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ABSTRACT

This paper presents a numerical study that utilizes finite element analysis under the plain strain condition
performed on sand with isolated strip footing and two closely spaced strip footings above a continuous
void. The Bearing Capacity Ratio (BCR) and the efficiency factor {y were introduced to determine the
effect of the void on the ultimate bearing capacity of footing/s. The influence of various parameters
including spacing (S/B) (i.e. edge to edge) between the two interfering footings along with the location and
the shape of the void were studied. In general, the results indicate that the presence of a void reduces the
bearing capacity and affects the performance of footing/s and there is a critical value of S/B beyond which
the effect of the void on the bearing capacity of the interfering footings becomes negligible.

Keywords-bearing capacity; strip footing; finite element method; underground voids; granular soil; interfering
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I.  INTRODUCTION

During the recent years, urban development has been one of
the Algerian government's top priorities, which has greatly
reduced the amount of land available for the construction of
projects, thus, it has become impossible to avoid constructing
buildings close to each other in order to make the most of the
land and reduce cost, but this type of construction can have an
influence on the bearing capacity of the foundations. The
calculation of the bearing capacity of shallow footings is
usually done using a method similar to that developed in [1] for
isolated footings. In reality, footings are rarely isolated and
interfere with each other to some extent. Shallow footings
interference has been studied theoretically in [2] using the limit
equilibrium method and the stress characteristic method.
Authors in [3] presented laboratory test results for two closely
spaced footings on sand. They found that the interference
factors are generally lower than those predicted by theory.
Authors in [4] studied the interaction between two closely
spaced rough and smooth strip footings on dense and loose

sand. Authors in [5] used the method of characteristics for two
different failure mechanisms. Authors in [6] used the upper
bound limit analysis for finding the interference effect of two
nearby strip footings on sand. Authors in [7] examined the
closely spaced footings on geogrid-reinforced sand, and authors
in [8] studied the interference effect of strip and square footings
on sand reinforced with geosynthetics. Authors in [9] studied
numerically the bearing capacity of two interfering strip
footings on sands. Authors in [10] studied the failure surface in
granular soil under two closely spaced strip footings and
concluded that the failure patterns observed for granular soil
conform to those proposed by the theory in [2]. Authors in [11]
experimentally studied the interference effect of two closely
strip footings constructed on bi-layer soil. Authors in [12]
studied experimentally and numerically the interference of
closely spaced square footings on sandy soil, and concluded
that the maximum interference effect is observed when the
spacing between the two footings is 0.5B, and was
approximately negligible when the spacing between the
footings was equal to 2B, where B is the footing's width.
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The existence of underground voids (e.g. natural or
artificial caves) may be attributed to two reasons: dissolution of
soluble materials (e.g. salt, dolomite, and limestone) and
artificial underground activities such as tunneling, mining,
subway excavations, etc. These voids could cause serious
engineering problems leading to poor performance of shallow
foundations, structure collapses, road settlements, etc. which
need special attention in engineering practice. In many cases,
footings are positioned on soil containing voids that are either
not visible before construction or are formed after the
construction. Several studies on the subject are available and
some of them deal with cavity-footing interaction, e.g. [13],
while others studied experimentally, theoretically, and
numerically the effect of a void on the stability of shallow
footings [14-18, 19]. Other studies investigated the yielding
pressure of strip footings above multiple-shaped cavities using
FEM [20, 21]. Authors in [22] adopted FE analysis to estimate
the undrained bearing capacity of surface strip footings above
one and two voids. Authors in [23] studied with FEM the
behavior of shallow strip footing on twin voids and clarified the
failure mechanism. Authors in [24] investigated the ultimate
bearing capacity and failure mechanism of strip footings
subjected to vertical load placed on c-¢ soil with square voids.
The critical and adverse locations of voids were analyzed.
Authors in [25] investigated numerically the undrained stability
of strip footings above voids in two-layered clays. Using finite
element limit analysis, the undrained bearing capacity factor Ns
of strip footings has been calculated and the effect of the
thickness of the top layer and the effect of undrained shear
stress ration on Ns were studied. In case of slope, a numerical
study was conducted to analyze the bearing capacity behavior
of strip footings on a reinforced sand slope with a single
circular void [26]. Further investigations have been carried out
on the effect of artificial cavities on deep foundations [27, 28].

The influence of voids on the performance of shallow
interfering footings has not been well covered or is not
available in the literature. For this reason, this study aims to
investigate numerically the effect of interference of two closely
spaced strip footings above single continuous void in sandy
soil. The main purpose of this study, in order to evaluate the
bearing capacity of strip footing/s above void, was to reveal the
effect of various parameters, such as the spacing (S/B) (i.e.
edge to edge) between two footings, the shape and the location
of the void, on the ultimate bearing capacity.

II. PROBLEM DEFINITION

The geometry and the key parameters of the problem
analyzed in this paper are illustrated in Figure 1. The geometry
consists of an isolated rigid strip footing and two closely
spaced rigid strip footings with B and S representing the
footing width and the spacing between the two footings
respectively. They are placed on the horizontal surface of an
isotropic homogenous soil of friction angle ¢ and unit weight
v. A static vertical load is imposed. By considering the case of
zero surcharge and zero soil cohesion, the bearing capacity
formula reduces to:

1
qu = ;YBN,G, (1)

where {, is the efficiency factor which is function of S/B and ¢.
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Fig. 1. Schematic view of footing/s and void.

In case of voids below the footings, one square and one
circular voids were adopted in this study. Shape and location of
the void and the spacing between voids are quantified in terms
of dimensionless parameters, i.e. m, n, o. Parameters m and n
represent the void height and width or diameter normalized by
the footing width B and they are equal to 1 in this study.
Parameter o designates the relative vertical distance from the
centerline of the footing to the void normalized by B. The
configuration of a single square or circular void is shown in
Figure 1. According to [20], the void continuously extends
horizontally. Furthermore, the ratio of void width to the width
of the strip footing is equal to 1, which corresponds to the
presupposition of [22].

III. FINITE ELEMENT MODEL

The commercially available finite element program
PLAXIS was used to model the footings-voids system. The
behavior of soil was numerically simulated as an elastic-
perfectly plastic material considering Mohr—Coulomb failure
criterion in conjunction with a non-associated flow rule
(i.e.qp # w ). The values of the geotechnical properties are:
Young's modulus E = 30MPa, Poisson's ratio v = 0.2, bulk unit
weight y = 20KN/m”, and friction angle ¢ =35°. The soil was
modeled with 15-node triangular elements. Furthermore,
Figure 1 shows two shapes of void: the continuous circular
void which is considered as a tunnel without lining and the
continuous square void which is introduced by excavation of
the soil at the desired depth, to model a natural cavity. Thus the
vertical and horizontal limits of this model are chosen
appropriately far to avoid any influence on the results [17]. The
dimensions of the area for this analysis are 15B in vertical and
30B in horizontal taking that B=Im. Figure 2 shows a
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schematic of the boundary conditions and the finite element
mesh used in the current study. The vertical borders have been
fixed in the horizontal direction and full fixities have taken
place at the bottom of the model. The mesh is refined in the
area adjacent to the footings and around voids to enhance the
accuracy of the numerical results. The footings are considered
very stiff and rough. In this study, instead of modeling the
footing itself, the settlement of the footing is imposed by means
of a uniform indentation at the top of the sandy layer until the
ground reaches the failure state. The uniformly displacement is
automatically decided with trial calculations in the program.
Because of the symmetrical nature of the problem and in order
to reduce the time required for each run, only half of the model
was taken in the numerical simulation.
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2. Finite element mesh with boundary conditions.

IV. TEST PROGRAM

A total of 98 parametric tests were performed on the load-
bearing capacity of rigorous strip foundations resting on one
cavity of circular or square shape, as shown in Table I.

The efficiency factor {, was introduced to determine the
influence of the void on the ultimate bearing capacity. {, is
expressed as:

Quintv
— Quintv 2
CY u isol ( )
where qyinty 1S the ultimate bearing capacity of two strip

footings with or without void, and q, jso; i the ultimate bearing
capacity of an isolated strip footing without void.

V. VALIDATION

To validate the numerical model, the bearing capacity
factor N, of a single strip footing on sand is calculated. The
obtained N, value is compared with the results from the
literature while the friction angle is equal to 35°. As shown in
Table II, the result of this study is remarkably close to that
given in the literature. This good accordance can be taken as a
validation of the present numerical model.

TABLE IL VALUES OF BEARING CAPACITY FACTOR N,
Reference [1] [29] [30] [31] Current study
N, 45.41 37.15 | 48.03 | 33.92 45.72

TABLE L DETAILS OF NUMERICALLY MODEL TESTS
Test Footings Shape of Variable Fixed
. . parameters
series number voids parameters
a S/B
Wltl_lout / /
void
1-2-3
With a -4-5- /
A Isolated circular void 6-7
footing and 8
1-2-3
With a -4-5- /
square void 6-7
and 8 n=m=B=1m
0-0,5- p=35°
Without 1-1,5- _
void Il a3le | B
5and 6
Two . 0-0,5-
B interfering ' With a . 1-3-5 1-15-
footings circular void and 7 2-3-4-
5and 6
0-0,5-
With a 1-3-5 1-1,5-
square void and 7 2-3-4-
5and 6

VI. RESULTS AND DESCUTION

A. Single Strip Footing in Soil with and without Void

The bearing pressure-displacement curves for the strip
footing in soil without void and with a circular or square void
are shown in Figure 3. For all cases, the footing reaches a clear
limit load, which was taken as the ultimate bearing capacity.
The presence of the void has a big influence on the bearing
pressure. The magnitude of bearing pressure is higher for the
soil without a void, therefore the presence of voids in the soil
reduces bearing capacity. In addition, the magnitude of bearing
pressure for a soil with circular void is slightly higher than for a
square void.

500

—m— Soil without void
e Soil with square void
4~ Soail with circular void

400

300

200

Bearing pressure KPa

100

T T T T T
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Fig. 3. Bearing pressure-displacement (a=3).

1) Effect of Void Depth from the Single Footing Base

The influence of a on the bearing capacity is presented in

Figure 4 which shows the relationship between the Bearing
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Capacity Ratio (BCR) as a function of the void depth a. BCR is
defined as:

BCR= Quisolv (3)
u isol
where q iso1 v 1S the ultimate bearing capacity of an isolated
strip footing with void and qy 5o 1S the ultimate bearing
capacity of an isolated strip footing without void.

As can be noticed in Figure 4 the bearing capacity ratio
increases linearly when the value of o increases froml to 4 for
circular void and from 1 to 5 for square void and remains
almost constant thereafter for either circular or square void.
The BCR recorded is 0.14 to 1 for a ranging from 1 to 8. This
indicates that the existence of circular or square void under the
foundation at a depth equal to or greater than 6 times the
foundation width does not affect the bearing capacity of the
footing and the void impact is eliminated. These results are in
accordance with the findings of [24]. Also, it is observed from
Figure 4 that the values of the BCR for the circular void case
are larger than those of the BCR for the square void case.

—a— Single square void
1,0 4—&— Single circular void

0,8

0,2

00 T T T T T T T T

Fig. 4. Variation of BCR as a function of a.
B. Interfering Effect of Two Strip Footings with and without
Void

1) Two Adjacent Strip Footings without Void

The results of numerical analysis obtained by the Plaxis
code shown in Figure 5 prove that for 0 < S/B < 1, the
efficiency factor ({y) magnitude increased to its maximum
value, which means that the ultimate bearing capacity of each
strip footing increases almost by 60% and for 1 < S/B < 4, {y
decreases with an increase in spacing ratio. Finally, for S/B > 4,
Cy remains constant. This means that for a spacing ratio greater
than 4B, no interference effect was observed and each footing
acted as an isolated footing.

To verify the accuracy of the results obtained by the present
study, they were compared with the obtained numerical
analysis results from [8, 9], theoretical analysis [2], and
experimental test [3], which are presented in Figure 5.

—x— present study
. ® stuart [2], p=35°
=  Ghazavi & Lavasan [8], p=34°
* Das & Larbi-Cherif [3],=39"
Mabrouki & al [9],9=35"
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*
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s/iB
Fig. 5. Comparison between the literature values and present study.

It appears that the general trend of interference factor
variations found in this study is similar to those predicted by
other studies, but there is a large variation in amplitudes
between theory, the experimental, and the numerical results.
From this Figure, the numerical results agree very well with the
experimental test results [10].

2) Two Adjacent Strip Footings with a Single, Square or
Circular Void

Figure 6 indicates the variation of {, with different spacing
ratios S/B for two interfering strip footings above a single
circular or square void for a variation of void depths a=1, 3, 5,
and 7 at 2m intervals, for a sandy soil with a void located in the
centerline of the model. It can be noted that for S/B varying
from O to 1.5 for circular void and from O to 2 for square void,
the value of {y increases with increasing o until the void is
present within a certain critical depth a which is about 7 for a
circular void and a little higher for a square void. The influence
of the void gradually becomes insignificant so only the
interference effect of the two footings remains. When the
footings are located away from the centerline of the model (i.e.
when the S/B value increases), the efficiency factor magnitude
increases with an increase in o and reaches the maximum value
when S/B=1fora=1,5,0r7 and S/B = 1.5 for a = 3. In most
cases (y decreases until the ultimate bearing capacity remains
at 100% for S/B almost equal to 4, indicating no effect of the
void on footing stability while there is not much interference
effect. The only exception to this observation occurs when o =
1 where Cy values are significantly lower and keep invariant
approximately for S/B varying between 1.5 and 2.5 for a
circular void and between 1 and 1.5 for a square void,
particularity due to the effect of the stability of the soil above
the void which is more dominant than that of the effect of
footings' interference. {y continues its increase to reach 1 at
S/B=6 for a circular void and almost 1 at S/B=6 for a square
void, so the void effect is neglected and there is not much

interference effect. On the other hand, for the case of a circular
void, the Cy for all values of S/B and o is more than that for the
case of the square void shown in Figure 6. It clearly can be
observed that same remark in Figures 3, 5, and 6, in which the
values of bearing capacity for the circular void are larger than
those of the bearing capacity for the square void, due to the
section of the square void which is greater than that of the

www.etasr.com

Benbouza et al.: Behavior of Strip Footings above Voids in Sandy Soil



Engineering, Technology & Applied Science Research

Vol. 13, No. 1, 2023, 10039-10044 10043

circular void and not to the shape of the void, therefore the
effect of the void's shape can be neglected [32].

—m— without void

®— with square void a=1
—A— with square void 0=3
v with square void a=5
4 with square void a=7

-
/ ‘\
/, A

=— without void
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<4 with circular void a=7
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0,6
04 /
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Fig. 6. Variation of the efficiency factor (y versus spacing ratio S/B
for two interfering strip footings above a single circular or square void.

VII. CONCLUSION

In this paper, the behavior of strip footings above voids in

sandy soil has been investigated numerically, and the BCR and
Cy factors of footings have been calculated. In addition, the
critical location of the void and the spacing between footings
have also been discussed. The main conclusions of the current
study are:

The presence of void has a big influence on bearing
pressure. The magnitude of the bearing pressure is higher
for a soil without voids, therefore the presence of voids in
the soil reduces bearing capacity.

With single strip footing, the existence of a circular or
square void under the foundation at a depth equal to or
greater than 6 times the foundation width does not affect the
bearing capacity of the footing and the void impact is
eliminated.

With two interfering strip footings without void the results
of numerical analysis proved that for a spacing ratio greater
than 4B, no interference effect was observed and each
footing acted as an isolated footing.

With two interfering strip footings with a void located in
the centerline of the model, it can be noted that for values of

—

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

S/B varying from O to 1.5 for circular void and from O to 2
for square void, the value of (y increases with increasing o
until the void is present within a certain critical depth o
which is about 7 for a circular void and a little higher for a
square void. The influence of the void becomes
insignificant so only the interference effect of the two
footings remains.

There is a critical value of S/B beyond which the effect of
the void on the bearing capacity of the interfering footings
becomes negligible.

The values of bearing capacity for the circular void case are
larger than those for the square void case, due to the section
of the square void which is greater than that of the circular
void and not to the shape of void, therefore the effect of the
void shape can be neglected.
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