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In many engineering constructions, the foundations should be built adjacent to each
other. Therefore, the effect of interfering of close foundations should be considered in
the design stage. In this research work, the effect of interference of closely separated
foundations resting on a slope on the elastic settlement is investigated by considering
a semi-analytical solution. The distribution of stress due to the footing pressure in the

2021 slope is computed by a proposed Airy stress function, and then by employing the finite
difference scheme, the displacement of the footings is calculated. The results obtained
show that by increasing the distance between the foundations, the interference
influence on the ratio of settlement will be diminished. However, this behavior is
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highly linked to the slope characteristics. For a slope with a height of 10 times of
footing width, beyond an S/B ratio larger than 10, the effect of interference is not
tangible, and the footings behave like an isolated foundation. By decreasing the slope
height, this behavior will occur at a lower S/B.

1. Introduction

The foundations built adjacent to the slope are
common in the engineering practice [1], and in
many practical construction projects, the
foundations should be built near each other. In this
case, the interference between two adjacent
footings may lead to a damage to the structures.
When it comes to the safety of the foundations, two
different views exist: investigating the bearing
capacity and studying the settlement of the
footings. Many published research works exist in
the literature that have focused on the effect of
interfering of footings resting on the horizontal
ground surface. However, the investigation on the
effect of interfering of close foundations resting on
a slope has not drawn much attention, especially in
the case of studying the settlement.

Stuart [2] has studied the interference of
foundations based on the limit equilibrium method
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for the first time. He illustrated that by increasing
the spacing between the adjacent footings, the
interference effect would diminish, and the
footings behaved like an isolated foundation. He
also introduced the factors of efficiency for the
bearing capacity. The influence of interference of
closely separated foundations on the bearing
capacity has been studied experimentally by Das
and Larbi-Cherif [3]. Their outcomes manifested
that by increasing the spacing between the adjacent
foundations, at first, the value of bearing capacity
would rise and then drop. Once the spacing of the
foundations reaches 5 to 6 times of the foundation
width, the footings behave like an isolated
foundation. Graham et al. [4] have studied the
interference effect of three nearby footings. They
showed that by decreasing the distance between the
foundations, the failure load would increase.
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Kumar and Ghosh [5, 6] have investigated the
impact of interference of two footings on the
ultimate bearing capacity by considering the upper
bound theory. Their results showed that the bearing
capacity was linked to the distance between the
foundations as well as the soil friction. Mabrouki
et al. [7] have investigated the bearing capacity of
the foundations that were placed close to each other
numerically. They proposed the efficiency factors
related to the soil cohesion, footing load, and unit
weight of the material. Ghosh and Sharma [8], by
employing the theory of elasticity, have studied the
interference effects of two nearby foundations on
the settlement by considering the different factors
such as the elastic moduli, layer depth, and
surcharge load. Alimardani Lavasan and Ghazavi
[9] have studied two adjacent circular and square
foundations on the reinforced and unreinforced
sand experimentally. They reported that
reinforcing the sand led to an increase in the
ultimate bearing capacity (25-40%); however, the
settlement of the foundations also increased to
about 60—100%. Javid et al. [10] have numerically
investigated the effect of interfering of two
foundations built on the rock mass. They
investigated the effect of the Hoek-brown failure
criterion factors on the bearing capacity. Shamloo
and Imani [11] have used the upper bound theory
in order to study the influence of numerous factors,
for instance, the spacing between the foundations,
Hoek-Brown failure criterion parameters, rock
mass unit weight, and surcharge loading on the
bearing capacity.

The above-mentioned investigation is related to
the development of the bearing capacity and
settlement of close foundations resting on a half-
space. However, the study of the interference
effects of foundations resting on a slope has not
been found to be explored much in the literature.
Many engineering structures are required to be
built close to a slope [12]. Also, sometimes, in
urban areas, the footings are built adjacent to an

Journal of Mining & Environment, Published online

excavation for the basement construction of high-
rise buildings [13]. Therefore, the study of the
safety of the footings resting on a slope is amply
clear. Consequently, this work aims to present an
analytic method for evaluating the settlement of the
foundations resting on a slope. Indeed, such
analytical solutions could give an insight of how
ultimate results are affected by different factors,
and may be used as a fast solver with high accuracy
compared to the other methods [16, 17].

In order to investigate the elastic settlement of a
foundation in the presence of other foundations, at
first, the stress distribution within the slope due to
two nearby footing loads will be analyzed based on
the theory of elasticity and the integral
transformation method, and then using the finite
difference scheme, the settlement of the
foundations will be investigated. In the present
work, the footings were considered as shallow
foundations with no embedment, the boundary of
slope and foundations was presumed as a rough
interface, the elastic and homogeneous material
was considered for the slope, and the applied
pressure by footings were considered to be such
that the slope’s material did not trespass the elastic
regime as defined by Maheshwari and Viladkar
[14] and Zhu et al. [15].

2. Details of analysis

Applying the Airy stress function, ¢, is a well-
known method in the theory of elasticity in order to
obtain the stress and displacement distribution in
2D engineering problems. Equation (1) represents
a bi-harmonic equation, and it satisfies the
compatibility and equilibrium equations.

* 10 1Y
[&_2+757+7592] =0 M

The schematic representation of the problem is
illustrated in Figure 1.

kl} %
Fig. 1. A schematic representation of two foundations resting on a slope.
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By finding the proper Airy stress function that
satisfies Equation (1) and the problem boundary
conditions, as presented in Equation (2), the stress
state can be defined by the derivative of the Airy
stress function, as illustrated in Equation (3).

GQZf(r):Pa 0:0{,
X,<r<x,
GQZf(r):Pa 0:0{,

X, Sr<x,

0,=0,0=-a
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Based on the complex integral transformation
rule, namely the Mellin transformation, the authors
proposed an Airy stress function in order to study
the toppling-slumping failure of the rock slope [18]
and finding the bearing capacity of the shallow
footing resting on the slope [19]. This proposed
transformed Airy stress function is introduced in
Equation (4), and will be used in this work in order
to find the stress state within the slope due to two
nearby foundation loads.

In Equation (4), F(z) is the loading of foundation.
In this work, in order to consider the two
foundation loads, a step function, ¢, has been used,

T,0=0,0==a 2 as shown in Equation (5).
By considering the inverse Mellin transformation
a2¢ rule [20], as presented in Equation (6), the stress
Oy = o2 components in the real space can be defined by
r Equation (7).
1op 1 0¢p
o, =——+— 3)
" ror r’oe’
q)( 0)_ F(z) zsin (za)cos(z +2)0—(z +2)sin(z +2)acos(z€)+(z +2)cos(z +2)asin(29)—zcos (za)sin(z +2)9
B FY ) (z +1)sin(2a) +sin2(z +1)a (z +1)sin(2a) -sin2(z +1)a 4)
| i 1 1 2 i 2
F(z)=|" —1) t(x =x,) |x*Vdx = —1) x ** 5
O R T ey B9 ®
1 c+io
o, =—— ®(z,0)z (z +1)r " %dz
0= 2t o0 (= +1)
. 2
o, =—1 z@(z,@)—szz’e) r 7z
27i Je-iw do
1 fetied D(z,0) i
T = z+1)r~7dz
s ey e CR) (6)
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Equation (7) is a meromorfic function, and has a
single pole, and therefore, a line integration method
along the z = -1 path is considered here to obtain
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the stress state. Equation (8) is the outcome of the
line integration method.
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The functions f; to fs and the Residue value are
presented in Appendix A. The integrals of
Equation (8) could not be solved analytically, and
therefore, we used the Filon numerical integration
technique in order to obtain the stress components
[21]. In order to calculate the Airy stress function
and more details about the procedure of finding the
stress components, the interested researchers are
referred to the authors’ recently published works
[19, 18]. Also in the proposed Airy stress function,
the role of gravity was neglected. Hence, to take the
effect of gravity into account, the gravitational
stress components within the slope proposed by
Goodman and Brown [22] were added up to the
stress components computed from the proposed
solution by considering the superposition scheme.
Figure 2 illustrates a comparison between the
outcome of the analytical solution and the stress

components predicted using the Abaqus FEM
software. 3260 triangular elements were
considered as mesh generation in FEM. Also the
Poisson’s ratio, Young’s modulus, and material
unit weight were assumed as 0.3, 1 GPa, and 20
KN/m’, respectively.

Two cases were considered. In the first case, first,
the footing was rested on a 45° slope with a zero
distance from the crest (i.e. A = 0), and secondly,
footing was modeled with a 0.5 m spacing from the
first one (i.e. S = 0.5 m). In the second case, first,
the footing was rested on a 60° slope with a zero
distance from the crest, and secondly, the footing
was modeled with a 2 m spacing from the first one.
As it can be seen, there is a very good agreement
between the outcome of proposed method and
those predicted using the Abaqus software.
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Fig. 2. Comparison of stress distribution between the proposed solution and the Abaqus software (a) 45° slope
withA=0and S =0.5mat Y = 0.5 m (b) 60° degree slope with.=0and S=2 mat X =1 m.

By finding the stress state, the strain was
calculated through Equation (9) by considering the
plane strain condition.

(0, ~v0,5)) o

€y

In order to find the settlement of the foundations,
the finite difference method was used in order to
obtain the displacement based on the distributed
strain in the slope. The slope was meshed, and at
each grid point, the vertical displacement was
computed using Equation (10). In this equation, 4,
i, and u represent the mesh size, number of steps,
and vertical displacement, respectively.

_ou _u(y+ih)-u(y,)
oy ih
Based on the method proposed by Ghosh and
Sharma [8], a sensitive analysis was performed in
order to obtain the displacement by considering the
various sizes of the mesh, and the results obtained

manifested that beneath the mesh size 0.05 m, no
significant change in the outcomes could be

(10)

noticed. Therefore, in this work, a mesh size of
0.05 m was considered.

3. Results and Discussion

In this work, the settlement of the first footing
under the interference effect was normalized by
that of an isolated footing without the second
effect, introduced as {.

The height of the slope was considered as 10, 5,
and 1 times of the footing width and the slope
angles of 90°, 80°, 70°, 60°, and 45° were assumed.
The values of 0, 0.5, 1, and 2 times of the footing
width were taken into account as a space of the first
footing from the slope crest. The spacing between
two nearby footings was considered as 0.5, 1, 2, 4,
6, 8, and 10 times of the foundation width. It should
be noted that in this work, the footings width as
well as the footing loads were assumed to be equal.
Figure 3 represents the variation in the settlement
ratio with the normalized spacing between the
footings for different spacings of the first
foundation from the slope crest and the different
normalized heights of the 90° slope.
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@

Fig. 3. Variation in the settlement ratio with the normalized spacing between the footings for 90° slope at (a) A =
0,(b),=0.5,(c) h=1, and (d) A=2.

As it can be seen, the largest { is related to the
right side of the foundation. By increasing the
spacing of the footings, the curves will approach to
a unit value. This is due to the fact that by
increasing the spacing of the foundations, the
interference effect will diminish, and at a large
spacing, both footings behave as an isolated
foundation placed on a slope. However, this
spacing (i.e. the spacing after which the behavior
like an isolated footing will be observed) is
completely related to the height of the slope. As it
is manifested in Figure 3, in the slope with a height
of 10 times the footing width, beyond the S/B ratio
greater than 10, the ratio of settlement reaches the
unit value. However, for the cases of the slopes
with normalized heights of 5 and 1 times the
footing width, this behavior occurred at the S/B
ratio equal to 6 and 4, respectively. Also by
increasing the spacing of the first foundation from
the crest of the slope, the settlement ratio of the left
and center of the footing will approach the same
value. An interesting point was observed when the
normalized height of the slope was equal to 1. In
this case, the ratio settlement of the right side of the
footing at first increase then decreased to bellow

the unit value, and finally, increased and reached
the value of 1. This indicates that at S/B = 1, for the
normalized slope height equal to 1, the settlement
at the right side of the foundation, when the second
foundation presents, is lower than the isolated
footing. In the case of S/B = 0.5, the settlement
ratios of the center and left sides of the footing is
below the unit, and by increasing S/B, the
settlement ratio will increase and reach the value of
1. Also when S/B = 0.5, the settlement ratios of the
right side of the footing for H/B = 10 and 5 are
almost equal. However, by increasing S/B, the two
curves representing the settlement ratio of the right
side of footings for H/B = 10 and 5 will diverge.

The variations in the settlement ratio with the
normalized spacing between the footings for
different distances of the first footing from the crest
and the different normalized heights for 80°, 70 °,
60°, and 45 ° slope are illustrated in Figures 4 to 7.

The same trend as discussed for the 90° slope is
also evident here. In order to elaborate on the effect
of the slope angle on the settlement ratio, two
extreme slope cases (i.e. 90° and 45°) were
compared in Figure 8 for the slope with a
normalized height of 10.
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Fig. 4. Variations in the settlement ratio with the normalized spacing between the footings for 80° slope for (a) A

=0(b) =0.5(c) .=1, and (d) L=2.
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Fig. 5. Variations in the settlement ratio with the normalized spacing between the footings for 70° slope for (a) A
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As it can be seen, the settlement ratio of the right
side of the footing is not affected by the slope
angle, and the curves representing the settlement
ratios for the 45° and 90° slopes are almost the
same. However, the settlement ratio for the left and
center of the footing is affected by the slope angle.
Also by increasing the value of A, the curves
representing the settlement ratio of the center of
footing tend to cover each other. This behavior can
also be observed for the left side of the footing.
Also at A =2, the settlement ratios of the center and
left sides of the footing are approximately equal,
regardless of the slope angle.

The variation in the settlement ratio of the center
of footing for different slope angles with A = 0 and
H/B =10 is presented in Figure 9. As it can be seen,
there is a smooth transition from the curve
representing the 90° degree slope to the curve
demonstrating the 45° slope.

Figure 10 represents the change in the ratio of
settlement with normalized spacing between the
footings for different slope angles and for two
different unit weights of the slope’s material.
Although by increasing the unit weight the absolute
value of settlement of the foundation increases, the
settlement ratio will decrease, as it can be seen.
However, by increasing S/B, the effect of unit
weight on ( is negligible.

A=0, H/B=10

s 124

1 2 3 . 5 6
S/B
Fig. 9. Variation in the settlement ratio of the center
of footing with the normalized spacing between the
footings for different slope angles with A =0 and
H/B =10.
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4. Conclusions

In many cases, the structures require the footing
systems to be built near a slope [13], while the
footings are not usually isolated [5], and therefore,
the interference effects between the foundations
should be taken into account. In this research work,
the interference effect of the nearby footings on the
elastic settlement was examined. For this aim,
based on the theory of elasticity and using a
proposed transformed Airy stress function, the
stress distribution due to the footing pressure in the
slope was computed, and subsequently, based on
the finite difference scheme, the settlement of the
foundations was calculated. The outcomes
manifested that by increasing the distance between
the foundations, the settlement ratio tended to
reach the unit value. This means that by increasing
the spacing between two adjacent foundations, the
footings will behave as an isolated foundation
resting on a slope. This behavior is highly
dependent on the slope height. For the case of a
slope normalized height equal to 10, the results
obtained showed that beyond an S/B larger than 10,
the settlement ratio would be equal to the unit
value. However, for the cases of H/B = 5 and 1, the
S/B values were equal to 6 and 4, respectively.
Also the results obtained illustrated that by
increasing the A value, the curves representing the
settlement ratio of the left and center sides of the
footing would tend to converge to one.
Furthermore, the outcome of the proposed solution
manifested that when H/B = 1, the settlement ratio
of the right side of the footing at first increased,
then decreased to quantities bellow the unit value,
and finally, increased to reach the value of 1. The
settlement ratio of the right side of the footing is
not affected by the slope angle, and the curves
representing the settlement ratio for different slope
angles are almost the same. However, the
settlement ratio of the center and left sides of the
footing is dependent on the slope angle, and by
increasing the value of A, this dependency will
diminish.
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Fig. 10. Variation in the settlement ratio with the normalized spacing between the footings for different slope
angles with A =0, H/B =10, and (a) y = 90° (b) y = 80°, (c) v = 70° (d) v = 60°, and (e) y = 45°.
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Appendix A

e —sin(f—a)cosh(f+a)y +sin(S+a)cosh(f-a)y
b (v sin2p—sinh(28y))

= sin(B+a)cosh(f-a)y +sin(B-a)cosh(B+a)y
? (v sin2 +sinh(2y))

ro —cos(f—a)sinh(B+a)y +cos(B+a)sinh(B-a)y
i (» sin2p—sinh(28y))

e cos(fB+a)sinh(B—a)y +cos(f—a)sinh(B+a)y
e (» sin2+sinh(2y )

ro —sin(fB—a)cosh(B+a)y +sin(B+a)cosh(f-a)y
> (v sin2—sinh (28 ))

7 _sin(B+a)cosh(f—a)y +sin(f-a)cosh(f+a)y
o (y sin2ﬂ+sinh(2ﬂy ))

_sin(f—a)sinh(f+a)y +sin(f +a)sinh(f-a)y

T v sin(2f)-sinh(24y)

i = sin(B—a)sinh(B+a)y —sin(f +a)sinh(f—a)y
. y sin(2f)+sinh (28y)

Residue :[n‘sinﬁcosa N njvinﬂcosa]

sin2 =23 sin2p+2p
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