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ABSTRACT: This paper addresses numerical simulations of Ky triaxial tests performed using a single element program. The methodology
was based on construction of numerical models with three different constitutive models in order to represent the soil behaviour during stress
path states. The constitutive models used were (i) the Mohr-Coulomb, (ii) the Cam-Clay, and (iii) a hypoplastic model. The material used was
a collapsible porous Brazilian clay. The values obtained were compared and calibrated with experimental data. Results show that it is possible
to assess soil behaviour via a single element program and that triaxial Ko stress path tests can be simulated with numerical methods. Results
show that it is possible to replicate and calibrate soil behaviour under zero lateral displacement using computational tools.
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1. INTRODUCTION

Models are useful tools for representing reality (Wood, 2004), and
constitutive models can represent soil behaviour mathematically.
Nevertheless, the majority of these models assume that the material
study is perfectly elastic (Schofield and Wroth, 1968), and many
numerical models are designed especially for a specific material. For
these reasons, it is common to find models that describe soil
behaviour only for particular conditions or specific situations.

Over time, and in various parts of the world, a variety of models
have been developed to describe soil responses (Robin ef al., 2015).
However, many of these models cannot adequately simulate soil
responses. The most frequently used are constitutive models for
elastoplastic materials. These include the Mohr-Coulomb model and
the Cam-Clay model (Ti ef al., 2009). On the other hand, Kolymbas
(1991) formulated a hypoplastic constitutive model which was
originally created for study of granular soils and incorporated the
stress-strain rate concept (Lizcano & Kolymbas, 1999). Later, the
hypoplastic constitutive model was modified and adapted to clayey
soils by Masin (2005). All of these models can be adjusted and
validated via experimental data, as described Lizcano & Kolymbas
(2000).

Mendoza & Lizcano (2010) developed an experimental program
to compare the behaviour of clayey soils in different constitutive
models. They conducted simulations for two soil samples taken from
Bogota, Colombia. The first sample was taken from a site near El
Dorado Airport at 3 meters depth. The second sample was taken from
the Polo neighbourhood at a depth of 40 m. Later, Mendoza et al.
(2014) presented an alternative for calibrating constitutive models
which is based on the use of a single element program. That work
incorporates numerical simulations of the implementation of three
constitutive models for structured soils. The study also includes
laboratory tests of a porous cemented clay from Brazil.

This paper focuses on evaluation of soil behaviour during Ko
triaxial tests using three different constitutive models. Evaluations
were done through numerical simulations in a single element program
as proposed by Gudehus et al., (2008). The methodology used to
calibrate the parameters of each constitutive model is described later
in this study. In addition, this study provides a geotechnical
characterization of a collapsible porous clay from Brazil. Finally, a
statistical comparison between simulations and laboratory tests is
presented.

2. BACKGROUND FOR CONSTITUTIVE MODELS

For Kolymbas (2000), a constitutive model is a mathematical
formulation capable of describing the microscopic physical

performance of an ideal soil. The aim of a constitutive model is to
establish a soil’s stress-strain behaviour based on theories of
elasticity, plasticity, viscoplasticity, micro-fracturing and damage
mechanics either combined or separately (Desai, 2005).
Consequently, the formulation only represents a simplified
hypothesis of conditioned reality. Hence, each constitutive model
must be used for the parameters and materials for which it was
developed (Gonzalez-Cueto ef al., 2013).

2.1  Mohr-Coulomb model

The Mohr-Coulomb model is widely used in geotechnical
engineering to determinate shear strength even though the model does
not consider effects under different stress paths. Camacho-Tauta et al.
(2015) write that the Mohr-Coulomb model is an elastic plastic-
perfect model which was developed from Hooke’s law of elasticity.
In contrast, Nieto Leal et al. (2009) say that the model includes a
unique and fixed yield surface associated with irreversible plastic
deformations. This yield criterion is an extension of Coulomb’s law
of friction for a specific stress state. Equation 1 presents the
constitutive law for the Mohr-Coulomb model.

f:%(al+a3)sin<p—%(al—a3)—ccosq) (1

Perfect elastoplastic behaviour in the model is formulated from
the relationship between elastic and plastic deformations by applying
Hooke's law in its classic form (Nieto Leal, Camacho-Tauta and Ruiz
Blanco, 2009) as presented in Equation 2.

G = D®&® = D®® = De(g— &P) 2

The model also includes a flow rule. This rule presents a function
for plastic potential (g) which is accompanied by a yield point (f).
According to the plasticity law, a condition of the Mohr-Coulomb is
that g # f. Therefore, the plastic potential is described by equation
3.

9=3(01+05) =3 (01— 0p)siny ©

Given the flow rule, the model has five (5) input parameters
(Camacho-Tauta, Molina-Gémez and Reyes-Ortiz, 2015): Young’s
Modulus (E) is the ratio of the increased stress and the corresponding
strain change; Poisson’s ratio (v) is the relationship between
transverse and longitudinal deformation; cohesion (c¢) is the
attraction and intermolecular forces between soil particles and water
films; the friction angle (¢) is the angle generated by the particles in
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a material at rest; and the dilatancy angle (y) indicates the increasing
volume of a granular material due to shear stresses.

2.2 Cam-Clay model

The Cam-Clay is an elasto-plastic model for describing the behaviour
of clayey soil (Camacho-Tauta, Reyes-Ortiz and Bueno Pumarejo,
2004). According to Wood (1991), this constitutive model permits
simulation of the stress-strain relationship in triaxial tests. The model
was formulated by researchers at Cambridge University during the
1960s (Atkinson, 2007), but the Cam-Clay model establishes that the
soil has a yield surface and an associative flow rule. Equation 4
describes the principle of its formulation.

p _ M
2% - M2+n2 (4)

The yield surface represents the various combinations of stresses
that cause permanent deformations while the yield surface symbolizes
a geometrical place in a p-g plane which delimits the elastic strains.
Experimental evidence indicates that an elliptical yield surface is a
reasonable approximation for soils (Wong and Mitchell, 1975). The
higher the preconsolidation stress, the larger the initial ellipse.
Figure 1 shows a representation of the model.

q

A—elastic stress state
M, B—initial yielding
C—elastoplastic

/ C Expanded yield surface
I./; g Initial yield surface in compression
: ! G
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2

Figure 1 Yield surface of Cam-Clay model (Budhu, 2010)

The constitutive formulation includes five different parameters
A, x, M, E and v where A is the slope of the loading branch, « is the
slope of the unloading branch, M is the slope of the critical state, E is
the elastic modulus, and v is Poisson’s ratio.

2.3  Hypoplastic model

The hypoplastic model represents non-linear soil behaviour. It was
initially formulated by Kolymbas (1985) for sandy soils but was later
adapted by Masin (2005) to simulate behaviour of clayey soils.
Equation 5 shows this model’s initial stress tensor for evaluating soil
dependency of stress level and density.

T=f«(L: D+ faN||D|) ®)

where fs and f4 incorporate the effect of barotropy and pyknotropy of
soil, £ and N are the constitutive tensors of third and fourth order,
respectively, and D is Euler’s elongation tensor. Equations 6-9
express the mathematical sense of all of the above parameters.

L==(CiF 1+ C,a?T QT) (6)

N=L-v () @)
rT « -1

fs=—tl—*(3+a2—2 aV3) (8)
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Like the Cam-Clay model, this constitutive model requires five
parameters (Ruge, da Cunha and Rondoén, 2014): 2 and x are
computed from the slope of the loading and unloading branches of a
consolidation test; N is the second-order tensor model obtained from
the consolidation graph by calculating the point where the graph
crosses the ordinate axis, r is the ratio of the bulk modulus and the
undrained shear modulus, and ¢, can be calculated by linear
regression from an MIT-type stress state graph.

3. METHODOLOGY
3.1 Materials

Samples of collapsible porous clay from Brazil were used in this
study. The specimens were extracted from the federal district of
Brasilia at a depth of 11 meters. According to Ruge (2014), the soil
of Brasilia is composed of red clay with a high void ratio and low
specific weight. This soil is usually red due to the presence of iron.
In addition, soils in the city of Brasilia city are highly weathered and
leached due to the soil formation process. Figure 2 shows typical
stratification of this zone obtained from SPT and CPT tests.
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Figure 2 Typical stratigraphic profile

3.2 Experimental program

Three different samples were subjected to an experimental program
that included physical and mechanical laboratory tests. Table 1
shows their physical properties, and Figure 3 shows grain size
distributions of all three samples.
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Table 1 Physical properties of soils.
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Figure 3 Grain size distribution

A porosimetry test which measures pore size and distribution of a
soil sample was used to establish whether the materials tested were
porous clay. Apparent density can also be calculated from these test
results. The test process consists of mercury intrusion to estimate
capillary pressures inside of soil voids. Once plotted, inflexion points
represent the presence of micro and macro pores. Figure 4 shows pore
size distribution (PSD).
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Figure 4 PSD of the Brazilian clay

Micro-structural photographs taken by a Scanning Electronic
Microscope (SEM) confirmed porosimetry test results. Figure 5
shows a site where it is possible to observe the size of the micropores
in one sample at close to nano scale.

Figure 5 SEM Image of the soil under study

3.3 Ky triaxial tests

The mechanical behaviour of different geotechnical structures is
controlled by the coefficient of earth pressure at rest Ko. For normally
consolidated clays the best accepted model is that proposed by Jaky
(1944) which is presented in equation 10. Nevertheless, there is still
no methodology for determining the initial stress state in geotechnical
problems that include overconsolidated clays (Bohac et al., 2013).
Ky=1-sing (10)

The procedure used to consolidate a soil at rest in the Ko condition
without lateral strain consists of applying small loading steps of
confining pressure combined with interrupted imposition of axial
load. In this type of triaxial test, the confining pressure is varied in
order to keep radial deformation at zero as the vertical stress increases
(Campanella & Vaid, 1972). For this reason, the equipment must be
instrumented with local sensors to evaluate soil behaviour under
anisotropic conditions (Molina-Gémez, Camacho-Tauta and Reyes-
Ortiz, 2016). Figure 6 shows the boundary conditions and path stress
characteristics of the Ky triaxial test.
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Figure 6 Boundary conditions and stress paths in Ko triaxial test

A GDS True Triaxial Apparatus (GDSTTA) was used for
performance of stress paths (Figure 7). This apparatus allows a wider
range of complex stress paths to be performed since it has one vertical
and one horizontal dynamic load actuator (axis 1 and 2). Stress
control is provided for the second horizontal axis (axis 3) via cell
pressure (GDS, 2017). The device was equipped with two electro-
mechanical load actuators of 10 kN and one proximitor. In addition,
vertical load on axis 1 and 2 was controlled by the actuators while it
was controlled by lateral displacement on axis 3.

Nine different cuboidal soil samples of 75 mm x 75 mm x 150
mm were tested to estimate Ko value under conditions of natural and
saturated water contents. Tests of two specimens of each sample were
performed under natural water content conditions to guarantee greater
reliability for the Ko values obtained. These tests were performed
without suction control in the samples. Tests under saturated
conditions were performed on a single specimen. In addition, these
samples were saturated by water percolation and backpressure
application until they reach a Skempton’s B-value higher than 0.95.

Drainage was allowed under both water conditions. Outcomes
obtained in the laboratory tests were plotted on a graph that correlated
axial stresses with confining stresses (g; vs 03). According to (Fahey,
1992), the slope of the line obtained corresponds to the Ko value (see
equation 11). For this reason, this paper does not use the p-¢g diagram
to represent the stress path during numerical simulations.

Ky=2 (11)

o1

Figure 8 presents the test results for evaluation of Ky and triaxial
test results are presented in Table 2. The values of Ky indicated in the
table were obtained through linear regression.
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Figure 7 GDSTTA (GDS, 2017)

Table 2 Summary of Ko triaxial compression testing

Sample/Depth (m) Spec Initial conditions Ko

1-hnat hnat=34.10%/e=1.575/S=58.4% 0.44

1 2-hnat hnat=33.51%/e=1.633/S=55.4% 0.44
3.00-3.30

3-Sat hnat=33.80%/e=1.633/S=60.7% 0.43

1-hnat hnat=31.90%/e=1.234/S=70.1% 0.50

2 2-hpat hna=32.00%/e=1.178/S=73.6% 0.50
6.00 - 6.30

3-Sat hna=32.40%/e=1.310/S=67.0% 0.46

1-hnat hnat=30.10%/e=1.125/S=71.9% 0.54

3 2-hnat hnat=29.70%/e=1.117/S=71.4% 0.53
8.70 - 9.00

3-Sat hnat=29.60%/e=1.103/S=72.1% 0.53




Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 49 No. 3 September 2018 ISSN 0046-5828

100 - - 500 . T - T - 200 - - —
= e d
i B e
BO 400 - s
800 |-
i e r y
w E0 ; & 300 - s = |
E ; o ] o
= Ky =044 S + 3 i . = 400 |- {
T : = Ko 030 = | K, =084
o - S ) o / o= 0,
= 40 B 200 — s ] | —
= o 4 =
100 200 /
20— - iR el |
b Test 1K, = 0,44 A Tasl k=050 5 e —_—  TesliK =034 ‘ |
[} el 1 M gl—"" i . i . I | R (R |
] 100 200 300 o 400 800 1200 o 400 800 1200 1600
ol (kPa) al (kPa) al (kPa)
al) bl) Cl)
100 . . ~ 500 800 | 1
- I ¢ g -
80 - 400 | .
600 - /
-~ g0 =300 | ~ —
w w
= ( é i < 400 )
= Al Ko=044 = r . 400 - o ]
| Ko W, = 0,53
= o 2= 0,
B sl B 200 i | e 000 e L
e | - -4
ol 200 —
20 100 | 7 ¥
o Tesl 2K, =044 7 Test 2K, =050 ; Tes12K,=053 | |
ok L gl= A 1 | e 1 0 . ]
[} 100 200 300 ] 400 ann 1200 o 400 ann 1200 1600
ol (kPa) al (kPa) ol (kPa)
az) bz) cz)
100 T T 500 | 800 | ]
rd L s
BO — 400 ’ rd 1 - 4
| ; 600 - rd
i / -1
— aol y = | e —_
T 6 Aku=0a3 o p 7
- i = T K, = 0,46 1 2,400 — / 1
(g o1 i o K, = 0,53
40 & 200 i s | s
I N /-’ = - -
200 - e
20 100 | .
S| ———— Testak =043 / | Test3K, =045 | | 7 ‘ Test3K,=053 ||
ol | i ; gl I 1 | gl 1t o 1 . 1, |
[u] 100 200 300 ] 400 an 1200 n 400 a0 1200 16500
ol (kPa) al (kPa) ol (kPa)
aa) ba) C3)

Figure 8 Triaxial Ko results for Sample 1, Sample 2 and Sample 3. a) natural water content, b) natural water content, c) saturated

4. RESULTS AND ANALYSIS

4.1 Calibration of parameters

Three constitutive models were used for numerical simulations of the
Ko stress path in triaxial tests, but performance of computational tests
required prior calibration of all parameters in each model.
Afterwards, the three constitutive models were evaluated to
determine which best replicated soil behaviour according to the
experimental data. The methodology for calibrating the parameters of
the three constitutive models is presented below.

4.1.1 Calibration of the Mohr-Coulomb constitutive model

In engineering practice, the Mohr-Coulomb model is the most
frequently used. Its parameters represent real mechanical properties
of the soil, and its main characteristic is that strength is dependent on
confining stress. Calibration of the five parameters (¢, E, v, i and c)
of the Mohr-Coulomb model is relatively simple, but stress level to
which the soil is subjected and other issues must be considered. Peak
deviator stress (g) is very useful because, among other reasons, 50%
of g can be used to estimate the secant modulus and to select Young’s
Modulus E. Cohesion (c¢) and the friction angle (¢) were calibrated
from of the peak state according to the procedure of Suchomel &
Masin (2009). Figure 9 shows this calibration methodology.
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Figure 9 Typical calibration of the Mohr-Coulomb model through
comparison of test and predictions. Modified from Suchomel &
Masin (2010)

Poisson’s ratio (v) can be defined in accordance with the drainage
condition of the test or even of the geotechnical problem addressed.
In some cases, such as sandy soils and overconsolidated clays it is
possible to find it by using the contractive part in the A&, vs. A& space
by means of equation 8. Similarly, dilatancy can be calculated from
equation 9 (see Figure 5). Table 3 shows calibration of the Mohr-
Coulomb model with these methods.

Aeg— A€y
V= 2
ﬁ _ 6siny
Aeg - 3siny (13)

Table 3 Calibration of the Mohr-Coulomb model.

E v c [/
(kPa) ©) (kPa) ©
11500 0.32 11 32

4.1.2 Calibration of the Cam Clay constitutive model

Determination of Cam Clay model parameters requires an elastic and
plastic characterization to evaluate the mechanical behaviour of the
soil. To analyse elastic response, the shear modulus G and strain
modulus K must be obtained following Equations 14 and 15 (see
Figure 10). Consequently, it is necessary to perform various
conventional triaxial tests from which the elastic parameters and
some of the plastic parameters of the model can be obtained.

E

k=3 (14)
_ 3(1-2v)
T 2(14v) (15)

The plastic response can be obtained by using M and A. Thus, it
is necessary to obtain these parameters simultaneously through
oedometric and triaxial tests. Figure 11 graphically presents the
procedure for capturing model parameters and comparing the
constitutive equations with the tests results. Table 4 summarizes
calibration results.

g Constant pressure test

G=£i(l—2,u)
k 2 (1+p)

Elastoplastic

Elastic

&y

Figure 10 Graphic representation of the shear modulus G
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Figure 11 Graphic representation of M, 4, kand I”

Table 4 Calibration of the Cam-Clay model

E v M A K
(kPa) ) ) Q) )
11500 0.32 1.18 0.0696 0.0057

5.1.3 Calibration of the Hypoplastic constitutive model

Simulation of the oedometric test was used to calibrate N, 4 and x as
shown in Figure 12.

075

»y=-0.07205%5% + 1.0874¢ |

@U% — — NCL isot ]
+ g A A Ax=0001 A=0.072
— C Ox=0004

= 101 Tx=0.006

0.45

Figure 12 Calibration of N, A and x (Ruge, 2014)
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This test evaluated the behaviour of the State Boundary Surface
(SBS) whose shape depends on the model parameter, especially on A,
xand ¢ (Ruge et al., 2013). These parameters were calibrated based
on isotropic tests of loading and unloading (Figure 9, left). 4 was
obtained from the normal consolidation line (NCL) since this
corresponds to its slope. xwas calibrated by the slope of the isotropic
unloading section close to the normally consolidated state. It is
important to note that the model selected predicts the isotropic
unloading line in the e vs /n p’ space with a value exactly equal to x
during unloading of the normally consolidated state. In addition, it is
clear that all admissible states of a soil are inside of a surface in the
stress-void ratio space. This surface corresponds to the SBS and is a
surface in 3D space.

On the other hand, r can be defined directly like the relationship
between the bulk volumetric modulus and the shear modulus which
were obtained from numerical tests that start with an isotropic,
normally consolidated, stress state. However, since the model
predicts a gradual degradation of shear stiffness, it is advisable to find
an appropriate value for » through a parametric study (Ruge, 2014).
This approach is valid because interrelations with other parameters of
the model do not exist (Masin & Herle, 2005).

The critical friction angle ¢, is a soil parameter which is
measured once it reaches a state. Its volume does not change during
the process of deformation or loading. Hence, ¢, is a relationship of
the principal stresses at the critical state, and it is the theoretical basis
of most modern constitutive models since it defines the critical state
of each material. In this phase, the material presents infinite strains
at constant stress and volume regardless of the stress level. Linear
regression using the critical state points of the triaxial tests is
necessary for finding ¢.. Table 5 shows the parameters calibrated for
the Hypoplastic model.

Table 5 Calibration of the Hypoplastic model

A K N r Qe
) ) ) ) ©
0.0696 0.0057 34.6 0.10 35

4.2  Numerical simulations

The single element program is a useful tool for computer simulation
of laboratory tests. This kind of program provides a choice of the type
of experiment, the load application, and/or the speed of deformation.
In addition, it can replicate drained or undrained triaxial tests. One of
the most common Single Element Programs is /ncremental Driver.
Created by Niemunis (2007), its code was formulated in Fortran, and
it is free access software. Moreover, Incremental Driver can evaluate
soil behaviour by applying different constitutive models.

The in-situ stress state is very difficult to obtain although the
value of Ky can be determined by using either laboratory or field tests.
Generally, in-situ tests are more reliable because they can be
performed under conditions close to natural conditions are a given
depth. This is especially true for the self-boring pressuremeter
(Lo & Chu, 1991). Nevertheless, it is possible to identify proximity
of numerical simulations to in-situ conditions as reported by Huat et
al. (2012). For this reason, numerical simulations could be used to
obtain results which approximate those under real conditions of the
collapsible porous clay from Brazil.

Numerical simulations, using the three constitutive models, were
performed. Figure 13 displays the results of nine different
experiments based on a single element program. These numerical
simulation results were compared to the results from all of the
samples tested, and an analysis of variance (ANOVA) was conducted
(see Table 6) in order to compare variation between the numerical
simulation results and laboratory results.
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Figure 13 Numerical simulation results. a) Sample 1, b) Sample 2.,
c¢) Sample 3
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Table 6 ANOVA results

Mean
Degrees of  Sum of
Source sum of  F-test  p-value
freedom  squares
squares
Ko of the 3 0.0003  0.0001 0.0340  0.9908
model
Residuals 8 0.0239  0.0030

ANOVA shows that numerical simulations results and laboratory
values are statically equal at a 99% confidence level (0=0.01). This
is due to the fact that in Ky paths the soil does not reach failure and
therefore does not have plastic deformations. Apparently, all models
adequately reproduce soil responses for isotropic conditions.
Nevertheless, However, Tukey’s method Tukey (1949) was used to
calculate multiple comparisons. Tukey’s method is based on the
assumption that the confidence intervals of the means (1- o) contain
their corresponding mean difference in each modelling of the
laboratory results. Figure 14 shows multiple comparison results and
presents the relationships among all the results. This graph groups
data around a common point, which in this case is 0. The results
indicate that the model with the best correspondence with the
laboratory values is the hypoplastic model.
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Figure 14 Multiple comparison by Tukey’s method

5. CONCLUSIONS

This study proposes an alternative methodology for modelling the Ko
value of collapsible porous clay from Brazil. The method is based on
using numerical simulations to replicate laboratory isotropic
compression tests. The technique has been proven to work with
different constitutive models.

Although the single element program is a useful tool, the critical
stage of parameter calibration is exhaustive work that cannot usually
be avoided because there are so few references related to this type of
work. In addition, preliminary information about the soil behaviour is
necessary for establishing whether the outcomes of the program make
physical sense and represent the soil’s response.

For the soil studied, it was found that all models reproduce
properly the Ko path. Moreover, a statistical assessment revealed that
the hypoplastic model is the best fit for the experimental data.
Nevertheless, all of the constitutive models replicated soil behaviour
and any one of them can be used to find Ko through a single element
program.

The numerical simulations to obtain Ky can be used as an
alternative in geotechnical engineering. Since the initial conditions
are difficult to simulate because they depend on the history of stress
of the soil, it is important to use this before starting rather than after
the final procedure of the simulation.

NOTATION

: Euler’s elongation tensor

: Stiffness matrix (elastic)

: Young’s modulus
: Yield point
: Pyknotropy effect
: Yield point
: Coefficient of earth pressure at rest
: Plastic potential

: Shear modulus

: Bulk modulus

: Slope of critical state line
: Constitutive tensor of fourth order
: Effective mean stress
: Equivalent consolidation pressure
: Deviator stress
: Moduli ratio (K /G)
: Constitutive tensor of third order
: Significance level

: Vertical strain change

: Radial strain change

: Elastic strain

: Plastic strain

: Stress ratio (p'/q)

: Slope of unload-reload line

: Slope of normal consolidation line
: Friction angle

: Friction angle at the critical state
: Dilatancy angle

: Normal stress

: Major principal stress

: Minor principal stress

: Poisson’s ratio
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