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EXECUTIVE SUMMARY
Fragility functions for older (pre-1940), large, soft-story woodframe dwellings are developed
based on laboratory tests and post-earthquake observations, for use in a study for the City of
San Francisco’s Community Action Plan for Seismic Safety (CAPSS). The functions are
expressed in terms of SPUR performance categories A, B, C, D, and E, which equate with
ATC-20 green, yellow, and red tag colors and collapse as shown in Table ES-1. Drifts
associated with green and yellow tags are estimated using laboratory testing of common
building components. The drift at which red-tagging occurs is estimated either from drift at
which straight sheathing reaches ultimate strength (nails severely deformed), or from
estimates by Deierlein et al. (2007) of the transient drift (5%) at which woodframe buildings
experience 2% residual drift. Collapse is estimated using two approaches: (1) based on a
fraction of square footage in the complete structural damage state (the HAZUS-MH
approach), or (2) based on a survey of corner apartment buildings in the Marina District by
Harris and Egan (1992) after the 1989 Loma Prieta earthquake. For each damage state, Table
ES-1 shows a range of median drift capacities interpreted from the evidence. Figure ES-1
illustrates these fragility functions.
Table ES-1. Fragility functions developed in this report

Damage state
SPUR
ATC-20 tag
A Safe and operational
Green
B Safe and usable during repair Green
C Safe and usable after repair
Yellow
D Safe but not repairable
Red (no collapse)
E Partial or complete collapse
Red (collapse)

Spectral displacement, inches
Median Sd
β
0.06 – 0.4
1.0
0.4 – 1.5
1.0
1.5 – 3.0
1.0
3.0 – 5.0
1.0
(a) – 13
0.7

HAZUS
Slight
Moderate
Extensive
Complete
Collapse

(a) lower-bound uses standard HAZUS-MH approach for collapse
A

1.00

B

Exceedance probability

Exceedance probability

1.00
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E
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Figure ES-1. CAPSS soft-story fragility functions (a) using the lower Sd values interpreted from tests and a
HAZUS-MH approach to collapse, and (b) using the larger Sd values from tests and using earthquake evidence
of collapse fragility.
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OBJECTIVES AND SCOPE OF WORK
Soft-story woodframe buildings in California have been observed to be particular
susceptible to collapse in earthquakes. This report proposes fragility information for use in
estimating seismic risk to woodframe, multifamily dwellings at least 3 stories tall, with at
least 5 housing units and soft-story conditions on the ground floor. This type of construction
is of particular concern to the City of San Francisco. Several collapsed in the 1989 Loma
Prieta earthquake, killing several people. They represent an ongoing concern, especially since
a larger or closer rupture of the northern San Andreas Fault could cause far greater damage
than did the 1989 Loma Prieta earthquake, and it seems realistic that these older multifamily
woodframe dwellings with soft story would be particularly heavily damaged. Furthermore
there are so many of these that a larger or closer earthquake might eliminate a large fraction
of San Francisco housing. In light of this possibility, and other issues of seismic safety, the
City of San Francisco initiated a study called the Community Action Plan for Seismic Safety
(CAPSS), organized by the Applied Technology Council (ATC) as ATC-52.
ATC-52 is estimating the risk posed by older soft-story woodframe multifamily dwellings
by creating models of 4 representative “index” buildings, and analyzing their seismic
vulnerability as-is and under one or more practical seismic rehabilitation options. For various
reasons, ATC-52 is using the HAZUS-MH methodology (NIBS and FEMA 2003) as encoded
in the “Cracking an open safe” approach of Porter (2009). As will be described next, to use
this approach requires developing pushover curves and component fragility functions. SPA
Risk LLC undertook several tasks in this regard for the Applied Technology Council:
(1) To identify common building components of buildings in this era of construction, and
to develop fragility functions for them, i.e., relationships between component forces
or deformation and the probability of various levels of damage to those components.
(2) To develop seismic vulnerability relationships for these buildings, i.e., relating overall
repair cost as a fraction of replacement cost new to spectral acceleration response.
(3) To select or design a loss-estimation methodology, perform the loss calculations, and
present the methodology and results in meetings and in a written report.
Tasks 2 and 3 are addressed in other reports. The present work addresses Task 1.

www.sparisk.com

1

CAPSS Fragility Functions
9 April 2009

Applied Technology Council

BACKGROUND ON HAZUS-MH
Like other 2nd-generation performance-based earthquake engineering (PBEE-2) analyses,
one important aspect of HAZUS-MH assessment is the use of fragility functions for
damageable building components. A PBEE-2 fragility function relates the probability of
various levels of physical damage to a structural response parameter such as peak transient
interstory drift or peak floor acceleration. In HAZUS-MH and the FEMA-funded project
ATC-58, which seeks to bring PBEE-2 to professional practice, such fragility functions are
typically expressed in the form of lognormal cumulative distribution functions, i.e.,
 ln  r   
P  D  d R  r    

  

(1)

where D denotes a number that refers to the uncertain damage state of a given component, d
denotes a particular value of D, R denotes the demand to which the component is subjected
(generally a measure of structural response, i.e., a member force or deformation), r is a
particular value of R, Φ is the cumulative standard normal (Gaussian) distribution function,
and θ and β are its parameters, referred to here as the median capacity and logarithmic
standard deviation of capacity, respectively. A fragility function is completely defined by
identifying the component to which it refers, defining the damage state in question generally
in terms of the repair efforts required to restore it to the undamaged state, defining the
demand parameter R, and by fixing the values of θ and β. Methods to derive these values
from experimental data or other empirical observations are detailed in Porter et al. (2007).
HAZUS-MH considers only two structural response parameters: spectral displacement
(denoted by Sd) and spectral acceleration (Sa) at the performance point in a capacityspectrum-method (pushover) structural analysis. The pushover curve in a HAZUS-MH
analysis has a linear part from the origin to yield (denoted by Dy,Ay), a perfectly plastic
portion beyond the ultimate point (denoted by Du,Au), and an elliptical transition between the
two, as illustrated in Figure 1. Beyond yield, hysteretic energy dissipation adds to elastic
damping, so effective damping exceeds elastic. The point on the pushover curve where it
intersects an idealized response spectrum (essentially a constant-acceleration segment and a
constant-velocity segment) with the same effective damping ratio is the performance point,
(D*, A*), for that earthquake. The parts of the building that are assumed to be primarily
www.sparisk.com
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sensitive to displacement use D* as the response parameter r in Equation (1); these are the
structural components and parts of the nonstructural systems such as veneer, nonbearing
walls, and partitions. The parts of the building that are assumed to be acceleration-sensitive
use A* as the parameter r: contents, parapets, and most building service equipment.

a)

b)

Figure 1. HAZUS-MH standard response spectrum shape and capacity curve (NIBS and FEMA 2003)

HAZUS-MH considers only three aggregate components: the structural system (driftsensitive), drift-sensitive nonstructural components, and acceleration-sensitive nonstructural
components, which are each taken as being in one of several damage states: slight, moderate,
extensive, complete, and for the structural component, collapse. The damage states are
defined qualitatively, but are associated with the mean damage factors (repair cost as a
fraction of the total facility replacement cost) shown in Table 1. The three components need
not be in the same damage state, so the sum of the damage factors (shown in columns 5 and 6
of the table) simply gives a sense of the damage state, but they are useful for comparison with
the damage states of ATC-13 (1985), which give the damage factors for its damage states
listed in Table 1. The table is significant because it implies that HAZUS’s “complete”
damage state approximately equates with ATC-13’s damage state 6, major, while HAZUS
collapse equates with ATC-13 damage state 7, destroyed. These points will be relevant later.
Table 1. HAZUS-MH damage states in terms of damage factor

Damage
state

Struct.

Slight
Moderate
Extensive
Complete
Collapse

0.003
0.014
0.069
0.138
0.138

www.sparisk.com

Nonstruct.
driftsensitive
0.009
0.043
0.213
0.425
0.425

Nonstruct.
accel.sensitive
0.008
0.043
0.131
0.437
0.437

Sum

Inferred
range

Equivalent ATC-13
damage states

ATC-13
range

0.02
0.10
0.41
1.00
1.00

0-0.05
0.05-0.20
0.20-0.60
0.60-1.00
1.00

2-3, Slight-light
3-4, Light-moderate
4-5, Moderate-heavy
6. Major
7. Destroyed

0-0.10
0.01-0.30
0.10-0.60
0.60-1.00
1.00
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The probabilistic damage state of each component is estimated using fragility functions in
the form of lognormal cumulative distribution functions, each involving two parameter
values: median and logarithmic standard deviation of the distribution. The HAZUS-MH
documentation offers a library of fragility functions for these three components, for each of 4
to 5 damage states and each of 128 different combinations of structure type and code era.
That library is designed for societal-level risk assessment, rather than reflecting the detailed
behavior of particular subcategories of dwellings. It treats all large woodframe buildings
(>5000 sf, as in the typical large multifamily dwelling dealt with here) with 4 structure types:
W2 pre-code, low code, moderate code, and high code. Most of the buildings examined here
would be considered W2 pre-code. Thus, HAZUS-MH may not provide adequate fragility
information to distinguish the damageability of soft story versus non-soft-story, brick-veneer
vs. straight-sheathed, etc. The developers offer the Advanced Engineering Building Module
to handle such cases, but the user is required to provide the relevant fragility parameters.
Therefore, to ensure that the behavior of these particular buildings is modeled, it is
necessary to develop new fragility functions that reflect the behavior of the components that
probably dominate the building’s force-deformation behavior, damage, and life-safety
impacts. Considering the common features of this category of construction, and the
likelihood that the woodframe walls dominate the response, damage, and loss, we judge it
necessary to create fragility functions for the categories of wall listed in Table 2.
Table 2. Wall categories examined here

Type
Straight
sheathed
Stucco
Brick veneer
Wood lath &
plaster

Description
2x4 full-sawn Redwood stud @ 16 in OC. Toe-nailed to T&B Pl. Exterior
sheathing 1x12 horizontal straight sheathing, 3 8d nail ea board ea stud
Straight sheathed + 3/4-in stucco
Straight sheathed + brick veneer (1 wythe of full bricks), flexible anchors
Wood lath and plaster interior sheathing

These wall categories must be associated with one of the three component categories of
HAZUS-MH. The straight sheathing is purely structural. The lath and plaster and the stucco
might be considered either structural or nonstructural drift-sensitive. The brick veneer of can
be considered nonstructural drift-sensitive.

www.sparisk.com
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The fragility functions developed here must relate to spectral displacement to damage
states expressed by SPUR (2008) for the post-earthquake condition of the building after the
“expected” earthquake, i.e., an event producing shaking with 10% exceedance probability in
50 years. Table 3 provides these performance categories.
Table 3. SPUR (2008) performance categories

Label Description
A
Safe and Operational. This defines a performance standard now in place
and used for new essential facilities such as hospitals and emergency
operations centers. Buildings will experience only very minor damage and
have energy power, gas, water, wastewater, and telecommunications
systems to back-up any disruption to the normal utility services.
B
Safe and usable during repair. This defines a new performance standard
that is needed for buildings that will be used to shelter-in-place and for
some emergency operations. Buildings will experience damage and
disruption to their utility services, but no significant damage to the
structural system. They may be occupied without restriction are expected
to receive a green tag (building inspected and deemed safe for occupancy)
after “expected” earthquake.
C
Safe and usable after repair. This is the current minimum design standard
for new, non-essential buildings. Buildings may experience significant
structural damage that will require repairs prior to resuming unrestricted
occupancy and therefore are expected to receive a yellow tag (building
inspected and found to be damaged with restricted access) after
“expected” earthquake.
D
Safe but not repairable. This level of performance is below the standard
accepted for new, non-essential buildings, but is often used as a
performance goal for existing buildings undergoing voluntary
rehabilitation. Buildings may experience extensive structural damage and
may be on the verge of collapse. They will need to be demolished as soon
as possible and therefore are expected to receive a red tag (building
inspected, found to be seriously damaged and unsafe to occupy ) after
“expected” earthquake.
E
Unsafe: Partial or complete collapse. Damage that will likely lead to
significant casualties in the event of an “expected” earthquake. These are
the “killer” buildings that need to be addressed by a mandatory seismic
mitigation program.

www.sparisk.com
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TESTS OF STRAIGHT SHEATHING
Little testing data appears to exist that addresses the fragility of these components, with
three notable exceptions. Trayer (1956) reports on racking tests of various contemporary
woodframe wall specimens. Each specimen was approximately 9 ft high and 14 ft long, with
2x4 studs of No. 1 common well-seasoned southern yellow pine at 16 in centers with 2x4 top
and bottom plates of the same material and a double stud at each end. Each plate was
connected to each stud with 2 16d common nails through the plate into the ends of the studs.
No vertical load was applied to the wall; to prevent overturning holddown rods connected the
top plate to the testing floor on either side of the test specimen 1 to 2 ft from the end of the
specimen. The specimen was subjected to in-plane, pseudostatic loading by a force applied
along the axis of the upper plate (Figure 2). The manner of measuring the force is unclear,
while displacement was measured by observing the displacement of the top plate relative to a
fixed vertical line.
The author reports tests to 50 specimens with and without openings, and with various
finishes, two of which are relevant here. One finish was horizontal straight sheathing on one
side with square-edged 1x8, also of the same material, nailed with 2 8d at each stud crossing.
The author does not report any observations of physical damage to these specimens: no
mention of nail pullout, nail tearthrough, splitting of framing members, etc. There is no
indication on the force-deformation curve of a sudden physical change from which one might
infer a particular damage state, and there are no observations related to unloading or residual
displacement after unloading. The only indication of a particular damage state is the point of
ultimate strength, where connections begin to lose strength. This is reported to occur at a drift
of approximately 3 in, or a drift ratio of 2.8%.
Trayer (1956) reports that the tests also included 6-in straight sheathing, and 8-in
sheathing with 3 8d nails at each board and stud crossing, and that both stiffness and strength
were largely unchanged by these variations, which he explains by pointing out that it is the
bending stiffness of the nail and the lever arm between the two adjacent nails that provides
the wall’s stiffness and strength. Adding a 3rd nail in the middle of the board at the stud
crossing neither adds to stiffness nor strength, as that is the neutral axis, and that although

www.sparisk.com
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with 6-in boards the lever arm between nails is reduced, there are proportionately more
boards, and therefore more nails, for a given height of wall.
More recently, Elkhoraibi and Mosalam (2007a, b) report on full-scale dynamic tests of a
2-story house and two woodframe wall specimens with straight sheathing (Figure 3), the
former on a shake table and the latter tested by hybrid simulation, and representing the lowerfloor longitudinal walls of the prototype house. In hybrid simulation the behavior of the rest
of the (generally well-understood) building is computationally simulated, with force or
displacements imposed dynamically on the physical substructure whose characteristics are of
interest. The response of the real specimen is fed back into the computation model in real or
near-real-time. The specimens are constructed of 2x4 studs at 16 in centers, end-nailed to the
double 2x4 top plate with 2-16d common nails and toe-nailed to a 3x6 sill plate with 3-16d
common nails. The straight sheathing is 1x12 shiplap siding with 3-8d common nails per
board at each stud crossing. The walls are braced by V-shaped 2×4 diagonal blocking
between studs (2–16d toe common nails). All lumber is Douglas Fir-Larch.

www.sparisk.com
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Figure 2. Test setup and some specimens discussed by Trayer (1956)

The authors’ focus is not on specimen damageability but rather on a procedure for
switching between force and deformation control for input to the real specimen. Limited
damage data are presented. From a sample force-deformation plot the authors provide (Figure
4), it appears that the combined specimens reach an ultimate-strength limit state near the end
of the largest negative cycle, near 3 inches of drift (3% drift), similar to the 2.8% drift at
ultimate observed by Trayer (1956) in tests of 1x8 straight-sheathed walls. They observed
connection failure in the braces shown in Figure 5, and confirm that the deformation is
accommodated by bending of the nail at the interface between the sheathing and framing.

www.sparisk.com
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Figure 3. Straight-sheathed house prototype and specimens representing the lower floor longitudinal wall tested
in hybrid simulation by Elkhoraibi and Mosalam (2007)

Figure 4. Force deformation response from hybrid simulation of the specimen shown in Figure 3 (Elkhoraibi
and Mosalam 2007)

www.sparisk.com
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Figure 5. Damage and deformed shape observed in hybrid simulation tests by Elkhoraibi and Mosalam (2007)

www.sparisk.com
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TESTS OF WOOD LATH AND PLASTER
Trayer (1956) also reports on the performance of wood lath and plaster: 4-ft horizontal
boards nailed to studs with 3d nails and with a ¼-in vertical gap between each lath course. A
¾-in ground coat was applied, and a finish coat of unspecified thickness. Wall testing was
performed after 1 week aging. Lath and plaster ceilings tend to crack after about 35 to 45
years, and continue to deteriorate until they need replacement after about 80 to 100 years, but
lath and plaster walls are usually dependable for 100 to 120 years or more, so 1956 tests of
new walls are probably appropriate the fragility of 70-year-old walls.
Trayer (1956) reports that walls with openings tend to develop cracks at the corners of
openings when the drift reached “a few hundredths of an inch,” consistent with the statement
that cracks developed when in-plane loading reached 800 to 1300 lb in a specimen with an
in-plane shear stiffness of 12.9 kip/in (secant stiffness measured at 0.1 in displacement),
indicating cracking drift ratios between 0.057 to 0.093% peak transient drift. One could
associate that damage state with the requirement to replaster corners of openings and repaint
the room. Another limit state is reported: a sudden drop in load as displacement increases,
which in the walls with openings occurs at displacements of 0.75 to 1.5 in (0.69 to 1.39%
drift), and that in panels with both plaster and wood sheathing, “The plaster was badly
cracked under distortions of less than an inch.”
In walls without openings, Trayer (1956) states that cracking initiated at drifts of 9.9 to
10.8 kip, which appears to relate to a peak transient drift of 0.4 to 0.6 in, or a drift ratio of
0.37 to 0.56%.
In another study, Schmid (1984) performed in-situ in-plane cyclic racking tests of two
lath and plaster wall specimens without openings in an existing Los Angeles building. Each
specimen (Figure 6) was 8-ft by 8-ft, cut from the structure on its ends and top edge by
removing a 1-ft-6-in segment of wall at each end and a 1-ft-4-in segment of the wall at the
top edge below the girder above. Force was imposed by operating one of two calibrated
hydraulic jacks inserted at the level of the top plate at each end of the specimen, reacting with
the adjacent 8x8 column. Displacement was measured by observing dial indicators accurate
to 0.001 in. At least 6 load reversals were imposed, as illustrated in Figure 7.

www.sparisk.com
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Schmid (1984) reports that cracks appeared in the plaster of specimen 1 at displacements
of 0.445 in and -0.407 in (0.46 and 0.42%, respectively), and in specimen 2 at displacements
of 0.246 and -0.196 in (0.26 and 0.20%, respectively). Specimen 2 differed from specimen 1
in that it had an existing crack. Ultimate strength was reached in specimens 1 and 2 at 1.56 in
and 1.30 in (1.62 and 1.35%), respectively. Readily available images of the specimens after
testing are of poor quality, having been duplicated and scanned, but Figure 8, from Schmid
(1984), should give a sense of the ultimate-strength limit state. Lath and plaster test results
from Trayer (1956) and Schmid (1984) are recapped in Table 3.

Figure 6. In-situ testing of lath and plaster walls (Schmid 1984).

www.sparisk.com

12

CAPSS Fragility Functions
9 April 2009

Applied Technology Council

Figure 7. Loading history for an in-situ test of a lath and plaster wall in a Los Angeles building (Schmid 1984)

Figure 8. In-situ testing specimen of wall with lath and plaster finish, after testing (Schmid 1984)

www.sparisk.com

13

CAPSS Fragility Functions
9 April 2009

Applied Technology Council
Table 4. Summary of lath and plaster pseudostatic in-plane racking tests

ID
1
2
3
4
5
6
7
8
9
10

Author
Trayer (1956)
Ditto
Ditto
Ditto
Schmid (1984)
Ditto
Ditto
Ditto
Ditto
Ditto

www.sparisk.com

Lath and plaster wall specimen
New wall w window, door openings
Ditto
New wall without openings
Ditto
E wall 1 no prior cracks, + shear
Ditto, − shear
E wall 2 with prior cracks, + shear
Ditto, − shear
E wall 1 no prior cracks
E wall 2 with prior cracks

14

Limit state
Drift, %
Cracks at openings 0.057
Ditto
0.093
Cracks appear
0.37
Ditto
0.56
Ditto
0.46
Ditto
0.42
New cracks appear
0.26
Ditto
0.20
Ultimate strength
1.62
Ditto
1.35
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TESTS AND OBSERVATIONS OF MASONRY VENEER
Figure 9 shows several instance of masonry veneer fallen from a straight-sheathed
woodframe walls in various earthquakes. In each case, the masonry appears to have been
self-supporting and anchored to the wall either by flexible metal connectors or nails, with a
gap of 1-2 inches between the sheathing and the wall.

(b)

(a)

(c)

(d)

Figure 9. Damaged masonry veneer over straight-sheathed woodframe walls in (a) 1994 Northridge earthquake
(the Masonry Society, via Klingner 2003); (b) 1925 Santa Barbara earthquake (Huber, via Earthquake
Engineering Online Archive); (c) 1961 Hollister earthquake (Steinbrugge via Earthquake Engineering Online
Archive); (d) 1965 Puget Sound earthquake (Steinbrugge, via Earthquake Engineering Online Archive)

Klingner (2004) reports that in the 1994 Northridge and 2003 Mexico earthquakes,
anchored masonry veneer “experienced a large fraction of the damage observed to modern
masonry…. Anchored veneer was often attached using either corrugated ties fastened to the
building, or corrugated dovetail ties, which were attached to channel slots fastened to the
building. Veneer was damaged when ties or channel slots detached from the structure, or
when the veneer detached from the ties. In no cases was actual tensile failure of the tie itself
observed. Tie attachment failures show the need to connect ties with nails or screws to the

www.sparisk.com
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structural system, and not just to the sheathing, and to control the deformation permitted by
corrugated ties. Many ordinary nails, even correctly driven into wood, are not capable of
developing the required anchoring forces.”
Laboratory tests are still ongoing into the performance of masonry veneer. Okail et al.
(2008) presented some results of in-progress NEES test research: shake-table test results of
modern anchored brick masonry veneer with corrugated metal ties or rigid metal ties on
wood stud walls, subjected to in-plane and out-of-plane shaking. Ten specimens of either 4ft-wide x 8-ft-high blank panels or 8x8-ft panels with a 4x4-ft window opening were shaken
with a 1.1g PGA Sylmar record or a 2g Tarzana record from the Northridge earthquake, with
amplitudes scaled to achieve various levels of excitation of roughly 0.9, 1.4, and 2.6g peak
ground acceleration. The tests did not impose deformation at the top edge, and there was no
superimposed load. When the records were scaled so that each achieved first 0.9g and then
1.4g PGA, and the walls were subjected to them, they performed satisfactorily. Subjecting
the walls to the records scaled to the maximum level caused complete damage to specimens
regardless of the type of anchor. Failure came in the form of collapse of the masonry above
the window openings, or of the piers to either side of the window, or of the entire wall. (The
results would therefore seem to be indicative of the effects of inertial forces on a single story
of veneer, rather than strain incompatibility between veneer and framing. For reference, 0.9,
1.4, and 2.6g PGA for scaled versions of these two records is roughly equivalent to 1.3, 2.0,
and 3.8g of 5%-damped spectral acceleration response at 0.3-sec period, or 0.8, 1.2, and 2.2g
with 17.5% damping ratio, using the RA factor offered by Newmark and Hall 1982.)
The NEES researchers have found that in-plane behavior of the walls tested so far tended
to be a combination of sliding and rocking of the veneer, and that out-of-plane behavior is
governed by pullout from the framing of the nails connecting the anchor to the framing. Inplane excitation also caused nails connecting the anchors to the framing to pry loose or
extract from the framing. They observed diagonal cracking at the base of window corners
indicative of rocking of the pier beside the window. They also observed that ties ruptured and
pulled out of the masonry, and that ties deformed at the holes where screws connected them
to the framing, allowing the screw to pull through the hole and remain attached to the
framing, while the anchor became detached.
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Jalil et al. (1992) studied the performance of the building at 2 Alhambra St, San
Francisco, in the 1989 Loma Prieta earthquake (Figure 10). In the earthquake, this 4-story
corner apartment building in the San Francisco Marina District was observed to have lost all
its brick veneer sheathing at the bottom story on three facades. The authors performed an
elastic response spectrum structural analysis of the building with and without masonry
veneer, using a record from the nearby CSMIP Station 58222, modified to account for site
soil. They find that in the likely fundamental period range of the building, 0.3 to 0.4 sec, the
5%-damped spectral acceleration response imposed on the building was approximately 150
in/sec2, or approximately 0.4g. (Diving by RA value to account for woodframe elastic
damping of perhaps 15-20% suggests a 17.5%-damped Sa of approximately 0.3g.) The
authors do not offer an opinion of the deformation at which the veneer delaminated, although
they do suggest that veneer fell off before the ground story drift reached 1%. Their analyses
suggest that the ground story would have experienced drifts of 0.055 and 0.156 inch its
orthogonal directions with the veneer (i.e., approximately 0.055 and 0.156%), and 0.78 and
0.98 in without the veneer (0.78 and 0.98 %).

Figure 10. Veneer damage to 2 Alhambra St, San Francisco, 1989 Loma Prieta earthquake (Jalil et al. 1992)

Thurston and Beattie (2008) also performed racking tests of a single-story, full-scale
prototype house with of modern brick veneer over woodframe, characteristic of construction
in New Zealand. Piers were of various widths. The bricks had holes that the authors credited
with improving the veneer’s performance relative to solid clay bricks. Nonetheless, it may be
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noteworthy that regardless of pier width, the authors estimate a substantial loss of stiffness
occurs when the woodframe wall deflects more than approximately 2 cm.
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LITERATURE ON THE PERFORMANCE OF STUCCO WALLS
Interpreting experimental testing by the CUREE-Caltech Woodframe Project, Porter et al.
(2002) developed two fragility functions for stucco sheathing with metal lath: one for a
cracking damage state repaired by patching and repainting, and a second for fracture of the
connection between the framing or sheathing and the stucco, which must be repaired by
demolishing and replacing the stucco. The former seems to dominate when metal lath is
properly embedded in the stucco and connected to the framing; deformation is
accommodated by cracking of the stucco. The latter seems to dominate when metal lath is not
properly embedded in the stucco, and deformation is accommodated by delamination of the
stucco from the lath. Stucco on wood lath (such as in the case of CAPSS) would seem to be
very different from stucco with well-embedded metal lath, like the difference between plain
concrete and reinforced concrete, so the 1st failure mode addressed by the Porter et al. (2002)
seems irrelevant. Loss of bond between the lath and stucco, however, seems perfectly
relevant, so the 2nd failure mode and associated fragility function might be applicable. It was
a lognormal fragility function with a median capacity of 1.2% drift and a logarithmic
standard deviation of 0.5.
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OBSERVATIONS OF RED-TAGGING AND STRUCTURAL COLLAPSE
Red tagging. ATC-20 (Applied Technology Council 1996) is the de facto standard
methodology for post-earthquake safety inspections of buildings. It suggests that if a building
has between 1 and 2 inches of residual drift after an earthquake (i.e., 1-2% drift ratio in the
ground floor), it is reasonable to post it unsafe to enter or occupy. The larger number seems
to be a better threshold for woodframe construction, which can tolerate greater residual drift
before its P-delta effects are likely to be a concern. In developing work for ATC-58,
Deierlein (2007) suggests that approximately 5% transient drift in the ground floor of a
woodframe shearwall can result in 2% residual drift in that floor.
One retrofit considered in the CAPSS study is to add steel frames or cantilever columns,
changing the lateral force resisting system on the ground story to a dual system of woodframe
shearwall and steel frame (Cobeen 2008). Deierlein suggests that for a steel frame, the ratio
of residual drift to transient drift is 4:7; suggesting that the 2-in residual drift that is likely to
trigger red-tagging would occur with 3.5% transient drift, or roughly 4.4 inches of spectral
displacement. It is not clear which value should be used, but the figure for woodframe seems
justified.
Deierlein indicates there is significant uncertainty in this ratio of 5:2, with a logarithmic
standard deviation of 0.8, so the values of 5 to 6 inches of transient drift producing 2 inches
of residual drift are highly uncertain. One additional data point is shown in Figure 11, which
shows post-earthquake safety inspection tag colors after the 1989 Loma Prieta earthquake in
the San Francisco Marina District. It shows for example that approximately 33 corner
buildings were red tagged (including 6 that collapsed).
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Figure 11. Safety tags in the SF Marina District after the 1989 Loma Prieta earthquake (Seekins et al.
1990 via Scawthorn et al. 1992)

Collapse. The HAZUS-MH methodology does not attempt to express collapse fragility
functions, and instead estimates the building area that experiences collapse as a fraction of
the building area that experiences the complete damage state; the fraction is denoted by Pc,
which for ordinary W1 or W2 construction, NIBS and FEMA (2003) take as 0.03. In the case
of an n-story apartment building, collapse is likely to involve the ground floor, or 1 nth of the
building area, so the fraction of all buildings that collapse, given that they are in the complete
damage state, would be n times Pc. Note that HAZUS-MH assumes that the typical W1 is 1
story tall, and the typical W2 is 2 stories tall. Pc is given as 0.03 in both cases.
Harris and Egan (1992) offer some observations relevant to Pc of the performance of 4story corner apartment buildings in San Francisco Marina District after the 1989 Loma Prieta
earthquake. They observed 11 such buildings to have experienced ATC-13 (1985) damage
states 6 or 7, where 6 indicates repair costing at least 60% of replacement cost, and 7
indicates collapse. As noted earlier, ATC-13 (1985) damage state 6 (major), appears to
equate in terms of damage factor with HAZUS’s “complete” damage state, while 7
(destroyed) equates with HAZUS’s “collapse.”
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(a)

(b)

Figure 12. Harris and Egan (1992) observed performance of 4-story woodframe corner apartment
buildings in the San Francisco Marina District: (a) buildings on soft soil; and (b) buildings on sites with
ground failure.

Harris and Egan (1992) also provide some data relevant to a fragility approach to
collapse. They estimate that in the 1989 Loma Prieta earthquake, of six 4-story corner
apartment buildings on firm or soft (but not failed) soil that experienced 12 ≤ Sd < 13 in, 3
collapsed and 4 did not. In the range of 8 ≤ Sd < 12 in., 1 of 11 collapsed. The data are shown
in Figure 13. It is difficult to see 3 collapses at Sd ≈ 12 inches in Figure 13a, but the total
must sum to 4, as in Figure 12a, so it is reasonable to conclude that there are 3 data points at
12 inch spectral displacement and 100% loss, and one at 9 inches. No buildings with 4 ≤ Sd <
8 in. collapsed.

a)

b)

Figure 13. Collapse capacity of Marina District corner apartment buildings: performance of corner apartment
buildings in the San Francisco Marina District in the1989 Loma Prieta earthquake on (a) soft or firm soil, (b) all
soil profiles (Harris and Egan 1992)
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COMPONENT FRAGILITY ANALYSIS
With these tests and other observations in mind, consider now how to interpret them in
terms of limit states at various levels of spectral displacement.
Straight sheathing. There appear to be two readily available observation of the drift at
which straight sheathing experiences connection fracture: 2.8% and 3.0%, from Trayer
(1956) and Elkhoraibi and Mosalam (2007a,b), respectively. The median capacity is therefore
taken to be 2.9% peak transient drift at the story level of the wall, or roughly 2.9 inches for a
96-in wall. To express this in terms of spectral displacement of the equivalent SDOF
oscillator, one can calculate:

S d  1 

 Sd
 1

r 
r 

(2)

where ∆1 denotes the drift (in inches) of the ground story, ∆r denotes the roof displacement,
and the ratio Sd/∆r denotes the modal factor denoted by α2 in HAZUS-MH (NIBS and FEMA
2003). Cobeen (2009) estimates the ratio ∆1/∆r near ultimate to be 0.75 in index buildings 1
and 2 under as-is conditions, and 0.6 to 0.65 under seismic retrofit. The modal factor α2 or

Sd/∆r is estimated to be approximately 0.75 in NIBS and FEMA (2003). Thus, under as-is
conditions, the spectral displacement equals the ground-floor displacement multiplied by
0.75/0.75, or unity. Under seismic retrofit, the factor is 0.75/0.60, or 1.25.
For example, Jalil et al. (1992), in their analysis of 2 Alhambra St., estimated that groundfloor displacement accounted for approximately 65-75% of the roof drift of the 4-story
apartment building, compared with the 25% it would have been if the deformed shape were
linear; 70%/25% = 2.8. See Figure 14. Therefore the drift capacity of the siding, when
measured in terms of the SDOF oscillator’s drift ratio rather than the story drift ratio, will be
taken as 2.9% divided by 2.8, or 1.0%. We will take the height of the equivalent SDOF
oscillator to be 0.7 to 0.8 times the building height, which in the present case is on the order
of 25 to 35 ft, so the oscillator will be taken as having a height of 21 to 24 ft (30 ft x 0.7 to
0.8), or approximately 250 to 290 in. To measure the capacity of the straight sheathing in
terms of the spectral displacement of the oscillator, one multiplies the drift ratio of the
oscillator by its height, e.g., 0.010 x 290 in, or 2.9 inches. Thus, at roughly 3 inches of
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spectral displacement (in the HAZUS sense), one would expect the ground-floor sheathing to
have experienced 2.9% peak transient drift, perhaps enough to require its demolition and
replacement, though perhaps not enough to represent an immediate collapse risk, as discussed
later. Under seismic retrofit, the ground story would experience 2.9 inches of drift at Sd = 3.6
inches.

Figure 14. Estimated mode shape of 2 Alhambra after loss of masonry veneer (Jalil et al. 1992)

Lath and plaster interior finish. The test results summarized in Table 4 can be
interpreted to suggest three damage states: (1) a light damage state associated with cracks
near window and door openings, repaired by patching and repainting; (2) a moderate damage
state associated with cracks in walls without openings, repaired by more extensive patching
and repainting; and (3) an ultimate-strength data state with heavy cracking that would seem
to require demolition and replacement of the plaster with gypsum wallboard. The median for
damage state 1 (using IDs 1 and 2 in Table 4) is taken as 0.073% peak transient drift in the
story of interest, or roughly 0.073 inches, which would equate with Sd = 0.073 in under as-is
conditions, or 0.09 under retrofitted conditions. For damage state 2, drawing on observations
3-8 in Table 4, the median capacity is 0.36% drift, equivalent to Sd ≈ 0.36 inches under as-is
conditions or 0.45 under retrofitted conditions. For damage state 3, from observations 9 and
10, the median drift capacity for ultimate strength (requiring demolition and replacement) is
1.5% drift, equivalent to Sd = 1.5 to 1.9 in (as-is and retrofitted, respectively).
Brick veneer. There is little evidence on which to base a drift capacity associated with
failure of brick veneer. As noted above, Jalil et al. (1992) estimated that the 1st story lost its
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brick veneer at drifts below 1%, and one might arbitrarily select a 1st-story drift of 0.4% as
the median capacity, equivalent to Sd = 0.4 to 0.5 in, selected for simplicity because it is the
same range for Sd at which cracks appear in throughout ground-floor stucco. Alternatively, if
one believes inertial forces are more strongly related to veneer failure, as seems to be the
direction the NEES project is proceeding, then the capacity of the brick veneer is something
less than Sa = 0.3g. The HAZUS developers suggest that brick veneer is drift-sensitive (NIBS
and FEMA 2003, table 5.2), so for consistency, we will somewhat arbitrarily assign a median
capacity of the 1st story veneer as 0.4 in (as-is) or 0.5 in (retrofitted).
Stucco. Consistent with the CUREE-Caltech Woodframe work, we propose to assign the
median drift capacity of ground-story stucco as 1.2%, equivalent to Sd = 1.2 in (as-is) 1.5 in
(retrofitted). This range is close enough to the drift at which lath and plaster exhibit large
cracks that the drift level for stucco delaminating will also be taken as 1.5 to 1.9 in.
Red tagging. Recall that Deierlein (2007) estimates 5 inches of transient drift implies 2
inches of residual drift. Here, that would equate with a spectral displacement of perhaps 5
inches under as-is conditions or 6.2 in under seismic retrofit. According to Harris and Egan’s
(1992) drift estimates (Figure 13b), there were perhaps 35 to 45 corner apartment buildings in
the San Francisco Marina District in the 1989 Loma Prieta earthquake that experienced
spectral displacements of 5 inches or more. We do not know the exact number, because the
symbols in Figure 13b tend to overlap, nor do we know the safety tag color associated with
each of the buildings represented in the figure. However, the estimate of 35 to 45 buildings
with Sd ≥ 5 inches roughly equates with the approximately 33 red-tagged or collapsed corner
buildings reported by Seekins et al. (1990; Figure 11), so together these two observations
tend to support Deierlein’s (2007) estimate.
It was the opinion of the Project Engineering Panel in its January 2009 meeting that the
retrofitted buildings could tolerate up to 8 inches of transient drift before triggering a red tag
(although the PEP provided no quantitative evidence for such an opinion), as opposed to the
6.2 inches suggested above.
HAZUS-MH approach to collapse. If we denote by N4 the number of buildings in the
HAZUS complete but not collapsed damage state, and N5 the number of buildings that
experience collapse, then the fraction of buildings in the complete damage state that collapse
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can be taken as N5/(N4 + N5). If a 4-story soft-story buildings collapses, typically it is the
ground story that collapses and the upper stories do not, so only 1/4th the building area has
collapsed. Letting Pc denote the fraction of building area that collapses given complete
damage, for 4-story buildings where collapse always means the collapse of the whole 1st
story,
Pc 

N5
4  N 4  N5 

(3)

Recall the equivalence of HAZUS’s complete damage state and ATC-13’s major damage
state, and the equivalence between HAZUS’s collapse damage state and ATC-13’s destroyed
damage state. Recall also that Harris and Egan’s (1992) estimate of 5 corner apartment
buildings in the ATC-13 major damage state, and 6 destroyed (Figure 12). No buildings on
firm soil experienced either damage state, so they are ignored for purposes of calculating Pc.
Thus, if we include all Marina District buildings for purposes of evaluating Equation (3), N4
= 5 and N5 = 6, so Pc ≈ 6/(4*11) = 0.14. What if we consider only those that were not on
failed soil, N4 = 3 and N5 = 4, so Pc ≈ 4/(4*7) = 0.14, the same as before.
What if we assume that HAZUS’s complete damage state is broader than the ATC-13
major + destroyed damage states (ATC-13 damage states 6 and 7), and includes those in the
heavy damage state (ATC-13 damage state 5)? Then using Figure 12a, Pc = 4/(4*9) = 0.11
using both Figure 12a and Figure 12b, Pc = 6/(4*17) = 0.088. Not shown in either figure is
that Harris and Egan (1992) estimated that 3 buildings on firm-soil profiles experienced
ATC-13 damage state 5, which would lead to Pc = 6/(4*20) = 0.075.
So depending on how one equates the ATC-13 and HAZUS damage states, Pc for corner
buildings might be anywhere from 0.075 to 0.14, or . Both to acknowledge this uncertainty
and to avoid the appearance of unjustified accuracy, let us take Pc = 0.1.
None of the buildings in the Harris and Egan (1992) dataset is known to have been
seismically retrofitted, and it seems unlikely that any had been. No other data appear to be
readily available to inform Pc for retrofits 1 through 3. Let us assume therefore that seismic
retrofit 1 would reduce Pc by perhaps 1/3 to ½, to say 0.06 (double the value assumed in
HAZUS-MH for W1 and W2), and that retrofits 2 and 3 would virtually eliminate ground-
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story collapse, possibly shifting any collapse to the 2nd floor. For retrofits 2 and 3, Pc will be
taken as 0.015, half the value for W1 or W2.
Fragility approach to collapse. A fragility approach was recommended by the CAPSS
Project Engineering Panel in a January 2009. Recall that the data in Harris and Egan (1992)
seem to suggest 3 collapses out of 7 buildings at 12 inch spectral displacement, and 1
collapse out of 11 buildings at 9 inches, and none with 4 ≤ Sd < 8 in. collapsed. Fitting a
curve to these points suggests a median collapse capacity of approximately 13 in., and a
logarithmic standard deviation of 0.2.
This uncertainty value includes uncertainty associated with structural response given
ground motion (since the models were simplistic), and collapse given structural response
(since it seems likely that there would be variability in collapse between real buildings known
to have experienced the same level of structural response). It largely excludes variability in
ground motion given magnitude and distance, since the buildings are relatively close together
(little intra-event variability) and the data are drawn from a single earthquake (no inter-event
variability). For future earthquakes, one can consider an additional contribution of perhaps
0.6 (the value of lnY for T = 1 sec in Boore et al. 1997), which is SRSS’d with the value of
0.2 to produce a total logarithmic standard deviation of 0.63.

Collapse probability

1.00

4 collapsed on soft soil
2 collapsed on failed ground
0 collapsed on firm soil

0.75

θ = 13 in, β = 0.2

0.50

3 of 7 on firm or soft soil
collapsed at S d ≈ 12.5"

0.25

1 of 11 on firm or soft soil
collapsed at S d ≈ 10"

0.00
0

5

10

15

Spectral displacement, in.
Figure 15. Collapse fragility function inferred from the Harris and Egan (1992) data.
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SUMMARY
To review: laboratory tests of wood lath and plaster walls by Trayer (1956) and Schmid
(1984), at Sd ≈ 0.06 in, small cracks appear near corners of openings in lath and plaster walls.
At Sd ≈ 0.4 in, small cracks appear throughout the ground-floor lath and plaster walls, calling
for more significant patching and repainting. A study by Jalil et al. (1992) suggests that at
about the same level of drift, the brick veneer begins to fall off. Earlier fragility analysis of
stucco finish in Porter et al. (2002) suggests that at Sd ≈ 1.5 in., ground-floor stucco
delaminates from the wood lath and requires demolition and replacement. At about the same
level of drift, from Trayer’s (1956) and Schmid’s (1984) test results, the ground-floor lath
and plaster walls exhibit large cracks.
From tests by Trayer (1956) and Elkhoraibi and Mosalam (2007a,b), one can estimate
that at Sd ≈ 3.0 in, nails in straight sheathing have become so heavily deformed in exterior
straight sheathing that the finish requires demolition and replacement, though might not
represent an immediate collapse hazard.
At Sd ≈ 5 in, Deirelein’s (2007) analysis suggests that a reasonable estimate of residual
drift in the ground floor is 2 inches, which would trigger a red tag. This figure tends to be
supported by the fact that Harris and Egan (1992) suggest that in the San Francisco Marina
District during the 1989 Loma Prieta earthquake, 35 to 45 corner apartment buildings
experienced 5 inches of drift or more, and according to Seekins et al. (1990), approximately
33 corner buildings were red-tagged or collapsed.
At Sd ≈ 13 inches, collapse occurs, as shown by an examination of Harris and Egan’s
(1992) estimates of spectral displacement and damage to corner apartment buildings in the
Marina District in 1989. (The assumption is that other large soft-story woodframe buildings
in San Francisco will behave like those in the Marina District in 1989.) Using the HAZUSMH approach to collapse, the evidence from Harris and Egan’s (1992) damage-state
estimates of the same buildings suggests that Pc, the fraction of building area in the complete
damage state that has collapsed, was approximately 0.1.
The damage-state descriptions just summarized can be compared with those of the
HAZUS-MH damage states for W1, whose relevant portions are quoted in Table 5. The table
shows a range of Sd values at which these damage states seem to occur, with the lower figure
www.sparisk.com

28

CAPSS Fragility Functions
9 April 2009

Applied Technology Council

reflecting as-is conditions, and the upper figure for retrofit. The table also shows the
approximate ATC-20 safety inspection result. There is an imperfect match between the
experimental observations and HAZUS-MH structural damage state description, especially
for HAZUS’ slight and moderate damage states.
A preliminary equivalence was made in consultation with Sig Freeman of the project
Engineering Panel in October 2008, and revised in consultation with Chris Arnold, Bill
Holmes, and Jack Moehle of the Project Engineering Panel in January 2009. The former
assignments were more conservative than the latter. That is, in the January 2009 consultation,
HAZUS damage states were associated with higher values of spectral displacement.
Table 5. Relationship between experimental observations and damage states

Tag
Green

Yellow

Experimental observations
Small cracks appear near corners of
openings in lath and plaster walls
Small cracks appear throughout the
ground-floor lath and plaster walls;
brick veneer begins to fall off

Sd, in.a
0.06-0.07

Ground-floor stucco delaminates
from wood lath; ground-floor lath and
plaster walls exhibit large cracks

1.5-1.9

Nails heavily deformed in exterior
straight sheathing

2.9-3.6

Residual drift in the ground floor ≥ 2
inches; no collapse
Collapse occurs
Pc = 0.1 (as-is) to 0.015 (retr 3)b

5-8

0.4-0.5

Red

13-?

HAZUS structural damage
Slight: Small plaster or gypsum-board
cracks at corners of door and window
openings and wall-ceiling intersections;
small cracks in … masonry veneer.
Moderate: Large plaster or gypsum-board
cracks at corners of door and window
openings; small diagonal cracks across
shear wall panels exhibited by small cracks
in stucco and gypsum wall panels….
Extensive: Permanent lateral movement of
floors and roof… partial collapse of “roomover-garage” or other “soft-story”
configurations….
Complete: Structure may have large
permanent lateral displacement, may
collapse, or be in imminent danger of
collapse …. Approximately 3% of the total
area of W1 buildings with Complete
damage is expected to be collapsed.

a. Lower value in range refers to as-is conditions, upper to retrofitted conditions.
b. Pc is used for the conventional HAZUS-MH approach, and drift for use with fragility
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CONCLUSIONS
Experimental and earthquake evidence is sufficient to create new fragility functions for
common building components of large residential San Francisco woodframe buildings. Table
6 shows the final relationships between SPUR performance level, ATC-20 tag color,
HAZUS-MH structural damage state, and several values of median spectral displacement:
those derived from the experiments discussed above (labeled “CAPSS”); the judgment of the
January 22, 2009 meeting of the Project Engineering Panel (labeled “PEP2”), and the
HAZUS-MH capacities for the structural component of W1 and W2 pre-code structure types.
The column labeled β refers to the logarithmic standard deviation of capacity proposed for
use here. HAZUS-MH offers β values for W1 and W2 pre-code that are all approximately
1.0, and will be used here, except for collapse, where a value of 0.6 is used as discussed
above. The table shows two ranges for CAPSS fragility parameters, reflecting the ambiguity
in mapping from experimental damage states to HAZUS and SPUR damage states. In each
case, a range “X-Y” means that X would be the median for as-is conditions, Y for retrofitted
conditions. “Lower” refers to the lesser of the two ranges—note that using lower values tends
to result in higher damage estimates—while “upper” is the larger of the two, producing lower
damage at a given value of shaking intensity.
Table 6. Summary of proposed fragility parameters

Median spectral displacement, inches
W1
W2
CAPSSa
Lower
Upper
A
Green
Slight
0.5
0.4
0.69
0.06-0.07
0.4-0.5
B
Green
Moderate
1.5
1.0
1.71
0.4-0.5
1.5-1.9
C
Yellow
Extensive
3
3.09
5.29
1.5-1.9
2.9-3.6
D
Red
Complete
6a – 8 b
7.56
12.96
2.9-3.6
5-8
E
Collapse Collapse
12
N/A
N/A
b
13-?
a: where a range “X-Y” is given, X refers to as-is conditions, Y to retrofitted
b: use HAZUS-MH approach to estimate area collapsed as fraction of area in “complete” damage
SPUR

Damage state
Tag
HAZUS
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