in accordance with Sectdb.2.2 of ASCE 31)n =
component modification factom = 4.0 for life safety limit,m = 2.0 for immediate
occupancy limitL,= summation of shear wall length in the directiéhoading.

For evaluations at both life safety and immed@teupancy limits, the shear stresses
in shear walls calculated from equation (2) werecgled against the 14.6 kN/m (1,000 plf)
capacity limits for structural panel sheathing shealls, as specified in Section 4.4.2.7.1
of ASCE 31. Sample models with maximum shear sttea®r than this limit were

tagged as “Pass”, otherwise, tagged as “Fail”.

PIRVS

Modifications were made in the piRVS scoring talflescksiri et al., 2012b] to reduce
performance score variations due to inspectors. riibdification rules were selected in
such a way to minimize the overall score differen(& all study models) between the
piRVS and building-specific case analyses using\WABd [Pei and van de Lindt, 2009],
a nonlinear time history analysis software devetbppecifically for light frame wood

structures. These rules could be adjusted and waftédt the level of conservatism of
piRVS relative to FEMA 154 and ASCE 31 Tier 1. B8H, more specific ranges were
specified for base area, shape ratio, and percetuffcarea. For example, in the
unmodified tables, users would have to select #regmt cutoff areas for single-story L-

shape houses to be either 10% or 30%. The newstatdelified these numbers £20%



and > 20%, respectively. An example of the updataating table for one-story, L, T, Z
shape buildings at high 1 seismicity is as showhigure 2. In addition, a flowchart was
developed to assist selection of SMs for perceahos (Figure 3).

The observed configuration details were used dyrem$ piRVS input except for
percent openings in which two average values, toregaeach major direction, were used.
For garage doors, the SMs are included only whegarage is parallel to the short
direction of a building. This is because the depeient of piRVS assumed a garage door
to be on the most critical side, a wall side whasximum drift tends to occur most often
(see, for example, Filiatrault et al, 2010, vanLdedt et al, 2010), and which is usually
one of the walls on the short direction. The cusaféres for piRVS for 10, LS, and CP

limits are 3.5, 2.5 and 1.5, respectively.

Building-Specific Case Analysis using SAPWood

Building-specific case analysis follows the samacpdures as in the piRVS development
[Lucksiri et al., 2012b]. In general, the analysssbased on nonlinear time-history
analysis using the SAPWood software. The evolutipr@arameter hysteresis model
(EPHM) [Pei et al., 2006] was used to representldlae-displacement relationship of
structural panel-sheathed shear walls. Values ef EPHM parameters are from a
SAPWood database [Pei 2007] and linear interpalatias used to obtain parameters for
different wall lengths. The assumed nail spacingesfor edge and field are 150 mm (6
in.) and 300 mm (12 in.), respectively, with a sgpmhcing of 406 mm (16 in.). A ten
parameter CUREE hysteresis model [Folz and Filidttra004] was used to represent the
load-displacement relationship for gypsum wallbesindathed walls. The “pancake”
model [Folz and Filiatrault, 2002] was used foustural modeling. Ten pairs of ground

motion time histories developed for Seattle [Sonfleret al. 1997], having probabilities



of exceedance of 2% in 50 years were used. Thgasaksults, i.e. maximum shear wall
drifts, were converted to performance grade frorfwOrst) to 4 (best).Conceptually,

grades of 4, 3, 2, 1, and O are associated withl%emmediate occupancy (1O) drift
limit, 2% life safety (LS) limit, 3% collapse previgon (CP) limit, drifts greater than 3%

up to 10%, and drifts greater than 10%, respedgtivel

RESULTSAND DISCUSSION

4.1 Uncertaintiesinherent in piRVS Performance Scores

The performance scores from piRVS were comparethsigthe reference scores from
building-specific analysis using SAPWood. Figurehdws comparisons for 40 one-story
L-shape models (out of all 95 one-story modelshigh 1 seismicity. The higher score
implies better performance (i.e. less drift). Aeatl piRVS would provide the same score
for each model and thus give the same plots. UpiRR)/S, although not perfectly
matched, the plots are similar and the scoresescaltiout the same level (approximately
S= 2.5, for this case). Cases with large scorediffces were partly due to limitations of
PIRVS to cover some extreme configurations, andffi@ent resolution of piRVS shape
parameters. For example, the score difference fmtelnumber 9 (Fig. 4) is -1.7. The
PiRVS final score was based on a SM for 30%]|15%imgs (30% along long direction
and 15% along short direction) while the actualropgs are 72%|16%. The provided SM
thus does not support this extreme case well wtiexepercent openings on the long
direction of the observed building is much higheart that of the index models. Large
percent openings along the length can also chdregeritical direction of a building since
the long direction may become weaker than the ghiettion. Another example related
to the resolution of shape parameter is for modetlver 27. Note that the piRVS for L-

shape models was developed based on two levelsapkgatio; 0.50 (for rectangle-like)



and 1.00 (for square-like). The assumed shape ratige for square-like shapes in this
study is from 0.85 to 1.00, Model 27 (shape rati®84) was thus considered as
rectangular-like and its piRVS score is 1.8. WittsAPWood score of 3.4, the score
difference is 1.6. The difference would reduce 18 @ the model was considered as
square-like and the piRVS score improves to 2.6relasing the piRVS shape ratio
resolution could be a benefit for this case.

Figure 5 summarizes the score differences (SAPWaa®VS) for all models in a
box plot format. Box widths show the middle 50%tloé data. A line within each box
shows the median. Whiskers show thé" 16 90" percentile range. For single-story
dwellings, medians are generally within + 0.10 es)gexcept for moderate seismicity
where the median equals 0.50. The overall scoferdrices are within the + 0.80 range;
minimal at low, peaked at high 1, and reduced gth & seismicity. At low seismicity, the
difference is minimal due to low seismic demand.mMbdels are subject to small drifts as
illustrated in Fig. 6 with all one-story L-shape dets at low seismicity at scores of 4.0.

At moderate seismicity, the range of the scoreethifice increases. Most of the
models remain at a SAPWood score of 4.0 (Fig. B¢ piRVS scores decrease eatrlier,
thus the score differences initiate on the posiside. For high 1 seismicity, the range of
score difference is peaked as the buildings behawe nonlinearly. Figure 6 shows that
the majority of SAPWood scores reduce to 2.0 to Bilike moderate seismicity, the
score differences are now on both positive and thegaides. A possible reason is that
the effect of nonlinearity, torsional moment dueettwentricity, and load redistribution,
become more obvious. The range of score differeleceeases at high 2 seismicity since
the performance score of 1.0 covers a wider rahgeraent drifts from more than 3% up

to 10%.



For two-story dwellings, medians of the differeraze also within + 0.10 ranges. The
overall score differences are within a = 0.50 rariges relatively less variation than for a
one-story. This is partly because the set of twoystnodels have less configuration
variations than for one-story models. For examifpten Table 1 and 2, two-story samples
generally cover narrower ranges of base area asasebverall width to length ratio.

There are also less two-story sample models (N=H29) one-story models (N= 95).

4.2 Prediction Results between piRVS, ASCE 31 Tier 1, and FEMA 154

piRVSvs ASCE 31 Tier 1

Table 4 shows comparison results in terms of pértdeail” and “Pass” agreement. The
percent agreement ranges from as low as 7% up0% 1UThe perfect (100%) agreements
are observed for low seismicity where the seisnaimand is very low. The percentages
tend to, but not always, reduce at the moderatehagitd 1 seismicities before increasing
again at high 2 seismicity. piRVS is seen to batinatly more conservative than ASCE
31 Tier 1. It predicts failures roughly 1 step ggismicity level) ahead of ASCE 31.

The conservatism of piRVS is partly because tHecef of torsional forces from
eccentricity, dynamic loadings, nonlinearity, adce redistribution were included. The
difference in shear wall capacity can also be aomfajctor. piRVS assumed shear walls
with 8d nails and a nail spacing for the edge aeld of 150 mm (6 in.) and 300 mm (12
in.), respectively. Stud spacing was assumed atd®6(16 in.). The ultimate capacity
used in piRVS development for a 2.40 x 2.40-m (8-ft) shear wall is approximately
8.90 kN/m (610 plf). ASCE 31 does not specify cgafation details of a shear wall but
suggests a shear capacity of 14.6 kN/m (1,000 pléterences such as Report 154

[Tissell, 1993] and Pardoen et al. [2000] show tigpical 2.40 x 2.40-m (8 x 8-ft) shear



walls using 8d nails, with 150 mm (6 in.) nail sjpacvalue for the edge and 300 mm (12
in.) for the field, generally have a shear capauiithin this range, i.e. from 8.76 kN/m
(600 plf) to 14.6 kN/m (1,000 plf). Variations ihesar capacity depend on factors such as
blocked and unblocked conditions, and sheathingemahtand thickness. Shear wall
capacity used in piRVS is thus closer to the loeund while the ASCE 31 value is
closer to the upper bound.

The last column of Table 4, percent agreementg2)ws the re-calculated percent
agreement after revising the ASCE 31 shear captxit®.2 kN/m (700 plf). Selection of
the 10.2 kN/m (700 plf) is somewhat arbitrary baitwithin the 8.76 kN/m (600 plf) to
14.6 kN/m (1,000 plf) range, and closer to the galged in piRVS. While this revision

improves the overall agreement, a more carefulystiicecommended.

piRVSvs FEMA 154

The piRVS is sensitive to plan configuration as barseen from Fig. 4 where the piRVS
scores for one-story L-shape models at high 1 seignvary across the group models.
Differently, the FEMA 154 scores (Fig. 4) are atoastant value since all models use the
same FEMA 154 basic score of 4.4 with the same &\plan irregularity of -0.5. As a
result, their final scores are 3.9 (S=4.4-0.5).

Table 5 shows a summary of percent agreement batWEMA 154 and piRVS for
all models. FEMA 154 does not predict any failuatsall seismicities. piRVS is more
conservative as it starts to provide warnings ghhl. The results show very good
agreement (100%) between the two methods for lo&v randerate seismicity. Percent
agreement starts to reduce at high 1 and becomesevad high 2 where the agreement
drops to 20% and 0% for one-story and two-storydmgs, respectively. Conservatism

of pIRVS may due to two reasons. First, the diiftils were different. piRVS collapse



prevention limit is associated with 3% drift whithe FEMA 154 cutoff score is
associated with 4.8% drift for high- and moderategd 3.8% drift for low-seismicity.
Second, their index models, assumptions, and asapproach are different. FEMA 154
was developed based on standard build capacityesUyiNIBS, 1999) representing load-
displacement properties of typical W1 type buildingor piRVS, the load-displacement
properties of buildings depend on different combores of shape parameters. Effects of
torsional moment due to eccentricity, nonlinearityad redistribution, and dynamic

loadings are included. Lateral load resistancerdmtton from interior wall is excluded.

4.3 1994 Northridge Damage Predictions
Selected houses from ATC 38, “USC021-GTZ-21" an®@053-ER-01", are designated
house 1 and house 2, respectively. Comparisons wambtatively made between the

observed conditions and the predictions from piR¥SCE 31 Tier 1, and FEMA 154.

Observed Damage Conditions

The observed damage conditions for both housebeanmmarized as follows:
House 1: The overall damage condition is moderaanmimg that repairable structural
damage has occurred. Existing elements can bereelpiai-place without substantial
demolition or replacement. Percent structural elgrdamage was estimated to be 1%
to 10%. Diagonal cracks were found in the northl.wal
House 2: The overall damage condition is moderBe&rcent structural element

damage was approximate 1% to 10%. Moderate damag®mwexterior walls.

The damage description above was used to desooiibehouses in terms of the ASCE

41-06 [ASCE, 2007] performance scale (i.e. 10, B8d CP limits). Since shear wall



damage is present but repairable, both houses coergdered to “fail” the 10 limit but
“pass” the LS Ilimit. Figure 7 shows the ASCE 41-@érformance scale, the

corresponding damage description, and the seisenfonmance for both sample houses.

Predicted Damage Conditions

The overall configuration details, natural periodsd spectral accelerations for both
houses are summarized in Table 6. The natural geexe@re determined using SAPWood
based on the observed configuration and an assomiftat interior walls were spaced
every 457 m (15 ft). With the provided responsecs@a [ATC, 2000], the spectral
accelerations for both sample houses were detednine

The obtained spectral accelerations were usedthjiren the ASCE 31 Tier 1
calculation. Building effective seismic weight waalculated based on the assumed
values described earlier. The calculated pseuédalatorce (Eqg. 1) for house 1 and house
2 are 511 kN (115.0 kips) and 388 kN (87.3 kips}pectively. The calculated maximum
shear stresses (equation 2) for house 1 are 321& kB246 plf) (at 10) and 16.4 KN/m
(1,123 plf) (at LS) which means that house 1 fais$h the 10 and LS (shear capacity=
14.6 kN/m (1,000 plf) for both performance limit$he prediction is for somewhat more
severe damage than observed. The extent of daneggadbthe LS limit is unknown. For
house 2, the calculated maximum shear stresse$6aekN/m (1,137 plf) (at 10) and
8.29 kN/m (568 plf) (at LS), so it fails the 10 bpdisses the LS limit. This is considered
slightly unconservative since the predicted dantagel is the same as the observed even
though the interior wall contribution has not beanluded. Tier 1 of ASCE 31 thus
provides reasonable predictions although they cbeldlightly unconservative for some

cases.



The FEMA 154 evaluation was performed using thghtseismicity data sheet. The
only applicable SM is for plan irregularity. Thedl score for house 1 is 4.4 (S= 4.4 - 0),
and for house 2 is 3.9 (S= 4.4 — 0.5). Both hotlses pass the cutoff score. FEMA 154
provides correct predictions in that neither cadlegh However, how well these houses
would perform at the higher performance limits.(@elO, LS, and CP) is unidentified.

The piRVS evaluation was made at high 1 seismi®&®sed on their configuration
details (Table 6), the BSH scores are 2.9 and @ ®duse 1 and house 2, respectively.
The SMs for both houses are equal at 1.1. The gatagr score modifier is not included
since it is not in the short direction. As a restlie performance scores for house 1 and
house 2 are 1.8 (S=2.9 — 1.1) and 1.9 (S= 3.Q); respectively. Both houses fail the 10
(cutoff score= 3.5) and LS (cutoff score= 2.5), pass the CP limit (cutoff score= 1.5).
For these two buildings, the piRVS prediction imgervative as it predicts somewhat

more severe damage (one performance level diffejghan observed.

CONCLUSIONS
Plan Irregularity Rapid Visual Screening (piRVS)aisnew method to predict the expected
seismic performance level of wood-frame, singleifamiwellings with plan irregularity with
regards to the Immediate Occupancy (IO), Life Safe), and Collapse Prevention (CP).
The method is able to reasonably evaluate seisarfonance for building-specific cases as
the variation in final scores, relative to buildisgecific nonlinear time history analyses, is
generally within the £ 0.80 range for 1-story (N5)9nodels and £ 0.50 range for 2-story
(N=29) models.

PiRVS is relatively more conservative than ASCET3ér 1. It predicts failures earlier
than ASCE 31 Tier 1, roughly one step in seismitityel ahead. In other words, for a

particular performance level, ASCE 31 Tier 1 allcavbuilding to withstand a more severe



seismic intensity than the piRVS. The benefits iBf(5 over ASCE 31 are (i) the effects of
torsional forces from eccentricity, dynamic loadingonlinearity, and force redistribution are
included, and (ii) piRVS shear wall capacity issdoto the lower bound.

The piRVS is also relatively more conservativentt@gEMA 154. This is felt to be
reasonable because the piRVS evaluation uses thén@Pwhile FEMA 154 uses 1%
probability of collapse (higher drift limits). THeenefits of piRVS are that (i) effects of plan
configurations and eccentricities are directly ugd, (i) contributions from interior walls
are neglected which is conservative for sidewalkssyrbased evaluations, and (iii) its non-
linear dynamic analysis background is more rigorous

The piRVS provides reasonable damage prediction®Nérthridge Earthquake damage
samples. By excluding shear resistance from intevalls, the piRVS predicts slightly more
damage (one performance level difference) thanrsede Among the three methods, it is the
only one that provides a seismic performance assggsfor all of the ASCE 41 performance
levels (10, LS, and CP).

Overall, piRVS is an engineering-based rapid Jiseaeening method for wood-frame
SFED with plan irregularity. While the piRVS covargany different combinations of shape
parameters, the evaluation method is simple ang shitable for rapid visual screening. It
provides reasonable and conservative predictions believed that the piRVS is an effective
tool for use in rapid visual screening of wood-fea8FD.
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TABLE 1 Summary of 1-story sample models

1-Story Dwellings (Corvallis, OR)
Rect. L T U z
No. of 20 40 16 7 12
Samples
Avg. Base 157 239 276 245 283
Area, nt (ft?)| (1,693) (2,569) (2,974) (2,642) (3,049)
89 84 98 190 202
Base Area (960) (900) (1,050) | (2,040) (2,176)
Ranges, h to to to to to
(ft3 259 361 438 301 357
(2,788) (3,888) | (4,712) (3,240) (3,848)
Overall 0.41 0.45 0.43 0.57 0.53
Width to to to to to to
Length Ratig 0.95 1.00 0.96 0.96 1.00

TABLE 2 Summary of 2-story sample models

2-Story Dwellings (Salem and Portland, OR)
Rect. L T U z
No. of 15 10 2 N/A 2
Samples
Average
Based Area, 116 136 196 N/A 207
m? (ft?) (per (1,253) (1,459) (2,108) (2,224)
floor)
61 85 171 172
Based Area | 5q1) (912) (1,840) (1,848)
Ranges, M
() (per to to to N/A to
floor) 184 241 221 242
(1,976) | (2,592) (2,376) (2,600)
Overall 0.43 0.62 0.81 0.95
\Width to to to to N/A to
Length Ratio 1.00 1.00 0.87 0.96

TABLE 3 Levels of Seismicity Definitions

Design short-period spectral response accelerptoameter, Design spectral response
Level of seismicity Sos acceleration parameter at a on
ASCE 31 FEMA 154 PIRVS second period,
Z1: Low <0.167g <0.1679g <0.1679g <0.067g
. >0.1679g >0.1679g >0.1679g >0.0679g
Z2: Moderate <0.500g <0.500g <0.500g <0.200g
High >0.500g >0.500g - >0.200g
i >0.5009
Z3: High 1 - ) < 1.000g >0.200g
. >1.000g
. - - >
Z4: High 2 < 1.500g >0.200g




TABLE 4 Summary of percent agreement between ASCE 31 Tiand piRVS for all

models
No. of | Performancg Seismicity No. of No. of Failures Percent Percent
Floors Level Level Samples ; Agreement Agreement
P ASCE 31 piRVS 9 @)

Low 95 0 0 100% 100%
Immediate Moderate 95 0 45 53% 52%
Occupancy [ High 1 95 40 95 42% 93%
1 High 2 95 90 95 95% 100%
Low 95 0 0 100% 100%
) Moderate 95 0 0 100% 100%

Life Safety _
High 1 95 0 21 78% 77%
High 2 95 3 91 7% 58%
Low 29 0 0 100% 100%
Immediate Moderate 29 3 25 24% 62%
Occupancy High 1 29 28 29 97% 100%
) High 2 29 29 29 100% 100%
Low 29 0 0 100% 100%
) Moderate 29 0 1 97% 55%

Life Safety ,
High 1 29 3 29 10% 100%
High 2 29 18 29 62% 100%

Note: Percent agreement (2) was determined aftesimg ASCE 31 shear capacity to
kN/m (700 plf)

TABLE 5 Summary of percent agreement between FEMA 154&0\dS for all models

10.2

No. of | Performance| Seismicity No. of No. of Failures Percent
Floors Level Level Samples FEMA 154 piRVS Agreement
Low 95 0 0 100%
1 Collapse Moderate 95 0 0 100%
Prevention High 1 95 0 4 96%
High 2 95 0 76 20%
Low 29 0 0 100%
5 Collapse Moderate 29 0 0 100%
Prevention High 1 29 0 18 38%
High 2 29 0 29 0%




TABLE 6 Configuration details and dynamic properties oigke models from ATC38

Base Percent Ground Natural
Plan Shape | Percent . . . Spectral
Model Shape Area, Ratio | Cutoff Openings Garage Door| Motion Period Acc. (q)
P m?, (ft?) (Long | Short) Station ID | (sec) -9
House Rect. 291 Yes
1 (1-story) (3.136) 0.33 N/A 75| 60 (on long dir.) UsC-21 0.132 0.91
House L 285 Yes
5 (1-story) (3.072) 0.75 8 60 | 60 (on long dir.) USC-53 0.114 0.75




Figure Captions

FIGURE 1 Basic shape parameters for L-shape buildings

FIGURE 2 Example of a scoring table for one-story, L, Tsape buildings at high 1
seismicity

FIGURE 3 A flowchart for selection of percent opening scoredifiers

FIGURE 4 Comparisons of performance scores between piR¥8V%od, and FEMA 154
for 40 one-story L-shape models at high 1 seismnicit

FIGURE 5 Ranges of score difference between piRVS and SA®VYar all models
FIGURE 6 SAPWood performance scores for 40 one-story L-shamdels at each
seismicity level

FIGURE 7 Seismic performance of sample houses on ASCE 4defi6rmance scale



Net Floor Area
Cutoff Area

- c »

A A Base Area=axb
d
v Qverall Shape Ratio:
b R=b/a
Percent Cutoff Area:
v Cp= 100 x {(c x d)/(a x b)} %

FIGURE 1 Basic shape parameters for L-shape buildings

1 Story L, T,Z - Shape
' [ e [ T
}‘ . e e Performance Limit
© = I |= |
s + & * lImmediate Occupancy
} a } | a 1 HE‘ Life Safety
e
e 2 Collapse Prevention
= l;l ‘ 1 3% < max drift < 10%
o
af 7 X
 — I max drift > 10%
a }
HIGH 1 (1.0g)
Base Area 0-2,250 sq.ft. 2,251 - 3,750 sq.ft
Shape Ratio (R) 0.85 to 1.00 <085 0.85 to 1.00 <0.85
Cp (%) <20 >20 <20 | >20 <20 | >20 <20 >20
Basic Score 3.2 3.2 32 3.2 3.0 3.2 3.0 3.2
60160 | 07 | -0.1 17 -11
gg | 60130 -0.2 -0.1 1.1 0.7
=
ng 6010 0.0 0.0 04 | -02
£ g. 3030 | 0.0 0.0 0.0 00 |
§ 3 | 3015 0.0 0.0 | 0.5 0.2
300 0.0 0.0 0.0 0.0
Garage Door 03 0.3 0.9 07 | 02 | 06 | 06 | -12
Final Score

FIGURE 2 Example of a scoring table for
one-story, L, T, Z shape buildings at
high 1 seismicity



Y
(Square-like) Openingsonshort | |

dir.<=45%?
Y N

Shape Ratio, R=0.85-1.00 ?
» Y|
(Rectangle-like) Openings on short

dir. <=7.5% ? N

FIGURE 3 A flowchart for selection of percent opening scoredifiers
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FIGURE 4 Comparisons of performance scores
between piRVS, SAPWood, and FEMA 154
for 40 one-story L-shape models at high 1 seismnicit
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FIGURE 5 Ranges of score difference between piRVS and SA®VYar all models
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Observed performance level (on 10, LS, and CP scales)
based on damage description for both models

10 LS
2 Northridge
No Damage Houses
Distributed minor Moderate
hairline cracking of loosening of
gypsum and plaster  connectionsand
veneers minor splitting of
members

1% prob. of

CcpP
collapse

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

Collapse

FIGURE 7 Seismic performance of sample houses on ASCE 4defif6rmance scale



