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Modified from Fialko et al. [2005]

1. What is the magnitude and distribution of shallow fault slip?

“Shallow Slip Deficit (SSD)”

x o

Hazard Implication:

Long-term slip rates derived from surface measurements

Hector Mine (1999)

Displacement (cm)
Distance (km)

Landers (1992)

Fialko [2004] Fialko & Simons [2001]



Near-field data critical to resolving shallow slip

x o

NEAR-FIELD DATA

Milliner et al. [2015]

Modified from Fialko al. [2005]

SSD = 15-60%
Landers

Fialko [2004]



Near-field data critical to resolving shallow slip

x o

NEAR-FIELD DATA

Modified from Xu et al. [2016]Modified from Fialko al. [2005]

SSD = 15-60%
SSD = 3-19%



2. How sensitive is shallow deformation to constitutive properties?

Elastoplastic 
(e.g., Kaneko & Fialko, 2011)

Compliant Zone Elastic
(e.g., Barbot et al., 2008)

Homogeneous Elastic
(e.g., Okada, 1985)

G0 G/G0 ~ 0.5

Hazard Implications:

- Inversion capabilities

- Deformation of shallow infrastructure 

(e.g., gas, water pipelines)



Compliant Zone type example: Punchbowl Fault

Chester & Logan [1986][Chester & Logan, 1986; Chester et al., 2005]

Microfractures and subsidiary faults
Permeability

Shear 

Modulus, G

UndeformedDamage ZoneFault core



Compliant Zones: Geodetic and seismological evidence

Fialko et al. [2002]
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Surface deformation confined to compliant zones during remote loading

What happens when the fault within the CZ slips?



Plastic Deformation: Geodetic and field evidence

Lindsey et al. [2014]

InSAR shows distributed deformation across San Andreas near Durmid Hill

No evidence of km-scale compliant zone



Plastic Deformation: Geodetic and field evidence

Lindsey et al. [2014]

5 cm
Photo and sample courtesy of Roger Bilham



2. How sensitive is shallow deformation to constitutive properties?

Elastoplastic 
(e.g., Kaneko & Fialko, 2011)

Compliant Zone Elastic
(e.g., Barbot et al., 2008)

Homogeneous Elastic
(e.g., Okada, 1985)

G0 G/G0 ~ 0.5

Hazard Implications:

- Inversion capabilities

- Deformation of shallow infrastructure 

(e.g., gas, water pipelines)



3. Can surface deformation reveal rupture dynamics?

Hazard Implication:

Empirical relationships based on this 

data (e.g., GMPEs) may be flawed

Of 31 studies, only 7 

reported observations 

within 24 hours of EQ

Aagaard et al. [2012]

Hayward Fault simulations suggest 

40% afterslip within 24 hrs



2014 M 6.0 South Napa Earthquake

Kinematic model from

Wei et al (2015)

NS



Deflected vine rows record deformation

EERI [2014]



En echelon secondary fractures observed along length of rupture

Hudnut et al. [2014]
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En echelon secondary fractures observed along length of rupture

Hudnut et al. [2014]
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South Avenue Trench

Trenches confirm buried fault tip and distributed deformation

Courtesy of Tim Dawson
Brooks et al. [accepted]



South Avenue Trench

Trenches confirm buried fault tip and distributed deformation

Courtesy of Tim Dawson
Brooks et al. [accepted]



Near-field measurements with Mobile Laser Scanning (MLS)

- Covered 80% rupture

- 3 epochs of data: ~1 wk, ~1 mo, ~1 yr

- >5 billion laser reflection points per epoch

- Each point referenced in 3 dimensions

- Accuracy within a few centimeters

Aria Project



Near-field deformation at post- and co-seismic sites

Co-seismic SitePost-seismic Site

Dynamic slip didn’t cause permanent deformation distinguishable from static slip

(i) Neither dynamic nor static stress state met yield criterion, or

(ii) Rupture slowed down such that dynamic terms were negligible 



Near-field deformation at post- and co-seismic sites

Co-seismic SitePost-seismic Site

Dynamic slip didn’t cause permanent deformation distinguishable from static slip

(i) Neither dynamic nor static stress state met yield criterion

(ii) Rupture slowed down such that dynamic terms were negligible 
After Cotton et al. [1982]

Examined >1200 fault strands in 163 trenches

70% could NOT be traced to the ground surface 

that existed at the time of faulting.

Trench log for 

1906 SF 

Earthquake:

Bonilla & Lienkaemper [1990]:



Active-source seismic imaging of shallow subsurface

Methodology

 120 m long survey

 Source/receiver spaced 

every 1 m

 Active source using 

hammer and steel plate

 Recorded both P- and 

S-waves

 Guided waves (GW)

GW

F

For detailed overview of methodology: Catchings et al., BSSA, 2014 



Evidence for 
Subsidiary Faults

GW

Why did fault slip focus 

onto one strand?



Evidence for compliant zone from refraction tomography

Chester & Logan [1986]

Permeability

Shear 

Modulus, G

 High fracture density  Reduced s-wave velocity

 Fluid saturation  Increased p-wave velocity



Variation in subsurface structure and mechanical properties

Post-seismic Site Co-seismic Site



Formal inversion for shallow fault slip using MLS data

uy = (s/p)*[tan-1(y/W)-tan-1(y/w)]

slip
depth to 

upper edge

ELASTIC MODEL

surface

displacement



Inferred slip (0.5-1.25 m) at shallow depths (3-25 m)

0 50 100 1500 50 100 150-50

Co-seismic SitePost-seismic Site

Brooks et al. [accepted, 

Science Advances]

Along-strike summary

Hand (co)

Alignment

(post)



Abaqus Finite Element Software

 Commercial multi-physics modeling package
o Abaqus/Standard – Implicit, quasi-static deformation

o Abaqus/Explicit – Explicit, dynamic deformation

o Abaqus/CFD – Computational fluid dynamics

o Abaqus/CAE – GUI to build models, submit analyses, monitor jobs, evaluate results

o Abaqus/Viewer – Post-processing and visualization

 Many built-in constitutive behaviors
o Elastic: Isotropic/Anisotropic, Hyperelastic, Poroelastic…

o Elastoplastic: Von Mises, Mohr-Coulomb, Drucker-Prager, Cam-Clay, Damage …

o Creep and Viscoelastic: Linear, Power-law, Exponential…

o Elastoviscoplastic: Coupled, Two-layer…

 Targeted toward engineers
o Increasingly used in earth sciences, but documentation still lacking.



Complete Abaqus Environment (CAE)



 “Crack Seam” tool

 High aspect-ratio triangular cuts

Modeling faults in Abaqus

Can be used with either 

displacement or traction BCs

Meshing can be very difficult, 

computationally expensive

Works well for remote loads or 

applied tractions

Cannot prescribe displacement



2. How sensitive is shallow deformation to constitutive properties?

Elastoplastic 

(e.g., Kaneko & Fialko, 2011)

Compliant Zone Elastic

(e.g., Barbot et al., 2008)

Homogeneous Elastic

(e.g., Okada, 1985)
G0 G/G0 ~ 0.5



C –COHESION

φ –ANGLE OF INTERNAL FRICTION

Cohesion (C): Non-frictional part of shear-

resistance.

Low C = Gravel (0 kPa)

High C = Clay (100 kPa)

Angle of Internal Friction (φ): Imparts 

dependence on normal stress

Low φ = Compacted clay (15°)

High φ = Densely packed, angular 

sand/gravel (45°)

Base Case estimates for Napa:

C = 50 kPa, φ = 25°, μfault = 0.4

E = 100 MPa, 𝜈 = 0.3, 𝜌 = 2000 kg/m3

Yield Envelope

φ

C

Drucker-Prager Elastoplasticity



Model geometry, mesh, and boundary conditions

Loading

Initial: Geostatic stress

Step 1: Gravitational load

Step 2: Uniform slip = 1 m

(Prescribed slip)

Model domain: 

1000 m x 1000 m x 800 m

Fault dimensions: 

300 m x 400 m, buried 5 m

Compliant zone: +/- 25 m

Mesh:

160,000 linear tetrahedrals

Size range: 0.5-50 m



Effect of constitutive properties 𝛆xy

Homogeneous Elastoplastic

Compliant Zone Elastoplastic

Homogeneous Elastic

Compliant Zone Elastic

Compliant zone (G/G0 = 0.5)



Comparison of model results with MLS data

Ave. Residual = 0.6 cm

Not detectable by MLS

Modeled slip = 35 cm, 

depth = 5 m

Non-uniqueness



Elastoplastic model with remote loading (spontaneous rupture)

- Elastoplastic surface layer overlying elastic basement

- Remote displacement boundary conditions (transpression) with gravity

- Fault slip governed by Coulomb criterion: σs = µσn



Effect of cohesion on fault slip and surface deformation

- Lower cohesion produces greater regions of off-fault 

plasticity, relaxing stress on the fault

- Slip and shear localization at the surface increase 

with increasing cohesion

Plastic shear strain:



Effect of Cohesion: Comparison to field examples

Quigley et al. [2012]

Darfield EQthick

gravel

deposit

Napa EQ

~175 m
0 50 100 150-50

~20 m

Litchfield et al. [2014]



Conclusions

 What is the magnitude and distribution of shallow fault slip?
o Along S. Napa rupture, significant slip (0.5-1.25 m) at shallow depths (3-25 m)

o Greater than surface measurements, but still less than than finite fault models suggest.

 How sensitive is shallow deformation to constitutive properties?
o For the model same inputs (slip and burial depth), surface displacements are much more 

sensitive to variation in plastic parameters than to compliant zone parameters.

o Surface displacement measurements and subsurface seismic imaging show that 

deformation is focused to a much narrower region than the compliant zone width.

 Can surface deformation reveal rupture dynamics?
o For Napa, predominantly co- and post-seismic sites show very similar deformation patterns.

o Rupture may have slowed down such that dynamic stress ≈ static stress field.

 Questions raised:
o Why would a rupture arrest within meters of Earth’s surface?

o Why are some fault strands activated over others?

o What mechanisms contribute to distributed shear deformation?



Upcoming activities

 Collect core samples for microstructural analysis and mechanical testing

Post-seismic Site Coseismic Site

DRILL DRILL


