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stress drop) increased as well. We also included cohesion 

of 1 MPa on the fault. 

To define the initial shear stress !0 on the fault, we first 

generated a random stress field using a Van Karman auto-

correlation function with lateral and vertical correlation 

lengths of 50 km and 10 km, respectively. The random 

stress field was then accommodated into the depth-

dependent frictional strength profile in such a way that the 

minimum shear stress represented reloading from the re-

sidual shear stress after the last earthquake, and such that 

the maximum shear stress reached the failure stress [15]. 

The initial shear stress ! 0 generally increases with depth, 

despite the random component. The shear stress was ta-

pered linearly to zero at the surface from a depth of 2 km. 

Rupture was initiated by adding a small stress increment to 

a circular area near the nucleation patch, located ~20 km 

from the northern end of the fault. We used a spatial dis-

cretization of 100 m and a temporal discretization of 6.25 

ms. The extent of the rupture model included 40-km-wide 

zones between the fault and the PML absorbing bounda-

ries on the sides and 24 km on the bottom. This discretiza-

tion of the rupture model is adequate for good numerical 

resolution, as demonstrated by previous work [14][39] 

[41]. 

The size of the computational domain was 629 ! 80 ! 

40 km
3
 (~2 billion nodes).  The dynamic rupture was gen-

erated by dSrcG and PetaSrcP on NICS Kraken using 

2160 cores during 7.5 hours, simulating 250 seconds of 

rupture. The moment rate time histories were defined on 

881,475 subfaults with 108,000 time steps (2.1 TB). The 

source was further partitioned into 526 spatially separate 

grids. In addition to the spatial locality, we enabled tempo-

ral locality by splitting the source into 36 loops (each re-

sponsible for 3000 time steps) to reduce memory require-

ments. 

The final slip (Fig. 19a) reached 7.8 m on the fault and 

5.7 m on the surface, with an average slip of 4.5 m and a 

total seismic moment of 1.0 ! 10
21

 Nm (Mw = 8.0). These 

values are in general agreement with worldwide observa-

tions from magnitude ~8 events (e.g., [43]). Peak slip rates 

were generally larger at depth, where they exceed 10 m/s 

(0-2 Hz) in a few patches (Fig. 19b).  The rupture propa-

gated both at sub-Rayleigh and super-shear speed until it 

reached the opposite end of the fault after 135 seconds 

(Fig. 19c).  A large ~100 km patch of super-shear rupture 

velocity was located between 30 and 130 km along-strike, 

and smaller patches near 250 km, 500 km, and 540 km. 

B. Wave Propagation 

The spontaneous-rupture source was then inserted onto 

a 47-segment approximation of the southern SAF after 

applying temporal interpolation and a 4
th

-order low-pass 

filter with a cut-off frequency of 2 Hz. The source was 

imbedded in a 810 km ! 405 km ! 85 km volume ex-

tracted from the SCEC CVM 4 (see Fig. 20) using the 

Universal Transversal Mercator (UTM) projection. The 

volume was discretized into 436 billion 40-m
3
 cubes using 

a minimum S-wave velocity (Vs) of 400 m/s.  

P-wave and S-wave velocities and density values were 

stored on this mesh, while quality factors (specifying ane-

lastic attenuation) were calculated on-the-fly (from an ap-

proximate empirical relationship - Qs = 50 Vs where Vs is 

 
Fig. 19.  Mw8’s source model obtained from spontaneous rupture simulation (left at NW, right at SE). (a) Final slip (b) horizontal peak slip rate, and (c) 

rupture velocity normalized by the local shear-wave velocity. In (c), the yellow areas are dominated by sub-Rayleigh rupture velocities, while red and 

blue patches indicate areas where the rupture propagates at super-shear speed. The black contours show the rupture time in intervals of 1 second. 

 
Fig. 20.  Perspective view of the M8’s 810 x 405 x 85 km model domain 

for central and southern California, and northern Baja California. Sedi-

mentary basins are revealed by cutaway of material with S-wave velocity 

less than 2.5 km/s (as defined by the SCEC CVM 4).  Depth below the 

surface is indicated by the red/yellow color scale.  

810 km

405 km

85 km
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in units of km/s, and Qp = 2Qs). M8 mesh was pre-

partitioned into 223,074 files on Jaguar using PetaMeshP. 

An alternative procedure (in case of hardware file system 

failure) used direct contiguous MPI-IO imbedded into the 

solver to directly read the single 4.8 TB mesh file by 

21,600 readers, redistributing the partitioning to each 

process at solver time. For the final production run, we 

used the first approach to read in the pre-partitioned mesh 

files in 4 minutes. To avoid file contention, we limited the 

number of synchronous file open requests to 650 (maxi-

mum 670 OSTs on Jaguar) and as a result, achieved an 

aggregate read performance of 20 GB/s. The simulation of 

360 seconds of wave propagation took 24 hours on Jaguar 

using 223,074 cores, sustained 220 Tflops, and produced 

4.5 TB of surface synthetic seismograms. M8 consumed 

thirty times the computational resources that were required 

by each of the ShakeOut-D simulations (see section 6). 

Checkpointing was not activated during the M8 produc-

tion simulation to avoid additional potential stress to the 

file system writing the 49 TB checkpoint files at each time 

step. M8 saved the ground velocity vector at every 20
th

 

time step on an 80 m by 80 m grid (4.5 TB). Outputs were 

aggregated at run-time and written every 20K time steps to 

minimize I/O overhead. In total, M8 consumed 581 MB of 

memory per core, with 285 MB by the solver, 46 MB by 

buffer aggregation of outputs, 22 MB by the Earth model, 

 
Fig. 21.  PGVHs derived from M8 superimposed on the regional topography. N46E component seismograms are added at selected locations, with their 

peak velocities (cm/s) listed along the traces. 

• M8
• 360 s of ground moEon
• 436 billion cubic elements
• spontaneous rupture
• minimum Vs = 400 m/s
• frequency: 0 ‐ 2 Hz

aaer Cui et al. (2010)

• Basin effects (PGV =1 ‐ 4 m/s)
• DirecEvity and supershear effects
• How might this picture change if soil nonlinearity is taken into account?



MoEvaEon ‐ Earthquake Engineering

• Humboldt Bay Middle Channel Bridge
• 650 x 151 x 74.5 m
• Input: 1978 Tabas earthquake
• soil‐structure interacEon

aaer Elgamal et al. (2008)

• DistribuEon of residual sehlements of the abutment fill
• Lateral spreading along the river bank
• Bridge deformaEon
• How might this picture change if local or regional sources were used?

 

 

Figure 1. Final deformed mesh (factor of 30) of pile-supported wharf (Lu 2006). 
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Figure 2. Close-up of final deformed mesh amplified 
by a factor of 30 (Lu 2006). 

Figure 3. Deck longitudinal displacement time history 
and base input record (Lu 2006). 

3 Modelling of a ground-foundation-bridge system  

Soil-structure interaction (SSI) may play a major role in the seismic response of a bridge structure. Specifically, a 
significant reduction in soil stiffness and strength may result in permanent displacement of the abutments (Figure 
4) and foundations, thus imposing important kinematic conditions on the bridge structure. A study of such 
phenomena was undertaken based on a 3D nonlinear dynamic FE modeling investigation. A bridge-foundation-
ground model was developed based on the structural configuration and local soil conditioins of the Humboldt Bay 
Middle Channel Bridge (Figure 5), near Eureka in northern California (Yan 2006). The FE model and nonlinear 
solution strategy are conducted within the open-source software platform OpenSees of the Pacific Earthquake 
Engineering Research (PEER) Center (Mazzoni et al. 2006).  
 

  

Figure 4. SSI bridge abutment 
damage (nisee.berkeley.edu). 

Figure 5. Sky view of Humboldt Bay Middle Channel Bridge (Courtesy of 
California Department of Transportation). 

 
The bridge (Figure 5) is a 330 m long, 9-span structure, supported on the cap beams of single pier bents with 

Landside 

Waterside 

2784

 

after the earthquake. 
 

Figure 8a shows that the longitudinal displacement ( xd ) of the abutment top finally reaches 0.15/0.10 m at the 

left/right abutments, respectively (Yan 2006). Thus, soil lateral spreading causes the abutments to move towards 

each other producing compressive axial force (P ) along the bridge superstructure (Figure 8b). Figure 8a also 

shows that the settlement ( yd ) at the end of the earthquake reaches as much as 0.15/0.21 m at the left/right 

abutment, respectively, which is significantly larger than the settlements of the bridge piers (not shown). The 
above observed abutment displacement (both vertical and longitudinal) is seen to increase the vertical shear 

force (V ) and longitudinal bending moment ( zM ) in the bridge girders (Figure 8b). 

 
 
 

 

Figure 7. Final deformed mesh (factor of 50; arrows indicate soil lateral deformation and settlement; contour fill 
shows the permanent displacement in meters) of the bridge-foundation-ground system after earthquake shaking 

(adapted from Yan 2006). 

2786



Where is the difference?

Loose sand
(liquefacEon)

• lowpass filtering
• deamplificaEon

Dense sand
(cyclic mobility)

• high frequency content
• amplificaEon

Velocity profile is not enough (elasEc parameters)
Seismology .NE. Earthquake Engineering



What can be done with velocity profiles?
The KiK‐net staEons in Japan

• Most of staEons have a Vs30 < 500 m/s
• Maximum Vs has a uniform distribuEon between 500 and 3000 m/s
• Majority of staEons have a minimum Vs < 200 m/s

High likelihood of strong impedance contrast



What can be done with velocity profiles?

• Good staEon coverage
• Good earthquake distribuEon (magnitude and epicentral locaEon)

High likelihood of triggering nonlinear soil behavior



10-1 100 101

Frequency (Hz)

10-1

100

101

102

A
m

p
li

fi
c
a
ti

o
n

TTRH02 - Transfer Function

Strong Motion

Weak Motion

(95% Conf. Lim.)

10-1 100 101 102
10-3

10-2

10-1

100

101

102

S
p

e
c
tr

a
l 

A
c
c
e
le

ra
ti

o
n

 (
g

)

TTRH02 - EW

Observed
Predicted
(95% Conf. Lim.)

10-1 100 101 102

Frequency (Hz)

10-3

10-2

10-1

100

101

102

S
p

e
c
tr

a
l 

A
c
c
e
le

ra
ti

o
n

 (
g

)

TTRH02 - NS

Observed
Predicted
(95% Conf. Lim.)

Frequency domain analysis

DeamplificaEon
AmplificaEon

Frequency shia

• Linear borehole response using data having PGA < 10 gals
• Nonlinear response using the 2000 Tohori data (M7.3)
• Broadband deamplificaEon and shia to low frequencies



Other analyses: what index to use?

Nonlinear trend?Note that ground moEon at surface is 
always larger than at depth



Time domain analyses: site‐specific studies

• 1987 SupersEEon Hills earthquake, ML 6.6
• Wildlife Refuge site
• Co‐located accelerometers and pore pressure transducers (Holzer et al., 1989)
• In situ computaEon of stress‐strain Eme histories and stress path (Zeghal and 
Elgamal, 1994)



Use of in‐situ data to calibrate nonlinear rheology

! !

• Model calibraEon by fimng stress‐strain data (and pore pressure)
• Good fit in terms of acceleraEon and response spectra
• Hint: laboratory data can also be used; always fimng stress‐strain data

aaer Bonilla et al. (2005)

Stress computaEon from
 deformaEon data

Waveform modeling



Empirical evidence of nonlinear site 
response at a scale of a sedimentary basin 

Empirical amplificaEon at sedimentary sites 
aaer the Northridge M6.7 earthquake (Field 

et al., 1997)

Aaershocks
(weak‐moEon)

Mainshock
(strong‐moEon)



StaEsEcal analysis (Field et al., 1997)

• Weak/Strong moEon raEo (if raEo > 1, nonlinear effects occurred)
• 95% confidence limits defining the acceptance criterion
• Strong moEon is “significantly” deamplified between 0.8 and 5.5 Hz

Why is the observed deamplificaEon located at intermediate 
frequencies?



1994 Northridge aaershocks 

Use of aaershock data implies different angles of 
incidence of the incoming wavefield



2D response of a smaller basin

• Available 3D model for the area of Nice, France (CETE Mediterranean)
• Study of the effect of angle of incidence
• Linear and nonlinear basin response up to 10 Hz

00 350350



Basin response (transfer funcEon) ‐ PGA=0.1g
Linear Nonlinear

• “TradiEonal” nonlinear response mainly observed for verEcal incidence
• VerEcal incidence underesEmates the amplificaEon at the basin edges 
(linear and nonlinear results)
• Yet, broadband amplificaEon is observed at basin edges for inclined 
wavefield (linear and nonlinear results)



StaEsEcal analysis as Field et al. (1997)

• ComputaEon of mean linear/nonlinear response raEo along the basin profile
• VerEcal incidence shows an almost constant linear/nonlinear raEo
• Inclined incidences show stronger nonlinear effects (raEo ~ 3) at 2.5 and 5.5 Hz 
•  Average linear/nonlinear raEo (including all angles) shows stronger nonlinear effects at 
these intermediate frequencies than at high frequencies

Northridge nonlinear signature maybe related to angle of incidence
(use of aaershock data only)



The MW 9, 2011 Tohoku earthquake

• TradiEonal spectral raEos w.r.t. MYG011 (Vs30 ~ 1400 m/s)
• DeamplificaEon at frequencies > 5‐8 Hz (Vs30 < 400 m/s)
• Strong amplificaEon at low frequencies
• Difficulty to separate source, path and site effects



Time‐frequency analysis

Cyclic mobility

PGA = 2.7g at 4 Hz

MYG004:   no energy above 8 Hz since the beginning of strong moEon
MYG013:   empirical evidence of cyclic mobility

     strong shia of energy to lower frequencies at each event’s rupture



Chiba ‐ near Tokyo

Cyclic mobility + liquefacEon

No energy 
above 0.5 Hz

Sekiguchi and Nakai, 2011



Nonlinear soil response of KiK‐net staEons and 
correlaEon with Vs30

• DeamplificaEon begins at higher frequencies as Vs30 increases
• Shia of “predominant” frequency toward low frequencies
• Rock sites (Vs30 > 800 m/s) also show nonlinear effects at f > 10 10 Hz 
due to thin shallow layers having Vs30 ~ 400 m/s



Lessons learnt from these events

• DensificaEon of surface and borehole arrays including pore 
pressure transducers to study in situ site effects (direct 
computaEon of site response and inversion of nonlinear 
material properEes)

• Borehole arrays are very useful to quanEfy linear and 
nonlinear effects and possible correlaEon with Vs30

• It seems that nonlinear effects are shallow (predominant 
frequency is more affected than the fundamental one)

• PGA only is not enough to discriminate nonlinear effects

• The 2011 Tohoku earthquake shows the need to take into 
account source, path, and nonlinear site response (large 
scale studies) to beher assess the seismic hazard



Conclusions

• We need geological/geotechnical/geophysical 
characterizaEon (staEsEcal analysis of spaEal variability of 
material properEes)

• Seismology and earthquake engineering communiEes 
should work together (i.e. development of simple but 
robust nonlinear soil rheologies, soil‐structure interacEon 
studies having realisEc input moEons, etc.)

• Northridge and Tohoku earthquakes, among other events, 
provide empirical constraints to modelers

• Can we explain nonlinear effects with 1D or 2D models 
only? Do we need to go to 3D modeling?

• There is a need to quanEfy the uncertainty of numerical 
predicEons given the soil and ground moEon variability


