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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 closebtesgpa
foundations resting on a slope on the elastic settlement is investigated by considering
a semianalytical solution. The distribution of stress due to the footing pressure in the
slope is computed by a proposed Airy stress function, and then by ergplog 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, thiavbahis
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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 decréasisiope
height, this behavior will occur at a lower S/B.

1. Introduction

The foundations built adjacent to the slope are
common in the engineering practifd, 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: investaing 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 investigationtios
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 tme. 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 infance of interference of
closely separated foundations on the bearing
capacity has been studied experimentally by Das
and LarbiCherif [3]. Their outcomes manifested
that by increasing the spacing between the adjacent
foundations, at first, the value of biey 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. Graharet 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 GhosH5, 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 Shaf@ by
employing the theory of elasticity, have studiegl th
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
foundatiors on the reinforced and unreinforced
sand experimentally. They reported that
reinforcing the sand led to an increase in the
ultimate bearing capacity (280%); however, the
settlement of the foundations also increased to
about 66100%. Javicket al [10] have numerically
investigated the effect of interfering of two
foundations built on the rock mass. They
investigated the effect of the Hobkown 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,
HoekBrown failure criterion parameters, rock
mass unit weight, and surcharge loading on the
bearing capacity.

The abovementioned investigation is relatedl t
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 engineerig structures are required to be
built close to a slopgl2]. Also, sometimes, in
urban areas, the footings are built adjacent to an
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excavation for the basement construction of high
rise buildings[13]. Therefore, the study of the
safety of the footings sting 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 lafjfferent factors,
and may be used as a fast solver with high accuracy
compared to the other methdds, 17].

In order to investigate the elastic settlement of a
foundation in the presence of other foundati@ts
first, the stress distribution withinghslope 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 considd to be such
that the slope’s material did not trespass the elastic
regime as defined by Maheshwari and Viladkar
[14] andZhuet al [15].

2. Details of analysis

Applying the Airy stress function3 is a welt
known method in the theory of elastidtyorderto
obtain the stress and displacement distribution in
2D engineering problems. Equation (1) represents
a bi-harmonic equatign and it satisfies the
compatibilityandequilibrium equatios

§i 1 wi 2 -

e N ¥
O rorwr? Twer

(1)

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

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 functionas illustrated in Equation (3).
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Based on the complex integral transformation
rule, namelyheMellin transformation, the authors

Vr fr P, T I proposed an Airy stress functiam orderto study
thetopplingslumping failureof therock slopg18]
Xo dr &, and finding the bearing capacity tfe shallow
footing resting onthe slope[19]. This proposed
V. f P transformed Airy stress functias introduced in
T r 1 T [’ . . . . .
Equation (4)and will be used in thigork in order
X, dr d(3 to find the stress state within the géodue to two
nearby foundation load
V. 0, T [ In Equation (4_), F(z) is the Ioading of foundation.
In this work, in order to consider the two
foundation load a step functiont, has been used
WO 7 rt¢ (2) as shown in Equation (5).
By considering the inverse Melltransformation
Vi rule [20], as presented in Equation (6), the stress
Vi — components in the real space can be defined by
Equation (7).
1wV 1 Ww
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Equation (7) is a meromorfic functipand has a the stress state. Equation (8) is the outcontbef
single pole, and therefore, a line integration method  line integration method.
along the z= -1 pathis considered here to obtain

XO af a- § §( [o] r a [o]
20 3 f f in “yLog =2 '3 S|n Lo d
4 st 2 @InyLog = ,ﬂ‘y;;{ o { fz« " g§( lﬁzy&‘
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The functiondf; to fs and the Residue value are components predictedising the Abaqus FEM
presented in Appendix A. The integrals of sotware. 3260 triangular elements were
Equation (8)could not be solved analyticallyand considered as mesh generation in FEM. Also the
therefore we usedhe Filon numerical integration Poisson’s ratip Young's modulus,and material
techniquen orderto obtain the stress components  unit weight were assumed as ,013GPa and 20
[21]. In order to calculate the Airy stress function ~ KN/m?, respectively.
and more details about the procedure of finding the Two casewere considered. In the first case, first
stress componentshe interested researchers are  thefooting was restd on a 48 slope witha zero
referred to the authsr recently published works GLVWDQFH ITURP 30K BndFsgadnigtv L H
[19, 18]. Also in the proposed Airy stress functjon footing was modeled wita0.5 m spacing from the
the role of gravity was neglected. Hence, to take the first one (i.e. S= 0.5 m). In the second case, fjrst

effect of gravity into accountthe gravitational the footing was restd on a 60 slope witha zero
stress components within the slope proposed by distance from the cresand secong, the footing
Goodman and Browf22] were added up to the was modeled witlh2 m spacing from the first one.

stress components computed from the proposed As it can be seerthere is a very good agreement
solution by considering the superposition scheme. between the outcome of proposed method and
Figure 2 illustratesa comparison between the those predictedsing theAbaqus software.

outcome ofthe analytical solution and the stress
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Fig. 2. Comparison of stress distribution between the proposed solution and the Abaqus software48] slope
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By finding the stress state, the strawas
calculated through Equation (9) by considering the
plane strain condition.

1
€ ?Q \,( Qk\/ij '

In order to find the settlement of the foundations,
the finite difference methodas usedin orderto
obtain the displacement based on the distributed
strain in the slope. The slope was meslzed at
each gridpoint, the vertical displacement was
computedusing Equation (10). In thequation h,

i, andu represent the mesh size, number of step
and vertical displacementspectively.

U Y%

(9)

w uy ih

w ih
Based on the method proposed by Ghosh and

Sharmg8], a sensitive analysis was performed in
order to obtain the displacement by considering the

(10)

P DW @HJUHP VEORSH ZLWK
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noticed. Thereforein 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
HITHFW LQWURGXFHG DV

The height of the slope was considered as 10, 5,
and 1 times of the footing width and the slope
angles of 9 8@, 7¢, 6, and 48 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 foundat 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 othe first

various sizes of the mesh, and the results obtained foyndation from the slope crest and the different
manifested that beneath the mesh size 0.05 m, N0 pormalized heights of the ®6lope.

significant change in the outcomes could be
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Fig. 3. Variation in the settlement ratio with the normalized spacing between the footings for 80/ ORSH DW
0, (b) F

As it can be seerthe largest is related to the
right side of thefoundation By increasing the
spacing othe footings, the curves will approach to
a unit value. This is due to the fact that by
increasing the spacingf the foundations the
interference effect will diminish, and at large
spacing, both footings behave as an isolated
foundation placed on a slope. However, this
spacing (i.e. the spacirgfter which the behavior
like an isolated footing will be observed) is
completely related to the height of the slope.itAs
is manifested ifrigure 3, in the slope withheight
of 10 times the footing width, beyond the S#8io
greater than 10, the rataf settlement reaches the
unit value.However, for the cases of the slope
with normalized heiglst of 5 and 1 times the
footing width, this behavior occurred #ie S/B
ratio equal to 6 and 4, respectively. Also by
increasing thepacingof the firstfoundationfrom
the crest of the slopthe settlement ratio of the left
and center of the footing will approatte same
value.An interesting pointvasobserved when the
normalized height of the slopgasequal to 1. In
this casethe ratio settlement of thigght side of the
footing at first increase then decredise bellow
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the unit value, and finallyincreasd and reachel

the value of 1. This indicates that at S/B, for the
normalized slope height equal to 1, the settlement
at the right side of thimundation,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 sideof 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 rasof the
right side of the footing for H/B= 10 and 5are
almost equal. However, by increasing S/B, the two
curves representingetsettlement ratio of the right
side of footings for H/B= 10 and 5 will diverge.

The variatios in the settlement ratio with the
normalized spacing between the footings for
different distanceof the first footing from the crest
and the different normak heighs for 8C°, 70°,
60°, and 45 slope are illustrated in Figures 4 to 7.

The same trend as discussedtf@9(° slope is
also evident herén order b elaborate on the effect
of the slope angle orthe settlement ratio, two
extreme slope casef.e. 90 and 48) were
compared in Figure 8 for the slope with
normalized height of 10.



Haghgoue et al

2=0, 80°

H/B=10, L

H/B=10,C
H/B=10,R
H/B=5, L
H/B=5,C
H/B=5, R
HB=1,L

H/B=1,C
H/B=1,R

0.9 T T T

Journal of Mining & Environment, Published onl

2=0.5, 80°

H/B=10, L

H/B=10,C
H/B=10,R

2 4 6 8 10 2 4 6 8 10
S/B S/B
() (b)
7=1, 80° 5.=2. 80°
15 i =2, 80
—————— HB=10,L H/B=10, L

H/B=10,C
H/B=10,R
H/B=5, L
H/B=5, C
H/B=5, R
H/B=1,L

H/B=1,C
HB=1,R

0.9 T
2 4 6 8 10
S/B
(©)
7=0, 70°
1.5
H/B=10, L
H/B=10, C
H/B=10, R
H/B=5, L
H/B=5,C
H/B=5, R
H/B=1,L
H/B=1,C
H/B=1,R
0.9 T T T
2 4 6 8 10
S/B
(2)
»=1,70°
1.6
H/B=10, L
H/B=10,C
H/B=10,R

H/B=5, L

S/B

©

S/B
@
Fig. 4. Variations in the settlement ratio with the normalized spacing between the footings forBW ORSH IR U
F

DQG G

2=0.5, 70°

H/B=10, L

H/B=10,C
H/B=10, R
H/B=5, L

09
2 4 6 8 10

s/B

(b)

2=2, 70°

16

————— HB=0,L
15 ————— HB=10,C
——— HB=10,R

S/B

(a)

Fig. 5. Variations in the settlement ratio with the normalized spacing between the footings for 7@ ORSH IR U

E

F

DQG G



Haghgoue et al

2=0, 60°

H/B=10, L

H/B=10,C
H/B=10, R
H/B=5,L
H/B=5,C
H/B=5, R
HB=1,L

HB=1,C
HB=1, R

0.9

S/B

(2)

H/B=10, L

0.9 T T T
S/B

©

Journal of Mining & Environment, Published onl

2=0.5, 60°

H/B=10, L

H/B=10,C

09

H/B=10, L
H/B=10,C

S/B

(@

Fig. 6. Variations in the settlement ratio with the normalized spacindgpetween the footings for 69 VORSH IR U

E

=0, 45°

H/B=10, L

H/B=10,C
H/B=10,R
H/B=5, L
H/B=5,C
H/B=5, R
HB=1,L

H/B=1,C
HB=1,R

0.9

siB
()

1=1,45°

H/B=10, L

H/B=10,C
H/B=10,R
H/B=5, L
H/B=5,C
H/B=5, R
HB=1,L

H/B=1,C
H/B=1,R

09 T T T

SB

©

09

DQG G

2.=0.5, 45°

H/B=10, L

H/B=10,C
H/B=10, R
H/B=5, L
H/B=5,C
H/B=5, R
H/B=1, L

H/B=1,C
H/B=1,R

2 4 6 8 10
s/B
(b)
1=2,45°
—  H/B=10, L
——— HI/B=10,C

S/B

@

Fig. 7. Variations in the settlement ratio with the normalized spacing between the footings for4¥ ORSH IR U
F G

E



Haghgoue et al Journal of Mining & Environment, Published onl

=0, H/B=10 2=0.5, H/B=10

— L — w0t

Fig. 8.Variations in the settlement ratio with the normalized spacing between the footings for the ®and 45
GHJUHH VORSH ZLWK D + % E + % F H % %
I + % % J + K + % DQG



Haghgoue et al

As it can be seeithe settlement ratio of the right
side of the footing is not affected by the slope
angle and the curves represierg the settlement
ratios for the 48 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.

Journal of Mining & Environment, Published onl

4. Conclusions

In many caseghe structures requirtghe footing
systems to be built near a slof], while the
footings are not usually isolatsl], and therefore,
the interference effects betweéme foundations

SOVR E\ LQFUHDVLQJ WiKH YD ORH R & Rt conne

represenng the settlement ratio of the center of
footing tend to cover each other. Thihlavior can
also be observed for the left side of the footing.
$ O V R=D, e settlement rasmf the center and
left sides of the footingare approximately equal,
regardless of the slope angle.

The variationn thesettlement ratio of the center
of footing for different slope angleZ L W=KD and
H/B =10 is presented in Figure 9. Agan be seen
there is a smooth transition from the curve
represenng the 90° degree slope to the curve
demonstrang the 4% slope.

Figure 10 represents thehange m the ratio of
settlement with normalized spacing between the
footings for different slope angles and for two
different unit weight of the slope’s material.
Although by increasing the unit weight the absolute
value of settlement of the foundation increaghe
settlement ratio will decreasas it can be seen.
However, by increasing S/Bhe effect of unit
ZHLIJKW RQ LV QHJOLJLEOH

Fig. 9. Variation in the settlement ratio of the center
of footing with the normalized spacing between the

footings for GLITHUHQW VORSH DQJOHV ZLWK

H/B = 10.

elastic settlementvas examined For this aim,
based on the theory of elasticity and using a
proposed transformed Airy stress functidhg
stress distribution due thefooting pressuren the
slopewas computed, and subsequently, based on
the finite difference schemthe settlement of the
foundations was calculated. The outcomes
manifested that by increasing ttistancebetween

the foundations, the settlement ratio terd to
reach the unit value. This means that by increasing
the spacingbetweerntwo adjacenfoundations the
footings will behave as an isolated foundation
resing on a slope. This behavior is highly
dependent on the slepheight. For the case af
slope normalized height equal to 1@ge results
obtainedshowed that beyorehS/B larger than 10,
the settlement ratiavould be equal tothe unit
value. However, for the casef H/B=5 and 1, tk

S/B valus were equal to 6 ad 4 respectively.
Also the results obtained illustrated that by
LQFUHDVLQJ WKH
settlement ratio of the left and cengédesof the
footing would tend to converge to one.
Furthermore, the outcome thieproposedolution
manifested that when H/B 1, the settlement ratio
of the right side of the footing at first incredse
then decreaskto quantities bellow the unit value,
and finally increasd to reach the value of 1. The
settlement ratio of the right side dfet 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 sidéthe
footing is dependent othe slope angle, andyb
LQFUHDVLQJ WKI$ deéfemehdy Wil
diminish.

DQG

YDOXH WKH FXUY!
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Fig. 10. Variation in the settlement ratio with the normalized spacing between the footings for déifent slope
DQJOHV ZLWK + % ° DO® DF %®° G %° DQG H°%
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Appendix A
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