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Abstract 
 
Strong Love waves propagate from the San Andreas Fault into Greater Los Angeles. 
Three-dimensional numerical calculations from the SCEC community indicate that these 
waves funnel through Whittier Narrows with high amplitudes. Estimates of their past and 
future peak ground velocities (PGV) require consideration of the nonlinear attenuation. 
Our semi-analytical methods aid and extend numerical results. The tendency of the 
shallow subsurface to self-organize (by low-cycle fatigue) couples past and future 
behavior. Love waves impose strain (PGV / phase velocity) conditions on the shallow 
subsurface. Dynamic stress is strain times shear modulus. Frictional failure occurs when 
dynamic stress exceeds frictional strength. For simplicity in explanation, the water table 
is at the surface and frictional strength increases linearly with depth; intact exhumed 
sedimentary rocks extend initially to the surface. Crack damage occurs down the 
maximum depth where dynamic stress can cause frictional failure. Cracks reduce the 
shear modulus above this depth, eventually to linearity with depth where the material 
barely becomes nonlinear (only a few new cracks form) with typical strong shaking. The 
shear modulus does not go all the way to zero at very shallow depths. Still larger rouge 
shaking would cause the full damaged depth range to become strongly nonlinear, greatly 
attenuating the wave. The depth to the water table is important. For example, pumping 
the water table down to several 100 m depth at Whittier Narrows from its current and pre-
industrial shallow depth would nearly double the amplitude of the waves that pass 
unscathed toward Downtown Los Angeles. 
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Technical Report 
Basin waves within Greater Los Angeles. Inference of past peak ground motions and 
deduction of maximum future ground motions are central to the SCEC purview. Our 
method addresses the physics of both topics in parallel. We concentrated on surface 
waves within Greater Los Angeles from San Andreas Fault events during the current 
grant period following our earlier work [1-2]. Observations of modest earthquakes and 
modeling indicate that Love waves (to the first order) with likely periods of 3-4 sec are 
guided toward Los Angeles by a series of sedimentary basins [3-4]. Our approach utilizes 
the results of linear numerical simulations of large San Andreas events [4-8] as well as 
recent calculations that include nonlinear attenuation at high amplitudes [9]. We relate 
nonlinear attenuation of Love waves to the peak ground velocity (PGV) [10].  Our semi-
analytical methodology recognizes features that to be included in full nonlinear 
calculations and obtains scaling relationships that aid in understanding and extending 
nonlinear results. It is not a rival to numerical methods. For example, we cannot assess 
the period of the impinging Love waves independently of the numerical calculations. 

With regard to other SCEC community research on basin waves, site response 
formalism is inadequate as nonlinear attenuation saps surface waves potentially along 
their full paths. Methods including empirical Green’s functions and passive seismology 
that extrapolate linearly from low-amplitude waves [e.g., 11] are also inadequate. 

We modified our research proposed plan, as nonlinear numerical codes for the 
propagation of seismic waves into Greater Los Angeles’ basins are now operational and 
model calculations are progressing at SDSU [9]. Our papers [1-2] alerted the modelers to 
this need. It was no longer useful for us to extend our S-wave code to idealized nonlinear 
Love waves. We are in communication with the modelers at SDSU. Dr. Brittany Erickson 
has moved from Stanford to the modeling group at SDSU. 

As we expected [1] from [3-8], strong Love waves in the nonlinear models funnel 
through Whittier Narrows from the San Andreas Fault into the Los Angeles Basin. The 
waves have their highest amplitudes in that region and if strong enough are sapped by 
nonlinear attenuation [9]. The sapped waves continue toward Downtown Los Angeles 
with diminished amplitude. We have found that the shallow S-wave velocity structure 
and the depth of the water table are important to this nonlinear frictional process [10].  

With regard to both past and future events, a very convenient aspect is that rock 
damage self-organizes over recent geological time providing both exceedance criteria for 
past strong motions and for future motions of the strongest waves that can propagate 
without significant nonlinear attenuation [10]. This process is analogous to low-cycle 
fatigue in engineering [12]. A brittle machine part is subjected to oscillating strains 
beyond its elastic limit. Cracks develop reducing its elastic modulus to the point that that 
the compliant part behaves elastically with the imposed strain. The final elastic state is 
called shakedown or detachment. The geological process, for example, involves stiff 
exhumed sedimentary rocks extending toward the free surface. These rocks become 
compliant with the repeated passage of strong damaging Love waves. The shear modulus 
self-organizes toward linearity with depth (Fig. 1A). We obtained both the PGV of the 
past damaging waves and the maximum PGV of future waves that can propagate. We 
quantified that human-caused water-table drawdown increases frictional strength and 
future maximum PGV. The survival of and observed damage to ambient shallow rock 
provide ubiquitous, long-lasting fragile geological features. 
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We outline our shallow failure formalism [10]. 3-4 s Love waves impose essentially 
strain boundary conditions on the shallow subsurface. The peak dynamic strain is 

€ 

VPGV /cL  where 

€ 

VPGV is peak ground velocity and 

€ 

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

€ 

G(z)VPGV /cL , where 

€ 

G(z)  is the shear modulus at a 
depth 

€ 

z . Coulomb failure occurs when the dynamic stress exceeds the frictional strength. 
The shear modulus in the self-organized state increases linearly with depth (

€ 

µ  of clay- 
and sand-rich beds might be obtained separately from observed 

€ 

β versus depth in (3) 
with known lithology; we keep our report equations compact and simple.) 
 

€ 

GVPGV /cL = ρβ2VPGV /cL =

€ 

ρµeffgz  (1); 

€ 

µeff ≡ (ρ − ρ f )µ /ρ ; (2) 

€ 

β = cLµeffgz /Vpast  (3);                        
where 

€ 

ρ  is density (here constant for simplicity), 

€ 

β is shear wave velocity, and 

€ 

µ  is the 
intrinsic coefficient of friction. Equation (2) defines an effective coefficient of friction; its 
final quality assumes that fluid pressure is hydrostatic 

€ 

ρ f gz  or zero. Equation (3) shows 
that self-organized shear wave velocity should increase with the square root of depth 
(except at very shallow depths where it cannot go to zero and great depths where rock is 
strong in friction), which allows determination of past PGV. This relationship (3) holds 
for averaged S-wave velocity for exhumed sediments (class CD [13]) and accumulating 
alluvium (class D [13]) in the San Fernando Valley [14] and for detailed data near 
Mission Hills and Santa Clara, CA [15]. It is convenient to solve (3) for past PGV, 
calibrating the observed curve with the S-wave velocity at some depth; most of nonlinear 
attenuation occurs below 30 m; we use 50 m to avoid confusion with Vs30. For a sample 
calculation, we let the intrinsic coefficient of friction be 1 to remain conservative and use 
the generic density of ~2250 kg m-3. The density of water is 1000 kg m-3. We let the 
phase velocity of Love wave take the generic value of 1500 m s-1. The S-wave velocity in 
accumulating sediments in the is ~600 m s-1 at 50 m depth San Fernando and Santa Clara 
valleys in California and [14-15]. The averaged 50-m S-wave velocity in stiffer exhumed 
sediments is ~800 m s-1 for sediments in the San Fernando Valley [14], and locally ~1000 
m s-1 in the Mission Hills anticline [15]. The S-wave velocity for both accumulating 
sediments in the Los Angeles basin is 400-500 m s-1 at 50 m depth [14-16]. The 
computed past PGV for S-wave velocity of 400, 500, 600, 800, and 1000 m s-1 is 2.61, 
1.67, 1.05, 0.65, and 0.42 m s-1 (retaining an extra digit). If shaking is weaker than these 
velocities, the material stays linear (Fig. 1A). Otherwise, Coulomb failure occurs during 
strong shaking with cracks that decrease the low-amplitude S-wave velocity. Thereafter, 
the S-wave velocity approaches the failure criterion where the shallow subsurface barely 
becomes nonlinear in typical strong shaking. As a caveat, accumulating sediments with 
low S-wave velocity may have not yet compacted, rather than having been damaged by 
strong shaking. We are examining ways to check this including 

€ 

β not 

€ 

∝ z . In all cases, 
rogue waves greater than computed past PGV would not propagate efficiently. 
Water-table variation and strong Love waves within Greater Los Angeles. We 
continued to investigate the useful construct that damage from strong shaking causes 
shear wave velocity to self-organize and that the subsurface becomes strongly nonlinear 
if exposed to still stronger Love waves [10]. Nonlinear behavior differs between sites 
where shallow rock has self-organized so that the shear modulus increases linearly with 
depth (Fig. 1A) and regions were intact rock with constant shear modulus exists at 
moderate depths (Fig. 1B). In the former case, a modest increase in PGV causes the 
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whole organized layer to become nonlinear. In the latter case, the depth of nonlinear 
behavior and the extent of nonlinear attenuation increase gradually with PGV. 

Human-caused pumping and recharge have modified the depth to the water table and 
piezometric pressure in general [17]. A detailed hydrological model is available for much 
of Greater Los Angeles [18]. Pre-industrial conditions can be inferred from the work of 
Mendenhall [19-23]. Overall, the water table was shallow to artesian in the 1857 and 
earlier large San Andreas Fault events. (We realize the 1857 rupture likely propagated 
north to south [24] unlike the models with strong shaking within Los Angeles  [4-9].) 
Failure begins at the base the self-organized zone after drawdown of the water table. For 
example, ~60 m drawdown of has occurred in Central Los Angeles [17]. The PGV 
needed for nonlinearity is 1.16 and 1.24 times that when the water table was at the 
surface for 200 and 300 m depth to the base of the seismically damaged zone. 

We also obtained analytical methods for estimating the relative strength of Love 
waves that can now propagate into Los Angeles relative to 1857 when the water table for 
simplicity was at the surface for the case that the shear modulus is constant with depth at 
the base of the damaged zone (Fig. 1B). The dissipation rate of energy per surface area at 
frictional failure is 

 

€ 

θ ≈
2ωVPGV

πc
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
τ dz =

0

Z dam

∫ ωVPGVρgµZdam
2

πc
 (4); 

€ 

W
θ
≈
1
ω

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
VPGVπcZL

2gµZdam
2

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ ≈

Q
ω

, (5) 

where 

€ 

ω  is the dominant angular frequency, 

€ 

VPGV is PGV, 

€ 

c  is phase velocity, 

€ 

τ  is 
failure stress as a function of depth, and 

€ 

Zdam  is the maximum depth of failure (Fig. 1B). 
The second equality assumes a constant effective coefficient of friction 

€ 

µ  with depth. 
The ambient energy per surface area in the wave is equal to the peak kinetic energy, 

€ 

W = ρV0
2ZL /2 (see [25]), where significant energy occurs down to 

€ 

ZL  about 1 km for 3-
4 s Love waves in the Los Angeles basin [1,10], found using standard code [26]. 
Equation (5) gives the apparent attenuation. The damage depth for the failure stress is 

€ 

Zdam =
GampVPGV

c(ρ − ρw )µintg
−

ρwZwt

(ρ − ρw)
, (6) 

where 

€ 

ρw  is the density of water and 

€ 

Zwt  is the depth to the water table. We estimate the 
amplitude of a wave that can propagate by keeping 

€ 

Q  at given value, integrating (4) for 
finite water table depth, and computing 

€ 

VPGV relative to the reference amplitude with 
surface water table (Fig. 2). This amplitude changes very little for the water table near the 
surface. It is thus conveniently unnecessary to know the precise shallow depths in 1857. 
There is also mild change in areas of modest drawdown, here 60 m; the normalized 
amplitude at given 

€ 

Q is 1.112 and 1.055, for 

€ 

Zdamof 200 and 300 m. 
Our work flags a human-made increase in seismic hazard. Deep drawdown of the 

water table increases the Love wave amplitude that can propagate by a factor of ~1.8. 
Practically, modeling results [9] show that waves funnel through Whittier Narrows with 
high amplitudes. So SCEC community effort in obtaining seismic velocity and 
groundwater structure and numerical modeling can focus on that region. There is even 
potential for control of Love wave amplitudes once this information is in hand. Seismic 
hazard is already a criterion for managing water in Greater Los Angeles [27] and aquifer 
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models exist [18]. One could pressurize deep aquifers weakening the rock without 
overpressuring the near surface by injection and pumping. Recharge is already done near 
Whittier Narrows. We coordinate with the numerical modelers. Our work [10] has a form 
appropriate for societal applications. 

The mechanism of nonlinearity is important. Numerical models [9] use Coulomb-
based Drucker-Prager plasticity with cohesion [28]. In practice, friction following 
changes in normal traction has the effect of cohesion, as does the behavior of intact rock 
[e.g., 29-31]. We [10] have assumed that shallow cracked rock has local pre-stress and 
starts to fail somewhat before the nominal Coulomb limit. We continued investigation of 
rheology of moderately shallow rock with regard to nonlinear attenuation [32-36]. 
S-wave nonlinear attenuation. We have obtained a simple method for recognizing 
nonlinear attenuation in the shallow subsurface of S-waves refracted into nearly vertical 
paths and a parameterized method for numerically modeling it [10]. The shallow 
Coulomb stress ratio for vertically ascending S-waves is the dynamic acceleration in g’s. 
Some velocity seismograms are sawtoothed with the slopes giving the effective 
coefficient of friction (data from [37,38]). Such failure involves friction at tens of meters 
depth rather than ductile flow in soil. The near-field velocity pulse at Renaldi Station for 
Northridge [39] appears clipped in acceleration, but the simple models seem inapplicable.  
Healing of damaged rock. Our method in (3) uses the ambient seismic velocity in the 
shallow subsurface. However, the low-amplitude S-wave (and P-wave) velocity (e.g., 
measured from repeating earthquakes) in the shallow subsurface decreases following 
strong shaking [e.g., 40-52]. This velocity “heals” with the logarithm of time after the 
event as expected from the aging law of rate and state friction [53]. As due diligence, we 
found that the amount of healing even over 10,000 years does not cause major issue with 
our basin wave PGV method (3).  Conversely, healing of damage shows that this damage 
actually occurred and with well-instrumented events yields the maximum amplitude of 
basin waves that can propagate without strong nonlinear attenuation [1, 54-56], the core 
of our work. We remain alert with regard to related processes. (1) The dynamic stress 
from strong seismic waves triggers secondary high-frequency shallow events [57-59]. 
The largest such events cause brief extreme accelerations [60-61]. (2) Geomorphic 
studies indicate that damaged easily eroded regolith exists near major seismically active 
faults [62-64]. Shattered rock and smooth topography occur in the hanging wall of major 
thrust faults [65] and near the San Andreas [66]. (3) Changes in the permeability of 
shallow rocks and of groundwater pressure in shallow wells in the aftermath of strong 
shaking are conceivably related to rock damage on fractures [50], but usually attributed to 
changes in groundwater flow paths and to transient groundwater pressure variations due 
to shaking [67]. (4) Strong damage from strong shaking will cause the upper 10s to 200 
m of a hill slope to statistically move downhill by an amount scaling with the slope 
[23,66]. (5) Through-going cracks suddenly carry O2 and sulfate bearing water to great 
depths where it reacts with ambient minerals and forms vein deposits [68]. Biota would 
rapidly consume slowly infiltrating O2 and sulfate precluding its deep penetration [69]. 
Rayleigh waves. Rayleigh waves are a societal issue in basins with dip-slip faults. 
Working with Don Lowe, we examined a field example in this regard to illustrate the 
effects of extreme seismic waves with PGV of a few m/s and period of ~100 s, likely 
from a large (~50 km diameter) asteroid impact in the Archean [70-71]. Observed ground 
damage formed likely resulted extreme Rayleigh waves. Physically, there is horizontal 
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compression and extension asymmetry in analogy with slap down of strong P-waves 
[59,72-74]. Opening-mode cracks and normal faults form if the material is free to move 
down a shallow slope. Opening-mode cracks occur along the Chilean margin [75-76]. 
Such vertical cracks should cause anisotropy for low-amplitude Rayleigh waves.  With 
direct relevance to the SCEC purview, deep [77-78] and shallow [79] vertical crack 
anisotropy has been found in Los Angeles. Seaward slope analogously occurs in the 
Ventura area.  Numerical modeling of deep slope failure from Rayleigh waves should be 
feasible with the SDSU codes. We note that widespread seismic regolith from basin-
forming impacts occurs on the Moon along with planet-wide down-slope movement [80]. 

 
Figure 1: Schematic diagram of the effect of changes in PGV on nonlinear attenuation. 
Frictional strength (straight dotted line) increases linearly with depth; the shaded region 
left of the line stays linear. Peak dynamic stress is proportional to the shear modulus 
times PGV. Failure occurs whenever the dynamic stress exceeds the frictional strength. 
(A) The shear modulus has self-organized to linearity between depths S and Z. A slight 
increase in PGV increases stress from thin solid line to thick dotted line; the depth of 
failure increases from S to Z with sudden onset of nonlinear attenuation at past strong 
PGV. (B) The shear modulus is constant with depth below a shallow layer. An increase in 
PGV increases stress (from thin solid line to tracked line) and modestly increases the 
depth of failure and effect of nonlinear attenuation. 

 
Figure 5. Peak amplitude of Love wave at given apparent 

€ 

Q normalized to reference 
amplitude with water table at the surface versus water table depth. 

€ 

Zdam= 200 and 300 m. 
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Exemplary Figure 
 

 
Figure 1: Schematic diagram of the effect of peak ground velocity (PGV) on nonlinear 
attenuation of Love waves. Peak dynamic stress is proportional to the shear modulus 
times PGV. Frictional strength (straight dashed line), for simplicity, increases linearly 
with depth; shaded depths and stresses imply linear behavior. Failure occurs whenever 
the dynamic stress exceeds the frictional strength. (A) The subsurface has been damaged 
by numerous strong Love waves. The material self-organizes so that the shear modulus 
increases linearly with depth between depths S and Z. The modulus cannot go all the way 
to zero near the surface and past seismic waves have not been strong enough for damage 
to occur below depth Z. A slight increase in PGV from just below that of typical past 
strong waves (thin solid line) to above that PGV (thick dotted line) causes the depth of 
failure to increase from S to Z with sudden onset of nonlinear attenuation. Typically 
strong waves barely cause failure as shown by the thick dotted line. (B) The shear 
modulus is constant with depth below a shallow layer. An increase in PGV modestly 
increases the depth of failure and nonlinear attenuation. Intact rock persists in the absence 
of damage from strong shaking. Modified from [10]. 
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Intellectual Merit & Broader Impacts 
 
Inferring the past and future amplitudes of strong seismic shaking is central to the SECC 
project. We infer past shaking from strong Love waves (expressed as peak ground 
velocity) from the shear wave velocity as a function of depth within the sedimentary 
basins of Greater Los Angeles. Failure, damage, and nonlinear attenuation occur when 
dynamic stress exceeds frictional strength. Conversely, the persistence of stiff intact rock 
at shallow depths is a fragile geological feature. Strong waves from San Andreas events 
funnel through Whittier Narrows. We will be able to infer the past peak amplitude of 
such waves once the shallow (upper few 100 m) shear wave velocity has been accurately 
measured in that locality, provided that past Love waves have in fact damaged the rock 
forming seismic regolith. In any case, future Love waves greater than our calculated past 
amplitude attenuate nonlinearly; diminished waves then will continue toward Downtown 
Los Angeles. Deep pumping down of the water table at Whittier Narrows would nearly 
double the amplitude of waves impinging on Downtown Los Angeles. In general, our 
results aid in formulating, extending, and understanding nonlinear numerical calculations 
of strong seismic waves. 
 
We extended our method to strong shaking by Rayleigh waves. Such shaking has 
occurred from earthquakes over geological time. Large ~50 km diameter) asteroid 
impacts caused much stronger shaking on the ancient Earth and the ancient Moon. 
Observed distal ground damage supports the reality of terrestrial impacts and a basis for 
evaluating putative more recent extreme waves. The tendency of shallow rock (and cold 
ice in the outer solar system) to self-organize from repeated damage so that shear 
modulus increases linearly with depth yields cracked seismic and tidal regolith, a 
potentially habitable environment for astrobiology. There is also tendency for damaged 
material to move down slope while shaking occurs. Hence the persistence of topographic 
relief on the modern Earth is a widespread fragile geological feature. 
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