
This work is aimed at estimating the probability of collapse of tall steel braced 
frame buildings under plausible earthquakes on the San Andreas fault over the 
next 30 years.  60 scenario earthquakes, with magnitudes in the range of 6-8, 
on the San Andreas fault are simulated, generating more than 38000 
3-component ground motion histories at sites spread across the greater Los 
Angeles region.  The probability of occurrence of each of these events over the 
next 30 years is estimated using UCERF 3.0.  3-D nonlinear analysis of several 
variants of an 18-story steel “braced-frame” building are performed.  The results 
from the building analyses are combined with the 30-year probability of 
occurrence of the events using the PEER performance based earthquake 
engineering framework to determine the exceedance probabilities of five 
performance limit states (ranging from immediate occupancy to collapse) over 
the next 30 years.

Abstract

Scenario Earthquake Sources and Probabilities

This involves converting the forecast earthquake yearly rates to seismic moment 
rates (by multiplying by the seismic moment of the forecast earthquake), 
deaggregating the moment rates ti the segments being ruptured, summing the 
moment rate contributions of all forecast earthquakes to each segment, 
assigning the total moment rate of each segment to the closest scenario 
earthquake, aggregating the moment rate contributions to each scenario 
earthquake, and converting the scenario earthquake moment rate to a yearly 
rate (by dividing by the seismic moment corresponding to the scenario 
earthquake magnitude).  Finally, the scenario earthquake yearly rates are 
converted to 30-year occurrence probabilities using a Poisson distribution.

Figure 1: Kinematic finite source model of the 2002 Mw 7.9 Denali earthquake mapped on 
the southern San Andreas fault at five locations. Blue areas represent regions of small slip 
and red areas represent regions of large slip (peak slip of about 12 m).
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[i] Source Models: Kinematic source models of M6.0-7.9 earthquakes on 
vertically dipping strike-slip faults are used to characterize the scenario 
earthquakes.

Continued on next slide ...

Eqke Name Year Location Mw Length
(km)

Depth
(km)

Dip
(degrees)

Rake
(degrees)

1 Denali 2002 AK, USA 7.89 290 20.0 90 180.0

2 Izmit 1999 Turkey 7.59 155 18.0 90 180.0

3 Landers 1992 CA, USA 7.28 78 15.0 89 180.0

4 Kobe 1995 Japan 6.92 60 20.0 85 180.0

5 Imperial Valley 1979 CA, USA 6.58 42 10.4 90 180.0

6 Parkfield 2004 CA, USA 6.00 40 14.5 83 180.9

Table 1: Salient source parameters of past earthquakes whose kinematic source models 
are used for the San Andreas fault scenario earthquake simulations in this study.

[ii] Scenario Earthquake Locations: Kinematic source models of M6.0-7.9 
earthquakes on vertically dipping strike-slip faults are used to characterize the 
scenario earthquakes.

[iii] Rupture Directions: For each earthquake source model and rupture 
location, two rupture directions are simulated, north to south and south to north.  
Because the source models are flipped, the locations of slip asperities relative to 
the LA basin in the north-to-south scenario are different from those in the 
south-to-north scenario.

Figure 2: The earthquake source models of the north-to-south rupture scenarios shown in 
Figure 1 are flipped to create corresponding south-to-north rupture.

[iv] Scenario Earthquake Probabilities: UCERF-3 postulates 10,445 
physically plausible earthquakes (forecast earthquakes) on the souther San 
Andreas fault (from Parkfield to Bombay Beach). We bin these earhquakes into 
six magnitude bins [5.90-6.42], (6.42-6.80], (6.80-7.15], (7.15-7.45], (7.47-7.78], 
and (7.78-8.34]. The scenario earthquake magnitudes (Table 1) correspond to 
the centers of these bins. The forecast earthquakes in each magnitude bin are 
assumed to be represented by the ten scenario earthquakes (five rupture 
locations and five rupture directions) with magnitude equaling the centroidal 
magnitude of that bin. The UCERF yearly rates of the forecast earthquakes in a 
given magnitude bin are redistributed among the ten scenario earthquakes 
representing that bin.  

Figure 3: The 30 scenario earthquakes (shown in black) superposed on top of all the 
earthquakes on the southern San Andreas fault considered plausible by UCERF-3.  Two 
rupture directions are simulated.  Dashed black lines demarcate the six magnitude bins 
considered in this study.  Colored lines represent the extent of UCERF’s plausible 
(“forecast”) earthquakes.

Figure 4: Illustrative example of the method used to derive scenario earthquake 
probabilities from forecast earthquake probabilities. Horizontal blue line: target fault. Dotted 
black lines: fault segmentation. Red unfilled rectangles: forecast earthquakes (F.E.) with 
seismic moment rates indicated by rectangle heights. Yellow shaded region: seismic 
moment rate contributions of several forecast earthquakes to a given segment. Red shaded 
region: summation of yellow shaded regions. Magenta colored region: seismic moment rate 
of a scenario earthquake (S.E.) determined by summing the moment rates of all the 
segments.  Magenta lines: rupture extents of S.E.s.

Mw [Bin] Location 1
(Parkfield)

Location 2 Location 3 Location 4 Location 5
(Bombay 
Beach)

Total 
Probability 
(All locations)

6.00 [5.90-6.42] 0.6449 0.0459 0.1910 0.2485 0.0685 0.8081

6.58 (6.42-6.80] 0.0051 0.0100 0.0854 0.1280 0.0183 0.2288

6.92 (6.80-7.15] 0.0180 0.0171 0.0060 0.0764 0.0271 0.1380

7.28 (7.15-7.45] 0.0211 0.0182 0.0059 0.0153 0.0365 0.0935

7.59 (7.47-7.78] 0.0124 0.0121 0.0061 0.0082 0.0192 0.0568

7.89 (7.78-8.34] 0.0339 0.0281 0.0236 0.0225 0.0215 0.1231

Total 
Probability
Mw [5.90-8.34]

0.6760 0.1249 0.2904 0.4221 0.1773 0.8553

Table 2: Time-independent 30-year occurrence probabilities for the thirty scenario 
earthquakes (six magnitudes and five rupture locations) estimated from UCERF3.  Half of 
these probabilities are assigned to north-to-south propagating ruptures and the other half to 
south-to-north propagating ruptures.
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A hybrid approach is used to compute 3-component broadband (< 5 Hz) ground 
motion histories at 636 greater Los Angeles sites from the 60 scenario 
earthquakes on the San Andreas fault, described in the last section. 
High-frequency seismograms generated using a variant of the classical 
empirical Green’s function (EGF) approach of summing recorded seismograms 
from small historical earthquakes (with suitable time shifts) are combined with 
low-frequency seismograms produced using SPECFEM3D (V2.0 SESAME) that 
implements the spectral-element method on Version 11.9 of the SCEC-CVMH 
seismic wave-speed model, while accounting for 3-D variations of seismic wave 
speeds, densities, topography, bathymetry, and attenuation. The rupture plane 
of a scenario event is divided into (uniform or non-uniform) sub-faults. A 
pre-selected Green’s function (selected on the basis of the closest match to the 
subfault-to-target site path) is used to represent the seismic wave radiated from 
a given sub-fault. The EGFs are selected (based on signal quality) from a pool 
of thousands of low-magnitude (Mw 2.5-4.5) historic events that have occurred 
in the vicinity of the San Andreas fault over the past few decades. The Green’s 
functions from all sub-faults are time-shifted and summed to yield ground 
shaking at a target site [1].

Ground Motion Simulation
[iii] Peak Ground Shaking at 14 Tall Building Cluster Locations in Greater 
LA:  There are roughly 14 tall building clusters that can be identified in the 
greater Los Angeles area.  It is useful to compare the median ground motions 
from the scenario earthquakes at a particular magnitude, say 7.89, against the 
estimates provided by attenuation relations which are used by building codes to 
characterize seismic design loads.

Figure 5: (a,b) Median peak geometric mean horizontal displacement (m) and velocity 
(m/s). (c,d) 5%-damped spectral acceleration at 1 s and 0.2 s periods, in units of “g”, plotted 
as a function of earthquake magnitude from scenario earthquake simulations (blue lines) 
and the Campbell-Bozorgnia NGA (red lines). The vertical bars correspond to the one 
standard deviation spread above and below the median values.

Rupture to Rafters Simulations on Tall Steel Braced Frame Buildings

Acknowledgements
We thank Rob Graves (USGS), Chen Ji (UCSB), Dimitri Komatitsch (CNRS/University of Aix-Marseille), Thomas Heaton (Caltech), 
and Martin Main (KAUST) for their insights into various aspects of source modeling, earthquake mechanisms, and ground motion 
simulations. We also thank Edward Field (USGS), Morgan Page (USGS), and Kevin Milner (USC) for their assistance with UCERF 
and earthquake probability data. We are grateful to the Tromp research group for the continued development of SPECFEM3D. 
Financial support from the U.S. National Science Foundation (NSF-CMMI Award No. 0926962) is gratefully acknowledged.

[i] Peak Motions and Comparison Against CB-08 Attenuation Relations: 
There is good agreement between simulations and CB-08 in the peak velocity 
and displacement intensity measures for the lower magnitude earthquakes (up 
to 6.92). For the larger earthquakes, the simulations predict larger peak 
horizontal velocities (and much larger variances as well), whereas CB-08 
predicts higher peak ground displacements (with comparable variances). The 
median values of 1 s Sa predicted by CB-08 are higher for the magnitude 6.00 
and 6.58 earthquakes, about the same for the magnitude 6.92, 7.28, and 7.59 
earthquakes, and significantly lower for the magnitude 7.89 earthquakes, when 
compared against the those predicted by the simulations. CB-08 predictions for 
0.2 s Sa are higher for the lower magnitude 6.00 and 6.58 earthquakes, but 
lower for the higher magnitude 6.92, 7.28, 7.59, and 7.89 earthquakes. Ground 
motions are significantly amplified in each of the three basins, San Fernando, 
Los Angeles (LA), and San Gabriel (SG). The San Fernando valley’s proximity 
to the San Andreas fault (and perhaps seismic wave-speed structure) results in 
far more intense shaking there as compared to the LA and SG basins.

Continued on next slide ...

Table 3: Comparison of ground motion intensities from the ten (5 locations and 2 rupture 
directions) simulated Mw 7.89 scenario earthquakes against CB-08 NGA predictions at 
fourteen locations in southern California where a significant number of tall buildings exist.

Figure 6: Comparison of maps of median peak geometric mean horizontal velocities (m/s) 
in the Los Angeles basin from simulations of ten scenario San Andreas fault earthquakes at 
three magnitude levels to predictions using the CB-08 NGA relations. (a,b) Magnitude Mw 
7.28, (c,d) Magnitude Mw 7.59, and (e,f) Magnitude Mw 7.89.

[ii] Rupture Directivity Effects: The north-to-south rupture at location 1 (see Figure 1) 
directs a great amount of energy into the region of forward directivity, which is the San 
Fernando valley and the Los Angeles beyond. The south-to-north rupture, on the other hand, 
directs the energy away from the LA basin into the central valley to the north. The focusing 
effect is enhanced by the added proximity of the target region to the primary slip asperity in 
the source in the case of the north-to-south rupture scenario, while the opposite is true for the 
south-to-north rupture scenario. Note that in reversing the rupture direction, the slip 
distribution is reversed as well, such that an asperity on the south side of the north-to-south 
rupture is located on the north side of the south-to-north rupture. Peak horizontal velocity in 
the target region under the north-to-south rupture scenario is two to four times that under the 
south-to-north rupture scenario. For scenario earthquakes at rupture location 5, it is the 
south-to-north rupture that produces the stronger ground motions in the target region and the 
contrast is comparable to that in the location 1 scenario. The consideration of both N-to-S and 
S-to-N rupture directivities ensure that the results, when considered collectively, are not 
biased by unilateral rupture considerations.
  

Figure 7: Comparison of simulated peak horizontal velocity from north-to-south and 
south-to-north ruptures of the magnitude 7.89 scenario earthquake at locations 1 (a,b) and 
5 (c,d). The effects of rupture directivity can be seen clearly.

Figure 8: Cumulative Distribution Functions of (a,b) PGV 
and (c,d) PGD at the fourteen tall building cluster 
locations in southern California from San Andreas fault 
earthquakes over the next 30 years.

Location PGV (m/s) PGD (m)

10% 2% 10% 2%

Irvine 0.16 0.70 0.16 0.89

Encino 0.09 0.46 0.11 0.71

Downtown 
LA

0.22 0.82 0.19 1.02

Canoga 
Park

0.16 1.63 0.19 1.22

Pasadena 0.04 0.20 0.09 0.44

Anaheim 0.40 1.38 0.34 1.23

Long 
Beach

0.08 0.40 0.12 0.63

Glendale 0.05 0.52 0.09 0.74

Hollywood 0.06 0.84 0.10 0.91

El 
Segundo

0.20 0.89 0.21 0.85

Santa 
Monica

0.16 0.83 0.20 0.95

Century 
City

0.18 0.94 0.23 1.05

Universal 
City

0.06 0.48 0.11 0.74

Park La 
Brea

0.09 0.46 0.11 0.71

Table 4: Probabilistic estimates 
of PGV and peak ground 
displacements (PGD) at 14 
stations in southern California 
with probabilities of 
exceedance of 10% and 2% in 
30 years from earthquakes on 
the San Andreas fault.
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(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)

Site Loc Lat Lon Simulated CB-08 Soil Type

PGV (m/s) PGD (m) Sa
1s (g) Sa

3s (g) PGV 
(m/s)

PGD 
(m)

Sa
1s 

(g)
Sa

3s 
(g)

UBC 
94

UBC 
97

Med 𝞼 Med 𝞼 Med 𝞼 Med 𝞼 Med Med Med Med

Irvine 33.67 117.80 0.46 0.35 0.56 0.29 0.21 0.17 0.15 0.18 0.21 1.18 0.17 0.08 S3 Sd

Encino 34.16 118.50 0.30 0.46 0.43 0.24 0.12 0.19 0.13 0.27 0.19 0.89 0.14 0.06 S2 Sc

Downtown 
LA

34.05 118.25 0.79 0.75 0.79 0.60 0.26 0.15 0.38 0.43 0.28 1.70 0.23 0.10 S3 Sd

Canoga 
Park

34.20 118.60 0.94 0.53 0.70 0.41 0.38 0.24 0.30 0.37 0.18 0.87 0.14 0.06 S2 Sc

Pasadena 34.16 118.13 0.13 0.09 0.20 0.13 0.04 0.10 0.01 0.03 0.15 0.77 0.12 0.05 S3 Sd

Anaheim 33.84 117.89 0.73 0.61 0.70 0.48 0.26 0.18 0.42 0.41 0.22 1.16 0.17 0.07 S2 Sc

Long 
Beach

33.77 118.19 0.26 0.21 0.33 0.27 0.14 0.10 0.08 0.09 0.23 1.38 0.19 0.09 S3 Sd

Glendale 34.17 118.25 0.26 0.33 0.40 0.30 0.15 0.09 0.08 0.15 0.20 0.93 0.15 0.06 S2 Sc

Hollywood 34.10 119.33 0.31 0.41 0.49 0.27 0.16 0.12 0.19 0.29 0.18 0.85 0.14 0.06 S2 Sc

El 
Segundo

33.92 118.41 0.63 0.39 0.60 0.29 0.18 0.13 0.22 0.19 0.20 1.09 0.16 0.07 S3 Sd

Santa 
Monica

34.02 118.48 0.66 0.32 0.68 0.30 0.17 0.10 0.16 0.12 0.19 0.94 0.14 0.06 S2 Sc

Century 
City

34.08 118.42 0.66 0.41 0.68 0.45 0.16 0.10 0.21 0.16 0.20 0.99 0.15 0.06 S2 Sc

Universal 
City

34.14 118.35 0.27 0.13 0.38 0.19 0.06 0.05 0.06 0.06 0.14 0.54 0.10 0.04 S2 Sc

Park La 
Brea

34.06 118.35 0.30 0.46 0.43 0.24 0.12 0.19 0.13 0.27 0.19 0.89 0.14 0.06 S2 Sc

(a) (b)

(c) (d)

[iv] Probabilistic Estimates of Ground Shaking at the 14 Tall Building 
Clusters: The PGVs at the 10% probability of exceedance level range from 
0.05–0.40m/s, while at the 2% probability of exceedance level they range from 
0.20–1.63m/s. The corresponding PGD ranges are 0.09–0.34m and 
0.44–1.23m.



[ii] Building Performance Classification: Building performance is classified 
into one of five performance levels, Immediate Occupancy (IO), Life Safety (LS), 
Collapse Prevention (CP), Red-Tagged (RT), Collapsed (CO).  CO corresponds 
to a 10% probability of total collapse of the structural model, whereas RT 
corresponds to a 5% probability of total model collapse.  

The ground motions from the scenario earthquakes are used to perform 3-D 
nonlinear response analyses of several site-specific variants of an 18-story steel 
braced frame building. The models are based on an existing 18-story welded 
steel moment frame building located on Canoga Avenue in Woodland Hills 
California. The earthquake caused several beam-to-column welded moment 
connections to fracture, resulting in an overall building tilt of six inches at the 
roof. The Canoga Park moment frame building (originally designed according to 
the 1982 UBC) is redesigned based on the 1994 and the 1997 Uniform Building 
Codes (UBC) with the moment frames replaced by concentric braced frames. 
Five designs are developed, two per UBC94 (corresponding to soil types S2 and 
S3) and three per UBC97 (corresponding to soil types SB, SC, abd SD).

Archetypical Tall Braced Frame Buildings Studied

Building Performance [iii] Building Fragilities: The analysis results are used to create fragility curves 
for each of the five building models. These curves represent the probability of 
exceeding the IO, LS, CP, RT, and CO performance levels at various levels of 
PGV and spectral acceleration Sa at the building fundamental period.

Figure 9: (a) Isometric view and (b) typical floor plan of the Canoga Park building 
reimagined as a braced frame building. (c) and (d) Classification of the soils at the 636 
target sites in southern California by the 1994 and the 1997 Uniform Building Codes, 
respectively. Also shown labeled are the 14 cities with existing clusters of tall buildings.
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Table 5: Dynamic characteristics of the five target building models.

[i] Illustration of Damage and Collapse: As in the case of moment frame 
buildings, model damage under earthquake excitation localizes in a few stories 
in braced frame buildings as well, as seen in the Figure below showing 
response of the 97Sc model to the simulated ground motion at a site in Covina 
under the north-to-south propagating Mw 7.89 scenario earthquake rupture at 
location 3. Localization of damage at the bottom five stories has initiated a 
sidesway mechanism of collapse in this case. The buckling/yielding-induced 
sidesway mechanism forms due to yielding at the top of all columns in an 
upper-story, the yielding at the bottom of all columns in a lower-story, and 
buckling of all braces in those upper and lower stories as well as all intermediate 
stories
.

Figure 11: 97Sc model response under 3-component 
ground motion at the city of Covina (station 580) from the 
north-to-south Mw 7.89 San Andreas fault scenario 
earthquake at location 3: (a) 3D snapshot of the deformed 
model at collapse initiation; (b) deformed shape of the 
north braced frame; (c) damage in members of the north 
frame (a segment damage index of 1.00 indicates a 
severed brace whereas a segment damage index of 0.00 
indicates no damage whatsoever); circle size is 
proportional to the index. Red color indicates segment 
failure. (d) Idealization of the buckling/yielding-induced 
sidesway mechanism..

Figure 12: Peak IDR in the five building models as a 
function of the peak ground velocity and displacement 
of all scenario earthquake records. (a) 94S2, (b) 
94S3, (c) 97Sb, (d) 97Sc, (e) 97Sd. The magenta, 
red, yellow, green, and blue colors correspond to 
collapse imminent (CO), red-tagged (RT), collapse 
prevention (CP), life safety (LS), and immediate 
occupancy (IO) performance categories, respectively.

Figure 13: Fragility curves 
of the probability of the 
peak IDR in the N-S 
direction of the 94S3 
(solid) and the 97Sd 
(dashed) buildings 
exceeding the IO, LS, CP, 
RT, and CO performance 
levels as a function of (a) 
PGV and (b) the spectral 
acceleration at the building 
fundamental period in the 
N-S direction. (c) The N-S 
PGV and (d) the N-S Sa 
thresholds for 2%, 5%, 
10%, and 50% 
exceedance probabilities of 
various performance levels 
in the 94S3 (circles) and 
the 97Sd (squares) 
designs.

Table 6: Conditional probability of exceedance of the IO, LS, CP, RT, and CO performance 
levels in the older (1994 UBC designs) and the newer (1997 UBC designs) braced frame 
buildings at the 636 southern California sites given a particular earthquake magnitude.
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Mode Building Periods Using Dead Load 
Only

Periods Using DL+30%LL in Mass 
Calculation

94S2 94S3 97Sb 97Sc 97Sd 94S2 94S3 97Sb 97Sc 97Sd

N-S 2.49 2.46 2.38 2.35 2.18 2.79 2.75 2.66 2.63 2.44

E-W 2.34 2.17 2.13 2.11 2.04 2.49 2.42 2.38 2.36 2.28

Torsion 1.44 1.42 1.38 1.36 1.29 1.60 1.58 1.53 1.52 1.44

(a)

(b)

(c) (d)

(a) (b)Figure 10:
Pushover analysis 
of the five models 
in the two principal 
building directions.  
Peak strengths are 
significantly higher 
than the existing 
moment-frame
version, yet strength deterioration starts to occur at about the same lateral drift (0.015) as 
the fracture-susceptible MF building.

(a) (b) (c)

(d)

(a) (b)

(c)

(d) (e)

(a) (b)

(c) (d)

[iv] 30-Year Probabilities of Exceedance using the PEER PBEE Framework:
Mw IO LS CP RT CO

UBC94 UBC97 UBC94 UBC97 UBC94 UBC97 UBC94 UBC97 UBC94 UBC97

7.89 51.82 49.69 32.21 20.85 27.67 16.90 21.88 11.63 17.23 7.21

7.59 19.27 18.01 10.14 5.22 8.49 4.17 6.09 3.12 4.64 2.34

7.28 2.88 2.24 0.46 0.16 0.34 0.09 0.21 0.05 0.10 0.04

6.92 0.67 0.52 0.04 0.00 0.01 -- -- -- -- --

6.58 0.51 0.41 0.08 0.02 0.04 -- -- -- -- --

6.00 -- -- -- -- -- -- -- -- -- --

Conclusions
Using ruptures-to-rafters simulations of five 1994 and 1997 code designed archetype 18-story 
tall steel braced frame buildings in southern California subjected to sixty Mw 6-8 scenario 
earthquakes on the San Andreas fault, we have computed the probabilities of exceedance of 
various performance limit states over the next 30 years. The 1997 UBC designs consistently 
out-perform the 1994 designs. The probabilities of exceedance of both CO (1994 UBC: 
3.34%, 1997 UBC: 1.71%) and CP (1994 UBC: 5.03%, 1997 UBC: 3.22%) limit states over 
the next 30 years are significantly higher than the code’s expectation of a 2% probability of 
collapse over the next 50 years. The braced frame buildings appear to out-perform the 
corresponding moment frame versions.

Design All 636 Southern California Sites Downtown Los Angeles

IO LS CP RT CO IO LS CP RT CO

UBC94 13.29 5.82 5.03 4.08 3.34 13.71 6.11 5.46 4.34 3.48

UBC97 11.86 3.76 3.22 2.36 1.71 12.39 4.94 4.54 3.27 2.30

Table 7: Total probability of exceedance over the next 30 years of the IO, LS, CP, RT, and 
CO performance levels in the 1994 and 1997 UBC designed tall braced frame buildings.
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