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Abstract: This paper presents numerical simulations of the deformation response of
unsaturated embankments subjected to rainfall infiltration using a coupled hydro-mechanical
constitutive model for unsaturated soils. The constitutive model accounts for the influence of
degree of saturation on the stress-strain behavior and the influence of void ratio on the water
retention behavior. The constitutive model was implemented in the finite difference program
FLAC, calibrated using triaxial test data, and validated using measurements of wetting-induced
deformations of embankment models from centrifuge tests. The validation demonstrates that
the constitutive model can capture the coupled hydro-mechanical behavior of unsaturated soils
under wetting conditions. Simulations of the hydro-mechanical response of unsaturated
embankments subjected to rainfall infiltration indicate that the differential settlement across
the top surface of the embankment between the centerline and shoulder increases significantly
during rainfall infiltration, which could result in severe damage to overlying transportation
infrastructure. As the cumulative infiltration increases, shear strains accumulate and form a
potential failure surface at a shallow depth of approximately 2 m from the slope surface.
Insights into the hydro-mechanical response of unsaturated embankments subjected to rainfall
infiltration gained from the model will be useful for considering climate change effects in

design and construction of compacted embankments.

Keywords: Unsaturated soil; Hydro-mechanical behavior; Embankment; Rainfall infiltration;

Rainfall-induced deformation
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1 Introduction

The compacted fill in embankments is typically designed with appropriate drainage to
remain in unsaturated conditions, but temporal changes in the degree of saturation are expected
due to transient interaction with the environment. In particular, sustained rainfall infiltration
will result in in suction reduction in unsaturated fills, which could lead to deformations and
instability of embankments under self-weight loading (Lim et al., 1996; Sassa et al., 2009;
Abbate et al., 2021). This is particularly the case for embankment fills that are compacted dry
of optimum (Mitchell et al. 1965). Most studies on environmental interaction with
embankments focused on rainfall-induced instability issues in embankment slopes without
consideration of the deformation response (e.g., Moriwaki et al., 2004, Wang et al., 2010,
Zhang et al. 2011). For example, Zhang et al. (2011) found that the unsaturated embankment
slopes experienced shallow slip failures during rainfall in centrifuge modeling tests. However,
rainfall-induced deformations of embankments are also important to consider even when
failure does not occur, as deformations could lead to distress of overlying transportation
infrastructure and corresponding reduction in service performance, corresponding to
significant economic costs for maintenance and repair. Wang et al. (2021) conducted a series
of centrifuge tests to investigate the impacts of rainfall intensity and initial soil conditions (e.g.
void ratio and degree of saturation) on the rainfall-induced deformations of embankment slopes,
as well as the failure pattern. However, the evolution of suction and the corresponding
development of deformations within the embankments under rainfall infiltration were not
studied in detail, emphasizing the need to further evaluate this problem with more advanced

constitutive models.
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It is well known that unsaturated soils experience changes in the degree of saturation and
suction upon wetting, which could lead to changes in volume and shear strength, and possibly
water retention behavior (Zhou et al., 2012a, 2012b). Earlier studies on unsaturated soils
consider the stress-strain behavior and water retention behavior separately using independent
mechanical and hydraulic models, respectively (Cui and Delage, 1996; Gens, 1996; Georgiadis
et al., 2005). However, many recent experimental studies reveal the mechanical and hydraulic
behavior of unsaturated soils are interconnected (Sharma, 1998; Wheeler and Sivakumar, 2000;
Jotisankasa et al., 2007; Sun et al., 2010; McCartney and Behbehani 2021). It is well known
that the hydraulic parameters (e.g., suction, or saturation) affect the shear strength (Lee et al.,
2005; Sun et al., 2000; Thu et al., 2007; Toll, 1990; Delage and Graham, 1996; Sivakumar and
Wheeler, 2000) and stiffness (e.g., Khosravi and McCartney 2012) of unsaturated soils. Further,
it is well known than the soil-water retention curve (SWRC) is affected by soil deformations
during compression or shearing (Adams, 1996; Gallipoli et al., 2003; Miller et al., 2008;
Sharma, 1998; Sun et al., 2007; Vanapalli et al., 1999; Zakaria, 1994). For example, Sun et al.
(2007) found that isotropic loading and unloading of compacted Pearl clay under constant
suction resulted in changes of the degree of saturation, and that wetting under constant mean
net stress leaded to decreases in volume. For the constitutive model proposed by Zhou and
Sheng (2015), a sub-loading surface and a unified hardening parameter are introduced to
interpret the effect of initial density on the coupled hydro-mechanical behavior of compacted
soils, and two hydro-mechanical interaction parameters are introduced to quantify the effect of
saturation on the compressibility and the effect of volume change on the variation in saturation.

Advanced constitutive models that can capture the coupled hydro-mechanical behavior of
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unsaturated soils are necessary to estimate the deformation response of unsaturated soils.

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. Following the BBM framework, a series of constitutive
models for unsaturated soils have been developed (Wheeler and Sivakumar, 1995; Chui and
Ng, 2003; Sheng et al.,2008; Gens, 2009). However, these models did not consider the coupled
hydro-mechanical behavior of unsaturated soils and could not capture the transition between
the unsaturated and saturated states. Wheeler (1996) was among the first to acknowledge this
interaction between the mechanical and hydraulic behavior. Since then, many constitutive
models have been proposed to incorporate the coupled hydro-mechanical behavior of
unsaturated soils by integrating the suction and degree of saturation into the effective stress and
considering the volume change behavior on the water retention behavior (Kato et al., 1996;
Karube et al., 1997; Khalili et al., 2008; Gallipoli et al., 2003; Sun et al., 2007; Sun and Sun,
2012; Wheeler et al., 2003; Xiong et al., 2019; Zhang and Ikariya, 2011; Zhou et al. 2012a,
2012b). These constitutive models can better capture the deformation response of unsaturated
soils and are suitable for investigating engineering problems.

Due to the complex form of the constitutive models for unsaturated soils, only a few
models have been implemented into computer programs to investigate boundary value
problems. The implementation of the BBM in CODE_BRIGHT (Olivella et al. 1996) has been
used to study many engineering problems. For example, Alonso et al. (2005) utilized the BBM
in CODE_BRIGHT to simulate the deformation response of a zoned earth dam throughout the

construction, impoundment, and rainfall stages. Jamei et al. (2015) studied the rainfall-induced



©CO~NOOOTA~AWNPE

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

local and shallow failures of unsaturated slopes using CODE_BRIGHT. Rutqvist et al. (2011)
implemented a thermo-elasto-plastic version of the BBM into the TOUGH-FLAC simulator to
analyze the behavior of unsaturated soils in nuclear waste repositories. Zheng et al. (2017)
implemented the BBM in into FLAC and investigated the wetting-induced deformations of
unsaturated embankments due water table rise. In most computer programs, the numerical
simulations involving BBM did not consider the hydro-mechanical coupling in unsaturated
soils. Hence, there is a need to implement more advanced constitutive models into computer
program to accurately capture the coupled hydro-mechanical behavior of unsaturated soils,
which can be used to investigate boundary value problems related to the rainfall-induced
deformation response of embankments.

In this study, a coupled hydro-mechanical constitutive model for unsaturated soils is
introduced, which accounts for the influence of degree of saturation on the stress-strain
behavior and the influence of void ratio on the water retention behavior. The constitutive model
is implemented in the two-dimensional finite difference program FLAC and calibrated using
constant water content triaxial test data. The constitutive model for unsaturated soil is then used
to simulate the hydro-mechanical response of unsaturated embankments subjected to rainfall
infiltration to provide insights into the design and construction of compacted embankments

under climate change conditions.

2 A coupled hydro-mechanical constitutive model

The coupled hydro-mechanical constitutive model of unsaturated soils in this study is

developed based on the elasto-plastic framework incorporating the water retention behavior
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proposed by Sun et al. (2007). The mechanical part is consistent with that of Sun et al. (2007),
while the hydraulic part is novel. The SWRC adopts the van Genuchten (1980) model but
considers the influence of void ratio on the SWRC. As this study focuses on the wetting-
induced deformations of unsaturated soils under rainfall infiltration, hydraulic hysteresis is not
considered.
2.1 Stress-strain behavior
The effective stress o';; is defined as
o*i'j = 0 — Ug0;j + Sr56;; (D)
where ajj is the total stress, u, is the pore air pressure, s is the suction, S, is the degree of
saturation, and J;; is the Kronecker delta. In Eq. (1), ¢'; is equal to Bishop’s effective stress
with the weighting factor y equal to S,. For the soils evaluated in this study, the residual
saturation is equal to zero, so S, is equal to the effective saturation S., which permits the SWRC
to be directly integrated into the effective stress (Lu et al. 2010). When S, i1s equal to 1, the
effective stress o'; transitions into Terzaghi’s effective stress for saturated conditions. The
mean effective stress p'is expressed as follows:
P'=p—ug+Ss 2
where p is the mean total stress.
The expression for the load collapse (LC) yield curve, which describes the relationship
between the mean effective yield stress p’, for unsaturated conditions at suction s and the yield

stress p g, for saturated condition in the p’-s plane in the isotropic stress state, is as follows:

A(0)—k

, N TAVIOR"
Py = Pn (ﬂ) (3)

Py

Where p’, = mean effective stress for the soil at suction s; p» = mean effective stress where
7
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no deformation occurs when suction decreases during wetting, which is also the mean effective
stress corresponding to the intersection of compression curves having different suction values
at high values of mean effective stress; p’y, = mean effective yield stress for the soil in saturated
conditions; A(0) = slope of normal consolidation line (NCL) for saturated condition; A(s) = slope
of NCL at suction s; x = swelling index. Following the approach of Sun et al. (2007), A(s) is

expressed as:

A(s) = A(0) + == “

- Pat+s

where p.: = atmospheric pressure; and 4, = material parameter that controls changes in the slope
of the NCL with changes in suction. Eq. (4) is different from the BBM in that the NCLs for
unsaturated soils with different suction values converge with the NCL for saturated soils as the
mean effective stress increases, which is observed in experimental studies on compression to
high stresses (Mun and McCartney 2017). The LC yield curves under isotropic conditions are
shown in Fig. 1. The LC curves expand due to change in suction, resulting in plastic volumetric
strains. In the current version of the coupled hydro-mechanical model, the suction-increase (SI)
yield curve is not included, as this study focuses on the deformation behavior of unsaturated

soils under the wetting process, in which the initial suction is the maximum suction experienced

in the past.
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Fig.1 Effective stress-based LC yield curves under isotropic conditions.

The yield function in p’-¢ space is defined according to the modified Cam-clay model and

assumes an associated flow rule for the convenience of model implementation in FLAC. This

assumption is also suitable for unsaturated fills with a higher fines content that may not have

significant dilation during shearing. Specifically, the yield function f and potential function g

are represented by Eq. (5):

f=g9=q"+Mp'(p'—py) =0 (%)

where M = slope of the critical state line; ¢ = deviator stress. The yield curves in the p'-g plane

and the yield surface in p'-g-s space are shown in Fig. 2(a) and 2(b), respectively.

q
Unsaturated Soil (s > 0)
M
1
Saturated Soil (s = 0)
— . .=
0 Poy Py p

v

<
<

(2)

(b)

Fig. 2 Yield surface: (a) p'-g plane for different suctions; (b) p'-g-s space.
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When the stress state is inside the LC yield curve, elastic volumetric strain increments are

calculated as follows:

kdp'
deg =
& (1+e)p’

(6)
where e is the current void ratio. When the stress state is on the LC yield curve, plastic

volumetric strain increments are calculated as follows:

_ (M0)-K)dpoy

del = o, (7)
The total volumetric strain is the sum of the elastic and plastic volumetric strains:

de, = def + de? 3
The specific volume v is then updated with the increments in total volumetric strain:

eV = pold(1 — de,) )

2.2 Water retention behavior
The van Genuchten (1980) SWRC model is used to describe the relationship between the
degree of saturation S, and the suction s. Assuming that the residual degree of saturation S," =

0, S-1s equal to the effective saturation S., and the SWRC takes the following form:

Sr =S = (1+(2s)n)m (10)

where a, m, and n are fitting parameters with m = 1-1/n.
Previous studies on boundary value problems involving unsaturated soils typically assume
a single SWRC. In this study, to simulate the coupled hydro-mechanical behavior of
unsaturated soils more accurately, the relationship between the void ratio e and the air entry
value 1/a is introduced into the van Genuchten (1980) SWRC model to incorporate the

influence of volume change on the water retention behavior of unsaturated soils. This study

adopted the linear relationship between e and 1/a proposed by Nuth and Laloui (2008), as

10
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follows:

1/a = —Ae+ B (11)
where 4 and B are fitting parameters, which can be determined by fitting the soil-water
retention curve to data for soils compacted to different void ratios. An example of how the

SWRCs will change as the void ratio decreases is depicted in Fig 3.

Estimated Air Entry Value

Degree of Saturation, S,

1 Suction, s 10

Fig. 3 Soil water retention curves for different void ratios.

3 Model implementation and calibration
3.1 Model implementation

The coupled hydro-mechanical model was programmed as a User Defined Model (UDM)
in FLAC, and the explicit method is used for the finite difference calculation. The Two-Phase
Flow option in FLAC is used for hydro-mechanical calculations, which involves Bishop’s
effective stress and the van Genuchten (1980) SWRC model. After each cycle of hydro-
mechanical calculation, the SWRC corresponding to the current void ratio e is determined
according to Equations (10) and (11) using FISH functions in FLAC. The degree of saturation
S» 1s updated according to the current suction s, both of which are used to update the mean

effective stress p' for the next step of hydro-mechanical calculation.
1
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3.2 Model calibration

Sun et al. (2007) conducted a series of tests on compacted Pearl clay involving different
stress and suction paths in a triaxial cell. Results from two tests on specimens initially following
a drying path (BC) and isotropic compression path under constant suction (CDE) are shown in
Fig. 4. The specimen in the first test was then subjected to a wetting path under constant mean
net stress (EF) after CDE as shown in Fig. 4(a), while the specimen in the second test was then

subjected to a shearing path under constant suction (E'F') after CDE as shown in Fig. 4(b).

q (kPa)
s (kPa) 200
200
-
C(20,147) D(60,147) E(196,147)
147 100 -
130 IB(20,130)
100 —
‘ | ‘
100 //‘200 p (kPa)
F(196,9.7)
0 | | 1 | 1 >
20 100 196 200, (kpa) 3
(a) (b)

Fig. 4 Stress paths and suction paths of triaxial tests: (a) with wetting path (EF) under
constant mean net stress; (b) with shearing path (E'F') under constant suction (after Sun et al.
2007).

In FLAC, the triaxial tests were simulated using a single element under axisymmetric
conditions with the bottom boundary fixed in the vertical direction. The pore air pressure u, is
assumed zero throughout the analysis. The wetting process is applied by the discharge function
in FLAC. Specifically, during the wetting (drying) process, the water flows from the outside
(inside) to the inside (outside) of the lateral boundary. Strain controlled loading is applied to
the top and lateral boundaries with a low rate to ensure equilibrium for the isotropic

compression stage, while stress-controlled loading is applied to the top and lateral boundaries
12
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with a small increment (decrement) for the shearing stage. The mechanical and hydraulic
parameters for the compacted Pearl clay are summarized in Tables 1 and 2, respectively.

Table 1 Mechanical parameters for different soils simulated in FLAC.

Parameter Pearl clay® Minco silt®
Dry density, pg (kg/m?) 1500 1800
Compression index, A(0) 0.12 0.02
Swelling index, 0.03 0.002
Critical state parameter, M 1.1 1.268
Atmospheric pressure, p.: (kPa) 101 101
Poisson's ratio, v 0.3 0.2
Parameter that controls soil stiffness with changes in suction, s 0.12 0.12
Mean effective stress with no deformation when suction 17 17
decreases, p’» (MPa) ' '

4 after Sun et al. (2007).
b after Ananthanathan (2002) and Vinayagam (2004).

Table 2 Hydraulic parameters for different soils simulated in FLAC.

Parameter Pearl clay® Minco silt®
Fitting parameter, 1/a (kPa) 1.322 5.813
Fitting parameter, m 0.12 0.333
Horizontal permeability coefficient, k; (m/s) 1.0 x 107 1.02 x 107
Vertical permeability coefficient, &, (m/s) 5.0 x 10710 1.02 x 10710

4 after Sun et al. (2007).
b after Ananthanathan (2002) and Vinayagam (2004).

The comparison of the experimental and simulated results of the triaxial tests is shown in
Fig. 5. During the drying process BC shown in Fig. 5(a), suction under constant mean net stress
increases from 130 kPa to 147 kPa, and the degree of saturation decreases slightly from 52%
to 51%. However, as the variation of suction is very small, the specific volume remains nearly
constant. During the isotropic compression process CDE, the mean net stress increases from
20 kPa to 196 kPa under constant suction. The specific volume first decreases gradually from
point C to point D where yielding occurs, and then decreases rapidly to point E. During the

process of isotropic compression, the specific volume decreases, and the degree of saturation

13



©CO~NOOOTA~AWNPE

252

253

254

255

256

257

258

259
260

261
262

263
264

265

increases from 51% to 55%. This shows that the degree of saturation varies due to the change

in void ratio under constant suction. Results indicate that the constitutive model can capture

the influence of stress-strain behavior of unsaturated soil on the water retention behavior.

During the wetting process from point E to F, the suction decreases from 147 kPa to 10 kPa

under constant mean net stress, and the degree of saturation increases nonlinearly to 81%,

during which a significant decrease in specific volume occurs, leading to wetting-induced

deformation.
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Fig. 5 Comparison between the experimental and simulated results of triaxial test under

isotropic compression.

The evolution of the SWRC and LC curve during the triaxial tests is shown in Fig. 6. In

14
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Fig. 6(a) from point B to point F, the SWRC shifts towards the right due to the decrease in void
ratio. Meanwhile, as shown in Fig. 6(b), the LC yield curve expands outwards during the
wetting process EF, indicating that plastic strains are generated even though the mean effective

stress decreases.

g ]
o ]
§ 1 -
g =
2 1 T
< E;
wn h o
& ]
o -
® ]
E o
53 ]
(&) 4

YTy J T | T BT

0.1 1 10 100 3
Suction, s (kPa) Mean Effective Stress, p’
(a) (b)

Fig. 6 Evolutions of hydro-mechanical relationships: (a) SWRC; (b) LC curve.

The comparison between the experimental and simulated results of triaxial test under
shearing at constant suction (s = 147 kPa) and constant mean net stress (p = 196 kPa) (i.e.,
stress path E'F' shown in Fig. 4b) is illustrated in Fig. 7. Results in Figs. 7(a) and 7(b) indicate
that the proposed model could capture the development of shear strength and volume change
during shearing under constant suction and constant mean net stress conditions. In addition,
the degree of saturation gradually increases from 55% to 57% due to shear-induced volume

change, as shown in Fig. 7(c), though with slight underestimation of the variation.

15
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Fig. 7 Comparison between the experimental and simulated results of triaxial test under
shearing (s = 147 kPa and p = 196 kPa).
In general, the comparisons between experimental and simulated results in Figures 5 and
7 show that the simulated results are generally in good agreement with the triaxial test results
regarding both the mechanical and hydraulic responses. The constitutive model can capture the
wetting-induced deformation of unsaturated soils under constant mean net stress and the
development of shear strength and volume change during shearing under constant suction and

constant mean net stress. More importantly, the influence of void ratio on the water retention
16
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behavior is captured. All these confirm that the implemented constitutive model in FLAC can

capture the coupled hydro-mechanical behavior of unsaturated soils during wetting.

4 Rainfall-Induced Deformations of Embankments
4.1 Model validation

The implemented constitutive model for unsaturated soils is used to simulate the wetting-
induced deformations of unsaturated embankments. Miller et al. (2001) conducted three
centrifuge tests of unsaturated embankment models subjected to submerging, with two
embankments (Model 2 and 3) having measurements for wetting-induced settlements. The
model geometry of the prototype embankment is shown in Fig. 8. The embankment had a
height of 21 m and a side slope angle of 1/:3H. The embankment was constructed using
compacted Minco silt (Ananthanathan 2002; Vinayagam 2004). Model 2 was constructed with
the fill compacted at a relative compaction (RC) of 90% and gravimetric water content of w =
10.6%, and Model 3 had RC = 95% and w = 9.6%, both of which were compacted dry of the
optimum water content of 14.6%. In the numerical simulation, the compacted fill of Model 2
had initial void ratio ep = 0.65 and initial degree of saturation of S,» = 48%, whereas eg = 0.60
and S0 = 46% for Model 3. The model parameters for the compacted Minco silt were
summarized in Tables 1 and 2. The water level was elevated from the bottom in three stages to

reach nearly fully saturated conditions, as indicated in Fig. 8.

17
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Fig. 8 Model geometry and wetting stages of prototype embankment.

The wetting-induced settlements at the top of embankment during submerging were
monitored. The comparison of simulated and measured wetting-induced deformations of
embankments is shown in Fig. 9. In Fig. 9(a), the results indicate that the simulated total
wetting-induced settlement is in close agreement with the measured value for Model 2 but
overestimates the measurement for Model 3. The incremental wetting-induced settlements of
Model 3 for the three wetting stages are shown in Fig. 9(b). The simulated incremental
settlements for Stage 1 and 2 are close to the measured values, while the simulated value for
Stage 3 shows significant overestimation than the measurement. The simulations predicted a
prototype-scale total settlement of 384 mm in the first and second stage, when the water level
increased to 9.9 m, and an incremental settlement of 393 mm in the third stage, when the water
level increased another 9.9 m. In the centrifuge tests, the incremental wetting-induced
settlement was only 108 mm in the third stage, which is significantly lower than the total
settlement of 384 mm measured in Stage 1 and 2 for the same water level rising elevation of
9.9 m. Overall, the wetting-induced deformations of embankments simulated using the

proposed hydro-mechanical model for unsaturated soil could be reasonably predicted.
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Fig. 9 Comparison of simulated and measured wetting-induced deformations of
embankments in prototype-scale: (a) total settlement; (b) incremental settlements.
4.2 Embankment model

The calibrated coupled hydro-mechanical constitutive model and the wvalidated
unsaturated embankment model are used to study the rainfall-induced deformation behavior of
an unsaturated embankment constructed from compacted Pearl clay subjected to rainfall
infiltration. Due to the symmetric nature of embankment, only half of the embankment was
simulated. The geometry and boundary conditions of the embankment model are shown in Fig.
10. The embankment has a height of 6 m, a top width of 8 m, and a side slope of 1V:1.5H
(vertical to horizontal). The bottom boundary of the model was fixed in the vertical and
horizontal directions, and the left and right boundaries were fixed in the horizontal direction.
The pore air pressure is assumed zero relative to the atmospheric pressure, which is reasonable
for short embankments in the current study. The bottom and left sides of the model were set as
impermeable boundaries, while the top and right sides were set as seepage boundaries. The

rainfall infiltration rate was set to 20 mm/day.
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For the embankment fill, the compacted Pearl clay described earlier in the calibration was
simulated using the hydro-mechanical constitutive model. In the field, the embankment is
compacted in layers with a specified gravimetric water content. It is typically required that the
compacted embankment fill achieves a minimum relative compaction of 95%. Tatsuoka and
Gomes (2018) found that the optimum degree of saturation of backfill, corresponding the
optimum gravimetric water content, is around 80%, and the degree of saturation ranges from -
20% to +5% of the optimum to ensure that the relative compaction is greater than 95%.
Therefore, the initial degree of saturation S, of the compacted embankment fill was set to be
70% in this study, which represents a soil compacted dry of optimum and susceptible to
wetting-induced deformations. The model parameters are the same as those shown in Tables 1
and 2 except the initial degree of saturation (i.e., S0 = 70%). The foundation soil was simulated
using the Mohr-Coulomb model with friction angle ¢ = 46", Poisson’s ratio v = 0.3, and elastic
modulus £ = 40 MPa. Assuming that the water table is at the surface of the foundation soil,
water infiltration does not affect the behavior of foundation soil.

The foundation soil was first activated under gravitational stress conditions. The
embankment fill was then constructed in layers having a thickness of 0.2 m. The embankment
soil for each layer was assigned with the target compaction density and gravimetric water
content (i.e., initial degree of saturation), and the mean effective yield stress corresponding to
the specific elevation for each layer. For the construction of each layer, the embankment was
solved for equilibrium. After construction, a steady infiltration rate was applied to the

embankment top surface, slope surface, and foundation soil surface.
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Fig. 10 Geometry and boundary conditions of embankment model.
4.3 Simulation results

The simulation results focus on the hydro-mechanical response of unsaturated
embankment during the process of rainfall infiltration, including distributions of degree of
saturation and suction within the embankment, settlements of the embankment surface, lateral
displacements of the side slope, and volumetric strains and shear strains within the
embankment. All the presented deformations are incremental with respect to those after
construction.

The distributions of degree of saturation within the embankment at different cumulative
infiltrations /. during rainfall infiltration are shown in Fig. 11. The average degree of saturation
Savg of the entire embankment, obtained by summing up and averaging the degree of saturation
of all the embankment zones, corresponding to the cumulative infiltration /. is also indicated
in the parathesis. The water infiltrated from the slope surface and the top of embankment into
the embankment fill. The surface layer with a thickness of approximately 1 m, including
embankment top and side slope, became saturated when the cumulative infiltration /. reached

20 mm. After that, the wetting front moved within the embankment, and the depth of infiltration
21
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was nearly the same from both the embankment top and the side slope. The embankment

became fully saturated when the cumulative infiltration reached 60 mm.
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Fig. 11 Distributions of degree of saturation at different cumulative infiltrations.

The distributions of pore water pressure within the embankment at different cumulative
infiltrations Ic during rainfall infiltration are shown in Fig. 12. When the cumulative infiltration
Ic reached 20 mm, positive pore water pressure appeared on the top surface and slope surface
of the embankment. As the wetting front moved toward the inside of the embankment from
both the top surface and slope surface, more regions have positive pore water pressure. When
the cumulative infiltration reached 60 mm, the pore water pressures were positive within the

entire embankment.
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Fig. 12 Distributions of pore water pressure at different cumulative infiltrations.

Three soil elements A, B, and C along the centerline of embankment at different elevations
of z=5.0 m, 3.0 m, and 1.0 m, respectively, were monitored during rainfall infiltration. The
curves of the degree of saturation S, and suction s of embankment soil elements with the
cumulative infiltration /. are shown in Fig. 13(a). As water infiltrated into the embankment, the
increase in saturation occurred simultaneously with the decrease in suction. The moment of
change in degree of saturation coincided with the time of water reaching this point. The degree
of saturation at soil element A started to increase when the cumulative infiltration reached 7
mm. As water infiltrated deeper into the embankment, the degrees of saturation at B and C
started to increase when the cumulative infiltration reached 21 mm and 35 mm, respectively.
The curves of settlement and volumetric strain of soil elements at different elevations are shown
in Fig. 13(b). Taking soil element B as an example, the volumetric strain started to increase

rapidly when the cumulative infiltration /. increased to 20 mm, and reached 1.7% at I. = 40
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mm, then remained nearly constant after full saturation. The settlement at soil element B started
to develop at about /. = 30 mm, indicating that the settlement did not increase immediately
when the water just infiltrated to the soil element, as the settlement was caused by the
volumetric strains of deeper soil elements (e.g., C). The settlement at shallow depth (e.g., A)

kept increasing until the whole embankment became fully saturated.
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Fig. 13 Hydro-mechanical response of soil elements at the centerline of embankment under
transient rainfall: (a) suction and saturation; (b) settlement and volumetric strain.

Figure 14 shows the variations of mean effective stress of soil elements at the centerline
of embankment under rainfall. For soil element A, as the water infiltrated, the mean effective
stress decreased gradually from 20.2 kPa to 12.3 kPa, which is associated with the hydraulic
component Ss in Bishop’s effective stress. For deeper soil elements B and C, the effective
stresses decreased slightly before the water infiltrated to the soil elements. This is attributed to
the decrease in effective stresses for the shallower (upper) soil elements (e.g., A). The mean

effective stresses decreased 9.1 kPa and 5.6 kPa for soil elements B and C, respectively, from
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The evolution of LC curves for soil elements A, B, and C along the elevation of
embankment centerline from the initial state to the fully saturated state is shown in Fig. 14(b).
In the initial state, the yield stress of the soil element C was higher than those of the shallower
soil elements A and B due to the larger self-weight of soil. The mean effective stresses of the
three soil elements with the same initial suction decreased during the rainfall, along with the
decrease of corresponding yield stresses. Meanwhile, the LC curves of each soil element kept

expanding, indicating yielding upon wetting and generation of plastic volumetric strains.
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Fig. 14 Evolutions of stress state of soil elements at the centerline of embankment under
rainfall: (a) mean effective stresses; (b) LC curves.

The hydro-mechanical response of three soil elements D, E, and F at different elevations
located 8 m away from the centerline of embankment are presented in Fig. 15. The degree of
saturation and suction of soil elements near the embankment slope show the same trends as the
embankment centerline, with these soil elements getting fully saturated earlier than those at the

centerline, as the water infiltrated from both the top surface and the side slope of the
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embankment. The development of lateral displacement and shear strain of embankment soil
elements with cumulative infiltration /. is shown in Fig. 15(b). For instance, the shear strain of
soil element E started to increase rapidly, when /. increased to 18 mm, and stabilized at 2.7%
for I. > 40 mm. Soil element D near the shoulder of embankment had the maximum shear strain
of 3.7%, as it is close to the potential failure surface within the embankment, while the deeper
soil elements E and F had smaller shear strains. Meanwhile, the lateral displacement of soil
element D showed a rapid increase from /. = 10 mm, and then remained constant at 110 mm
for I. > 40 mm. The development of lateral displacements of embankment slope was faster than

settlements along the embankment centerline due to the shorter infiltration paths.
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Fig. 15 Hydro-mechanical response of soil elements near the slope of embankment under
transient rainfall: (a) suction and saturation; (b) lateral displacement and shear strain.
The settlements of embankment top surface under rainfall are depicted in Fig. 16(a). In
the initial water infiltration stage (e.g., Ic = 10 mm), the settlement of top surface was nearly

uniform at 8 mm. The settlement of top surface began to increase significantly when the
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cumulative infiltration reached 20 mm. The settlement of top surface within 5 m from the
centerline was about 22 mm. With increasing distance from the centerline, the settlement of
top surface increased rapidly, reaching 48 mm at the shoulder. With further infiltration of water,
settlements on the embankment top surface kept increasing significantly until the embankment
reached full saturation.

The settlements of embankment centerline along the elevation under rainfall are shown in
Fig. 16(b). When the cumulative infiltration is small (e.g., /- < 20 mm), the settlements were
negligible in the lower section of the embankment, and increased almost linearly with
increasing elevation, then decreased slightly in the shallow zone of 0.2 m under the top surface
of embankment. This decrease is attributed to the expansion of soil elements upon wetting for
the shallow soil element under low confining stresses. The increase of settlement in the mid-
height section indicates the accumulation of settlement due to wetting, and the settlement
accumulation region became larger with increasing cumulative infiltration, as water infiltrated
deeper into the embankment. For /. = 60 mm, the settlement increased from the bottom of
embankment towards the top in a linear manner, as the whole embankment became fully

saturated.
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Fig. 16 Settlements of embankment: (a) top surface; (b) vertical centerline.

The development of lateral displacements of embankment slope under rainfall is
illustrated in Fig. 17(a). The lateral displacements of embankment slope were relatively small
in the initial stage of water infiltration (e.g., Ic = 10 mm). When the cumulative infiltration /.
reached 20 mm, the lateral displacements increased significantly, and the maximum lateral
displacement was 48 mm at the elevation of z=4 m. For /. = 40 mm, the lateral displacements
of embankment slope remained nearly constant with a maximum value of 143 mm. The
development of the maximum lateral displacement of embankment slope under rainfall is
shown in Fig. 17(b). The development process can be divided into three stages, including the
slow development stage, the rapid growth stage, and the stabilization stage. The maximum
lateral displacement developed at a slow rate when the cumulative infiltration was smaller than
12 mm. As the cumulative infiltration increased, the maximum lateral displacement increased
significantly, and the maximum value remained constant after the cumulative infiltration

reached 40 mm.
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Fig. 17 Lateral displacements of embankment: (a) slope surface; (b) maximum lateral
displacement on slope surface.

The distributions of shear strains during rainfall infiltration are presented in Fig. 18. Shear
strains were small within the embankment for /. = 10 mm. However, for /. > 20 mm, shear
strains started to develop in a shallow region along the slope surface. As the cumulative
infiltration increased, the shear strains kept accumulating and increased towards the toe of slope,
forming of a prominent plastic shear zone. After the embankment was fully saturated, the
embankment slope remained stable. However, the shear strain contours indicate the formation

of a potential failure surface at a shallow depth of approximately 2 m from the slope surface.
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Fig. 18 Distributions of shear strain for different cumulative infiltrations.

5 Parametric study

A parametric study is conducted to investigate the influences of slope angle and
embankment height on the rainfall-induced deformations of unsaturated embankments.
Simulation results focus on the settlements of embankment top surface and lateral
displacements of embankment slope surface. All the presented deformations are incremental
with respect to those after construction.

5.1 Influence of slope angle

Embankments with the same height of 6 m and different slope angles of 1V:1H, 1V:1.25H,
1V:1.5H, 1V:1.75H, and 1V:2H were investigated. All embankments had an initial degree of
saturation of S,9 = 70% and were brought to full saturation under rainfall. The settlements of

embankment top surface for different slope angles due to rainfall are shown in Fig. 19(a). The
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results show that after full saturation, the variations in settlement are not significant near the
centerline of the embankments with different slope angles, but the settlements near the shoulder
increase as the slope angle increases. The settlement at the shoulder increases from 150 mm to
185 mm when the slope angle increases from 1/:2H to 1V:1.5H. A sharp increase of settlements
is observed 6 m away from the centerline when the slope angle further increases to 1V:1H, and
the settlement at the shoulder reaches approximately 320 mm. This can be attributed to the
larger shear stresses developed within the steep slopes, which result in significant downward
movements upon wetting. Results indicates that settlements near the embankment shoulder
increase significantly for slope angle beyond 1V:1.5H, resulting in large differential settlement
on the embankment surface, which would affect the service performance of embankments. As
shown in Fig. 19(b), the settlements of the centerline for the embankment with different slope
angles are similar, indicating that the slope angle has little influence on the settlements of

embankment centerline, as the centerline is far from the slope surface.
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Fig. 19 Influence of embankment slope angle on settlements: (a) top surface; (b) vertical

centerline.
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Fig. 20(a) displays lateral displacements of the embankments with different slope angles
after full saturation. Lateral displacement profiles of slope surface all show a consistent trend
with the maximum displacement at the elevation of z = 4 m. Similar to the embankment
settlements, lateral displacements increase rapidly for slope angle greater than 1V:1.5H. Fig.
20(b) shows that the maximum lateral displacement increases from 95 mm to 143 mm, as the
slope angle increases from 1V:2H to 1V:1.5H, and the maximum displacement progressively

increases to 291 mm at 1 V:1H.
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Fig. 20 Influence of embankment slope angle on lateral displacements: (a) slope surface; (b)
maximum lateral displacement.
5.2 Influence of embankment height
The embankments with different heights of 4 m, 6 m, 8 m, and 10 m were considered to
investigate the influence of embankment height on the rainfall-induced deformations. All
embankments had a slope angle of 1/:1.5H and an initial degree of saturation of S0 = 70%. In
Fig. 21(a), the settlements of embankment top surface increase with the height of embankment,

which is attributed to the higher confining stress conditions associated with taller embankments
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and the larger volume of backfill for compression. In addition, the differential settlement
between the embankment centerline and shoulder increases significantly from 39 mm for H =
4 m to 105 mm for H = 10 m due to the large settlements developed at the shoulder upon
wetting. The settlements of embankment centerline versus normalized elevation after full
saturation are shown in Fig. 21(b). A small amount of expansion is observed near the top
surface for all four cases. However, the accumulation rates of settlement along the centerline
are different, with the settlements developing much faster for taller embankments due to the

higher confining stress conditions.
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Fig. 21 Influence of embankment height on settlements: (a) top surface; (b) vertical

centerline.

The lateral displacements of embankment slope after full saturation for different
embankment heights are shown in Fig. 22. The lateral displacements of slope also increase with
increasing embankment height, and the maximum value increases linearly from 78 mm for H
=4 m to 282 mm for H = 10 m. For different embankment heights, the maximum lateral

displacements all occurred at the elevations ranging from 0.6H to 0.7H.
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Fig. 22 Influence of embankment height on lateral displacements: (a) slope surface; (b)

maximum lateral displacement.

6 Conclusions

A coupled hydro-mechanical constitutive model for unsaturated soils was introduced and
implemented in the finite difference program FLAC. The model was successfully calibrated
using triaxial test data on unsaturated soils and validated using measurements of wetting-
induced deformations of embankments tested in a geotechnical centrifuge. These demonstrate
that the constitutive model of unsaturated soils can capture the coupled hydro-mechanical
behavior of unsaturated soils for wetting conditions and could be used to investigate boundary
value problems. The model was then applied to investigate the hydro-mechanical response of
unsaturated embankments subjected to rainfall infiltration to understand the influences of
embankment slope angle and height on the rainfall-induced deformations of embankments. The
following conclusions are reached for the conditions investigated in this study:

(1) As water infiltrates into the embankment, the degree of saturation increases and suction
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in the soil elements change as expected. As the wetting front moves toward the inside of the
embankment, more regions have positive pore water pressures. The variations of degree of
saturation and suction lead to a decrease in the effective stress and yield stress in the soil. The
expansion of the LC curves during this process indicates yielding upon wetting and generation
of plastic, contractive volumetric strains.

(2) During rainfall infiltration, the differential settlement on the top surface between the
centerline and shoulder increase significantly, which could result in severe damage to the
overlying structures. Along the elevation of embankment centerline, the shallow zone of 0.2 m
experiences slight expansion upon wetting under low confining stress, while the settlements
underneath the shallow zone accumulate as the rainfall infiltrates deeper into the embankment,
and the settlement accumulation region becomes larger with increasing cumulative infiltration.

(3) As the cumulative infiltration increases, the shear strains keep accumulating and
increase towards the toe of slope, forming of a prominent plastic shear zone. After the
embankment was fully saturated, the maximum lateral displacement increased significantly,
but the embankment slope remained stable. However, the shear strain contours indicate the
formation of a potential failure surface at a shallow depth of approximately 2 m from the slope
surface, even though failure may not occur.

(4) The geometry of embankments plays a significant role in the rainfall-induced
deformations of embankments. The differential settlements on the embankment top surface and
the maximum lateral displacements of embankment slope surface increase significantly with
increasing slope angle. For slope angle greater than 1V:1.5H, more attentions should be paid

on the design embankment shoulder due to wetting. The wetting-induced deformations also
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increase with increase embankment height, and the maximum lateral displacements all occur

at the elevations of 0.6 to 0.7H.
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