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ABSTRACT

Following and during the 2019 Ridgecrest Earthquake Sequence (July 4 M6.5 event and July 5
M7.1 event), the Geotechnical Extreme Events Reconnaissance (GEER) Association conducted
reconnaissance in areas with extensive surface manifestation of liquefaction at Searles Lake, near
Trona and Argus, CA (GEER 2019, Zimmaro et al. 2020). Searles Lake is an ancient endorheic
lakebed currently used as a mineral mine by Searles Valley Minerals (SVM). The reconnaissance
documented broad regions that had experienced surface manifestation of liquefaction and other
regions with no ground failure. As such, this site was considered an ideal case history for
investigations of the factors leading to surface manifestation of liquefaction or the lack thereof.

After site access was secured from SVM, a site investigation was undertaken that began with field
reconnaissance aimed at identifying specific locations for subsurface characterization and
evaluation of the appropriate testing equipment. The surficial lakebed soils were deemed too soft
for heavy equipment, so the investigation was planned as cone penetration test (CPT) soundings
by Gregg Drilling LLC through road embankments and hand augers with tube sampling on
adjacent lakebed areas. The subsurface investigation was carried out on May 22-23, 2023 in
proximate locations with and without surface manifestation of liquefaction. The investigation
consisted of five CPT soundings, two of which were seismic CPTs that included downhole shear
wave velocity testing. The CPT depths were limited to approximately 10 m because of concerns
of penetrating a confined aquifer at a depth of roughly 15 m. Four hand augered borings were
advanced by the UCLA team to sample soil layers of interest identified from the CPT logs;
borehole depths ranged from 2.2 to 4.0 m beneath the lakebed surface.

Site conditions were found to consist of a surficial lacustrine overconsolidated clay that extends to
3-4 m depth (below roadway) and overlies a silty sand layer with a soil behavior type index, I, <
2.6. The silty sand material was found to have a darkish, black hue, consistent with the color of
observed sand boil materials from the post-earthquake reconnaissance, suggesting this layer
produced the surface ejecta.

Tube samples of the surficial clay materials and dark silty sand were retrieved for testing at the
UCLA soil dynamics laboratory. Laboratory testing consisting of specific gravity, bulk density,
grain size distribution, and Atterberg Limits were conducted on samples of the silty sand materials
and clay layers. Additionally, velocity time series retrieved from the downhole geophones used in
seismic CPTs were interpreted to develop travel time picks and a shear wave velocity profile, from
which a time-average shear wave velocity for the upper 30 m of the site (Vs30) was estimated as
175 m/s.



Analyses conducted for this case history included ground motion estimation, analyses of layer
susceptibility and triggering, and analyses of surface manifestation of liquefaction for comparison
to the field observations.

Because there were no ground motion recordings from the 2019 Ridgecrest Earthquake sequence
in the immediate vicinity of the site, ground motion intensity measures were estimated from
regional recordings using an approach that spatially interpolates within-event residuals (Pretell et
al. 2024). That approach accounts for local site response using the site Vs3o with an ergodic model.
The ground motion interpolation approach was implemented in the python program, gmKriger,
which estimated median-component Peak Ground Accelerations (PGAs) from the July 4 and July
5 events of 0.234g and 0.28g, respectively with natural log standard deviations of 0.509 and 0.477,
respectively. The PGA of the larger July 5 event was considered the critical PGA and thus was
used for all liquefaction analyses.

The site profile, including soil properties from the CPT soundings, were combined with the site
PGA to perform liquefaction analyses. We considered two models. First, we applied a CPT-based
model from Boulanger and Idriss (2016) that is commonly understood to be a liquefaction
triggering model, but which in effect predicts surface manifestation based on analysis of a critical
layer. Second, we considered the probability of surface manifestation of liquefaction model
developed by the Next Generation Liquefaction (NGL) modeling team (Hudson et al. 2024). The
NGL model is distinct in that it considers probabilities of liquefaction susceptibility and triggering
on a layer-by-layer basis, then uses that information with various profile attributes to estimate the
probabilities of liquefaction surface manifestation for the profile. Taking the silty sand layer as the
critical layer, the Boulanger and Idriss model assigns a probability of liquefaction manifestation
of well over 85% for all CPT soundings, including those for which manifestation was and was not
observed (i.e., true positives and false positives, respectively). The NGL model assigns
probabilities of liquefaction manifestation of 0.48-0.58 (median of 0.52) to the CPTs within the
surface manifestation of liquefaction zone and 0.47 to the one CPT outside of the surface
manifestation of liquefaction zone.

The data from this case history has been uploaded to the NGL database (Ulmer et al. 2022) for use
by liquefaction researchers and will soon be published to DesignSafe.

Keywords: Surface Manifestation of Liquefaction, 2019 Ridgecrest Earthquake Sequence, Next
Generation Probabilistic Liquefaction Manifestation Model
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1 INTRODUCTION

1.1 DEFINITION OF TERMS

In this report, we present a case history of ground performance involving surface manifestations
and non-ground failure in proximate areas within an ancient endorheic lakebed from the 2019
Ridgecrest Earthquake sequence. In this context, a case history has three major elements (Stewart
et al. 2016): (1) it involves a specific location, or a series of locations, where observations of
ground performance were made and documented after an earthquake; (2) it includes the results of
site characterization that identifies site stratigraphy and the engineering properties of relevant soil
layers; and (3) it provides a measurement or estimate of the severity of ground shaking at the site
location along with information about the causative earthquake event.

The ground failure mechanisms investigated through these case histories are related to
liquefaction, which is generally defined as severe strength loss in saturated granular soils due to
undrained (generally cyclic) shearing. In the presentation of the case histories, we will use
terminology related to distinct issues that should be considered in the analysis of liquefaction
problems. This section defines those terms. The terminology is that developed for the Next
Generation Liquefaction project modeling effort (Hudson et al. 2024).

Surface manifestation refers to evidence of liquefaction at the ground surface, generally in the
form of sand boils, ground cracking, settlement, and other effects. Non-ground failure indicates
that a specific observation was made that these effects were not present at a site following an
earthquake. Surface manifestation or non-ground failure are attributes of a soil profile, which is a
collection of soil layers with different characteristics and occurring at different depths.

An individual soil layer may be judged to be susceptible or not to potential liquefaction.
Susceptibility is related to fundamental material characteristics of the soil that control the level of
pore pressure generation and strength loss that is possible if the soil were to be cyclically sheared.
Susceptibility is unrelated to the density and current saturation level of the soil; while both of these
factors affect the potential for triggering, they do not control the fundamental behavior of a soil.
Susceptible soils include both predominantly coarse-grained and fine-grained granular soils.

Liquefaction triggering occurs in liquefaction-susceptible soils when the soils are saturated (or
nearly so) and the liquefaction demand exceeds the soil’s capacity to resist liquefaction. Triggering
is a consequence of pore pressure generation in the soil, which leads to strength loss. However,
that strength loss can be temporary and disappear upon further shearing of the soil, or may persist
for longer periods of time, depending on profile and soil density characteristics.
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The NGL models for liquefaction effects consider, during an interim step, probabilities of
susceptibility and triggering for individual soil layers in a profile. Based on those results, along
with other layer characteristics that may include penetration resistance, depth range, and
information related to soil type, an assessment of layer and profile manifestation is conducted
based on inferences from case history data. Model performance is assessed by comparing profile
manifestation predictions to observations from sites subjected to strong shaking from earthquakes.
This report documents a case history and assesses model performance in this manner.

1.2 MOTIVATION AND SCOPE

The motivation for this project was to develop and analyze case histories for sites within Searles
Lake CA for which post-earthquake observations of field performance was performed shortly
following the 2019 Ridgecrest Earthquake Sequence. These sites were of special interest because
they all experienced similar levels of shaking and have similar site geology, but different levels of
ground performance (surface manifestation and lack thereof) occurred. As a result, the sites were
anticipated to be especially valuable for identifying factors related to individual profiles and soil
layers that may lead to the different levels of performance. Development of the case histories
required performing site characterization and estimating ground motions.

Site characterization began by developing a site investigation plan and coordinating with members
of Searles Valley Minerals (SVM), who own the site, and Gregg Drilling LLC, who performed the
Cone Penetration Testing (CPT) equipment, to execute that plan. After the investigation, a
laboratory testing program was carried out at UCLA on select samples to better characterize the
soil layers that were sampled from hand-augered boreholes. Significantly, samples of black silty
sand, resembling the sand boil ejecta that was documented immediately after the 2019 Ridgecrest
Earthquake Sequence, were recovered at various depths from all of the hand augered borings.
Laboratory testing was carried out on these samples to obtain parameters that are often used for
liquefaction analysis (like gradation and plasticity) and to assign a USCS Classification. Results
of the site characterization are described in Chapter 3 of this report.

The case histories developed in this project were not considered in either the training or testing
datasets employed during the development of the NGL models (Hudson 2023; Hudson et al. 2024),
which separately consider susceptibility, triggering, and manifestation as defined in Section 1.1.
As such, these case histories provide an independent basis from which to assess performance of
the NGL model and legacy models. These analyses are documented in Chapter 4 of this report.
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2 2019 RIDGECREST EARTHQUAKE
SEQUENCE

2.1 SITE GEOLOGIC HISTORY

Searles Valley is located in a Basin and Range geomorphic province (i.e., an area characterized by
the presence of abrupt changes in elevation, which alternate mountain chains with valleys and/or
basins), near the Mojave Desert geomorphic province. This area contains multiple seismogenic
faults including the roughly east-west trending Garlock fault to the south and the north-south
trending Little Lake, Salt Wells Valley, and Paxton Ranch fault zones to the east. These fault zones
are part of the Eastern California Shear Zone (ECSZ), which accommodates plate boundary
deformation east of the San Andreas fault and extends from the southern Mojave Desert to the east
side of the Sierra Nevada mountain range. The area comprises numerous interior drainage systems
with lakes and playas and horst-and-graben geologic structure (subparallel, fault-bounded ranges
separated by down-dropped basins) that include valleys such as Death Valley, Owens Valley,
Honey Lake Basin, and associated mountain ranges (Frankel et al. 2008, Liu et al 2010).

Searles Valley is an alluvial basin characterized by alluvial fan deposits on the flanks of the
surrounding mountains with lacustrine deposits in the interior of the basins. The alluvial deposits
are derived from the surrounding mountains, which are primarily Paleozoic to late Mesozoic
granitic bedrock (Kunkel and Chase, 1969) and volcanic deposits (Schweig, 1984).

Searles Valley has a stratigraphy comprising Pleistocene and Holocene alluvium, consisting of
fine-to-coarse sand with little gravel and fines, Holocene playa silt and clay, and Holocene aeolian
dune sand. However, the lacustrine deposits differ in that they contain thick evaporite deposits
interbedded with lacustrine silts and clays. The evaporites consist primarily of halite,
thermonatrite, thenardite, and ulexite with gypsum, locally common in some units (Smith, 2009).
The valley includes the hydrographically-closed Searles Valley Groundwater Basin, which was
once connected to other groundwater basins. The current lack of connection between basins in this
area makes it drier than in the past (McGraw et al., 2016). The groundwater table in the central—
western portion of the Searles Lake playa ranges from depths less than 1 to approximately 2 m
(California DWR, 2020). The groundwater in this basin is a brine with pH values between 9.2 and
9.5 (Smith, 1979).

12



2.2 EARTHQUAKE SEQUENCE AND FIELD OBSERVATIONS

The 2019 Ridgecrest earthquake sequence occurred in July 2019. A M7.1 July 5 mainshock
occurred on the Paxton Ranch fault zone and was preceded by a M6.4 foreshock on July 4 on the
Salt Wells Valley fault zone (Figure 2.1). These events caused massive liquefaction in the areas of
Trona, Argus, and the Searles lakebed (Brandenberg et al., 2019 and 2020; Zimmaro et al., 2020),
and surface fault ruptures along the two causative faults (Ponti et al., 2019; DuRoss et al., 2020)
(Figure 2.1).
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Figure 2.1. Overview of the 2019 Ridgecrest earthquake sequence area. Beachballs represent moment
tensor solutions for the M6.4 and M7.1 events; color coded lines represent surface fault rupture
features observed following the earthquake sequence.

Following the earthquake sequence, the Geotechnical Extreme Events Reconnaissance (GEER)
Association conducted reconnaissance that included documentation of ground failure and non-
ground failure in Searles Lake, near Trona and Argus, CA (Brandenberg et al., 2019; Zimmaro et
al., 2020). Whereas manifestation in Trona and Argus, to the extent that it occurred, consisted
mainly of tensile ground cracking that is difficult to associate with liquefaction, ground failure
within the Searles Lake area was abundant and unambiguous regarding its relationship to
liquefaction due to extensive boiling. Liquefaction surface manifestations were observed in large
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portions of the lakebed, but areas without evidence of ground failure were also identified and
mapped (Zimmaro and Hudson, 2019; Zimmaro et al., 2020). Most of these manifestations took
the form of sand boils and ground cracks, with abundant sand ejecta. Brine ejecta manifestations,
clearly caused by the earthquake sequence, were also present. Interestingly, most sand ejecta
throughout the lakebed were characterized by a very dark, almost-black, color (Figures 2.2 and
2.3).
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Figure 2.2. Satellite photo taken following the 2019 earthquake sequence of the South-West portion of
the lake. Orange dots represent highlighted photo locations taken during the reconnaissance mission
(Zimmaro and Hudson, 2019).
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Figure 2.3. Selection of photos taken in the area shown in Figure 2.2: (a) Photo 4061 (massive
liguefaction of dark-material ejecta), (b) Photo 4060 (sand boil), (c) Photo 4030 (sand boil with
crystallized brine covering its surface), (d) Photo 4079 (narrow line of dark ejecta - photo taken from the
top of the embankment where no liquefaction surface manifestation was observed), and (e) Photo 4075
(narrow elongated dark-ejecta feature).
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This coloration of ejecta made it easier to identify layers responsible for these manifestations,
which is discussed further in Chapter 3. While most liquefaction observations were made within
the central portion of the lakebed, at the margins of the lake, patterns of ground failure in the form
of relatively narrow (100-200 m-thick) concentric zones were also observed. One of the features
making it a case study worthy of subsequent investigations is the fact that variable surface
performances (i.e., liquefaction manifestations alternated with no surface manifestations within
the same, narrow, area) were present at various locations. This aspect makes it an attractive area
to perform separate liquefaction triggering and manifestation analyses and test legacy and newer
analysis methods.

15



3 SITE CHARACTERIZATION

3.1 SITE INVESTIGATION PLAN

A site investigation plan was developed to characterize the subsurface of Searles Lake at areas of
the lakebed where surface manifestations of liquefaction were documented by the reconnaissance
team led by Zimmaro et al. (2020). A preliminary site visit was conducted by the UCLA team in
September of 2022 to assess the feasibility of testing in the areas with the highest concentration of
observed surface manifestations of liquefaction. It was found that the lakebed surface was too soft
to support the weight of Gregg Drilling’s truck mounted CPT rig (60,000 Ib). Therefore, the spatial
scope of the investigation was limited to areas where significant surface manifestation of
liquefaction was observed near the access roadways. This led to the conclusion that the optimal
spot to perform testing would be in an area where heavy surface manifestation of liquefaction was
observed in the southern region of the lakebed, labeled “Testing Area” in Figure 3.1.

The plan originally consisted of six truck mounted CPT soundings to be performed by Gregg
Drilling (SCPT-1, CPT-2, CPT-3, CPT-4, CPT-5, SCPT-6) and five hand augered borings to be
dug by the UCLA team (HA-1, HA-IR, HA-2, HA-3, HA-4). Based on the observed field
performance as presented in Section 2.3, SCPT-1, CPT-2, CPT-3, and CPT-4 as well as HA-1,
HA-1R, HA-3, and HA-4 were considered to be in “surface manifestation of liquefaction” zones.
Conversely CPT-5, CPT-6, and HA-2 were considered to be in “no surface manifestation of
liquefaction” zones. One of the CPTs (CPT-5) encountered an obstruction and was therefore
canceled. Because of the obstruction, SCPT-6 was moved a couple meters to the east and was thus
renamed SCPT-6A. One of the borings (HA-2) was never started due to time constraints. At two
of the CPT locations (SCPT-1 and SCPT-6), Seismic Cone Penetration Tests (SCPTs) were
conducted for the purpose of measuring shear wave velocity. Finally, Horizontal-to-Vertical
Spectral Ratio (HVSR) testing was conducted at various locations to estimate the resonant
frequency of the site. The final site investigation plan that was executed on May 22 and Mat 23,
2023 is presented in Table 3-1 and Figure 3.1.
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Table 3.1.Testing locations for site investigation plan.

Test Name | Test Type Latitude | Longitude
SCPT-1 Seismic Cone Penetration Test 35.6939 | -117.3386
CPT-2 Cone Penetration Test 35.6939 | -117.3385
CPT-3 Cone Penetration Test 35.6939 | -117.3384
CPT-4 Cone Penetration Test 35.6939 | -117.3383
SCPT-6A [ Seismic Cone Penetration Test 35.6939 | -117.3381
HA-1R Hand Augered Boring 35.6939 | -117.3387
HA-1 Hand Augered Boring 35.6940 | -117.3386
HA-3 Hand Augered Boring 35.6957 | -117.3413
HA-4 Hand Augered Boring 35.6960 | -117.3441
SV-1 Horizontal-to-Vertical Spectral Ratio | 35.6942 | -117.3388
SV-2 Horizontal-to-Vertical Spectral Ratio | 35.6943 | -117.3388
SV-3 Horizontal-to-Vertical Spectral Ratio | 35.6958 | -117.3411
SvV-4 Horizontal-to-Vertical Spectral Ratio | 35.6959 | -117.3411
SV-1b Horizontal-to-Vertical Spectral Ratio | 35.6942 | -117.3389
SV-2b Horizontal-to-Vertical Spectral Ratio | 35.6943 | -117.3388
SV-5 Horizontal-to-Vertical Spectral Ratio | 35.6956 | -117.3412
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Figure 3.1. Testing locations for site investigation plan.

3.2 CONE PENETRATION TESTS

On May 22, 2023, Gregg Drilling LLC conducted five Cone Penetration Tests (CPTs) at the
locations given in Table 3-1 and Figure 3.1. Figures 3.2 through 3.6 show results of the cone
penetration tests SCPT-1, CPT-2, CPT-3, CPT-4, and SCPT-6A. Shear wave velocity
measurements for the SCPT soundings are presented in the next section. All of the CPT soundings
indicate the presence of a sandy fill layer overlying a predominantly clayey deposit with
interbedded silty sand and sandy silt layers at depths between 3 and 4 m, and near 4.5 m. Values
of soil behavior type index I~ (Robertson 1990) in the silty sand and sandy silt layers are between
1.5 and 2.6, and these layers are therefore considered susceptible to liquefaction.
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Figure 3.6. Cone penetration test results for CPT-6A.

3.3 SHEAR WAVE VELOCITY MEASUREMENTS

Down hole shear wave velocity measurements were made using seismic CPT soundings (SCPT)
at SCPT-1 and SCPT-6A that were conducted by Gregg Drilling LLC on May 22, 2023. The
automated travel time picks by Gregg Drilling (light blue points in Fig. 3.7) were not used. Rather,
the raw geophone data was analyzed and consistent wave features (or “picks”) were selected
amongst the wave recordings at each depth interval for the purpose of calculating shear wave
velocity. For both tests, no consistent wave features could be confidently identified at each depth
interval. Therefore, for both tests, one feature was identified at depths of approximately 1.52, 3.05,
and 4.75 m (5, 10, and 15 ft) and a different feature was identified at depths of 4.75, 6.10, 7.62,
and 9.14 m (15, 20, 25, and 30 ft). The reason why a single feature did not persist in all geophone

records is unclear, but may be related to the presence of the relatively stiff embankment overlying

soft clay, and the reflections caused by the resulting impedance contrast.
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For both SCPT-1 and SCPT-6A, pick 1 is selected at the location of the first peak of the signal
represented by the red line and pick 2 is selected at the first prominent trough of the same feature.
The raw geophone data and picks for SCPT-1 and SCPT-6A are shown in Figures 3.7 and 3.8,
respectively.
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Figure 3.7. SCPT-1 raw geophone data with picks for shear wave velocity calculation.
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Figure 3.8. SCPT-6A raw geophone data with picks for shear wave velocity calculation.

For both SCPT-1 and SCPT-6A, the travel times corresponding to both picks were plotted against
depth as shown in Figures 3.9 and 3.10. The gap in travel time of the two picks at a depth of
approximately 15 ft. is plotted as Att.
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Figure 3.10. Travel time vs. depth for SCPT-6A.

For each depth interval, the shear wave velocity was calculated using Eq. 3.1, where Vs is shear
wave velocity and tt is travel time in seconds.
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Values of Vs computed for the deeper depth intervals were reasonable. However, a number of
limitations are present in the Vs values computed at shallower depths. First, Vs is computed based
on differences in travel time over a depth interval, as identified by the features corresponding to
the different pick methods. These travel times should not be interpreted as the actual time required
for the wave to travel from the surface to the specified depth because no single feature of the
waveform is well-suited to directly measuring that travel time. For this reason, we cannot compute
a travel time for the first interval from depth 0 to 1.52 m. Second, travel times computed for the
depth interval from 1.52 to 3.05 m are 510 and 507 m/s for SCPT-1 and SCPT-6A, respectively,
both of which are unreasonably high for the soft soils encountered at this site. This indicates that
the SCPT results are unreliable at these depth intervals. For SCPT-6A, the peaks and troughs at a
depth of 4.72 m (15 ft) do not correlate well with the peaks and troughs from the shallower
measurements, and we therefore consider that interval to be unreliable.

To estimate Vs in the embankment fill from 0 to 1.37 m, we use correlations with CPT
measurements proposed by Wair et al. (2012) and presented in the Ulmer et al. (2020) as indicated
by Eqgs. 3.2 through 3.4, where f; is side friction in kPa, g, is cone tip resistance in kPa, I, is soil
behavior index, z is depth in meters, o, is total overburden stress in kPa, and P, is atmospheric
pressure in kPa.

Vs = 118.8log(f,) + 18.5 (3.2)
Vs = 2_27(qt)0.412 (IC)O'989(2)0'033 (33)
Vs = \/100.551C+:68(qt_0-v) (3.4)

Wair et al. suggests to take the average of the resulting three shear wave velocities calculated using
the equations as the shear wave velocity estimate. Utilizing SCPT-1 to a depth of 1.37 m, the
estimated shear wave velocity of the embankment fill using Wair’s method was calculated to be
205 m/s. We consider this to be a reasonable value.

For the clay layer between the bottom of the embankment fill at a depth of 1.37 m to the top of the
depth interval where we have reasonable velocity measurements at 3.05 m, we simply use the Vs
measured for the 3.05 to 4.57 m depth interval. These values are summarized in Tables 3.2 and
3.3, and in Figures 3.11 and 3.12. The shear wave velocity decreases slightly with depth, which
may be the result of fluctuations in the lakebed resulting in overconsolidation of the upper couple
meters of the profile. This would cause the upper portion of the profile to have higher shear wave
velocities, consistent with the shear wave velocity profile depicted in Figure 3.11.
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Table 3.2. SCPT-1 shear wave velocity values.

Depth; Depth;,, tt; tt; 1 Measured Vs Recommended Vs
(m) (m) (ms (ms) (m/s) (m/s)
0 1.37 N/A N/A N/A 205"
1.37 1.52 N/A N/A N/A 154¢
1.52 3.05 10 13 510° 154¢
3.05 4.57 12 22 154 154
4.57 6.10 39 50 139 139
6.10 7.62 50 61 139 139
7.62 9.15 61 73 127 127
9.15 10.00 N/A N/A 127 127¢
? measured value considered unreasonable
b interpolated from cone tip resistance using Wair et al. (2012)
¢ extrapolated up from depth interval from 3.05 to 4.57 m
4 extrapolated down from depth interval from 7.62 to 9.15 m
0
2 .
— 4
E
5
D g
B -
lD T T T T
0 50 150 200 250 300

25

Shear Wave Velocity {m/s)

Figure 3.11. SCPT-1 shear wave velocity profile.




Table 3.3. SCPT-6A shear wave velocity values.

Depth; (m) | Depth;,; (m) | tt; (ms) | tt;y; (ms) [ Measured Vs Recommended Vs

(m/s) (m/s)

0 1.37 N/A N/A N/A 205"

1.37 1.52 N/A N/A 507¢ 127¢
1.52 3.05 17 20 507* 127¢
3.05 4.57 20 27 217* 127¢
4.57 6.10 38 50 127 127
6.10 7.62 50 60 152 152
7.62 9.15 60 71 139 139
9.15 10.00 N/A N/A 139 1394

? measured value considered unreasonable

® interpolated from cone tip resistance using Wair et al. (2012)
¢ extrapolated up from depth interval from 3.05 to 4.57 m

4 extrapolated down from depth interval from 7.62 t0 9.15 m

0

)
N

Depth (m

10 T T T T T
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Figure 3.12. SCPT-6A shear wave velocity profile.
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For the purpose of extrapolating the velocity profile to a depth of 30m, we extend the bottom of
the profile to a depth of 10 m using the measured Vs for the deepest interval from 7.62 to 9.14 m.
This is because we use the method of Dai et al. (2013) for extrapolating a velocity profile from Z
to 30 m, where coefficients are specified for Z =5, 10, 15, 20, and 25 m, so we therefore need a
profile that extends to one of these depths. Using the shear wave velocity profiles, the travel time
in the upper 10 m was computed using Eq. 3.5, where AH is the layer thickness (note that the layer
thicknesses sum to 10m), and Nz is the number of layers. Values of #¢;0 were computed to be 0.068 s
and 0.071 s for SCPT-1 and SCPT-6A, respectively.

tt, = Zﬂ (3.5

To estimate the shear wave velocity of the upper 30 meters of the site (Vg3(), first the formula
proposed by Dai et al. (2013) to estimate the shear wave velocity from 10 to 30 meters was used,
as defined by Eq. 3.6, where z = 10 meters in this case, Vsz3 is the time-averaged shear wave
velocity from a depth of 10 to 30 meters, ¢y is model coefficient 1 which equals 0.642 in California,
and ¢, is model coefficient 2 which equals 0.777 in California, and Vs(z) is the shear wave velocity
at a depth of 10 m (not to be confused with the time-averaged shear wave velocity in the upper 10
m), and is equal to 127 m/s for SCPT-1, and 139 m/s for SCPT-6A.

log(Vszz0) = co + c1log(Vs(2)) (3.6)

Using Equation 3.6, the Vszzo was found to be 189 m/s for SCPT-1 and 203 m/s for SCPT-6A.
Finally, Vg3, was computed using Eq. 3.7

Vszo = 30-10 3.7)

Using Equation 3.8, Vg3, was estimated at SCPT-1 and SCPT-6A to be 172 and 177 m/s,
respectively. We therefore used an average Vsszo of 175 m/s for this site.

3.4 HORIZONTAL TO VERTICAL SPECTRAL RATIO TESTING
(HVSR)

As part of the site characterization field work on May 22-23, 2023, seven microtremor horizontal-
to-vertical spectral ratio (mHVSR) surveys were carried out in the Searles Valley lakebed (Ornelas
et al. 2023). mHVSR is a technique that was initially proposed by Nogoshi and Igarashi (1971)
and later popularized by Nakamura (1989). It is based on the principle that the microtremor
horizontal wavefield is often amplified when seismic waves propagate through soil deposits
compared to the vertical wavefield. Accordingly, peaks in mHVSR vs frequency plots can
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illustrate resonant frequencies associated with impedance contrasts within the soil deposit. Studies
have consistently shown that the lowest frequency peak found using mHVSR correlates to the
fundamental frequency of the site (Lermo and Chavez-Garcia 1993; Lachet et al. 1996;
Theodulidis et al. 1996). Measurements of mHV SR were performed as part of this study to provide
information that could be useful in future work to refine ground motion estimates at the site from
the 2019 Ridgecrest Earthquake Sequence. Figure 3.1 shows the locations at the site where these
mHVSR surveys were performed.

The surveys were performed using a 3-component broadband temporarily deployed seismometers.
The manufacturer of the seismometers is Nanometrics Inc., and the type of sensor used was a
Trillium Compact Horizon 120s seismometer, which was attached to a Pegasus PGS-140 recorder.
These seismometers have a flat frequency bandwidth from 0.0083 — 100 Hz (0.01 — 120 s). These
tests were performed for a recording time of 2-3 hr with a sampling rate of 200 Hz. The sensors
were partially buried 51-102 mm and covered with a 19-L bucket in order to increase the coupling
of the sensor to the ground and to reduce any external noise such as wind. Moreover, some of these
tests were performed using an electrical insulating blanket (referred to as E.M.F Blanket) in order
to reduce the potential for electrical noise to distort the HVSR ordinates. Figure 3.13 shows the
layout of the sensors with the blanket placed over the bucket.

Seismometer
w/ bucket

Digitizer = S e
in casing | i

. E.M.F.

Figure 3.13. Layout of the seismometer and the digitizer used during testing in the Searles Valley
Lakebed. In this image an EMF blanket was used to reduce the amount of electrical noise produced.

The data collected from these surveys was processed using processing procedures described in
Wang et al. (2022), using the processing package hvsrProc (Wang 2021). Additionally, pre-
processing steps were incorporated to reduce the amount of drift in the data which are described
in Ornelas et al. (2024b). Figure 3.14 shows four mHV SR mean curves and standard deviation (in
gray) of the tests performed in the lakebed. Figure 3.14 shows that two tests (a and b) performed
in one area of the lakebed and another two tests (¢ and d) performed about 273 meters apart have
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similar resonant frequencies (represented as peaks) across the lakebed for this area, which indicates
the deep geology structure is relatively consistent.

(a) Station: SV-1 (b) Station: SV-2
10 - 10 -
&
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(c) Station: SV-3 (d) Station: SV-4
10.0 10.0
7.5 7.5
[a g
L 5.0- 5.0 -
T
2.5 1 2.5 \/\f\/\/\N
0.0 T T AL | T T LA | T T T 0.0 T T LB | T T LB | T T T
1071 10° 10! 1071 10° 10t
Frequency (Hz) Frequency (Hz)

Figure 3.14. mHVSR spectra for four tests. (a) top left: Station SV-1, (b) top right: Station SV-2, (c)
bottom left: Station SV-3, (d) bottom right: Station SV-4, each test showing the mean curve and standard
deviation (in gray).

Three of the four test results have large values at low frequencies (< 0.15 Hz), which is a common
problem with highly sensitive sensors used in temporary deployments as was done at this site
(Ornelas et al. 2024b). Results at higher frequencies are more reliable, and consistently show first-
mode resonances at 0.35 Hz and a higher mode resonance at about 0.8 Hz. It is likely that the 0.35
Hz resonance is associated with a deep velocity contrast, possibly related to the soil/rock contact,
whereas the 0.8 Hz and higher resonance are likely associated with shallower horizons, possibly
including the Holocene/Pleistocene boundary. The association of a peak with a particular horizon
could only be confirmed with deep well log data, which was not available as part of this
investigation.

Although not undertaken as part of this study, mHVSR spectra can be used to inform site response
models. Prior work has shown promising results for localized regions with soft soils such as peat
deposits (e.g., Wang et al. 2022a; Buckreis et al. 2024), although models generally applicable to
broad geological conditions are not yet available. For this reason, there is merit in the collection
of this mHVSR for potential future model development in the Ridgecrest and Searles Valley
regions.
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The raw data and associated metadata are publicly available through a published dataset on
DesignSafe (Ornelas et al. 2023). Processed mHVSR mean curves and data are available through
the VSPDB at https://vspdb.org/ (Kwak et al. 2021).

3.5 BORINGS

During May 22-23, 2023, four borings were hand augered to depths ranging from 2.2 to 4.0 m
below the lakebed surface (Elevation of 497.1 m above sea level). One boring, HA-1R, was hand
augered on the road grade (Elevation 498.5 m above sea level) approximately 7 m to the west of
SCPT-1. The other three borings, HA-1, HA-3, and HA-4 were hand augered on the lakebed
surface in areas where surface manifestation of liquefaction was observed by the reconnaissance
team following the EQ sequence (Zimmaro et al 2020).

At boring HA-1, lacustrine clay was encountered to a depth of 1.68 m. Beneath that, silty sand was
encountered with a blackish hue consistent with the liquefaction ejecta observed during the
reconnaissance to a depth of 2.44 m at which point the boring was terminated. Figure 3.15 depicts
the stratigraphy of HA-1.
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Figure 3.15. Boring log for HA-1.

At boring HA-1R, sandy and clayey embankment fill was encountered to a depth of 1.37 m.
Beneath that, lacustrine clay was encountered to a depth of 3.2 m. Beneath the lacustrine clay, sand
was encountered with a blackish hue consistent with the liquefaction ejecta observed during the
reconnaissance to a depth of 3.35 m at which point the boring was terminated. Figure 3.16 depicts
the stratigraphy of HA-1R.
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Figure 3.16. Boring log for HA-1R.

At boring HA-3, which was advanced in the free-field rather than through the embankment crest,
lacustrine clay was encountered to a depth of 0.2 m followed by a thin layer of golden brown sand
to a depth of 0.33 m. Then lacustrine clay was again encountered to a depth of 2.13 m where sand
was encountered with a blackish hue, consistent with the liquefaction ejecta observed during the
reconnaissance, to a depth of 3.12 m. Lacustrine clay was then encountered to a depth of 3.35 m
where sand with a blackish hue was again encountered to a depth of 3.61 m at which point the
boring was terminated. Figure 3.17 depicts the stratigraphy of HA-3.
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Figure 3.17. Boring log for HA-3.

At boring HA-4, also in the free-field, lacustrine clay was encountered to a depth of 0.66 m
followed by a layer of black sand to a depth of 0.91 m. Then lacustrine clay was encountered to a
depth of 3.2 m where black sand, consistent with the shade of the liquefaction ejecta documented
after the earthquake sequence, was encountered to a depth of 3.96 m at which point the boring was
terminated. Figure 3.18 depicts the stratigraphy of HA-4.
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Figure 3.18. Boring log for HA-4.

3.6 WATER TABLE DETERMINATION

The water table depth of 0.6 m below the lakebed surface (and 2.0 m below the embankment
surface), as depicted in the boring logs and CPT soundings, was estimated using a combination of
methods. Pore pressure dissipation tests (not shown for brevity) were conducted during the CPT
soundings, but were inconclusive, with different soil layers implying different groundwater
elevations. In some cases, the dissipation tests had not stabilized when they were terminated, and
it is unclear the extent to which the measured pore pressures deviated from steady-state pore
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pressures. Furthermore, it is unclear whether groundwater is hydrostatic at this site due to mining
operations in which pressurized heated fluids are used to dissolve the evaporites. We also utilized
soil consistency encountered during hand auger operations to infer where soils transitioned from
being unsaturated to saturated. This was inferred from soil consistency and color.

3.7 LABORATORY TESTING

A number of Shelby tube samples and disturbed samples were obtained from the hand augered
borings at various depths to facilitate laboratory testing to better characterize the soil layers.
Following subsurface exploration, the samples were transported to the UCLA research lab where
the testing was performed between May and December of 2023. Table 3.4 summarizes the samples
on which laboratory testing was performed.
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Table 3.4. Samples obtained from site investigation for laboratory testing.

Sample [ Boring | Sample [ Sample | Sample Laboratory Tests Performed
Name Type Top (m) [ Bottom
(m)
Specific Bulk [ Atterberg | Grain Size
Gravity | Density Limits Distribution

HA-1.1 | HA-1 | Disturbed | 1.68 2.18 X X X
HA-1.2 | HA-I Shelby 2.18 243

HA- | HA-1R | Shelby 1.83 2.08 X

IR.1

HA- | HA-1R | Shelby 2.74 2.99 X

IR.2

HA- | HA-1R | Disturbed 3.2 3.35 X X

IR.3
HA-3.1 | HA-3 | Disturbed 0.2 0.33 X X
HA-3.2 | HA-3 Shelby 1.47 1.72 X
HA-3.3 | HA-3 | Disturbed | 2.13 2.64
HA-3.4 | HA-3 | Disturbed | 2.95 3.12
HA-3.5 | HA-3 | Disturbed | 3.12 3.35 X
HA-3.6 [ HA-3 Shelby 3.35 3.6 X
HA-4.1 | HA-4 | Disturbed | 0.66 0.91 X X X
HA-4.2 | HA-4 Shelby 0.91 1.16 X
HA-43 | HA-4 | Disturbed 3.2 3.96 X X

3.7.1 Index Testing

To obtain unit weight characteristics of the soil to facilitate effective stress calculations, both
specific gravity and bulk density tests were performed on specimens obtained from various

samples.

Specific gravity tests were performed in accordance with ASTM D854-14 Method B on samples
recovered from all of the encountered sand layers to measure the specific gravity of solids. The
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values of specific gravity of solids obtained for all of the sand samples were between 2.66 and
2.74. These values are consistent with the industry standard of practice of assuming a value
between 2.65 and 2.7 for the specific gravity of solids.

The bulk density was calculated for various Shelby tube samples by carefully extruding test
specimens, cutting a 1-inch-long section of the soil with a wire saw, and weighing the specimen.
This value can easily be converted to unit weight by dividing it by the specimen volume. These
values are important for effective stress calculations which are necessary for interpreting the CPT
data. The results for both the specific gravity and bulk density tests are presented in Table 3-5.

Table 3.5. Results of specific gravity and bulk density testing.

Sample Name Boring | Sample Sample | Sample | Specific | Bulk

Type Top (m) | Bottom | Gravity | Density
(m) (g/em?)

HA-1.1 HA-1 Disturbed 1.68 2.18 2.66

HA-1.2 HA-1 Shelby 2.18 243 2.03

HA-1R.1 HA-1R | Shelby 1.83 2.08 1.7

HA-1R.2 HA-1R | Shelby 2.74 2.99 1.63

HA-1IR.3 HA-IR | Disturbed 3.2 3.35 2.66

HA-3.1 HA-3 Disturbed 0.2 0.33 2.74

HA-3.3 HA-3 Disturbed 2.13 2.64 2.66

HA-3.4 HA-3 Disturbed 2.95 3.12 2.65

HA-3.6 HA-3 Shelby 3.35 3.6 1.98

HA-4.1 HA-4 Disturbed 0.66 0.91 2.74

HA-4.2 HA-4 Shelby 0.91 1.16 1.57

HA-4.3 HA-4 Disturbed 32 3.96 2.7

3.7.2 Grain Size Distribution

Grain size distribution tests were performed in general accordance with ASTM D6913-04 on
samples recovered from all of the encountered sand layers. The first step of testing consisted of
washing test specimens through a No. 200 sieve (0.075 mm opening), oven drying the portion
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retained by the No. 200 sieve, and allowing the portion passing the No. 200 sieve to settle to the
bottom of the bucket used for wet sieving. After allowing the portion passing the No. 200 sieve to
settle for approximately a week, the water on top of the settled soil was syphoned and the remaining
soil was oven dried. Then the oven dried portions of the specimens that passed and that were
retained on the No. 200 sieve were weighted.

It was after carrying out this process on samples HA-1.1, HA-1R.1, and HA-3.1 that it was
discovered that a sizeable percentage of the fine portion of the original sample (between 17 and
27%) was going unaccounted for (the mass of the total oven dried sample was larger than the
combined masses of the dried portion of the sample passing the No. 200 sieve and the dried portion
of the sample retained on the number 200 sieve). We hypothesized that dissolved solids, such as
sodium chloride and borax, might be responsible for this discrepancy. The mass of these
constituents were going unaccounted for because they were being removed when the water was
siphoned from the top of the soil.

For the remaining samples (HA-3.3, HA-3.4, HA-4.1, and HA-4.2), all of the siphoned water as
part of the wet sieving process was placed into metal bowls and oven dried along with the fines
settled at the bottom of the buckets. This process revealed the presence of a significant portion of
dissolved solids in the siphoned water, as depicted in Figure 3.19.

Figure 3.19. Metal bowl containing dissolved solids present after oven drying siphoned water from wet
sieving.
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For all of the specimens, the mass of the dissolved solids was calculated as follows:

Maissolved solids = Mtotal — (M> #200 T M< #200) (3.9

where Myissorved sotias 1S the mass of dissolved solids, m;,;q; 1s the total mass of the oven dried
sample, ms 4,00 1S the mass of the oven dried portion retained on the No. 200 sieve, and m_ 4,00
is the mass of the oven dried portion of the sample passing the No. 200 sieve that had settled to
the bottom of the bucket after wet sieving.

The ratio of dissolved solids to total mass (DS ) was then calculated as follows:

DS (%) = Tdissolvedsolids 4 1()(, (3.10)

Mtotal

Results of these calculations are presented in Table 3-6. Most of the specimens had a dissolved
solids ratio between 4.5 and 6.1 %, with HA-3.1 having a concentration of 2.6% and HA-4.2
having a concentration of 9.6%.

Table 3.6. Mass of dissolved solids gathered from samples.

Sample | Myoear (8) | M 4200 (8) | M< 4200 (8) | Maissotved sotias (&) | DS (%)
HA-1.1 1649.3 1157 408 84 5.1

HA-IR.1 839.5 661 141 38 4.5
HA-3.1 274.1 248 19 7 2.6
HA-3.2 1114.5 751 308 56 5.0
HA-3.3 1801.3 1234 458 110 6.1
HA-4.1 1374.2 797 504 74 5.4
HA-4.2 1285.9 865 297 124 9.6

After quantifying the concentration of dissolved solids in each specimen, sieve analyses were
performed on the portions of the specimens retained on the No. 200 sieve to obtain grain size
distributions. Table 3.7 presents the sieves used for each analysis.
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Table 3.7. Sieves used for sieve analyses.

Sieve No. | Sieve Opening (mm)

4 4.75
8 2.36

20 0.85

40 0.425

50 0.3

100 0.15

200 0.075

Figure 3.20 shows the grain size distributions obtained from the sieve analyses. As can be seen
from Figure 3.20, the shapes of the gradation curves are very similar, being predominantly well
graded between grain sizes of 0.5 and 0.1 mm. However, the grain size distribution of sample HA-
3.1 is relatively distinct from the rest of the samples. This sample was recovered from a shallow
sand lense that did not have the characteristic black hue of the layers that were ejected to the
surface during the earthquake sequence.

Sieve Analysis

Percent Finer

=11 [ | l |
101 10° 101 102 103
Grain size D (mm)

Figure 3.20. Grain size distributions of tested sand samples.

40



Table 3.8 summarizes the results of the grain size distribution most pertinent to classifying the
soils with the Unified Soils Classification System (USCS). As can be seen, all specimens have
greater than 12% fines with the exception of HA-3.1. The coefficient of uniformity (Cv) and the
coefficient of curvature (Cc) calculated for HA-3.1 suggest that it is a poorly graded sand (USCS
symbol SP). However, because it has a fines content greater than 5%, it requires a dual
classification. The rest of the specimens have a fines content greater than 12%, therefore Atterberg
Limits tests needed to be performed on the portion of the sample passing the No. 40 sieve (0.425
mm) in order to assign a final USCS classification.

Table 3.8. Parameters obtained from grain size distribution.

Sample | % Fines | Coefficient of Uniformity (Cv) | Coefficient of Curvature (Cc)
HA-1.1 34.0 3.14 0.56
HA-1R.1| 224 2.48 0.40
HA-3.1 8.2 4.36 1.25
HA-3.2 35.1 2.71 0.37
HA-3.3 323 2.62 0.38
HA-4.1 44.2 1.89 0.53
HA-4.2 30.8 2.57 0.39

3.7.3 Atterberg Limits

In order to complete the USCS Classification of the sand samples discussed above, as well as
selected samples of clay recovered from the site, the procedures outlined by ASTM D4318-17
(Liquid Limit Method A (Multipoint Method)) and ASTM D4318-17 (Plastic Limit Rolling
Procedure 1 (Hand Rolling)) were performed to obtain liquid limits and plastic limits, respectively.

The first specimen tested was HA-1.1 utilizing only the portion of the sample passing the No. 40
sieve and fresh water. The resulting LL, PL, and PI were 22, 18, and 4, respectively. When plotted
on Casagrande’s plasticity chart, this resulted in a classification of CL-ML. This would normally
result in a dual symbol of SC-SM. However, it was theorized that the significant dissolved solids
concentration could have an effect on the sample’s plasticity because cations are known to interact
with the surface of clay minerals, thereby reducing their plasticity. Therefore, the next specimen
that was tested was HA-4.1, the sand specimen with the highest fines content (44.2%). However,
this time the test was run with water that had a dissolved solids concentration of 20% (similar to
the measured dissolved solids concentration of the water of the samples). Using this pore fluid
solution, the sample was non-plastic because a thread could not be rolled during the plastic limit
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test, and the grooving tool could not cut a notch in the soil in the liquid limit test. Because this was
the specimen with the highest fines content, it is safe to assume that the portion passing the No. 40
sieve of all of the sand specimen would classify as non-plastic, resulting in an overall classification
for the sand samples of SM (silty sand).

To classify the clay located at representative depths throughout the site, Atterberg limits test were
performed on specimens HA-1R.1, HA-3.2, and HA-3.5. These specimens were composed
predominantly of clay by visual inspection, so they were not washed through a 200 sieve prior to
the Atterberg limits test. As a result, any dissolved solids were still present in the specimens. The
results of these tests are shown on Casagrande’s plasticity chart in Figure 3.12 and tabulated in
Table 3.9. All of the clay specimens were classified as low plasticity clay (USCS Symbol CL).
Worksheets summarizing the Atterberg Limits test results are contained in the appendix.
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Figure 3.21. Atterberg limits results plotted on Casagrande’s Plasticity Chart.

Table 3.9. Atterberg Limits test results.
Sample | Liquid Limit (LL) | Plastic Limit (PL) | Plasticity Index (PI) | USCS Classification

HA-1R.1 33 17 16 CL
HA-3.2 33 14 19 CL
HA-3.5 40 25 15 CL
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3.8 SITE PROFILE

Based on the stratigraphies inferred through the CPTs and borings as well as the results of the
laboratory tests, a site profile was developed for effective stress calculations which are necessary
for processing the CPT data. The stratigraphic profile is based on the average depth to the
respective layers based on SCPT-1, CPT-2, CPT-3, CPT-4, SCPT-6, HA-1, and HA-1R. Since the
profile was to be used for the CPT data, the stratigraphies of HA-3 and HA-4 were not considered,
as they are not in the general area of CPT soundings.

The unit weights of the upper lacustrine clay and both silty sand layers are based on the bulk
density results. The embankment fill unit weight of 19 kN/m? was assumed as no sample of the
embankment fill was collected. The unit weight of the middle and bottom lacustrine clay layers
were assumed to be 17 and 18 kN/m? respectively to account for the tendency of soil to get denser
and heavier with depth.
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Searles Lake Profile
(From Top of Road Embankment)
Elevation = 498.5 m, Depth = 0 m

Figure 3.22. Site profile used for effective stress calculations.
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4 LIQUEFACTION ANALYSIS

Using the data gathered from the site investigation, liquefaction triggering and manifestation
analyses was performed using two different methods at each CPT location. The first method was
the Boulanger and Idriss (2016) model, which is commonly considered to be a triggering model,
but is in effect a model to predict manifestation of a triggered critical layer. The second method
was the NGL supported modeling team (SMT) liquefaction model (Hudson 2023; Hudson et al.
2024), which was used to evaluate susceptibility and triggering of individual layers and the
probability of liquefaction manifestation for the profiles.

4.1 PGA ESTIMATION WITH GMKRIGER

Liquefaction analyses for the CPT sites require estimation of Peak Ground Accelerations (PGA)
for the two major events in the Ridgecrest Earthquake sequence. There were no ground motions
recorded in the immediate vicinity of the testing sites (the nearest ground motion recording station
was approximately 19 km away).

Ground motion intensity measures were estimated from regional recordings using an approach that
spatially interpolates within-event residuals (Pretell et al. 2024). That approach accounts for local
site response using the site Vszo (Table 3.3) with an ergodic model. The ground motion
interpolation approach was implemented in the python program, gmKriger, which estimated the
median-component Peak Ground Accelerations (PGAs) from the July 4 and July 5 events given in
Table 4.1. These analyses used the coordinates of SCPT-1.

Table 4.1. PGA estimates from gmKriger.
Event | Latitude |Longitude| Vs30 (m/s) | PGA Estimate (g) 07,,p64
M6.48 | 35.6939 |-117.3386 175 0.234 0.509
M7.06 | 35.6939 [-117.3386 175 0.280 0.477

Because the data and observed liquefaction manifestations could not be separated by event, the
larger estimated PGA from the two events (PGA from the M7.06 event) was used for the
liquefaction analyses.

4.2 EVALUATION USING BOULANGER AND IDRISS (2016) MODEL

The Boulanger and Idriss (2016) model requires evaluation of the critical layer for the purpose of
assessing manifestation potential. The critical layers with respect to liquefaction were taken to be
the shallowest layers below the groundwater table in each CPT that have a soil behavior index (1)
less than 2.6, which is an established threshold for assessing liquefaction susceptibility (e.g.,
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Maurer et al. 2017). We consider identification of the critical layer to be straightforward in this
case. The mean q.q .5 Was then computed, as summarized in Table 4.2.

Table 4.2. Critical layer data for each CPT.

CPT Manifestation Top Depth (m) |Bottom Depth (m)| Median qcqnes
(Yes/No)

SCPT-1 Yes 3.0 3.8 92
CPT-2 Yes 2.9 3.7 73
CPT-3 Yes 3.1 4.0 79
CPT-4 No 33 4.4 81

SCPT-6A No 32 4.0 77

The cyclic stress ratio (CSR) for each critical layer was then estimated using Eq. 4.1, where g, is
the initial vertical total stress at the midpoint of the critical layer, o', is the initial vertical effective
stress at the midpoint of the critical layer, and r; is the stress reduction factor which was computed
using the method by Boulanger and Idriss (2016).

PGA
CSR=0.65 *— = » Y0 1y (4.1)

[
0 vpo

Additionally, a magnitude and overburden corrected cyclic stress ratio, CSRum7.5, 1atm, Was computed
using Eq. 4.2, where MSF is the magnitude scaling factor and K, is the overburden correction to
account for the influence of contractiveness on liquefaction. MSF and K, were computed using
equations in Boulanger and Idriss (2016).

CSRw75,1am = CSR | MSF | K& (4.2)

The parameters necessary for the CSRum7.5,1am calculation and the resulting CSRum7.5,1a0m for each
CPT are presented in Table 4.3.

Table 4.3. CSR calculations for each CPT.

CPT  Manifestation PGA (g)| 0, | 'y r;  [MSF| Ko [CSRM75 1amm
(Yes/No) (kPa) | (kPa)
SCPT-1 Yes 0.28 65 51 | 097 [1.03]1.08| 0.206
CPT-2 Yes 0.28 63 50 | 0.97 [1.02/1.07] 0.208
CPT-3 Yes 0.28 67 52 10.97 [1.02/1.07| 0.213
CPT-4 Yes 0.28 73 55 [ 0.97 [1.03]10.6| 0.219
SCPT-6A No 0.28 68 53 10.97 [10.2/1.07| 0.214

Values of CSRwm.7,1atm and g4 s associated with each CPT are plotted along with the probabilities
of liquefaction triggering developed by Boulanger and Idriss (2016), as depicted in Figure 4.1. The
vertical and horizontal lines corresponding to each data point denote the one standard deviation
ranges for CSRm7.5,1am and gcines, respectively, where the range for CSRum7.5,1atm Was based on the
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standard deviation of the interpolation error in the kriging analysis, and the range for gcines was
computed from the measured gc/nes values over the depth range of the critical layer.
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Figure 4.1. CSR vs. .1 n¢s TOr the critical layer of each of the CPTs plotted against probabilities of
liquefaction triggering developed by Boulanger and Idriss (2016). Numbers near the data points identify
the corresponding CPT sounding.

The Boulanger and Idriss (2016) model predicts liquefaction at all of the CPT locations.
Manifestations were observed at four of the five locations, so these are considered true positive
predictions. Manifestations were not observed for CPT-6A, so this is a false positive prediction.
Furthermore, the critical layer properties for CPT-6A are not significantly different from the other
locations. The lack of manifestation at that location is therefore not well explained by differences
in critical layer soil properties.

4.3 EVALUATION USING NGL SMT MODEL

A modeling team within the NGL project recently produced a new methodology for evaluating
liquefaction susceptibility, triggering, and manifestation using a profile-based approach (Hudson
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2023, Hudson et al. 2024). This model assesses the probability factor of susceptibility (PFs),
probability factor of triggering conditioned on susceptibility (PFris), probability factor of
triggering (PFr= PFs- PFrs), probability factor of manifestation conditioned on triggering (PFumr),
and the probability of manifestation (P[ML]) for every layer within a CPT profile. Egs. 4.1-4.6
express the models as a function of CPT variables, where Ksa is a saturation factor, set to 0 for
layers above the groundwater table and 1 for layers below the groundwater table, zwp is the depth
to the top of the layer, # is the thickness of the layer, and # is the characteristic thickness, equal to
2m for this model.

1
PFs=1- I
| 4 cap (—1.70%(121_234 —1))
' 4.2)
. A7.8 - Gunes 264 — 106.3) %% — 1
CRR = —7.427 40,0338 . | (478 et = )
' (4.3)
R C'SR. 5 1a ﬂ1—0.6566 —1
C8R — M7.5,1at
—0.6566 (4.4)
1
PFT|S = N N ' KSat
~1.702. (CSR—CRR)
14 exp ( 0.985 )
(4.5)

1
1+ exp (— (8.206 — 0.342 - 2, — 3.461 - 1)) .6)

PFyir =

I is computed using a procedure given by Robertson (1990), gcines is computed using the fines
content (F'C) correlation from Hudson et al. (2024) and the clean sand and stress corrections from
Boulanger and Idriss (2014), and CSRum7.5,1amm 1s computed using the MSF from Green et al. (2016)
with the number of equivalent cycles (Neg) from Lasley et al. (2017) and rs from Lasely et al.
(2016).

To compute the P[ML], the CPT profiles are first inverse-filtered using the method by Boulanger
and DeJong (2018), and discretized into layers using the agglomerative clustering algorithm
presented in Hudson et al. (2023). The median gcines, Ie, and CSRum7.5, 1 Within the depth range of
each layer is taken as the representative value for that layer, and the depth to the top of each layer
and thickness of each layer are taken as z«p and ¢, respectively.
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The P[M1] of each layer is aggregated using the complement of the product sum of the probability
of no manifestation of a layer (P[NM.] = 1 - P[ML]) (Eq. 4.7) to compute the probability of
manifestation of the profile, P[Mp], where Ni is the number of layers in the profile.

Np,

P[Mp] =1 -] — P[M.])
i=1 4.7)

Using the site profile defined in Section 3.8, these probabilities are computed using the tip
resistance and sleeve friction data from the five CPT soundings presented in Section 3.2. Figures
4.2 through 4.6 present the results of the probability factor calculations and Table 4.4 presents the
P[MPp] predicted for each CPT sounding.

SCPT-1 P[Mp] = 0.58

0 100 12 3 0.00 0.25 0 1 0 1 0 1 0 1 0 1
Jcines l',;- CSRm7_5, latm PF5 PFT|5 PFT PFM|T P[ML]

Figure 4.2. SCPT-1 sounding data, estimated CSRwmy7.s5,1atm, Probability factors, and probability of

manifestation of each layer. The gcines, Ic, and CSRumy7.5,1atm plots show the point-by-point data as a black
line and the layered data as blue lines.
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CPT-2 P[Mp] = 0.57
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Figure 4.3. CPT-2 sounding data, estimated CSRwmy7siatm, probability factors, and probability of

manifestation of each layer. The gcines, I, and CSRumyz.5,1atm plots show the point-by-point data as a black
line and the layered data as blue lines.

CPT-3 P[Mp] =0.48
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Figure 4.4. CPT-3 sounding data, estimated CSRwm7siatm, probability factors, and probability of
manifestation of each layer. The gcines, I, and CSRumyz.5,1atm plots show the point-by-point data as a black
line and the layered data as blue lines.
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CPT-4 P[Mp] =0.52
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Figure 4.5. CPT-4 sounding data, estimated CSRwmy7.5,1atm, Probability factors, and probability of

manifestation of each layer. The gcines, Ic, and CSRumy7.5,1atm plots show the point-by-point data as a black
line and the layered data as blue lines.
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Figure 4.6. SCPT-6A sounding data, estimated CSRwmy7.5,1atm, probability factors, and probability of
manifestation of each layer. The gcines, Ic, and CSRumy7.5,1atm Plots show the point-by-point data as a black
line and the layered data as blue lines.
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Table 4.4. Probability of profile manifestation (P[Mp]) predictions for the five CPT soundings obtained
during the field investigation.

Test Name P[MP]
SCPT-1 0.58
CPT-2 0.57
CPT-3 0.48
CPT-4 0.52
SCPT-6A 0.47

The high CSRum7.5,1am and low gcines at each profile causes PFris to be almost 1 for most layers.
Triggering is suppressed in many layers because of the low PFs (due to high /., and corresponding
low susceptibility). There are a few layers that have both a high PFr and PFumr, leading to
significant P[ML] values; these layers correspond with the silty sand layers described in the site
profile. The shallower of the two silty sand layers, which was identified as the critical layer in the
liquefaction analysis in the previous section, contributes more manifestation potential than the
deeper sandy layer. This is because deeper liquefied layers are less likely to manifest at the surface.

Overall, the probability of manifestation of the profiles ranges from a high of 0.58 for SCPT-1 to
a low of 0.47 for CPT-6A. There is little difference in the computed P[MPp] values, though they do
span the threshold distinguishing a positive from a negative prediction. A positive prediction is
considered to correspond to P[Mp] > 0.5, such that positive predictions are made for SCPT-1, CPT-
2, and CPT-4, and negative predictions are made for CPT-3 and SCPT-6A. Therefore, SCPT-1,
CPT-2, and CPT-4 are considered true positives, SCPT-6A is considered a true negative, and CPT-
3 is considered a false negative. However, the strength of these true positives and true negatives is
relatively weak since they are all close to 0.5.
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S SUMMARY AND CONCLUSIONS

This report presents a site investigation to characterize the subsurface of several locations in
Searles Lake in an area where extensive surface manifestations of liquefaction were documented
following the 2019 Ridgecrest Earthquake Sequence. Hand augered borings, cone penetration tests
(CPTs), seismic cone penetration tests (SCPTs), and horizontal to vertical spectral ratio (HVSR)
testing was conducted as part of this effort as well as additional laboratory testing on samples
recovered from the hand augered borings including specific gravity, bulk density, grain size
distribution, and Atterberg limits tests. Significantly, silty sand with a dark hue consistent with the
color of sand boil ejecta documented after the 2019 Ridgecrest Earthquake Sequence was
identified in the hand augered borings at depths ranging from approximately 1.5 to 4 m beneath
the lakebed surface (0.9 to 3.4 m beneath the water table). The CPTs revealed material with a soil
behavior index, I, of less than 2.6 in the same depth range. This evidence leads to the conclusion
that this was the critical layer that experienced liquefaction during the 2019 Ridgecrest Earthquake
sequence.

The data gathered from the site investigation was analyzed using two probability of liquefaction
manifestation models: the critical layer-based liquefaction triggering and manifestation proposed
by Boulanger and Idriss (2016) and the profile-based probability of liquefaction manifestation
model developed as part of the next generation liquefaction supported modeling Team (NGL-
SMT; Hudson et al. 2024). Using the median PGA estimate for the larger July 5 event, the
Boulanger and Idriss (2016) model estimates a probability of critical layer liquefaction triggering
and manifestation greater than 85% at all CPT locations, producing four true positive and one false
positive prediction. The NGL model estimates a probability of liquefaction manifestation ranging
from 47% to 58%, producing three true positives, one true negative, and one false negative
prediction. However, these predictions were all close to the threshold.
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