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ABSTRACT 
This paper presents the approach and results of ground motion assessment, field investigation, material property 
characterization, and seismic displacement analyses that have been completed in support of the seismic performance 
evaluation of Bouquet Canyon Dam No. 1 under design level seismic loading representing a characteristic earthquake on 
the nearby San Andreas Fault.  
 
The Bouquet Canyon Reservoir is a strategic domestic water storage facility on the Los Angeles Basin side of the San 
Andreas Fault. The retention structures at Bouquet Canyon Reservoir consist of a 190 ft tall compacted earthfill 
embankment dam, (Dam No. 1) and a 48 ft tall saddle dam (Dam No. 2) which together provide up to 36,500 acre-ft of 
the water storage capacity for the Los Angeles Department of Water and Power (LADWP). Earlier studies of Dam No. 1 
highlighted an uncertainty in seismic stability due to the presence of potentially liquefiable alluvium left in place below the 
downstream portion of the embankment. This uncertainty led to an extensive field investigation, material property 
characterization and seismic displacement analysis effort, which are described in this paper. Instrumented Becker 
Penetration Tests (iBPT), along with conventional subsurface investigation methods such CPT, SPT, Sonic Coring, test 
pit and geophysical measurement, have been utilized to characterize the embankment and alluvium materials. The 
seismic performance of the dam under design level seismic loading was evaluated using finite difference analyses with 
several non-linear soil models (i.e. Mohr-Coulomb, PM4SAND, and UBCSAND). Given the alluvium and embankment 
characteristics and the available freeboard at maximum pool elevation, the results of the evaluation indicate that the dam 
performance under postulated shaking conditions would be satisfactory from a dam safety point of view. The numerical 
results also provide the initial guidelines to improve the dam stability further in order to meet the operational performance 
criteria following an earthquake.  
 

 
 
1 INTRODUCTION 
 
Bouquet Canyon Reservoir is located in the Angeles 
National Forest, in Southern California. The dam is owned 
and operated by the Los Angeles Department of Water 
and Power (LADWP) and is part of the Los Angeles 
Aqueduct system. The reservoir is retained by two rolled-
earth embankment dams constructed in the 1930s: the 
main dam across Bouquet Canyon, “Dam No.1,” and a 
saddle dam at the northwest rim of the reservoir, “Dam 
No. 2”. The height of Dams No.1 and 2 are about 190 ft 
and 48 ft, respectively.  

The Bouquet Canyon Reservoir was conceived as a 
strategic storage facility on the south side of the San 
Andreas Fault and as a replacement for the collapsed St. 
Francis Dam.  The embankment was engineered and 
constructed under supervision of Ralph R. Proctor, while 
working as LADWP’s resident engineer (LADWP, 1934).  
The design was based on several site investigations and 
laboratory testing programs conducted in the late 1920s 
and early 1930s.  The main embankment configuration 
and compaction specifications were developed 
considering shear strength of the fill material, reservoir 
seepage and piping potential, and seismic loading on the 
stability of the embankment. 

An aerial photo and an idealized cross section of the 
embankment at Dam No. 1 are shown on Figures 1 and 2, 
respectively. Earlier studies of Dam No. 1 highlighted an 

uncertainty in seismic stability due to the presence of 
potentially liquefiable alluvium left in place below the 
downstream portion of the embankment, which was 
originally intended to act as a natural drain. The potential 
liquefaction hazard prompted a restricted reservoir 
operation at twenty feet below the spillway elevation. An 
extensive field investigation, material property 
characterization and seismic displacement analysis effort 
were completed recently to investigate this uncertainty, 
which are described in this paper.  

The paper is focused on characterizing the 
liquefaction potential of the alluvium below embankment 
of Dam No. 1 and evaluating the consequences of its 
liquefaction. In the following sections, an overview of 
geologic conditions at the site and the field investigation 
program are presented. Key aspects of the material 
characterization are described and results of the seismic 
displacement analysis of the dam under earthquake 
loading using finite difference analyses with several non-
linear soil models are presented.  
 
 
2 SITE AND EMBANKEMENT CHARACTERIZATION 
 
 
2.1 Geologic and Seismic Setting 
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Bouquet Canyon Reservoir is situated within the San 
Gabriel Mountains, near the northeastern edge of 
California’s Transverse Ranges physiographic province. 
The area of the reservoir is underlain by three primary 
bedrock units: Granitic-Metamorphic Rockmass Complex, 
San Francisquito Formation and, Pelona Schist, the latter 
of which directly underlies Dam No.1. Detrital deposits 
(predominantly Quaternary-age alluvium) also exist in 
historic stream channels and over the valley floor.  

There is no evidence of Quaternary faulting beneath 
Dam No 1, but the dam is located in a seismically active 
area and subject to high seismic hazard as a results of an 
event on nearby faults. The dam is located about 7.5 km 
away from the San Andreas Fault. There are also several 
other active and conditionally active faults near Bouquet 
Canyon Reservoir which include the Clearwater, San 
Gabriel, Northridge, Santa Susana and Sierra Madre 
faults, among others.   

 
2.2 Collected Subsurface Information 
 
Existing field and laboratory testing data from previous 
investigations was reviewed to develop a preliminary 
model of the site which was used to identify data gaps 
and provide recommendations for a new site exploration 
program. The focus of this supplemental site exploration 
was to provide field and laboratory data to support a 
detailed characterization of the alluvium underlying the 
downstream portion of the embankment. The newly 
completed investigation program included 23 cone 
penetration tests (with shear wave velocity 
measurements), 12 mud-rotary test holes along with 
hammer energy measurements for collected SPT 
samples, eight instrumented Becker penetration (iBPT) 
test holes, and seven sonic core holes. The general 
locations of the investigations are shown on Figure 3. As 
shown, the explorations were distributed on the crest, the 
downstream face of the embankment on two temporary 
benches along the face of the dam, and along the 
downstream toe. As shown, data were collected at 
several clusters with various investigation techniques to 
allow for side-by-side evaluation of various investigation 
results. 

 

 
Figure 1. Aerial photo of the Bouquet Canyon Dam No. 1. 

 
 

 

 
Figure 2. Idealized cross section of the Bouquet Canyon 
Dam No. 1. 

 
 

 

 



 

 

Figure 3. General location of the collected subsurface 
information. 

 
 

2.3 Embankment Construction 
 
As shown on Figure 2, Dam No. 1 is a zoned, rolled-
earthfill dam.  From downstream toe-to-crest, Dam No. 1 
has a height of 190 ft, the embankment has a 50-foot-
wide crest, and is 1,180 feet long measured along the 
length of the crest between the left and right abutments. 

The embankment, in the upstream portion, is founded 
on Pelona Schist bedrock, a highly folded and sheared 
schistose rock mass found throughout the southern 
portion of the Bouquet Canyon Reservoir.  The 
construction records indicate that alluvium was completely 
stripped from the upstream portion of the embankment 
foundation during the original construction of the dam.  
However, it was largely left in place under the 
downstream portion of the embankment to act as a 
natural drain for the dam. The distribution and thickness 
of the alluvium in the downstream portion of the 
embankment are shown on Figure 4. 

The embankment was constructed using alluvium and 
terrace deposits that were excavated from within the 
reservoir footprint. As shown on the idealized maximum 
section on Figure 2, the embankment is comprised of 
several types of fill, which were derived from the same 
geologic source and were selectively graded during 
construction.  

 

 
Figure 4. Distribution of the alluvium left in place at 
Bouquet Canyon Dam No. 1. 

 
The embankment material was placed in lifts and 

compacted with sheepsfoot rollers, tractors, and trucks 
(Figure 5). It should be recognized that the Proctor test 
was initially developed during the construction of the 
Bouquet Reservoir and the available records indicate a 
generally well compacted embankment has been 
constructed. 

 
 

 
Figure 5. Photo from LADWP, 1934 original caption: The 
first large scale use of the modern method of soil 
compaction, the sheepsfoot rollers followed a single 
pattern until the soil had been rolled a minimum of 16 
times. 

 
 

2.4 Alluvium Characterization 
 
The alluvium is generally composed of brown to 

reddish brown clayey sand, silty sand and poorly graded 
sands, with some gravel and occasional cobbles. The 
gravel portions of the alluvium are primarily composed of 
weak, subangular to subrounded schist clasts, with 
occasional strong quartz clasts.  Among other features, 
weak lithologic bedding was also observed locally within 
the alluvium, clearly distinguishing it from the overlying fill. 

Based on gradation tests, as shown on Figure 6, the 
alluvium fines content (percent passing #200 sieve) 
ranges from 4 to 81% with a median of about 20%, and 
the gravel content (percent retained on #4 sieve) ranges 
from 0 to 62% with a median of about 13%. 

Atterberg limits testing (Figure 7) indicates that the 
alluvium is non-plastic to slightly plastic with an average 
PI of 3 (assuming non-plastic results are PI of zero) and a 
range from non-plastic to 14.  Note that 71 tests out of 
120 performed were non-plastic. In addition, 17 
hydrometer tests were performed with an average of 7% 
clay content (smaller than 5 microns) and a range 
between 2 and 11%. These results indicate that the 
alluvium could be susceptible to liquefaction if it is in a 
loose to medium dense state. 

 



 

 

 
Figure 6. Summary of alluvium gradation test results. 

 
 

 
Figure 7. Summary of alluvium Atterberg limits test 
results. 

 
The in-situ state of the alluvium was evaluated based 

on careful evaluation of the CPT, SPT and iBPT results. 
CPT evaluation included evaluating the in-situ state of the 
material using the State Parameter (See Figure 8).   

 
Figure 8. Distribution of CPT State parameter for the 
alluvium unit. 
 

 

 
Figure 9. SPT test results without gravel correction 
 

As illustrated on Figure 9 and 10, each SPT sample 
was carefully interpreted using photographs and blows-
per-inch data.  Gravel corrections were applied to SPT 
samples where photographic evidence could be combined 
with blows-per-inch irregularities to confirm the likely 
impact of gravel on the measured penetration resistance. 
Also, side-by-side gradation tests from Sonic and SPT 
samples were compared to evaluate the potential for 
sampler size bias on the gravel content and no systematic 
bias was observed. To provide further confidence in 
evaluated blow counts for the alluvium, iBPT tests were 
performed to obtain continuous, direct measurement of 
the penetration resistance of the gravelly material. iBPT is 
a relatively new improvement to traditional Becker 
Hammer Test, where energy delivered to the drill string tip 
is directly measured. This direct measurement reduces 
potentially significant uncertainties in estimating energy at 
the tip in traditional BPT method, and provides additional 
reliability to iBPT method .  



 

 

 
Figure 10. SPT test results with gravel correction 
 
 

In general, the upper portion of the alluvium contained 
relatively less gravel, more well-graded sand and had 
lower penetration resistance, whereas the lower portion of 
the alluvium contained relatively more gravel (including 
some hard quartz clasts), coarse quartz rich sand and 
had higher penetration resistance.  Based on these 
observations, the corresponding SPT, iBPT and CPT data 
were binned appropriately into “Upper” and “Lower” units 
to determine representative blowcount. It was noted that 
gravel corrections to SPT were minor in the upper 
alluvium. Typical SPT, iBPT and CPT results in one of the 
investigation clusters, in terms of corrected clean-sand 
equivalent blow counts, (N1)60,cs, are shown on Figure 11, 
where Lower and Upper portions of alluvium are shown 
with two different shades of yellow. 

 
Figure 11. Typical SPT, iBPT and CPT results in one of 
the investigation clusters, in terms of corrected clean-
sand equivalent blow counts, (N1)60,cs. Blow counts 
capped at 40 for presentation purposes on this figure. 
 

The upper alluvium data from all the investigation 
types were converted to equivalent corrected blow counts, 
and binned together based on confining stress range, and 
weighted equally (proportional to the thickness of alluvium 
sampled) to determine the 33rd percentile blowcount for 
the corresponding average in-situ vertical effective stress 
range.  As shown on Figure 12, this was used to model 
the 33rd percentile (N1)60,cs values as 16, 22 and 25 for 
the confining stresses of 2, 5.4 and 7.4 atm, respectively. 
The remaining (N1)60,cs model was interpolated between 
the points and capped at a lower bound of 16 and an 
upper bound of 25.   

It should be noted that embankment fill and bedrock 
were also characterized as a part of this study, but for 
brevity, the discussion in this paper has focused on the 
liquefaction susceptibility of the alluvium unit that controls 
the seismic response of the embankment. 
 
2.5 Seepage Conditions 
 
The alluvium has been observed as generally dry during 
normal operation of the reservoir, including during the 
current investigation where every boring was observed 
dry through the alluvium. However, it was acknowledged 
that the restricted reservoir operating level and drought 
may have played a role in this observation.  Historical 



 

 

observations suggest that the deeper alluvium can 
become saturated during extended periods of heavy rain. 
The saturated alluvium accounts for approximately 5% of 
the time period of the observation record.  As part of the 
current investigation, automated Vibrating Wire 
Piezometers (VWPs) were installed in ten existing open 
standpipe piezometers, and three new multi-level 
automated VWP arrays were installed at key locations on 
the dam to provide further data regarding the saturation of 
the alluvium. Based on an analysis of all the available 
groundwater data collected in the vicinity of Dam No. 1, 
the likelihood of liquefaction occurring in the Dam No. 1 
foundation is very low due to the dry nature of the 
alluvium. However, a conservative, deterministic case 
with saturated alluvium for the full depth of the material 
has been analyzed to understand the potential impacts on 
dam safety. Pore pressures in other zones for analysis 
have been developed based on a seepage analysis of the 
dam, consistent with observed pore pressure data. 
 

 
Figure 12. Interpreted blow counts and developed model. 
Blow counts capped at 40 for presentation purposes on 
this figure. 
 
 
3 SEISMIC DISPLACEMENT ANALYSES 
 
 
3.1 Input Ground Motions 
 
The ground motion evaluation for the Bouquet Canyon 
Dam has been carried out in accordance with standards 
and guidelines available for California Department of 
Safety of Dams (DSOD) jurisdictional facilities (Fraser and 

Howard, 2002). The recommended ground motion 
response spectrum at 5% damping was developed for the 
project using Deterministic Seismic Hazard Analysis 
(DSHA), considering all appropriate seismic sources 
within the vicinity of the project site. Based on the results 
of the DSHA, the controlling event for the reservoir is a 
magnitude 7.9 event on the San Andreas Fault located at 
a closest distance of 7.5 km from the site (the “San 
Andreas event”). The recommended 84th percentile 
response spectrum at 5% damping from this event is 
shown on Figure 13. 

The seismic displacement analysis for the reservoir 
embankment involves performing nonlinear displacement 
analyses, which requires acceleration time histories that 
are spectrally matched to the design response spectrum.  
As such, a set of three input seed acceleration time 
histories were selected to represent the San Andreas 
event at the site. The recommended matched 
acceleration time history for the critical motion (i.e. the 
one that resulted in highest displacements) with its 
response spectra at 5% damping and Arias Intensity are 
also summarized in Figure 13. 
 

 
Figure 13. Input Ground motion time history, response 
spectra, and Arias Intensity plot. 
 
 
3.2 Seismic Displacement Analysis 
 



 

 

The computer program FLAC (Fast Lagrangian Analysis 
of Continua) was used to perform 2-D plane-strain 
nonlinear seismic displacement analysis of the selected 
analysis section. The bedrock was modeled as elastic 

material, and the embankment was modeled using the 

Mohr-Coulomb constitutive model.  Considering that 
liquefaction-induced displacements are the predominant 
driving mechanism for displacement of the dam during the 
shaking, an attempt has been made to reflect the impact 
of uncertainty in liquefaction modeling by using three 
different constitutive models to model the potentially 
liquefiable alluvium. These constitutive models were: 
Mohr-Coulomb (with cycle counting, see below) 
UBCSAND, and PM4SAND. Each model is briefly 
described below: 

 

 Mohr-Coulomb model consists of the linear-elastic 
perfectly-plastic Mohr-Coulomb model available in 
FLAC, coupled with an empirically driven pore 
pressure generation procedure, similar to that 
described by Dawson and Mejia (2012). Mohr-
Coulomb model is used with a total stress 
approach in the evaluation. The excess pore 
pressure ratio is calculated during the dynamic 
analysis in response to shear stress cycles 
following the empirically-based cyclic-stress 
approach (Idriss and Boulanger 2008, Boulanger 
and Idriss 2014). The model reduces the shear 
strength (to liquefied residual shear strength) and 
shear stiffness parameters once liquefaction is 
triggered, as indicated by the excess pore 
pressure ratio.  

 

 UBCSAND is an effective stress plasticity model 
for use in displacement analyses in geotechnical 
engineering (Beaty and Byrne, 2011). The model 
was developed primarily for “sand-like” soils 
having the potential for liquefaction under seismic 
loading (e.g., sands and silty sands with a relative 
density less than about 80%). The model 
calculates the shear stress-strain behavior of the 
soil using an assumed hyperbolic relationship, and 
estimates the associated volumetric response of 
the soil skeleton using a flow rule that is a function 
of the current stress ratio. The change in 
volumetric stress is then used to calculate pore 
pressure changes and subsequent changes in 
model response. The model was calibrated to 
exhibit triggering of liquefaction at cyclic stress 
levels similar to those indicated by empirical 
relationships. 
 

 PM4SAND is an effective stress constitutive model 
based on bounding surface plasticity for sand 
developed at UC Davis (Boulanger and 
Ziotopoulou, 2015). PM4SAND was developed for 
geotechnical earthquake engineering applications 
to capture the response of sandy soils to 
laboratory testing. The soil response is compatible 
with critical state soil mechanics through the use of 
the relative state parameter and the critical state 

line. Similar to the UBCSAND model, the 
volumetric strains calculated under loading are 
used to calculate induced pore pressure changes 
and subsequent changes in model response. The 
model was calibrated to exhibit triggering of 
liquefaction at cyclic stress levels similar to those 
indicated by empirical relationships. 

 
The results of the seismic displacement analyses in 

terms of magnitude of calculated displacements are 
shown on Figure 14 and generally show comparable 
results for three liquefaction models. The displacements 
are towards downstream along the moving block 
highlighted with colors on this figure; generally speaking, 
displacements are vertical in downward direction near 
crest, and horizontal in downstream direction at the toe. 
The results indicate that a relatively modest loss of free 
board on the order of 1 to 3 ft is anticipated during the 
postulated shaking event. It should be noted that there is 
about 15 ft of free board at maximum pool conditions, and 
therefore, the calculated displacements are unlikely to 
result in safety-related concerns due to dam overtopping.  

This conclusion is predicated on a deterministic 
scenario where the alluvium is fully saturated for the full 
thickness of the unit at the time of shaking.  It is noted that 
current and historic observations indicate that the alluvium 
is dry approximately 95% of the time and only appears 
saturated in localized areas during heavy rainfall events. 
 
 

 
Figure 14. Magnitude of calculated seismically induced 
displacements. 
 
 

The calculated excess pore pressure time histories 
and shear stress-strain loops at two locations within the 
alluvium are shown on Figure 15 and 16 for the various 
liquefaction models. These results highlight differences in 
behavior between the various soil models, which are 
inherent to the development of the each model. However, 
note that the differences between the models does not 
affect the conclusion regarding the safety of the dam.  



 

 

 

 
Figure 15. The calculated excess pore pressure time 
histories at two locations within the alluvium. 
 

 

Figure 16. The calculated shear stress-strain loops at two 
locations within the alluvium. 
 
 
4 SUMMARY 
 
 
The results of material characterization and seismic 
displacement analyses for Bouquet Canyon Dam No. 1 
under postulated shaking conditions were presented in 
this paper.  The key issue controlling the seismic 
response of the embankment is the potential for 
liquefaction triggering of alluvium in the downstream 
embankment foundation.  The characterization effort was 
focused on evaluating this aspect closely through a 
detailed field investigation followed by a comprehensive 
study of the stratigraphy, in-situ state of the material, 
material properties and groundwater conditions.   

In summary, the presented results indicate that if the 
alluvium is fully saturated during the postulated shaking 
event (i.e. saturated over the full thickness of the unit), the 
alluvial deposits under the downstream portion of the 
embankment are likely to trigger liquefaction which would 
result in approximately 3 ft of crest displacement, with 
larger displacements occurring at the downstream toe of 
the embankment. However, given the embankment fill 
characteristics (e.g non-dispersive), the filter compatibility 
between the various zones, the pattern of displacements 
and the 15 ft of freeboard at maximum pool conditions, 
the calculated displacements are unlikely to result in 
safety-related concerns due to dam overtopping or 
internal pipping.   
 
5 REFERENCES 
 
 
Beaty M.H. and Byrne P.M, 2011, Documentation Report: 

UBCSAND Constitutive Model on Itasca UDM Web 
Site, Itasca UDM web site (www.itasca-udm.com). 

 
Boulanger, R. W., and Idriss, I. M., 2014, CPT and SPT 

based liquefaction triggering procedures, Report No. 
UCD/CGM-14/01, Center for Geotechnical Modeling, 
Department of Civil and Environmental Engineering, 
University of California, Davis, CA, 134 pp. 

 
Boulanger, R.W. and Ziotopoulou, K. 2015, PM4SAND 

(Version 3): A Sand Plasticity Model For Earthquake 
Engineering Applications, University of California at 
Davis, CA. 

 
Dawson E.M. and Mejia L.H., 2012, Updates to a Practice 

-Oriented Liquefaction Model, GeoCongress 2012, 
Oakland, CA. 

 
Fraser, W.A., and Howard, J.K., 2002, Guidelines for use 

of the Consequence-Hazard Matrix and selection of 
ground motion parameters: California Department of 
Water Resources, 9 pp. 

 

http://www.itasca-udm.com/


 

 

Idriss I.M. and Boulanger R.W., 2008, Soil Liquefaction 
During Earthquakes, Earthquake Engineering 
Research Institute, Publication No. MNO-12, Oakland, 
CA. 

 
Itasca, 2011, FLAC Version 7.0, Itasca Consulting Group, 

Minneapolis, MN. 
 
Los Angeles Department of Water and Power, February 

1934, Final Report on the Bouquet Canyon Project: 
1932-1934, Department #AX183-40. 

 


