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Abstract

This paper studies the hydromechanical behavior of a slightly compacted mixture of sand
and clayey silt (30%/70%) under a generalized stress state. The experimental study
focused on analyzing the yielding response and shear strength behavior at different stress
states (characterized by the intermediate principal stress parameter b, or Lode angle) and
at different initial total suctions (as-compacted state). For the investigation, a hollow
cylinder apparatus was used. The shear strength results allowed defining the variation of
the critical state line with the Lode angle and the suction. Different models were proposed
for isotropic and anisotropic yield surfaces, and their shape and rotation were calibrated
with experimental results. The modeled yield surfaces fitted reasonably well the
experimental results, considering their inclination and dependence on the suction, mean
and deviatoric stresses and Lode angle. In addition, some relationships between the

stresses and the model parameters were proposed to normalize the yield surface equation.

Keywords: unsaturated soils; generalized stress state; shear strength; yield surface; Lode
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NOTATION

b parameter for intermediate principal stress (02-03)/(61-03)

¢ cohesion

. Asg
d dilatancy %

e void ratio
£, g yield and plastic potential functions
11, g1 fitting parameters in p,, versus In (1+s) relationship

G elastic shear modulus

L stress vector modulus  /Ad? + Ac? + Ac?

M critical state line slope

m and n parameters for the variation of cohesion with suction

p net mean stress (o;+o2+03)/3

po 1sotropic initial preconsolidation stress

Py qr net mean and deviatoric stresses at failure

pm parameter that defines the size of the inclined yield surface (Romero and Jommi, 2008)

Pps = c(s)/tang contribution of suction to correct mean stress:

p=p+ ps

g deviatoric stress %\/(01 —0,)% + (0, — 03)% + (07 — 03)?

r,t fitting parameters in M, versus b relationship
s suction (total)

Sr degree of saturation

W axial load

w water content

W, accumulated plastic work per unit soil volume

T . _ . . T D
o inclination of major principal stress relative to the vertical direction > tan L (21g,/

(01 — 03))



a, u parameters in Lagioia’s model (Lagioia et al., 1996)
&, &, &p vertical, radial and circumferential strains
&1, &, & principal strains

&y, &F, & volumetric strains: total, elastic and plastic

& shear strain g\/(s1 —&)2 4+ (5, —&3)2 + (6 — &3)2
¢ friction angle

7 stress ratio or obliquity g/(p+ps)

o’vo saturated preconsolidation vertical stress

o, oy, ovvertical, radial and circumferential stresses

o1, oy, 03 principal stresses

@rotation angle in hollow cylinder tests

. Lode angle tan"'((2b—1)/13)

7o. shear stress in the vertical plane



1 INTRODUCTION

The stress state in many engineering applications is different from that usually considered
in elastoplastic models under axisymmetric stress state conditions. Therefore, constitutive
models to be used in the analyses of engineering problems such as foundations, earth
dams, and embankments should take into account experimental information that comes
from stress-strain tests in a generalized stress state (Nasreddine, 2004; Zerfa and Loret,
2003; Grammatikopoulou et al., 2007; Zhang et al., 2010; Zhang et al., 2016; Yao and

Yang, 2017; Yan et al., 2020; Li et al., 2021).

Several authors have used true triaxial apparatus and hollow cylinder devices to perform
tests to study the influence of the intermediate principal stress on mechanical soil behavior
in saturated conditions (Matsuoka and Nakai, 1974; Hight et al., 1983; Matsuoka et al.,
1995; Yoshimine et al., 1998; Nishimura et al. 2007; Yimsiri et al., 2011; Minaeian et al.,
2020), and more recently in unsaturated conditions at constant matric suction (Hoyos,
1998; Macari and Hoyos, 2001; Toyota et al., 2001; Matsuoka et al., 2002; Macari et al.,
2003; Toyota et al., 2003; Toyota et al., 2004; Hoyos et al. 2012a; Hoyos et al., 2015;
Jafarzadeh at al. 2019; Zheng et al., 2020 and 2021). Nevertheless, to the authors’ best
knowledge, the effect of intermediate stress in the shape of the yield surface in anisotropic
elastoplastic models in unsaturated soils has not been studied in depth in laboratory tests

under generalized stresses.

The effect of the intermediate principal stress on soil shear strength has been considered
using diverse approaches. The Mohr-Coulomb envelop (Yoshimine, 2006; Maiolino and
Luong, 2009), the spatially mobilized plane (SMP) criterion (Matsuoka and Nakai,1974;
Matsuoka and Sun, 1995) and the Lade-Duncan criterion (Lade and Duncan, 1975; Lade,
1997) have been widely used. Wojciechowski (2018) has analyzed the differences

between Mohr-Coulomb and Drucker-Prager criteria, and Wang et al. (2019) have



proposed a nonlinear unified criterion for saturated geo-materials. Concerning
unsaturated materials, Sun et al. (2000) have suggested an extension of SMP for
unsaturated soils, whereas Zhang et al. (2015) have proposed a linear unified failure
criterion for unsaturated soils. Thus, the increase in soil strength due to suction can be
considered as a linear relationship (Fredlund et al., 1978; Alonso et al. 1990) or as a
nonlinear relationship (Escario and Saez, 1986; Fredlund et al., 1987; Sun et al., 2000;

Vanapalli, S. K., 2009; Sheng et al., 2011).

Many elastoplastic constitutive models have been used during the last three decades,
taking into account generalized stress states in partially saturated soils. Matsuoka et al.
(1999); Yao et al. (2009); Ma et al. (2017); Wang et al. (2019) and Lu et al. (2019)
summarize available methodologies to extend the existing constitutive models for triaxial
compression conditions to be suitable for 3D stress states (i.e., indirect methods) or to
adopt 3D yield and plastic potential functions based on observed soil behavior (i.e., direct

methods).

Kohgo et al. (1993) proposed a constitutive model that defined the yield surface using the
generalized Coulomb criterion and an elliptical cap model, both as a function of Lode’s
angle. Matsuoka et al. (2002), Sun et al., 2000 and Sun et al., 2003 simulated the measured
stress—strain-strength behavior of unsaturated sand, tested under controlled suction in a
true triaxial device using elastoplastic models based on SMP. The same procedure was
used by Sun et al. (2007a; 2007b), incorporating the hysteresis of the degree of saturation
in their model. In the last decade, other models have included the degree of saturation in
the constitutive variables (Romero and Jommi, 2008; Lloret-Cabot et al., 2013; Li et al.,

2019).

Macari et al. (2003) and Hoyos et al. (2012,b) obtained reasonably accurate results
modeling true triaxial tests on unsaturated cubic specimens based on the Barcelona Basic
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Model (Alonso et al., 1990) and Wheeler and Sivakumar (1995) elastoplastic models.
Georgiadis et al. (2005) developed an elastoplastic model using a modified version of
Lagioia et al. (1996) yield function and plastic potential. Maleki and Pouyan (2016)
proposed a kinematic hardening model adapting CJS (Cambou—Jafari and Sidoroff)
model to the unsaturated state. Lastly, some numerical models have been proposed for
expansive soils under generalized stress states to model the behavior of backfills and seals
used in deep radioactive waste disposal, some numerical models have been proposed for
expansive soils under generalized stress states (Sanchez et al., 2005; Kohler and

Hofstetter, 2008; Della Vecchia et al. 2012).

In addition, laboratory test campaigns on isotropically and anisotropically compacted
specimens and constitutive models have been proposed to investigate the evolution of
induced anisotropy in unsaturated soils. The anisotropically compacted specimens
presented distorted yield ellipses in the constant suction plane with no substantial
influence on the critical state line (Cui and Delage, 1996; Romero et al., 2003; Della
Vecchia et al., 2012; Al-Sharrad and Gallipoli, 2016; Al-Sharrad et al., 2017; Sitarenios

and Kavvadas, 2020).

Romero et al. (2017) carried out hydromechanical tests using a hollow cylinder apparatus
on a partially saturated sand/silt mixture, which was prepared for high water permeability,
adequate strength for handling, and collapsibility on wetting. In addition to shear strength
tests at constant water content, soaking tests were done on unsaturated samples to
determine the collapse potential of the soil under constant mean (p) and deviatoric (g)

stresses with different values of the parameter for intermediate principal stress b.

Seeking to continue the study by Romero et al. (2017), a new contribution to the current
state of the knowledge on partially saturated soils is presented based on an experimental
study of the effect of suction and stress state on the hydromechanical (HM) behavior of
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an anisotropically compacted fine soil. The present study focuses on the evolution of the
size and the shape of the yield surface while following different generalized stress paths,

as well as on the shear strength properties.

2 SOIL MIXTURE DESCRIPTION AND INITIAL STATE

A sand/silt mixture was prepared for the experimental campaign. The sand is a poorly
graded fine from Castelldefels beach (Llobregat Delta, near Barcelona) with particle sizes
between 150 um and 1.18 mm and solids’ density p=2.65 Mg/m? (Cérdenas et al., 2015).
The finer fraction corresponds to clayey silt from Barcelona (LL=36%; IP=19% and
p=2.67 Mg/m®) (Barrera, 2002; Alonso et al., 2013; Romero et al., 2019). The soil
mixture was used to reach high permeability (k~10"7 m/s) and adequate strength for
handling and executing the planned tests. A first attempt was made to use the sand/silt
mixture sample similar to the one used by Romero et al. (2017) to extend further their
results. However, a slightly higher fine content was used to improve the strength for
handling. The grain size distribution curves of the materials, including the one used by

Romero et al. (2017), are shown in Figure 1.
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Figure 1. Grain size distribution of the materials.



It was necessary to perform preliminary tests on mixtures with different amounts of
clayey silt and sand to select the adequate percentage of each type of material present in
the sample. The samples’ stability in handling was verified with unconfined compression
tests on compacted samples with low moisture content. Samples were statically
compacted under oedometer conditions until they reached a dry density of 1.65 Mg/m®.
The samples were compressed by both sides (top and bottom) to ensure the sample’s
homogeneity throughout the height. The results of unconfined compression tests are
shown in Figure 2, which concluded that the best mixture was for 70% clayey silt and

30% sand (as shown in Figure 1).
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Figure 2. Unconfined compression strength for different mixture proportions (clayey
silt/sand) and water content at compaction.

The water retention curves show small hysteresis in drying/wetting cycles after the first
drying (Figure 3a). In addition, changes in the porosity of the samples have a small effect
on the total suction at given water content (Figure 3b). Finally, the selected mixture has

been prepared with a dry density of 1.65 Mg/m?> at water contents of w=4.0%, 6.0%, and



8.0% (5,=0.17, 0.26, and 0.32) corresponding to total suctions close to s=16.0, 1.5, and

0.2 MPa, respectively (Figure 3b).
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Figure 3. Water retention curves of the sand/silt mixture: a) for drying and wetting paths;
b) for two different dry densities.

Three oedometer tests under saturated conditions have been carried out on specimens
compacted at different dry densities (1.55Mg/m?, 1.65Mg/m’, and 1.75 Mg/m?) to

determine compressibility parameters. A unique one-dimensional normal compression
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line (1D-NCL) for the sand/silt mixture cannot be obtained, indicating a ‘transitional’
mode of compression behavior. However, compressibility parameters are very similar
for the three tests (post-yield elastoplastic saturated compressibility index, A(0) = 0.11,
and elastic compressibility index, k= 0.01). In addition, a well-defined increase of the
saturated pre-consolidation vertical stress has been detected when the initial dry density

increases (o’vo= 12kPa, 14kPa, and 20kPa, respectively).

Figure 4 presents the oedometer compression curves obtained for three specimens

compacted at a water content of 4% and different initial compaction densities.
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Figure 4. Compression curves obtained in oedometer tests on saturated samples of
sand/silt mixture for different dry densities after compaction at w=4.0%.

3 EQUIPMENT AND TEST PROGRAM

Conventional direct shear tests were performed in saturated and at constant as-compacted
water content conditions to define the shear strength envelopes on specimens compacted
at dry density of 1.65 Mg/m® and water content of w=4.0%. Vertical stresses of 50 kPa,
100 kPa, and 200 kPa were applied in the tests. In addition, one test was conducted under

saturated conditions with vertical stress of 400 kPa. Undrained triaxial compression tests

11



were also performed on saturated samples, initially compacted at 4%, 6%, and 8% water
contents. Isotropic stresses (p,’) ranging from 200 to 1600 kPa were applied before

starting the deviatoric stress stages.

A hollow cylinder apparatus (HCA), as presented in Figure 5, was used (Serra and
Hooker, 2003) to perform HM tests under a generalized stress state. The figure also
presents the geometrical and stress-strain variables used throughout the paper. This device
allows controlling the values of four stress variables (Hight et al., 1983). The variables
can be the three principal stresses and the angle between the orientation of the major
principal stress and the vertical direction (o7, 02, 03, and s in Figure 5), or the stresses
in the vertical, radial, and circumferential directions and shear stress (oz, o5, 0w, and 76
in Figure 5). The equipment can apply four actions to control the four stress parameters
during the tests on the specimen: vertical load (W), torque (7), and internal and external
pressures (P; and Py, respectively). The orientation of the principal stress has always been
vertical, and the shear stress 74 has been maintained null. From the mentioned actions,
three stress invariants may be evaluated: mean stress, (p), deviatoric stress (¢), and Lode
angle or the parameter b (see Figure 5). The equipment automatically controls the actions
to be applied to the specimen to follow any stress path defined in terms of the stress
invariants. On the other hand, the response of the soil is characterized through the axial
(AH), inner (w=Ar;) and outer (wy=Ary) radial displacements and rotation angle (&, which
has been null in the tests performed). These measurements allow us to evaluate the
vertical (&), radial (&), and circumferential (&) strains as well as the volumetric (&), and
shear strain (&) invariants (Hight et al. 1983). Figure 5 shows the relationship between
soil strains and displacements. In unsaturated specimens, radial displacements can be
evaluated by measuring the change in specimen height (AH) and the volume changes in

the internal and external chambers (AV; and AV, respectively). These volume changes are
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monitored through the data obtained in the pressure/volume controllers used to apply
internal and external pressures (Menzies, 1988). In the hypothesis of infinity stiffness of
external cell wall, the variation of specimen radii can be evaluated, taking into account
that the sum of the volume increments of inner and external chambers and the soil volume
should remain constant. Equations to determine the changes in the internal and external
radius at any time during the test were presented in Chaudhary et al. (2002). Subsequently,
in Minh (2006) the equations were successfully used to assess the variations in radius and
compare them with those measured in tests with the sample instrumented with
transducers. Equations 1 and 2 present the expressions for the change of internal and

external displacement, respectively.

Tr# Ho+AV;
w; = Ar; = /‘—l—r- ................................................................... 1
: : n(Ho+AH)  * ()
2
nry Ho+AVi+AV,
w, = Ar, = f—— P 2
0 0 T(Ho+AH) 0 (2)

The increment of the volume chamber due to the deformation of the Perspex wall
associated with increments of external pressure, which affects the external volume
changes (AV)), must be taken into account to correct the soil volume changes. Figure 6
shows the relationship between the chamber volume changes and the applied pressure.
Due to the large size of the chamber, the volume change measured is not negligible. The
first part of the curve is nonlinear due to the presence of air bubbles in the chamber and
measuring system. This occluded air volume depends on the sample installation process,
and it is not the same in each test. The linear part corresponds to the deformation of the
cell wall, and the curve’s slope remains approximately the same in the test. The
uncertainty of the overall volume of the specimen associated with the volume of air

bubbles in the chamber was reduced by measuring at the end of the tests the sample’s
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volume with the paraffin-coated clod method. The suction at the end of the tests was
measured only for some samples to verify the changes between the initial and final states.

Figure 7 shows a picture of a paraffin coated sample after the end of the test.

The specimens were statically compacted in laterally confined conditions in a metallic
mold, applying vertical displacement on both ends until reaching the specified dry density
(1.65 Mg/m?). The height of the specimens was 100 mm, and the internal and external

diameters were 60 mm and 100 mm, respectively.

Different stress paths were considered to obtain the yield points and the shear strength
properties. During the tests on unsaturated specimens, the samples’ initial water content
was maintained (4%, 6%, and 8%), and it was assumed that suction changes were
negligible according to the retention curves shown in Figure 3b. In addition, the tests in
saturated conditions were performed after saturating the specimens with water flow from

the bottom to the top cap in the HCA, under low confining stress (30kPa).

In the shear tests, the first step was to apply isotropic stress (usually 200 kPa). A small
increase of deviatoric stress g=20 kPa was applied after this initial to set the parameter b
to the desired value (0, 0.5, and 0.8). Afterwards, the deviatoric stress was increased
following different values of the stress path slope, Ag/Ap. Small changes in the path slope
were observed during the shearing. These changes could be explained by discrepancies
between the specimen’s volume changes considered by the automatic stress control
program (which assumes full saturation of the soil) and the real volume change. These
small changes in slope were taken into account in the analyses of the results and did not
affect the derived conclusions. A summary of the tests performed indicating the initial

conditions of the samples and the stress paths followed is shown in Table 1.
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Figure 6. Relationship between the chamber pressure and the volume change of the
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Figure 7. Soil sample at the end of the test (left) and after being coated with paraffin
(right).
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Table 1: Initial water contents and stress paths followed in the tests performed.

Weompaction (70) b Do (kPa) Ag/Ap

4;6;8 0;0.5; 0.8 200 3

4;6;8 0 10 0

4;6;8 0 200 0.4; 0.75; 0.90; -3
4 0.8;0.5 200 ©

6 0.2 200 3

6 0.5;0.8 200 0.75; -3

4 SHEAR STRENGTH PROPERTIES

4.1 Direct shear tests

Figure 8a shows the failure envelopes obtained in the direct shear tests on compacted
specimens at 1.65 Mg/m’ in saturated conditions and with a water content of w=4%
(8=17%, estimated total suction s= 16 MPa). In both cases, the friction angle is almost
the same (¢=30°), whereas the cohesion is null in the saturated test and reaches a value of

31 kPa for the unsaturated specimen.

The cohesion influence on shear strength can be considered by adding the value of
ps=c(s)/tang to the normal stress value to evaluate the corrected stress that incorporates
the suction effects. Using this corrected stress, a unique straight line with a null cohesion
and a friction angle ¢=30° defines the shear strength envelope for saturated and

unsaturated states (see Figure 8b for the c(s) expression and the parameters fitted).
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Figure 8. Failure envelopes for the direct shear, without suction correction (a) and with
suction correction (b).

4.2 Undrained failure tests in conventional triaxial apparatus
Table 2 shows the failure stresses for samples compacted at different water contents and
tested in saturated and undrained conditions following drained compression paths in a

triaxial apparatus. A friction angle ¢=26.5° (M=1.05) was obtained considering the mean

value of the results.

Table 2: Failure stresses in undrained triaxial tests on saturated specimen.

Weompaction (70) b p'o (kPa) qr (kPa) p'r(kPa)
4 0 200 140 130
4 0 1200 1350 1440
6 0 200 160 140
6 0 600 600 610
6 0 1200 1620 1580
8 0 1200 1290 1240
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4.3 Generalized stress state tests

Figure 9 shows the influence of parameter b in the stress-strain response in terms of axial
strain and deviatoric stress invariant for unsaturated samples tested in the HCA with a
water content of 4%, 6%, and 8%. The initial isotropic consolidation stress was 200 kPa,
and the shear stress paths were defined by Ag/Ap=3. The effect of the suction in the
increment of the shear strength is evident. In addition, it was detected that the sample
tested with a parameter b of 0.8 has a lower initial stiffness than the samples tested with
values of b of 0 and 0.5. It was also observed that for the same suction, the maximum

strength occurred for the tests with parameter b= 0.

On the other side, the volumetric strain responses shown in Figure 10 display different
behavioral features. Due to the high value of the initial porosity, the samples experienced
a volume reduction. In general, for a value of »=0.5, the volumetric strains are more
significant than the strains obtained for the other b values. In addition, for »)=0 the
volumetric strains have the minimum values. This tendency is more evident in the sample

with less water content (w=4%).

19



~
o
~

700
= 600 3
§ ] w=4%
;; 500 -
2 400 3
= .
© 300 1
= ] ——b=0 AqQ/Ap=3
= 200 3
2 ] - = =b-0.5 Aq/Ap-3
R 100 3
Q WU b=0.8 Aq/Ap=3
0 T T T T T T T T T T T T T T T T T T T T
0 0.05 0.10 0.15 0.20
Vertical strain, &
® 500 -

3 =6%
S 600 1 W
) 5
S 500
7] ] -
§ 400 3 -

g 300 —— b=0 AQ/Ap=3
E 200 A — - -b=0.2 Ag/Ap=3
5 1/ - - —=b=0.5 AqQ/Ap=3
Q 100 3 _ _
......... b*OS Aq/Ap*:;
0 T T T T T T T T T T T T T T

0 0.05 0.10 0.15 0.20
Vertical strain, &
© 700 -

3 —— b=0 AQ/Ap=3
=600 1 | w=8% vap—
& ] - — = b=0.5 Aq/Ap=3
; 500 e b=0.8 Aq/Ap=3
1,3 400 -

S 300 3
— .
o 1 @ @ T e emem—-—
F 200 3
> -
5] 3
A 100 3
0 . — — —_————7—T——
0 0.05 0.10 0.15 0.20

Vertical strain, &

Figure 9. Curves &:q of tests on samples tested in HCA with water content of (a) 4%, (b)
6% and (c) 8%. pi=200kPa.

20



(2)

(b)

(©)

Figure 10. Curves &;:&, of tests on samples tested in HCA with water content of (a) 4%, (b)

Volumetric strain, &,

Volumetric strain, &,

Volumetric strain, &

-0.02

0.02 ]

0.04 3

0.06
0.08
0.10
0.12

0.14

-0.02

0i02
0.04
0.06
0.08
0.10
0.12

0.14

-0.02

0.02
0.04
0.06
0.08
0.10
0.12

0.14

] '\.-' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i.

N
] \\ ........... _b:() Aq/Ap:3
] R - = -b=0.5 Aq/Ap=3
] A I Y ) N b=0.8 Aq/Ap=3
. N
3 ~ .
] . w=4%
0 0.05 0.10 0.15 0.20

Vertical strain, &
NI A ——b=0 Aq/Ap=3
e -+ = b=0.2 Ag/Ap=3

- - =-b=0.5 Ag/Ap=3
b=0.8 Aq/Ap=3

w=6%

ITETEER IR INEETEN RSN NENR N FRANTNEN
s

0 0.05 0.10 0.15

Vertical strain, &

0.20

—— b=0 Aq/Ap=3
- - =b=0.5 Ag/Ap=3
b=0.8 Aq/Ap=3

w=8%

0.10
Vertical strain, &

0 0.05 0.15

6% and (c) 8%. p=200kPa.

21

0.20



In the same way that it has been done with the direct shear tests, the effect of the suction
on the strength of the unsaturated soil can be considered by increasing the mean stress
value with the term ps= c(s) / tang. In addition, no effect of suction on the slope
M=q/(p+ps) has been observed. The expression for the strength envelope is presented in

Equation 3, where the slope M depends on the parameter b.

g=Mp+ t:(:;] ................................................................................. 3)

The effect of suction changes on the shear strength decreases at high values of suction
(Escario and Saez 1986; Escario and Juca,1989; Sun et al.,2000). Consequently, for
significant changes of suction, a nonlinear expression of the type c(s)=s/(m+n s), where
m and n are fitting parameters, can be used for the relationship between cohesion and
suction. If m=1/tan¢ is used, then a hyperbolic expression can be found, where the initial
tangent for s=0 is tang, which is required by the principle of saturated effective stresses.
On the other hand, if n = 0, a linear expression is obtained c(s)=s/m with m=1/tan¢, being
¢» the angle that defines the effect of suction on the planar envelope of the model

presented by Fredlund et al. (1978).

The direct shear and hollow cylinder test results for the shear strength were fitted using
equation (3) with the mentioned expression for ¢(s), and the resulting selected parameters
were m =120, n = 0.025 kPa™! and ¢ =29°. It should be noted that cohesion c is affected
by the suction, but it is not influenced by the Lode angle. The friction angle ¢ is neither
affected by the suction nor the Lode angle. Figure 8b shows the shear strength envelope
in the case of direct shear tests, and Figure 11 shows the failure envelopes obtained for
the tests performed in triaxial and HCA at different water contents (suctions values) and

stress conditions according to different values of b. It can be observed that considering
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the effect of suction on the strength through the cohesion presents a good performance in

fitting the results.
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Fig. 11. Shear strength envelopes for different values of the stress parameter » and
different suctions. The effect of suction is considered through cohesion c(s).

For each Lode angle (é:), the shear strength is characterized by the stress ratio,
q/(p+c(s)/tang) at failure, which is equivalent to the slope of the critical state line M(6,).
The variation of M(6&,) with Lode angle has been fitted through the proposal of Argyris
et al. (1974) shown in Equation 4, in which M.=6 sing/(3+sing) in extension (b=1) and
M =6sing/(3-sin¢g) in compression (b=0). The Mohr-Coulomb model (Equation 5) has

also been considered for the variation of M(6;) (Maiolino and Luong, 2009).

_ 2u —

M(6,) = (1531 c03 308,730 M. ...... (UEM/Me). oo 4)
_ V3sing

M(6,) = cos@L+\/i§sin9L prasre T R R R R (5)

Figure 12 shows the results of the stress ratio at failure and its adjustment following the

model of Argyris et al. (1974) using ¢ =26.8° (1= 0.724) and the rest of the parameters
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indicated in Table 3. The Argyris et al. (1974) model adjusts the results close to 5=0 and

b=1, but overestimates the resistance in the vicinity of  equal to 0.5.

The predictions of the Mohr-Coulomb model fit better to experimental data than the
obtained with Argyris et al. (1974) model, presenting the best fit when the value c(s) is
obtained with ¢=27.7°, m=47.39 and n=0.0208 kPa™! is used. In addition, it was observed
that according to the Mohr-Coulomb model, there is not a considerable variation of the
resistance for the values of parameter b greater than 0.5, showing a slight strength increase
when b approaches 1. This behavior is not observed in the model presented by Argyris et
al. (1974), which expects M to decrease continuously with the increase of b (or the Lode
angle). Table 3 presents the fitting parameters obtained for all the models used by

minimizing the squared error.

Table 3: Fitting parameters for the different models considered

Error
Model / o 4
Parameter ¢( ) m n (kPa ) \/lev(Mmodel - M)Z/N
Mohr-Coulomb ;47 59 0.0208 0.04
(eq. 5)
Argyris et al, 268 117.16  0.0183 0.07

(1974) (eq. 4)
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Figure 12. Comparison between Argyris and Mohr-Coulomb models adjusted with the
experimental data and parameters shown in Table 3.

5 YIELD SURFACE
5.1 Yield points

The yield points were evaluated by plotting the accumulated plastic work per unit soil
volume W, versus stress vector modulus L (Becker et al., 1987). The plastic work per unit
volume was calculated as total work considering elastic strains negligible (Equations 6

and 7), and Figure 13 shows the methodology used to obtain the yield point for a particular

case.
Wp = 2(0_1851 + 0-2882 + 0-3883) .............................................................. (6)
L=JACE + D02 DG ..o (7)
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Figure 13. (a) Curve L:Wp and (b) curve &:q in compression test with Aq/Ap=0.75 for a
sample compacted at w=4%.

Lagioia et al. (1996) proposed a versatile mathematical expression to describe yield and
potential plastic surfaces with a maximum of three parameters. A significant advantage

of the model is that it can be adjusted to many surface shapes. The plastic deformations

p
are plotted with a curve in the d-7 plane, where d = i%is the dilatancy (changed in sign)
q

and 7 the stress ratio (¢/p). Only two parameters (« and ) are needed to define this curve,

a is the parameter that defines the curvature in the proximity to 7=0 where the curve has

26



a vertical asymptote and u is associated with the slope of the curve in its final linear

section.

Lagioia et al. (1996) model was initially proposed for saturated conditions in conventional
compression triaxial tests (b = 0). The original proposal was extended by changing the
value of the critical state line slope M to a function M(0.), depending on the angle of
Lode. In addition, using the correction to include the effect of suction in unsaturated
samples, the stress ratio 7 in the model of Lagioia et al. (1996) was evaluated as n =

q/(p + ps). Equation 8 presents the resulting modified model.

Asg

d =i = u(M(6,) — ) (%"” F 1) e (8)

The parameters M, x and « fitted from the experimental tests at different stress states are
summarized in Table 4. Figure 14 shows the experimental results at different values of

water content and parameter b.
It was observed that the higher the value of b, the lower the proportion 77 where the curve

. . . Aeb .
reaches the critical state with null dilatancy ( ﬁ = (). The same behavior occurs for all
q

tests performed with different water content, but the range of variation of the stress ratio
in a critical state for the case of b = 0 and the case b = 0.8 varies according to the water
content value. A more significant difference in this range of variation was observed for
the sample at w=4% (higher level of suction) than for the samples tested at higher w values

(Figure 14).
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Figure 14. Lagioia et al. (1996) model fitted to the experimental data for soil compacted at
different water contents and different values of b: b=0 (a); b=0.5 (b); b= 0.8 (c).
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Table 4: Parameters fitted for tests on samples with different suctions and using 7 =
q/(p+c(s)/tang) in the modified Lagioia et al. (1996) model (parameters of the cohesion
model: #=0.0178 kPa™!, m=43.71; angle of friction: ¢=27.7°)

b M a y7,

0 1.05 0.5 0.99
0.5 0.8 0.5 1.2
0.8 0.75 0.5 1.8

5.2 Isotropic model for b=0

The Barcelona Basic Model (Alonso et al., 1990) can be used to define the shape of the
yield surface in the p-¢ plane (Equation 9) for the soil after the compaction. The slope of
the critical state line (M=1.05) was obtained through the tests in saturated conditions, and
po is the parameter that defines the size of the yield surface in the (p-q) plane at different
suctions. The model uses the ps parameter to model the increase in resistance associated
with cohesion due to the suction of the material, and it can be obtained graphically or

through expressions that correlate both parameters. In this case, the ps; parameter was

calculated using the expression ps=c(s)/tang.

G2 = M2+ D) D0 =DP) = 0 o, 9)

In addition, the usefulness of the model of Lagioia et al. (1996) corrected with suction
effects was verified. If the associated plasticity hypothesis is considered, the yield surface
shapes can be obtained by integrating the equation defining changes in plastic
deformations with the fitted parameters obtained in the plastic flow curves (Equation 8).
Equation 10 describes the resulting yield surface (f) and plastic potential (g) for values of
L£1. The suction effect was included through ps, and consequently n=¢q/(p+ps) and 7 =

n/M. The constants K; and K> in Equation 10 are calculated using Equation 11.
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K>

fl_ ptos (1) ETRD ) 10)
g - p0+ps ﬁ (1_#)5{1(11_1(2) T U ittt ettt sttt ettt st et s s s e s e s s s s s s s s s s s s ssssessee s
(1+K—1)
_ u(-a) _Aa(1-p)
12 = 5050 <1 + /1 —”(1_@2) ........................................................ (11)

The estimated yield surfaces for both isotropic models and the yield stresses obtained in
the tests are presented in Figure 15 for three water contents. The figure below shows
clearly the increase of the yield surface with suction. It is possible to observe that the
BBM and Lagioia models present very similar shapes and that both surfaces are better
fitted on the left side of the critical line than the ones on the right side. From these results,

it can be pointed out that the after-compaction yield surface should present a non-isotropic

form.
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5.3 Anisotropic model for conventional triaxial compression (b=0)

The anisotropic yield surface can be plotted using the model presented by Romero and
Jommi (2008), which incorporates the rotation of the yield surface through the inclination
M,. In addition, the parameter p,, defines the size of the inclined yield surface and defines
the condition Jf/0p =0, (unlike po, p» does not indicate the crossing point with the axis g=
0). The model for the plastic potential and the yield surface is presented in Equation 12,
where the effect of suction has been incorporated by adding to the net mean stress (p) the

effect of suction through ps=c(s)/tang , resulting in p = p + p;:

fF=9=(0q—MgP)? = (M?* = MEY(D) (D — D) c+vveevmeeneinaiieeieiieeieeieies (12)

The parameter p,» can be obtained from yield points experimentally measured through
Equation 12. The value of the slope M, after compaction (M), can be obtained from the
value of the ratio of the volumetric and shear strains changes in one-dimensional static

compaction according to Equation 13:

¢ 3 d p MZ_ 2
2 =2 B o I e, (13)
Es oed 2 dss 2(770 Mao)
where 7 is the stress ratio at compaction, 179 = (pfp > resulting:
S
MZ_nZ
MlZO =1y — 3 RSP TERP (14)

Figure 16 shows the yield points experimentally obtained for suctions of 16MPa, 1.5
MPa, and 0.2 MPa. The adjusted yield surfaces are presented in the same figure. It is
possible to observe that the anisotropic model (Romero and Jommi, 2008) fits better than
isotropic models to the experimental data, showing the same initial rotation surface due

to the compaction for the different suctions. In addition, the consideration of suction
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effects with c(s) is good for the points on the left side of the critical state line. Table 5

presents the model parameters used in the surfaces shown in Figure 16.
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Figure 16. Post compaction anisotropic yield surfaces (Romero and Jommi model) and
yield points obtained in tests performed at different water contents and 5=0.

Table S: Parameters for the yield surface models in the cases with 5=0 and different
suctions, using ps=c(s)tang ; c(s)=s/(m+n s).

BBM Lagioia Romero & Jommi
s @ m n Po Po Pm
(MPa) y M a u Mo M
a © (kPa*) (kPa) (kPa) (kPa)
16 277 4739  0.0208 850 1.05 850 0.50 0.99 690 0.32 1.05
1.5 277 4739  0.0208 800 1.05 800 0.50 0.99 650 0.32 1.05
02 277 4739  0.0208 710 1.05 700 0.50 0.99 550 0.32 1.05

5.4 Effect of generalized stress state on yield surface using an anisotropic model
The previous sections have established the need to use an anisotropic model to
characterize the yield surfaces after compaction in conventional triaxial compression

paths (b=0). On the other hand, the effect of suction on these surfaces and the soil strength
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can easily be introduced through the apparent cohesion, while the slope of the critical

state line and the major axis of the yield surfaces almost do not vary with suction.

The effect of the generalized state of stress (via parameter b) on the slope of the critical
state line has also been noted. In this section, the effect of the generalized state of stress
on the shape and the size of the yield surfaces will be studied, taking into account the

variations of the parameters p,, and M in the Romero and Jommi (2008) model.

The Figure 17 presents a scheme of the parameters in the yield surface when parameter b
changes. For each Lode angle, é;, the critical state has a slope, obtained from the Mohr-
Coulomb model, M(68,) in Equation 5. For isotropic compression, the position of the yield
point, p,, is the same for all &;. The parameters p,, and May have been fitted from the test
results. The graphs in Figures 18, 19, and 20 show the variation of yield surface shape
with parameter b and different suctions. Table 6 shows the parameters used for plotting

all the cases.
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Figure 17. Yield surfaces for different values of the intermediate stress parameter b and
parameters of the Romero & Jommi model to define the yield surfaces at constant water
content.
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Table 6. Parameters of Romero and Jommi model at different water contents and stress

conditions
w (%) b s (MPa) M M, pm (kPa)
4 0 16 1.05 0.32 690
4 0.5 16 0.8 0.12 650
4 0.8 16 0.75 0.06 640
6 0 1.5 1.05 0.32 650
6 0.5 1.5 0.8 0.12 600
6 0.8 1.5 0.75 0.06 590
8 0 0.2 1.05 0.32 550
8 0.5 0.2 0.8 0.12 524
8 0.8 0.2 0.75 0.06 514
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Figure 19: Yield surfaces for different values of b for s=1.5 MPa using the

parameters shown in Table 6.
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Figure 20: Yield surfaces for different values of b for s=0.2 MPa using the parameters
shown in Table 6.

It was observed that parameter p, slightly changed due to the intermediate stress
parameter (b), whereas the influence of suction on that parameter is more significant. On
the other hand, parameter b has a significant influence on the slopes M and Mq, while the
suction presents a minor influence on these slopes. M« decreases from 0.32 to 0.06 when
b increases from 0 to 0.8. Figure 21 shows the variation of the parameter p., as a function
b for different suctions. The p,, value tends to decrease slightly (about 8%) for fixed
suction values when b varies from 0 to 1. Figure 22 shows the influence of the
intermediate stress parameter and the suction on the inclination of the yield surface. To
simplify these relationships, one can consider that p,, depends on the suction but not on

the stress parameter. On the contrary, M and M. depend on b, but not on suction.
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Figure 22. Effects of suction and stress state on the yield surface inclination, M.,

Disregarding the slight influence of the intermediate stress parameter, the value of the pu

could be approximate using a linear relationship with the logarithm of suction. Equation
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15 and Figure 23 present this relationship. For the tests performed, the fitting parameters

f1 and g; display values of 31 and 370 kPa, respectively.

Pm(S) = filIN(S + 1) A Greeeiiii e (16)

In the same way, the slope of the yield surface rotation, Me, can be related to the stress
state through the parameter b using the exponential function shown in Equation 17. The
fitting parameters are » =Mq (b=0) = 0.32 and ¢=1.632. The good fit obtained with this

relationship can be observed in Figure 24.

400 r O Experimental points
300 F - - - - Logarithmic trendline
100 1000 10000 100000
(I+s) (kPa)

Figure 23. Effect of suction on the parameter p,, of the yield surface for tests performed
with different values of b.

38



0.35

03 - —Model

O Experimental points

0.25

0.2

0.15

0.1 1

0.05

00 01 02 03 04 05 06 07 08 09 10

Figure 24. Effect of stress parameter b on the inclination of the yield surface for the
different tests.

The yield surface of the model of Romero and Jommi (2008) model, Equation (12), can

be rewritten using po to normalize the stresses as:

f= G = M) B — (M(b)? = Mg (b)) e (BB = (18)

Figure 23 shows the relationship between g/po and (p+p;)/po for values of the parameter
b=0, 0.5, and 0.8, where py is the isotropic preconsolidation pressure in the unsaturated
condition that includes the effect of the apparent cohesion (py) (it is the same for all b
values at the same water content). The effect of the change of the strength envelope size
with b is clearly shown. The values of M and M. used to draw the normalized yield
surfaces are indicated in the same figure. The values of p(s) are shown in the fitting

curves of Figure 24.

Finally, the yield surface Equation (12) can also be rearranged as:

_ _ Mg(b) Ma(b) N> _(_ (Ma®)\*—
a=%0 P iJ(—M(b) p) p<p+(—M(b)) Pm pm) RPN @ L) |
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—_ _4q

O g ype o e e e (21)

— Pm(s) 1

DPm = B ettt ettt ettt (22)
DD

Figure 25 shows the three normalized yield surfaces corresponding to the three different
values of the intermediate stress parameter, b. The size of the elastic domain increases as
the values of b decrease, as a consequence of the influence of » on M and M. The
relationship between p and g would be unique if the ratio M«/M were not dependent on
the parameter b. Figure 26 shows the ratio between M. and M for the values of b and
suction used in the tests. From the figure, it can be observed that the ratio Mo/M decreases
as the value of the parameter b increases. Considering a constant value for the ratio Mo /M
= 0.215, and the relationship for pu(s) and M«b) shown in Equations (16) and (17), the
Figure 27 shows the resulting normalized yield surface and the points obtained in the
testing campaign. Due to restrictions imposed by the assumptions and the dispersion of
the experimental results, the discrepancy between the calculated yield surface and
measured yield points is appreciable. However, the main phenomena concerning the

effects of suction and stress state are included in this simple approach.
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6 CONCLUDING REMARKS

The variation of the shear strength properties and the yield surfaces on a soil compacted
at different water contents have been studied, submitted to different generalized stress
states. A testing campaign has been performed using a hollow cylinder and conventional
triaxial apparatus to evaluate these variations. The effect of suction on strength and
yielding can be evaluated considering an equivalent cohesion. It has been established that
the strength envelope slope (M) largely depends on the stress distribution through b (or
Lode angle) parameter, but the effect of suction on M may be considered negligible. In
the tests performed, the effect of b on the slope M can be considered using the Mohr-

Coulomb model.

The anisotropic constitutive model proposed by Romero and Jommi (2008) has been
successfully adopted to represent the yield surface induced by oedometer compaction. It

has been observed that the inclination of yield surface, Mq, mainly depends on stress
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parameter b. In contrast, the surface size measured through the parameter p, depends

largely on suction and less on stress state distribution.

It is important to highlight that the suction acts isotropically, increasing the hydrostatic
stress, and the stress state parameter should not be influenced. On the other hand, stress
state distribution is associated with the deviatoric behavior and influences the shear
strength envelope and the yield surface slopes (M and My). The parameter p, indicates
the maximum size of the yield surface in the direction of the axis p at given deviatoric
stress and depends on its inclination and the applied stress state. Due to the orthogonality
between the deviatoric stress variable and the hydrostatic stress variable, the influences

from suction and Lode’s angle cannot be integrated as a unit.

Empirical relationships between the inclination of yield surface induced during the
compaction and the parameter b and between the parameter p, and suction have been
proposed. These relationships allow obtaining the shape of yield surfaces, which can be
normalized using different approaches. In particular, a unique normalized yield surface

may be obtained if a constant ratio M«/M is considered for different values of .

This work has been aimed to discussing the behavior of the yield surface at different stress
states and highlight some important points. However, more testing is needed for a better

correlation of the variables involved.
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