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Preface

Geotechnical and civil engineers all over the world continue to face problems with a
wide range of geosystems involving materials that remain under partially saturated
conditions throughout the year. The lack of education and training among engineering
graduates and practitioners to properly deal with unsaturated soil conditions has
resulted in faulty or excessively conservative designs, frequent construction delays,
and deficient long-term performance of built infrastructure. Over the last few
decades, however, the discipline of unsaturated soil mechanics has begun to receive
increasing attention worldwide, providing better explanations for soil behavioral
patterns than conventional saturated soil mechanics.

This Geotechnical Special Publication on Experimental and Applied Modeling of
Unsaturated Soils comprises a total of 28 peer-reviewed papers selected for
presentation at the Unsaturated Soils sessions of the GeoShanghai 2010 conference
held in Shanghai, China, June 3-5, 2010, and hosted by Tongji University. The
sessions were organized and sponsored by the Committee on Unsaturated Soils of the
Geo-Institute of the ASCE, with co-sponsorship of the Technical Committee No. 6
(TC6) on Unsaturated Soils of the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE).

The current GSP is the latest in a successful series of special publications published
by the Geo-Institute documenting the most recent advances in the unsaturated soil
mechanics discipline, starting with GSP No. 68 on Unsaturated Soil Engineering
Practice from the first Geo-Institute Conference in Logan, Utah, July 15-19, 1997.
The papers included in this GSP have been divided into two broad categories. Part |
on General Characterization and Constitutive Behavior is devoted to some of the
most recent advances in characterization and prediction of engineering properties,
mechanical response and constitutive behavior of unsaturated soil materials, included
compacted, collapsible and expansive soils. Part Il on Applied Modeling and Analysis
is devoted to the most recent advances in the state of the art concerning both
laboratory and field measurements of unsaturated soil properties and phenomena for
particular practical applications, including centrifuge testing and ground-penetrating
radar (GPR). Papers dealing with unsaturated slope stability analyses and foundation
heave predictions as affected by environmental variables such as rainfall, freeze-thaw,
vegetation and water migration in the vadose zone are also included in this second
part.

Each of the papers included in this publication received at least two positive peer
reviews. The Editors would like to express their most sincere appreciation to all of the
anonymous reviewers for their diligent work, with special thanks to Ms. Claudia
Velosa, doctoral candidate at the University of Texas at Arlington, for her valuable

il



assistance in the final editing of the papers, and to Mrs. Donna Dickert of the ASCE
for patiently coordinating the logistics of the publication process.

Laureano R. Hoyos
Associate Professor, University of Texas at Arlington, Arlington, Texas, USA

Xiong Zhang
Assistant Professor, University of Alaska at Fairbanks, Fairbanks, Alaska, USA

Anand J. Puppala
Professor, University of Texas at Arlington, Arlington, Texas, USA
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Retention Properties and Compressibility of a Compacted Soil
C. Kai', and Z. Qing?

' Southwest Jiaotong University, School of Civil Engineering, Chengdu, Sichuan, 610031,

P.R. China, e-mail:cuikai80@hotmail.com
2 Southwest Jiaotong University, School of Civil Engineering, Chengdu, Sichuan, 610031,
P.R. China, e-mail:zq253401327@163.com

ABSTRACT: Soil-water retention properties and compressibility are closely related
to the stability of geotechnical engineering structures made of compacted soils. In the
present study, the water retention curve of a compacted soil from Northern France was
characterized using either suction control method or suction measurement. The results
obtained showed a good correspondence between the two methods. Then, these two
experimental methods were used in oedometer compression test to highlight the
factors influencing the compression properties, especially in terms of changes in
compression index as a function of initial suction and initial structure (i.e. density). In
the case of low density (1.1 Mg/m3), the results evidenced different zones for the
variations of compression index, separated by a stress threshold. Compression index
did not change significantly when suction values were relatively high and the applied
vertical stresses were lower than the identified threshold stress.

INTRODUCTION

The soil compressibility is highly variable both in time and space because it depends
on soil type (texture), soil structure (porosity) and soil moisture (suction). To ensure
the stability of structures involving compacted soils, it is essential to understand the
water retention property and volume change behaviour of the soils under the combined
mechanical and hydraulic effects. Most of results have been obtained for soils with
very high dry bulk densities, and showed that compression index decreases with
increasing suction. But for some loose soils such as compacted soils, some authors
have found that it decreases with suction (Zhang et al. 1997, Défossez et al. 2003)
while others have observed that soil suction has an insignificant effect (Larson et al.
1980, Smith et al. 1997, Arvidsson and Keller 2004, Imhoff et al. 2004, Mosaddeghi et
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al. 20006). In the present work, the water retention properties of a compacted soil taken
from Northern France were characterized using either suction control method or
suction measurement. Osmotic suction control method was used for the desiccation
path and suction measurement using high capacity tensiometer was applied for the
humidification path. Then, these two experimental methods were used in oedometer
compression test to investigate the suction effect on the compression properties.

MATERIALS

For this study, a compacted loamy soil (17.3% clay, 77.7% silt, 5% sand) from a site
at Mons in Northern France was used. The soil has a liquid limit of 29%, a plasticity
index of 6 and a solid density of 2.7 Mg/m’. Air-dried soil was passed through 2 mm
sieve. The water content of the soil powder is 2%.

TESTING EQUIPMENT AND PROCEDURE
Suction Control Method

The osmotic technique for suction control testing is based on the use of a cellulose
semi-permeable membrane and an aqueous solution of organic polyethylene glycol
(PEG) molecules. When the soil is separated from the PEG solution by the membrane,
water can cross the membrane whereas the PEG molecules in solution cannot due to
their large size. The water stops flowing once equilibrium state is reached; there is
thus the same suction in the PEG solution and the soil. This suction is known from the
PEG calibration curve. According to Delage et al. (1998) and Delage and Cui (2000),
there is a unique relationship between PEG concentration, C (g PEG/g water) and
suction, s (MPa), independent of the molecular weight of the PEG.

Oedometer compression tests were conducted with suction state controlled
using the osmotic technique to study the compression index. A standard oedometer
was adapted to the osmotic technique, allowing compression tests at controlled
suction. Figure 1 shows the osmotic-based oedometer employed. The cell base was
grooved to homogenize the distribution of the PEG solution; a fine sieve was placed
over the grooves to protect the semi-permeable membrane placed between the sieve
and the soil sample. A closed circuit activated by a peristaltic pump was designed to
circulate the PEG solution. A one-litre bottle was used to ensure a quasi-constant
concentration in spite of water exchanges with the soil sample. A capillary tube placed
on the sealed bottle allowed monitoring water exchanges between the PEG solution
and the soil sample. The bottle was placed in a thermostatic water bath at 20+0.5°C to
avoid any temperature effects on the water exchange measurements.

In addition, the entire system was installed in an air-conditioned room
(20£1°C). In order to quantify the change of water volume due to temperature and
evaporation, a second bottle full of PEG solution with a capillary tube was placed in
the water bath.
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Figure 1. Schematic of osmotic oedometer and actual picture

Series I: For each sample preparation, 103.62 & 0.05 g dry powder was used.
The soil powder was humidified by pulverization to reach 12.5% water content; the
sample was prepared by compaction in the oedometer cell to reach dimensions of
70 mm in diameter and 24 mm high, with a dry bulk density of 1.1 Mg m’. The initial
suction of the compacted sample before compression test was about 200 kPa,
estimated by the tensiometer considered in the other experimental method: suction
measurement. Series II: Test samples were prepared at different initial water content
wi=12.5, 13, 16 and 25% which supply the initial suctions near to 200, 100, 50 and
10 kPa separately.

For the series I, the six compression tests were performed at different suctions:
0, 10, 50, 100, 180 and 200 kPa, each test having been started with a suction
application process under zero vertical stress. The suction was applied either by
circulating PEG solution of the desired concentration or pure water (for zero suction).
Equilibrium was indicated by stabilization of the solution level in the capillary tube,
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when there was no change in variation of water volume in the capillary tube or in the
soil. It was observed that equilibrium time depended on the amplitude of suction
changes: three days for 200 kPa and 18 days for zero suction. For the series 1I, PEG
solutions provided separately suctions of 10, 50,100 or 200 kPa for the four samples
with different initial water content. The equilibrium time was 1 day for these samples.

Compression was performed under constant suction condition by step-loading
using a pneumatic system: 10-20-50-100-200-400-800 kPa. Loading time of each
stress was function of time needed to reach suction equilibrium again (about 40 min
for each step). The displacement stabilization was controlled by two sensors (accuracy
of 0.01 mm) symmetrically installed on both sides of the oedometer cell. Loading time
took Unloading was carried out following the same stress steps until 50 kPa. The final
water content was determined by oven-drying at 105°C for 24 hours.

Suction Measurements

The suction of soil specimens was measured using a tensiometer inserted through an
opening in the base pedestal in a standard 70 mm diameter oedometer, as shown in
Figure 2. The sample was placed inside the oedometer in contact with the tensiometer,
then covered by a load cap to enable vertical loading by the piston. A neoprene
membrane was used to cover the soil and cap in order to avoid any evaporation that
could cause increase of soil suction. The pore-water pressure u,, measured with the
tensiometer corresponds to the soil suctions.

The tensiometer used (Figure 3) is of Imperial College type, which has been
successfully used in performing suction measurements under laboratory conditions
(Dineen and Burland 1995, Ridley and Burland 1996, Tarantino et al. 2000, Tarantino
and Mongiovi 2001, 2002, Ridley et al. 2003). It has provided excellent performance
in terms of accuracy, measurement duration and operating tension range (0-1.5 MPa:
Tarantino and Mongiovi 2001). It was used by Cui et al. (2007) to monitor field
suction changes. The tensiometer consists of a porous ceramic stone with a 1.5 MPa
air entry value, a water reservoir 0.1 mm thick and a strain gauge attached to the
diaphragm plate.

Soil samples were prepared by compacting soil fragments < 2mm which were
re-wetted at different initial water contents, w; = 12.5, 14.3, 16, 19.8 and 25%, by
water spraying. The same mass of dry soil was used for all samples (103.62 £ 0.05 g).
Initial compaction was carried out directly in an oedometer to prepare soil samples.
The final dimensions of the soil samples were: diameter 70 mm; height 24 mm;
corresponding to a bulk dry density of 1.1 Mg m™.

After producing the soil sample, vertical stresses of 10, 20, 50, 100, 200, 400
and 800 kPa were applied step by step using a controlled pneumatic system.
Unloading was carried out following the same stress steps until 50 kPa. Tests were
performed under undrained conditions for water phase. The vertical displacement was
recorded using two transducers (accuracy of 0.01 mm) installed symmetrically (Figure
2). The final water content was determined by oven-drying at 105°C for 24 h. During
loading and unloading, suction changes were continuously monitored by the
tensiometer installed on the oedometer. Three compression tests were performed for
each initial water content conditions.
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Figure 2. Oedometer equipped with tensiometer for suction monitoring. (Schematic
layout of the neoprene membrane covering the oedometer cell: an air pocket of 15 mm
high is provided between the membrane and the cell.)
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Figure 3. Schematic of Imperial College type tensiometer

RESULTS AND DISCUSSION

Figure 4 presents the water retention curve obtained using the osmotique technique
(Series I) and tensiometer in the low suction range of 0-200 kPa. Continuous suctions
decrease is observed with increasing water content. The results obtained showed a
good correspondence between the two methods.
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Figure 4. Water retention curve of compacted loamy soil at 1.1 Mg/m® dry bulk density
measured via osmotic technique (squares) and tensiometer (triangles)

Figure 5 shows suction variation with vertical stress for a soil sample with an
initial water content of 16% and an initial dry bulk density of 1.1 Mg m™. There is a
stress threshold o; of about 400 kPa after which soil suction decreased. The stress
threshold (o) after which soil suction decreased and the corresponding initial suction
(s;) are presented on TABLE 1 for all the samples in the tests with suction
measurement. Suction remained constant for soil samples at a water content of 12.5
and 14.3%. For soil samples with a water content higher than 16%, suction initially
remained constant up to a stress threshold value (o) after which it decreased. This
domain is delimited by a threshold stress (o7) which depends on the initial soil suction.
The higher the initial suction, the higher the stress threshold: w= 16, 19.8 and 25%,
threshold stress o; was respectively 400, 200 and 50 kPa, much higher than the
corresponding precompression stress (34, 21, 16 kPa). This shows that the threshold
stress o; would be lower with low precompression stress, but the domain of constant
soil suction was larger than that delimited by the precompression stress.

60

50
gzm l’——!*9~!._!_!iﬁ
E 30 +
£ 20
@

10

1 10 100 1000

Wertical stress (kPa)

Figure 5. Suction variation with vertical stress for a soil sample with an initial water
content of 16% and an initial dry bulk density of 1.1 Mg/m’. (The points indicate the
average values from three tests, while the vertical bars indicate the standard errors.)
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Table 1. Results of tests with measurements of soil suction

Initial water content wi(%) | 125|143 | 16 | 198 | 25
Initial soil suction si(kPa) | 146 | 66 47 19 13
Threshold stress value o(kPa) | — | — | 400 | 200 | 50
Precompression stress op (kPa) | 3342 | 2441 | 3446 | 21£2 | 1643

Figure 6 presents the variations of compression index C. with suction obtained
with two experimental tests: tests with suction measurement and tests with suction
control (Series I). C. does not vary significantly with suction until 10 kPa for the two
tests. Figure 7 shows void ratio (e) versus vertical stress (logoy) for soil samples of
suction measurement test with initial water contents of 16% or 25% and an initial dry
bulk density of 1.1 Mg m™. C, was calculated from the maximum values of Ae/Aloga,
with two o values (50 and 100 kPa for 16%; 20 and 50 kPa for 25%) which were
lower than their stress threshold o; (400 kPa for 16%; 50 kPa for 25%) (Table 1). The
used oy values for C, were always lower than its stress threshold for different initial
water contents (Figure 6). The precompression stress, o,, was determined by the
intersection of two straight lines. Figure 7 shows also that the compression index C;
would be different with changing suction when the applied vertical stress exceeded the
stress threshold o;.

0.5
0.4 h\—*—!\‘
$03 T p———= N —k—A
0.2
0.1 T T '

0

2
wn

50 7

h

100 125 150 175 200 225
Suction (kPa)

Figure 6. Variations of compression index C. versus suction obtained from suction
measurement tests (squares) and oedometric tests with suction control (Series I)
(triangles). (The compression index was estimated from the maximum values of

Ae/Alogo, of the compression curve. The points indicate the average values from three
tests, while the vertical bars indicate the standard errors.)
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Figure 7. Void ratio versus vertical stress of suction measurement test for soil samples
with initial water contents of 16% (left) or 25% (right)

It can be observed that the compression index C. depends on both the range of
suctions (Figure 6 and 7) and the range of applied vertical stress (TABLE 1). Two
zones can be identified, as follows:

« Zone 1: applied vertical stress is lower than the stress threshold (o< o) and soil
suction is high (s >> 0 kPa). In this zone, the compression index does not vary
significantly with suction.

« Zone 2: applied vertical stress is higher than the stress threshold (o> o) and soil
suction is close to zero (s = 0). In this zone, the compression index was estimated
from the maximum values of Ae/Alogo,. It can be observed that the results are in
agreement with the well known observations on fine-grained unsaturated soils in
geotechnical engineering: the compression index decreases when suction increases
(e.g. Alonso et al. 1990).

While the preparation at different moisture contents (Series II) produced
samples having different initial soil structure, the compression index is also almost
constant (0.29) in the suction range between 10 and 200 kPa (the results were not
shown in this paper), according to Series I with the same initial soil structure for a
bulk dry density of 1.1 Mg m™.

CONCLUSIONS

The compacted loamy soil studied in this work shows a weak water retention capacity.
In terms of compressibility properties, different zones were identified for the
variations of compression index; theses zones are separated by a distinct stress
threshold. The compression index did not show significant changes when suctions are
relatively high and when applied vertical stresses were lower than the threshold stress.
Furthermore, the results obtained are in good agreement with most results obtained on
fine-grained unsaturated soils: the compression index decreases with increasing
suction.
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ABSTRACT: A new prediction model for unsaturated soil shear strength parameters
with respect to degree of saturation is presented in this paper. Details of the model
formulation and the determination of model parameters are described and reported.
Introducing shear strength parameters of saturated soil, the model can be used in
practice engineering involving both unsaturated soils and saturated soils. Moreover,
more soil engineering characteristics can be captured in the new model compared with
previous analogous models. The validity of this model is verified through a number of
shear strength data available in the published literature. To verify the model against
Yunnan red clay from China, a series of constant-water content triaxial tests have been
carried out on both saturated and unsaturated specimens. Details of the experimental
program and results are presented in this paper.

INTRODUCTION

The contribution of matric suction to soil’s shear strength needs to be evaluated and its
stability further examined (Terzaghi et al. 1996). Relationships between water content
and shear strength are often useful for geotechnical designs. Several semi-empirical
functions have been proposed in recent years to predict shear strength of unsaturated
soils using the soil-water characteristic curve (Fredlund et al. 1996, Vanapalli et al.
1996, Khalili et al. 1998). However, in-situ stress states and drying-wetting induced
hysteresis are ignored in these equations.
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Meanwhile, some empirical shear strength functions with respect to matric
suction have also been presented (Escario et al. 1989, Tekinsoy et al. 2004, Shen
1996). Although these shear strength functions have been found to be consistent with
observed experimental behavior in some range of degree of saturation, experimental
measurements of matric suction are difficult, time-consuming and require costly
laboratory facilities. This has, to some degree, limited the application of the shear
strength theories mentioned above in the research and academic arenas. It is therefore
important to develop a simpler approach for predicting the shear strength of an
unsaturated soil for various engineering applications. The degree of saturation is
relatively easy to be measured, so a shear strength formula based on saturation degree
instead of suction has valuable significance in practical engineering. The contribution
of matric suction to shear strength can be taken into account via total stress analyses
under undrained condition. In this paper, a model based on parameters of saturated soil
has been developed to predict the shear strength of an unsaturated soil.

CONSTANT-WATER CONTENT TRIAXIAL TEST PROGRAM

Triaxial tests were conducted using a GDS Unsaturated Triaxial Testing System for
soils (UNSAT). The initial consolidation process was carried out in the same manner
for both the constant-water content (CW) test and the consolidated drain (CD) test.
Once equilibrium conditions were achieved under the applied pressures (i.e., isotropic
confining pressure o, , pore-air pressure « , and pore-water pressure «_), the specimen

was sheared under drained conditions for the pore-air phase and undrained conditions
for the pore-water phase. The pore-air pressure is maintained at the value to which the
specimen was subjected during consolidation stage. On the other hand, the pore-water
pressure is measured by the pressure transducer mounted on the base plate (Fredlund
and Rahardjo 1993).

Test Specimens

Triaxial specimens in this study consisted of red clay obtained from Kunming~Anning
highway KO+592 segment, Yunnan province, in south-west China. Yunnan red clay is
usually homogeneous, soft and highly adhesive. The proportion of clay with particles
diameter less than 0.005mm can reach 55%~70%, and particles are quite uniform and
highly dispersive. The predominant minerals include kaolinite, illite, montmorillonite,
chlorite, and quartz. Triaxial specimens were 38 mm in diameter, 76mm high, and all
prepared by static compaction. The physical properties and state indices of triaxial test
specimens are summarized in Table 1.

Stress Paths

In order to obtain total stress parameters ¢ and ¢ with different degree of saturation,
three series of constant-water content triaxial tests were carried out. The consolidation
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stage of every series is undertaken under constant suction, so that the water content of
the specimens is identified before shearing. Degrees of saturation are 60%, 75% and
100%, respectively, and the corresponding suctions are 210 kPa, 50 kPa and 0 kPa,
according to the soil-water characteristic curve.

Table 1. Physical/mechanical properties and state indices of red clay specimens

Specific | Liquid | Plastic | Plasticity svzzlel Wet Void Water
gravity | limit limit index index density3 ratio | content
Gy w, Wy I, 5 p (kg/m’) e o

ef
2.87 43% 24% 19 30 1.832x10° 0.95 25.1%

Figurel shows a schematic diagram illustrating the stress paths adopted in the
tests. A typical stress path induced on an isotropically compressed and saturated soil
specimen is denoted as O—C—-D—-E—-F , where O—C—-D is the wetting path during
saturation of the initially unsaturated specimen and D—E and E—F are the stress
paths for isotropic compression and undrained shearing, respectively. For tests on
unsaturated soil, specimens were tested at required initial suctions by following either
path O—C—-D-G at suction = 50 kPa, or path O—-C-D-G’ at suction = 210 kPa.
The specimens were isotropically compressed to net mean stress values of 100 kPa,
200 kPa, and 400 kPa (e.g. G- X or G'—X"), respectively, and then sheared under a
constant-water content condition (e.g. X -Y or X'—Y").

““' Y,
"‘
> ’
Y

q 4 U, —u

a w
*

o
3

/Z ) p(uu -u,),

Figure 1. Typical stress paths performed during constant-water content triaxial tests

As shown in Figurel, a three-dimension stress space p:g:s is defined in terms
of three state variables as follows: net mean stress, p = (1/3) (oi+ 203) - u,); deviator
stress, (¢ = 0, —0;); and, matric suction, s = (u, —u, ); where o, is the major principle

stress, and o, is the minor principle stress.
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Shear Strength Envelopes

Figure 2 shows the strength envelopes obtained for different degrees of saturation.
Shear strength parameters such as total cohesion ¢ and friction angle gincrease with
the reduction of degree of saturation. Moreover, the effect on total cohesion is more
pronounced than that on friction angle. These results are consistent with previous
experiment data reported by Escario et al. (1990), Yang et al. (2003), and Ling and
Yin (2007).

500 —

Sr=60%

Sr=75%

Sr=100%

< 144

0
T I T I T I T I T 1
0 200 400 600 800 1000
o/kPa
Figure 2. Total stress strength envelopes from triaxial tests

UNSATURATED SOIL SHEAR STRENGTH FUNCTION

The contribution of matric suction on shear strength is often taken into account in
terms of total strength parameters under undrained condition. In the past few decades,
numerous researchers (Yang et al. 2003, Ling and Yin 2007) have proposed different
semi-empirical shear strength models with respect to water content. However, their
models can be best-fitted to experimental data only in a certain narrow range of high
degrees of saturation, and may become unfeasible for lower degrees of saturation or
higher suctions. The reason may be that their tests were mainly carried out under low
suction or high saturation.

Escario et al. (1990) investigated shear strength of unsaturated soil by direct
shear tests under controlled suction (up to 15 MPa). Three soil types such as Madrid
grey clay, Guadalix red clay, and Madrid clayey sand, which cover a wide range of
soil materials, were used. It was found that the shear strength increases up to a certain
maximum for considerably high suctions. The relations between suction and shear
strength in terms of total strength parameters ¢ and ¢gfor Guadalix red clay and Madrid
clayey sand were plotted as shown in Figure3. Naturally, the total strength parameters
c and gincrease up to a maximum for greater suctions, and the effect of suction on
apparent cohesion is more apparent than that on friction angle.
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Figure 3. Variation of ¢ and ¢ with suction (modified after Escario et al. 1990)

Based on previous experimental results (Escario et al. 1990, Yang et al. 2003,
Ling and Yin 2007), a new semi-empirical shear strength model with respect to degree
of saturation is proposed herein as follows:
a(1-8?)

c=cpe (1)

SZ+1
(0=¢0+d11’1(TJ )

where S, is the degree of saturation; a, b, and d are soil parameters expressed as

functions of the degree of saturation; ¢, and @are cohesion and friction angle of
saturated soil, respectively. It can be concluded from Egs. (1) and (2) that ¢ and ¢will
be constant when S, infinitely tends to zero (i.e., higher suctions), which is consistent
with previous experimental results reported by Escario et al. (1990).

COMPARISION WITH EXPERIMENTAL RESULTS

The validation of the new model proposed in this paper should be verified against
laboratory test results. Figure 4 shows the model predictions and experimental data
reported by Ling and Yin (2007). It can be seen that the new model can predict
reasonably well the shear strength parameters. According to the model proposed by
Ling and Yin (2007), ¢ and ¢ will be very large for low S,, and zero or negative for

higher S, since the model proposed by Ling and Yin.(2007) is a linear function. Thus

it can be used in very limited range. The model proposed in this paper overcomes
these disadvantages. Furthermore, it can be inferred that the effect of the saturation
degree on total cohesion is more obvious than that on friction angle, as shown by both
the model predictions and the experiment data.
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Figure 5. Predicted and experimental total strength parameters for Yunnan red clay

Figure 5 shows the model predictions and experimental data for Yunnan red
clay used in this study. It can be seen that the models can predict reasonably well the
shear strength parameters. An empirical model based on results for Yunnan red clay
can be proposed as follows:

— 1 ad(=50) _ 21a20-519)
c=cyC =3le 3)

S?+1 S?+1
q)=q)0+dln{r2]=14.4—19.81n[r2] (4)



16 GEOTECHNICAL SPECIAL PUBLICATION NO. 202

CONCLUSIONS

An empirical model based on parameters of saturated soil was developed to predict the
shear strength of an unsaturated soil. Given the introduction of saturated shear strength
parameters, the proposed model could be used in engineering applications involving
both unsaturated and saturated soils, with only a few soil parameters needed in its use.
Moreover, the model is capable of capturing some key observed features, such as the
shear strength increasing up to a maximum with suction, and a more pronounced
effect of suction on apparent cohesion than on apparent friction angle.
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ABSTRACT:  Though stress-strain characteristics of unsaturated soils are
complicated and rather different from those of saturated soils, it should be described
properly by a constitutive model for soils because soil usually stays under an
unsaturated condition in actual field. In the current study, a simple elastoplastic model
for saturated soil is extended to one applicable to unsaturated soils. The proposed
model is formulated using the Bishop’s effective stress and the residual strength is,
therefore, assumed to be constant. In the proposed model, the decrease (or increase) in
the degree of saturation is linked with upward (or downward) movement of normally
consolidated line in the compression plane of mean effective stress and void ratio, by
which the typical volumetric and distortional behaviors of unsaturated soils are
properly described. In addition, a simple method to extend classical water retention
curves such as van Genuchten’s equation to be able to incorporate the influences of
suction histories and density is proposed and applied to the proposed model. In the
present paper, the outline of the proposed model is explained and applicability of the
model is discussed through typical results of simulations.

INTRODUCTION
It is usually known that suction, which is surface tension of the void water remaining
around the soil particles, increases the stiffness and strength of unsaturated soils.

Compression behavior of an unsaturated soil is compared with that of saturated sample
in Figure 1 (Honda 2000).

17
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Figure 1. Results of consolidation tests under constant suction (after Honda 2000)

Closed plots in this figure indicate the result of drained water and exhausted air
one-dimensional consolidation test under constant suction, s = 73.5 kPa on Catalpo
clay, besides several values of the degree of saturation are indicated. Opened plots
show the corresponding result of the saturated sample. In this figure, the proposed
vertical effective stress defined as eq. (1) by Bishop (1959) is plotted against void
ratio.

” _ _ et
o) =0, -u,,+x,~u,)5,=0,"+8,s6, )

In equation (1), a parameter y is given as a function of the degree of saturation

Sr and is assumed to be equal to S, for simplicity. It can be seen from Figure. 1 that the
unsaturated sample initially shows relatively high stiffness and stays in a looser state
under a same confining pressure compared with saturated sample. The unsaturated soil
sample then undergoes significant compression from a stress level of around 200 to
300 kPa due to subsequent consolidation, the degree of saturation increases due to the
volumetric compression and the compression line of the unsaturated sample finally
approaches to the asymptotes similar to that of normally consolidated, saturated
sample.

In the current study, an elastoplastic model for saturated soils (Nakai et al.
2009) is extended in order to describe the typical behaviors of unsaturated soils. The
behavior of unsaturated soil is modelled relatively simply through the following two
phases, i.e., (a) soil having a lower degree of saturation is able to stay in a looser state
in the plane of confining pressure and void ratio compared with that having a higher
degree of saturation; (b) the degree of saturation varies not only for the suction but
also for the variation of the void ratio (density).

It is shown that collapse behavior of unsaturated soil during soaking process,
which is volumetric compression due to the degradation of the surface tension due to
the reduction of suction, can be also explained by the proposed model.
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Figure 2. Volumetric mechanism of unsaturated soils in the proposed model

ONE DIMENSIONAL CONSTITUTIVE MODEL FOR UNSATURATED SOIL

A simple one-dimensional model for unsaturated soil, which is formulated based on
the unified method to describe the influences of the various characteristics of soil
(Nakai et al. 2009) using Bishop’s effective stress, is presented in this section. In order
to describe the behavior of unsaturated soils explained in the previous section,
normally consolidated line (NCL) is shifted downward / upward in the plane of void
ratio e and effective confining stress ¢ depending on the increase / decrease of the
degree of saturation without changing its shape. Figure 2 shows the outline of the
model for unsaturated soils considering the influence of the variation of the degree of
saturation. In the proposed model, the position of the NCL in the compression plane is
always changing with the variation in the degree of saturation. Vertical distance of the
current NCL from that of the saturated sample is, hence, defined as a state variable y
to represent the new position of the NCL. ey is the reference void ratio on the NCL
under the same confining pressure. p(= enxc - €) is a state variable representing the
influences of density and confining pressure, which is defined as the difference of void
ratio from the current state to the NCL. Points | ("= ¢", € = €g, p= po) and P (0" =
o', e = e, p= p) represent the initial state and the current state, respectively. The
change in void ratio (-4e) of an overconsolidated, unsaturated soil is, then, divided
into three components as Eq. (2):

)= s —e)- oy~ )= 2 Zo =0, =), -w)
@

where the first term Aln(o’/0™) is equivalent to the volume change of the normally
consolidated soil (A is compression index), the second term p - po (= dp) represents
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the effect of overconsolidation, and y - o represents the influence of “unsaturated
state” through the vertical shift of the NCL. The vertical shift of the NCL of
unsaturated soils is assumed to be proportional to the variation in the degree of
saturation as follow:

w(s,)=-10-5,) @)
where | is a material parameter. Assuming a usual nonlinear elastic relation as Cam
clay model, the plastic component of the change of void ratio (-4e)® is obtained as
follow.

(CAe) = (-De)-(-Aef = (A- K)ln =(py=p)-lo-v) @

This equation can be rewritten and a yleld function f of the general elasto-plastic
theory is introduced as equation (5).

F=F= {0, =p)+ -} where F =G H =AY (5)

0

The state variable p, which represents the influence of density and confining pressure,
is assumed to decrease with the development of the plastic deformation. An evolution
law for the state variable p is, hence, given as equation (6).

dp=-G(p) € e )=-ap- A?) ®)

where a is a material parameter. From the consistency condition (df = 0), a
one-dimensional constitutive relationship of unsaturated soils is obtained.

de)=de) +d(-e) = 4o, L dv g @)

G(p) o’ 1+G(p)dS ’

Loading condition is given simply by assuming that the plastic component of the
variation of void ratio is always compressive as follow:

d-e)=d(e)+d(e)” if d(e)">0
e, ®
de)=d(=e) if d(=e)’<0

MODELING OF WATER RETENTION CURVE CONSIDERING THE
INFLUENCE OF HYSTERESIS AND DENSITY

A model for water retention curve is necessary in order to formulate a constitutive
model for unsaturated soils using the degree of saturation as a key parameter. It is
well-known that suction has a dominant effect on the water retention of unsaturated
soils and soil water retention curves usually trace different paths according to drying
and wetting. It is also indicated through some experimental studies (e.g. Tarantino and
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Tombolato 2005) that volumetric behaviour also influences the water retention
characteristic and the degree of saturation, thus, rises due to volumetric compression
even if suction is kept constant (Figure 1). Therefore, in the present study, a simple
model for the water retention curve of unsaturated soils, which can consider not only
the influence of suction but also the influences of hydraulic hysteresis and density, is
proposed.

In order to keep the formulation of the model as simple as possible, a
well-known, classical equation for water retention curves proposed by van Genuchten
(1980) is extended. Firstly, the hydraulic hysteresis effect due to the suction history is
described. Figure 3 shows the schematic diagram of the modelling. Two curves
representing the highest and the lowest boundaries of the degrees of saturation, which
are usually called the main drying curve and the main wetting curve respectively, are
described by the non-hysteretic van Genuchten’s equation as follows.

15,05)= S50 + B = S )1+ @) ] =5, = F,6)-5, =0 ©)
12065,:5)= S+ S =S i+ @5) T =5, = F,6)-5, =0 (10)
where Smin, Smax, N, M and o are material parameters for van Genuchten’s equation and
the subscripts d and w of the parameter o denote that for the main drying and wetting
curves, respectively. As any state of water retention lies between two main curves, a
variable Iy, defined as the ratio of interior division of the current state between two

reference states on the main curves is introduced as an intermediary in the proposed
model as follows:

S-S
© SISy ()
where S, and S,” are degrees of saturation of the reference states on the main drying
and wetting curves under current suction, respectively. This variable I, bound by 0 for
the main wetting curve and 1 for the main drying curve provides a simplified, scalar
representation of the current state of hydraulic hysteresis. It increases monotonically
from 0 to 1 as the degree of saturation decreases, and vice versa. An evolution law for
this state variable Iy, is, therefore, given as equation (12).

1= -8 18- 8

Main drying curvef;,=0)

Water retention surface through
the current state (f, =0,0 <1, <1)
wrent state(s, S, I,,)

Reference state on drying patls, S, 1)

Suction s [kPa]

AR ALY

(s,85,",0)
Main wetting cuive(f,, =0)
Degree of saturation . [76]

Figure 3. Modelling of the hydraulic hysteresis effect
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di, = h(1, S, = T §1-1,)ds, when ds, <0 (42
v Y ' _aw}dSr when dSr >0

From equations (9), (10) and (11), a function f. representing the water retention
surface through the current state (s, S, lw) is given as follow.

1.6.8,.1,)=1,F, s+ (=1,)F,(5)-S, =0 (13)

As any hydraulic state of unsaturated soil always locates on the water retention surface,
the incremental form of the water retention curve is given by applying the consistency
condition df; = 0 to equation (13).

~1

_Jf. Y.
as, =%-as E+al h(lw)] (14)

w

Secondly, the influence of vo*lume change on the water retention is considered by
applying a modified suction s defined by equation (15) in stead of the ordinary
suction s.

s :s(Nem,je (15)

& is a material parameter controlling the influence of density and Nsa represents the
reference void ratio of saturated, normally consolidated soil under atmospheric
pressure. The modified suction s” varies due to the variation of void ratio, and the
increase in the degree of saturation induced by the volumetric compression as
indicated in Figure 1 can be taken into account in the proposed model. In addition, as
the influence of the volume change is considered in the modified suction s”, any model
for water retention curve can easily be extended by replacing the ordinary suction with
the modified suction s”.

VERIFICATION OF PROPOSED MODEL BY PARAMETRIC STUDY

In order to verify the proposed model, a series of simulations of consolidation tests
under constant suction and subsequent soaking tests are carried out. Tables 1 and 2
show the material parameters for Fujinomori clay. Figure 4 shows the calculated
results of consolidation tests under constant suction (s = 49, 98, 196, 294 kPa) on over
consolidated Fujinomori clay. In the calculation, suction is firstly increased to a
prescribed value from saturated initial state, and consolidation tests are, then, carried
out. Figures (a) and (b) show the variations of void ratio and degree of saturation with
net stress onet (= O - Ug), respectively. It is indicated from Figure 4 that the proposed
model can describe the typical unsaturated soil behaviours such as: unsaturated soil



initially shows relatively high stiffness and it can stay in a region looser than the NCL
for saturated one; unsaturated soil undergoes a significant compression from a certain
stress level, the degree of saturation increases in response to the volumetric
compression and compression line of unsaturated soil finally converges to the NCL
similar to the saturated one. It is also known that the sample having larger suction and
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lower degree of saturation shows stiffer behaviour.

Table 1. Material parameters for stress-strain relationship

A 0.104 Compression Index a 100 Effect of over consolidated
K 0.01 Swelling Index 1 5.0 Effect of unsaturated
N 0.83 Voidratio under 98kPa
Table 2. Material parameters for water retention relationship
Swin~ 10.0  Minimum S, m 0.1  shape of main drying /
Smax  100.0 Maximumu S, n 2.0 wetting curve
o 0.03 Position of main drying curve o 100 Influence of suction histories
B 0.10 Position of main wetting curve & 5.0 Influence of void ratio
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Figure 4. Simulations of consolidation tests under constant suction
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Figure 5. Simulations of soaking tests under constant net stress

Figure 5 shows the calculated results of soaking test. The samples are, firstly
compressed to a prescribed net stress (onet = 49, 294, 588, 1017, 1960, 2940, 9800
kPa) under constant suction of 294kPa and they are, then, saturated by decreasing
suction to zero. Figure (a) shows the relationship between net stress and void ratio,
while (b) shows the relationship between suction and degree of saturation during
soaking. It is seen from Figure 5 that the proposed model suitably reproduces typical
soaking collapse behaviours of unsaturated soils, which are usually reported by the
past experimental studies (e.g. Jennings and Burland 1962). It is also known that the
proposed model suitably predicts the difference of the amount of volume change due
to the stress level. Moreover, the proposed model can describe the soaking-induced
expansive behaviour of unsaturated, over consolidated sample, which are qualitatively
similar to the experimental results by Sun et al. (2007).
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CONCLUSIONS

A simple method, by which ordinary elasto-plastic model for saturated soils can be
extended to one incorporating necessary descriptions of different aspects of
constitutive behaviour of unsaturated soils, has been developed. The main issues in
modelling the unsaturated soil behaviour are: (a) volumetric behaviour related with the
variation in the degree of saturation; (b) hydraulic behaviour associated with saturation,
suction, hydraulic hysteresis or void ratio changes. The proposed constitutive model is
formulated using the Bishop’s effective stress and normally consolidated line which is
shifted downward or upward in the void ratio e and logarithm of confining pressure o
plane depending the increase or decrease in the degree of saturation. A simple method
for extending ordinary classical models for water retention curves, by which the
effects of hydraulic hysteresis and void ratio can be simply incorporated, has also been
proposed. Validity of the proposed model for unsaturated soils is checked through a
series of simulations of consolidation and collapse tests on unsaturated soils and
typical behaviours of unsaturated soils such as soaking collapse phenomena are
suitably described by the proposed model.
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ABSTRACT: To study the effects of stress paths on shear strength characteristics of
unsaturated sand, a series of conventional triaxial compression (CTC), reduced triaxial
compression (RTC), and reduced triaxial extension (RTE) tests were conducted on
shallow gassy sand from the Hangzhou Metro project, China. Tests were carried out by
using a stress path unsaturated triaxial test system, capable of reproducing stress paths
that are normally induced on soils in subway construction projects. Results show that
the stress-strain relationship of unsaturated sand under various stress paths has different
characteristics and the strength parameters are closely related to the particular stress
path followed. Effective cohesion and apparent cohesion are affected significantly by
the stress path, but effects on the internal friction angle are not important. Relationships
between apparent cohesion and matric suction from various stress paths induced on
unsaturated sand can be described via power functions. A unified shear strength model
was then devised for gassy sand along different triaxial stress paths.

INTRODUCTION

Stress path refers to the stress trajectory that a point within a soil mass has been subject
to under external forces, which defines the pattern stress variation (Feng 2007). The
mechanical response of the soil is not only related to the distribution and magnitude of
these forces, but also to the experienced stress path. A soil sample tested under different
stress paths will lead to varying characteristics in terms of strength and deformation.
Stress paths can simulate the true process of stress variations in the soil mass in actual
geotechnical projects, revealing the effects of the process on soil mechanical properties.
Research on this topic is essential to assessing feasible design parameters in practice
and to establish the constitutive laws governing soil behavior considering its stress path
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dependency. The majority of previous findings on stress path effects are related to soils
under saturated state, while studies focusing on stress path effects on unsaturated soil
response have been scarcely reported (Lade et al. 1976 and Jeda 1994).

The Hangzhou Metro project in China, currently under construction, involves
sandy soils with a considerable presence of gases, mainly composed of methane, which
were subjected to high pressure during the course of this investigation. The presence of
this gas in the soil poses a threat to the entire construction project. The shallow gas
mainly buries in sand lenses or sand pockets with larger porosity. The sand is called
shallow gassy sand, belonging to a special unsaturated soil. The gas is closed, isolated
from the atmosphere and its gaseous phrase is interconnected. A common phenomenon
in gassy soil is the unloading or sudden drop in the gas pressure. Recently, engineering
disasters and accidents induced by shallow gas have been increasingly reported (Tang et
al. 1996, Xu et al. 2003).

Using a GDS type unsaturated triaxial test system, capable of simulating typical
stress paths experienced by soils in subway construction projects, a series of triaxial
tests at different matric suction and net stress states were conducted on several triaxial
specimens of unsaturated gassy sand, sampled from the Hangzhou Metro project, in
order to study the effects of stress paths on the shear strength parameters of unsaturated
soil materials.

SOIL SAMPLES AND TESTING METHOD

Soil samples were taken from critical sections in Hangzhou Metro. Gassy sand is green-
grayish, containing humic organic matters and a small amount of shell debris. Average
dry density of the gassy sand is 1.54g/cm’, void ratio 0.733, porosity 42%, and relative
density of 0.67 (medium dense sand). Test results from grain size analysis are shown in
Table 1. The soil classifies as well-graded silty sand with only a small fraction of clay,
uniformity coefficient 19.7 and coefficient of curvature 7.5. Soil water characteristic
curve (SWCC) of gassy sand was measured in a 5 bar ceramic plate extractor and the
results are shown in Figure 1. Air-entry value of gassy sand is about 5 kPa, with residual
volumetric water content about 15%, corresponding to a matric suction of 18-20 kPa.
Therefore, the triaxial tests focused on shear strength characteristics of gassy sand under
matric suction states within 100 kPa.

Table 1. Grain size distribution of gassy sand from Hangzhou MTR project

Percentage of the Particle Composition (%)

Soil Type
>0.5mm | 0.5-0.25mm | 0.25-0.075mm | 0.075-0.005mm | <0.005mm

Silty Sand 0.8 3.0 73.5 14.6 8.1
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Figure 1. SWCC of gassy sand from Hangzhou MTR project

There are mainly three types of stress paths that are usually experienced by most
soils involved in subway construction projects. Conventional triaxial compression ( o,
unchanged, while o, increased, CTC) is a loading stress path representing the stress
state of soil when the surface of semi-infinite body is under a uniform load. Reduced
triaxial compression (o, unchanged, while o, decreased, RTC) and reduced triaxial
extension (o, unchanged, while o, decreased, RTE) are both unloading stress paths
describing the stress states of a soil when a tunnel or foundation pit are excavated,
respectively.

A series of CTC, RCT and RTE triaxial tests were performed in a GDS type
unsaturated triaxial test system to study the effects of various stress paths on shear
strength properties of gassy sand. Matric suction, s=(u, —u,), of the samples were
controlled at 0 kPa, 10 kPa, 30 kPa and 100 kPa, under corresponding net confining
pressures, (o —u,), of 100 kPa, 200 kPa and 300kPa, respectively. Samples have a 50
mm diameter and 100 mm height. Samples were prepared into a controlled dry density
of 1.54g/cm’. In all cases, shearing stage was carried out after isotropic consolidation
and pore-fluid equalization. CTC stress paths were carried out via strain-controlled with
a strain rate of 0.075 mm/min. Both RTC and RTE stress paths were carried out via
stress-controlled with a stress rate of 0.1 kPa/min.

TEST RESULTS AND ANALYSIS

Deviatoric stress versus strain response of gassy sand for various stress paths is shown
in Figure 2. It can be readily noted that the stress-strain response is highly stress-path
dependent. Under CTC stress paths, in most cases the stress-strain curves do not show a
peak stress before failure, while showing strain-hardening phenomenon. Only at lower
net confining pressures and higher suction states, a slight strain-softening phenomenon
is observed. Under RTC stress paths, the stress-strain curves of gassy sand show a
rigid-plastic response, with the soil reaching a peak strength under small strains, while
the stress remains around the peak value with for further increases in strain until failure.
For higher suction states, the sand shows traces of strain-softening, too.
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Figure 2. Deviatoric stress vs. strain response of gassy sand for various stress paths

Under RTE stress paths, strain-softening of with a clear peak strength appears obvious,
with the strength quickly dropping until failure. As both the net confining pressure and
matric suction increase, the strain-softening behavior becomes more apparent. In
general, soil strength for all stress paths tends to increase with matric suction. Matric
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suction exacerbates the dilatancy experienced by sand, however, the extent to which the
soil dilates is a function of the level of net stresses and the stress path followed. Using
the two-factor shear strength theory for unsaturated soils, that is, using total cohesion ¢,

to combine effective cohesion ¢” and apparent cohesion?, , ¢, =c’+7,

us >

shear strength
parameters of gassy sand for various stress paths can be assessed, as shown in Table 2.

Table 2. Shear strength parameters of gassy sand from various stress paths

Matric Total I , R

Stress Path Suction Cohesion Ty =Cr —C (4 (1)
(kPa) ¢, (kPa) (kPa) ) )
C tional 0 8.0 0.0 32.7 33.7
0#:;?(11;% 10 20.1 12.1 34.2 312
Compression 30 26.8 18.8 33.8 20.6
P 100 324 24.4 34.0 13.7
0 1.0 0.0 32.5 32.5
Bri?aiciif 10 6.4 5.4 32.6 284
Compression 30 7.9 6.9 35.1 13.0
100 14.6 13.6 35.2 77
0 1.6 0.0 30.7 30.7
Br??aiii? 10 43 27 30.9 15.1
Extension 30 7.9 6.3 31.9 11.9
100 9.5 7.9 32.2 4.5

It can be noticed from Table 2 that the shear strength parameters of gassy sand
are different under various stress paths, even when the sand has been subject to the same
net confining pressure and suction state, which substantiates the significant stress path
dependency of unsaturated shear strength parameters. An increase in suction leads to an
increase in total cohesionc,, but the contribution of soil suction towards this strength

parameter depends on the particular stress path induced on the soil. Effective cohesion
¢’ is significantly affected by the stress path, while effective friction angle ¢’ is not
considerably affected, changing only 1°~2°. Parameter ¢’ represents the contribution
of suction to shear strength, which generally decreases at higher suctions, regardless of
the stress path followed; however, the extent of the reduction varies with the stress path.

An existing study (Kong et al. 2005) shows that the relationship between
apparent cohesion z,, and matric suction, s =(u, —u, ), may not follow a linear function
in shallow gassy sand, as postulated in the two-factor theory, and it may actually be best
represented through the following: z,, =as”. Results from nonlinear regression analyses
using this expression are summarized in Figure 3. Values of fitting parameters a and b
are stress path dependent, and can be summarized as follows: CTC stress paths, a =3.44
and b = 0.43; RTC stress paths, a =0.56, b = 0.68; RTE stress paths, a = 1.50, b= 0.37.

Therefore, the shear strength of unsaturated sand under different stress paths can
be expressed by a unified formula as follows:

7, = +(0, —u,)tan ¢’ +as’ (1
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Figure 3. Variation of apparent cohesion with suction for various stress paths

CONCLUSIONS

Stress paths have significant effects on the strength of unsaturated sand. The
stress-strain relationship shows different characteristics in various stress paths. Matric
suction aggravates the dilatancy effect of the sand, and its degree is subject to the net
stress and stress path. Parameters of the shear strength are closely related to the stress
path. It has the dramatic influence to effective cohesion ¢” and apparent cohesionr,

but a little effect on effective friction angle ¢’. The relationships between apparent
cohesion and matric suction of sand are all in accord with the power function, and then
the strength of gassy sand in various stress paths can be described by a unified formula..
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ABSTRACT: Today, it is well known that most geotechnical infrastructure resting
on or made of unsaturated soils experience a wide range of deformations. Calculation
of foundation settlement, for instance, requires a good estimation of soil stiffness at
relatively small strains. Analyses of slopes, embankments, and soil bearing capacity,
on the other hand, require adequate estimation of shear strength, from pesk to residual .
To date, there is limited experimental evidence of unsaturated soil response at mid-to-
large strain levels corresponding to residual shear strength, and virtually no research
work is available that spans the whole range of deformations in unsaturated soils using
ring shear testing technique under controlled-suction states. This paper introduces a
novel ring shear apparatus suitable for testing unsaturated soil samples over a whole
range of deformations via axis-tranglation technique. The lower annular platen features
afull set of 5-bar ceramics for control of pore-water pressure during constant-suction
RS testing. The paper outlines the full development of the apparatus, including details
of its main components and the test procedures. Results from a preliminary series of
suction-controlled ring shear tests on compacted silty sand are presented.

INTRODUCTION

In recent years, the basic hypotheses of most elasto-plastic constitutive frameworks
postulated for unsaturated soils have been validated via suction-controlled oedometer,
triaxial and direct shear testing (e.g. Alonso et a. 1990, Wheeler and Sivakumar 1995,
Burland and Ridley 1996, Cui and Delage 1996, Hoyos and Macari 2001, Fredlund
2006). These devices, however, allow for the application of loads along limited modes
and levels of strain and/or deformation. Today, it iswell known that most geotechnical
infrastructure resting on or made of unsaturated soil materials experience a wide range
of deformations. Calculation of shallow foundation settlement, for instance, requires a
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good estimation of the soil stiffness at relatively small strains. Analyses of slopes,
embankments and soil bearing capacity, on the other hand, require adequate estimation
of shear strength, from peak to residual state. To date, however, experimental evidence
of unsaturated soil response at mid-to-large strain levels corresponding to residual
shear strength is very limited, and virtually no research work is available that spans the
whole range of deformations in unsaturated soils via ring shear testing technique under
controlled-suction states.

This paper introduces a novel, servo-controlled ring shear apparatus suitable
for testing unsaturated soil samples over a full range of deformations via the axis-
translation technique. The lower annular platen features a full set of 5-bar ceramics for
control of pore-water pressure during constant-suction RS testing. The following
sections outline the full development of the apparatus, including details of its main
components and the test procedures. Results from a preliminary series of suction-
controlled ring shear tests on compacted silty sand are then presented.

PREVIOUS WORK

Recently, Infante et al. (2007) reported a first attempt at modifying a conventional,
Bromhead type, ring shear device for soil testing under controlled low-suction states
via axis-translation technique. Around the same time, Vaunat et al. (2006) reported a
modified Bromhead type ring shear apparatus for soil testing under controlled high-
suction states via vapor transfer technique. In both cases, low and medium plasticity
clayey soils were tested. They reported an increase in the residual friction angle with
an increase in the applied suction. This was associated to partial aggregation of the
clayey particles, which caused the soil to behave more like a granular material. The
authors also observed that the unsaturated residual strength is independent of the
applied vertical stress and the suction stress history. The results, however, are far from
conclusive, and the modified devices offered plenty of room for further refinement and
development.

A NOVEL SUCTION-CONTROLLED RING SHEAR APPARATUS

The general design of the novel apparatus introduced herein is based upon the original
RS apparatus developed by Bromhead (1979), in which the specimen is placed inside
the annular space formed between the two concentric rings of a lower rotational cell.
The RS apparatus developed in this work features two servo-controlled actuators: one
pneumatic actuator for normal loads and one electrical actuator for shear loads. The
apparatus allows for the application of vertical stress up to750 kPa, monotonic torque
up to 113 ton-m, constant suction up to 1,500 kPa (via axis translation), and more than
360-degree-range of continuum angular deformation. The device features three main
modules: (1) Main cell with rotational shear system, including normal load and torque
actuators; (2) Data acquisition/process control system with performance/data reduction
software for real-time calculations of shear stress and average linear displacements;
and (3) Suction control panel. Further details are summarized in the following.
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Main Cell

The main cell of the RS device, including the rotational shear system, consists of all of
the following: (a) Pneumatic servo-controlled actuator for application of vertical loads
up to 8000 N; (b) Electrical servo-motor actuator for application of torsional loads up
to 5000 ton-m; (c) Linear variable differential transducer (LVDT) to measure vertical
deformations; (d) Electrical sensors for real-time measurements of shear torque, shear
angular deformation, and vertical load; (f) Adjustable top and bottom stainless-steel
loading platens; and, (h) Reinforced-acrylic confining cell with 1000-kPa air pressure
capacity. Figure 1 shows a panoramic view of the entire suction-controlled ring shear
test layout, including the data acquisition and process control system, GCTS suction
control panel, and fully assembled cell.

The upper annular platen of the main cell houses a full set of six coarse porous
stones, which are evenly distributed along the central perimeter of its bottom surface,
for application and control of pore-air pressure u,. Likewise, the lower annular platen
houses a series of six, high-air-entry, 15-bar ceramics for application and control of
pore-water pressure uy. The ceramics are sealed with adjacent sintered stainless-steel
rings in order to prevent pore-air leakage into the water system, as shown in Figure 2.
Soil samples conform to the annular space between the two concentric rings of the
lower rotating platen, having a 3.8-in (9.65-cm) inner diameter, 6-in (15,24-cm) outer
diameter, and a range of adjustable heights between 0.6-1.25 in (0.5-3.0 cm).

Figure 2. Upper platen (shown upside down), lower platen, and bottom torsional gear
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Vertical pressure, prior to shearing, is applied to the soil specimen through the
upper platen. During controlled-suction shearing, the lower assembly containing the
specimen is rotated by a hydro-electrical drive unit while the upper part is restrained.
Ring shear (torsional shearing) and axis translation (controlled-suction) processes are
then independently controlled by two separate systems: the load/shearing actuators
and the suction control panel. The core system of the RS apparatus was manufactured
by Geotechnical Consulting and Testing System (GCTS), Tempe, Arizona.

DA/PC System

The data acquisition and process control system, as shown in Figure 1, consists of the
following: (1) A SCON-1500 digital servo controller and acquisition system; (2) A
DSB-11 universal signal conditioning board (for load cells and LVDTSs); (3) GCTS
ring shear software for real-time measurement, processing and control of test variables
such as shear stress, normal stress and angular deformation; and (4) IBM-PC unit.

Suction Control Panel

A GCTS suction control panel is used for the independent control of pore-air pressure
Ua and pore-water pressure uy, during suction-controlled RS testing, as shown in Figure
1. The panel features a flushing mechanism to remove diffused air beneath the HAE
ceramic generated during constant-suction RS testing.

SAMPLE PREPARATION VIA IN-PLACE STATIC COMPACTION

The test soil used in this work classifies as SM soil (80% sand and 20% silt) according
to the USCS. The soil was selected because of its local availability and poor gradation,
which minimizes the effects of particle size/shape on menisci formation in the water
phase, reducing the equalization time of pore fluids (air and water) during suction-
controlled testing. Samples were prepared with a water content equivalent to a suction
of 25 kPa according to the soil-water characteristic-curve (SWCC) shown in Figure 3.
In this figure, data points represent actual experimental data, whereas solid and dashed
lines represent best-fit curves using Van Genuchten (1980) and Fredlund and Xing
(1994) model equations.

Ring-shaped specimens were directly compacted onto the lower annular platen
of the cell via in-place static compaction. The upper platen was used to compress the
loose soil-water mix until achieving the target density. A monotonic force is applied to
the top platen by means of a triaxial loading frame, as shown in Figure 4. The samples
were prepared in a single layer at a compaction displacement rate of 1.25 mm/min to
minimize the potential for fabric variation throughout the specimen (Venkatarama
1993). Specimens were compacted at 95% of maximum Proctor dry density, ¥.max =
1.85 glcm®. After compaction, the final height and weight of the compacted sample
were determined to verify achievement of the target dry unit weight.
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Figure 3. Soil-water characteristic curve for SM soil along with best-fit model curves

Figure 4. In-place static compaction of ring-shaped SM sample in triaxial frame

SUCTION-CONTROLLED RS TEST PROCEDURE

A series of two multi-stage suction-controlled RS tests were performed on compacted
specimens of SM soil. A range of normal net stresses (c,— U,) of 0, 25, and 75 kPa was
chosen in order to reproduce normal stress states that are typically encountered in first-
time landslides in shallow unsaturated soil slopes and embankments (Stark and Eid
1997). Suction-controlled RS tests were performed under constant suctions of 25 and
100 kPa. In both cases, the specimen was sheared at a displacement rate of 0.018
mm/min.
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After full assemblage of the RS apparatus, as shown in Figure 1, a vertical load
was monotonically applied via the upper annular platen to induce a 25 kPa normal
stress on the specimen. Right after application of normal stress, and prior to shearing,
the pore-air pressure was increased (via compressed air in the cell chamber) to achieve
a desired suction state of 25 kPa via axis translation. Once equalization of pore-air and
pore-water pressures was achieved, shearing was initiated. Shearing was continued
until it was observed, from the shear stress readings, that a well-defined residual state
had been reached. Shearing was then stopped and the normal stress on the specimen
was further increased to 50 kPa. Pore-air pressure was kept constant at 25 kPa and
shearing initiated until a well-defined residual state was observed. The process was
repeated for a normal stress of 100 kPa.

Upon completion of the last stage, the applied torque and pore pressures were
brought back to zero and the vertical stress was fully removed. The upper platen was
taken off and the sheared surface of the soil carefully examined for significant features
such as potential shear-band formation. The same procedure was repeated on a second
SM soil specimen for constant suction of 100 kPa and normal net stresses (o,— Ua) of
0, 25, and 75 kPa.

ANALYSIS OF TEST RESULTS

Results from RS tests performed at suction s = 25 kPa are shown in Figure 5. Results
from RS tests performed at suction s = 100 kPa are shown in Figure 6. Results are
shown in terms of shear stress versus shear displacement response for different normal
net stresses, as well as vertical displacement versus shear displacement response for
different normal net stresses. As it is expected, the peak strength of the soil is critically
influenced by the normal net stress level, with a considerable increase for (c,— us) = 75
kPa.

Regardless of induced suction level, compacted SM soil exhibits peak strength
and considerable dilatancy under a low normal net stress (om— U,) of 0 kPa. This can be
attributed to the dense nature of the sample initially achieved via static compaction
(Figure 4). The response of the soil becomes more contractile as the normal net stress
(on— uj) is increased to 25 and 75 kPa, which can be explained by the multi-stage
testing scheme followed in this work, which induces a predefined failure surface in the
sample before increasing the normal net stress (c,— U,) to carry out the next shearing
stage.

CONCLUDING REMARKS

Preliminary RS testing on compacted SM soil has shown that the newly developed RS
apparatus is suitable for testing unsaturated soils under suction-controlled states via
axis-translation technique. The core of the system was developed under U.S. National
Science Foundation Award # 0626090. This support is gratefully acknowledged.
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ABSTRACT: This paper introduces a servo-controlled true triaxial (cubical) device
that has been developed to test 3-in (7.5-cm) side, cubical specimens of unsaturated
soil under controlled-suction states for a wide range of stress paths not achievable in a
conventional cylindrical apparatus. The cell is a mixed-boundary type of device, with
the specimen seated on top of a high-air-entry disk and between five flexible (latex)
membranes on the remaining sides of the cube. The new cell is an upgraded, more
elaborate version of the one previously reported by Hoyos et al. (2005), featuring two
independent pore-air pressure and pore-water pressure control systems viaa PV C-100-
UNSAT pressure panel, as well as a fully computer-driven stress application/control
system via a PCP-5000-UNSAT pressure panel. Suction states, s = (Uy — Uy), are
induced in the specimens via axis-trand ation technique. The technique is implemented
by using the s = uj testing concept (i.e., uy = 0). Results from a preliminary series of
hydrostatic compression and triaxial compression tests are presented.

INTRODUCTION

Over the last few decades, the description of the stress-strain-strength behavior of
unsaturated soils has been closely linked with efforts to isolate the relevant effective
stress fields governing their mechanical response. The adoption of matric suction, s =
(ua— uy), and the excess of total stress over air pres-sure, (6— Uy), as the relevant stress
state variables, have facilitated the modeling of key features of unsaturated soil
behavior via suction-controlled oedometer, triaxial, and direct shear testing (Alonso et
a. 1990, Whedler and Sivakumar 1992, Fredlund and Rahardjo 1993). The mgjority of
these devices, however, allow for the application of loads along limited paths and
modes of deformation, such as one-dimensional, hydrostatic or axisymmetric loading.
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In nature, pavement subgrades and shallow foundation soils well above the ground-
water table may be subject to three-dimensional stress gradients due to changes in the
stress state variables (cjj—Uadij) and (ua — Uw)djj, as illustrated in Figure 1. Therefore,
accurate predictions of the stress-strain response of geosystems resting on unsaturated
ground require that all the constitutive relations be valid for all stress paths that are
likely to be experienced in the field. It is in this context that a true triaxial (cubical)
cell, capable of inducing in the soil test specimens a wide range of simple-to-complex
multiaxial stress paths under controlled-suction states, plays a fundamental role in a
thorough stress-strain-strength characterization of this type of materials.

This paper describes a servo-controlled true triaxial (cubical) apparatus that
has been developed to test 3-in (7.5-cm) side, cubical specimens of unsaturated soil
under controlled-suction states for a wide range of stress paths that are not achievable
in a conventional cylindrical apparatus. The cell is a mixed-boundary type of device,
with the specimen seated on top of a high-air-ent