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ABSTRACT

Embankments constructed using compacted fill are typically initially in an unsaturated
condition. Deformations of embankments may occur due to softening effects associated
with rainfall infiltration. In this study, a hydro-mechanical coupled constitutive model
was implemented in the finite difference program FLAC2D using the Two-Phase Flow
option to simulate the hydro-mechanical behavior of unsaturated soil during infiltration.
The model adopts Bishop’s effective stress, which considers the combined effects of
suction and degree of saturation on the stress-strain behavior and the effect of suction
on the stiffness and hardening parameters. The implemented constitutive model was first
calibrated using experimental data from triaxial tests. Numerical simulations indicate
that as water infiltrates into a 6 m-tall embankment with an inclination of 1:1.5, the
differential settlement between the centerline and edge of the embankment increases,
with a maximum differential settlement of 80 mm after 96 hours of rainfall. The
maximum lateral displacement of the embankment slope also increases to 130 mm after
96 hours. A potential failure surface appears to initiate at a shallow depth of
approximately 2 m from the slope surface after the embankment approaches saturation.

INTRODUCTION

Although embankments constructed from compacted soils often remain in unsaturated
conditions if they have appropriate drainage, rainfall infiltration can cause softening
which may lead to deformations under the self-weight of the embankment soil (Le et al.
2003). While many studies have focused on rainfall-induced stability issues, prediction
of the wetting-induced deformation response of embankments can be important to



consider in the design. Wetting-induced deformations of embankments can lead to
distress of overlying roadways or even slope failure, resulting in significant economic
costs for maintenance and repair.

Wetting of unsaturated soils causes changes in the degree of saturation and suction,
which could lead to changes in volume and shear strength, and possibly water retention
behavior (Zhou et al. 2012). Alonso et al. (1990) proposed an elastoplastic constitutive
model for unsaturated soils, referred to as the Barcelona Basic Model (BBM), using the
net stress and suction as two independent stress state variables. While other constitutive
models for unsaturated soils have been proposed following the framework of the BBM
(e.g., Wheeler and Sivakumar 1995), an issue is that hydro-mechanical coupled effects
cannot be considered in BBM, which could have crucial effects on the deformation
response of unsaturated soils (Zhang and Ikariya 2011). For this reason, several hydro-
mechanical coupled constitutive models for unsaturated soils have been proposed in
recent decades (Gallipoli et al. 2003; Wheeler et al. 2003; Sun et al. 2007; Xiong et al.
2019; Zhou et al. 2012). For example, Sun et al. (2007) proposed an elastoplastic model
for unsaturated soils, which considers the effect of hydraulic behavior on the mechanical
behavior using the Bishop’s effective stress as the stress state variable, and the effect of
void ratio on the soil water retention curve (SWRC) is also considered.

Due to the complex form of these constitutive models for unsaturated soils, few
have been implemented into commercial computer programs. One of the most-popular
implementations of the BBM is in CODE_BRIGHT (Olivella et al. 1996), which has
been applied to a range of engineering problems. Rutqvist et al. (2011) implemented a
thermo-elasto-plastic version of BBM into the TOUGH-FLAC simulator to analyze the
behavior of unsaturated soils in nuclear waste repositories, which incorporates the
suction-induced strains by equivalent mean net stresses. Zheng et al. (2017) investigated
the wetting-induced deformations of unsaturated embankments using the BBM
implemented in FLAC. However, these numerical simulations involving BBM did not
consider the hydro-mechanical coupled behavior of unsaturated soils.

In this paper, a hydro-mechanical coupled constitutive model for unsaturated soil
is proposed, which accounts for the effect of degree of saturation on the stress-strain
behavior and the effect of void ratio on the water retention behavior. The proposed
model is implemented in the two-dimensional finite difference program FLAC and
calibrated using experimental data from triaxial tests. The calibrated constitutive model
for unsaturated soil is used to simulate the behavior of an unsaturated embankment
subjected to rainfall infiltration.

HYDRO-MECHANICAL COUPLED CONSTITUTIVE MODEL

In this study, the Two-Phase Flow option in FLAC is used to implement the constitutive
model. In this option, Bishop’s effective stress is used to account for the effect of degree
of saturation on the stress-strain behavior using the degree of saturation as the effective
stress parameter . The effect of void ratio on the van Genuchten (1980) soil water
retention curve (SWRC) is incorporated using FISH functions in FLAC to account for



the effect of stress-strain behavior on the water retention behavior. The effects of suction
on the hardening and stiffness parameters of unsaturated soils are also incorporated
using FISH functions.

Stress-Strain Behavior

The mechanical part of the hydro-mechanical model for unsaturated soils is similar to
the model proposed by Sun et al. (2007). The mean effective stress p’ and the suction s
are used as the stress state variables, and the expression is as follows:

o =0—u,+S.s (1)
where p is the mean total stress, Sr is the degree of saturation, and u, is the pore-air
pressure. The yield surface, £, in the p-q plane is expressed as

f=q+Mp(p-p,)=0 )

, ' \(A(0)=x)/(A(s)-xK)
where p,=p.(po, /1)) ©)
Us)=M0)+As/(p, +5) 4)

where g = deviatoric stress; p'y = preconsolidation stress at suction s; M = slope of critical
state line; p'» = mean effective stress with no deformation when suction decreases,
which is the stress corresponding to the intersection of compression curves for different
suctions; p'sy = preconsolidation stress at saturation; A(0) = slope of normal
consolidation line (NCL) for saturated condition; A(s) = slope of NCL at suction s; k=
swelling index; p.r = atmospheric pressure; and As = material parameter that controls soil
stiffness as a result of changes in suction.

Eq. (3) describes the loading collapse (LC) yield curve in the p-s plane. When the
stress state is inside the LC yield curve, the elastic volumetric strain increment dev° is
calculated as follows:

de} =xdp [(1+e)p )
where e is the current void ratio. When the stress state is on the LC yield curve, the
plastic volumetric strain increment dev? is calculated as follows:

de) =(A0)~wx)dp,, /(1+e)p,, (6)

Water Retention Behavior
The SWRC describes the relationship between the degree of saturation Sr and suction s.
The van Genuchten (1980) SWRC model is used in FLAC in the following form:
S, =(1[1+(@s)]) @)

where o, m, and n are fitting parameters with m = 1-1/n.

To consider the effect of volume change on the water-retention behavior, the
relationship between the void ratio e and the parameter a is incorporated in the van
Genuchten model. Nuth and Laloui (2008) proposed a linear relationship between e and

1/a, as shown in Eq. (8), where 4 and B are fitting parameters.
l/a=—Axe+B (8)



MODEL VERIFICATION

Sun et al. (2007) conducted a series of triaxial tests on compacted clay involving wetting
paths. Figure 1 shows the stress and wetting paths (B'C'D'E'F'G'H") of the triaxial tests.
In FLAC, single element simulation is conducted under axisymmetric condition to
simulate the triaxial tests, and the model parameters are presented in Table 1.
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Figure 1. Stress and wetting paths of triaxial tests (from Sun et al. 2007).

Table 1. Model parameters for compaced clay (after Sun et al. 2007).

Mechanical parameter Value | Hydraulic parameter Value
Density, pg (kg/m?) 1700 | Water density, pw (kg/m?) 1000
Compression index, A(0) 0.12 | Parameter, 1/a 1322
Swelling index, x 0.03 | Parameter, n 1.136
Critical state parameter, M 1.1 Horizontal permeability P
Specific volume, v 2.35 | coefficient, kx (cm/s) 10
Atmospheric pressure, par (kPa) 101 | Vertical permeability 5
Poisson's ratio, v 0.3 | coefficient, kv (cm/s) 10
Reference mean effective stress, 17

p'n (MPa) '

Figure 2 shows the comparisons between the experimental data and simulation
results. The specific volume v decreases with the decrease of suction s in the wetting
path D'-E'-F', and the amount of volume change is in good agreement with the
experimental data. In general, the simulated results are in reasonable agreement with the
experimental data with respect to both mechanical and hydraulic response, which
indicates that the proposed model can accurately capture the hydro-mechanical coupled
behavior of unsaturated soils subjected to wetting.
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Figure 2. Comparison between experimental and simulated results of triaxial test.
EMBANKMENT SUBJECTED TO RAINFALL INFILTRATION

Embankment Model

The verified hydro-mechanical coupled constitutive model is used to study the wetting-
induced deformation behavior of an unsaturated embankment subjected to rainfall
infiltration. Since the embankment is a symmetric structure, only half of the
embankment is simulated. Figure 3 shows the geometry and boundary conditions of the
embankment model. The height of embankment is 6 m, the width of roadway is 8 m,
and the side slope ratio is 1:1.5 (horizontal to vertical). The foundation soil has a depth
of 6 m and width of 30 m. The bottom boundary of the model was fixed in the vertical
and horizontal directions, and the left- and right-side boundaries were fixed in the
horizontal direction. The bottom and the left side are set as impermeable boundaries.
The top and right side of the model were set as seepage boundaries. The rainfall intensity
was set as 10 mm/day to simulate a light rainstorm (Zhao et al. 2020).



The compacted pearl clay used for model verification was selected as the
embankment fill and simulated using the verified hydro-mechanical coupled model with
calibrated parameters shown in Table 1. A minimum relative compaction of 95% is
typically required for the construction of compacted embankment fill. Tatsuoka and
Gomes (2018) found that the optimal degree of saturation is around 80%, and S ranges
from -20% to +5% of the optimum to ensure the relative compaction greater than 95%.
Therefore, the initial degree of saturation of 70% was used for the compacted fill. The
foundation soil was simulated using the Mohr-Coulomb model, and the water table was
assumed to be at the foundation soil surface, thus water infiltration would not affect the
behavior of foundation soil. This water table location implies that upward water flow
into the embankment will occur due to capillary rise. However, the simulations were
started at the end of compaction rather than when the embankment had reached hydraulic
equilibrium to represent the conditions expected in a newly-constructed embankment.
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Figure 3. Geometry and boundary conditions of embankment model.

Simulation Results

Simulation results focus on the development of hydro-mechanical response of
unsaturated embankment during rainfall infiltration, including saturation and suction
distributions, embankment surface settlements, slope lateral displacements, and shear
strains within the embankment.

As indicated in Figure 3, three points (i.e., A, B, and C) at 5 m away horizontally
from the embankment centerline but at different elevations were monitored during
rainfall infiltration. The relationships of suction and saturation versus time is shown in
Figure 4(a). When water infiltrates into the unsaturated embankment, the degree of
saturation increases, and suction also decreases. The moment of change in degree of
saturation is the time of water infiltration reaching the point. The infiltration time is 8
hours at point A, 28 hours at point B, and 59 hours at point C. Figure 5 shows the
distribution of degree of saturation at different times during rainfall infiltration. The
water infiltrates from the slope surface and the top of embankment into the embankment
fill. The surface layer, including embankment top and side slope, becomes saturated at
approximately 48 hours. After that, the wetting front moves within the embankment, and



the depth of infiltration is nearly the same from both the embankment top and the side
slope. Figure 4(b) shows the change of suction and settlement versus time. The
development of settlement lags behind the variation of suction. For example, suction at
point A starts to decrease from 12 hours, while the settlement at the same elevation starts
to accumulate from 36 hours. As the water infiltrates from the top of embankment, the
settlement at higher elevation accumulates rapidly first, and then the settlement at lower
elevation develops. In general, the settlement at higher elevation is much larger than
those at lower elevation.
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Figure 4. Monitored response during rainfall infiltration: (a) suction and
saturation vs. time; (b) suction and settlement vs. time.
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Figure 6(a) shows the settlements of the embankment top surface during rainfall
infiltration due to the decrease of suction. After 24 hours, the top surface settlement is
nearly uniform at 2 mm. The differential settlement between the centerline and side
develops after that time. The settlement is 20 mm at the centerline and 50 mm at the side
with a differential settlement of 30 mm at 48 hours. As water infiltrates, the differential
settlement keeps increasing, and the maximum differential settlement reaches 80 mm at
96 hours. Figure 6(b) shows the lateral displacements of slope surface during rainfall
infiltration. Similar to the settlements, the lateral displacements are small in the initial
24 hours but increase rapidly from 24 hours to 96 hours with increasing degree of
saturation. The lateral displacement of slope is the largest at the elevation of
approximately 4 m. In general, the displacements become stable after 120 hours, as most
of the embankment becomes saturated.

Figure 7 shows the distribution of incremental shear strain during rainfall
infiltration. At 24 hours, the shear strains are generally small in the embankment slope.
The shear strains at the mid-height of slope start to develop at 48 hours. With the
increasing of degree of saturation, shear strains start to accumulate and increase toward
the toe of slope, forming an obvious plastic shear zone. In general, the potential failure
surface appears at a shallow depth of approximately 2 m from the slope surface.



Figure 7. Distributions of shear strain: (a) 7= 24h; (b) T=48h; (¢) T=72h; (d) T
=96h; (e¢) T=120h; (f) T = 144h.

CONCLUSIONS

A hydro-mechanical coupled constitutive model for unsaturated soil is proposed, which
accounts for the effect of degree of saturation on the stress-strain behavior and the effect
of void ratio on the water retention behavior. The proposed model is implemented in the
finite difference program FLAC and calibrated using data from triaxial tests. The
constitutive model for unsaturated soil implemented in FLAC used to simulate the
behavior of an unsaturated embankment subjected to rainfall infiltration. As water
infiltrates into the embankment, the differential settlement on the embankment top
surface between the centerline and edge of the embankment increases, and the lateral
displacements of slope surface also increases significantly. A potential failure surface
appears at a shallow depth of approximately 2 m from the slope surface after the soil
reaches full saturation. Further investigations can be conducted to explore the
applicability of implemented hydro-mechanical coupled model for engineering
problems involving unsaturated soils.
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