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Abstract

Finite element method can be used for computing bearing capacity of shallow foundation with irregular geometry resting
on variable subsoil. It is necessary to quantify the parameters affecting the ultimate capacity of footing. This paper presents
the results of finite element (FE) analysis of the ultimate failure load of a rough base rigid strip footing resting on c-¢ soil.
The soil is assumed as linear elastic perfectly plastic with Mohr—Coulomb failure criterion and non-associative flow rule.
Sensitivity analysis is carried out to examine the ultimate capacity of strip footing considering the strength parameters (c’,
¢', and y), width of strip footing (B), unit weight of soil (y), surcharge (q) at the base level of footing, and the deforma-
tion parameters (£ and v) as the variables. The study also examines the effect of different material models on the ultimate
capacity of the strip footing. The material models considered are Mohr—Coulomb (MC) model, Hardening Soil (HS) model,
Hardening Soil model with small-strain stiffness (HSsmall), and Soft Soil (SS) mode-I. It is found from the results of FE
analysis that the ultimate load of the strip footing is dependent on the strength parameters, width of footing, unit weight of
soil, and surcharge at the base level of the footing. The ultimate capacity is independent of the deformation parameters and
will remain almost same corresponding to the material models like MC, HS, HSsmall, and SS. The FE results are compared
with the analytical solutions of Terzaghi and Meyerhof. Based on the study, a few suggestions are given in regard to the FE
analysis of geotechnical stability problems to obtain the quick results.

Keywords Strip footing - c-¢ soil - Material model - Ultimate load - Finite element method - Sensitivity analysis - Triaxial
test

Introduction

The goal of numerical modeling in geotechnical engineer-
ing is to understand the behavior of geotechnical structures,
evaluation of soil displacements and footing deflection
under applied loads, calculation of internal forces like shear,
axial, torsion and bending moment necessary for the design
of structural elements, and to predict the possible failure
mechanisms. In computational geomechanics, advanced
constitutive models are being used to determine the realistic
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soil displacements and structural deformations under work-
ing loads, to check the serviceability (settlement of footing
within the allowable limits), and to determine the ultimate
load and corresponding failure mechanism.

The ultimate load which causes the failure of a footing
is needed to determine the ultimate bearing capacity of the
footing. The estimation of bearing capacity of a shallow
foundation is a vital task in the design of low-rise structures.
The solution to the bearing capacity of strip footing is deter-
mined by utilizing the limit equilibrium methods [11, 19,
26], method of stress characteristics [1, 14, 28], upper and
lower bound limit analyses [3, 6, 7, 15, 16, 20, 22, 24, 25,
27], limit analysis [5, 13, 21], finite element method (FEM)
[4,9, 10, 12, 31], and finite difference method [17, 29]. In
numerical analysis, the material failure criteria have to be
defined for stability analysis of the geotechnical systems.
Most of the above-mentioned analyses use Mohr—Coulomb
model. It is noted that the solutions obtained for the given
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type of problem are corresponding to the material model
used in the analysis.

Need of the study

The Mohr—Coulomb model is most widely used constitutive
model in the numerical simulation of soil behavior. Of late,
a few advanced constitutive models have been utilized in
the stability analysis of geotechnical structures. If the aim
of the analysis is to determine the ultimate limit state, the
failure load obtained from the finite element (FE) analysis
is corresponding to the defined strength parameters. This
means, the applicability of the model being used depends on
the results of interest. If the deformations, stresses, displace-
ments, forces in the members, etc., are needed to be evalu-
ated at the working load, the constitutive model used in the
analysis plays a vital role. However, for the determination
of ultimate failure load, the assigned model whose failure
envelope is based on the Mohr—Coulomb failure criterion
will give more or less the same failure load at the ultimate
limit state. Moreover, the material model to be used in the
numerical analysis should comply with the requirements of
the aim of the analysis. Hence, there is a need to quantify the
dependency of the parameters affecting the failure load (i.e.,
collapse load) and to select the suitable material models for
the determination of ultimate failure load.

In this study, the FE sensitivity analysis is carried out
to quantify the dependency of the parameters, which are
used in the Mohr—Coulomb material model, on the ultimate
failure load of the strip footing. The ultimate failure loads
are also calculated using other advanced material models
like HS, HSsmall, and SS. A triaxial test is simulated using
the FE analysis to determine the effect of these models on
the assessment of failure stress and stress paths. The results
of the parametric studies are compared with the classical
solutions of the strip footing given by Terzaghi [26] and
Meyerhof [19].

Problem definition

The ultimate bearing capacity of a shallow foundation is
usually calculated using the classical solution of Terzaghi
[26]. The equation is expressed as

Oy 1

3= Gy =CcN.+gN, + EyBNy Q8
where Q, is the ultimate failure load, g, is the ultimate bear-
ing capacity of soil, c is the soil cohesion, g is the surcharge
at the base level of the footing, y is the unit weight of soil,
B is the width of footing and N, Nq, and Ny are the bearing
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capacity factors which account the effect of soil cohesion,
surcharge, and unit weight of soil, respectively. The bear-
ing capacity factors are function of the friction angle of the
soil. Equation (1) is based on the principle of superposition
of the effects of soil cohesion, surcharge, and unit weight
of the soil. Based on this equation, the ultimate failure load
(Q,) depends on the soil cohesion (c), surcharge (g), unit
weight of the soil (y), the width of footing (B), and the fric-
tion angle of the soil (¢). The dilatancy angle of soil () is
not considered in Eq. (1). The FE analysis is carried out to
determine the collapse load of the strip footing by varying
the above-mentioned parameters. In the FE analysis, in order
to compute the collapse load, the deformation parameters (E
and v) are also required. Thus the study also examines the
effect of varying E and v on the collapse load of the footing.

Finite element analysis

The FE analysis is performed to compute the failure load
of rough base strip footing using PLAXIS-2D-Version
2016.01 program. The PLAXIS is a user-friendly soft-
ware developed exclusively for the analysis of geotechni-
cal systems.

Soil constitutive relation and boundary conditions

In the study, the soil is assumed as homogeneous and iso-
tropic with linear elastic perfectly plastic behavior and
obeys the non-associated flow rule. The Mohr—Coulomb
model is assigned to the FE model of the strip footing. The
material properties assigned to the soil elements are given
in Table 1. The FE mesh, boundary conditions, and model
dimensions are depicted in Fig. 1 based on the conver-
gence study. PLAXIS provides 6- and 15-node triangular
elements only for the modeling of soil continuum ele-
ments. For higher accuracy, 15-node triangular elements
with 12 Gaussian quadrature points are used in the analy-
ses. The meshing selected for the FE model in PLAXIS
is the fine mesh. The boundary conditions are assigned as
roller supports at the sides to allow the movement only in
the vertical direction and the lower boundary is fixed in
both the directions (Fig. 1). The FE mesh dimensions are
changed and the formation of plastic regions is checked.
The overall FE mesh dimensions have been finalized based
on the formation of plastic regions, which are contained
well within the FE domain. The FE mesh dimensions for
strip footing are obtained as 30 m in the horizontal direc-
tion and 15 m in the vertical direction. The groundwater
table is not considered in the analysis.
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Table 1 Input parameters of the

. : Parameters Symbol  Units Material model

material models used in the FE

analysis MC HS HSsmall SS
Unit weight 7 KN/m* 20 20 20 20
Cohesion ' kPa 10 10 10 10
Friction angle @' Degree 10 10 10 10
Dilatancy angle v Degree 0 0 0 0
Young’s modulus E MPa 100 - - -
Poisson’s ratio v - 035 02 0.2 0.2
Secant stiffness E, MPa - 50 50 -
Tangent stiffness Eyq MPa - 48 48 -
Unloading/reloading stiffness E, MPa - 102 102 -
Power for stress level dependency of stiffness m - - 0.5 0.5 -
Coefficient of earth pressure at rest K, - 0.826 0.826 0.826 0.826
K,-value for normal consolidation Ky© - - 075  0.75 0.7265
Failure ratio R; - - 0.9 0.9 -
Maximum shear modulus G(fff MPa — — 100 -
Shear strain Yo, - - - 0.001 -
Modified compression index A* - - - - 0.003
Modified swelling index K* - - - - 0.0019

MC Mohr-Coulomb model, HS Hardening Soil model, HSsmall Hardening Soil model with small-strain

stiffness, SS Soft Soil mode-1
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Fig. 1 FE mesh, boundary conditions and model dimensions

Footing roughness and determination of ultimate
load

The footing roughness has a major effect on the unit weight
component of Eq. (1) and very less effect on the soil cohe-
sion and surcharge [1, 9, 18, 19]. In the present study, the
footing is modeled as rigid footing with rough base in order
to compare the results obtained from FE analysis with the
solutions of rigid and rough strip footings considered by Ter-
zaghi [26] and Meyerhof [19]. In the case of rough base foot-
ing, the nodes representing the footing width are restrained
in the horizontal direction. The rigid behavior of the rough
base strip footing is accounted by applying the increment
displacements (prescribed displacements) at the nodes

representing the footing width in the FE analysis. The total
prescribed displacement of 500 mm is assigned. The pre-
scribed displacements may start from smaller values; how-
ever, in this case, it is difficult to obtain the ultimate load. In
the FE analysis, the prescribed displacement is selected little
higher than the displacement at which the ultimate load is
expected. The analysis is stopped when the load reached the
ultimate state of stress, i.e., the displacement of the footing
keeps on increasing and corresponding load remains con-
stant. At this point, the soil zone contributing to the ultimate
load of the footing is reached to its full plastic state thereby
mobilizing its shear strength [9]. The load vs. displacement
is then plotted to determine the value of ultimate failure
load. This failure load is the ultimate one and will remain
constant thereafter.

Sensitivity analysis

As per Terzaghi’s classical solution of strip footing [Eq. (1)],
the ultimate bearing capacity of soil is directly proportional
to the friction angle of soil, soil cohesion, unit weight of
soil, the surcharge at the base of footing, and the width of
footing. The parametric sensitivity analyses are carried out
to determine the ultimate failure load of the strip footing
with varying parameters of the Mohr—Coulomb model to
quantify the effect of these parameters on the ultimate capac-
ity of the strip footing. The following parameters are used in
the basic FE model of the strip footing: strength parameters
(¢' = 10 kPa, ¢' = 10°, and y = 0°), unit weight of soil
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(y =120 kN/m?), surcharge (¢ = 0 kPa), and deformation
parameters (E = 100 MPa and v = 0.35). The width of foot-
ing (B) is taken as 2 m.

The effect of soil cohesion on the ultimate capacity of
the strip footing is studied by computing the ultimate load
corresponding to the variation in the value of cohesion as
¢' =5, 10, and 15 kPa and keeping the other parameters as
constant in the basic FE model of the strip footing. Similarly,
the effect of other parameters on the ultimate capacity of the
strip footing is studied by varying the friction angle of the
soil (¢’ =5, 10, and 15°), width of the footing (B =1, 2,
and 3 m), unit weight of soil (y =3, 10, and 15 kN/m3), and
surcharge (g = 0, 25, and 50 kPa). It is noted that the smaller
values of unit weight of soil are chosen in order to highlight
the efficacy of the FEM. It is noted that the Terzaghi’s bear-
ing capacity equation of the strip footing is independent of
the deformation parameters E and v. In order to quantify the
effect of Young’s modulus and Poisson’s ratio of the soil,
in the basic FE model of the strip footing, the values of E
and v are varied as E = 50, 100, and 200 MPa and v = 0.15,
0.25, 0.35, and 0.45 and the corresponding ultimate loads
are computed.

The usage of material models in the FE analysis depends
on the type of soil, response of the soil to be captured, and
type of the loading. To quantify the effect of different mate-
rial models on the ultimate capacity of the strip footing,
the four material models, viz. Mohr—Coulomb (MC) model,
Hardening Soil (HS) model, Hardening Soil model with
small-strain stiffness (HSsmall), and Soft Soil (SS) model
are used in the FE analysis. The input parameters corre-
sponding to each of these models (MC, HS, HSsmall, and
SS) are given in Table 1. A brief description of the above-
mentioned material models is given in Appendix 1.
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Results and discussion
Strip footing

Ziccarelli et al. [30] have carried out centrifuge experi-
ments on model strip footing of width B, = 40 mm at 25-g.
The prototype width of the strip footing was B, = 1 m. The
overall dimensions of the model tank are length = 0.62 m,
height = 0.28 m, and width = 0.16 m. The FE model shown
in Fig. 1 is selected for the validation. In FE model, the same
material parameters as used in the centrifuge experiment are
assigned. They are: y = 16.1 kN/m?, ¢ = 47.8°, yr = 19.5°,
E =125 MPa, and v = 0.15. It is to be noted that a negligible
value of cohesion is assigned (i.e., ¢ = 1 kPa) in the analysis
as recommended by Brinkgreve et al. [2]. The Mohr—Cou-
lomb material model and non-associative flow rule are used
in the FE model. The FE and experimental results are com-
pared in Fig. 2a. The discrepancy in the FE results of the
order of 7% is noted in comparison with the experimental
results. The small instability of numerical results in the pre-
peak phase is observed and that is due to the non-associa-
tivity of the constitutive model [8]. Parametric sensitivity
analysis with respect to Young’s modulus (£ = 75, 100, and
125 MPa) is performed to compare the centrifuge results
with that of the FE results. Figure 2b depicts the effect of
Young’s modulus on the ultimate failure load of the strip
footing. It can be observed from the figure that the ultimate
failure load of the footing is remains almost the same with
the varying values of the Young’s modulus of the soil. Based
on the comparison (Fig. 2a, b), it is noted that the FE results
are agreeing reasonably well with the centrifuge experiment.
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Fig.2 Load vs. displacement plot of strip footing: a comparison of FE and centrifuge results, b comparison with varying Young’s modulus
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Effect of strength parameters of soil

The effect of soil cohesion on the ultimate capacity of the
strip footing is depicted in Fig. 3a. It is observed from the
load vs. displacement plot of the strip footing with varying
cohesion of the soil that with increase in the value of cohe-
sion, the ultimate capacity (i.e., ultimate load) of the strip
footing is increased. Similarly, the effect of friction angle
of the soil on the ultimate capacity of the strip footing is
depicted in Fig. 3b. It is observed from the load vs. displace-
ment plot of the strip footing with varying friction angle of
the soil that with increase in the value of friction angle of the
soil, the ultimate capacity of the strip footing is increased.
The effect of dilatancy is accounted by using a hypotheti-
cal dilatancy angle, y = 15° for the case of friction angle,
¢' = 15°. The load vs. displacement plot of the strip footing
corresponding to ¢’ = 15° and yw = 15° is also plotted in
Fig. 3b. From the results, it is observed that the ultimate load
of the strip footing is directly proportional to the strength
parameters (¢, ¢', and y). This observation of increase in
ultimate load with increase in the strength parameters of
soil can be revealed from the classical solution of Terzaghi
[26] for the strip footing. It is noted that the computation
time required to reach the ultimate load corresponding to
50 mm displacement in the present case is lesser for lower
values of ¢’ and ¢'.

Effect of width of footing, unit weight of soil and surcharge

The effect of width of footing on the ultimate capacity of
the strip footing is depicted in Fig. 4a. It is seen from the
figure that with increase in the width of the footing the ulti-
mate load is increased. The mobilization of shear strength
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is over the larger zone and hence the increase in the ultimate
capacity. Similarly, the effect of varying unit weight of the
soil on the ultimate capacity of the strip footing is depicted
in Fig. 4b. It is observed from the figure that with increase
in the unit weight of the soil, the ultimate load is increased.
Finally, the effect of surcharge on the ultimate capacity of
the strip footing is depicted in Fig. 4c. It is seen from the fig-
ure that with increase in the magnitude of surcharge, the ulti-
mate load of the strip footing is increased. The observations
of increase in ultimate load with increase in the width of the
footing, unit weight of the soil and magnitude of surcharge
can be revealed from the classical solution of Terzaghi [26]
for the strip footing. It is noted that the computation time
required to reach the ultimate load corresponding to 50 mm
displacement in the present case is lesser for lower values
of B, y, and q.

Effect of deformation parameters

Figure 5a, b depicts the load vs. displacement plots of the
strip footing with varying deformation parameters of the soil
as E = 50, 100, and 200 MPa and v = 0.15, 0.25, 0.35, and
0.45. It is observed from the figures that the varying defor-
mation parameters will not have any effect on the ultimate
load of the footing. It can be stated that the ultimate load is
reached at lesser displacement when the higher values are
assigned to the Young’s modulus (twofold higher than the
actual value) and Poisson’s ratio (likely range 0.35-0.45).
Based on the present study, if the aim of the FE analysis
is to determine the failure load, the higher values of E and
v should be assigned to obtain the failure load at lesser
displacement. It is also noted that the computation time
required to reach the ultimate load corresponding to 50 mm
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Fig.3 Load vs. displacement plot of strip footing with varying: a cohesion, b friction angle of soil and a specific value of dilatancy angle

w=15°
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Fig.4 Load vs. displacement plot of strip footing with varying: a footing width, b unit weight of soil, ¢ surcharge

displacement is same irrespective of the different values of
E and v used in the analysis.

Effect of material model

The failure load corresponding to MC, HS, HSsmall, and
SS model is determined from the load vs. displacement
plot of the rough strip footing of width 2 m resting on soil
having unit weight, y = 20 kN/m?> and strength parameters,
¢'=10kPa, ¢'=10°, and yw = 0°. Figure 6 depicts the load
vs. displacement plot of the strip footing corresponding to
each of the material models used in the analysis. All the
material models use the strength parameters as defined by
the Mohr—Coulomb failure envelope. Based on the results,
it is observed that the ultimate failure loads obtained are
almost the same corresponding to the four material models

@ Springer

used in the FE analysis. It is attributed to the fact that in
all these models, the limiting state of stress is described
using the soil cohesion, the friction and dilatancy angles
of the soil as used in the Mohr—Coulomb model. It is to be
noted that the HS, HSsmall, and SS models have yielding
cap to close the elastic region for the compressive stress
paths. The computation time and the number of iterations
required to reach the ultimate state of stress is less in the
case of Mohr—Coulomb model compared to the HS, HSs-
mall, and SS models. In order to verify this finding, the
FE analysis of the triaxial test is carried out with the same
input parameters as used in the material models of the
strip footing. The plots of deviator stress vs. axial strain
and stress path are extracted to evaluate the independency
of the material models. The FE results of the triaxial tests
are discussed in “Triaxial test”.
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Fig.5 Load vs. displacement plot of strip footing with varying: a Young’s
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Fig.6 Load vs. displacement plot of strip footing with different mate-
rial models

Comparison of FE results and analytical solution

The ultimate loads obtained from the FE analyses corre-
sponding to the varying parameters (B, ¢, ¢', y, and gq) are
compared with the analytical solutions of Terzaghi [26] and
Meyerhof [19] (Table 2). After carefully going through the
reported values of bearing capacity factors in the literature,
it is found that these analytical solutions can be taken as
upper and lower bound solutions for the strip footing, respec-
tively. The deviation of FE results from Terzaghi [26] and
Meyerhof [19] in percentage is also given in Table 2. From
Table 2, it is observed that the ultimate load obtained from
the FE analysis lies in between the solutions of Terzaghi
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modulus, b Poisson’s ratio

and Meyerhof. The FE results are higher by 7-26% with
respect to Meyerhof’s solution and lesser by 5-11% with
respect to Terzaghi’s solution. The bearing capacity factors
evaluated using the FEM are also found to be lesser than the
upper bound values of Terzaghi [26] as reported by Griffiths
[9]. It can be stated that the bearing capacity factors of the
strip footing, N, N, and N,, can be computed fairly accurate
using the FEM and they will lie in between the solutions of
Terzaghi and Meyerhof.

Triaxial test

In order to verify the independency of the material models
used in the present study (MC, HS, HSsmall, and SS) on the
ultimate load of the strip footing, the FE model of the drained
triaxial test is analyzed using PLAXIS program. The advan-
tage of symmetry is taken and only one-fourth of the triaxial
specimen is modeled. The model dimensions and boundary
conditions are depicted in Fig. 7. The confining pressure (o)
is simulated using line load function, which is varied as 50,
100 and 150 kPa. The prescribed displacement of 10 mm is
assigned at the top boundary of the model and for computing
the failure stress at Gauss point B, which is selected within the
FE mesh as shown in Fig. 7. The input parameters correspond-
ing to each of these material models are same as in Table 1.
The deviator stress (6,—03) vs. € is plotted corresponding to
the confining pressures of 50, 100 and 150 kPa for all the mate-
rial models (Fig. 8a). It can be seen from the figure that lo,—o;|
reaches to the same maximum value as the axial strain (g,)
increases for all the material models. In the case of lo;—o;|
vs. g, plot for SS model, the initial displacement in the figure
(Fig. 8a) is corresponding to the confining pressure applied.
The stress path is also plotted from the FE results. Figure 8b
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Table 2 Comparison of FE

. . Parameters Ultimate load causing failure (kN) Deviation of FEM results (%)
results with Terzaghi [26] and from
Meyerhof [19] results
Present study Terzaghi [26] Meyerhof [19] Terzaghi [26] Meyerhof [19]
(FEM)
B=1m 102.197 108 87.4 —-5.37 +16.93
B=2m 220.8 240 183 —8.00 + 20.66
B=3m 355.974 396 286 —10.11 +24.47
c¢'=5kPa 130.5 144 994 —-9.38 +31.29
¢" =10 kPa 220.8 240 183 —8.00 + 20.66
¢'=15kPa 308.076 336 266 —-8.31 +15.82
¢'=5° 151.72 166 134 —8.60 +13.22
¢'=10° 220.8 240 183 —8.00 + 20.66
¢'=15° 329.81 358 263 —7.87 +25.40
y =5 kN/m® 184.54 204 171 —9.54 +7.92
y = 10 kN/m® 197.38 216 175 —8.62 +12.79
y =20 kN/m* 220.8 240 183 —8.00 + 20.66
qg=0 220.8 240 183 —8.00 + 20.66
q=25kPa 350.93 375 308 —6.42 +13.94
q =50kPa 478.08 510 433 —6.26 + 1041
Conclusions
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Fig. 7 Simplified geometry of triaxial test and FE mesh with bound-
ary conditions

depicts the stress path corresponding to the MC, HS, HSsmall,
and SS models. It is seen from the figure that the failure stress
attains the same value for all the material models and touched
the failure plane.

@ Springer

In this study, the FE analysis is carried out using PLAXIS
program and the ultimate failure load of the strip footing
resting on c-¢ soil is computed. The sensitivity analysis is
carried out and the effect of variation in strength parameters,
deformation parameters, unit weight of soil, surcharge at
the base level of the footing, and the width of the footing on
the ultimate failure load is examined. The effect of material
models like Mohr—Coulomb (MC) model, Hardening Soil
(HS) model, Hardening Soil model with small-strain stiff-
ness (HSsmall), and Soft Soil (SS) model on the ultimate
failure load of the strip footing is also examined. The FE
results are compared with the analytical solutions of Ter-
zaghi [26] and Meyerhof [19]. Based on the study, the fol-
lowing conclusions are arrived at:

1. The ultimate failure load obtained from the FE analysis
increases with the increase in the strength parameters of
the soil, unit weight of the soil, width of the footing, and
the magnitude of the surcharge at the base of footing.

2. At higher values of the Young’s modulus and Poisson’s
ratio, the ultimate failure load of strip footing is reached
at the smaller displacement. The ultimate failure load
for the given soil will not change with the change in the
deformation parameters of the soil.

3. The MC, HS, HSsmall, and SS models use the strength
parameters as defined by Mohr—Coulomb failure enve-
lope and they compute the same ultimate failure load
for the strip footing. The FE simulations of the triaxial
tests also verify the independency of the material mod-
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Fig. 8 Drained triaxial test results for different material models: a lo—o3] vs. &, b stress path

els used in this study by computing the same failure
stresses. The computation time to reach the ultimate
state of stress is more for the HS, HSsmall, and SS mod-
els as compared to the MC model.

4. The comparison of FE results of the strip footing with
the analytical solutions of Terzaghi and Meyerhof gave
confidence in using the FE analysis for stability analysis
of geomechanics problems.

Recommendations

If the objective of the analysis is to evaluate only the col-
lapse load, it is recommended to use the Mohr—Coulomb
material model in lieu of the other constitutive models used
in this study. For the Mohr—Coulomb model, the compu-
tation time and number of iterations needed to obtain the
ultimate load are less in comparison to the other models like
Hardening Soil model, Hardening Soil model with small-
strain stiffness, and Soft Soil model. A number of input
parameters used in the Mohr—Coulomb model are also less
in comparison to the other models. In order to obtain the
quick results for the determination of collapse load using the
Mohr—Coulomb model in FE analysis, one has to assign the
higher values to the Young’s modulus and Poisson’s ratio.
It is to be noted that the ultimate failure load of the strip
footing is independent of the deformation parameters and
reached its ultimate value at a lesser displacement if the
higher values of Young’s modulus (twofold higher than the
actual value) and Poisson’s ratio (likely range 0.35-0.45)
are assigned.

Appendix 1

Mohr—Coulomb model In Mohr—Coulomb (MC) model, the
yield function consists of principal stresses and strength
parameters of the soil, ¢’ and ¢’ [2]. In the principal stress
space, the Mohr—Coulomb failure envelope represents a
straight line at the intersection with an octahedral plane. It
is shown to provide a good fit to the experimental data in tri-
axial compression and extension. The Mohr—Coulomb mate-
rial model can be used most conveniently in the numerical
simulation. The defining parameters are: the unit weight of
soil, strength parameters (c', ¢', and ), deformation param-
eters (E and v), and K, is coefficient of earth pressure at rest
which is by default taken as 1 — sin (¢").

Hardening Soil model The Hardening Soil (HS) model
is an advanced soil model which is an isotropic hardening
double surface plasticity model, in which the stiffness is
described based on three input stiffness. They are the triaxial
loading stiffness (Es), the triaxial unloading stiffness (E,,),
and the oedometer loading stiffness (E,.4), which account
for the stress dependency of the stiffness values. The HS
model [23] gives more realistic displacement patterns for the
working load conditions, especially in the case of an excava-
tion. The input parameters of HS model are: the unit weight
of soil (y), soil cohesion (c'), friction and dilatancy angles
of soil (¢' and y), triaxial loading stiffness (Es), triaxial
unloading stiffness (E,,,), oedometer loading stiffness (E,,),
Poisson’s ratio (v), power for stress level dependency of stiff-
ness (m), Kgc for normal consolidation, and failure ratio (Ry).

Hardening Soil model with small-strain stiffness The
Hardening Soil model with small-strain stiffness is a modi-
fication of the Hardening Soil model that accounts for the
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increased stiffness of the soil at small strains. This model is
most apparent in working load conditions and gives more
reliable displacements than the HS model. It has the same
defining parameters of HS model with two additional param-
eters, i.e., small-strain shear modulus (G,) and the shear
strain level (y, ;) at which the shear modulus has reduced to
about 70% of the G,,.

Soft Soil model The Soft Soil (SS) model is a Cam-clay
type model especially meant for the primary compression of
near normally consolidated clay type soils, which is better
in capturing the compression of very soft soils. The input
parameters of SS model are: the unit weight of soil (y), soil
cohesion (c¢’), friction and dilatancy angles of soil (¢’ and y),
modified compression index (4*), modified swelling index
(k*), Poisson’s ratio (v), and K for normal consolidation.
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