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Introduction
Reinforced concrete (RC) frame buildings, constructed between approximately 1950 and present day,
are a widespread form of office, commercial and industrial construction in Southern California. As such,
they represent a major economic investment by business owners, corporations and government
agencies, and support critical economic and social activities. Past earthquakes in the region, including
the 1971 San Fernando (Mw = 6.6) and 1994 Northridge (Mw = 6.7) earthquakes, have caused significant
damage to older, nonductile, RC frame buildings, highlighting deficiencies in design and detailing in
buildings constructed before major changes to concrete seismic codes were implemented in the mid1970s.
This study examines the impact of a major earthquake, specifically the Mw 7.8 ShakeOut scenario
earthquake on the southern San Andreas fault, on older and modern RC frame buildings located in
greater Los Angeles. Evaluation of building performance during the ShakeOut scenario provides
predictions of building damage and collapse risk that can be used to assess the contribution of this type
of structure to a community’s seismic vulnerability. These risk assessments serve to identify cities with
significant collapse risk, to classify characteristics of particularly vulnerable buildings, and to compare
the relative performance of older and newer RC frame buildings, providing valuable metrics for
emergency planners, policy makers and building owners.

Research Approach
Assessment of seismic performance of RC frame buildings in Southern California in the ShakeOut
scenario combines ground motion simulation and nonlinear dynamic analysis of building structures in a
collaboration of engineering and seismological models. The structures evaluated are a set of twenty
archetypical RC frame structures (Figure 1), ranging in height from 1 to 20 stories, and representative of
both older (pre-1980) and modern (2003) RC office buildings found in California. The buildings include
both space and perimeter frame configurations and are designed and detailed according to relevant
building code provisions, as described in Table 1. To represent ground-shaking from the ShakeOut
scenario, the study uses broadband ground motion simulations developed by SCEC researchers (Graves
et al. 2008), at 735 sites at 10 km spacing along the southern San Andreas Fault. Seismic performance is
predicted through nonlinear dynamic analysis of archetype RC frame buildings at each site, which
provides damage indicators including floor accelerations, interstory drift ratios and plastic hinge
rotations. The outcome of the seismic performance assessment is a set of measures and maps of
building deformation and collapse risk, quantifying seismic vulnerability. This data is combined with
available inventory data for nonductile RC frames to determine an estimate of the number and
distribution of affected buildings.

Table 1: Design characteristics of archetype RC frame buildings used in study
Building
No.

Governing Design Code

Number of Stories

Lateral-Force Resisting System

1–8

1967 Uniform Building Code (UBC)

2, 4, 8 and 12

Space and perimeter frames

9 – 20

2003 International Building Code (IBC)

1, 2, 4, 8, 12 and 20

Space and perimeter frames

1

(a)

(b)

Figure 1: RC frame buildings in (a) Palm Springs (Google Street View 2009) (with shear wall in transverse direction)
and (b) downtown Los Angeles (Anagnos et al. 2008)
direction) and (b) downtown Los Angeles (Anagnos et al. 2008).

Results
Table 2 lists building attributes and seismic performance metrics for the buildings and sites considered
in this study. The main indicator of building collapse risk is the number of sites, out of the 735 total
number of analyzed sites, that exhibited collapse for each building type. Collapse results for modern and
older RC frame buildings, by building height, are compared in Figure 2. The range of collapsed sites is
predicted to span from 57 to 237 (8 to 32% of 735 analyzed sites) and 4 to 84 (1 to 11%) for the older
and modern buildings, respectively. Comparing each older RC frame building with its modern
counterpart of the same height and framing system, the older buildings collapsed at 2 to 16 times more
sites when subjected to the ShakeOut scenario ground motions. The results also indicate that the
perimeter frames tended to perform better than the space frame structures. The perimeter frames
benefit from the presence of the flat-slab gravity system which, while not designed for lateral loads,
increases lateral strength, stiffness and redundancy.
Non-collapse results in Table 2 include the average values of floor acceleration, column plastic hinge
rotations and interstory drift ratios at the sites where collapse did not occur. These results show that
the modern, more ductile, buildings were able to withstand collapse at higher interstory drifts, floor
accelerations and plastic hinges than the older RC frame buildings. In addition, the modern RC frames
are able to undergo higher levels of ground motion intensity before collapse occurs; for the modern
buildings, the average ground motion intensity causing collapse was more than twice the code-defined
design spectral acceleration [SD(T1)]. The average ground motion intensity causing collapse of the older
nonductile RC frame buildings was approximately 1.4 times the SD values at each site.
Table 2a: Assessment of older, nonductile, RC frame buildings subjected to ShakeOut scenario ground motions
Building Information
Collapse Results(a)
Non-Collapse Results(b)
Num. Stories/
T1
Num.
%
Peak Interstory Drift
Peak Floor
Peak Column Hinge
Framing System
Acceleration
Rotation (rad)
2P
0.45
57
8%
0.003
0.26
0.001
2S
1.1
130
18%
0.006
0.12
0.003
4P
1.0
111
15%
0.004
0.22
0.001
4S
2.0
237
32%
0.014
0.13
0.002
8P
1.6
167
23%
0.005
0.22
0.005
8S
2.2
230
31%
0.011
0.15
0.001
12P
2.1
146
20%
0.006
0.23
0.002
12S
2.3
205
28%
0.010
0.17
0.001
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Table 2b: Assessment of modern RC frame buildings subjected to ShakeOut scenario ground motions
1P
0.42(c)
11
1.5%
0.004
0.26
1S
0.42
4
0.5%
0.003
0.29
2P
0.49
8
1.1%
0.004
0.32
2S
0.63
8
1.1%
0.004
0.30
4P
0.96
13
1.8%
0.005
0.25
4S
0.94
21
2.9%
0.005
0.24
8P
1.5
32
4.4%
0.008
0.24
8S
1.8
73
9.9%
0.009
0.20
12P
1.8
21
2.9%
0.008
0.25
12S
2.1
84
11.4%
0.009
0.20
20P
2.5
10
1.4%
0.007
0.26
20S
2.4
48
6.5%
0.008
0.24

0.002
0.002
0.001
0.002
0.002
0.002
0.005
0.005
0.003
0.003
0.002
0.002

a) Results show the number of sites (out of 735) where collapse is predicted for each building.
b) Non-collapse results reported for each parameter are the average at all of the sites where collapse did not occur.
c) Modern building period values vary due to site-specific design which changes the design stiffness. The periods given are for
the baseline design.
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Figure 2 : Plot of fraction of sites where collapse occurred vs. number of stories for older and modern RC frame
structures.

Areas of high collapse risk are examined by mapping geographic trends with ArcGIS. Out of the 20
building models, four are examined in detail here, including the 4 and 8 story older and modern
buildings. (Results for the remainder of the building models are available in Lynch (2009) and online at:
https://sites.google.com/site/culascenario/). As shown in Figure 3, the older, non-ductile, 4-story
building collapsed at a much higher rate than the modern 4-story building. The older building failed in
both sidesway collapse and local collapse due to column shear failure at 237 sites along the fault rupture
and in the Los Angeles Basin (Fig. 3b). The study predicts 21 collapsed sites for the modern space frame,
with all collapses along the fault-line, particularly near Palmdale, San Bernardino and the Coachella
Valley (Fig. 3a). Interstory drift ratios are indicative of building damage levels and ultimately collapse, as
shown in Figures 3 (c) and (d). Colors indicate the level of interstory drift, with red identifying collapsed
buildings. As with the 4-story building, the modern 8-story space frame had significantly fewer collapsed
sites than its older counterpart, with 57 predicted collapses, while the older 8-story building collapsed at
a predicted 230 sites. It also produced similar interstory drift and collapse risk patterns to the nonductile
4-story space frame (Fig. 4a-b).
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Figure 3: Seismic performance predictions for 4-story modern, (a) and (c), and older, (b) and (d), space frames
indicated by collapses and interstory drift ratios.
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Figure 4: Seismic performance predictions for 8-story (a) modern (b) and older space frames, indicated by
interstory drift ratios.

The results of this study quantify the higher vulnerability of older nonductile reinforced concrete frame
structures to earthquake-induced collapse, compared to their modern counterparts. An overall
evaluation of the collapse risk of nonductile RC frames in Southern California due to the ShakeOut
Scenario earthquake is shown in Figure 5. The colors indicate the fraction of buildings which collapsed
at each location weighted by the building height distribution. Collapse risk is weighted by building
height distribution because the shorter buildings collapsed at fewer sites, but they account for a larger
portion of the building inventory. The colors range from green to red where red represents that all of
the simulated RC buildings collapsed when subjected to the ShakeOut scenario earthquake. From the
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map, it is evident that the sites with the most collapse sites lie along the San Andreas Fault, the
Coachella Valley and in the Los Angeles basin.

Figure 5: Map of collapse risk for older building models with inventory of older (pre-1980) concrete buildings in
Southern California from Concrete Coalition (2009) superimposed.

Inventory data of pre-1980 RC frame and shear wall buildings from the Concrete Coalition (2009) are
superimposed on Figure 5, indicated by relatively sized blue circles. By combining building inventory
data with assessed collapse risk, we are able to identify those communities that may be most vulnerable
to damage and collapse in nonductile RC frame structures. San Bernardino is in a region of significant
collapse risk; virtually all simulated buildings collapsed yet San Bernardino has only five inventoried
nonductile RC buildings. Inventory information is not yet available for Palm Springs, which also has a
significant collapse risk, according to this study. The simulations conducted find that the cities of
Riverside and Fullerton demonstrate moderate to significant collapse risk, while Santa Monica and
Glendale have low to moderate risk. Fullerton, Santa Monica and Glendale all contain sizable numbers of
potentially susceptible structures, with inventory ranging from 60 to 160. Los Angeles varies from low to
significant risk, but contains a considerably larger amount of RC structures: approximately 1500
buildings.
Among the group of modern RC frame buildings, the 8 and 12-story structures are predicted to collapse
at substantially more sites than either the shorter (1, 2, and 4-story) or the taller (20-story) RC frame
structures. This trend is illustrated by comparing the distribution of collapsed sites for 4 and 8-story
modern buildings in Fig. 3a/c and Fig 4a. Of particular importance is the increased vulnerability of the
mid-height buildings in the Los Angeles basin. The collapse risk for mid-height buildings in Los Angeles
can be attributed to the increased spectral energy for longer period buildings (i.e. T1 > 1.5 seconds)
associated with directivity and basin effects channeling seismic waves in the Los Angeles basin. The
ShakeOut earthquake also produces large peak ground velocities in the Los Angeles basin which
contributes to the increased collapse risk.

Findings
Because of the prevalence of reinforced concrete frames in Southern California, it is important to
understand their response in the event of a large earthquake. This study examines both older,
nonductile, RC frames and their modern counterparts to determine the building response due to the
ShakeOut scenario earthquake. Results from the seismic analysis indicate that older, nonductile, RC
frames are much more susceptible to collapse during large earthquakes than those designed to current
code provisions. Although results varied according to height and framing system, on average, the older
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RC buildings were predicted to collapse at 22% of 735 case study sites, compared to 4% of sites for the
modern RC frame buildings. Predicted areas of significant seismic risk for older nonductile RC frame
buildings extend along the entire fault line, including San Bernardino and Palm Springs. Sites analyzed in
downtown Los Angeles and Hollywood, where the largest concentration of nonductile RC buildings
exists, are predicted to have a collapse rate of approximately 30-40%, based on this analysis. Based on
the available inventory data and mapped collapse risk a rough estimate of 50 to 300 collapsed
nonductile RC frame buildings could occur during the ShakeOut scenario earthquake.
This study is specific to the building type, region and scenario earthquake event, but illustrates a
prototype study that can be conducted for different buildings, earthquake scenarios or regions -- as a
tool for mitigation and emergency response planning to improve the level of seismic readiness in our
communities. This type of research is made possible by combining advanced ground motion simulations,
such as those that are the focus of SCEC efforts, with robust nonlinear building analysis models, in an
effort to better understand how a given earthquake event will affect losses and vulnerability.

Deliverables
A journal article was submitted to Earthquake Spectra in January, 2010 for inclusion in the special issue
on the ShakeOut scenario. All study results, including simulation data and figures, are available on the
website https://sites.google.com/site/culascenario/. This research formed the basis for an M.S.
Research Report submitted to the University of Colorado by Kathryn P. Lynch entitled “Seismic
Performance of Reinforced Concrete Frame Buildings in Southern California Due to the Magnitude 7.8
ShakeOut Earthquake.”
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