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Abstract: Immense liquefaction damage was observed in the 2011 off the Pacific coast of Tohoku
Earthquake. It was reported that, in Chiba Prefecture, Japan, the main shock oozed muddy water
from the sandy ground and the aftershock which occurred 29 min after the main shock intensified
the water spouting; thus, the aftershock expanded the liquefaction damage in the sandy ground. For
comprehending such a phenomenon, using a soil–water–air coupled elastoplastic finite deformation
analysis code, a rise in groundwater level induced by main shock is demonstrated, which may in‑
crease the potential of liquefaction damage during the aftershock. The authors wish to emphasize
that these results cannot be obtained without soil–water–air coupled elastoplastic finite deformation
analysis. This is because the rise in groundwater level is caused by the negative dilatancy behavior
(plastic volume compression) of the saturated soil layer which supplies water to the upper unsatu‑
rated soil layer, and it is necessary to precisely calculate the settlement of ground and the amount
of water drainage/absorption to investigate the groundwater level rise. This study provides insight
into the mechanism of ground liquefaction during a series of earthquakes.

Keywords: soil–water–air coupled analysis; elastoplastic analysis; finite deformation analysis; ground‑
water level rise; main shock; aftershock

1. Introduction
The 2011 off the Pacific coast of Tohoku Earthquake caused extensive liquefaction

damage to the reclaimed ground of Tokyo Bay area, located more than 400 km away from
the epicenter. In Urayasu City, Chiba Prefecture, Japan, the liquefaction damage was
particularly severe although the observed peak ground acceleration was approximately
150 gal [1]. One of the reasons for this severe damage is considered to be the aftershock
that struck 29 min after the occurrence of the main shock, in addition to the long duration
of the earthquake. Studies on liquefaction damage expansion due to this aftershock have
been conducted primarily using a soil–water two‑phase coupled analysis. For example,
Ueda et al. [2] showed that the aftershock occurred before the sufficient dissipation of ex‑
cess pore water pressure which increased during the main shock. Also, Morikawa et al. [3]
suggested that stress‑induced anisotropy developed due to the main shock, which led to
reliquefaction during the aftershock.

Moreover, according to Yasuda et al. [4], evidence from the residents suggests that
the main shock oozed muddy water, and the aftershock intensified the spouting of water.
Figure 1 shows the water spout phenomenon before and after the main shock and after‑
shock recorded by a fixed‑point camera at Urayasu City Irifune Junior High School [5].
The water spout phenomenon was observed 10 min after the main shock, and it became
intense during the aftershock. Thus, it can be considered that the liquefaction damage
expanded because the groundwater level rose due to the main shock and thereby the after‑
shock occurred when the shallow unsaturated soil layer was saturated. This study aims
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to elucidate the mechanism of groundwater level rise due to a main shock, which has the
potential to increase liquefaction damage during aftershocks using a soil–water–air three‑
phase coupled analysis.
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Figure 1. Intensified water spout during aftershock. The pictures were captured using a fixed-
point camera provided by Irifune Junior High School: (a) before the main shock; (b) immediately 
after the main shock; (c) 10 min after the main shock; and (d) 10 min after the aftershock [5]. Note 
that main shock and aftershock occurred at 14:46 and 15:15, respectively. 

Groundwater-level fluctuation phenomena due to earthquakes have been frequently 
observed (e.g., Refs. [6–8]), and the causes of such phenomena are considered to be an 
increase in pore water pressure, a change in permeability, and a change in void ratio. Par-
ticularly, in the field of geophysics, many studies on the mechanism of groundwater level 
change caused by earthquakes have been performed, and numerical analyses have been 
conducted by modeling the ground as a linear elastic body based on Biot’s equation [9]. 
See Mang and Wang [10] for a detailed summary. In contrast, in this study, a three-phase 
coupled dynamic analysis is performed by modeling the ground as an elastoplastic body. 
In a previous study, using a three-phase coupled finite deformation analysis code consid-
ering inertial force [11] incorporating the elastoplastic constitutive equation SYS Cam-clay 
model [12], the authors showed that the groundwater level rose due to an earthquake. 
This was because the saturated soil layer below the groundwater level exhibited negative 
dilatancy behavior (plastic volume compression), which supplied water to the unsatu-
rated soil layer above the groundwater level [13]. To consider the liquefaction damage 
caused by this phenomenon, this study discusses the seismic-induced groundwater level 
rise in more detail. 

This paper is structured as follows. In Section 2, the analysis conditions are described, 
and, in Section 3, numerical simulations during/after the main shock and aftershock are 
performed. In contrast to previous studies on three-phase coupled dynamic elastoplastic 
analyses primarily during an earthquake (e.g., Refs. [14–17]), in this study, a deformation 
analysis during/after the main shock and aftershock was performed using the above-men-
tioned three-phase coupled elastoplastic finite deformation analysis code [11] with refer-
ence to the Urayasu City ground condition and earthquakes. Section 4 presents several 
case studies to better understand the mechanism of groundwater level rise due to an earth-
quake, and the conclusion of this paper is presented in Section 5. 

Figure 1. Intensified water spout during aftershock. The pictures were captured using a fixed‑point
camera provided by Irifune Junior High School: (a) before the main shock; (b) immediately after the
main shock; (c) 10 min after the main shock; and (d) 10 min after the aftershock [5]. Note that main
shock and aftershock occurred at 14:46 and 15:15, respectively.

Groundwater‑level fluctuation phenomena due to earthquakes have been frequently
observed (e.g., Refs. [6–8]), and the causes of such phenomena are considered to be an
increase in pore water pressure, a change in permeability, and a change in void ratio. Par‑
ticularly, in the field of geophysics, many studies on the mechanism of groundwater level
change caused by earthquakes have been performed, and numerical analyses have been
conducted by modeling the ground as a linear elastic body based on Biot’s equation [9].
See Mang and Wang [10] for a detailed summary. In contrast, in this study, a three‑phase
coupled dynamic analysis is performed by modeling the ground as an elastoplastic body.
In a previous study, using a three‑phase coupled finite deformation analysis code consid‑
ering inertial force [11] incorporating the elastoplastic constitutive equation SYS Cam‑clay
model [12], the authors showed that the groundwater level rose due to an earthquake. This
was because the saturated soil layer below the groundwater level exhibited negative dila‑
tancy behavior (plastic volume compression), which supplied water to the unsaturated
soil layer above the groundwater level [13]. To consider the liquefaction damage caused
by this phenomenon, this study discusses the seismic‑induced groundwater level rise in
more detail.

This paper is structured as follows. In Section 2, the analysis conditions are described,
and, in Section 3, numerical simulations during/after the main shock and aftershock are
performed. In contrast to previous studies on three‑phase coupled dynamic elastoplas‑
tic analyses primarily during an earthquake (e.g., Refs. [14–17]), in this study, a deforma‑
tion analysis during/after the main shock and aftershock was performed using the above‑
mentioned three‑phase coupled elastoplastic finite deformation analysis code [11] with
reference to the Urayasu City ground condition and earthquakes. Section 4 presents sev‑
eral case studies to better understand the mechanism of groundwater level rise due to an
earthquake, and the conclusion of this paper is presented in Section 5.
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2. Analysis Conditions
A three‑phase coupled finite deformation analysis code considering inertial force [11]

incorporating the elastoplastic constitutive equation SYS Cam‑clay model [12] was used in
this study. An outline of the analysis method is described in Appendices A and B. Please
refer to them as needed.

Figure 2 shows the analysis cross‑section. In this study, a one‑dimensional analysis,
which can easily comprehend water and air flow balances, was performed. Referring to
geological columnar sections published by Chiba Prefecture [18,19] and Nakai et al. [20],
the ground was set up with a layer composition consisting of sand, clay, and bedrock.
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Figure 2. Analysis cross‑section: (a) finite element mesh; (b) layer composition; (c) soil cross‑section
in the northwest–southeast direction in the central part of Urayasu City [19], presumed from CHIBA
INFORMATIONMAP [18].
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Nakai et al. [20] performed a two‑dimensional analysis on liquefaction damage in
Urayasu City during the 2011 Tohoku earthquake using the soil–water coupled finite de‑
formation analysis code [21] incorporating the SYS Cam‑clay model [12] and constructed
and validated a ground model for Urayasu City. A mesh of 1 horizontal and 1000 verti‑
cal finite elements was used under a plane strain condition. The periodic boundary con‑
dition [21] was set at the lateral sides and the viscous boundary condition [22] was set
for the horizontal direction at the bottom (shear wave velocity Vs = 400 m/s [20]). The
displacement‑fixed condition was set for the vertical direction at the bottom. Regarding
water and air boundary conditions, the total head constant condition corresponding to the
initial groundwater level was set for water and the exhausted condition satisfying always
atmospheric pressure was set for air at the ground surface, whereas the undrained and
unexhausted conditions were set at the other boundaries. The initial groundwater level
was set at 1 m below the ground surface because the groundwater level at which partial
building damage comprising 50–70% of the surface area occurred ranged from GL‑0.8 m
to GL‑1.3 m [23].

Table 1 shows the material constants and initial values for the elastoplastic constitu‑
tive equation SYS Cam‑clay model [12]. The values were determined from the numerical
simulations of mechanical tests of soils sampled from Urayasu City ground after the earth‑
quake [20], and the initial values for specific volume, degree of structure, stress ratio, and
degree of anisotropy were given to each layer uniformly while the initial overconsolida‑
tion ratio was distributed in the vertical direction according to the overburden pressure.
The skeleton stress equation [24] was used in the elastoplastic constitutive model. Table 2
shows the material constants for the soil–water characteristics of the van Genuchten [25]
and Mualem [26] model, and other physical properties. Both saturated and unsaturated
states were considered for the sand layer, while saturated states were assumed for the clay
and bedrock layer. Figure 3 shows the soil–water characteristic curve and the relations be‑
tweenwater/air permeability and the degree of saturation for the sand layer. The saturated
coefficient of water permeability for the sand layer was determined from a permeability
test using sand sampled in Urayasu City [19]. The dry coefficient of air permeability for
the sand layer is calculated from the saturated coefficient of water permeability by using
the ratio of the viscosity coefficients of air and water [27]. The other material constants
related to the soil–water characteristic of the sand layer were determined by referring to
a past study on experimental results of clayey sand [28] because the buried soil layer and
alluvial sand layer in Urayasu City ground contained a large amount of fine grains [5] and
we were unable to obtain the result of a soil water retention test using Urayasu sand. The
other values were taken from Nakai et al. [20]. The initial pore water pressure pw was
set equal to the pore air pressure pa at the groundwater level, assuming the hydrostatic
pressure distribution in the vertical direction. The initial pa was assumed to be zero at the
initial ground surface height and was distributed vertically by considering the self‑weight
of air above the groundwater level [13]. The initial pa below the groundwater level was
equal to pw because the suction ps(= pa − pw) was zero. The initial degree of saturation
sw was calculated from the soil water characteristic curve according to the suction value.
Figure 4 shows the initial vertical distributions of pw, pa, and sw in the sand layer.

Table 1. Material constants and initial values for the SYS Cam‑clay model.

Sand Clay Bedrock

Elastoplastic parameters

Specific volume at q = 0 and p′ = 98.1 kPa on NCL N 2.0 3.02 2.0
Critical state constant M 1.4 1.4 1.5
Compression index

∼
λ 0.1 0.242 0.005

Swelling index ∼
κ 0.0025 0.02 0.0005

Poisson’s ratio ν 0.2 0.1 0.1



Water 2024, 16, 452 5 of 24

Table 1. Cont.

Sand Clay Bedrock

Evolution parameters

Degradation parameter of overconsolidated state m 8.0 20.0 0.3
Degradation parameter of structure a 8.0 0.65 0.05
Degradation parameter of structure b 1.0 1.0 1.0
Degradation parameter of structure c 1.0 1.0 1.0
Degradation parameter of structure cs 1.0 0.4 0.5

Evolution parameter of rotational hardening br 10.0 0.2 0.2
Limit of rotational hardening mb 0.44 1.0 0.7

Initial values

Void ratio e0 0.98 2.35 0.21
Degree of structure 1/R*

0 3.04 21.75 100.0
Overconsolidation ratio 1/R0 Distributed Distributed Distributed

Stress ratio η0 0.545 0.545 0.545
Degree of anisotropy ζ0 0.0 0.3 1.0
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Figure 3. Soil–water characteristic curve and relations between the coefficients of water/air perme‑
ability and degree of saturation for sand layer.

Table 2. Material constants for the soil–water characteristic model and other physical properties.

Sand Clay Bedrock

Soil–water characteristic

Maximum degree of saturation % swmax 100.0 ‑ ‑
Minimum degree of saturation % swmin 60.0 ‑ ‑
van Genuchten parameter kPa−1 α 0.15 ‑ ‑

van Genuchten parameter (m′ = 1 − 1/n′) n′ 2.0 ‑ ‑
Saturated coefficient of water permeability m/s kws 6.17 × 10−5 1.0 × 10−9 1.0 × 10−8

Dry coefficient of air permeability m/s kad 3.40 × 10−3 ‑ ‑
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Table 2. Cont.

Sand Clay Bedrock

Physical property

Soil particle density g/cm3 ρs 2.787 2.690 2.650
Bulk modulus of water kPa Kw 2.19 × 106 2.19 × 106 2.19 × 106

Specific gas constant of air m2/s2/K R 287.04 287.04 287.04
Absolute temperature K Θ 293.15 293.15 293.15
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Figure 4. Initial values for pore water/air pressure and degree of saturation in the sand layer.

Figure 5 shows input seismic waves for the main shock and the aftershock and their
Fourier amplitude spectrums. We used the east–west components of the seismic wave‑
forms recorded at KiK‑NET Shimousa (CHBH04, measurement depth 2300 m,
Vs = 2540 m/s [29]), where both the main shock and aftershock waveforms of the 2011 To‑
hoku earthquake were available. Because the seismic velocity structure of the ground at
KiK‑NET Shimousa was not available, the following Midorikawa’s Equation [30], which
empirically gives the maximum velocity amplitude ratio Av between the ground surface
and the seismic bedrock (Vs = 3000 m/s), was used:

Av =

{
170·Vs

−0.6 (Vs < 1100 m/s)
2.5 (Vs ≥ 1100 m/s) (1)

To convert the seismic waves atVs = 2540m/s to those atVs = 400m/s, 170·400−0.6/2.5 = 1.87
was multiplied by the recorded waveforms, and they are shown in Figure 5. Assuming that
the recordedwaveswere observed at a free surface level of the base stratum, accelerationwith
half the amplitude of the waves, shown in Figure 5, was imposed at the bottom boundary
of the analysis cross‑section in the horizontal direction as upward seismic waves. The after‑
shock was input 29 min after the occurrence of the main shock. All the computations were
performed under the same conditions during and after the main shock and the aftershock,
except for the presence or absence of seismic wave input. The computations were performed
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until the excess pore pressure in the sand layer completely dissipated after the aftershock.
Here, the excess pore water pressure was defined as pore water pressure generated exces‑
sively from hydrostatic pressure corresponding to the initial groundwater level (i.e., the total
head constant condition at the ground surface).
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Figure 5. Input seismic waves and Fourier amplitude spectrums: (a) main shock; (b) aftershock.

3. Results and Discussion
Figure 6 shows the distributions of the degree of saturation sw, mean skeleton stress

(abbreviated as MSS), and excess pore water pressure (abbreviated as EPWP) immediately
before the main shock to immediately before the aftershock. Figure 7 shows the distribu‑
tions of these quantities from immediately before the aftershock to the end of the consoli‑
dation of the sand layer after the aftershock. Here, we use “consolidation” to describe the
phenomenon of sand compression as excess pore pressure that is generated by earthquake
dissipates over time. The figures show an enlarged view of the sand layer part of approxi‑
mately 2.5 m from the ground surface, including the part in which the initial groundwater
level was located.

First, we discuss the results during and after the main shock, as shown in Figure 6.
The distribution of sw demonstrates that the groundwater level was rising after the main
shock. During themain shock, MSS decreased in the saturated soil elements, whereasMSS
hardly decreased in the soil elements with a low degree of saturation near the ground sur‑
face. During the main shock, the increase in EPWP is attributed to negative dilatancy (i.e.,
plastic volume compression) due to seismic cyclic shear. In this analysis, EPWP in the sand
layer started dissipating around the end of the main shock. In association with the dissi‑
pation of EPWP, the groundwater level rose due to the consolidation drainage of the sand
layer below the groundwater level after the main shock and sw near the ground surface
increased. This saturation led to a decrease in MSS near the ground surface. Although the
EPWP started to dissipate in the deeper saturated area of the sand layer, the EPWP did not
dissipate immediately before the aftershock, and the MSS was lower immediately before
the aftershock than before the main shock.
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Next, we discuss the results during and after the aftershock, as shown in Figure 7.
As described above, sw increased in the shallow part of the ground, which had been un‑
saturated before the main shock, and the EPWP did not dissipate when the aftershock
occurred. Consequently, the MSS decreased more during the aftershock than during the
main shock. Thus, the numerical simulation demonstrated that the factors causing the
liquefaction damage expansion during the aftershock include the saturation of the unsat‑
urated soil layer due to the groundwater level rise after the main shock, as well as the
occurrence of the aftershock before the sufficient dissipation of the EPWP. The EPWP in
the sand layer completely dissipated approximately a day after the aftershock, and the
elevated water level returned to the pre‑earthquake position (i.e., the initial groundwater
level position) because of the total head constant condition set at the ground surface. In
addition, the MSS at the end of consolidation after the aftershock was lower than that be‑
fore the main shock because the lateral component of the skeleton stress became smaller
under the complicated stress history during the earthquakes.

Figure 8 shows the temporal change in mean skeleton stress reduction ratio (abbrevi‑
ated as MSSRR), EPWP, and sw of the soil element in the unsaturated state before the main
shock, as shown in Figures 6 and 7. MSSRR is defined as ∆p′/p′0, where p′0 represents
MSS before the main shock and ∆p′ represents the difference between p′0 and current MSS.
The temporal change in MSSRR shows that MSSRR was larger during the aftershock com‑
pared to that during the main shock, and the temporal change in EPWP and sw shows
that the EPWP increased by the main shock did not completely dissipate and the soil el‑
ement became saturated at the start of the aftershock. Note that the EPWP, which was
defined in Section 2 as pore water pressure generated excessively from hydrostatic pres‑
sure corresponding to the initial groundwater level, decreased a little during the main
shock because the soil element subsided and the pore water pressure hardly increased in
the unsaturated soil.

In addition, to emphasize the effect of saturation of the unsaturated soil layer, we also
conducted a numerical simulation during and after the aftershock, which occurred a day after
themain shock, that is, after the EPWPdue to themain shock in the sand layer fully dissipated.
Figure 9 shows its contour diagrams. If the groundwater level returned to the initial position
before the aftershock, the MSS in the shallow layer did not significantly decrease during the
aftershock and was larger than when the aftershock occurred 29 min after the main shock.
Figure 10 shows the temporal change in MSSRR, EPWP, and sw of the soil element in the
unsaturated state before the main shock, as shown in Figures 6 and 9. In comparison with
Figure 8, the temporal change in MSSRR did not increase more significantly than when the
aftershock occurred 29 min after the main shock, and the temporal change in EPWP and sw

shows that the EPWP that increased due to the main shock was completely dissipated, and
the soil element became unsaturated again at the start of the aftershock.

Here, the mechanism of groundwater level rise caused by the earthquake is described
inmore detail. Figure 11 shows the distribution of the amount ofwater absorption immedi‑
ately before the aftershock. As described above, it is evident that consolidation drainage of
the sand layer below the groundwater level caused the water absorption of the sand layer
above the groundwater level. Figure 12 is a conceptual diagram illustrating themechanism
of groundwater level rise caused by the earthquake. First, considering a one‑dimensional
consolidation under the upper‑end‑drained and lower‑end‑undrained conditions for the
saturated ground, shown in Figure 12a, the amount of ground settlement is equal to the
amount of drainage from the ground. Therefore, the supernatant water level produced
by consolidation drainage is equal to the height of ground surface before consolidation
without the consideration of evaporation, rainfall, etc. In the present analysis, the seis‑
mic cyclic shear causes a negative dilatancy in the initially saturated ground below the
groundwater level, resulting in positive EPWP and consolidation settlement accompanied
by the dissipation of EPWP. However, in the presence of an unsaturated soil layer above
the groundwater level, as shown in Figure 12b, water drained by consolidation is supplied
to the unsaturated soil layer. Here, since the unsaturated soil is composed of soil particles,
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pore water, and pore air, the groundwater level rises by the volume of the soil (i.e., soil par‑
ticles + porewater + trapped pore air) sunk in the portion corresponding to the supernatant
water. For example, if the amount of consolidation drainage from the saturated ground is
the same, the smaller the volume of pore air in the unsaturated soil layer, i.e., the smaller
the void ratio of the unsaturated soil layer under the same degree of saturation, the higher
the groundwater level rises. This is the mechanism of seismic‑induced groundwater level
rise described in this analysis. Therefore, in order to investigate the rise in groundwater
levels, it is necessary to precisely calculate the settlement of ground and the amount of
water drainage/absorption within the framework of three‑phase finite deformation anal‑
ysis. To better understand the mechanism of groundwater level rise, case studies were
conducted in the next section, Section 4.
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Figure 8. Temporal change in mean skeleton stress reduction ratio, excess pore water pressure, and
the degree of saturation of the soil element in the unsaturated state before the main shock, as shown
in Figures 6 and 7.
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Figure 10. Temporal change in mean skeleton stress reduction ratio, excess pore water pressure, and
the degree of saturation of the soil element in the unsaturated state before the main shock, as shown
in Figures 6 and 9, when the aftershock occurred after the excess pore water pressure due to themain
shock being fully dissipated.
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Figure 12. Mechanism of groundwater level rise: (a) case where ground is saturated; and (b) case
where ground located in a shallow area is unsaturated.
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4. Case Studies on Mechanism of Groundwater Level Rise
In Section 3, we described that the smaller the void ratio of the unsaturated soil layer,

the higher the groundwater level rises, provided that the amount of consolidation drainage
from the saturated soil layer below the groundwater level is the same. In this section, we
conduct case studies focusing on this point, and we summarize the mechanism of ground‑
water level rise. To clarify the mechanism described in Section 3, the undrained condition
was set at the upper end and the condition was set up for no pore water exchange between
the sand and clay layers in the finite element mesh, shown in Figure 2, in order not to ex‑
change water with the outside of the sand layer. In addition, the initial groundwater level
was set at 2 m below the ground surface, indicating that the initial unsaturated area was
set larger than in Section 3 to observe a greater groundwater level rise for various cases.
In addition, the computations were performed until the excess pore pressure in the sand
layer completely dissipated after the main shock and the aftershock was not input.

4.1. Case Where Void Ratio of the Entire Sand Layer Varies
Case analyses were conducted by varying the initial void ratio of the entire sand layer.

Specifically, based on the case where the initial void ratio e0 was 0.98, the same as in Section 3,
computations were performed for the cases where the void ratio was reduced to e0 = 0.94
(denser sand layer) and increased to e0 = 1.02 (looser sand layer). Figure 13 shows the distri‑
butions of the degree of saturation, pore water pressure, and the amount of water absorption
∆Vw/V0 (V0: volume of the soil before the earthquake; ∆Vw: volume of water absorption)
when the excess pore pressure in the sand layer completely dissipated. Note that the ground‑
water level is located where the pore water pressure is zero in the distributions of pore water
pressure. First, the results, when pore water did not exchange with the outside of the sand
layer, show that the groundwater level rose due to the exchange of pore water in the sand
layer. Next, comparing the results when the initial void ratio was changed, i.e., e0 = 0.94
and 1.02, the distributions of the degree of saturation and pore water pressure show that the
groundwater level rose higher as the void ratio increased, in contrast to the above explanation.
The distributions of the amount of water absorption show that the larger the void ratio, the
larger the amount of drainage from the saturated sand layer, i.e., the groundwater level rose
higher as the void ratio increased because the loose ground with a larger void ratio exhibited
larger plastic volume compression, which led to a larger amount of consolidation drainage
from the saturated sand layer. In addition, the analysis result in this section reached a steady
statewithout a return of the groundwater level because the undrained conditionwas set at the
ground surface as well as the other boundaries, while the groundwater level rose temporally
and returned to the initial groundwater level due to the total head constant condition set at
the ground surface in the analysis of Section 3.
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Figure 13. Distributions of degree of saturation, pore water pressure, and the amount of water ab‑
sorption when the void ratio of the entire sand layer varies: (a) degree of saturation; (b) pore water
pressure; and (c) amount of water absorption.
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4.2. Case Where Void Ratio of the Unsaturated Sand Layer Modeled as Elastic Body Varies
In the previous section, the initial void ratio of the entire sand layer was changed,

but, in this section, the computations were performed when the initial void ratio was var‑
ied only in the unsaturated sand layer above the groundwater level, and only the unsatu‑
rated sand layer was modeled as a linear elastic body (Young’s modulus: 2.58 × 104 kPa;
Poisson’s ratio: 0.2). Specifically, based on the case where the initial void ratio e0 was
0.98, the same as in Section 3, the computations were performed for the cases where the
void ratio only in the unsaturated sand layer was reduced to e0 = 0.48 and increased to
e0 = 1.48. Figure 14 shows the distributions of degree of saturation, pore water pressure,
and the amount of water absorption in soil element, when the excess pore pressure in the
sand layer completely dissipated. The distributions of degree of saturation and pore wa‑
ter pressure show that the smaller the void ratio of the unsaturated sand layer, the higher
the groundwater level rose. Further, the distributions of the amount of water absorption
show that the amount of consolidation drainage from the saturated sand layer was almost
the same in any case. Thus, because the elastic unsaturated sand layer does not cause
negative dilatancy (plastic volume compression) due to excitation, if the amount of consol‑
idation drainage from the saturated sand layer (plastic volume compression) is almost the
same, the smaller the void ratio of the unsaturated sand layer, the higher the groundwater
level rise, based on the mechanism explained in Figure 12. Furthermore, we also analyzed
the case where the entire ground, including the saturated sand layer, was modeled as the
elastic body, which is also shown in Figure 14. Because the groundwater level changes
due to dilatancy (plastic volume change) induced by excitation, the elastic analysis can‑
not represent the groundwater level fluctuation demonstrated in this paper, indicating the
importance of elastoplastic analysis in the seismic response analysis of the ground.
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Figure 14. Distributions of degree of saturation, pore water pressure, and the amount of water ab‑
sorption when the void ratio of the unsaturated sand layer modeled as an elastic body varies: (a) de‑
gree of saturation; (b) pore water pressure; and (c) amount of water absorption.

5. Conclusions
We investigated themechanism ofmain shock‑induced groundwater level rise, which

has the potential to increase liquefaction damage during aftershocks by simulating pro‑
cesses during/after the main shock and aftershock using a three‑phase coupled elastoplas‑
tic finite deformation analysis code. As a result, in addition to the conventional interpre‑
tation that the aftershock occurred when positive excess pore water pressure generated
during the main shock did not sufficiently dissipate, the following mechanism of liquefac‑
tion damage expansion was demonstrated:
1. In the saturated sand layer below the groundwater level, seismic external forces caused

positive excess pore water pressure accompanied by negative dilatancy (plastic vol‑
ume compression) due to seismic cyclic shear without immediate drainage.

2. The main shock leads to consolidation drainage between the main shock and after‑
shock, supplying water from the saturated sand layer to the unsaturated sand layer
above the groundwater level. In other words, the groundwater level rises between
the main shock and aftershock, expanding the saturated area.

3. Aftershock increases the possibility of liquefaction in the expanded saturated area.
In addition, we conducted case studies on the mechanism of groundwater level rise

and demonstrated that the smaller the void ratio of the unsaturated soil layer, the higher
the groundwater level rises, when the amount of consolidation drainage (plastic volume
compression) of the saturated soil layer is the same.

The case presented in this paper is the simplest one‑dimensional analysis wherein de‑
formation andwater absorption/drainage occur only in the vertical direction. However, as
discussed above, this groundwater level rise phenomenon during/after an earthquake re‑
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sults from plastic volume compression, which cannot be expressed by an elastic analysis.
Furthermore, it is necessary to precisely calculate ground settlement and water absorp‑
tion/drainage to accurately estimate the groundwater‑level change. Therefore, it should
be noted that the analytical results shown in this paper can only be obtained using “three‑
phase coupled elastoplastic finite deformation” analysis.

This study provides insight into the mechanism of ground liquefaction during a se‑
ries of earthquakes. In the future, we will consider the effect of initial groundwater level,
stress‑induced anisotropy, and multidimensionality on the liquefaction damage such as
settlement, horizontal displacement, tilt of house, and so on.
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Appendix A. Outline of the Analysis Method
The analysis code is based on u‑pw‑pa formulation. For the spatial discretization of

the soil skeleton, the finite element method is employed, while for the pore water and air,
extensions of the physicalmodel of Christian [31] andTamura [32] are used [21]. For tempo‑
ral discretization, a method compliant with Wilson’s θ method [33] has been adopted [21].
Details of the method are described in Noda and Yoshikawa [11] and are omitted in this
paper, which is centered on the governing equations.

Equations (A1)–(A3) constitute the equation of motion, the soil skeleton–water cou‑
pled equation, and the soil skeleton–air coupled equation, respectively:

ρ(Dsvs) = div T+ ρb (A1)

swdiv vs +
1

ρw
div

[
ρw

kw

γw
{−gradpw + ρwb− ρw(Dsvs)}

]
+ n(Dssw) +

nsw

Kw
(Dspw) = 0 (A2)

sadiv vs +
1
ρa
div

[
ρa

ka

γw
{−gradpa + ρab− ρa(Dsvs)}

]
+ n(Dssa) +

nsa

ρaR̄Θ
(Dspa) = 0 (A3)

where Ds is an operator expressing the material time derivative viewed from the soil skele‑
ton, vs and Dsvs are the soil skeleton’s velocity vector and acceleration vector, respectively,
T is the Cauchy total stress tensor (tension: positive), b is the body force vector per unit
mass, pw is the pore water pressure (compression: positive), pa is the pore air pressure
(compression: positive), sw is the degree of saturation (sa = 1 − sw), n is the porosity, ρ
indicates the density of the soil as a whole, ρw and ρa indicate the densities of the water
and the air, respectively, γw is the unit weight of water, kw is the coefficient of water per‑
meability, ka is the coefficient of air permeability, Kw denotes the bulk modulus of water,
R̄ is the gas constant of air, and Θ is the absolute temperature. It is assumed that air obeys
the equation of state of ideal gas. It is further assumed that (i) the soil particles are incom‑
pressible, (ii) there is no variation in the temperature, and (iii) there is no mass exchange
between the phases.

In the analysis method followed here, the term denoting the temporal variation
in the degree of saturation sw is replaced by terms denoting the temporal variation
in suction and specific moisture capacity using the van Genuchten equation [25], as
shown in Equations (A4)–(A6).
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Se =
{

1 + (αps)n′}−m′

(A4)

Se =
sw − swmin

swmax − swmin
(A5)

Dssw = −(swmax − swmin)
(
n′ − 1

)
α(αps)n′−1

{
1 + (αps)n′}−m′−1

(Dsps) (A6)

In these equations, Se is the effective degree of saturation, ps is the suction (ps = pa − pw),
swmax is themaximumdegree of saturation, swmin is theminimumdegree of saturation, and α, m′,
and n′ are parameters of the van Genuchten equation having the relationship m′ = 1 − 1/n′.

The equations of water permeability kw and air permeability ka, derived by applying
the van Genuchten equation to the Mualem model [26], are shown next:

kw = kws · Se
1
2

{
1 −

(
1 − Se

1
m′
)m′}2

(A7)

ka = kad · (1 − Se)
1
2
(

1 − Se
1

m′
)2m′

(A8)

where kws is the saturated coefficient of water permeability and kad is the dry coefficient of
air permeability.

The skeleton stress equation [24] is used in the constitutivemodel for the soil skeleton,
as expressed in Equation (A9).

−T′ = −T− (swpw + sapa)I (A9)

Here, T′ is the skeleton stress tensor (tension: positive) and I is the identity tensor. The
SYS Cam‑clay model [12] is used as the constitutive equation of the soil skeleton, which is
briefly explained in Appendix B.

The solution for the initial and boundary value problem is obtained by solving a total
of five equations, i.e., the three equations in Equation (A1) along with Equations (A2) and
(A3), including Equation (A6) for five unknowns, i.e., the three displacement components
of the soil skeleton, the pore water pressure pw, and the pore air pressure pa.

Appendix B. The Super/Subloading Yield Surface (SYS) Cam‑Clay Model
Appendix B.1. Quantified Expression of Structure, Overconsolidation, Anisotropy, and Their
Respective Evolution Rules

Naturally deposited soils, whether clayey or sandy, generally exist in a ‘structured’
and overconsolidated state. To describe the deformation behavior of a soil in this state,
we have to start from the base of an elasto‑plastic model of a de‑structured soil in a state
of normal consolidation. Given that a soil in this unstructured and normally consolidated
state still possesses anisotropy, we take for our ‘base’ in this paper the Modified Cam‑
clay model [34] introducing the rotational hardening concept of Sekiguchi and Ohta [35],
which treats stress parameter η∗ and its evolution rule as an expression of anisotropy. The
degrees of structure and overconsolidation are then introduced and quantified by means
of the two concepts of the superloading surface for structure [12,36], and the subloading
surface for overconsolidation [37,38]. That is to say, the degree of structure is expressed by
means of the superloading surface situated on the outside of the Cam‑clay normal‑yield
surface and similar to it (the center of similarity being the origin p′ = q = 0 and the sim‑
ilarity rate is given by R∗ (0 < R∗ ≤ 1)), while the overconsolidated state is expressed by
means of a subloading surface situated on the inside of the superloading surface and again
is similar to it (center of similarity p′ = q = 0, similarity rate R (0 < R ≤ 1); reciprocal
1/R is the overconsolidation ratio). p′ here is the mean skeleton stress and q is the deviator
stress. Using skeleton stress tensor T′(tension: positive), we can say that p′ = −trT′/3,
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q =
√

3/2S·S, S = T′ + p′I (I: identity tensor). The closer R∗ is to 0, the higher the degree
of structure, but with the loss of structure that accompanies plastic deformation, R∗ will
approach 1 (evolution rule for R∗). Similarly, the closer R is to 0, the more overconsoli‑
dated the state of the soil, but as R increases toward 1 with plastic deformation, the state
of the soil will also approach normal consolidation (evolution rule for R). It can thus be
assumed that the decay of structure with plastic deformation brings a simultaneous loss
from overconsolidation (a transition to the normally consolidated state), resulting, finally,
in conditions that match those in the Cam‑clay model. The relative positions of the three
loading surfaces, assuming conditions of axial symmetry, are as shown in Figure A1.

If we start from the Modified Cam‑clay Equation (A10) below as our base, given that
the current skeleton stress exists on the subloading surface, we first need to derive the
subloading surface as shown in Equation (A11), to which various elasto‑plastic principles
such as the associated flow rule and Prager’s consistency condition are applied.

The Cam‑clay yield function:

MDln
∼
p
′

∼
p
′
0

+MDln
M2 + η∗2

M2 +
∫ t

0
JtrDpdτ = f (

∼
p
′
, η∗) +

∫ t

0
JtrDpdτ = 0 (A10)

The subloading surface function:

f (p′, η∗) +MDln R∗ −MDln R +
∫ t

0
JtrDpdτ = 0 (A11)

Here, D = (
∼
λ − ∼

κ)/M/(1 + e0) is the dilatancy coefficient, and M,
∼
λ,

∼
κ , and e0 are the crit‑

ical state constant, compression index, swelling index, and initial void ratio (e is the void
ratio at time t = t).

∼
p
′
0 is the mean skeleton stress at the intersection of the normal yield

surface and anisotropic axis at the start time of computation. −
∫ t

0 JtrDpdτ corresponds to
the plastic volumetric strain. η∗, the expression of anisotropy, is obtained using the rota‑
tional hardening variable β, from the calculation η∗ =

√
3/2η̂ · η̂, η̂ = η − β, η = S/p′.

β = 0 expresses a state of no anisotropy. Here, the evolution rules for R∗, R, and β are
given by the following equations.

Evolution rule for R∗:

.
R∗ = JU∗

{
(1 − cs)

(
−Dp

v
)
+ cs

√
2
3

∥∥Dp
s
∥∥} (

U∗ =
a
D

R∗b(1 − R∗)c, Dp
v = trDp, Dp

s = Dp − 1
3
(trDp)I

)
(A12)

Evolution rule for R:
.
R = JU∥Dp∥

(
U = −m

D
ln R

)
(A13)

Evolution rule for β [39]:

◦
β = J

br
D

√
2
3

∥∥Dp
s
∥∥∥η̂∥ηb

(
ηb = mb

η̂

∥η̂∥ − β

)
(A14)

Here, J is determinant of deformation gradient tensor andDp is the plastic stretching tensor.
a, b, and c are the degradation parameters of the structure, cs is the parameter that deter‑
mines the ratio of Dp

v and
∥∥Dp

s
∥∥which influences the decay of a structure (0 ≤ cs ≤ 1),m is

the degradation parameter of overconsolidation, br is the evolution parameter of rotational
hardening, and mb is the limit of rotational hardening. These are all material constants. ∥
∥ indicates Euclidean norm, the superscript “�” indicates a time derivative, and the su‑
perscript “◦” indicates the Green‑Naghdi [40] objective rate.
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Appendix B.2. The Associated Flow Rule and the Constitutive Equation
Associated flow rule:

Dp = λ
∂ f
∂T′

λ =

∂ f
∂T′ ·

◦
T′

J MD
p′(M2+η∗2)

(Ms
2 − η2)

> 0 (A15)

Constitutive equation:
◦
T′ = ED− ΛE

∂ f
∂T′

(A16)

Here, E is the elastic modulus tensor, and Λ is the expression of plastic multiplier λ in
terms of stretching D. Further, we can establish the following relations.

Ms
2 = Ma

2 + br
4Mη∗2

M2 + η∗2
(mbη∗ −

√
3
2

η̂ · β)−MD

[
U∗

R∗

{
(1 − cs)

∼
α + cs2η∗

}
− U

R

√
6η∗2 +

1
3
∼
α

2
]

(A17)

and
Ma

2 = M2 + ζ2, ζ =
√

3/2∥β∥,
∼
α = Ma

2 − η2 (A18)

The slope Ms of the threshold between hardening and softening q = Msp′, obtained under
loading conditions λ > 0, varies according to structural degradation, the loss of overcon‑
solidation, and the development or loss of anisotropy, as well as with the current stress
ratio. Similarly, the slope Ma of the threshold between plastic compression and expansion
q = Map′ varies in response to the development or loss of anisotropy. For details, the
reader is referred to Asaoka et al. [12].
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