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Abstract

Most transportation infrastructures are constructed on compacted soils that are typically unsaturated above the ground-
water table. The soils are subjected to cyclic traffic loadings and seasonal wetting—drying cycles. Although problems associ-
ated with unsaturated soils are ubiquitous in the US, coupled hydro-mechanical analysis is rarely included in the design/analysis
of transportation geosystems. This can be attributed to two main reasons: (a) there are no simple devices/methods which can
be used to rapidly characterize stress—strain behavior for unsaturated soils, and (b) there is a lack of a constitutive model to
study coupled hydro-mechanical cyclic behavior for unsaturated soils in a consistent way. This paper takes advantage of the
recent advancements in suction measurement and constitutive modeling to overcome these limitations. In this paper, conven-
tional oedometer and direct shear tests for saturated soils are modified to characterize stress—strain behavior of unsaturated
soils under cyclic undrained loading conditions. Then, series of constant water content cyclic oedometer and direct shear tests
are performed to characterize the hydro-mechanical behavior of a silty soil. Moreover, methods are developed to use results
from both tests to calibrate parameters for a recently proposed hydro-mechanical constitutive model. The paper also com-
pares the model predictions with the measured results. Results indicate that the model is able to satisfactorily predict the
hydro-mechanical hysteresis behavior of the soil. With developments in equipment, constitutive models, and analysis, it is now
possible to fully characterize the hydro-mechanical behavior of unsaturated soils in a more efficient manner.

Keywords
infrastructure, geology and geoenvironmental engineering, mechanics and drainage of saturated and unsaturated geomaterials,
partially saturated soils, constitutive modeling, and cyclic hydro-mechanical behavior

Unsaturated soils are often involved in many engineering
problems of practical interest. In transportation applica-
tions, for instance, soils are typically subjected to cycles
of loading and unloading (i.e., traffic loads) or wetting—
drying (i.e., rainfall and droughts). Plastic strains may be
cumulated as a result of repeated mechanical and
hydraulic loading cycles. Consequently, roads are suffer-
ing from deteriorations, rutting, and, sometimes, failures
(1, 2). To properly solve such problems, it is necessary to
develop a good understanding of the unsaturated soil
behavior by means of understanding the interaction
between different soil phases (i.e., liquid, gas, and solid).
Two essential elements are needed to develop such a

good understanding: (a) unsaturated soil characteriza-
tion and (b) soil behavior modeling.

In respect of soil characterization, Bishop and Donald
(3) developed the first suction-controlled triaxial (SCTX)
testing apparatus, and now it has been a standard for the
characterization of stress—strain behavior for unsaturated
soils (4-6). However, the apparatus is very sophisticated
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and expensive ($100,000 each). In addition, the SCTX
test is a consolidated drained test. Thus, it is very time-
consuming to perform a test as a result of the low perme-
ability of unsaturated soils. It often takes 3 to 4 years to
fully characterize one unsaturated soil (7-9).

Moreover, numerous efforts have been dedicated to
modifying the conventional oedometer and direct shear
devices to use them for unsaturated soils. For shear
strength characterization, researchers developed and
used the suction-controlled direct shear test, in which soil
suction was controlled using the axis-translation tech-
nique (/0-13). Similarly, for stiffness characterization,
researchers modified the oedometer test by introducing a
suction control system through axis-translation or vapor
equilibrium technique (/4-18). These devices, however,
have suffered from several limitations. They often require
the implementation of major modifications into the con-
ventional saturated soil testing devices. Moreover, they
require suction control (i.e., drained conditions). Because
of the extremely low permeability of unsaturated soils,
testing time is too long. For the oedometer test, because
of the unknown stress path, there was no method avail-
able to use its results for constitutive modeling. However,
Zhang et al. (19) derived an explicit formulation for the
at-rest earth pressure coefficient (K;). Therefore, they
were able to calculate the lateral stress during oedometer
testing and, consequently, the stress path is known.
Accordingly, they develop a method to take advantage of
the oedometer test results for constitutive modeling pur-
poses. However, oedometer tests are non-failure tests.
Thus, the strength parameters, calibrated in Zhang et al.
(19), are extrapolation for the soil behavior, and may be
subject to significant errors.

Tensiometers have been used in the geoscience field
for decades. However, the measurement capacity for a
conventional tensiometer was limited to 100 kPa because
of water cavitation (20). Ridley and Burland (27) devel-
oped the first high-suction tensiometer (HST) with a
capacity of 1500 kPa. Since then, many HSTs have been
developed and successfully used in field and laboratory
testing (22-30). Reviews of the latest developments in
HSTs and their applications can be found in (30-32).
Many researchers have used the HST for determining
the soil-water characteristic curve (33—40). Moreover,
the HST was used in many applications for measuring
suction changes during mechanical and hydraulic load-
ing. For instance, HSTs were used for unconfined com-
pression testing (41, 42), oedometer testing (43), and
triaxial testing (26, 44, 45).

In respect of soil modeling, Alonso et al. (46) pro-
posed the first elastoplastic model for unsaturated soils.
The model gained considerable acceptance and has been
implemented into numerical schemes. The model was later
named the Barcelona Basic Model (BBM). However, an

inconsistency between the hydraulic and mechanical beha-
viors was noticed by Wheeler and Karube (47). It was
mainly related to using a simple elastic equation to repre-
sent the hydraulic behavior that is considered inconsistent
with the elastoplastic mechanical behavior. Later, several
modifications were proposed aiming at improving the
shear and isotropic behaviors in the original BBM (48,
49). These models, however, focused on mechanical beha-
vior only.

To better represent the hydraulic behavior, Wheeler
(50) proposed two specific water volume surface equa-
tions to represent the hydraulic behavior. However, the
macro-void changes were assumed to be fully plastic.
Consequently, inconsistent predictions were noticed for
the elastic and plastic hydraulic behaviors. Then, Vaunat
et al. (51) proposed the first coupled hydro-mechanical
constitutive model for unsaturated soils with a focus on
hydraulic hysteresis, while the mechanical behavior was
simulated using the BBM. However, an inconsistency was
noticed because of the coupling effects between the hydrau-
lic and mechanical behaviors of unsaturated soils. A review
of the most common constitutive models for unsaturated
soils can be found in Wheeler and Karube (47), Gens et al.
(52), Gens (53), Jommi (54), and Zhang et al. (55). All the
models mentioned above adopted the suction and net
stress as independent stress state variables.

Other models were proposed considering the effective
stress principles (56—65). Among these models, the model
proposed by Wheeler et al. (56) was extended to aniso-
tropic stress conditions and referred to as the Glasgow
Coupled Model (GCM) (65). However, Raveendiraraj
(66) noticed that the model predicted a non-unique satu-
rated normal compression line, which caused non-
smooth transition between the saturated and unsaturated
soil states. In addition, the stress state variables used in
the model incorporate the strain variables (i.e., porosity,
n and degree of saturation, S,). This caused difficulties in
running quantitative predictions. Sheng et al. (67) pro-
posed a model using a different pair of stress state vari-
ables. The model was then named SFG after the authors
names (i.e., Sheng, Fredlund, and Gens). However,
Zhang and Lytton (68) noticed an inconsistency between
volumetric and hydraulic behaviors in the model and
other issues that violated the theory of elastoplasticity.

Zhang and Lytton (69, 70) proposed a modified state
surface approach (MSSA) to study the volume change
for unsaturated soils. Later, the MSSA was extended to
study the coupled hydro-mechanical behavior of unsatu-
rated soils (77). Special attention was paid to the com-
patibility among the elastoplastic relations for the three
soil phases (i.e., soil solids, water, and air). Representing
the undrained soil behavior in a consistent manner was a
challenge to most existing models. This challenge was
addressed and solved by the coupled MSSA (71). The
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coupled MSSA was then used successfully to predict the
soil behavior, for different soils, under drained and
undrained conditions (41, 43, 71, 72). The original
MSSA (69-71) was based on critical state soil mechanics
in which the soil hysteresis behavior was neglected.
Recently, Riad and Zhang (73) extended the MSSA to
account for coupled hydro-mechanical behavior consid-
ering both hydraulic and mechanical hysteresis. It is
worth noting that mechanical hysteresis is neglected by
most of the existing models.

Moreover, Riad and Zhang (74) further extended the
MSSA to predict the soil behavior under general stress
conditions and accordingly proposed a new model. The
model can predict many unsaturated soils’ behavioral
features such as (a) elastoplastic behavior, (b) coupled
hydro-mechanical behavior under isotropic and triaxial
stress conditions, (c) both mechanical and hydraulic hys-
teresis; in addition, it (d) has a smooth transition between
saturated and unsaturated soil states. Like most existing
models, results from the SCTX test were used to calibrate
the model. Since the SCTX test is a drained test, the
model capabilities were not investigated under undrained
loading conditions. It is worth noting that undrained
loading provides a better representation for the coupled
hydro-mechanical behavior.

In this paper, recent advancements in both testing and
modeling of unsaturated soils are integrated to fully char-
acterize the hydro-mechanical behavior of unsaturated
soils under cyclic undrained loading. Two HSTs were
developed with different dimensions. Conventional oed-
ometer and direct shear devices for saturated soils were
modified and equipped with an HST to measuring suc-
tion changes during undrained loadings for unsaturated
soils. With the new devices, the testing time reduced from
weeks to a few hours. Then, a series of constant water
content oedometer and direct shear tests (CWOD and
CWDS, respectively) were performed on a compacted
silt. Loading—unloading cycles were applied during
CWOD testing to investigate both the hydraulic and the
mechanical hysteresis behavior. Then, the CWDS results
were used to calibrate strength parameters for the model
proposed by Riad and Zhang (74). Moreover, the K
explicit formulation proposed by Zhang et al. (/9) was
utilized to analyze the test results and calibrate stress—
strain parameters in the model. The model predictions
were then compared with the measured behavior to vali-
date the proposed model.

The paper is organized as follows. First, designs of
the new testing equipment are provided and explained in
detail. Following this, the testing program is explained in
relation to the tested material, testing procedures, and
results presentation. Then, a theoretical method is devel-
oped to use the results from constant water content tests
for constitutive modeling purposes. This is followed by

analysis results and discussion. The paper closes with the
main conclusions of this work.

New Testing Equipment for Unsaturated
Soils

Development of an HST

In this research, an HST was developed according to the
principles described by Ridley and Burland (27). For oed-
ometer tests, a design similar to that adopted by Li and
Zhang (23) is utilized here. The HST consists of a pres-
sure transducer, a metal housing, and a high-air-entry
(HAE) ceramic disc. The ceramic disc is glued to a stain-
less steel ring and then glued to the housing. This design,
therefore, allows an easy replacement for the ceramic disc
when the HST loses its function. The water reservoir has
a volume of 0.38 mm? located between the HAE ceramic
disc and a deformable diaphragm of a pressure transdu-
cer. This design, however, was too big for the direct shear
cell. Consequently, a miniature HST was developed. The
miniature HST comprises (1) a miniature EPB-PW pres-
sure transducer, (2) a 15 Bar HAE disc (6.4 mm in dia-
meter and 1 mm in thickness), and (3) a 0.51 mm® water
reservoir. Figure 1, a and b, shows the designs adopted
for the large and miniature HSTs, respectively. Figure 1¢
shows a picture of the fabricated HSTs indicating the dif-
ference in dimensions. The HSTs were saturated in a
closed chamber (Figure 1d) by means of applying water
pressure cycles of 500kPa (217, 23, 75). It usually takes a
week for the first saturation.

After saturation, the HST was calibrated in a positive
pressure range. The calibration procedure was done in
the closed chamber by applying a very accurate positive
pressure to the water in the chamber. Then, the HST
readings were compared with the applied pressure, and
linear calibration parameters were adopted using the
least square method. The calibration parameters can
extend to the negative pressure range based on extrapo-
lation (23, 76). The calibration accuracy can be considered
good when the water pressure drops to —100 kPa immedi-
ately after cavitation. The time of suction measurements
(i.e., test duration) is influenced by two factors: (a) the
time needed for the soil to reach equilibrium and (b) the
HST reaction time. For undrained loading, the suction
equilibrium time is instantaneous (77). Consequently, the
suction measurement duration depends solely on the HST
reaction time. After calibration, the HST’s response time
was examined by means of the loading—unloading process,
and it was instantaneous, as shown in Figure 1d.

Moreover, the maximum attainable suction of the
HSTs was determined with a free evaporation test (22)
and it was was approximately 650 kPa for the large HST
and 520 kPa for the miniature HST, as shown in Figure
le. Figure le indicates a quick drop in pressure to nearly
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Threaded rod

(a)

Grease

I

|

Loading ball

Porous stone

Filter paper

Consolidation ring

I )

Cell base
(upper part)

—

High-suction
tensiometer (HST)

HST cable

Cell base (lower part)

Figure 2. Modified oedometer with high-suction tensiometer (HST): (a) schematic plot (after Li et al. [43]) and (b) pictures of modified

oedometer with HST.

—100kPa, indicating accurate calibration. More details
of fabrication, saturation, and calibration of the HST
can be found in the work by Li and Zhang (23).

Development of New Oedometer Cell

Similar to Zhang et al. (77), an HST was mounted at the
bottom of a Humboldt oedometer cell. The conventional
cell base was replaced with two split parts. The upper
part holds the HST cylindrical body. However, the lower
part holds the HST cable and hexagonal bolt (Figure
2a). This design ensures easy installation and good con-
tact between the HST and soil sample. The rest of the

setup was similar to the standard oedometer test for satu-
rated soils. The soil specimen was placed in a standard
consolidation ring, as shown in Figure 2a. To prevent
any evaporation, grease was applied at possible air con-
tact locations, as shown in Figure 2a. Similar steps were
followed by other researchers (75, 77). Figure 2b shows a
picture of the loading frame with the modified cell.

Development of New Direct Shear Cell

In this step, a conventional direct shear cell was modified
for unsaturated soil testing purposes, as shown in
Figure 3. The new cell has a modified top-loading cap to
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Cable
(@) Loading ram (b)
Horizontal
load
<]_
q_
26.7 mm <+
<}—
4_
26.7 mm
Bottom ring
(cutting ring)

62.0 mm

(d)

Top loading cap

HST cable

Figure 3. New direct shear test apparatus: (a) schematic design, (b) photograph of the shear cell, (c) direct shear testing system, and (d)

sheared specimen.

Note: HST = high-suction tensiometer; LVDT = linear variable differential transformer.

host the HST. A metal spring is also used to ensure good
contact between the soil and HST during the whole load-
ing process. Figure 3a shows a schematic plot of the new
cell. For more representative measurement of the soil
suction at failure, the miniature HST should be located
on the failure plane. However, during real testing, the
failure plane is usually rough because of the non-
uniformity of the soil specimen. Consequently, the HST
tip was set to be approximately 1 mm above the failure
plane, as shown in Figure 3a. This design ensures repre-
sentative suction measurements without affecting the soil
shear behavior. This new cell was designed to accommo-
date the conventional direct shear box. Therefore, this
new cell can be placed in the conventional direct shear
box, as shown in Figure 35. With this new cell, the test
can be performed in any conventional direct shear appa-
ratus, as shown in Figure 3c. Figure 3d shows a soil

specimen after shearing in which the HST was nearly at
the failure plane.

Testing Program

Materials, Specimen Preparations, and Testing
Procedures

The unsaturated soil specimens were fabricated using silt
soil collected from the Missouri riverbed. The soil was
sieved and classified as silty sand (SM) as per the Unified
Soil Classification System (USCS). The collected soils
were oven-dried and pulverized, and only those passing
sieve No. 200 (i.e., silty soil) were used in this study. The
collected fines (silt) had the following properties: opti-
mum moisture content (wqp) of 12%, maximum dry den-
sity of 17.0kN/m?>, a specific gravity of 2.7, and it was
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(a)

. . . HST acrylic house
High-suction tensiometer —.._

acquisition system

Digital balance
\ [
L]

Balance data cable
connected to a PC

L]

HST cable connected to data

¥, Balance power

(b)

&
=N

=
W

1
~

0.1

Residual water
content

le

Gravimetric water content (wGs)
=3
w

1 10 100 1000
Suction (kPa)

Figure 4. Soil-water characteristic curve (SWCC): (a) schematic plot for the used system and (b) measured SWCC.
Note: HST = high-suction tensiometer; PC = personal computer; AEV = Air Entry Value.

non-plastic. The soil was then mixed with distilled water
at the optimum moisture content. To ensure moisture
equilibrium, the mixed soil was stored in well-sealed plas-
tic bags for at least 2 days.

For the soil-water characteristic curve (SWCC), the
soil was compacted at the optimum moisture content in a
consolidation ring. The soil was then saturated with dis-
tilled water for 1 week; then, a calibrated HST was used
to ensure saturation (i.e., zero suction) at different loca-
tions of the soil sample. The SWCC was determined
using an HST and balance following the procedure
described by Toll et al. (36). This procedure was also
adopted by Li et al. (40) to measure the water retention
and shrinkage curves simultaneously. They measured the
soil suction, water content, and volume changes during
testing to construct both curves. Figure 4a shows a sche-
matic plot for the system used to detect the SWCC. The
sample was continuously exposed to air, and the HST
and balance allowed for continuous measurement of suc-
tion and soil weight. At the end of the test, the sample
dry mass was detected by oven drying. The dry mass
allowed for calculating the moisture content correspond-
ing to every soil weight. Figure 45 shows the SWCC mea-
sured for this soil. It is worth noting that the testing time
was reduced to 24 h instead of 15days for typical soils
using the pressure plate method. The air-entry suction
value and residual water content for this soil were deter-
mined to be approximately 3.2 kPa and 0.1, respectively.

The soil was then dynamically compacted as per
ASTM D1557 (78). For the constant water content oed-
ometer (CWOD), the consolidation rings were then used
to cut the soil to minimize disturbance. After cutting, the
soil specimens were exposed to air for different periods
to reach different moisture (suction) levels. Then, soil
specimens were stored in a sealed container for 1 week to
reach moisture equilibrium. After that, the saturated
HST was installed into the oedometer base, as shown in
Figure 2a. To avoid cavitation during preparation, the

HAE disc of the HST was covered with a thin layer of
kaolin paste. Then, the unsaturated soil specimen was
placed on top of the HST, as shown in Figure 2a. The
self-weight of the soil specimen and ring allowed good
contact between the HST and the bottom of the speci-
men. The oedometer cell was then placed under the load-
ing frame, as shown in Figure 2b. The vertical
displacement was measured by a digital indicator with
an accuracy of 0.000254cm and a range of 2.54cm. The
indicator and the HST were connected to an automated
data logger for continuous measurement of vertical dis-
placement and suction, at 2s intervals, throughout the
CWOD test.

During the CWOD test, the loads were applied in
steps of 12.5, 25, 50, 100, 200, 400, 800, 1600, and
3000 kPa of vertical stress. Then, cycles of loading and
unloading were applied between 800 and 12.5kPa. The
specimens were unloaded to 12.5kPa before the test was
terminated. The sample was allowed to reach both suc-
tion and vertical displacement equilibrium for every
loading or unloading level. The equilibrium usually takes
15 to 30 min. The stabilized suctions and vertical displa-
cements were used as final values for each load level.
Depending on the initial soil suction and the number of
loading—unloading cycles, it normally took 7 to 13h to
complete a test. To ensure constant water content, the
weight of the soil specimen was measured before and
after testing.

For the CWDS test, split rings (53.4 mm in height and
62.0 mm in diameter) were used to cut the soil specimens.
The specimens were prepared in the same way as those
for the CWOD tests. After conditioning, the specimens
were placed in the direct shear box, as shown in Figure
3h. Also, the saturated miniature HST was assembled
with the top cap, as shown in Figure 3a. Before HST
installation, a hole of 6.5mm in diameter and 25.7 mm in
depth was drilled at the specimen center. A thin layer of
saturated kaolin was also used to smear the ceramic disc
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to prevent cavitation. After installation, the shear box
was then placed in the shearing machine, as shown in
Figure 3c¢. A linear variable differential transformer
(LVDT) was mounted at the top of the soil to monitor
the soil volume. Then various normal loads were applied.
Normal loading also changes the soil suction; then, the
sample was allowed to reach equilibrium. When the ten-
siometer reading stabilized, the direct shear load was
applied at a constant loading rate of 0.05 mm/min until
failure. The soil specimen after the direct shear test was
then used for moisture content measurement.

Presentation of Test Results

CWOD. Figure 5 shows the typical response of a soil spe-
cimen (w = 10.92%) during a CWOD test. The initial
suction value was 24.60 kPa as shown on Figure 5 and
the corresponding o, was 12.5kPa. For each applied load
as shown in Figure 5a, there were corresponding instan-
taneous changes in settlement, degree of saturation, and
suction, followed by an equilibrium stage as shown in
Figure 5, b—d, respectively. An enlarged plot for the suc-
tion changes with time is provided in Figure 5d. This plot
clearly shows the gradual decrease or increase in suction
with increments or decrements of loading, respectively.
The degree of saturation was back-calculated using the
intrinsic relationship (S, = wG,/e) with known void ratio
and water content. Figure 5d shows that when the speci-
men is first loaded or unloaded, suction jumps to high or
low values before reaching equilibrium. Since water and
soil solids are not compressible, the equilibrium time was
most likely related to either internal redistribution of the
water, or drainage of the pore air, or both. The sample
then takes a few minutes to reach internal stability in
respect of suction, which was captured by the HST.
Sometimes suction jumps to a negative value (positive
water pressure), but it stabilizes to positive values at the
end. The soil suction after stabilization differs from the
previous value before loading or unloading. It can be
seen in Figure 5 that there were irrecoverable volume
changes during unloading. The vertical displacements did
not recover to their initial values, and the stabilized suc-
tion was lower than that in the loading process at the
same o, level.

The stabilized measurements were then reported as the
final values at the corresponding stress level. Figure 6, a—
¢, shows the specific volume (v = 1 + e, where e is void
ratio), degree of saturation (S;,), and suction (s) versus the
vertical stress curves for six CWOD tests. Because of the
wide suction range, suction versus vertical stress curves
are presented in two separate s — o, plots for better
visualization. The test at w = 8.0% was terminated after
one loading—unloading cycle because of HST loss of
function. As shown in Figure 6a, specific volume slowly
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Figure 5. Typical responses of a soil specimen during the
constant water content oedometer test (w = 10.92%): (a)
applied loads, (b) measured vertical displacement, (c) degree of
saturation, and (d) measured matric suction.
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Figure 6. Soil responses during constant water content oedometer tests: (a) void ratio versus applied vertical stress, (b) degree of
saturation versus applied vertical stress, (c) soil suction versus applied vertical stress (w =8% and 6.92%), and (d) soil suction versus

applied vertical stress (w=10.93%, 9.7%, and 9.5%).

decreased with o, at less than 30 kPa. A limited transition
zone was noticed at o, between 30 and 60 kPa, while the
decrease then became steeper when o, was greater than
60 kPa. During unloading, all specimens unloaded along
less steep and almost parallel lines, indicating irrecover-
able volume changes. A hysteresis behavior was also
noticed during the loading—unloading cycles. The
CWOD is, in fact, an undrained compression test. As
shown in Figure 6¢, every test started from the equaliza-
tion suction corresponding to the specimen’s moisture
content. During loading, suction decreased, and the
degree of saturation increased. Such behavior better rep-
resents the hydro-mechanical coupling of the soil than
the suction-controlled test. Then, as the soil was sub-
jected to an unloading process, suction increased. If the
soil was reloaded, both the void ratio and suction
decreased by following new curves, indicating that there
were hystereses in both mechanical and hydraulic beha-
vior of the unsaturated soil.

The degree of saturation had opposite behavior to
that of the specific volume as shown in Figure 6¢. It
increased with loading and decreased with unloading.

Figure 6 indicates that the higher the initial moisture
content, the higher the initial void ratio, the higher the
degree of saturation, and the lower is the initial suction.
Soils with higher initial moisture content were more
compressible than those that were drier, which is reason-
able because suction is known to have stiffening effects
on unsaturated soils. For the saturated oedometer test
(w = 18.5%), degree of saturation (S, = 1) and suction
(s = 0) are plotted in Figure 6b for better visualization.

CWDS. CWDS tests were conducted at nine constant
water content levels with different normal stress levels.
Figure 7 shows the shear stress and volumetric strain
changes during shearing. The soil information before test-
ing and at failure is summarized in Table 1. It was
noticed that, roughly, when normal stress was less
than 100 kPa, suction increased during shearing. This can
be attributed to dilative shear behavior, as shown in
Figure 7h. However, contractive behavior was noticed at
normal stresses higher than 100 kPa, and, consequently,
suction decreased during shearing. It is worth noting that,
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Table I. Summary of Specimens’ Initial and Final Conditions for Direct Shear Tests

Initial condition

At failure condition

Test no. w (%) v s (kPa) s (kPa) Shear strength (kPa) Normal stress (kPa)
I 11.08 1.52 455 50.0 109.8 95.8
2 10.95 1.49 32.0 48.6 85.4 95.8
3 10.59 1.47 204 29.1 222 23.9
4 10.50 1.46 6.4 12.9 354 47.9
5 9.63 1.45 50.0 25.0 138.3 191.5
6 9.54 1.45 57.0 50.8 16.3 47.9
7 9.45 1.44 64.4 15.0 134.8 191.5
8 9.07 1.43 404 —62.9 291.7 383.0
9 8.42 1.42 115.0 295 197.5 287.3
Note: no. = number.
(a) (b)
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Figure 7. Constant water content direct shear test results: (a) shear stress versus shear strain and (b) vertical strain versus shear strain.

for test# 8 (w = 9.07%), a negative suction value (posi-
tive pore water pressure) was noticed as a result of the
high normal stress applied (383.1 kPa). As the horizontal
displacement increased, the shear stress increased until a
peak was reached and then stabilized or decreased.
Generally, the ultimate shear stresses increased with
increasing normal stress, which is typical for most soils.

Theoretical Analysis of Test Results
Overview of the MSSA

Based on a detailed qualitative study of soil behavior in
the v-p-¢-s space, Zhang and Lytton (69) divided the soil
volumetric behavior into elastic and plastic surfaces
based on the following criteria:

1) The shape and position of the plastic hypersurface
are always fixed in the v-p-g-s space for a given
soil.

2) The shape and position of the elastic surface
remain fixed during elastic loading and unloading.

3) During plastic loading, the position of the elastic
surface changes (i.e., moves downward). However,
its shape remains the same.

4) The yield curves are the intercepts of the elastic
and plastic surfaces.

Later, Zhang and Lytton (7/) extended the MSSA to
study the hydro-mechanical behavior of unsaturated
soils. Considerable attention was paid to the consistency
between different soil phases (i.e., soil solid, water, and
air). They came up with the following consistency
requirement/principles for any coupled model: (a) the
degree of saturation, S,, and water content, wGy, are
closely related to the void ratio, e, and should be coupled;
(b) elastoplasticity is a material behavior while S,, wG,
and e are representatives of such behavior and, conse-
quently, should be simultaneously elastic or elastoplastic
and share the same yield surface; (c) the plastic
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Figure 8. 3D representation for soil hysteresis behavior
(modified state surface approach).

volumetric strains are exactly equal to the plastic water
content changes; and (d) the air phase behavior is always
elastic.

Recently, Riad and Zhang (73) further extended the
MSSA to study the hydro-mechanical behavior of unsa-
turated soils considering both hydraulic and mechanical
hysteresis. The MSSA was extended based on three main
principles (refer to Figure 8): (a) the reloading surface
starts at the elastic unloading surface (point E) and ends
at the plastic surface (point P); (b) the intersection
between reloading and plastic surfaces is a new yield
curve (point P on LCj yield curve); and (c) the intersec-
tion yield curve location depends on how much further
the sample was unloaded in relation to mean net stress
or suction.

3D Elastoplastic Hydro-Mechanical Model: Overview

Based on the coupled MSSA (after extension in Riad
and Zhang [73]), Riad and Zhang (74) developed a new
elastoplastic model that can predict the coupled hydro-
mechanical hysteresis behavior for unsaturated soils in a
consistent manner (referred to as the C3DHM model
hereafter). The mechanical part of the model is the same
as the BBM (46), while new equations were proposed for
the hydraulic behavior, as shown later. The model has one
major superiority over other models, that is, it uses one
yield surface only to simulate mechanical and hydraulic
behavior simultaneously, which ensures consistent predic-
tions for the mechanical and hydraulic behaviors.

The C3DHM was formulated in relation to surfaces
using the MSSA as follows. Equations 1 and 2 show the

elastic and plastic surfaces for the specific volume, and
Equations 3 and 4 show the specific water volume,
v =1+e, =1+ wG, elastic and plastic surfaces,
under triaxial loading conditions (for equation notation,
please see the notation list in Table 3).

v =C) —klnp — ks In(s + py) (1)

v=C— Ksm(%) - Kln@) — (\(s) = x)

{ln (p + Aﬁi—k@) _ ln(p")}
= (L) o (2)
+ Pas) — «]In (ﬁ)

+
Vi = Cy — Ky(s) In (M) — A1 (8) In (.l%)
pat

+ (Aa(s) — k) {ln(lﬁ —In (p * Aﬁiks)ﬂ
(4)

where A(s) = N(0)[(1 — ) exp(—Bs) + 7], kyu(s) = K (0)
[(1— a)exp(—bs) + al, Nuls) = NO)[(1 — ) exp(—ds) + ],
and Aya(s) = N0)[(1 — g) exp (=f5) + g].

At zero suction, Equations 3 and 4 became the same
as Equations 1 and 2, respectively. This feature ensures a
smooth transition between saturated and unsaturated
states. Including the deviatoric stress, ¢, in Equations 4
and 2 allowed for simulating the hydro-mechanical cou-
pling during shearing. This feature is rarely constituted
in most existing models for unsaturated soils. During
unloading, for simplicity, the C3DHM model is fully
compatible with the BBM (represented by Equations 1
and 3). However, during reloading, the bounding surface
concepts (79, 80) were applied to capture the hysteretic
behavior. Equation 5 was then proposed for the specific
volume reloading surface.

V= Cy — K, In <M) —ln (5) — (8. p)(N(s) — K)

Pat
ln(ln<p + Wirks)) —1n(p)>
(5)

where £(8,p) = pd/(pd + A(1 —8)") is a function repre-
senting the distance between the current yield surface
and the bounding surface, and 8 =p*o/(p*o), is the
ratio between current preconsolidation pressure, p*,
and preconsolidation pressure on the bounding surface,
(p*0)p- It is worth noting that the value of 8 is increasing
from the current value to 1 during reloading (or drying).

(2)

(3)
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Constant C; in Equation 5 can be calculated from the
initial reloading conditions (point E in Figure 8), as
Cs = Cy + k¢ In(py) + kln(p©). It is worth noting that p,
can be usually calculated from Equation 5 and plugged
into Equation 3 to reproduce the hydraulic hysteresis.
Consequently, no additional equations (i.e., model para-
meters) are required to represent the hydraulic hysteresis.
The model was successfully used to simulate the hyster-
esis behavior of unsaturated soils under drained loading
(i.e., from the SCTX test).

The incremental forms were then derived from the sur-
faces’ equations. The elastic volumetric (de?) and hydrau-
lic (def) strains (i.e., elastic water content changes)
resulting from s and p changes can be derived as follows:

_ kdp N Ky ds
Vo P VoS + Par

(6)

g~ (ur(0) +Rals) — )y
Vo p
N Ky () N 0K, () In (s + pa,>
S+ pa 0s DPat

The elastic shear strain was not included in the surface
equations, but the conventional Equation 8 was used.

e_ g

de; = 4 (8)
The complexity in Equation 7 was attributed to the mod-
el’s ability to capture the non-linear hydraulic behavior.
Another reason is the simple equations that are used to
predict the plastic hydraulic strains (i.e., plastic water
content changes), as shown in the rest of this section.
The plastic volumetric (d¢?) and hydraulic (de’)) strains
can be calculated as follows:

de = A(s) — de* 0 9)
Vo P o
N —kdp*

de?, = Mia(s) =k P o (10)
Vo P*o

Equations 9 and 10 can be used to derive the hydro-
mechanical coupling equations as follows:

o _ W0 o V0 e

7 N2 (5) = dew ) = dev (11)
In this model, the shape of the yield surface is assumed
to be the same for both hydraulic and mechanical beha-
viors. Thus, the model adopts the yield hypersurface pro-
posed in the BBM, Equation 12. Accordingly, the flow
rule can be formulated as shown in Equation 13.

¢ = M*(p + ks)(po —p) = 0 (12)
2go
deP = deP
E M?(2p + ks — po) o 13
2qa N(s) — (13)

K
deb
M2(2p + ks — po) Mo (s) — k= ¥

Up to Equation 13, the model covered all the hydro-
mechanical features and coupling under monotoning
loading conditions. However, during reloading (or dry-
ing), the soil behavior (mechanical and hydraulic) is not
purely elastic and contains a plastic item. The plastic
strains during reloading (or drying) can be calculated
using Equation 14. It is worth noting that Equation 14
converges to Equation 9 when the soil reaches the bound-
ary surface (3 = 1).

A(s) —xdp™o

del = deP, = 1 (3,
v =de), =f(3,p) v P

(14)

The C3DHM model requires 19 model parameters to
fully simulate the elastoplastic hydro-mechanical beha-
vior with consideration of both mechanical and hydrau-
lic hysteresis—which is eight parameters more than the
original BBM. Two of them are related to the shear
strength behavior of the soil and the rest are for the
coupled hydro-mechanical hysteresis behavior. Thus, the
shear strength parameters are calibrated first, using
results from CWDS tests.

Parameter Calibration Procedure

Shear Strength Parameters. For saturated soils, the Mohr—
Coulomb failure criterion leads to a linear relationship
between the shear strength and normal effective stress.
However, for unsaturated soils, besides the net normal
stress, suction also affects the soil strength (4, 81-83).
Assuming shear strength is a linear function of net nor-
mal stress and suction, Fredlund et al. (83) proposed
Equation 15.

T=c+ (O'f — ua)/, tand’ + (u, — uw)f tand?  (15)

By knowing the soil stress state at failure (i.e.,
(op — ua)f, sp= (ug — uw)f, and /) for every test, shown
in Table 1, linear regression was performed to calibrate
the shear strength parameters for Fredlund et al.’s (83)
failure envelope, Equation 15. The least-squares method
can be applied to estimate a suitable combination of
parameters, as follows: ¢ = 0kPa, ¢ =36.16°, and
P = 8.10°. To increase the coefficient of determination
(R* = 98.2%), it is worth noting that a suction value of
zero is considered for test# 8 (w = 9.07%) instead of the
negative value. For elastoplastic modeling, Riad and
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Table 2. Calibrated Model Parameters

Parameter Unit Best fit value Parameter Unit Best fit value
G na 0.466 kw(0) na 0.001
Ks na 0.005 a na 0.072
K na 0.003 b MPa™! 41.76
A (0) na 0.18 c na 0.013
r na 0.002 d MPa™! 119.63
B MPa~' 1.503 e na 0.102
pe MPa 3.17E-5 f MPa™! 99.64
M na 1.47 A na 1.266
k na 0.19 B na 0.009
o na 0.794 W na 0.35

Note: na = not applicable.

Zhang (74) adopted the shear strength equation pro-
posed in the BBM, as follows:

q=M(p + ks) (16)

In Equation 16, the effective cohesion (c¢’) of the soil, is
commonly assumed to be zero. Mathematically, the
BBM shear strength parameters can be derived from
Fredlund et al.’s (83) Equation 15 as follows:

3(K, — 1
=31 (17)

2 +K,

2tan ¢”, /K,
k:& (18)

K,—1

K, = tan?[3 + 4.
Then, the BBM shear strength parameters can be cal-
culated from ¢’ and ¢ to be M = 1.47 and k = 0.19.

Stiffness  Parameters. As mentioned earlier, recently,
Zhang et al. (19) derived an explicit formulation of the
at-rest coefficient of unsaturated soils. Accordingly,
methods were also developed to use the SCOD (/9) and
CWOD tests (77) for constitutive modeling purposes. It
is worth noting that, in both cases, the shear strength
parameters were calibrated from oedometer tests results,
which does not mobilize the soil strength. Consequently,
these parameters are extrapolations of the test results to
failure conditions and may be subject to significant error.
Moreover, the proposed procedures can be utilized to
calibrate parameters related to mechanical behavior
only. Since the mechanical behavior in the C3DHM
model is exactly similar to the BBM, the equations
derived by Zhang et al. (19) for calibrating the mechani-
cal parameters in the BBM can be used here. However,
the calibration procedure needs to be extended to cali-
brate the hydraulic and hysteresis parameters.

In the oedometer test, the condition of zero lateral
strain leads to the ratio between total volumetric, €,, and
shear strain, g, increments being, as in Wood (84):

o€, og) + 0l 3

<8_&> ko (885 + 88{3) ko 2 ()
where superscripts “e” and “p” refer to the elastic and
plastic strains, respectively. Equation 19 can be used to
derive a solution for K, corresponding to any critical
state soil model (85, 86). Using the volumetric and shear
strain equations in the BBM (similar to Equations 6, 8,
9, and 13 in this paper), Zhang et al. (/9) derived
Equations 20 and 21 for K, in the elastic and plastic
zones, respectively.

Kkl =2p p
K 1—p 1+ py
(20)

d(o; —u,) =

{0~ EB) - (3 + &)]d(or - u) - [2% — EC|as}

(1)

where

_ A(s)—k
A= o mp

Mz(erks)zfq2
ptks
2 5)—K -
= 2L NO)(1 — B exp(—ps) [In (g ) — Inp]

D= 20+ pk

D))
_ _6g9(p + ks)a
E (2 M (p + kS)z—q2>

Equations 20 and 21 define the K| stress path for the
C3DHM model in the elastic and plastic zones, respec-
tively. In Equations 20 and 21, the lateral stresses are
expressed as increments of vertical stress and suction,
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Table 3. List of Notations

Notation

Definition

Ci, G, G, C4yand Cs
N(s)

a,b,cd f,andg
€t, eband ¢,

€8, eP,and &

Ew

€8 and g,

Constant

Specific volume at p = p€

Deviatoric stress

Mean net stress

Pore water pressure

Degree of saturation

Pore air pressure

Suction

Porosity

Void ratio

Initial void ratio

Elastic specific volume

Total specific volume

Water ratio = wGg

Elastic specific water volume=1 + e,

Specific water volume=1 + e,

Poisson’s ratio

Void ratio

Total mean stress

Slope of the unloading—reloading line associated with the mean net stress

Slope of the unloading—reloading line associated with soil suction

Atmospheric pressure

Slope of the virgin expansion line associated with the mean net stress

Reference stress

Slope of the virgin compression line associated with soil suction

Slope of the virgin compression line associated with the mean net stress for s = 0

Parameter controlling the slope of the virgin compression line

Parameter that controls the slope of the virgin compression line for s # 0

Gravimetric water content

Soil specific gravity

Slope of the normal consolidation for the water phase under a constant matric suction

Slope of the segment beyond the yield suction on the soil-water characteristic curve under a constant
net normal stress

Slope of the unloading—reloading segment in the wG versus Inp curve for isotropic compression test at
constant suction

Soil hardening parameter

Model parameter

Model parameter

Void ratio during reloading

Initial mean net stress

Initial matric suction

Preconsolidation stress for saturated conditions

Preconsolidation stress

Hardening parameter of the suction increase yield curve

Soil cohesion

Slope of the critical state line

Parameter describing the increase in cohesion with suction

Shear modulus

Non-associativity parameter

Slope of specific water volume unloading-reloading line associated with the mean net stress

Slope of the specific water content plastic line associated with the mean net stress

Parameter representing the effect of the yield curve evolution on the specific water volume

Slope of specific water volume unloading-reloading line associated with the mean net stress at saturated
conditions

Soil parameters controlling the hydraulic behavior caused by mean net stress and suction changes

Elastic, plastic, and total volumetric strains

Elastic, plastic, and total shear strains

Hydraulic strains =dv,, /(1 + eg)

Elastic and plastic hydraulic strains

(continued)
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Table 3. (continued)

Notation Definition

e e
g and g}

Elastic volumetric and hydraulic strains caused by suction changes

ssp and vap Elastic volumetric and hydraulic strains caused by mean net stress changes
P and €, Plastic volumetric and hydraulic strains

d Effective cohesion

¢’ Angle indicating the increase in shear strength with suction

¢° Angle of internal friction associated with net normal stress

(crf — ua)f Net normal stress at failure

(ug — uw))r Suction at failure

which can be measured using the modified CWOD device
used in this paper, as shown in Figure 6¢. Therefore,
results from the CWOD test combined with Equations 20
and 21 can be used to calculate the lateral stress. Once
the lateral stress is known, the oedometer test becomes a
triaxial test with a known stress path. Consequently, a K,
test (CWOD test) can be used for constitutive modeling
purposes.

In the C3DHM model, 19 model parameters are
required to simulate the unsaturated soil behavior. The
shear strength parameters are already calibrated in the
previous section (two parameters). Ten other parameters
control the mechanical behavior, and the rest control the
hydraulic and hysteresis behavior. In the below proce-
dures, the stiffness parameters in the C3DHM model are
calibrated from the CWOD test results considering the
provided formulation for the K coefficient, as follows:

1. Prepare the experimental data for each oedometer
test (i.e., (0 — u,);, s;, and measured specific vol-
ume vy;).

2. Find the preconsolidation stress from Figure 6a
for each test using Casagrande’s method (87).

3. Assume arbitrary initial values for the model
parameters.

4. Starting from the initial conditions where the ver-
tical stresses are zero, assume a small increase in
the vertical stress d(o; — u,) and considering the
corresponding suction for each test calculate the
increase in lateral stress d(o3 —u,) using
Equation 20 for Kj in the elastic zone.

5. Update the stress state as follows:

(01 —a); 1 = (01 — ta); T d(01 — ua) (22)
—ug); + d(o3 — ug) (23)

(03 —ua); 4 = (03

(o) — “a)i+ | T 2(03 — ua)i+ 1
3

Pi+1 =

gi+1= (o1 _“a)i+1 — (o3 _“a)i+1 (25)

10.

11.

12.

13.

14.

dp = pi+1—pi (26)
dqg=qi+1—qi (27)

Calculate the elastic specific volume using
Equation 1 and the elastic water specific volume
from Equation 3.
Use (01 —u,); ., and (03 —u,); ., as a new ini-
tial state, and repeat steps 4 through 6 until the
preconsolidation stress is reached.
For the elastoplastic part (i.e., beyond the pre-
consolidation pressure and at any reloading or
drying zone), assuming a small increase in the
vertical stress d(o; — u,), calculate the incremen-
tal change in lateral stress d(o3 —u,) using
Equation 21.
Update the stress state using Equations 22
through 27.
Calculate the total specific volume using
Equation 5 and the total specific water volume
from Equation 4. It is worth noting that results
from Equation 5 are exactly equal to that from
Equation 2 when the soil state is on the elasto-
plastic surface.
Repeat steps 7 through 10 for the reloading and
elastoplastic zones and steps 4 through 6 for the
elastic zones to calculate the stress path for the
entire K, loading conditions.
Repeat steps 1 through 11 for all the CWOD
tests.
Calculate and sum the square of differences
between the measured and predicted specific
volumes, v, and differences between the mea-
sured and predicted water specific volumes, v,,.
Use the SOLVER add-in in Microsoft Excel to
search the minimum of the difference between
measured and predicted values by changing the
model parameters (not including M, and k)
based on Equation 28. The stop criterion is set
to be that the variations between the current
and previous iterations for each of the model
parameters are less than 0.001.
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where subscripts “m” and “p” stand for measured and
n n 2 . .
2 predicted, respectively.
F(X)= Wi(Vimi — Vpi)~ + w-(v — (v ) ’ .
(X) i(vmi = Vi) i )i = ()i Up to step 14, all the hydro-mechanical model para-

meters (including hysteresis) are calibrated. With this
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Figure 9. Comparisons of measured and predicted constant water content oedometer (CWOD) test results.
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systematic procedure, provided in this section, we can
take advantage of simple and fast tests (i.e., CWOD and
CWDS) to calibrate all the model parameters.

Analysis Results and Discussion

The calibrated model parameters from four CWOD
and nine CWDS tests are presented in Table 2. The
elastic shear modulus can be calculated as follows:
G =3(1-2w)( + ey)p/(2k(1 + w)). Figure 9, a-d,
compares the experimental results and predictions made
by the C3DHM model using the calibrated parameters.
Determination coefficients (R*) of 98.0% and 98.1%
were reached for v and S,, respectively. This indicates
strong correlations between the measured and predicted
test results. Figure 9, a—d, also indicates that the pre-
dicted test results match the measured test results very
well in elastic and elastoplastic zones.

The main objective of any constitutive model is to use
limited test results to predict unlimited soil behavior
under any arbitrary stress paths or loading conditions.
Accordingly, two CWOD tests (at w =9.50% and
w = 6.92%) were used as blind tests for validation pur-
poses to examine how well the calibrated model para-
meters can predict the unknown soil behavior. The
corresponding R* values were higher than 98% (as
shown in Figure 9, d and f). Figure 9, d and f, also indi-
cates that the predicted v and S, values matched the mea-
sured test results very well for the whole of the stress
paths. Results showed that the C3DHM model was able
to capture the soil behavior under saturated and unsatu-
rated conditions in a consistent manner. This is obvious
from matching the soil behavior under saturated and
unsaturated conditions at w = 18.5% and other oed-
ometer tests simultaneously.

It is usually preferred to include different types of soil
tests during the parameter calibration assignment to fully
characterize the soil behavior. In this paper, two test
results are included in the calibration process: (a) CWDS
test and (b) cyclic CWOD. These two tests cover stiffness
and strength behavioral features related to unsaturated
soils. Moreover, constant water content testing of the
soils provides the better representation for the coupling
between hydraulic and mechanical behaviors. In other
words, the C3DHM model was able to reasonably cap-
ture the elastoplastic hydro-mechanical behavior under
cyclic anisotropic loading conditions. However, devia-
tions were noticed in the cyclic loading—unloading zone.
This can be attributed to the limited number of model
parameters, intended to keep the model as simple as pos-
sible. Additional model parameters may be needed to
overcome this limitation if higher accuracy is needed to
model the coupled hydro-mechanical hystereses.

Concluding Remarks

In this research, conventional oedometer and direct shear
devices were modified for unsaturated soils testing. The
main modifications were to include a newly developed
HST to measure suction changes during the CWOD and
CWDS tests. In the CWOD tests, the volume change was
measured by a digital indicator, and suction changes were
monitored with the HST. In the CWDS tests, the vertical
and lateral displacements were measured by LVDTs, and
suction changes were monitored by means of a miniature
HST. All the measurements were automatically recorded
using a data logger. These minor modifications, in con-
ventional testing devices, allowed for rapid testing of the
hydro-mechanical behavior of unsaturated soils.

In addition, an elastoplastic hydro-mechanical model
C3DHM as developed in Riad and Zhang (74) was used
to fully characterize the soil behavior. The CWDS tests
results were then used to calibrate the shear strength
parameters in the model. Moreover, based on the Kj for-
mulation derived by Zhang et al. (19), the lateral stresses
during CWOD were back-calculated. A procedure was
then developed to calibrate the model parameters related
to mechanical and hydraulic behaviors. Compacted silts
were used to demonstrate the application of the proposed
method. Results indicate that the proposed method and
the C3DHM model were able to reasonably predict the
soil behavior under cyclic undrained loading conditions.
Moreover, the model was also able to predict the soil’s
behavior under saturated and unsaturated conditions.
Some minor departures from observations were noticed
during cyclic loading, which are attributed to the limited
number of model parameters used (to keep the model as
simple as possible). Additional model parameters may be
needed to overcome this limitation if higher accuracy is
needed to model the hysteresis behavior.
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For equation notation, see Table 3.
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