The 2009 Progress Report to the Southern California Earthquake Center (SCEC)
Swaminathan Krishnan (California Institute of Technology)
The strong support from the Center enabled us to undertake a number of studies last year, many of which
are ongoing and producing intriguing results along the way.

SCEC-RELATED ACTIVITIES IN THE PAST YEAR
(a) SHAKEOUT SCENARIO (with Matthew Muto, Caltech, and Rob Graves, URS Corporation):
Perhaps the study with the biggest impact last year was the study on the response of tall steel moment
frame buildings in the greater LA region under the magnitude 7.8 southern San Andreas Shakeout scenario
earthquake. In order to prepare for the next big earthquake on the San Andreas fault, the US Geological
Survey (USGS) conducted a year-long “DARE TO PREPARE” campaign that culminated in the Great
Southern California Shakeout Scenario in 2008 (Porter et al. 2009).

Figure 1: Geographical scope of the magnitude 7.8 San Andreas fault shakeout scenario earthquake simulation
(the color scheme reflects topography, with green denoting low elevation and yellow denoting mountains): The
solid red triangles represent the 784 sites at which seismograms are computed and buildings are analyzed. The
red line in the inset is the surface trace of the hypothetical 304 km rupture of the San Andreas fault. The area
enclosed by the blue polygon denotes the region covered by the 784 sites.
The scenario earthquake, chosen based on a wide variety of observations and constraints, was a magnitude 7.8 earthquake on the San Andreas fault with rupture initiating at Bombay Beach and propagating
northwest through the San Gorgonio Pass a distance of roughly 304 km, terminating at Lake Hughes near
Palmdale, sections of the San Andreas fault that last broke in 1680, 1812, and 1857. Through community participation in two Southern San Andreas Fault Evaluation (SoSAFE) workshops organized by the
Southern California Earthquake Center (SCEC), a source model specific to the southern San Andreas fault
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Figure 2: San Andreas fault shakeout scenario earthquake simulation: Peak ground motion under a S-to-N
rupture (east [A], north [B], and vertical [C] components of displacement in “cm”, and the corresponding components of velocity ([D], [E], and [F], respectively, in “cm/s”.)
was constructed with constraints from geologic, geodetic, paleoseismic, and seismological observations.
Using this source model, Rob Graves of URS Corporation simulated 3-component seismic waveforms on
a uniform grid covering southern California (Graves et al. 2008). Peak velocities of the synthetic ground
motion were in the range of 0-100 cm/s in the San Fernando valley, and 60-180 cm/s in the Los Angeles basin (Figure 2). Corresponding peak displacement ranges were 0-100 cm and 50-150 cm. For the
shakeout drill, USGS commissioned us to provide a realistic picture of the impact of such an earthquake
on the tall steel buildings in southern California. We selected 784 sites across southern California (Figure
1) to place 3-D computer models of three steel moment frame buildings in the 20-story class (an existing
building designed according to the 1982 UBC, the same building redesigned using the 1997 UBC, and a
hypothetical L-shaped building also designed according to the 1997 UBC, Figure 3), and analyzed these
models subject to the simulated 3-component ground motion, orienting them in two different directions,
considering perfect and imperfect realizations of beam-to-column connection behavior.
We averaged the response from these 12 cases (3 buildings x 2 orientations x 2 connection susceptibility realizations), and combined this with the observed response of tall steel buildings in past earthquakes
to provide a qualitative picture of one plausible outcome in the event of the big one striking southern
California. The nonlinear damage analyses of the structures were performed on a high-performance computing cluster at Caltech using the program FRAME3D (http://virtualshaker.caltech.edu), which utilizes
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Figure 3: San Andreas fault shakeout scenario earthquake simulation: Structural models of three buildings are
analyzed. Building 1 is a model of an existing 18-story office building in Woodland Hills designed using the
1982 Uniform Building Code (UBC) and completed in 1984. Building 2 represents a modern version of building
1, designed according to the 1997 UBC. The third model is that of an L-shaped irregular 19-story office building
also designed according to the 1997 UBC. Schematics of the three models are shown in [A], [B], and [C],
respectively and the corresponding typical floor plans are shown in [D], [E], and [F], respectively.
a Newton-Raphson iteration strategy applied to an implicit Newmark time integration scheme to solve
the nonlinear equations of motion at each time step. A corotational formulation is adopted to incorporate
geometric nonlinearity, which enables the modeling of the global stability of the building, accounting
for P-Delta effects accurately. The moment frame beams were modeled using elastofiber elements that
consist of three segments, two nonlinear end segments that are subdivided in the cross-section into a
number of fibers, and an interior elastic segment, while the columns were modeled using 5-segment modified elastofiber elements consisting of a middle nonlinear segment, in addition to the two end nonlinear
segments, with two elastic segments sandwiched between the nonlinear segments. The middle nonlinear
segment enables the modeling of column buckling. The beam-to-column joints were modeled in three

3

Table 1: Performance of the three buildings in the base and rotated orientations, as well as with susceptible and
perfect beam-to-column connections. Numbers indicate the percentage out of 784 analysis sites at which the
performance of the model can be categorized as: (a) immediately occupiable (IO) following the earthquake;
(b) life-safe (LS), with visible damage requiring repairs and building closure, but no loss of life; (c) collapse is
prevented (CP), but with significant damage resulting in loss of lives; (d) red-tagged (RT) as a result of major
damage and possibly on the verge of collapse; or (e) collapsed (CO).
Building

Building 1
(1982 UBC)

Orientation

Fracture
Susceptibility

Performance Level

IO (blue)

LS (green)

CP (yellow)

RT (red)

CO (Pink)

Base

Susceptible
Perfect

5.2
5.4

28.3
29.7

36.5
46.0

11.7
11.9

18.3
7.0

Rotated

Susceptible
Perfect

4.8
4.9

29.7
31.0

33.8
42.2

7.5
10.7

24.2
11.3

Base

Susceptible
Perfect

8.5
8.5

36.4
37.2

35.5
42.0

9.8
7.7

9.8
4.7

Rotated

Susceptible
Perfect

7.7
7.7

36.0
37.4

36.0
41.2

8.2
10.0

12.1
3.8

Building 3
(1997 UBC)

Base

Susceptible
Perfect

8.2
8.2

42.4
42.8

39.0
40.9

6.6
6.6

3.9
1.5

(L-Shaped)

Rotated

Susceptible
Perfect

9.9
9.9

45.5
46.0

34.2
35.9

4.6
5.5

5.7
2.7

Building 2
(1997 UBC)

dimensions using FRAME3D panel zone elements while the gravity columns are modeled using plastic hinge elements. Material nonlinearity resulting in flexural yielding, strain-hardening and ultimately
rupturing of steel at the ends of beams and columns, and shear yielding in the joints (panel-zones) is included. The fracture mode of failure is included in connections, however, local flange buckling in beams
and columns is not. It is assumed that a fiber that is fractured cannot resist tension but, upon contact,
can start resisting compression again. Maps of peak interstory drift ratio for each of the 12 models were
developed based on the results from the 3-D nonlinear analyses under the simulated 3-component ground
motion (Figure 5). Structural performance was categorized as having collapsed (peak IDR ¿ 0.075), redtagged (0.05 ¡ peak IDR ¡ 0.075), collapse-prevented (0.025 ¡ peak IDR ¡ 0.05), life-safe (0.007 ¡ peak
IDR ¡ 0.025), or immediately occupiable (peak IDR ¡ 0.007).
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Figure 4: Distribution of tall buildings (10 stories or greater) in the Los Angeles metropolitan area as of mid2007. There are 489 buildings with 10-19 stories, 118 buildings with 20-29 stories, 28 buildings with 30-39
stories, 11 buildings with 40-49 stories, and 10 buildings with 50 or more stories. Data source: Emporis.com by
way of Keith Porter, University of Colorado at Boulder
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Figure 5: Maps of average peak interstory drift ratios of models of the three buildings ([A], [B], and [C] for
buildings 1, 2, and 3, respectively). Responses of four models (2 orientations x 2 connection susceptibility
assumptions have been averaged for each building.
There are 14 locations where highrise buildings are concentrated in the greater Los Angeles region, with
about 607 buildings in the 10-30 story range, a quarter of which were assumed to be of the steel momentframe type (Figure 4). On the average, 5 of the 14 tall building clusters were categorized as life-safe,
indicating visible damage with business interruption, but no loss of life (Figure 6). The remaining 9 were
categorized as collapse-prevented. However, almost all these locations are within 10 km of the red-tagged
and collapsed regions. What this means is that given a different set of earthquake source parameters,
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it is entirely possible that at least some of these locations may end up in the collapsed or red-tagged
zones. Furthermore, there is great variability in the response of the 12 models, and the weakest of these
models actually collapses at many locations of existing tall building concentration. Bearing this in mind,
we recommended that the shakeout drill be conducted with a damage scenario comprising of 5% of the
estimated 150 steel moment frame structures in the 10-30 story range collapsing (8 collapses), 10% of
the structures red-tagged (16 red-tagged buildings), 15% of the structures with damage serious enough
to cause loss of life (24 buildings with fatalities), and 20of the structures with visible damage requiring
building closure (32 buildings with visible damage and possible injuries). The drill was conducted in
November 2008 with phenomenal success, elevating public awareness and emergency preparedness to
unprecedented levels in southern California.

Figure 6: Map of average peak interstory drift ratios for the 12 structural models considered in this study (3
buildings x 2 orientations x 2 connection susceptibility assumptions). Structural models hypothetically located
at 784 analysis sites spread across the Los Angeles basin have been analyzed. 7% of these can be immediately
occupied after the earthquake (blue zone); 34% will have damage requiring building closure, but no loss of life
(green zone); 35.8% will have serious damage resulting in loss of life, but collapse is prevented (yellow zone);
10.5% will have to be red-tagged and may be on the verge of collapse (red zone); and 12.7% will have collapsed
(pink zone). Note that the actual location of existing tall buildings in the LA basin has no bearing on these
results.
The details of this study were presented in a poster titled “Hope for the Best, Prepare for the Worst:
Response of Tall Steel Buildings to the M7.8 ShakeOut Scenario Earthquake” at the 2008 SCEC annual
meeting.
(b) MODELING BRACED FRAME BUILDINGS:
Analyzing tall steel braced frame buildings with thousands of degrees of freedom in three dimensions
subject to strong earthquake ground motion requires an efficient brace element that can capture the overall
features of its elastic and inelastic response under axial cyclic loading without unduly heavy discretization.
A modified elastofiber (MEF) element has been developed to efficiently model the elastic and post-critical
buckling of braces and buckling-sensitive slender columns in such structures.
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Figure 7: Layout of the five-segment modified elastofiber element (fiber arrangement is shown for an I-section
and a box section).
The MEF element consists of three fiber segments, two at the member ends and one at mid-span, with
two elastic segments sandwiched in between (Figure 7). The segments are demarcated by two exterior
nodes and four interior nodes. The fiber segments are divided into 20 fibers in the cross-section that run
the length of the segment. The fibers exhibit nonlinear axial stress-strain behavior akin to that observed
in a standard tension test in the laboratory, with a linear elastic portion, a yield plateau, and a strain
hardening portion consisting of a segment of an ellipse. All the control points on the stress-strain law are
user-defined. The elastic buckling of a member is tracked by updating both exterior and interior nodal
coordinates at each iteration of a time step, and checking force equilibrium in the updated configuration.
Inelastic post-buckling response is captured by fiber yielding in the nonlinear segments. A user-defined
probability distribution for the fracture strain of a fiber in a nonlinear segment enables the modeling
of premature fracture, observed routinely in cyclic tests of braces. If the probabilistically determined
fracture strain of a fiber exceeds the rupture strain, then the fiber will rupture rather than fracturing. While
a fractured fiber can take compression, it is assumed that a ruptured fiber cannot. Handling geometric
and material nonlinearity in such a manner allows the accurate simulation of member-end yielding, midspan elastic buckling and inelastic post-buckling behavior, with fracture or rupture of fibers leading to
complete severing of the brace. The element is integrated into the nonlinear analysis framework for the 3D analysis of steel buildings, FRAME3D. A series of simple example problems with analytical solutions,
in conjunction with data from a variety of cyclic load tests, is used to calibrate and validate the element.
Using a fiber segment length of 2% of the element length ensures that the elastic crictical buckling load
predicted by the MEF element is within 5% of the Euler buckling load for box and I-sections with a
wide range of slenderness ratios (L/r = 40, 80, 120, 160, and 200) and support conditions (pinned-pinned,
pinned-fixed, and fixed-fixed). Elastic post-buckling of the Koiter-Roorda L-frame (tubes and I-sections)
with various member slenderness ratios (L/r = 40, 80, 120, 160, and 200) is simulated and shown to
compare well against second-order analytical approximations to the solution (Roorda 1965; Koiter 1967;
Bazant and El Nimeiri 1973).
The inelastic behavior of struts under cyclic loading observed in the (Black et al. 1980) and the (Fell
et al. 2006; ?) experiments is numerically simulated using MEF elements. Certain parameters of the
model (e.g., fracture strain, initial imperfection, partial-fixity support conditions, etc.) that are either not
measurable or unmeasured during the tests are tuned to realize the best possible fit between the numerical
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Figure 8: Undeformed geometry of Koiter-Roorda frame with corner load (zero eccentricity shown here). The
applied force history, corner rotation and displacement histories, and column mid-point deflection history for
the TS8x8x3/16, L/R=40 case are also shown.
results and the experimental data. A similar comparison is made between numerical results using the MEF
element and the experimental data by (Tremblay et al. 2003) collected from cyclic testing of single-bay
braced frames.
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Figure 9: Deformed shape of TS8x8x3/16, L/R=40 frame at various levels of corner loading (zero eccentricity).
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Figure 10: Comparison of the numerical solution using MEF elements (dashed lines) against a second-order
analytical solution (solid lines) for the L-shaped Koiter-Roorda frame with a downward force (P) acting at the
corner (black), or at eccentricities of e/L=0.001 (red), 0.01 (green), and 0.05 (blue): Case 1: TS8x8x3/16,
L/R=40) – [A] Corner rotation versus P/PCR ; [B] Corner in-plane lateral displacement versus P/PCR .
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Figure 11: Black et al. tests: Pinned ended TS4x4x1/4 strut (17) with KL/r=80 – Loading history.
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Figure 12: Black et al. tests: Pinned ended TS4x4x1/4 strut (17) with KL/r=80, axial displacement versus axial
force history – [A] Experiment [B] Simulation.
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Figure 13: Black et al. tests: Pinned ended TS4x4x1/4 strut (17) with KL/r=80, lateral displacement versus axial
force history – [A] Experiment [B] Simulation.
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Figure 14: Fell et al. Test 4 on HSS4x4x3/8 (KL/r ∼ 82): Loading History

14

[A]

[B]

Figure 15: Fell et al. Test 4 on HSS4x4x3/8 (KL/r ∼ 82): [A] Axial displacement versus axial force history; [B]
Minor direction lateral displacement versus axial force history.
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Finally, a full-scale six-story braced steel building that was designed, constructed, and tested at the Building Research Institute (BRI) in Tsukuba, Japan, under a US/Japan cooperative research program (Foutch
et al. 1987; Roeder et al. 1987; Midorikawa et al. 1989b) was modeled using FRAME3D (Figure 16). The
test structure, designed in accordance with both US (UBC 1979) and Japanese design codes, consisted of
three frames parallel to the direction of loading, and was subjected to the N-S component of the Tohoku
University accelerogram recorded during the July 12, 1978, Miyagi-Ken-Oki earthquake, scaled to yield
a peak acceleration of 5.0 m/s2 . Only one of the six bays of steel frames comprised steel braces, with
the remaining comprising moment-frames. All beams, columns, and braces were modeled using modified
elastofiber (MEF) elements. Even though some model tuning was required to account for unexpected
connection failures as well as fracture, the interstory drift ratio comparisons (Figure 17), and the interstory drift ratio–story shear hysteresis comparisons (Figure 18) are pretty good, and in general superior to
former analytical studies (Midorikawa et al. 1989b; Midorikawa et al. 1989a; Tang and Goel 1989).
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Figure 16: 6-story steel braced structure tested under the US/Japan cooperative research program: (a)
FRAME3D model. (b) Plan and elevations. Primary lateral-force resistance in the loading direction came
from a single bay braced frame (BF), although beams in the other bays (MF) were moment-connected to the
columns, providing supplementary lateral resistance.
The details of this study were presented in a poster titled “3-D modeling of braced steel structures and
applications to end-to-end simulations” at the 2008 SCEC annual meeting.
(c) THE CALTECH VIRTUAL SHAKER:
Phase I of the end-to-end simulation gateway, http://virtualshaker.caltech.edu, has been
completed, and is being tested currently. Many structural models have been added to the site, so that
seismologists and structural engineers can investigate their response under various recorded/simulated
ground motion. A formal announcement will be made to the SCEC community shortly.
Details of the gateway were presented in a poster titled “The Caltech Virtual Shaker” at the 2008 SCEC
annual meeting.
(d) SIMPLE RETROFIT MEASURES FOR TALL BUILDINGS (SURF student Arnar Bjorn Bjornsson, University of Iceland):
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Figure 17: Comparison of analytical and experimental inter-story drift ratio time-series of the 6-story test structure.
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Figure 18: Comparison of analytical and experimental inter-story drift ratio versus story shear of the 6-story test
structure.
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In the computational simulation of a magnitude 7.9 San Andreas fault earthquake (similar to the 1857
Fort Tejon earthquake), two present-day 18-story steel moment-frame building models collapse at many
locations under severe long-period, long-duration ground shaking in the San Fernando and Los Angeles
basins. The collapse mechanisms at all these locations were quite similar and localized in a few stories
in the bottom-third of the structure. This observation suggests the possibility of local retrofitting by the
introduction of braces in a few selected stories, thus preserving the architectural integrity of the structure
to a large extent. However, such localized intervention may render the structure irregular (mass or stiffness irregularity, where there is a sudden jump or drop in stiffness or mass from one story to the next)
which is been considered undesirable in current building codes. In this study, we investigate whether
this widely-held view holds true universally, or whether there are some forms of irregularity that may
actually be helpful in preventing tall building collapse under severe ground motion. Using the analogy of
wave propagation in a shear beam, we develop various retrofitting schemes, and investigate them using
state-of-the-art computational tools in structural engineering. We find that the most beneficial retrofitting
scheme consists of introducing braces to only four stories in the bottom-third of the buildings, reducing
the number of collapses under the simulated 1857 ground motions by 25%.
The results of this study were presented in a poster titled “3-D modeling of braced steel structures and
applications to end-to-end simulations” at the 2008 SCEC annual meeting.
(e) SEISMIC LOSS ESTIMATION BASED ON END-TO-END SIMULATIONS (with Matthew Muto,
Caltech, James L. Beck, Caltech, and Judith Mitrani-Reiser, Johns Hopkins University):
We took our 1857 San Andreas fault earthquake end-to-end simulation (Krishnan et al. 2006a; Krishnan
et al. 2006b) to its logical conclusion by performing a seismic loss estimation for the two 18-story steel
buildings hypothetically located at 636 sites in the greater LA region (Muto et al. 2008; Krishnan et al.
2008). Economic losses were computed by applying the MDLA (Matlab Damage and Loss Analysis) toolbox (Mitrani-Reiser 2007), developed to implement the PEER loss-estimation methodology. The toolbox
includes damage prediction and repair cost estimation for structural and non-structural components, and
allows for the computation of the mean and variance of building repair costs conditional on engineering
demand parameters (i.e. inter-story drift ratios and peak floor accelerations). For this study, it was modified to treat steel-frame high-rises, including aspects such as mechanical, electrical and plumbing systems,
traction elevators, and the possibility of irreparable structural damage. Contour plots of conditional mean
losses were generated for the San Fernando and the Los Angeles basins for the pre-Northridge and modern code designed buildings,allowing for comparison of the economic effects of the updated code for the
scenario event (Figure 19).
The results of this study were presented in a poster titled “Seismic Loss Estimation Based on End-to-end
Simulation” at the 2008 SCEC annual meeting.
(f) END-TO-END SIMULATIONS ON BRACED FRAME BUILDINGS:
We are in the process of redesigning the 18-story steel building, investigated in the 1857-like San Andreas
earthquake study, using concentric braced frames to resist the lateral inertial forces. The redesigned
braced frame building will be analyzed under the 1857 motions as well as the Shakeout ground motions,
and comparisons made against the original moment frame building.
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Figure 19: Prototype San Andreas fault earthquake simulation: FRAME3D models of two steel moment frame
buildings were analyzed under the 3-component synthetic ground motion computed at each of the 636 analysis
sites. [A] Isometric and [B] plan views of the existing building model designed using the 1982 Uniform Building
Code; [E] Isometric and [F] plan views of a new building designed using the 1997 Uniform Building Code. Note
the greater number of moment frame bays in the redesigned building. The fundamental translational periods are
4.43s & 4.22s for the existing building, and 3.72s & 3.51s for the redesigned building. Peak interstory drift in
the [C] existing and [G] redesigned buildings (IDRs beyond 0.06 are indicative of severe damage, while IDRs
below 0.01 are indicative of minimal damage not requiring any significant repair), and the mean loss for the [D]
existing and [H] redesigned buildings normalized by the building replacement cost of about $72M are illustrated.
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