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1. Abstract
This paperpresents probabilistic liquefaction hazard analysis (PLHA)results for groundwater conditions associated with 
different sea level rise scenarios at an example site in southern California.Finite element simulations model groundwater 
conditions for various sea level rise scenarios, and the subsequent pore pressures are then used in a PLHA framework to 
compute the annual down-crossing rate of factor of safety. Two meters of sea level rise is found to cause a 4-fold increase in 
the annual probability of liquefaction triggering.
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2. Introduction 
Global sea levels are expected to rise between two to five meters by the year 2150 (Fox-Kemper et al., 
2021).Coastal aquifers are highly dynamic groundwater systems controlled by opencoast and embayment water 
levels.The beach groundwater system is a shallow, unconfined aquifer consisting of the saturated zone, 
unsaturated zone, and capillary fringe. Sea level rise, tides, and waves significantly influence groundwater in 
coastal areas, causing groundwater overheightsand transient oscillations that maysignificantly extendinland 
when low permeability layers confine the aquifer. However, dynamic groundwater conditions are typically 
ignored in liquefaction evaluations. Generally,the groundwater table depth is measured at the time of a 
geotechnical site investigation and assumed to be hydrostatic and stationary. Liquefaction is then evaluated for 
susceptible layers using a triggering procedure that compares liquefaction resistance to earthquake ground 
shaking. Earthquake-induced liquefactionconsequences include lateral spreading, sediment ejecta, lateral flow, 
passive pressures increases in retaining structures, and differential settlements, which can disrupt infrastructure
(Fig. 1). Transient groundwater dynamics may change future liquefaction vulnerability as currently unsaturated 
soils become saturated. However, a paucity of research considerssea level rise impacts on near coast 
liquefaction.

Fig. 1: Schematic outlining groundwater, sea level, and liquefaction interaction along the California coastline

3. Methodology
In this study, finite element simulations are used to computegroundwater conditions forced by tides and sea 
level rise. The resulting fluid pressures are combined with geotechnical conditions and earthquake shaking 
intensity in a probabilistic liquefaction hazard assessment (PLHA). An example analysis is performed atCardiff 
State Beach  in Southern California. Cardiff State Beach is a 150 meter wide sand spit with beach groundwater 
experiencing tidal forcing from both San Elijo Lagoon Estuary to its east and the Pacific Ocean to its west. The 
estuary is connected to the ocean through a single, narrow ( 30 m) inlet at its northwestern end.  In the lagoon, 
the falling tide outflow is limited by the inlet channel and sillelevation (~1 m NAVD88). The tides are 
characterized as mixed semi-diurnal, with tidal ranges varying from 1.4 m during neap tides to 2.3 m during 
spring tides. From an infrastructure perspective, Highway 101 and the coastal Amtrak line lie to the east of the 
beach; additionally a parking lot is adjacent to the lagoon. The native beach sand is medium grained (D50 = 0.16 
mm ) and was nourished in 2012 with coarse sand (D50 = 0.57 mm ) (Ludka et al., 2016). The beach remained 
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elevated above 2010 levels by about 1 m through January 2016, suggesting a retention of the nourishment layer, 
especially on the upper beach (Ludka et al., 2016). 

3.1. Field Measurements
A digital terrain model (DTM) is constructed in the projected coordinate system WGS 1984 UTM Zone 11N 
and vertical datum NAVD88 m, with a grid size of 0.5 m. Beach topography was measured from the upper 
beach to 8m depth on 21 December 2015 using GPS-equipped platforms (Ludka et al., 2019). LiDAR is used to 
characterize stable back beach elevations (NOAA,2022). Road and lagoon elevations are augmented using 
recent high-resolution LIDAR (OCMP, 2022). In 2015-2016 16 pressure sensors measuring at 2 Hz were
deployed along a cross-shore transect from the ocean to the estuary (Fig. 2B) to measure dynamic beach 
groundwater levels.One pressure sensor (P1) was placed in the estuary to monitor water levels.

3.2. 2-D Groundwater analysis
PFLOTRAN, an open-source multiphase groundwater flow model, is applied to Cardiff State Beach (Hammond 
et al., 2014). A 2D cross-shore transect is modeled as single phase using the Richard’s equation without 
hysteresis, assuming a Darcy flux. The Richard's equation accounts for the influence of variable saturation on 
hydraulic conductivity (Richards, 1931). The Mualem formulation of the Van Genuchten equation is used to 
describe the flow, saturation, and permeability functions (Van Genuchten, 1980). In order to resolve rapidly 
variable beach topography, an explicit Voronoi polygon computational mesh is used. First, a Delauney 
triangular mesh is created using Triangle (Shewchuk, 1996). The resulting vertices are then used as centroids for 
the Voronoi mesh generated with LaGrit (LaGriT, 2023) (Figure 2A). Modeled pore pressures converged for 
Delauney triangular mesh sizes of 0.05 m2 and finer; accordingly, this cell size constraint is used.

The model domain is created along a cross-shore transect following pressure sensor locations, extending 
from the shoreline over the San Elijo Lagoon 250 m inland(Fig.2C). The bottom of the domain is set as a no-
flow boundary at -20m NAVD88. The seaward boundary and the beach face up to the crest of the sand spit are 
set to a hydrostatic seepage condition. This assumes a hydrostatic distribution of the boundary forcing pressure 
and only admits flow into the domain when the boundary pressure is above atmospheric. The top boundary 
inland from the crest of the sand spit is set to a conductance boundary condition, which is designed to mimic a 
lower permeability soil layer (Fig. 2C). This is similar to the seepage condition, except that a conductance 
parameter (permeability/distance) is specified instead of using boundary grid cell parameters. This allows for 
tuning of infiltration rates into the aquifer to account for lower permeability estuarine deposits. The inland 
(right) boundary is set as a no-flow boundary(Figure 2C).Marine boundaries are forced by converting water 
levels to hydrostatic pressure distributions. The water level applied at the ocean-side boundary is equal to the 
mean runup elevation calculated using NOAA observed water levels and wave measurements recorded at 10 m 
ocean depth (NOAA, 2024). Mean runup elevation is calculated using empirical formulae presented by 
Stockdon et al. (2006) as shown in Eq. (1) and assuming a Rayleigh distribution of wave runup:

2% = 1.1 0.35 0 0 +
0 0 0.563 2 + 0.004

4.4
     (1)

where ² f is foreshore beach slope [-], H0 is deep water significant wave height [m], and L0 is deep water 
wavelength [m]. The estuary and inland boundary are forced using estuary water levels measured at P1. Sea 
level rise scenarios are considered by increasing all forcing water levels by1.0mand 2.0m.

A Newton solver is used with an absolute tolerance of 1x10-12 and a maximum of 50 iterations allowed. A
maximum time step of 15 minutes is used in order to capture minimum and maximum water levels across the 
approximately 12-hour tidal cycles. The model is calibrated with respect to hydraulic conductivity (K); all other 
physical parameters were set to values typical for sandy beaches. Calibration of K is evaluated by minimizing 
overall RMSE of modeled pore pressure relative to in situ measurements. Regions of distinct soil characteristics, 
such as the constructed parking lot and larger grain size nourishment layer, are assigned unique hydraulic 
conductivity values (Fig.2C). Estuary borehole measurements found a clay/silt layer extending up to 9 ft (2.74 
m) from the surface (AECOM, 2016). Therefore, an additional low permeability region is defined under the 
estuary extending to 0 m NAVD88 in order to represent the lagoon sediment deposits (Fig. 2C). A low hydraulic 
conductivity (1.0 x 10-13 m/s) is used for this region, essentially representing confined aquifer conditions. The 
conductance parameter for the boundary is also set to 1.0 x 10-13 m s-1 / m . The model is run using 
observationsfrom November and December of 2015. Model results are used to create CDFs of pore pressure at 
150 m inland location. Pore pressure values are then applied as inputs to the liquefaction hazard assessment.
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Fig. 2: A) Features used in development of explicit Voronoi polygon computational mesh. B) Buried pressure 
sensor array at Cardiff State Beach from winter of 2015. Black line is modelled cross-shore transect. C) 
PFLOTRAN model schematic of regions and boundary conditions. Estuary water levels measured at P1. Box 
indicates illustrated mesh extent. Liquefaction hazard analysis performed at x=150m.

3.3. Probabilistic Liquefaction Hazard Analysis
PLHA extends probabilistic seismic hazard analysis (PSHA) by integrating ground motion hazard with 
liquefaction hazard, and computes the annual rate of factor of safety against liquefaction dropping below a 
specified threshold. The general form of the PLHA solution is shown in Eq (1), where ( < ) is the annual 
rate of factor of safety against liquefaction, FSL, dropping below a threshold value, fsl, nsources is the number of 
earthquake fault rupture scenarios, ( > min ) is the rate of earthquakes of magnitude M larger than a 
minimum considered value, mmin, mmax is the maximum considered magnitude, rmax is the maximum considered 
distance, im is a ground motion intensity measure, m is magnitude, ξ is an array of variables used to define the 
soil properties and stress conditions used in a particular liquefaction triggering model, and r is distance. Solving 
Eq. 2 for many different values of fsl results in a liquefaction hazard curve representing the annual downcrossing 
rate of fsl.

( < ) = ( > min ) ( < | , , ) ( | , ) ( ) ( )

+

0

 

=1

     (2)

Within Eq. (2), ( < | , , ) represents a probabilistic liquefaction triggering model, and 
( | , )represents a ground motion model. Ground motion uncertainty, and liquefaction triggering 

conditioned on ground motion are therefore both considered in PLHA. Here we, adopt the probabilistic 
triggering model proposedbyIdriss and Boulanger (2012), Cetin et al. (2014), Cetin et al. (2018), and ground 
motion model proposed by Boore et al. (2014). Fault sources are modelled using the Uniform California 
Earthquake Rupture Forecast (UCERF3) (Field et al., 2014). Calculations were implemented using a custom 
Python script using vectorised operations for computing source-to-site distance, ground motion intensity, and 
liquefaction resistance. Sample values were chosen for this site and are given as: fines content FC = 0, fines-
and overburden-corrected SPT blow count, ( 1)60 = 20, vertical total stress = 70 , vertical effective 
stress = 70 , time-averaged shear wave velocity in the upper 12m and 30m, 

12 = 150 and 30 = 250 , respectively.PSHA and PLHA results are provided in Fig. 3 for mean 
sea level rise scenarios of 0m, 1m, and 2m relative to present day. Annual rates of non-exceedance of = 1 for 
the 0m, 1m, and 2m sea level rise scenarios are 0.0014 yr-1, 0.0029 yr-1, and 0.0057 yr-1, respectively, which 
corresponds to return periods of 714, 345, and 175 years, respectively. Results suggest that 1m of sea level rise 
approximately doubles the liquefaction hazard, while 2m of sea level rise results in a 4-fold liquefaction hazard
increase.
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Fig. 3: Hazard curves for Cardiff State Beach: (a) PSHA and (b) PLHA

4. Conclusions and Future Work 
Preliminary results suggest sea level rise will significantly impact liquefaction triggering hazard in the future. 
Additional geotechnical site investigations, hydraulic conductivity information, ground motion models, and 
liquefaction models will be required to make stronger conclusions. Liquefaction hazard sensitivity to temporally 
variable groundwater conditions also requires further investigation. Here, liquefaction’s infrastructure impacts 
are neglected. Future ground deformation modelling is required to evaluate liquefaction effects. This work is 
part of a larger study evaluating SLR impacts on coastal liquefaction hazards throughout California. 
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