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ABSTRACT
Treasure Island is located in the central San Francisco Bay, immediately north of Yerba Buena Island, between the active
San Andreas and Hayward faults. Treasure Island was constructed by placing hydraulic sand fill over natural shoal deposits
within perimeter rock dikes. The natural shoal deposit consists of layers of clean sand, silty sand, and lenses of highly
plastic clay. Full-scale and high-energy in-situ dynamic ground improvement test results indicated that, unlike the fill
material, no appreciable ground improvement (i.e. densification) was observed within the shoal deposits. From a thorough
geologic characterization of the shoal deposit and the results of laboratory cyclic direct simple shear tests on high-quality
samples, it was concluded that the dynamic behavior of the natural shoal deposit could not be adequately captured by
simplified conventional analytical methods, as the shoal deposit was found to be more resistant to seismically induced
lateral deformation than could be predicted by simplified methods. Therefore, this study was undertaken to evaluate the
seismic deformation of the existing shoreline at Treasure Island through a nonlinear dynamic deformation analysis. The
scope of the study included seismic site response analyses, lateral deformation analyses using two-dimensional finiteelement models in PLAXIS, pseudo-static hybrid deformation analyses, and comparisons with observed seismic
performance of similar sites during past earthquakes. The shoal deposit was modeled using the UBC Sand model, with
input parameters carefully selected to capture material behavior obtained through cyclic simple shear tests. Examination
of PLAXIS analysis results indicates that the magnitude of lateral deformations at the location of the proposed development
(greater than 300 feet from the shoreline) was negligible. In addition, a two-step simplified hybrid deformation analysis
method was developed. The simplified method consisted of 1) estimating the magnitude of lateral deformation at the
shoreline using conventional deformation analysis methods and 2) a pseudo-static deformation analysis using PLAXIS.
This simplified method was calibrated against two-dimensional, nonlinear time-history PLAXIS analyses to be used as a
screening tool for estimating the potential for lateral movement at other sites along the Treasure Island shoreline.
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INTRODUCTION

The seismic deformation analysis of the existing shoreline
at Treasure Island presented in this paper is part of a multiphase geotechnical study for the Treasure Island
Development (TID) project. The TID will produce a new
San Francisco neighborhood of up to 8,000 homes, retail,
and entertainment venues. The project will also include
over 300 acres of parklands, wetlands, recreational sites,
and native habitat. The geotechnical design considerations
for the project include ground improvement techniques for
liquefaction mitigation, and shoreline seismic stabilization.
Treasure Island was constructed by placing hydraulic
sand fill over a natural shoal deposit within a perimeter of

rock dikes. Figure 1 presents the soil profile on the
southwest side of the island. According to geotechnical
investigations (ENGEO, 2015) the shoal deposit that
underlies the fill consists of varying layers of silty sand with
interbedded lenses of highly plastic clay. The state-ofpractice CPT-based liquefaction analysis predicted
liquefaction hazard in the fill and shoal materials. Full-scale
vibro-compaction field testing using the Direct Power
Compaction (DPC) method demonstrated that while the fill
material can readily be densified, the underlying natural
shoal was resistant to densification. As a result, further
investigations were undertaken to evaluate the dynamic
behavior of the shoal deposit and the seismic stability of
the existing shoreline at Treasure Island.

Figure 1. Geologic section in south-west of Treasure Island
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2.1

CHARACTERISITCS OF THE SHOAL DEPOSIT

Subsurface Geology

Detailed geologic logging showed that the shoal deposit
had complex stratigraphy. This is related to its formation
during the last stage of Holocene sea-level rise in a portion
of the San Francisco Bay isolated from the main tidal
channels to the east and west, and adjacent to a large
deposit of fine Aeolian sand on Yerba Buena Island.
Scanning Electron Microscopy (SEM), presented in
Figures 2 and 3, showed that the structure of the shoal
consists of relatively closely packed grains with a variable
amount of clay cement consisting of clay bridges
connecting individual grains across pore spaces. The
upper and lower layers of the shoal deposit typically consist
of fine, moderately to well-rounded sand with
approximately 5 to 15 percent fines (Qsh1). The middle
shoal layer typically consists of silty sand interbedded with
many thin lenses of soft fat clay and clayey sand. The
middle shoal layer is significantly softer and contains
between about 15 and 25 percent fines (Qsh2).

Figure 2. Close-up SEM Image of clay-cemented sand
from 25-foot depth (Unit Qsh1). Clay and silt-sized fines
are visible in pores and most pores are bridged with clay
films

The high composite fines of the shoal deposit, the
complex intermixing of fines and sand, and the presence of
clay cement explain the resistance to vibro-compaction.
These factors likely caused sand grains to resist rearrangement to denser configurations resulting in a higher
cyclic resistance than traditional analytical methods would
suggest.

Figure 3. Close-up SEM image of silty sand interval with
little clay from 31-foot depth (unit Qsh2), showing very thin
and weakly developed clay bridges between grains and
few visible fines in pores.

2.2

Laboratory Testing

To evaluate the potential for pore-pressure generation and
the post-cyclic response of the shoal deposit, cyclic and
monotonic simple shear tests were performed on relatively
undisturbed samples. In addition, constant-rate-of-strain
(CRS) consolidation tests were performed on selected
samples.
2.2.1

Cyclic Simple Shear Testing

Twelve specimens were tested on the bidirectional cyclic
simple-shear (CSS) device. Undrained loading consisted
of up to 30 cycles of stress-controlled loading at a given
load amplitude. All tests were performed in “constant
height” mode. Since the complete loss of confining stress
was often not observed in these anisotropically loaded
specimens, failure was defined as the occurrence of 5percent shear strain in either lateral direction.
As presented in Figures 4 (a) and (b), the relatively
“clean” shoal deposit (Qsh1) shows dilative response when
subjected to shearing at large strains. Although the
material initially generates positive pore pressure, it strain
hardens with increasing shear strength as the shear strains
increases. Qsh1 appears to behave like a medium-dense
to loose granular matrix, whereas the relatively “dirty” shoal
(Qsh2) appears to behave like a looser granular material.
Figure 4. Results of cyclic simple shear; (a) test on a Qsh1
specimen, depth 26.4 feet and (b) test on a Qsh2
specimen, depth 33.2 feet

2.2.2

Post-Cyclic Shear Testing

In order to measure the post-cyclic strength of the shoal
material, immediately after each of the specimens had
failed in cyclic loading, the same specimens were sheared
monotonically. This was done without allowing the
specimens to reconsolidate, so that the excess pore
pressures developed during cyclic loading were still
present, and hence the vertical effective stresses were
considerably lower. These tests were extended well
beyond the cyclic strains experienced by the specimens
earlier. The test conditions are summarized in Table 1 and
the results are presented in Figure 5.

Table 1. Cyclic simple shear tests conditions
Tests

Sample Depth (ft)

σ’vc (psf)

CSR

CSS5

31.5

2026

0.46

CSS6

31.6

2026

0.23

CSS7

26.2

1859

0.23

CSS10

31.4

3091

0.21

CSS12

47.9

4136

0.22

CSS13

48.1

2799

0.22

source was identified to control the ground motions at short
periods.
As presented in Figure 6, the recorded ground motions
were spectrally matched to the target spectrum using the
Al Atik and Abrahamson (2010) algorithm implemented in
the software EZFRISK (Risk Engineering 2012).

Figure 5. Shear stress-shear strain results from post-cyclic
DSS tests
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SHORELINE STABILITY ANALYSES USING
NUMERICAL TECHNIQUES

Seismic deformation analyses were performed to estimate
lateral ground deformation as a function of setback from
the perimeter rock dike following the occurrence of a
Maximum Considered Earthquake (MCE). These analyses
take into account the results of geologic interpretation and
cyclic simple shear laboratory testing as discussed in the
previous sections.
The deformation analyses included two-dimensional (2D) non-linear, finite-element dynamic slope stability and
deformation analyses using the computer program PLAXIS
(Brinkgreve et al. 2015). Input ground motions were
developed with one-dimensional (1-D) site-response
analyses using the computer program DEEPSOIL
(Hashash et al. 2015). Seven recorded seed motions were
selected and spectrally matched to the target spectrum at
the bedrock. “Within”, or in-column, ground motions were
extracted from the 1-D analysis and applied at the base of
the 2-D PLAXIS model at a depth of 150 feet. The details
of the analyses are presented in subsequent subsections.
3.1

Development of the Site-Specific Ground Motions
at the Bedrock

The target spectrum at the bedrock was developed using
site-specific seismic hazard analyses from incorporating
Probabilistic
and
Deterministic
Seismic
Hazard
Assessments (PSHA and DSHA).
Seven sets of recorded ground motions (seed motions)
were selected with considerations given to the seismic
sources controlling the target spectrum, such as geologic
conditions, distance to the controlling fault, earthquake
duration, and intensity that could be expected at this site.
A moment magnitude (MW) of 8.1 originating from the San
Andreas fault was identified as the controlling source of
strong motion at the site period (1.5 seconds). Using the
formulation developed by Abrahamson and Silva (2008)
and Kempton and Stewart (2006), for estimating significant
duration of earthquakes, the duration values of the three of
non-pulse ground motions were constrained to be in the
range of 25 to 50 seconds. Two ground motions, with
durations ranging from 10 to 20 seconds, were selected to
account for an earthquake with a magnitude (MW) of 7.3
originating from Hayward and Rogers Creek fault. This

Figure 6. Spectral matching (a) Seed ground motions and
(b) matched response spectra

3.2

One-dimensional Site Response

One-dimensional (1-D) equivalent linear site response
analyses, using the computer program DEEPSOIL
(Hashash et al. 2015), was developed to model the soil
column to bedrock (250 feet below the ground surface).
The results of the 1-D site response were used to develop
“within” ground motions at the base of the 2-D PLAXIS
model at 150 feet below the ground surface. The shear
wave velocity profile presented in Figure 7 was obtained by
performing P-S suspension logging. These shear wave
velocity measurements along with the stratigraphy
presented in the Geotechnical Data Report (ENGEO 2015)
were used to build the soil model for the equivalent linear
response analyses. Shear strain modulus reduction and
damping functions were developed for the shoal deposit
using procedures developed by Darendeli (2001). The
modulus reduction function was calibrated with the results
of the laboratory tests by (1) selecting the shear wave
velocity of the post-liquefied material to be 300 feet per
second (ft/sec), and (2) matching the shear strength to the
average results from post-cyclic simple shear tests at 5
percent strain. This calibration is presented on Figure 5.
The shear strain modulus reduction and damping
functions for shoal and other soil material utilized in the

analyses are presented in Figure 8 and are consistent with
published literature for similar deposits (Vahdani et al,
2002).

Spectrally matched motions were input as “outcrop”
motions at the base of the DEEPSOIL model. The “within”
motions were extracted at a depth of 150 feet from the site
response analyses and used as the input motions for the
non-linear deformation analyses. The soil below 150 feet is
of the same formation as that above, and the impedance
contrast was therefore not a concern. The response
spectra of these motions are presented in Figure 9.

Figure 9. Response Spectra of the within motions at the
base of the PLAXIS model

3.3

Figure 7. Shear wave velocity measurement using P-S
suspension logging

Two-dimensional Non-Linear Analyses

The two-dimensional (2-D) PLAXIS model was developed
using a plane-strain, 15-node soil element to represent the
subsurface conditions presented in Figure 1. The finiteelement mesh generated by the program was refined such
that the maximum dimension of elements was 1/10th to
1/8th of the shortest wavelength considered in the analysis.
The mesh sizing was optimized with a sensitivity analysis
to maintain both accuracy and efficiency. The connectivity
plot is presented in Figure 10.

Figure 10. Connectivity Plot for PLAXIS finite-element
mesh

Figure 8. (a) Modulus reduction and (b) Damping function
for site response analyses
1

Young Bay Mud (YBM) and Older Bay Clay (OBC)

The boundary conditions consisted of a combination of
a displacement history and a viscous boundary to allow for
input of an earthquake motion, while still absorbing
incoming waves. The viscous boundary consisting of
dampers was applied to the sides of the model, while the
bottom was set as a fixed-base – fully reflective –
boundary. The program expects the input as “within”
motion for a fixed base condition. Sensitivity analyses were
performed with a compliant base at the bottom of the model
and no noticeable changes were observed.
The Mohr-Coulomb (MC) constitutive model was used
to model Young Bay Mud (YBM) and Old Bay Clay (OBC)
deposits.

The strain-compatible modulus and damping values
were obtained from the 1-D equivalent linear analyses for
the elastic portion of the MC model. The “perfectly-plastic”
portion was specified as the appropriate shear strength of
the material. PLAXIS uses Rayleigh damping formulations
with a two-frequency scheme. This results in underdamping between these frequencies and over-damping
outside of this range. Based on the predominant periods of
the ground motions and the period of the soil mass, these
frequencies were selected as 0.1Hz and 7.5Hz. Since the
MC input parameters for the YBM and OBC are the fully
softened 1-D stiffness values, the YBM and OBC did not
produce enough hysteresis damping to over-damp the
system.
Based on the densification observed from the DPC
procedure, the Hardening Soil with Small Strains
(HSSmall) constitutive model was used for the compacted
fill. The HSSmall accounts for the increased stiffness of soil
at small strains and its non-linear degradation with
increasing strain.
In addition, the UBC-Sand model was used for the
shoal deposit. The model evaluates the effects of porepressure generation on stiffness and strength of the soil
deposit by using an assumed hyperbolic relationship and
estimating associated volumetric response of the soil
skeleton using a flow rule that is a function of the updated
stress ratio (Brinkgreve et al. 2015). Cyclic simple shear
test results were used to calibrate the UBC-Sand
parameters for the shoal deposit. Figure 11 presents the
calibration between the numerical simulations and the
measured lab data.

The summary of the strength parameters is provided in
Table 2.
Table 2. Cyclic simple shear tests conditions
Parameter

Model

c’ref (psf)

φ'(ₒ)
37

Fill

HS-Small

10

YBM

MC

150-1600

0

Shoal

UBC-Sand

10

30

OBC

MC

2500

0

3.3.1

Time-history Analyses

The time-history analyses were performed in PLAXIS and
the effects of ground motion polarity on the magnitude of
the computed lateral displacements were evaluated by
reversing the input time histories. The computed lateral and
vertical displacements are presented in Figures 12 and 13.
Once the lateral displacements approach a constant
value, these computed movements can be considered to
be the result of vertical propagation of shear waves and not
related to shoreline instability effects. This conclusion is
also based on the results of sensitivity analyses performed
in which the shear strength of YBM and shoal immediately
below the rock dike was decreased, resulting in larger rock
dike displacements.

Figure 12. Seismic Deformation at Shoreline; (a) Lateral
and (b) Vertical
Figure 11. Comparison of numerical simulations with
measured data

Figure 13. Deformations (feet) due to Chi-Chi Earthquake; (a) horizontal and (b) vertical

The results show that at a distance of about 250 feet
from the shoreline, the computed lateral displacements for
the two analysis cases were similar, which indicates that at
this distance, the lateral displacements are not related to
the magnitude of the rock dike movement. It should also be
noted that the average displacement values were
conservatively influenced by one ground motion time
history that resulted in lateral deformations that were by far
larger than the ones associated with the other six ground
motions. In addition, as shown in Figure 12, no residual
deformation is observed in the vertical direction; therefore,
vertical deformations are not affected by vertical
propagation of shear waves and more closely correlate
with lateral displacement of the shoreline at the rock dike
location.
3.3.2

Pseudo-Static Analyses

Following the dynamic time-history analyses described,
two pseudo-static PLAXIS analyses were performed to
provide another estimate of the distance from the rock dike
over which the lateral displacements would propagate
inland. This provides a calibration between the dynamic
and pseudo-static analyses that will allow the pseudo-static
analyses to be used as a screening tool in future phases of
development on the island.
In the first analysis, lateral displacements at the top of
the rock dike, calculated through dynamic analyses, were
imposed on the static model to compute lateral
displacements behind (inland of) the rock dike. In this static
PLAXIS model, the soil elements are not capable of
developing tensile stress; therefore, the computed
displacements provide a realistic profile of lateral ground
movement.
In the second method, the soil elements representing
the rock dike and the zones adjacent to the rock dike were
eliminated from the mesh (it was assumed that these
materials had failed and moved into the Bay during the
earthquake), and the resulting lateral movement of the
remaining soil deposits in the mesh were computed.
This first analysis matched more closely with the results
from the time-history deformation analysis. These results
are presented on Figure 14.

3.4

Validation of PLAXIS Analyses versus Empirical
Data Comparison

The lateral deformation results from the 2-D PLAXIS
analyses were compared with observed seismically
induced lateral deformations during past earthquakes.
Cubrinovski
and
Robinson
(2015)
presented
measurements from detailed ground surveying at a large
number of locations along the Avon River following the
Canterbury earthquakes in 2010 and 2011 in New Zealand.
Bray et al. (2012) described the post-seismic
reconnaissance of the 2010 Maule, Chile earthquake
where cumulative horizontal displacements were
measured by summing the crack widths along shoreline
setbacks. Data from the above studies are plotted together
in Figure 14(a), along with the results of the deformation
analyses presented in this paper.
In addition, data computed from the Loma Prieta (LP)
earthquake in 1989, the Kobe earthquake in 1997, and the
Guam earthquake in 1993 are plotted in Figure 14(b),
together with the results of the deformation analyses
described in this paper. This set of published data is related
to lateral movements of sea walls at shorelines. The
setbacks are normalized by wall heights (H) and the
deformations (PGDh) are normalized by the maximum
deformation values at the sea walls (PGDh-max).

The distance at which the computed lateral
displacements are related to the shoreline instability was
estimated. The pseudo-static study confirmed that a
change in rock dike displacement would change the
computed displacement away from the dike up to the same
limit distance. It was concluded that the magnitude of
lateral deformation is insignificant beyond a distance of 250
feet from the shoreline. Therefore, buildings that are more
than 250 feet from the shoreline and founded on densified
fill can be supported on stiff foundation systems (e.g. rigid
mats or spread footing connected by a rigid grade beam
system) designed to mitigate the effects of differential
settlements related to post-cyclic settlement within the
shoal. Such structures would not experience significant
kinematic loads associated with lateral deformations of the
shoreline.
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Figure 14. Validation of PLAXIS analyses versus (a)
absolute measured data and (b) normalized measured
data on waterfront sites during past earthquakes
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SUMMARY AND CONCLUSIONS

Based on the results of field vibro-compaction, geologic
investigations, and laboratory testing, the shoal deposit is
very heterogeneous, consisting of sand, non-plastic silt,
and high-plasticity fat clay. In a typical 18-inch sample,
there are zones of relatively “clean” sand and zones with
higher silt and clay content. In addition, the relatively “dirty”
shoal deposit typically contains isolated zones (lenses or
seams) of highly plastic clays. The clay seams are
relatively thin with random distribution and orientation
throughout the samples. The “cleaner” deposit appears to
behave like a medium-dense to loose granular matrix,
whereas the “dirty” portion appears to behave like a looser
granular material based on the void ratio of the granular
phase. The laboratory testing performed confirmed these
observations. The results of post-cyclic simple shear tests
were used to calibrate the modulus reduction function in
site response analyses, while the cyclic simple shear tests
were used to calibrate the UBC-Sand constitutive model in
PLAXIS analyses.
A careful examination of the PLAXIS analysis results
indicates that the computed lateral displacements beyond
some distance from the rock dike are not associated with
lateral deformation at the shoreline, but rather are caused
by shear strains induced in the soil profile due to vertical
propagation of shear waves. The analysis results also
show that the computed vertical displacements are not
affected by vertical wave propagation and more closely
correlate with lateral displacement of the shoreline at the
rock dike location. The residual computed displacements
are judged to be by-products of numerical modeling and
vertical wave propagation of shear waves as opposed to
physical phenomena related to shoreline instability.
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