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ABSTRACT

This study aimed to demonstrate the practical advantages of the UBCSAND constitutive model in
simulating the mechanical behavior of tailings sands through numerical analysis. For this purpose, a mixed
approach of non-experimental design, applied type, and comparative scope was chosen. The population
consisted of 20 monotonic triaxial tests for tailings sands and the purposive sample consisted of 3 tests
performed with confining stresses of 5, 10, and 15 kg/cm” under undrained conditions. Simulations were
performed using the TNO DIANA finite element software, which incorporates the UBCSAND model. The
validation of the model's implementation was achieved by comparing its predictions with both the
experimental results and simulations conducted using the PLAXIS program. The results indicated that the
numerical responses of stress-strain, volumetric change-strain, and stress path, showed a strong
compatibility with the experimental data at a confining stress of 5 kg/m?, while for higher values (10 and 15
kg/m?) there was still a good agreement with some moderate observations. Consequently, the study
proposes that the UBCSAND constitutive model is an efficient alternative approach to predict with high
accuracy the mechanical behavior of tailings sands.

Keywords-constitutive model; mechanical behavior; numerical analysis; UBCSAND model; monotonic
triaxial test
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I.  INTRODUCTION

The identification of soil types is a crucial step in the
evaluation and execution of engineering activities [1]. The
importance of geotechnical engineering for analysis, design,
and implementation is pronounced during project development
on vast scales [2]. This highlights that soil characterization is
equally important for project cost-benefit analysis apart from
structural arrangements [3]. Several studies have investigated
the mechanical behavior of tailings sands. For example, in [4]
author highlighted that current engineering practices rely on in
situ measurements and simplified procedures, which do not
consider the cross interaction between the different layers
during the liquefaction process, specifically the water flow and
pore pressure dissipation. In [5], the drained cyclic response of
tailings sands based on the critical state theory was
investigated, with the results revealing that settlements occur
only when the current seismic load exceeds any previous
seismic event. Additionally, a strong correlation between
settlement, cyclic shear stress, and the critical-state parameter
(wp) was observed.

Authors in [6], analyzed the liquefaction susceptibility of
silty tailings using monotonic triaxial tests under semi-
saturated conditions. The results were compared with literature
data to evaluate the dependence on the preparation method,
volumetric water content, void ratio, and degree of saturation.
This analysis indicated that the static liquefaction response
depended mainly on the preparation technique and the degree
of saturation. The latter, in turn, controls the excess pore
pressure, whose leading role was examined through the
relationship between Skempton's parameter B and the degree of
saturation. From the same perspective, authors in [7] pointed
out that the particle size distribution of tailings sands influences
their strength, deformation, and mechanical properties, further
affecting overall safety and stability. Through undrained
consolidation tests on five particle size groups, they concluded
that the larger the particle is, the higher is the shear strength.
By changing the sample gradation, the coefficient of uniformity
(Cu) and coefficient of curvature (Cc) remained constant, while
by adjusting another parameter, a close relationship was
observed between Cu, Cc, and the shear strength. Furthermore,
authors in [8, 9] agreed that the soil's behavior under different
loads needs extensive analysis. Numerical analysis, using
triaxial tests is essential for assessing the mechanical strength
of sandy soils in geotechnical engineering. This computational
approach enables more precise evaluation of strength
characteristics under monotonic loading conditions. Authors in
[8, 10] confirm that triaxial testing is a validated technique for
measuring the shear strength of sand. These tests reproduce, in
an approximate manner, the in situ conditions subjected to
confining stresses. In [11-13], it was stated that in order to
efficiently manage the laboratory data, constitutive models are
required. In these models, sand is considered a continuous
medium, whose constitutive equations represent stress-strain
relationships with advanced mathematical formulations. In this
line of research, authors in [14, 15] revealed that these models
include mathematical formulations capable of describing the
macroscopic physical behavior of an ideal solid, derived from
the application of simplifying assumptions on a real material. A
relevant study, [16], evaluated the behavior of an iron ore

tailing of the Ferriferous Quadrangle using critical state
computational models (Modified Cam-Clay and NorSand). It
was observed that, in loose samples, both models produced
similar results. Based on [16], the present work focuses on
determining the applicational advantages of an alternative
model, defined as UBCSAND model, on the mechanical
behavior of tailings sands. To achieve this, a non-experimental,
applied, mixed-method approach with a descriptive-
comparative scope was adopted [17-19]. The study population
consisted of 20 records of monotonic triaxial tests with tailings
sands from the El Torito dam, located at the El Soldado copper
mine in Santiago, Chile, with a relative density of 40%. Also,
the sample included three monotonic triaxial tests performed
under undrained conditions. These tests were recorded
following the methodology applied in [7], under confining
stresses of 5, 10, and 15 kg/cm’, respecting the principle of
non-probabilistic purposive sampling [20].

II. THE UBCSAND CONSTITUTIVE MODEL

In recent years, constitutive models are responsible for
solving various geotechnical problems, even in highly complex
scenarios. Their application guarantees the accuracy of
laboratory data, by facilitating the simulation of material
behavior through relating variables, such as stress and strain,
while considering the specific mechanical properties of the
material under study [21]. Among the various models
developed, the UBCSAND model, as mentioned in [22], stands
out. This model is a simple elastoplastic stress-strain
formulation designed to simulate the liquefaction phenomena
in sand, especially for materials with a relative density below
80%.

For its application, it is assumed that the elastic response is
isotropic, and is governed by the shear modulus (G°) and the

bulk modulus B*:
n\ e
G® = K¢ X P, x (If—) )
1\ Me
B¢ = K§ x P, x (Z) @)

where K¢ is the elastic shear modulus number, which can be
associated with SPT-N values, P, is the atmospheric pressure,
o' is the mean effective stress in the loading plane, n, is the
exponent variable that relates the elastic shear modulus to the
mean effective stress, K§ is the bulk elastic modulus number,
which depends on Poisson's ratio, and m, is the elastic exponent
variable that relates the bulk modulus to the mean effective
stress.

The plastic response of the material is divided into shear
plastic strain (y?) and volumetric plastic strain (££), controlled
by a yield surface and a flow rule. The yield surface is defined
as a radial line from the origin in the ¢’ — T (mean effective
stress-shear strain space). As the shear stress ratio (n = 5)
changes, the increase in shear plastic strain (dy?) is governed
by:

dy? = (2—,,) X dn ©)
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GP =GP x (1 - <n"—f X Rf)2> 4)

6P =K x Py x (2)” 5)

where GPis the plastic shear modulus, dn is the increment of
the stress ratio, Gip is the plastic shear modulus at a low shear
stress ratio level, Ny = Singpeqr is the failure stress ratio,
@peax is the peak friction angle, Ry is the failure ratio, K}; is
the plastic shear modulus number, and 7, is an exponential
variable that relates the plastic shear modulus to the mean
effective stress.

As a derivation, a non-associated flow rule is adopted to
connect the increase of plastic volumetric deformation (de?)
with the increase of plastic shear deformation (dy?), according
to the following expression:

dfg = (singe, — 5) X dy? (6)

where ¢., is the constant volume friction angle or phase
transformation angle.

When the shear stress ratio # is equal to sin(¢.,), the
increase in plastic volumetric strain is zero and the material is
in a constant volume condition. Otherwise:

e Ify > sing,,, de is negative and the material is in a dilatant
condition.

o If > sing,,, dé) is positive and the material is in a
shrinkage condition.

From an applicative approach, this model has been
integrated into the TNO DIANA software platform as a part of
a numerical modeling scheme based on monotonic triaxial test
results [23] under both drained and undrained conditions [24,
25]. The TNO DIANA initiative is a multipurpose finite
element code program designed to address a wide variety of
problems in civil engineering, including structural,
geotechnical, tunneling, and seismic engineering, as well as
applications in the oil and gas industry [26, 27]. It is important
to consider that, in order to develop specific tests in this
software, a number of input parameters are required, as
specified.

Regarding the application and use of the studied model,
authors in [28] carried out a comparative analysis between the
predictions of the UBCSAND and the Hypoplastic Soil (HPS)
model. They employed the Material Point Method (MPM) and
implemented the Convective Particle Domain Interpolation
(CPDI), an advanced technique of MPM, for dynamic loading
simulations. The UBCSAND model was calibrated with Berlin
sand and its numerical predictions were compared with
experimental data to evaluate its performance. A shaking table
test was simulated in the laboratories of the Rensselaer
Polytechnic Institute. These findings exhibited excellent
agreement with the experiments and numerical calculations.
Both models were further tested by simulating a driven pile
installation. It was verified that the multiphase CPDI
formulation reproduces the liquefaction phenomenon in the
case of pile driving. Additionally, in [29], the results of cyclic

and monotonic drained compression tests on four types of
aggregates were evaluated as well as the applicability of the
UBCSAND model to represent nonlinear stress-strain curves.
The model was analytically integrated for both volumetric and
deviatoric deformations, elastic and plastic, leading to new
closed-form solutions expressed by hypergeometric functions.
These solutions eliminated numerical errors and facilitated the
interpretation of the results. Subsequently, the authors
presented and compared three calibration techniques for
parameter calibration:

e Graphical solution based on direct numerical simulations,
e A numerical approach based on residual minimization,
e A trial-and-error method based on the analytical solution.

Then, they examined the errors of numerical integration of
the model by comparing the analytical solution against the
results obtained by Euler integration. The authors analyzed
variations of the calibrated parameters under cyclic and
monotonic drained triaxial loading using different kinds of
aggregates. They concluded that model parameters calibrated
under monotonic conditions are not always able to predict
accurately during cyclic loading, especially for cycles longer
than 1-4. Therefore, UBCSAND needs to be calibrated
according to the particular conditions so that the mechanical
response corresponding to specific loading situations can be
captured appropriately. Another important study is [30], where
the seismic deformation of earth dams subject to liquefaction
was explored using the UBCSAND2 model. Their findings
indicated that this model allowed the incorporation of the initial

. . Oly . . . .
horizontal stress ratio K = T" in simulating soil elements on
a

slopes under direct simple shear conditions. This stress factor is
generally neglected in liquefaction predictions when using
alternative practical constitutive models.

The initial calibration for the UBCSAND2 model
considered the typical drained and undrained behaviors of
individual elements subjected to both monotonic and cyclic
Direct Simple Shear (DSS) loading, using generic input
parameters for various relative densities. The model was then
fitted using empirical data obtained from liquefaction
activation weighting curves. The results demonstrated that the
development of the fault shear band on the upstream side was
consistent with observed post-liquefaction slip surfaces.

III. DETERMINATION OF INPUT PARAMETERS FOR
THE UBCSAND MODEL IN TNO DIANA SOFTWARE

To validate the application of the UBCSAND model within
the TNO DIANA software, an eight-node brick-type volume
finite element with unit dimensions along the X, Y, and Z axes
was developed. This approach follows the methodology
described in [31].

The TNO DIANA program [32] provides a graphical
interface that enables rapid generation of finite element
meshes, definition of boundary conditions, and application of
different loading stresses. The load application is performed in
two well-defined stages. Similar to the triaxial test, the
numerical analysis procedure consisted of confining and
deviatoric stresses. In the first stage, the confining stress
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simulation considers normal stresses with equal values o; =
03, which represent an isotropic confining stress characteristic
of the triaxial test. This load is applied on three faces of the
element in the XZ, YZ, and XY planes. In the second stage,
vertical deformations are imposed on the top face of the cubic
element to simulate the application of the deviatoric stress
q =0, — 03.

Figures 1 and 2 indicate that the UBCSAND model has
been correctly validated in TNO DIANA software. This
confirmation was performed based on the study in [33],
regarding the UBCSAND model implemented in PLAXIS.

1000
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8500

“a00
300
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0 2 4 6 8
Axial Deformation (%)
Fig. 1. Validation of the UBCS and model implemented in the TNO Diana

program in relation to the one presented by PLAXIS for the axial stress-strain
curve.

Undrained simulations of expansive, contractive, and
highly contractive samples have been adequately represented.
In highly contractive samples, as depicted in Figure 1, the
critical state friction angle was slightly lower than the friction
angle at constant volume. In contractive samples, both angles
tended to coincide, whereas, in expansive behavior, the critical
state friction angle exceeded the friction angle at constant
volume. Table I illustrates this relationship more clearly. As for
the strength, in the highly contractive samples, as portrayed in
Figure 2, it is observed that the sand loses its strength as the

load increases until a zero value is reached, a response
characteristic of static liquefaction.
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Fig. 2. Validation of the UBCS and model implemented in the TNO Diana

program in relation to the one presented by PLAXIS for the trajectory of
effective efforts.

In the sample that undergoes phase transformation, the
initial response to shear is contractive, with a similar behavior
being represented in both TNO DIANA and PLAXIS.
However, after the phase transformation, the sand acquires an
expansive behavior, which is modeled differently in the two
programs. This does not indicate an incorrect model
implementation, but may be due to various factors, such as
differences in the analysis capability between the two
programs. However, from an engineering perspective, both
curves represent the same phenomenon.

In undrained conditions, the application of load leads to
increases in pore water pressure. Following the literature
review and based on the contributions of [16, 34], the main
input parameters that influence the simulation of the triaxial
compression test in tailings sands were estimated for use in the
UBCSAND model [22]. These parameters were determined
under an isolation constraint of 5 kg/cm’. Initially, the
reference pressure P,,, was established based on values from
previous studies. For the present analysis, it was set at 100 kPa.

TABLE L. PARAMETERS THAT HAVE A MAJOR IMPACT ON THE MODELING OF TRIAXIAL COMPRESSION TESTING
Parameters UBCS and UBCS and PLAXIS | UBCSand PLAXIS | UBCSandTNO | UBCS and TNO UB&:{;“&? 0
PLAXIS dilating contractive very contractive Diana dilating Diana contractive .
contractive
K§ 400 600 600 400 600 600
K¢ 900 400 400 900 400 400
Kg 400 800 800 400 800 800
n, 0.5 0.5 0.5 0.5 0.5 0.5
m, 0.5 0.5 0.5 0.5 0.5 0.5
np 0.5 0.5 0.5 0.5 0.5 0.5
[ 32° 32° 32° 32° 32° 32°
Ppeak 33° 32° 31° 33° 32° 31°
c 0 0 0 0 0 0

Ry 0.98 0.98 0.98 0.98 0.98 0.98
a; 100 100 100 100 100 100
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IV. VALIDATION OF THE UBCSAND MODEL

The validity of the UBCSAND model was supported by the
study conducted in [22], where the shear stress—shear strain and
shear stress—vertical effective stress were analyzed, as
displayed in Figure 3. The model demonstrated its ability to
accurately replicate both the banana and the butterfly loop. This
performance was attributed to the model's consideration of
stress ratio history, incorporating the effect of load reversal on
the plastic shear modulus. In addition, the model managed to
represent the shear strain accumulation during cyclic loading in
an acceptable manner.

Further validation was provided in [29], where favorable
results were obtained using drained cyclic and monotonic
triaxial compression tests on four different types of aggregates
(gabbro, limestone, demolished concrete, and steel slag). From
the analysis, the applicability of the UBCSAND model was
assessed for the simulation of relevant nonlinear stress-strain
curves. The parameters with the greatest impact on the
simulation of the triaxial compression tests were established
considering the factors identified in [34], as detailed in Table
IL.

Shear Stress (kPa)
= )

T T

1 1
 Shear Stress (kPa)
= =]

=
T
1

=
T

) MU SN R S R 20 \ L 1 1
-1 -2 -1 0 1 2 ] 0 20 40 60 80
Shear Strain (%) Vertical Effective Stress (kPa)

Fig. 3. Undrained cyclic DSS load response for (Ny)eocs = 10 of the JRA96
procedure with vertical effective consolidation stress 6,0 = 101 kPa and initial
static shear stress = 0.

100

TABLE II. KEY PARAMETERS ON THE MODELING OF
TRIAXIAL COMPRESSION TESTING
Parameter Symbol
Number of the elastic volumetric modulus Kg
Plastic cutting module number K?
Angle of friction at failure &
Angle of friction at constant volume Dev
Volumetric modulus of the fluid K,

Considering the default input parameters to/in the TNO
DIANA software, Table III presents the values used for the
validation of the UBCSAND model. For greater analysis, the
results of the simulation carried out in the TNO DIANA
program were presented, along with the values obtained in the
simulation with the PRAXIS program. These results were then
compared jointly with those obtained from the experimental
tests. Figure 4 presents the behavior of the stress-strain
diagram.

The results outlined in Figure 3 confirmed that, in general
terms, the UBCSAND model is highly proposed for numerical

simulation, since it provides reasonable and reliable results.
Subsequently, numerical modeling is carried out in TNO

DIANA, which implements the UBCSAND model.

TABLE III. UBCSAND MODEL ADAPTED PARAMETERS
Symbol Description Method Default
Py Reference pressure (kPa) Curve fitting 100

Exponent of the elastic .
me bulk modulus Curve fitting 0.5
e Exponent of the elastic Curve fitting 05
shear modulus
v Poisson's ratio - -
Triaxial test (CID or
e Q -
Kg Bulk modulus number CIU)
K¢ Shear modulus number Curve fitting -
Triaxial test (CID or
do Bulk modulus number CIU) -
ny, Shear modulus number Curve fitting -
.. . Triaxial test (CID or
14 P o o
K¢ Initial friction angle (°) CIU) 0
4 Plastic shear modulus Curve fitting 05
exponent
R Plastic shear modulus Curve fitting )
number
. . o Triaxial test (CID or
v Friction angle at failure (°) CIU) -
4, Failure ratio Curve fitting 0.9
P Constant volume friction Triaxial test (CID or )
! angle (°) CIU)
Triaxial test (CID or
n Pressure change (kPa) CIU) 0
Biom Tensile parameter (kPa) Curve fitting 0
Ky Porosity Volumetric relationships -
. Triaxial test (CID or
Jacpre Skempton's B parameter CIU) -
Jacpost Fluid bulk modulus (kPa) Curve fitting -
Stress - Strain Diagram (CID-G151)
600
=
L) * ,,5’25:"'—5'55 S ESSEwwn
E] 400
£ Y/
g 300 | m  Experimental
& ':' TNO DIANA
g:g 200 éi PLAXIS
.g E
2 100 8
A i
0
-5 0 5 10 15 20 25

Fig. 4.

Axial Deformation (%)

Undrained monotonic response of samples of Dr = 40 %, axial
pore pressure-strain curves for different confining pressures.

A. Experimental Response

The process began with the preparation and testing of

tailings sand samples, at confining pressures of 5, 10, and 15
kg/cm® with a relative density of 40%. Controlled deformation
conditions were performed at a strain rate of 0.13 mm/min. For
all tests, double membranes were applied, and the back
pressure was 4 and 5 kg/cm® in order to avoid cavitation.

Following that, the UBCSAND model parameters were
calculated for a confining stress of 5 kg/cm®. These values were
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then incorporated into the numerical model in TNO DIANA,
which defines the type of test, the generation of the model, and
the application of loads. The tailings sands used in this study
contained a fine content of 23% and is classified as silty sand
according to ASTM D4318. The maximum and minimum
densities were determined using the Japanese method
(JSSMEFE) for the maximum and the slow sedimentation of the
dry material within a mold of known dimensions for the
minimum density (ASTM D4254). Table IV presents the
characteristics of the tailings sands.

TABLE IV. TAILINGS SAND CHARACTERISTICS
Characteristics Unit Value
Specific gravity g/cm’ 2.77

USCS classification N/A SM
Maximum void ratio max - 1.111
Minimum void ratio min - 0.462

The tailings sand specimens were prepared using the Moist
Tamping wet compaction method. Cylindrical specimens with
a diameter of 5 cm and a height of 10 cm were made within
triaxial cells and wrapped with a latex membrane. Then, the
specimens were mounted in the triaxial apparatus, and the
sample was saturated filling all the interstices of the specimen.
Once saturated, the specimens underwent isotropic
consolidation before being sheared to failure under controlled
conditions. The chamber pressures, back pressures, and
effective chamber pressures at which the specimens were tested
are presented in Table V.

TABLE V. PRESSURE APPLIED TO STATIC TRIAXIAL
TESTS

Chamber pressure, Back pressure Effective chamber pressure,
av (kg/em?) (kg/em®) 7y (kg/em?)
10.0 5.0 5.0
14.0 4.0 10.0
19.0 4.0 15.0

The results of the static triaxial tests performed in the
undrained condition and the final void ratio obtained after
consolidation are shown in Table VI. From these values, the
ultimate state line and the isotropic consolidation curve in the
e-log (p") plane can be obtained.

TABLE VL RESULTS OF STATIC TRIAXIAL TESTS
Effective chamber Void ratio q7 ya
pressure, g, (kg/cm’) (o (kg/em®) | (kg/em?)
0.779 2.25 2.57
10.0 0.766 4.11 4.95
15.0 0.716 5.61 6.97

B. Experimental Behavior

Figures 5-7 depict the experimental responses of the
undrained behavior of tailings sands for a density of 40% and
confining pressures of 5, 10, and 15 kg/cm”. In Figure 5, it is
obvious that in the stress-strain curves, there is a continuous
growth of the resistance to the increase in axial strain. For all
test cases, a stabilization of the deviatoric stress is observed
from 15% strain onwards.

In Figure 7, it can be seen that the Critical State Line (CSL)
is well defined with the stress level reached. The critical state
angle is 40.6°.

Stress - Strain Diagram
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v 2

1)

]

- -

[

i ¢

[+

= ¢
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(1:"(1)

Fig. 5. Undrained monotonic response of samples of Dr = 40%, axial

stress-strain curves for different confining pressures.

Pore - Strain Pressure Diagram
14.0

)
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) : :
gt_ll PO 2ot d i A - ‘5 oc=10kg/ cm2 }
B010.0 { # oc=15kg/cm2 |
=
2 80
=
@
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S <
L 4.0
I
Ao (B
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Axial Deformation (£%)
Fig. 6. Undrained monotonic response of samples of Dr = 40%, axial pore
pressure-strain curves for different confining pressures.

Effective Effort Trajectory
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4 :
Y i ® gc=
’,{." i : * oc=15kg/ em2
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Fig. 7. Undrained monotonic response of samples of Dr = 40%, effective
stress path for different confining pressures

C. Numerical Modeling

The numerical analysis began with the calculation of the
model parameters, previously discussed. Then, the sand was
modeled in the TNO Diana program, where the results were
generated with the application of load, specified according to
the contributions of [22, 30] for the validation of the
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UBCSAND model. Table VII summarizes the formulas and
criteria used in the model calibration, while Table VIII presents

TABLE VIII. CALIBRATED PARAMETERS OF THE UBCSAND

MODEL FOR ALL STUDIED SAND SAMPLES

the calibrated parameters of the UBCSAND model for all L. o, (kg/cm,)
. . Symbol Description
studied sand samples. These parameters for the monotonic 5 10 15
triaxial test were calculat@zd as 5 kg/cm®. The calculation of th623 Pry Reference pressure 100kPa | 100 kPa ligg
parameters for the confinement tests of 10 and 15 kg/cm Exponent of the
followed the same line. Me volumetric elastic modulus 05 05 05
Exponent of the elastic 05 05 05
TABLE VI.  FORMULAS AND CRITERIA USED IN THE ne shear modulus : : :
CALIBRATION OF THE UBCSAND MODEL v Poisson's ratio 0.125 0.125 0.125
Symbol Description Criteria or formula | Observation Kg Number of the elastic 100 100 100
Atmospheric volumetric modulus
P, Reference pressure Prer =100 kPa efic .
of p f pressure Ke Elastic sheatﬁ modulus 100 100 100
Exponent of the __number
m, volumetric elastic me=0.50% - ¢o Initial friction angle 0° 0° 0°
modulus n Plastic shear modulus 05 05 05
Exponent of the _exponent
1, elastic shear 720=0.50% _ K,{f Plastic cutting module 775 775 775
modulus number
E:Coeffi.ci'ent 4 The angle _of friction at 40.6° 40.6° 40.6°
of elasticity i failure
o E or Young's Ry Failure ratio 0.85 0.85 0.85
v Poisson's ratio v=oeT 1 modulus, p The angle of friction at 40° 40° 40°
G- modulus v constant volume
of rigidity 4, Pressure change 0 kPa 0 kPa 0 kPa
Number of the KE P, Tensile parameter 0 kPa 0 kPa 0 kPa
B p
K§ elastic volumetric __ 2 P yos - n Porosity 0.438 0.434 0.417
modulus Vo = Vy) “Prey Biem Skempton Parameter B 0.99 0.95 0.95
Ke Elastic shear kg _30-2v) ) K Volumetric modulus of the 433,507 82,412 79,277
¢ modulus number K~ 20+w d fluid kPa kPa kPa
do Initial friction angle o bo-0 epre Pre liquefaction factor 1 1 1
p q
" Plastic shear * 2050 ) Jacpost Post liquefaction factor 1 1 1
4 modulus exponent =1
KP Plastic cutting GP = KP (L)npfl ) Stress - Strain Diagram
G modulus number s G Pres o 25
é The angle of __6sin(g) . go
! friction at failure 3 —sin(gy) =20
. . nr =
X . R, = —L -
Ry Failure ratio = r.e ]
The angle of = L5
bev friction at constant sin(¢,,) = 0.64 - = TNO DIANA
volume 510 :
4, Pressure change 4,=0 - n EXPERIMENTAL §
P, Tensile parameter £=0 - g el
. e e: Vacuum =7
n Porosity n=1—e=0779 index 22
Skempton 0.0
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Post liquefaction Figures 11-13 further illustrate that even though the
Jacpou factor Japou=1 ) UBCSAND model is complex, it enables complementing the

Consequently, these values were incorporated into the finite
element program TNO DIANA, which graphically represents
the corresponding relationships, as illustrated in Figures 8-16.
In Figures 8-10, the UBCSAND model exhibited an acceptable
performance with respect to the experimental data (i.e., it
effectively denoted the elastic and plastic sand behavior.) It
also indicated a contractive behavior and consequently a
dilatant performance in the transformation phase, where it
detected approximately a shear stress of 1.7 kg/cm?.

traditional empirical methods for characterizing the sand
behavior. Once again, the model shows high accuracy during
the transformation phase with a shear stress of approximately
3.5 kg/cm?. The results presented in Figures 14-16 confirm that
the model effectively represents the elastoplastic behavior of
the sand. In this sense, the parameters used in the modeling
result from a calibration adjusted to the needs of the study.
Under a confining stress of ¢y = 15 k /cmz, the shear stress
was approximately equal to 5.5 kg/cm”. Finally, for tailings
sands with a relative density of 40%, the CSL was found at an
angle of 40.6°, while the phase transformation line was
positioned at an angle of approximately 38°.
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V. DISCUSSION

The mechanical behavior of tailings sands was simulated
with high accuracy through the use of the UBCSAND
constitutive model with a numerical analysis, following
methodologies from previous studies [22, 29]. The numerical
response of the stress-strain, volumetric change-strain, and
stress path exhibited a strong correlation with the experimental
data obtained from triaxial tests after a successful calibration,
especially at a confining stress of 5 kg/m?, as described in [29].
This correlates with the procedures performed and results
obtained in [28], where it was possible to verify the existence
of an excellent agreement between the experiment and
numerical calculation. Subsequently, this modeling was used to
numerically simulate a driven pile installation, where the
results of both were compared with the recorded experimental
data, confirming a behavior of high similarity.

Under higher confinement levels, 10 and 15 kg/mz, the
model generated an acceptable to moderate approximation, due
to the complex characteristics of the sand and its elastoplastic
behavior, (i.e., the higher the applied load was, the greater was
its deformation.) The results align with those of [7], where the
mechanical properties of tailings sands saturated with different
particle sizes were studied. It was observed that the larger the
particle size is, the higher the shear strength will be. Regarding
the findings of [30], a methodology very similar to the present
one was utilized, particularly in the simulation of liquefaction
scenarios. The results obtained by the UCBSAND 2 model
demonstrated that the development of the fault shear band on
the upstream side was consistent with the post-liquefaction slip
analysis. However, the positive and beneficial findings in
predicting behavior through numerical analysis remained
highly effective with the use of the UCBSAND model in both
versions.

Finally, the results validate the versatility of the
UBCSAND constitutive model, indicating that it is a viable
option for future similar investigations, including the numerical
analysis of the mechanical behavior in conventional sand. As in
[16], where satisfactory results were obtained with the
Modified Cam-Clay and NorSand models, the UBCSAND
model could be considered for future research in similar
contexts.

VI. CONCLUSION

This investigation studied the application of the
UBCSAND constitutive model in simulating the mechanical
behavior of tailing sand through numerical analysis. The
performance of the model was validated by comparing
simulated results with experimental data from undrained
triaxial tests under different confining pressures to ascertain the
reliability of the model in replicating key aspects of shear
strength, volumetric response, and phase transformation under
varying loading conditions.

The following conclusions are drawn:

e From the stress-strain, pore pressure-strain, and effective
stress path curves, it can be seen that the UBCSAND
constitutive model implemented in TNO DIANA exhibits a

significant approach to the mechanical behavior of the 40%
density sand under study.

e At 5 kg/m® confining stress, the UBCSAND model
exhibited similar response trends with that of experimental
data.

e When increasing confining stress to 10 kg/m” and 15 kg/m’,
the model maintained quite well in general trends of soil
behavior, with some moderate observations, especially
under undrained conditions.

e Downslope phase transformation during undrained loading
was observed for all samples with 40% relative density.
Contractive behavior and excess pore pressure build-up
were well simulated, which further led to effective stress
reduction, a behavior associated with loose or silty sand
nearing liquefaction.

Finally, it can be pointed out that the UBCSAND model in
the execution of the numerical analysis of tailings sands
facilitates a detailed reasoning of the behavior under different
loading conditions. In that sense, it is possible to obtain insights
or deductions about shear strength, the influence of relative
density, and confinement. These elements are crucial for the
design and evaluation of geotechnical structures where tailings
sands represent a significant mechanism, in scenarios such as
tailings dams or foundations in mining areas.
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