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ABSTRACT

Different constitutive models, based on principles of mechanics and experimental evidence, have been developed over
several decades to represent and predict the stress-strain behavior of soils subjected to various loading conditions. The
Generalized Bounding Surface Model (GBSM) is one of them and is defined as a fully three-dimensional elastoplastic
constitutive model for saturated cohesive soils that employ the bounding surface plasticity in conjunction with a non-
associative flow rule and a soil microfabric-inspired rotational hardening rule. The GBSM has been successfully validated
on numerous laboratory reconstituted soils, but not on natural or undisturbed soil samples. Hence, in this paper the
predictive capabilities of the GBSM are evaluated in the simulation of the monotonic behavior of an undisturbed cohesive
soil called “Cajica clay” from the high plain of Bogota in Colombia. In the first instance, an isotropic consolidation test
and a set of axisymmetric triaxial compression and extension tests are conducted using an automated triaxial equipment,
to experimentally describe the response of the undisturbed soil. From experimental data, the parameters associated with
the GBSM model are calibrated to finally evaluate its capabilities in the simulation of a cohesive natural soil. A
comparison between experimental data and numerical simulations is presented to show both performance and advantages

of the GBSM model.
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1. Introduction

In mechanics, constitutive models are mathematical
formulations that describe the stress-strain response of
materials (i.e., soils and rocks) subjected to external
loadings. Constitutive models for soils, in conjunction
with numerical techniques, are used to simulate
geotechnical structures and thus analyze and evaluate
their behavior and stability. The accuracy and reliability
of the results obtained by numerical simulations depend
both on the parameters and the predictive capabilities of
the models used. Hence, numerous studies have
addressed the development of constitutive models to
reliably represent and predict the stress-strain-pore
pressure behavior of soils subjected to different loading
conditions (Potts and Zdravkovi¢ 1999; Lade 2005;
Brinkgreve 2005).

Given that typically soils exhibit elastoplastic
behavior, a material response characterized by the
simultaneous occurrence of recoverable (elastic) and
non-recoverable (inelastic or plastic) strains during
loading processes, different theories based on numerous
hypotheses have been adopted to formulate elastoplastic
soil models (Mendoza and Muniz de Farias 2020).

The Bounding Surface plasticity, developed by Krieg
(1975) and Dafalias and Popov (1975), is a plasticity
framework that Dafalias et al. (1981) and Dafalias and
Herrmann (1982) adapted intending to propose a

constitutive model capable of overcoming several
limitations in the saturated cohesive soils modelling. The
Bounding Surface concept suggests, in contrast to the
plasticity theory or “classical” plasticity, that within the
surface that encloses stress states that solely produce
elastic behavior, an inelastic response can also occur.
This assumption, together with other elements developed
in the Bounding Surface plasticity, allows simulating a
smooth elastoplastic transition that is experimentally
evidenced in saturated cohesive soils subjected to
monotonic and cyclic loading (Dafalias 1986; 1981).

Considering the Bounding Surface plasticity features,
since the 80s different constitutive models based on BS
concept have been proposed incorporating new
characteristics and consequently providing enhanced
predictive capabilities to simulate cohesive soils. Several
of these models (e.g., Kaliakin and Dafalias 1989; Ling
et al. 2002; Jiang, Ling, and Kaliakin 2012) have been
synthesized and improved with Generalized Bounding
Surface Model (GBSM) developed by Kaliakin and
Nieto-Leal (2013) and Nieto-Leal (2016).

The GBSM, in its most general form, is a Bounding
Surface, critical state, fully three-dimensional, rate-
dependent model that uses a non-associative flow rule
and considers material anisotropy (both inherent and
stress induced) through a microfabric-inspired rotational
hardening law. GBSM attributes have allowed obtaining
satisfactory results simulating an important number of
cohesive soils reported in the literature. As shown in



Table 1, based on the data reported by Nieto-Leal and
Kaliakin (2014, 2021), Nieto-Leal (2016), Nieto-Leal et
al. (2017a, 2017b, 2018, 2020), Kaliakin et al. (2018)
and, Kaliakin and Nieto-Leal (2019), most of GBSM
simulations correspond to laboratory reconstituted soils,
whereby its predictive capabilities in the simulation of
undisturbed soils have not been widely explored and
evaluated.

Table 1. Cohesive soils simulated using GBSM

Soil Soil specimens

Soft Bangkok Clay
Spestone Kaolin
Bogota Clay
Cardiff Kaolin
Boston Blue Clay
Lower Cromer Till
Taipei Silty Clay
Cambridge Kaolin
Georgia Kaolin
Davis Kaolin
Grundite Clay
Fujinomori Clay

Undisturbed

Reconstituted

This paper aims to assess the GBSM performance in
the simulation of the rate-independent monotonic stress-
strain-pore pressure behavior of undisturbed Cajica clay
samples using the isotropic non-associative GBSM
formulation. Since this model has not been widely
explored in clayey soil deposits, a series of undisturbed
samples were collected in an experimental site located
next to the Center for Studies in Road Infrastructure and
Geotechnics located at the Universidad Militar Nueva
Granada (in Cajicd) to assess the performance of GMSM
in natural conditions. The undisturbed samples were
tested in an advanced triaxial equipment that can
independently apply radial and axial stresses, allowing
for the assessment of soil behavior under any stress-path
combination, such as axisymmetric triaxial compression
and extension. The tests allowed characterizing the
parameters of GBSM. Experimental results were
compared against numerical simulations, demonstrating
that GBSM represents suitably the behavior of Cajica
clay.

2. Generalized Bounding Surface Model

The GBSM is based on the Bounding Surface
concept. This formulation allows the plastic strains to be
estimated for stress states that lie within the BS; that is,
if the actual stress state of the material is defined in terms
of the effective stress tensor a;;, stress states within the
BS will produce both elastic and plastic strains. On the
other hand, in classical plasticity, associated with a yield
surface, plastic strains are obtained only when the stress
state 0; lies above the yield surface, for stress states lying
within the yield surface only elastic strains will result.

The GBSM formulation uses elliptical shaped
surfaces. In the isotropic non-associative version of the
GBSM, the Plastic Potential Surface (Q) and the
Bounding Surface (F) are defined by:

Q=0)PR-1)? +”:—72(1_+%10) T-1)=0 (1)

F=(?R-1?+2(T+224)T-1)=0 ()

where, I = gy, is the first invariant of the stress tensor
ofjand ] = \/1/2 s;s;; is the square root of the second
invariant of the deviatoric stress tensor s;; = ¢’;; —
1/30"6;j; for double subscripts applies the summation
law and §;; is the Kronecker delta. R, N, M are model
parameters that configure the shape of Q and F; where,
M is the slope of the critical state line in p’ — q space and
Iy defines the size of Q and F on the [-axis. The bar over
the stress invariants I and J indicate an “image” point on
the Bounding Surface. The values of the real stress
invariants [ and J are always in or on the surface. For each
I and J a unique “image” stress point is assigned by a
Mapping Rule such that when the stress state is on the
boundary surface | = I and ] = .

The isotropic hardening rule adopted by the GBSM is
given by:

= (o — 1) + 1) 3)

where A and k are critical state parameters, representing
the slope of the normal consolidation line (NCL) and k is
the slope of the unloading-reloading lines (URLs) in e —
In(p") space, respectively. e;, is the initial void ratio, I,
is equal to one-third of the atmospheric pressure (P, =
100 kPa), and £f, is the increment in plastic volumetric
strain.

The shape hardening function incorporated by the
GBSM is:
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where F,r and F,; are the partial derivatives of F with
respect to I and ], respectively. h and a are dimensionless
model parameters. Further details associated with both
model development and fully explicit expressions are
presented by Nieto-Leal (2016) and Kaliakin and Nieto-
Leal (2017).

3. The Cajica clay

Cajica clay is a cohesive material from the Campus of
the Universidad Militar Nueva Granada in Cajica,
Colombia. According to the Colombian Geological
Survey (2015), the soil deposit is composed of clayey
strata, peat and sandy clay separated by sand and gravel
lenses. The deposit conformation occurred in the
Quaternary period through lacustrine or fluvial-lacustrine
deposition processes as indicated by the Van der



Hammen and Gonzéalez (1964) studies. Cohesive
materials in this deposit tend to have high compressibility
and a high plasticity index as reported by Camacho-Tauta
and Reyes-Ortiz (2005), Molina-Gémez et al. (2018),
Caicedo et al. (2019), and Ruge et al. (2020).

Undisturbed soil specimens were obtained in the
surrounding area of the Center for Studies in Road
Infrastructure and Geotechnics located in the Campus
(Fig. 1) by subsurface drilling to a depth of 3.0 m, using
the thin-walled tube sampling procedure described by the
standard practice D1587-08 (ASTM 2008). Samples
recovered from the ground exploration were transported
to the laboratory and carefully stored to perform physical
and mechanical characterization tests, as recommended
by Viana da Fonseca et al. (2019). In the following
subsections, the results of the physical and mechanical
characterization tests are presented.
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Figure 1. Sampling site location (Ruge et al. 2020).

3.1. Physical properties

For the physical characterization of Cajicd Clay, the
procedures established by ASTM standards were used.
The liquid limit (LL), plastic limit (PL), and plasticity
index (PI) were determined according to standard
D4318-10 (ASTM 2010b), the water content (w,) by
means of the standard D2216-10 (ASTM 2010a), the
specific gravity of soil solids (Gs) using the standard
D854-10 (ASTM 2010c), and the unit weight (y)
following the standard D7263-09 (ASTM 2009). Cajica
clay was classified as a high plasticity clay (CH)
according to the Unified Soil Classification System
(USCS) described by the standard practice D2487-17
(ASTM 2017). Physical properties values of Cajica clay
are presented in Table 2.

Table 2. Physical properties of Cajica clay

Gs [ eo [-] wo [%]  LL[%]  IP[%]

2.72 1.594 56.1 81.4 50.5

Note: The initial void ratio (ey) is estimated with the values of
Gs, Y, and wy.

3.2. Consolidation characteristics

To characterize the consolidation behavior of the
Cajica clay, a triaxial consolidation test with a loading
stage followed by an unloading stage was performed to
experimentally define the isotropic consolidation curve.
The preconsolidation effective mean stress p; and the
critical state parameters A and k were determined to
describe the isotropic consolidation curve.

Following the Casagrande’s method provided by the
standard D2435-11 (ASTM 2011b), p, = 320 kPa was
estimated. Identifying the NCL and an URL, A= 0.331
and k = 0.060 were estimated through fitting.

3.3. Monotonic stress-strain behavior

The Cajica clay stress-strain behavior and shear
strength under monotonic shear was characterized by
conducting a series of axisymmetric undrained triaxial
compression (TC) and extension (TE) tests.

Using a Wykeham Farrance automated triaxial testing
system, cylindrical undisturbed specimens of Cajica clay
were saturated, consolidated and sheared. All specimens
were tested with approximate dimensions of 70 mm
diameter and 140 mm height, saturated using the back-
pressure saturation method ensuring B-parameter values
greater than 0.95 with back pressures of at least 300 kPa,
and sheared at the strain rate specified by the standard
D4767-11 (ASTM 201 1a) considering failure at 4% axial
strain and time to 50% primary consolidation obtained in
the consolidation stage.

Since the mechanical behavior of cohesive soils
depends on their stress history, that is, the
overconsolidation ratio (OCR), the clay samples tested in
compression and triaxial extension were consolidated at
isotropic stresses such that specimens with approximate
OCR values of 1, 2 and 5.

During undrained compression in the normally
consolidated (NC) specimen, the excess pore pressure
steadily increases leading the effective stress path to take
a leftward direction. In overconsolidated (OC)
specimens, the pore pressure increases initially and then
it decreases smoothly, causing the effective stress paths
turning to the right (Fig. 2a, TC). In the undrained
extension of the NC specimen, the excess pore pressure
steadily decreases so that the effective stress path is
leftward. In contrast, in the OC samples, the pore
pressure decreases and then gradually increases resulting
in the effective stress paths taking a rightward course
(Fig. 2a, TE).

For all OCRs, the Cajica clay exhibits strain
hardening until the failure state where abrupt strain
softening (brittle failure) was observed in both
compression and extension. Brittle failure occurs for
axial strain in range of 3% to 5% in compression and in
range of 5% to 10% in extension (Fig. 2b).
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Figure 2. Undrained Cajica clay behavior.



In p’ — q space, the effective stress paths converge to
a well-defined critical state locus (CSL) in both
compression and extension paths. Assuming that the CSL
is a straight line with slopes M, and M, in compression
and extension, respectively, by linear regression of the
stress states at failure it is established that M .=1.25 and
M,=0.93. The values of M, and M, lead to a single
approximate effective friction angle ¢'of 32.3°.

4. Parameters calibration and model
performance

The parameters required by the GBSM model are
calibrated by direct comparison between numerical
simulations and experimental data from the set of
undrained triaxial tests. The calibration of parameters
associated with the GBSM was developed considering
the recommendations provided by Kaliakin (2005) and
following the procedure proposed by Nieto-Leal et al.
(2020).

The calibration of the GBSM parameters consisted of:
1) finding the R value in the compression test on a NC
sample; 2) adjusting the value of N, in the extension test
on an NC sample with N, = M_; 3) obtaining the value
of C on the family of compression and extension tests on
OC samples; and 4) simultaneously capturing the values
of he, he, a and sp,.

The effect of R variation in the simulation of NC
specimens is presented in Fig. 3. The value of R=2.38
gave the best simulation of the stress-strain response
(correct deviatoric stress at failure) with an accurate
evolution of the excess pore pressure, and therefore, a
suitable representation of the effective stress path in
compression.
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Figure 3. Calibration of R for Cajica clay.

N value is calibrated to improve the simulation of NC
samples in extension. Since the compression response is
correctly simulated, N.=M_, to avoid modifying the
prediction achieved in compression. The value of N, is
varied to reach the best fit in extension, thus, N, = 1.58
allows obtaining a correct simulation of soil behavior.
The previously described is evidenced in Fig. 4.

The values of h., h,, a and s, are calibrated
simultaneously to describe with enhanced accuracy the
stress-strain behavior and effective stress paths of OC
samples. Values of h.=50, h,=5, a=3.0, and s,=1.0
results in the best match between numerical simulations
and experimental data.
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Figure 4. Calibration of N for Cajica clay.

Effective stress paths in OC samples are improved by
seeking an appropriate C value; hence, several
simulations with different C values were carried out.
From Fig. 5 it can be established that C = 0.90 yields
simulations that better describe the effective stress paths
for the family of OC tests considered. Nieto-Leal (2016)
reported that numerical issues may occur for C > 0.75;
however, in the simulations performed these issues did
not occur.

P
0.0

/vy [-]
a/vp ]

—0.4

—0.8

0.0 0.5 ljll £
P'/po H e [%]

(a) (b)

Figure 5. Calibration of C for Cajica clay.

The GBSM model parameter values that provide the
best accuracy for modelling the Cajica clay behavior are
compiled in Table 3.Simulations of Cajica clay up to the
strain level before brittle failure occurs are presented in
Fig. 6 considering the set of GBSM model parameters
shown in Table 1.

In compression, the stress-strain behavior and
effective stress paths of the samples with OCR values
equal to 1.0 and 3.0 are simulated with high accuracy.
For OCRs equal to 2.0 and 4.8 there are deficiencies in
the simulation of the ultimate deviatoric stress. For OCR
= 2.0, the ultimate deviatoric stress is slightly
underestimated while for OCR = 4.8 the material strength
is overestimated by obtaining ultimate deviatoric stress
appreciably higher than that exhibited experimentally. In
extension, all the specimens are simulated correctly in
general terms. Given the above, it is evident that the use
of a non-associative flow rule significantly improves the
simulation of Cajicé clay behavior.



Table 3. GBSM model parameters values for Cajica clay

Parameter Value

Critical state

A 0.331
K 0.060
M, 1.25
M, 0.93
Elasticity
v 0.34
Radial mapping rule
C 0.90
Plastic potential surface
R 2.38
Bounding surface
Ne 1.25
Ne 1.58
Shape hardening
Sp 1.0
h 50
he 5
a 3.0
pg1TC b
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Figure 6. Simulation of triaxial tests of Cajica clay using the
GBSM.

5. Conclusions

The Generalized Bounding Surface Model was used
for the numerical modeling of an undisturbed clay
obtained at the Center for Studies in Road Infrastructure
and Geotechnics of the Universidad Militar Nueva
Granada in Cajica, Colombia. This clay was physically
characterized by conventional laboratory tests and
mechanically tested with triaxial equipment. The
parameters associated with the GBSM were calibrated
with the experimental results of triaxial tests of isotropic
consolidation and axisymmetric triaxial compression and
extension. Contrasting the experimental results against
numerical simulations, it was observed that GBSM can
successfully simulate the behavior of the Cajica clay. It
is noteworthy that: 1) the use of a non-associative flow
rule significantly improves the prediction of Cajicé clay
behavior, particularly the failure state; 2) the model is
able to successfully simulate the evolution of excess pore
pressure, and hence effective stress paths, during
shearing of the Cajica clay for all overconsolidation
ratios; 3) as the overconsolidation ratio increases, the
accuracy of the model predictions for simulating the
undrained behavior of the Cajica clay decreases.
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