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Abstract

Placement of shallow foundations near or adjacent to slopes reduces their seismic and static bearing capacities. In this
paper, the seismic behavior of shallow foundations adjacent to sandy slopes has been studied using a two-dimensional finite
element method. Most of the previous studies have focused on upper bound solutions in limit state analysis framework via
pseudo-static loading, and the effects of actual seismic loading such as loading frequency effects, acceleration amplitude
above 0.30 g, non-linear dynamic analysis, and so on are ignored. The shallow foundations are located at a certain distance
from the slope crest (i.e., d = 0.5b, 1.5b and 2.0b). The slope inclination angle studied in this paper is 25° (1 V: 2 H). The
analyzed slope is composed of medium dense sand. The two elastic—perfectly plastic Mohr—Coulomb (MC) and hardening
soil (HSM) constitutive models have been considered to investigate the effect of plastic behavior of the sandy soil.
Innovatively, the actual seismic behavior of the slope, shallow foundation and the direction of the seismic responses have
been studied. The results show that the structural and geotechnical responses of the HSM model are in most cases up to
30% larger and more conservative than the MC model responses. This shows the importance of using the HSM model in

the study of seismic stability of slope and foundation.

Keywords Shallow foundation - Dry sandy slope - Seismic loading - Numerical model - Physical model

1 Introduction

The near-slope shallow foundations, form the support of
the many engineering structures. By positioning the shal-
low foundation in or near the slope, its static and seismic
(i.e., dynamic) bearing capacities are reduced. This is
generally because the soil confinement conditions and
wedge failure formed beneath the shallow foundation in
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level and sloped grounds are fundamentally different. The
values of the all bearing capacity coefficients that consti-
tute the static or dynamic (seismic) bearing capacity rela-
tionships are reduced under these conditions (i.e., slope
condition). In fact, as the slope inclination angle increases,
the coefficients of the shallow foundation bearing capacity
are decreased, correspondingly. Seismic forces can affect
the slope and the near-slope footings in the horizontal,
vertical, or a combination of these directions. Solving the
problem of the horizontal and vertical seismic loading
effects is analyzed using the K, and k,, the horizontal and
the vertical seismic load coefficients, respectively, in the
pseudo-static loading technique in the form of the limit
equilibrium (LE) and limit state analysis (LSA) methods.
Various analytical, numerical, and experimental studies
have shown that generally, the static and seismic bearing
capacity of the shallow foundations within or near the soil
slopes, decreases in comparison with the level ground
condition [1-3]. The problem of the seismic (or static)
interaction between the shallow foundation and the soil
slope is primarily studied by the limit state analysis or limit

@ ﬂ? @ Springer


http://orcid.org/0000-0001-9144-2717
http://crossmark.crossref.org/dialog/?doi=10.1007/s40999-021-00641-9&amp;domain=pdf
https://doi.org/10.1007/s40999-021-00641-9

152

International Journal of Civil Engineering (2022) 20:151-168

equilibrium methods. Most previous studies have used the
pseudo-static analysis to solve this problem [2-5]. For
example, in some studies, the limit state upper bound
solutions have been used to calculate the bearing capacity
of the near-slope shallow foundations using Mohr—Cou-
lomb model parameters [2]. The calculation of seismic or
static bearing capacity of the within or near-slope foun-
dations (using MC strength parameters) by estimating
bearing capacity coefficients such as N., Ny and N, has
been the subject of the most previous studies [6-8]. Of
course, most previous papers, because they have used the
limit state analysis (LSA) method to solve the problem of
slope and shallow footing seismic interaction, have usually
used the Mohr—Coulomb model strength parameters such
as ¢ and .

Indeed, various researchers have studied the seismic
bearing capacity of the shallow foundations. In their
studies, a wide range of main parameters including cohe-
sive soils (clayey soils), granular soils (sandy and gravely
soils), strip foundations and quasi-static dynamic loading
are assumed. For example, the references [6-9], all have
evaluated and studied the seismic bearing capacity of
shallow foundations. Another reference paper [10] calcu-
lated the seismic bearing capacity factors for the spread
foundations. They used the well-known limit state analysis
method to extract the seismic bearing capacity factors.
Seismic bearing capacity factors are evaluated by many
other studies such as [11] (for sloped grounds), [12] (for
dry soils), [12] (for footing settlement effects). The refer-
ence [13] searched the effect of slope vicinity on the seis-
mic bearing capacity of strip footings. Dynamic bearing
capacity factors include coefficients for cohesion (Ny),
footing static surcharge load (Nqq) and soil density (Nyq)
terms in the seismic conditions are often calculated in the
framework of the quasi-static method [14-16] using the
seismic lateral loading coefficient, Kj,.

Seismic bearing capacity factors can be calculated by
extending theories related to the extraction of the same
coefficients in the static state [17] in terms of inertial and
kinematic interaction effects of seismic loads. However,
for sandy soils and foundations with zero embedment depth
(Dy) (i.e., at ground surface Dy = 0, ¢ = YDy = 0), usually
only the coefficient N, needs to be calculated. For example,
the N, for rough strip footing using the method of char-
acteristics has been computed [18]. For the problem of
adjacent or within earthen slope foundations, the two issues
of slope stability and foundation bearing capacity are
intricately combined [19]. In this case, the effects of lateral
soil movement should be considered in setting the coeffi-
cients [20, 21]. The references [22, 23] studies are among
the first studies to estimate the bearing capacity of shallow
foundations in the presence of slope during static loading.
Most of the limit state analysis solutions presented in
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previous studies have focused on limit state upper bound
solutions [24-27] so that the failure loads of the foundation
and slope can be obtained with them.

Certainly, the problem of lateral soil movement on
sloping ground reduces the bearing capacity of both shal-
low and deep foundations [28, 29]. In seismic loading
cases, the effects of numerical analysis method of simu-
lated models and the directions of seismic loading appli-
cation can have a great impact on the final responses of the
full 3D slope problem [30, 31, 33]. In addition, FELA
modeling, which combines the advantages of finite element
method and the limit state analysis of plasticity theory, is
another method used for seismic analysis of the bearing
capacity of shallow foundations [32-34]. Examination of
newer researches reveals that the pseudo-static method has
been used many times in recent years to calculate the
bearing capacity coefficients of shallow foundations during
seismic loading [35-37]. Also, physical modeling using
shaking table [38] and slip lines method [39] are other
common methods of seismic analysis of shallow founda-
tions. In addition, the Newmark sliding block method has
been used in valuable studies as an efficient method for
seismic stability analysis of slopes [40—43].

However, in most of these investigations, the effects of
real seismic loading such as the effects of loading fre-
quency, acceleration amplitude above 0.30 g in time-do-
main, non-linear dynamic analysis type, changes in static
overburden values on the dynamical behavior of the foot-
ing and slope, and the soil constitutive model type due to
the relative density of sandy soil and many others are
ignored. This paper tries to examine some of the mentioned
details of these issues.

2 Methodology of the Numerical Modeling

In this research, two-dimensional finite element method is
used for numerical modeling. This type of calculations can
be performed well by PLAXIS 2D software. The shallow
foundation is considered as strip footing. Due to the
geometry of the sandy slope and the shallow foundation,
the 2D plane-strain framework is used for two-dimensional
modeling. In this case, the strains perpendicular to the 2D
modeling plane are negligible. The strip foundation is
made of reinforced concrete with linear-elastic mechanical
behavior. In fact, the foundation concrete does not enter to
the plastic region (or plastic strains) during seismic
deformations but the soil enters the plastic phase. Rein-
forced concrete strip footing dimensions are 1 m thick
(t=1.0 m) and 2 m wide (b = 2.0 m).
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2.1 Details of the Model’s Geometry

The distance of the outer edge of the shallow foundation to
the edge of the slope crest (d) is selected as a variable and
includes d = 0.5b, 1.5b and 2.0b. In fact, the distance of the
shallow foundation edge varies relative to the slope crest.
The linear-elastic modulus of the reinforced concrete (i.e.,
RC) is assumed to have a common value equal to Egc.
= 25GPa and its Poisson’s ratio is v = 0.15 for high
strength concrete. The specific gravity of the reinforced
concrete is ygre = 25kN/m’ (in terms of the effect of bar
reinforcement on the shallow foundation weight). The
Mohr—Coulomb (MC) elastic—perfectly plastic criterion
under the non-associated plastic flow rule (i.e., assuming
zero dilation angle for sand) was used for modeling the dry
sandy soil. The relative density of the dry sandy slope is
moderate and the soil grain size is fine. The relative density
of this kind of fine sand is quantitatively in the range of
50-60%.

The sand soil parameters obtained from the shear
strength tests are presented in Table 1. Fine meshing is
used to create the finite element meshes to pass the gen-
erated seismic waves properly. The effect of finite element
meshing on seismic results has been measured using very
small and medium size meshes. To analyze the sensitivity
of mesh, three densities of FE meshes, including the
medium, fine and very fine meshes have been used, and
finally the observed difference in responses has been less
than 4%. Subsequently, the very fine mesh density is
selected. It should be noted that 15-node triangular ele-
ments are used to mesh the 2-dimensional (2D) finite ele-
ment models. These types of triangular meshes are well
compatible with 2D plane-strain modeling logic. All cal-
culations in this study can be performed well by a com-
mercial finite element software such as PLAXIS 2D. The
dry sandy slope is statically stable and its stability safety
factor (FS) is greater than one. As the height of the sand

slope increases, its static stability and then its seismic
stability decreases. Higher slopes are always more prone to
rupture and slipping than shorter slopes. In high soil slopes,
rupture can be local or general. Slope rupture and insta-
bility, locally or in general, can reduce effective stresses
under the adjacent slope foundation. By reducing in situ
stresses and reducing the amount of soil confinement under
the foundation, its bearing capacity is reduced. Increasing
the angle of the earth slope also reduces its stability due to
the instability of the materials forming the body of the
slope. As the slope angle increases, the slope grains
material is more likely to slip on top of each other, which
causes the soil to move laterally below the surface footing.
The removal or lateral displacement of sandy soil particles
from the shallow foundation reduces its bearing capacity
due to the reduction of confining stresses.

In fact, instability of the slope and shallow foundation
near the crest of the slope occurs during the seismic
loading. The rigid interface between the reinforced con-
crete footing and the sandy soil has been considered. In
fact, due to the high rigidity of reinforced concrete foun-
dations, the initial assumption of a rigid interface is used.
Due to the parametric nature of the seismic studies of the
present paper and in terms of various parameters, a more
detailed study of the stiffness of the interface location has
been omitted and the value of R in the interface section of
reinforced concrete—sandy soil interface has been assumed
to be one (R = 1.0). In principle, the assumption of a rigid
interface between reinforced concrete foundation and dry
sandy soil is assumed to be the same in all the performed
numerical analyzes.

In Table 1, it must be noted that the unloading-reloading
elastic modulus is equal to three times of the oedometric
(or tangent) elastic modulus (i.e., E,; = 3.0E.q) and secant
elastic modulus is equal to 1.25 times of the tangent elastic
modulus (Esy = 1.25E..q). Moreover, the strength param-
eters of sandy soil including the peak friction angle, @p

Table 1 Introducing the parameters used to define the two MC and HSM constitutive models for the dry sandy slope materials

Sandy soil parameters MC model symbols (unit) HSM model symbols (unit) Values
Angle of internal friction of the soil (Degree)o ok (Degree)o 32.00
Soil cohesion C (kPa) C (kPa) 0.00
Elastic modulus of soil E (MPa) E5o (MPa) 42.50
Poisson’s ratio of soil Vv 1% 0.20
Dilatation angle of soil s (Degree) s (Degree) 0.00
Specific gravity of dry sandy soil v (KN/m?) v (kN/m>) 16.00
Elastic modulus of tangent or odometer - E,. (MPa) 34.00
Elastic loading—unloading modulus - E,. (MPa) 102.00
The coefficient of earth pressure at rest, K, - Ko 0.47
Hardening dependency on stress level coefficient - M 0.50
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Fig. 1 Results of the consolidated-drained triaxial test (CD test) on the fine sand for soil sample with 55% relative density
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Fig. 2 Results of the consolidated-drained triaxial test (CD test) on the fine sand for soil sample with 55% relative density

and cohesion, ¢ are derived from consolidated-drained
triaxial test on the soil samples under different overburden
conditions (Fig. 1). Furthermore, the sandy soil stiffness
parameters including the secant elastic modulus (i.e., Esg)
is extracted from the consolidated-drained triaxial tests
(i.e., CD tests) for different depths (i.e., different soil sur-
charge stresses). However, the reference values for the
strength parameters (including C™, ¢™') and the stiffness
parameters (including E™'.,) all are considered in a refer-
ence mean pressure of 100 kPa (i.e., pref = 100 kPa, see
Fig. 2). In Table 1, note that all the parameters required to
define the two constitutive models of MC and HSS have
been obtained by performing shear strength tests on fine
sandy soil. In these experiments, the relative density of
sandy soil and the reference pressure (i.e., p™') applied are
considered as two key factors. Also in Table 1, m-power
parameter is approximately 0.5 for granular soils and about
one for cohesive soils. Parameter m shows the dependence
of soil stiffness on the stress level and soil strength

M
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parameters. The m-power achieves a non-linear and
hyperbolic relationship between stiffness and stress level in
soil. In cohesive soils, such as clay, stiffness is generally
not a non-linear function of stress level, but in granular
soil, stiffness is a function of confinement and overhead
stresses. Also, the coefficient of earth pressure at rest, K is
assumed to be equal to Ky = 1-sin@,. On the other hand,
due to the fine-grained sandy soil and its low relative
density, the assumption that the dilation angle is close to
zero is largely true. Table 2 presents the yield (i.e., f-
function) functions of the Mohr—Coulomb (MC) and
hardening soil (HSM) constitutive models. It should be
noted that the yield functions of these models as well as the
yield cap of the HSM model are provided in the p’-g stress
space.

Figure 3 illustrates the geometry of the whole model
under study. The reference point A is right on the edge of
the slope crest as a key point in recording the time-history
responses in subsequent sections of the paper. As shown in
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Table 2 Yield functions/surfaces of the used two soil constitutive models

Constitutive models

Yield or plastic potential function (f or g, respectively)

Mohr-Coulomb (MC)
(0 is the Lode’s angle)
Hardening soil model (HSM)

(o and B are the cap parameters, 7y, is the plastic hardening parameter)

f= (\/gcose — sin@sin(p)q — 3'psing — 3ccosp =0

Fef #=—d - ) ~ 24

F=trz—i 4 ~af =g B

Cap yield surface: g="01—"03
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Fig. 3 Geometry and static-seismic boundary and initial conditions (Fine mesh case)

Fig. 3, the shallow foundation with width b is located at the
distance d from the crest of a dry sandy slope. Due to the
parametric nature of the numerical modeling of the present
study and addressing other important variables such as
static surcharge load variations and the type of the soil
constitutive model, the setback distance d in all of the
study was varied as 0.5b, 1.5b and 2.0b. According to
Fig. 3, the seismic load is applied as the acceleration time-
history record of Tabas near-field earthquake in the bed-
rock of the slope numerical model in the lowest height
level.

Numerical modeling of the problem is performed in
three distinct and successive phases. In the first phase, the
static model of the slope is defined and executed. In the
second phase, the in situ static condition of the slope

model, shallow foundation, and a static vertical surcharge
load are produced. In the third phase, the dynamic loading
is applied to the final stabled model of the second phase.
The static boundary conditions in the static phases include
the roller support on the left and right sides of the
numerical model and the fixed support on the bottom level
of the numerical model. Dynamic boundary conditions in
the third phase of numerical modeling include the adsor-
bent boundaries on the walls and the bottom of the
numerical model. Absorbent boundaries have been applied
to the 2D finite element model to prevent the return of
seismic waves into the numerical model. The return of
seismic waves into the numerical model cause some un-
wanted errors in the final analysis results.

2
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Fig. 4 Schematic and real form of the experimental model of Castelli and Lentini’s (2012) study [1], including: a 2D geometry, b 3D shape, and

c real image of dry sandy slope model
2.2 Verification of Numerical Modeling

2.2.1 Verification of the Numerical Modeling in the Static
Step

The closest existing study to the subject of this research has
been used to validate the results of the static step of the
numerical modeling of the present paper. Accordingly, the
results of the experimental study performed by reference
[1] are used. According to Fig. 4, a 30° sandy slope forms
the experimental model for this study. Dry sand with a
relative density of 78% and an internal friction angle of 38°
is placed into a physical modeling box, layer by layer. The
maximum specific gravity of sandy soil was measured as
17.5 kN/m>. Two square and strip footing models have
been used in reference [1] study, to approximate the
numerical results of the present paper, the diagrams of the
output of the plane-strain model of the strip footing phys-
ical model is used to get closer to the numerical models.
Strip foundation model in reference [1] were made of
rough surface steel plates. All the experiments were per-
formed on dry sandy slope samples made from Playa
Catania sand collected from Italy. The width of the strip
foundations B is equal to 4 cm. Sandpapers are attached to
the bottom of the steel shallow foundation model to pro-
vide the sufficient friction between the footing physical
model base and the dry sandy soil. The numerical modeling
of a number of physical models of this study is imple-
mented to validate the numerical results of the present
study. During the validation process, the linear-elastic
criterion was used to model the steel plate shallow foun-
dation model and the soil behavior has been simulated

2
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Fig. 5 Results of deformation and distribution of shear strains for the
validation model with steel footing dimensions B =4 cm and
distance d = 16 cm

using the Mohr—Coulomb (MC) model. It should be noted
that the process of simulating the physical model of a strip
foundation relied on a sandy slope is fully consistent with
the two-dimensional assumptions of the plane-strain
models.

Figure 5 is an example of a numerical model, created to
validate the present paper static step model results. Fig-
ure 6 shows the results of the deformation and shear strain
distribution for the validation model with strip footing
dimensions B =4 cm and distance d = 16 cm. Three
adjacent distances equal to 16, 30 and greater than 30 cm
are considered for parameter d. According to Fig. 6, the
load—settlement curve derived from the validation of the
reference paper’s [1] experimental model is simultaneously
shown by the results of the numerical modeling of the
present paper. As shown in Fig. 6, there is a good
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Fig. 6 Load-settlement curve derived from the validation of the
selected reference paper [1] experimental model test results

agreement between the experimental results obtained by
the reference paper [1] and the 2D-FEA numerical findings
of the present study for the strip footing model.

a(g)

2.2.2 Verification of the Numerical Modeling
in the Dynamic Step

The results of the horizontal and vertical deformations of a
seismic model have been used to verify the numerical
models of the research as well as the software and selected
numerical method of the present study (in the seismic
loading phase). For this purpose, a model similar to and
close to the numerical model of the present study was
presented in the reference paper of Ausilio and Zimmaro
(2015) [35] in which a seismic design of a shallow foun-
dation with a width of 2.0 m located at the edge of the rock
slope by the elasto-plastic Hoek—-Brown constitutive model
with the parameters similar to the Mohr—Coulomb model is
considered and used. The seismic loading of this model
includes the record of the Northridge earthquake in 1994
(at Griffith Park station) with a duration of about 45 s
(Fig. 7b). The maximum acceleration of this earthquake is
measured for seismic load equal to PGA = 0.289 g. Also,
the selected slope is a 45.0° rock slope with a shallow
foundation located right at its crest edge. More complete
specifications of this model are given in the selected ref-
erence article [35]. The diagram of the horizontal and
vertical deformations of the point M (Fig. 7a) in the model
of this slope [35] is extracted and plotted in terms of
seismic loading time (second unit) and displacements
(centimeter units). However, the specific unit weight of the
rock materials is equal to 20 kN/m>. The linear static
surcharge load is set at 8200 kN/m.

Figure 8 displays a relatively good agreement between
the results of the selected reference paper model dis-
placements [35] and the two-dimensional finite element
modeling findings (2D-FEA) of the present study. On the

(b)

0.15 1

-0.15 1

Fig. 7 Details of reference model of the reference [35] analyzed in the dynamic step verification: a problem’s geometry, b Northridge earthquake

input motion
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Fig. 9 Time-history and frequency distribution (FAS) graphs of the
used input motion: a acceleration time-history, b Fourier amplitude
spectrum (FAS)

other hand, the difference in the results can be due to the
FE meshing effects as well as the static and dynamic
boundary conditions of the numerical modeling.

2.3 Input Seismic Motion Details
In most previous papers related to this topic [6—12],
pseudo-static simplified loading has been used and the

horizontal seismic load factor (Kj,) is typically considered
less than 0.30, in the range of 0.1-0.25. In this study, both
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the real seismic loading and the non-linear dynamic time-
history analyses are applied. Accordingly, based on
Fig. 9a, the longitudinal component record of the Tabas
earthquake is scaled to 0.35 g (i.e., acceleration amplitude)
at the near-fault station of Tabas. The Fourier amplitude
spectrum (FAS) of this earthquake record can be seen in
Fig. 9b. According to Fig. 9b, the predominant frequency
of the Tabas earthquake is generally between 1 and 1.5 Hz.
As can be seen in Fig. 9a, the earthquake record time
duration is about 33 s. The main purpose of this study is
not to focus on the frequency behavior (i.e., f values) or
seismic loading predominant period (Tp) and only to
compare the time-history behavior of the two different
constitutive models for the shallow foundation-sandy slope
problem. But on the other hand, the seismic loading input
has been selected in such a way that it has the ability to
create non-linear and plastic deformations in the sandy
slope and even in the reinforced concrete (RC) foundation.

3 The outputs of Numerical Modeling

The expansion/development of the plastic strain zones
around and below the shallow foundation and on the slope
oblique body can provide useful information on the static
and seismic behavior of the shallow foundation-slope set.
Therefore, Fig. 10 shows how the shear strain zones extend
around the shallow foundation (for most critical distance
case d = 0.5b) and on the slope with increasing the static
surcharge load.

3.1 Extension of the Plastic Zones Below
the Foundation and on the Slope

The contours shown in Fig. 10 are the results of the Mohr—
Coulomb model static pre-analysis phase and just before
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Fig. 10 The development of the shear strain zones around the shallow foundation and on the slope with increasing the static surcharge load (for

case: d = 0.5b)

the seismic loading. According to Fig. 10, with increasing
the static surcharge load, the maximum shear strain zone is
shifted from the slope surface to under the shallow foun-
dation with higher/concentrated shear strains. The main
reason for this is that the concentration and amount of shear
strains are transferred from the surface area of the slope to
the beneath of the shallow foundation by increasing the
static surcharge load. It is true that at lower surcharges, the
sloping part also has a shear strain distribution, but its
values are much lower. In fact, not only the pattern of shear
strain propagation on the slope is important, but also the
quantitative values of each strain expansion/development
pattern below the footing and in the oblique body of the
slope are also very important. Indeed, with increasing the
static surcharge loads, the actual shape of the soil failure
beneath the shallow foundation is better displayed.

Figure 11 illustrates how the plastic zones extend
around the shallow foundation and on the slope with
increasing the overburden. Accordingly, with the increase
of the static surcharge load, the triangular wedge beneath
the surface of the strip shallow foundation is further
expanded and more points of that become plastic.
According to Fig. 11, in all cases, three concentric

triangular wedges are formed beneath the shallow foun-
dation. The first (i.e., the smallest wedge) triangular wedge
is formed just below the strip shallow foundation. The
second wedge (i.e., the medium-sized wedge) is formed in
the perimeter of the first wedge and the third wedge (i.e.,
the largest wedge) is in the second wedge perimeter. In
addition to the wedges beneath the shallow foundation, as
shown in Fig. 11, more points on the slope surface expe-
rience plastic yielding by increasing the static surcharge
load.

Figure 12 shows the extension of plastic zones around
the shallowoundation and on the slope with increasing the
surcharge load in the HSM. s shown in Fig. 12, most of the
sloping part of the numerical model undergoes plastic
hardening. Some points of the slope with plastic hardening
are marked with green-colored squares. The Mohr—Cou-
lomb model elastic-perfect plastic zones under the shallow
foundation (i.e., red-colored hollow squares) are also
expanded further with increasing the static surcharge load
under the shallow foundation zone.
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P=250kN

=200kN
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Fig. 11 Extension of the plastic zones around the shallow foundation and on the slope with increasing the static surcharge load (for case:

d = 0.5b)

=100 kN

Plastic points
[ Mohr-Coulomb point FH Cap point

[JTension cut-off point [{]Hardening point B Cap & Hardening point

Fig. 12 Extension of the plastic zones around the shallow foundation and on the slope with increasing the surcharge load in the HSM (for case:

d = 0.5b)

3.2 The Structural Behavior of the RC Strip
Foundations in Terms of Load-Deformation

To investigate the load-deformation behavior of the shal-
low foundation, the structural outputs are considered.
Structural outputs mainly include bending moments, axial
and shear forces. Moreover, the deformation and shear
strain under the shallow foundation illustrate the interac-
tive behavior of the shallow foundation and slope. The

2
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value of the setback distance d in these diagrams is variable
according to the width of foundation, b and is equal to the
distances of 0.5b, 1.5b and 2.0b, respectively. The fol-
lowing figures (i.e., Figs. 13-18) have been used for
comparing the MC and HSM constitutive models results.
According to the engineering judgment, these internal
effort parameters are variable during the seismic loading
time per second and the purpose of their presentation was
to compare the differences for the two constitutive models
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Fig. 13 Changes in dynamic bending moments produced in the
foundation for the static surcharge load changes

MC and HSM without and with the assumption of strain
hardening, respectively. Regarding sandy soils with low-to-
medium relative density, the problem of strain hardening
and contraction shear can have significant effects on the
final results. In the findings of this paper, this difference
between the results of the two constitutive models is evi-
dent. In fact, none of the results show relative or complete
compliance.

Figure 13 reveals how the dynamic bending moment
produced in the foundation changes as the static surcharge
load changes. Accordingly, the MC model bending
moment is slightly higher in most static surcharge loads for
small setback distances d than the bending moment created
by the HSM model. Due to hardening strains, more seismic
energy reaches the soil and the foundation, therefore, the
internal efforts such as bending moment is reduced.
According to Fig. 13, with increasing the static surcharge
load, the dynamic bending moment in the foundation
increases with an upward trend. According to this diagram,
with increasing the distance d of the foundation from the
edge of the slope’s crest, a small amount of bending
moment in the foundation has increased. The reason for

60
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Fig. 14 Dynamic axial force changes produced in the foundation for
the static surcharge load changes
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Fig. 15 Dynamic shear force changes produced in the foundation for
the static surcharge load changes

this is that by increasing the distance of the foundation
from the slope crest, more amounts of stress are transferred
to the reinforced concrete body of the foundation, because
the deformation of the slope neutralizes and dissipates
greater part of the forces on the shallow foundation. In
interpreting Fig. 13 in relation to the following Figs. 14
and 15, due to the effect of the direction of seismic wave
propagation in comparison to the directions of the axial
force, shear force and bending moment, sufficient attention
should be paid.

Figure 14 shows the dynamic axial force changes pro-
duced in the shallow foundation for static surcharge load
changes and Fig. 14 indicates the dynamic shear force
changes produced in the footing for the static surcharge
load changes. According to Figs. 14 and 15, the behavior of
axial and shear forces in the shallow foundation is not
similar to that of the bending moment in comparison with
the previous diagrams in Fig. 13. The axial and shear
forces obtained by the MC constitutive model are slightly
higher than the HSM model. However, the reason of which
is similar to the cases reported for the bending moment in
previous Fig. 13. According to Figs. 14 and 15, with the
increase of static surcharge load, the dynamic axial and
shear forces of the rigid foundation increase with an
ascending trend. As shown in Fig. 14, with increasing the
distance from the slope crest, the dynamic axial force in the
foundation decreases due to the reduction of the effect of
unbalanced slope lateral stresses on the foundation and its
internal forces.

According to Fig. 15, with increasing the distance of the
foundation from the crest of the slope, the shear force in the
foundation has almost increased. The main reason for this
is in the direction of shear forces, which by moving away
from the slope crest, the shear reaction reaches the shallow
foundation more, and the main direction of seismic loading
and creating shear stresses is also produced in the same
direction of shear forces. However, in interpreting the
shapes of this section figures, we must pay attention to the
difference between the direction of axial and shear forces

@ ﬂ} @ Springer



162

International Journal of Civil Engineering (2022) 20:151-168

generated in the foundation compared to the direction of
propagation of the earthquake shear waves. Basically, the
nature and direction of the axial and shear forces in the
foundation as well as the seismic bending moment in it are
completely different, therefore, the diagrams have created
contradictory trends and patterns.

Figure 16 displays the changes in the static horizontal
(lateral) displacements produced in the slope in return to
the static surcharge load changes for two different consti-
tutive models. The content presented in explaining previ-
ous Figs. 13, 14, 15 is realized in diagrams shown in
present Figs. 16, 17, 18. So that, in the all cases, the
deformation and shear strains produced by the HSM model,
are larger than the conventional MC model responses. In
fact, the seismic behavior and the responses of the two MC
and HSM constitutive models are quite different in previ-
ous Figs. 13, 14, 15 and present Figs. 16, 17, 18 and exactly
the opposite of each other, respectively. Figure 17 shows
the vertical static displacement (i.e., settlement) produced
in the foundation versus the static surcharge load changes
and Fig. 18 shows the changes of static shear strains pro-
duced under the foundation against the static surcharge
load changes. The justification for this will be in line with
what has been said before. In fact, the possibility of more
deformation and strain occurs that prevents from the
accumulation of seismic forces in the shallow foundation
and creates less internal effort. The occurrence of dis-
placements and strains with an increasing trend helps to
unloading as much as possible from the foundation. The
occurrence of this seismic unloading has led to a reduction
in the amount of internal effort in the foundation, including
bending moment, axial force and shear force in the previ-
ous figures (see previous Figs. 13, 14, 15).

3.3 Seismic Behavior of Sandy Slope Crest

In this section, the behavior of the acceleration responses
and the seismic displacements of the elastic—perfectly
plastic Mohr—Coulomb (MC) and hardening soil (HSM)
constitutive models are compared (for case d = 0.5b). The
vertical static surcharge load variations are also considered
to have a better comparison between the results. For this
purpose, three different surcharge loads of 50, 200 and
300 kN are considered to extract the outputs of this sec-
tion. Figure 19 compares the horizontal and vertical
acceleration time-history responses of the two MC and
HSM constitutive models for different static surcharge
loads in most critical case with d = 0.5b. According to
different parts of this figure, the response of the HSM is
larger than that of the MC model. The main reason for this
is the occurrence of plastic strain hardening in the HSM
model compared to the MC model. In addition, the dry
sandy slope undergoes geometric hardening (i.e.,

@ i!; @ Springer

decreasing the inclination angle of the slope) during seis-
mic loading. Therefore, estimating the behavior of the soil
slope seismic model by a model involving the soil strain
hardening will be more accurate.

Figure 20 shows the frequency response diagrams
including the Fourier amplitude spectrum for horizontal
accelerations (left column) and vertical accelerations (right
column) of previous Fig. 19 according to the change in the
soil constitutive model and the amount of static surcharge
load on the shallow foundation. According to this fig-
ure and similar to the time-history response of accelera-
tions in the previous Fig. 19, the hardening soil constitutive
model also gives larger frequency response amplitude. The
reason for this is basically because the acceleration
responses of the HSM model in the time-domain are larger
than the acceleration responses of the MC model, so the
frequency amplitude responses are also larger. In fact, the
amplitude of responses of the time-domain and the fre-
quency-domain are directly related. Also, according to
Fig. 20, the amplitude of the vertical acceleration respon-
ses (i.e., ay) is greater than the amplitude of the horizontal
acceleration responses (i.e., ay). The main cause of mag-
nification in the vertical acceleration response (ay) is due to
its direction and its alignment with the direction of static
surcharge loading on the shallow footing.

Figure 21 compares the horizontal and vertical dis-
placement time-history responses of the two MC and HSM
constitutive models for different static overburdens in most
critical case d = 0.5b. By comparing the two right and left
columns in these figures, it becomes clear that the hard-
ening soil model (i.e., HSM) always exhibits larger hori-
zontal and vertical deformation responses than the elastic—
perfectly plastic MC model. The reason is that the HSM
model’s strain range enters the strain hardening phase and
causes larger deformations; however, the MC model does
not have such strain ranges during seismic loading occur-
rence. According to sections (a)—(f) of Fig. 21, the occur-
rence of strain hardening has increased the values of the
soil slope permanent plastic displacement responses.

4 Summary and Conclusion

In this study, the real dynamic behavior of the shallow
foundation was constructed on dry sandy slope is studied,
innovatively. Numerical and experimental modeling results
were used to perform the present study and to validate its
findings. The plane-strain 2D finite element models of the
strip footing are created near the slope crest. The depth of
foundation embedment is assumed to be zero (i.e., footing
on the soil surface) and just above the ground. Two soil
constitutive models include the MC and the HSM models
have been considered for modeling the dry sandy slope
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Fig. 19 Comparison of the horizontal and vertical acceleration time-history responses of two MC and HSM models for different static surcharge

loads (for d = 0.5b case)

with static surcharge load changes of the strip foundation
under 50 kN load steps. The ranges of internal efforts of the
shallow foundation (including axial forces, shear forces,
bending moments and etc.) and the horizontal and vertical
displacements of the slope and foundation are the main
parts of the practical findings of the present paper appli-
cability. Changes in these parameters have been evaluated
for two widely used soil constitutive models, MC and
HSM, and the degree of difference in the responses has
been objectively determined. For accurate seismic design
of a shallow foundation adjacent to a slope, it is necessary
to determine the amount of internal effort such as bending
moments and shear forces that have been considered in this
research. The overall results of the numerical studies of this
paper are as follows:

M
@ x[} @ Springer

1- With the increase of static surcharge load, the shear
strain zone shifts from the slope oblique surface to beneath
of the shallow foundation and it is concentrated there.

2- In most of the steep part of the slope numerical model
the plastic hardening area has been developed. The elastic—
perfectly plastic Mohr—Coulomb (MC) zone under the
shallow foundation (i.e., the red-colored hollow squares)
has also expanded further under the foundation with
increasing the static surcharge load.

3- The response of the structural internal effort of the
reinforced concrete shallow foundation such as bending
moment, axial and shear forces in the HSM is usually
larger than that of the MC model. This is due to the dif-
ference in the nature of the strain hardening behavior of the
HSM.
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Fig. 20 Fourier amplitude response spectra for horizontal (a, ¢, d) and vertical (b, d, f) acceleration responses due to different surcharge loads

including P = 50, 200 and 300 kN/m

4- The responses of the horizontal and vertical defor-
mations and shear strain of the HSM model are usually
larger than that of the MC model. This is due to the
presence of plastic strains within the hardening zone of the
stress—strain elastic—plastic behavior of the HSM model.

5- The horizontal and vertical acceleration responses of
the HSM model at most moments of seismic loading are
greater than the MC model. In fact, the overall pattern of
seismic behavior of the acceleration response of the HSM
and MC models is similar to their seismic responses in
terms of seismic displacements and shear strains. The
responses of the both time and frequency domains of the
acceleration outputs of the HSM model are larger than the
responses of the MC model.

6- The HSM hardening soil model looks more conser-
vative and better, because it produces larger deformations
and seismic responses than the MC model. The larger

responses of the HSM model are evident in the studied
parameters of acceleration, strain, internal effort of the
shallow foundation, and slope/footing displacements in
most cases. Therefore, the MC model responses are less
conservative than the HSM model, although it may provide
a more efficient engineering design. Given that the HSM
model provides larger structural and geotechnical respon-
ses in most cases compared to the MC model for the
problem of slope and shallow foundation seismic loading,
it seems that this model is more compatible with the reality
of the problem and use it as a priority in numerical mod-
eling over the MC model.

7- The basic topic of this paper was the use of non-linear
time-history dynamic analyses along with constitutive
model changes and surcharge load parametric condition
variations, which have been nearly discussed in previous
studies. Usually, previous studies have used the pseudo-
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Fig. 21 Comparison of the horizontal and vertical displacement responses of the slope in the two MC and HSM models for different surcharge

loads (for d = 0.5b case)

static analysis to solve this problem, While, this paper used
the real non-linear time-history analyses. The practical
application of this research is that engineers and
researchers calculate and compare the differences in the
response of constitutive models in both structural and
geotechnical domains for a real seismic slope-footing
model. It should also be noted that actual seismic loading
must necessarily include the time and frequency changes of
a given earthquake record.
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