
 1 

Summary. A major part of the SECC purview is to determine the levels of past and 
future shaking from strong earthquakes. We concentrated on the effects of major 
earthquakes on the San Andreas Fault on sedimentary basins, including those beneath 
Los Angeles. Numerical modeling by the SECC community and the reports of the 1857 
earthquake indicate that these earthquakes produce surface waves (mostly Love waves 
with horizontal motion) that reverberate within the basin for 1 to 2 minutes and that the 
dominant period of these waves is 3-4 seconds. These waves produce dynamic stress in 
the Earth through which these propagate. Shallow (upper few hundred meters) rocks fail 
in friction when the dynamic stress exceeds the pressure of the overlying rock minus 
pore-water pressure times the coefficient of friction. The dynamic stress is simply the 
ground velocity divided by the (phase) velocity of wave propagation times the shear 
modulus. A shallow seismic regolith of cracked rock self-organizes over several 
earthquake cycles. Initially stiff rock cracks reducing its shear modulus, eventually to the 
point that cracking barely occurs at peak stress. The shallow shear modulus then 
increases linearly with depth, which is observed. The water table in basins within Los 
Angeles was likely near the surface in the 1857 and earlier events. The observed increase 
of shear modulus with depth indicates peak ground velocities of 0.3 to 1.6 meter per 
second in past events at various sites. That is, shallow rock is a fragile geological feature 
that is conveniently ubiquitous. In addition, shaking greater than these levels would crack 
the rock, sapping energy from the waves as they cross the basins. These levels thus 
provide limits on future shaking. In detail the water table is now deeper than in 1857, 
about 60 m beneath downtown Los Angeles. This drawdown, however, increases the 
maximum amplitude of waves that can propagate by only 10%. These peak ground 
velocity values from analysis of shear modulus are in range obtained by the SECC 
community for shaking within Los Angeles. That is, nonlinear attenuation is likely 
important around Los Angeles and within other similar basins. SECC community 
numerical methods and methods based on ambient noise seismology assume linearity and 
need to be modified. Semi-empirical site response methods are inadequate since 
nonlinear attenuation saps surface waves along their full path. Our intent is to do two-
dimensional calculations for Love waves to develop the formalism so that it can be 
included in sophisticate SECC community models. The results will need to be eventually 
appraised with strong motion data in sedimentary basins. 

We numerically modeled the simple one-dimensional case of a vertically propagating 
shear wave to gain insight into the more complicated case of surface waves. Real rock is 
likely to have numerous fractures, some with pre-existing stress, that fail over a range of 
dynamic stresses. We obtained a convenient way to include this effect in our calculations. 
The computed velocity seismogram is saw-toothed. The constant acceleration legs of the 
curve in g’s are approximately the apparent coefficient of friction. We obtained an 
apparent coefficient of friction of 0.4 near Parkfield for the 2004 event, which is 
approximate for a shallow water table at the site. 

We continued other work relevant to failure of shallow rocks, including the “lid” 
region of blind faults, Archean seismic regolith from an asteroid impact, and regolith 
from tidal stress on moons of giant planets. We examined the Lucerne record of the 
Landers earthquake for nonlinear effects. We obtained a constraint on the recurrence of 
outer-rise earthquakes off Japan. The Central Valley is analogous but recurrence is a 
factor of 30 lower. We also studied rate and state friction for application to shallow rocks.  
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Technical report. We concentrated on shallow processes for the practical applications of 
exceedance and nonlinear attenuation. Intact rock and seismically damaged regolith are 
long-lasting fragile ubiquitous geological features. We developed formalism for nonlinear 
attenuation of strong S-waves. We are studying the societal problem of nonlinear 
behavior of strong Love waves within sedimentary basins, including those in the Los 
Angeles area that is central to SCEC’s purview. 

Outreach work: Other examples of shallow rock damage. We remained alert for 
other implications of near-surface rock damage. (1) We examined the Lucerne seismic 
record near the Landers earthquake fault to search for transient damage. The data proved 
unsuitable. We recovered the “lost” vertical component from an eps plot file and showed 
that vertically reverberating P-waves caused a broad resonance. Other broad resonances 
exist on the horizontal components. The seismic source was not especially rich in high 
frequencies [1]. (2) We obtained working numerical models for the lids of blind faults as 
proposed last year. Lids with long-term ductile material will self organize if the Maxwell 
time (shear modulus/viscosity) is comparable to the earthquake cycle time. Damage from 
repeated events makes the lid more compliant and co-seismically elastic [2].  Significant 
co-seismic distributed brittle dilatation occurred in the lid at Bam [3], using [4-6], 
comparable long-term ductile strain is permissible. (3) Don Lowe has found Archean 
seismic regolith from extreme seismic waves from impact of a ~50 km diameter asteroid 
at a distance of 10s of degrees. We have scaling relationships for Rayleigh and P waves. 
Tidal regolith analogous to seismic regolith likely forms on Saturn’s moon Enceladus and 
on rocky bodies is a habitable environment [7]. Ground truth wherever obtained is useful 
to our gross problem. (4) We published brief paper on the likelihood of great outer-rise 
earthquakes associated with the Tohuku mainshock [8]; its results can be extrapolated to 
flexure in the Central Valley. (5) We studied physical basis of hybrid rate and state 
friction laws [9] using data from [10]. For attenuation and damage studies, the slip law 
[11] applies at the start of slip and rapid dilatation occurs at low normal tractions. This 
concept is closely related to the construct of dilatancy angle in engineering [4-6]. 

Societal and technical results on nonlinear attenuation. Strong seismic waves pass 
through the shallow (10s to 100s of m) subsurface. These ambient rocks fail in a brittle 
manner and become cracked. This process transiently reduces the low-amplitude seismic 
velocity of the damaged rocks. Over time, damage accumulates reducing the low-
amplitude seismic velocity below that of intact rock. Rock damage self-organizes over 
providing both exceedance criteria for past strong motions and for future motions of the 
strongest waves that can propagate without significant nonlinear attenuation [12]. For 
explanation, we start seismic cycles with stiff exhumed sedimentary rocks extending all 
the way to the surface. We obtained the shallow failure criterion relevant to Los Angeles 
by noting that Love waves impose essentially strain boundary conditions on the shallow 
subsurface. The peak dynamic strain is 

€ 

V0 /cL  where 

€ 

V0  is peak ground velocity and 

€ 

cL  is 
phase velocity. The dynamic shear traction on vertical planes is 

€ 

G(z)V0 /cL , where 

€ 

G(z)  
is the shear modulus at a depth 

€ 

z . Coulomb failure occurs when the dynamic stress 
exceeds the frictional strength 

€ 

G(z)V0 /cL = ρβ2(z)V0 /cL=

€ 

ρµeffgz , where 

€ 

ρ  is density 
(here constant for simplicity), 

€ 

β(z)  is shear wave velocity, and 

€ 

µ  is the intrinsic 
coefficient of friction. The final quality assumes that fluid pressure is hydrostatic 

€ 

ρ f gz . 
Solving for shear wave velocity, the failure criterion is 
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€ 

β = cLµeffgz /V0  (1);                       

€ 

µeff ≡ (ρ − ρ f )µ /ρ , (2)  
where (2) defines an effective coefficient of friction for hydrostatic fluid pressure. If 
shaking is weak (low 

€ 

V0 ), the S-wave velocity for failure exceeds the ambient velocity 
and the material stays linear. Otherwise Coulomb failure occurs during strong shaking 
with cracks that decrease the low-amplitude S-wave velocity. More cracks form in each 
strong event until the S-wave velocity approaches the failure criterion. Thereafter, the 
shallow subsurface barely becomes nonlinear in typical strong shaking. Conversely, 
waves from a rogue event with exceptionally large PGV would not propagate efficiently 
owing to nonlinear attenuation associated with Coulomb failure. Seismic velocity is 
observed to increase with depth as expected from (1) (Figure 1a) [12]. 

We modeled this nonlinear attenuation of strong S-waves to gain insight into the 
geometrically more complicated problem of basin Love waves. Our simple numerical 
method for vertically propagating S-waves in a constant velocity medium illustrates the 
general concept that Coulomb-based nonlinear attenuation clips acceleration so its peak 
in g’s is the effective coefficient of friction. (P-waves clip only in tension at ~-1g [13-
15].) Our group of adjacent displacement nodes is up (U), center (C), and down (D). The 
shear traction between two nodes (down and center) is 

€ 

τ(D,C) =G Udown −Ucenter

Δz
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
−Gε(D,C) , (3);        

€ 

Acenter =
1
ρ

τ(D,C) −τ(C,U)
Δz

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
. (4) 

where the first term involves elasticity and 

€ 

ε(D,C) is anelastic strain. The acceleration of 
the center node is given in (4). The gradient in stress at Coulomb failure is 

€ 

ρgµeff . The 
new velocity at the center node is then 

€ 

Vnew =Vold + AcenterΔt  and the new displacement is 

€ 

Unew =Uold +VnewΔt . Our method kinematically propagates waves through a linear elastic 
medium when 

€ 

Δz /Δt = β . The anelastic strain rate should be consistent with the stress: 

 

€ 

τnew =G Udown −Ucenter

ΔZ
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
−Gε old −GΔε (τnew ), (5);     

€ 

Δε =
τM
G

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
τ new −τB
τM

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

M

, (6) 

where 

€ 

Δε  is the anelastic strain rate times the time step in a convenient function (6); 

€ 

τM = ρgµM z  is a stress where frictional creep becomes fast at the Coulomb stress ratio 

€ 

µB ; 

€ 

τB = ρgµBz  implies that no creep occurs below a Bingham coefficient of friction of 

€ 

µB ; and 

€ 

M  (here 5) is an exponent that represents rapid transition between slow and fast 
deformation as dynamic stress increases. The stress 

€ 

τnew  appears on both sides of (5), 
which is readily solved by iteration. Equation (6) represents predictable deformation of a 
medium with various local pre-stresses where many randomly aligned fractures fail at 
different macroscopic stresses. It treats macroscopic rock failure as internal friction, 
without resolving individual crack failure, failure cascades, and their associated bursts of 
high-frequency signal. 

Figure 2a shows a velocity pulse from the 2004 Parkfield mainshock. The waveform 
is saw-toothed with legs of nearly constant acceleration. The numerical model predicts 
this behavior for an incident sine wave (Figure 2b). The acceleration is clipped at high 
incident amplitudes, but the duration of high acceleration and hence PGV increase with 
incident amplitude (Figure 2c). The acceleration slope of the observed record ~0.4g is a 
measure of the effective coefficient of friction. Although detailed hydrology is not 
available, the water table was likely shallow. Assuming rock and fluid density of 2250 
and 1000 kg/m3 yields an intrinsic coefficient of friction in (2) of 0.72 compatible with 



 4 

this inference. Our objective is to appraise and calibrate our methods for use with basin 
waves. Note that body waves in a highly stratified domain produce hard-to-interpret, 
ringy, high-frequency signal. High Coulomb stress ratios do occur in that case but only at 
very shallow depths. Such high-frequency signal often does not attenuate by Coulomb 
failure as very shallow rock has finite strength at zero normal traction (cohesion). 

 

1a                          1b  
Figure 1 (a) Averaged S-wave velocity for exhumed sediments (class CD [16]) and 
accumulating alluvium (class D [16]) in the San Fernando Valley [17]. Frictional failure 
in (1) at given particle velocity labeled in m/s occurs if the S-wave velocity is to the right 
of the smooth curves. Conservative parameters: 

€ 

µeff  = 1 (no fluid pressure), phase 
velocity 1500 m/s. Failure at given seismic velocity occurs at particle velocities to left of 
curve. San Fernando CD rocks follow a failure curve for 1.5 m/s particle velocity [12].  
(b) Cumulative kinetic and elastic strain energies integrated over depth are equal for 
Love waves, here with periods of 3 and 4 s. Both energies are normalized to integrate to 
1. Much of the energy resides in the upper kilometer and significant energy in the upper 
few 100 m. Such plots are the basis of our dimensional analysis of nonlinear attenuation. 
Modified from [18]. Site data from Whittier Narrows [19]; code from [20]. 

We continued our work on strong surface waves within sedimentary basins near Los 
Angeles by earthquakes on the San Andreas Fault [12,18], which are Love waves to the 
first order with likely periods of 3-4 sec [21-22]. Our methodology appraises the peak 
ground velocity (PGV) of these waves, but does not attempt to assess their period 
independently of [19,21-25]. Near-field velocity pulses from strike-slip faults are similar. 

We have obtained a dimensional scaling for the attenuation of Love waves. The sum 
of kinetic and elastic strain energy per surface area is 

€ 

W = ρV0
2ZL /2, where 

€ 

V0  is peak 
velocity and energy is distributed over depth 

€ 

ZL ≈1 km in Fig. 1b. The dynamic strain is 

€ 

V0 /cL  and the strain rate is 

€ 

V0ω /cL , where 

€ 

ω  is angular frequency. Coulomb failure 
occurs above a depth 

€ 

Zdam = β2(z)V0 /cLµeffg , which is 200-300 m using Fig. 1a. That is 
dissipation occurs over a significant part of the depth range is the Coulomb failure stress 
times the strain rate. The ratio of ambient energy per area to energy dissipation per area 

€ 

θ  
over a cycle with some algebra dimensionally yields the apparent quality factor 

€ 

Q 

€ 

W
θ

=
1
ω

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
πcL

3ZLg
2βdam

4

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

µeff
V0

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ ≈

Q
ω

 , (7) 

where the S-wave velocity at the base of the damaged layer is 

€ 

βdam . The 1.5 m/s particle-
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velocity waves as from a computed event on the San Andreas Fault [19,24] implies 
nonlinear attenuation. (2.5 m/s [25] is likely strongly nonlinear). The effective coefficient 
of friction and hence fluid pressure matter. Current hydrological data area available [e.g., 
26-27]; the Los Angeles area is complicated in detail. Pre-industrial data are not precisely 
available but 1904 data is [28-32]. These data can be extrapolated to the time of the 1857 
event; water table was likely near the surface or even artesian. The drawdown since 1957 
is ~ 60 m in downtown Los Angeles [33]. Our scaling relationships indicate that the 
current velocity amplitude for nonlinear attenuation is ~10% greater than in 1857. 

Intuitively, dynamic stress scales with dynamic velocity so nonlinear attenuation will 
tend to clip on velocity. Equations (5) and (6) are easily generalized to tensors in three-
dimensions. The deviatoric stress tensor after (new) deformation is formally 

€ 

τ ij = 2G eij (U)[ ] − 2Gε ij (old) − 2GΔε ij (|τnew |), (7); 

€ 

Δε ij (|τ new |)∝ eij (U)[ ] −ε ij (old) , (8) 
where 

€ 

ij  are tensor indicates, 

€ 

eij (U) is the total deviatoric strain calculated from the 
displacement 

€ 

U , 

€ 

ε ij (old)  is the previous anelastic strain tensor. The absolute value 

€ 

|τ ij (new) | is proportional to the second invariant of the deviatoric stress tensor 

€ 

τ ijτ ij  
and may be normalized to give the shear stress in simple shear for use in (6). The tensor 
anelastic strain rate is proportional to the driving stress in (8). Vertical S-waves and Dr. 
Brittany Erickson (now UCSD) is helping with sophisticated numerical methods. Love 
waves do not change the mean stress [e.g., 34] and effective pressure 

€ 

(ρ − ρw )gz  
represents its predictable value. In general, the mean stress 

€ 

P ≡σii /3 changes so 

€ 

τM = PµM  and 

€ 

τB = PµB  change. The flow law (6) is then analogous to Drucker-Prager 
plasticity [35], but attends to friction following changes in normal traction [e.g., 36-38]. 

2a   2b   2c  
Figure 2. (a)  Observed particle velocity west component of Cholame 2WA for the 2004 
Parkfield mainshock. Dashed lines show saw-toothed form of wave and sustained 
acceleration in g’s, which provides estimates on the effective coefficient of friction in the 
subsurface. Modified from [39] using data from [40]. Zero time is arbitrary. 
(b) Computed particle velocity at the surface. The incident elastic wave produces 1 g 
acceleration at the free surface. The anelastic waves experienced nonlinear attenuation in 
the shallow subsurface. They are saw-toothed. Note that the reflected wave’s amplitude is 
more diminished than the surface amplitude. Zero time is arbitrary. 
(c) Computed particle acceleration at the surface for nonlinear attenuated waves. Curves 
are labeled with the peak surface acceleration that the incident wave would produce in an 
elastic medium in g’s.  The incident elastic wave with 1 g acceleration is shown for 
reference. The duration of peak acceleration increases significantly with incident 
amplitude and the peak acceleration increases modestly.  Zero time is arbitrary. 
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