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ABSTRACT: Coseismic changes in groundwater level have been reported worldwide, particularly
in areas of moderate to high seismicity. These variations are often attributed to redistribution of stress
and strain, which can reactivate fractures, joints and microcracks through local changes in fluid
pressure. Such variations were observed following the September 2016 ML 5.8 Gyeongju earthquake
in South Korea, rupturing the Yangsan fault at a depth of 11-16 km and producing strong high-
frequency ground motions. To better understand and quantify local stress changes and subsequent
changes in fluid migration patterns within this area, we have developed a discrete element model
(DEM) of the Yangsan fault network using the Particle Flow Code (PFC2D) software. Spatial
distributions of local Coulomb stress changes are in good agreement with stress changes reported in
literature. Furthermore, a weak but positive correlation is observed between the amount of
groundwater level change and increased stress.

Keywords: Discrete element model, numerical modeling, rupture simulation, Korean seismicity, fluid
migration.

1 INTRODUCTION

Coseismic changes in groundwater level have been observed in many seismically active places of
the world (Chia et al. 2008 and Shi et al. 2015). When seismic waves pass through a well, the seismic
shaking of the water column and its connected aquifer results in an oscillatory change in water level.
In the vicinity of earthquake epicenters, abrupt step-like groundwater level changes have been
recorded during earthquakes. Such variations usually are sustained from a few days to several
months, and thus can be identified immediately after strong earthquakes. In the case of the MW 7.9
Wenchuan earthquake in China, Shi et al. (2015) hypothesized that as the volumetric strain decreases
(contraction), groundwater level should increase, and vice versa in the case of increased volumetric
strain (tension).

On September 2016, the ML 5.1 and ML 5.8 Gyeongju earthquakes ruptured a subsurface strike-
slip branch of the Yangsan fault in southeast Korea at a depth of 11-16 km and an approximate length
of 26 km, striking N27°E with a dip of 65° to the east. The earthquake triggered a series of more than
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500 aftershocks, producing strong high-frequency ground motions and causing extensive damage
throughout the region. These earthquakes caused coseismic changes in both static and dynamic stress,
which have been hypothesized in numerous previous studies to alter medium properties such as
permeability, resulting hydrologic and hydrogeologic changes including changes in groundwater
levels (Lee et al. 2021a; Lee et al. 2021b; Kim et al. 2018). Figure 1 (Figure 1 from Kim et al. 2018)
displays the locations of the Gyeongju earthquake epicenters as well as the monitoring well locations
near the earthquakes, many of which recorded coseismic groundwater changes following the
earthquakes (Figure 2; Figure 2 from Kim et al. 2018).
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Figure 1. Figure 1 from Kim et al. (2018). Geologic map of the Korean study region, showing the location of
groundwater monitoring wells.
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Figure 2. Figure 2b from Kim et al. (2018). Time series of groundwater levels and rainfall at well W2B (see
Figure 1), displaying the time of the 2016 Gyeongju earthquake (vertical line on x-axis). A sharp, step-like
increase in groundwater level is observed following the mainshock.

2 METHODS

We generated a 2D discrete element geological model of the south-east region of Korea using Itasca’s
Particle Flow Code (PFC2D) (Figure 3b). The rock mass is represented by a bonded particle
assembly, where the circular particles are bonded at their contacts by the soft bond model. We used
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a CAD-based fault structure model (Figure 3a), consisting of 43 faults, representing the contacts at
faults using the smooth joint contact model (Mas Ivars et al. 2011). Table 1 lists the physical
parameters of the smooth joints. The study area domain was 120 km x 180 km, and the particle radii
ranged from 200-300 m, with 93318 particles in total, considering model convergence when
applying in-situ stress, avoiding excessive computation times, and consistency with local geology.

Table 1. Physical properties of modeled faults (smooth joint model). All parameter values were best estimates,
based on study region lithology and combinations of properties that resulted in model stability.

Parameter Value
Contact model type [-] Smooth joint
Normal stiffness/area  [Pa/m] 300e6

Shear stiffness/area [Pa/m] 50e6

Friction coefficient [-] 0.6

Cohesion [Pa] Se6

Tensile strength [Pa] le6

Joint friction angle [°] 30

Dilation angle [°] 3

Joint bond state [-] bonded
s R /8 PFC2D 7.00
- \\, \ a) ©2022 Itasca Consulting Group, Inc

Ball density
Balls (93318)
3.5000E+03
3.4000E+03
3.2000E+03
3.0000E+03
2.8000E+03
2.6000E+03
2.4000E+03
2.2000E+03
2.0000E+03
1.8000E+03
1.6000E+03
1.5000E+03
Tensors by Order
Scale: 0.000320848
Color By Order
Intermediate
Maximum
Minimum

Figure 3. a) CAD-based fault structure model of south-east Korea. b) Closeup image of PFC2D geological
model of south-east Korea. The blue lines represent fault locations, represented by smooth joints, and the
location of the mainshock is indicated by the yellow star. Grayscale variations show spatial variations in

particle density (Choi et al. 2022). Principal stress component orientations are displayed throughout the study
region; here, minimum principal stress corresponds to maximum compression.

After initialization of the domain and particle assembly, a parallel-bonded sample was created using
the soft bond contact model. The modeled density was based on spatial variations throughout the
study region derived from gravity variations (Choi et al. 2022; see density variations of particles in
Figure 3b). The faults along with their respective physical properties were then inserted into the
model.

To simulate the dynamic rupture process, we used the “lock and release” approach by Yoon et al.
(2017). In this approach, a finite length of the fault at the hypocenter location was locked during in-
situ stress initialization (maximum and minimum compressive horizontal stresses of 16.85 MPa and
10.8 MPa, respectively) in order to accumulate strain energy. After reaching in-situ stress levels, the
stored strain energy was released by unlocking the locked part of the fault. The in-situ stress
components were calculated from a linear scaling relation expressing principal stress magnitudes of
functions of depth; Figure 4 shows the relations between maximum and minimum horizontal stresses
with depth, respectively. A locking radius of 1400 m, corresponding to a fault length of 2800 m, was
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applied. The fault geometry was calibrated based on fault scaling relations introduced by Wells and
Coppersmith (1994), to result in an event moment magnitude consistent with that of the mainshock.

Depth (Z), m
400 600

0 200 800 1,000
N y = 0.0216x
§ aRE=03518
= L]
5 *AF r
E L e ..' =
£ & .
= i SagViye 5
g :*
] - é
2 “y.= 0.0265x
@ L R2=0.961
:
35 | .sh mSH eSv ="
Region : GN+GB
40

Figure 4. Linear scaling relation between principal stress magnitudes and depth, representative for south-east
Korea.

3 RESULTS

3.1 Dynamic rupture simulation

The simulated rupture propagation is displayed in Figure 5 at 1 s, 5's, 10 s and 30 s after the start of
the modeled rupture process. The particle colors show their velocities at the given timesteps, while
the smooth joint contact colors (representing fault locations) display the amount of slip. Overall, the
wave propagation appears consistent to those of recorded seismic events.
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Figure 5. Propagation of the simulated seismic wave. The particle colors represent ball velocity magnitudes
(m/s), while the fault colors show the amount of slip (m).

The maximum amount of slip that occurred along the modeled Yangsan fault during the simulation
was just over 0.8 m. The slip distribution showed a tapered pattern, consistent with observed
earthquake slip distributions. The amount of simulated slip was also consistent with a ML 5.8
(corresponding to MW 5.4) strike-slip earthquake along a fault length of 2800 m. Zoback and
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Gorelick (2012) present an empirical scaling relation between fault length, slip amount, magnitude
and stress drop, upon which we evaluated the ability of PFC2D to accurately replicate the Gyeongju
earthquake rupture process.

3.2 Coseismic groundwater level changes and stress changes

Using the method from Okada (1992), we calculated coseismic Coulomb stress changes based on the
slip distribution, in order to evaluate the consistency between stress changes based on the PFC2D
simulation and on the observed Gyeongju earthquake slip distribution. Before calculating the changes
in the three-dimensional stress tensor, the fault geometry model was extended from 2D to 3D through
the application of fault scaling relations introduced by Wells and Coppersmith (1994). Following the
calculation of stress tensor component changes, Coulomb stress changes were determined by
resolving the stress tensor changes onto a uniform, right-lateral, vertical receiver plane orientation
with a strike angle of 115°. Figure 6a displays Coulomb stress changes from the simulated slip
distribution. Overall, the spatial distribution of Coulomb stress changes is in good agreement with
those reported in previous studies such as Hong et al. (2017), indicating that PFC2D is capable of
producing slip distributions that yield coseismic stress changes similar to those derived from
observed slip.
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Figure 6. a) Coseismic static Coulomb stress changes, calculated from the PFC2D-modeled slip distribution.
Red zones indicate where Coulomb stress has increased; blue zones where Coulomb stress has decreased. b)
Static coseismic change in maximum horizontal stress. Tension is considered positive; compression is
considered negative. The triangles show well locations, and their colors indicate the amount of coseismic
groundwater level change recorded following the Gyeongju earthquake.

The spatial distribution of changes in maximum principal horizontal stress is displayed in Figure 6b,
along with recorded coseismic groundwater level changes at well locations. Coseismic increases in
groundwater level were recorded in nearly all wells, including those outside of the closeup area in
Figure 6b. In areas where maximum horizontal stress decreased, indicating compression, positive
groundwater elevation changes were observed, which is consistent with our original hypothesis. The
same conclusions regarding correlation between Coulomb stress change and groundwater level
change can be reached. However, groundwater elevation also increased in areas of tension, where
maximum horizontal stress increased, suggesting that the overall correlation between stress changes
and groundwater elevation may be weaker than originally hypothesized.
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4 CONCLUSIONS AND DISCUSSION

Through modeling the Gyeongju earthquake rupture in PFC2D, we were able to accurately replicate
the dynamic rupture process, as well as reliably quantify changes in the stress field. Groundwater
levels tended to increase in areas that were compressed by the mainshock (negative stress changes).
This supports the original hypothesis proposed by Shi et al. (2015). However, similar groundwater
elevation changes were observed where tension occurred due to positive stress changes.

The apparent negligible difference between groundwater level changes in areas of compression
and tension could be attributed to factors other than stress change, such as local lithological and
tectonic variations, pre-existing fracture network density, or well elevation. Furthermore, many wells
were located at distances far enough from the modeled earthquake epicenter that stress changes had
decayed considerably. Shi et al. (2015) observed that following the Wenchuan earthquake, far-field
coseismic changes in groundwater level were too large to be completely explained by the small stress
changes at the well locations. The relative impact of local factors within the Korean study region on
groundwater response therefore requires further investigation.
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