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Abstract

The issue of interaction between nearby footings is of paramount practical significance. The interference effect should be
taken into account since the footing may really be separated from or bounded by other footings on one or both sides. In
this regard, this paper studies the effect of two nearby interfering strip footings embedded in saturated cohesive soils, which
will help to provide a better understanding of the impact of footing depth on the interference effect. A numerical study is
carried out using the finite element program (Midas GTS-NX), and the behavior of closely placed strip footings embedded
in the saturated cohesive soils is investigated under the influence of different factors such as the spacing between footings,
the depth of footings, soil undrained shear strength, and the groundwater table. It was concluded that the soil cohesion and
the footing depth ratio have a notable influence on the interference of closely spaced footings. For all cohesion values, it
has been observed that the spacing needed for interference to vanish decreases with an increase in the depth of the footing
and water table. In addition, as the S/B ratio increases, the ultimate bearing capacity (UBC) of interfering footings decreases
until it reaches the same value as an isolated footing at greater spacing. The UBC is approximately 10% higher at S/B = 1
compared to the isolated footing. However, at S/B = 1, the UBC of two footings achieves a value equal to that of an isolated
footing and does not change when the S/B ratio increases. With increasing footing depth, there is an increase in UBC.
Finally, the highest values of & were obtained in all cases when Cu = 40 kPa. This indicates that the interaction between
footings is greater when the soil is softer.
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1. Introduction

Land availability is drastically decreasing worldwide as a result of rapid urbanization and population growth. Due
to this, many structures are frequently constructed close to one another. Therefore, the interference effect should be
taken into account since the footing may really be separated from or bounded by other footings on one or both sides. In
addition, settlement of the foundation is a crucial design factor under working-load circumstances. The soil experiences
stress-strain states that are neither linearly elastic nor perfectly plastic as a result of well-designed foundations.
Settlements frequently favour footing construction on sandy soil and soft clay over bearing capacity. Therefore,
settlement predictions are essential for the design of shallow foundations. When evaluating isolated footing capacity
while taking allowable settlement requirements into account, the influence of neighboring footings is frequently
overlooked. In this regard, numerous experiments and numerical analyses have been carried out to ascertain the
interference impact of two nearby shallow foundations [1-6].

* Corresponding author: ayasrahmomen@aabu.edu.jo

d http://dx.doi.org/10.28991/CE]-2023-09-03-017
© 2023 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and
BV conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

752


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0003-3997-8009
https://orcid.org/0000-0002-4356-651X
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 9, No. 03, March, 2023

Kumar & Saran (2003) [7] proposed an analytical approach to defining the pressure related to a particular settlement
for closely spaced strip footings on reinforced sand. Many laboratory-scaled model tests were performed on a dry,
medium-density, reinforced Ennore sand bed to investigate the effect of interference between two neighboring surface
strip footings. In the southern region of India, Ennore sand can be found in abundance. As a result, it was determined
that the investigation of footing interference on Ennore sand was important. The type of strip footings made using mild
steel were intended to behave like rigid footings, and the roughness of the base was achieved by gluing sand paper to
the ground beneath the footings. In addition, to reinforce the soil, a single layer of uniaxial geogrid was used.

A number of model tests were conducted by Ghosh & Kumar (2009) [8] to investigate the interference effect of two
nearby strip footings on dry, reinforced Ennore sand substrates. The foundation bed was reinforced using a single layer
of uniaxial geogrid. The results of the experimental study showed that with an increase in D/B, where D and B are the
reinforcement depth and the footing width, respectively, the bearing capacity of single footings on the reinforced soil
decreases. In addition, increases in footing width are observed to result in a reduction in the bearing capacity factor
resulting from the soil's unit weight. The interfering footing settlement behavior was noted to show the same pattern as
the bearing capacity. The results were obtained by efficiency factors (&,, &) and their difference was found due to
changes in spacing. The results of experimental studies were generally found to be in good accord with the experimental
and theoretical results available in the literature.

An attempt was made by Ghosh (2013) [9] to simulate the response of the seismic system of two embedded
rectangular or square footings located in nearby spacing on a layered soil deposit resting on strong bed rock by using
the finite difference code FLAC3D. Without exceeding the ultimate bearing capacity under static conditions, each
footing conveys an equivalent static working load. It was presumed that the soil would obey the non-linear Mohr-
Coulomb failure criteria. Based on their study, the results given in the cases of the horizontal acceleration response on
the top surface of the footing, the settlement, and ultimate bearing capacity under both conditions; static and seismic
reflect the difference in the clear distance between footings and the stresses generated at the base of each footing due to
seismic excitation. It is found that the settlement of two nearby footings due to seismic conditions is higher than that of
a single footing.

Using finite element analysis, Nainegali et al. (2013) [10] investigated the interaction of two rigid strip footings that
are closely spaced and rest on a homogeneous soil bed in order to determine their settlement behavior and ultimate
bearing capacity under inclined loading. In their study, the soil was modeled using the Mohr-Coulomb failure criterion,
and many parametric studies, such as the clear distance between the footing and the inclination angle, were carried out.
The results indicated that the settlement and bearing capacity for interacting footings were greater than for single footings
when the distance between the footings was decreased and there was no effect from the inclined load. In the same line,
the bearing capacity of two adjacent strip footings on the sand was examined by Shokoohi et al. (2019) [11] using finite
element and limited equilibrium methods. The results of the ratio of the bearing capacity show that both approaches are
in line with the data that is accessible in the literature.

Acharyya et al. (2020) [12] used Plaxis 3D to conduct a series of finite element calculations to examine the bearing
capacity of a square footing positioned on the slope's crest. For the direct prediction of bearing capacity, an ideal artificial
neural network (ANN) architecture was also constructed. It was found that the bearing capacity value is significantly
influenced by the soil's shear strength parameters, the width of the footing, the depth of embedment, and the slope
inclination.

Anaswara & Shivashankar (2019) [13] conducted parametric experiments for two footings by altering the distance
between the footings and the footing width. In the first instance, both footings were simultaneously loaded until they
failed. In the second case, one of the existing foundation footings was loaded with half of the evaluated failure load for
a single footing, and a neighboring footing was loaded all the way to failure. The effect of interference was observed to
be particularly significant in terms of the settlement. The effect of shear keys placed beneath the footings at different
locations beneath the footing and the interference of such footings were also studied in the case of stiff clay. It was
discovered that the presence of shear keys has a significant effect on interference between footings when compared to
not having them, particularly in reducing foundation tilt.

On the other hand, Boufarh et al. (2020) [14] conducted a humerical finite element analysis to study the interference
influence on the seismic bearing capacity of nearby spaced rigid strip footings for a varying range of footing spacings,
angles of friction, and the factor of the horizontal acceleration. The findings showed that an increase in seismic
acceleration reduces efficiency gains because the failure zone of footings interferes with footing performance. Moreover,
Meraz et al. (2022) [15] evaluated the effects of a surrounding footing with a variable distance in soft soil situations by
using the finite element analysis program PLAXIS. They noticed a significant capacity difference with different numbers
of footings and distances. As a result, taking this capacity variation into account can lead to a safer design.

From the ongoing discussion of footing performance in close proximity, the reported results are in relation to surface
footings or the surcharge at the base of the footing. However, the impact of the interference of footing state is seldom
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acknowledged. In addition, in practice, it is rare to find footings that are laid level with the ground. Therefore, the
footings were laid down in an embedded state on the soil medium. In this paper, the effect of two nearby interfering
strip footings embedded in saturated cohesive soils was studied to provide a better understanding of the impact of footing
depth on the interference effect.

The remainder of this paper is organized as follows. Section 2 presents the details of the problem statement. In
Section 3, the finite element method, construction stages, and bearing capacity ratio definition are explained. The
computational results are presented and analyzed in Section 4. Finally, conclusions are drawn in Section 5. In addition,

the research flowchart is shown in Figure 1.

Present the Details of Problem
Statement

A 4

Material Properties Parametric Studies

A\ 4

Calculate Soil Properties

) 4
Finite Element Method

A 4

Results and Discussions

Effect of (S/B) & (Df/B) < > Effect of (Cu) & (GWT)

End

Figure 1. Flowchart of the present study

2. Problem Statement Considered in This Study

In this work, two strip footings are taken to explore the influence of their interference on the bearing capacity of
saturated cohesive soils. The strip footings have a width (B) of 2.0 m and a thickness (H) of 0.3m. In addition, the
spacing between footings (S), depth of footings (Df), undrained shear strength of the clay (Cu), and ground water table
(GWT) are changed. Therefore, a finite element analysis is established for each case. The parametric studies that are
considered in this study are presented in Table 1.

Table 1. Soil properties, footings, and parametric studies

Parameters y, kN/m* Cu, kN/m?> E,kN/m?> v

40 40000

Clay 18 60 60000 0.3
100 100000

Footings 24 25x10° 0.2

Range of varying parameters

Df/B 0.25 0.5 1 15
S/B 0.5 1 2 4
GWT 0 2 4
Cu 40 60 100
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3. Numerical Modeling
3.1. Finite Element Method

In this research, a numerical study is carried out using the finite element program (Midas GTS-NX), and the behavior
of closely placed strip footings embedded in the saturated cohesive soils is investigated. The mesh dimensions of the
soil domain in the horizontal are 33 B, while 12 B is in the vertical direction; B is the width of the strip footings. These
dimensions were carried out and determined based on a sensitivity study. In addition, a relatively fine mesh was
simulated near the strip footings and become coarser mesh further from outside these zones. In the case of defining the
boundaries condition, the bottom surface was assumed to be hinged to prevent the horizontal and vertical movements,
while, a roller was applied in the left and right sides of the soil to allow vertical movement only. The plane strain mesh
and geometrical boundaries are shown in Figure 2. It is worth mentioning that the load is applied on each footing as
uniformly pressure. In this model, the mesh consists of 6706 nodes and 6591 elements. To be noticed, the numbers of
elements and nodes are varied slightly in each model owing to the auto mesh generation technique in the Midas GTS-
NX program. In addition, the side boundaries are exclusively fixed in the horizontal direction, and the bottom end is
connected to fixed supports (no displacements are permitted).

10B 258 258 P 258  2.5B 10B

VY YYy

YY¥YWY

B G G

YY¥YVWWYY

12B

YY¥YVWWYY
B G G G

o
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33B

Figure 2. The finite element mesh of the problem and boundary conditions

To introduce the soil and footings parameters’, the Mohr-Columb constitutive model was utilized to simulate the
soil materials due to its simplicity and accuracy [16] and it is widely used in finite element analyses of geotechnical
engineering among which the undrained bearing capacity issues [17-22]. On the other hand, the footings were simulated
as the linear elastic model. The required parameters for soil and footings are presented in Table 1.

In the present work, all the models are simulated using Midas Gts nx employing the undrained parameters. Therefore,
the friction angle (¢) and dilation angle (y) equal to zero were prescribed for undrained condition. In addition, the
undrained modulus of clays (E,) is calculated using the following equation which is proposed by Ameratunga et al.
(2016) [23]:

E =(100-1000) C, 1)
It is worthy to add that the undrained Poisson’s ratio for soil undrained is utilized with 0.495 rather than 0.50 to
prevent any numerical problems. Therefore, the Mohr-Coulomb model is used to simulate the undrained soil condition,
and the drainage parameter is taken with the third option; Undrained (Effective stiffness/Undrained strength) in Midas
GTS-NX. Furthermore, the coefficient of lateral earth pressure at rest (k,) has been calculated as 1.00, according to the
following equation:
ko=v/(1+v) )

where, v is undrained Poisson’s ratio.

3.2. Construction Stages

The same soil properties and footing elements listed in Table 1, were used in the two-dimensional model. The stages
can be stated as follow:
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1-Initial Stage (1.S): this stage starts with generating the initial stress of the soil before strip footings implementation.
In addition, activated the boundary conditions.

2-Stage 1 (S1): the left and right footings are activated. Also, at this stage, the displacements were reset to zero in
order to start to account for bearing capacity due to the applied loads only.

3-Stage 2 (S2): this stage includes applying the loads to footings using forty incremental loading steps to simulate
load-settlement behavior.

The first state of stress is crucial for the analysis of geotechnical problems, so before applying the loads to footings,
the soil is examined for its initial state of stress using a geostatic stage where the gravity load is applied.

3.3. Definition of Bearing Capacity Ratio (&)

The evaluated ultimate bearing capacity UBC is represented in terms of non-dimensional efficiency factors for UBC:
EL/ER (Left/Right):

E /E __ UBCofleft/rightfooting in presence ofright/left footing (3)
LISR — UBC of identical isolated footing

4. Results and Discussions
4.1. Effect of the Spacing Ratio (S/B)

Figure 3 shows the load-settlement curves for footings (Left and right) in a soil of undrained shear strength, cu = 40
kPa with different depths and water table level in case the spacing ratio between the footings (S/B) is 1. The results of
other footings with different spacing ratios are listed in Table 2.
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Figure 3. Load settlement curve for Cu = 40 kPa for left and right footing with S/B = 0.5 and a) GWT =0, GWT =2 m and
C)GWT=4m
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Table 2. The ultimate bearing capacity of footings based on the load settlement curves.

Cu GWT Ju Cu GWT Qu Cu GWT Ou
kPa m 5B DB pa  kea m SB DB \pa  kpa m SB DiB | \pa
0.25 245 0.25 340 0.25 570
0.5 260 0.5 345 0.5 580
1 1 1
1 280 1 350 1 588
15 284 15 355 15 593
0.25 230 0.25 335 0.25 560
0.5 240 0.5 338 0.5 570
0 2 0 2 0 2
1 250 1 340 1 580
15 280 15 345 15 587
0.25 227 0.25 330 0.25 555
0.5 235 0.5 335 0.5 560
4 4 4
1 245 1 338 1 575
15 270 15 342 15 580
0.25 250 0.25 360 0.25 580
0.5 265 0.5 370 0.5 585
1 1 1
1 290 1 375 1 592
15 295 15 380 15 597
0.25 245 0.25 355 0.25 565
0.5 250 0.5 360 0.5 575
40 2 2 60 2 2 100 2 2
1 255 1 365 1 585
15 285 15 375 15 593
0.25 230 0.25 350 0.25 560
0.5 245 0.5 355 0.5 565
4 4 4
1 253 1 360 1 580
15 275 15 365 15 585
1 0.25 255 0.25 380 0.25 585
0.5 270 1 0.5 385 1 0.5 590
1 295 1 390 1 595
15 300 15 400 15 600
2 0.25 250 0.25 370 0.25 570
0.5 260 0.5 375 0.5 580
4 4 2 4 2
1 275 1 383 1 590
15 290 15 390 15 595
4 0.25 240 0.25 360 0.25 565
0.5 250 4 0.5 370 4 0.5 570
1 265 1 378 1 585
15 285 15 385 15 590

The ultimate bearing capacity of the footing is considered to be the load that causes continuous settlement divided
by the footing area. It is noticed that the curves acquired from the left and right footings are seen to be exactly identical.
It is concluded from Table 2 that the UBC of interfering footings decreases as the S/B ratio increases and attains the
value of an isolated footing at greater spacing. In addition, the UBC is approximately 10% higher at S/B = 1 compared
to the isolated footing, this is due to the stress zones overlapping individual footing when put close to each other. As
shown in Figure 2, it can be seen that the behavior of the load settlement curve is the same in all cases. In addition, an
analogous form of difference is noticed for the settlements at working load. Moreover, when the footings are positioned
with S/B = 2, the settlement increases by 48%, and as the S/B ratio increases, the percentage increase in the settlement
reduces.

However, at S/B = 1, the UBC of two footings achieves a value equal to that of an isolated footing and does not
change when the S/B ratio increases. In addition, there is an increase in UBC with the increased depth of footings. For
example, when cu = 40 kPa, S/B = 1, the UBC increases by 6 and 14%, respectively, as the depth of footings Df/B
increases from 0.25 to 0.5 and a, respectively.
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4.2. Effect of the Undrained Shear Strength of the Clay (Cu)
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Figures 4 to 9 present the variation of bearing capacity ratio EL/ER with cu or different values of Df/B and water
table level. Table 3 summarizes the values of & for different cases.
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Table 3. Values of & for different Cu, GWT, S/B and Df/BL values, cu = 60 kPa
Cu GWT S/B D¢B 13 Cu GWT S/B D¢B 13 Cu GWT  S/B DyB 13

kPa m kPa = (m) kPa (m)

0.25 1 025 0.99 025 1.05
05 1.06 05 1.00 05 1.06

1 1 1
1 1.14 1 1.01 1 1.08
15 116 15 103 15  1.09
025 0.94 025 097 025 1.03
05 098 05 098 05 1.05

0 2 0 2 0 2
1 1.02 1 0.99 1 1.06
15 114 15 100 15 108
025 0093 025 0.96 025 1.02
05 096 05 097 05 103

4 4 4
1 1.00 1 0.98 1 1.06
15 110 15 099 15  1.06
025 1.02 025 1.04 025 1.06
05 1.08 05 107 05 107

1 1 1
1 118 1 1.09 1 1.09
15 120 15 110 15 110
025 1.00 025 1.03 025 1.04
40 ) ) 05 102 ¢ ) ) 05 104 oo ) ) 05 106
1 1.04 1 1.06 1 1.07
15 116 15  1.09 15  1.09
025 094 025 101 025 1.03
05 1.00 05 1.03 05 104

4 4 4
1 1.03 1 1.04 1 1.06
15 112 15 106 15 107
025 1.04 025 110 025 1.07
05 110 05 112 05 1.08

1 1 1
1 1.20 1 113 1 1.09
15 122 15 116 15 110
025 1.02 025 107 025 1.05

. 1. . 1. . 1.

4 5 05 06 4 ) 0.5 09 4 ) 0.5 06
1 1.12 1 111 1 1.08
15 118 15 113 15  1.09
025 098 025 1.04 025 1.04
05 1.02 05 107 05 105

4 4 4
1 1.08 1 1.10 1 1.07
15 116 15 112 15 1.08

It can be noticed that the bearing capacity ratio & increases with footing depth while decreasing with increasing of
water table depth. In all cases, the largest values of § were obtained when cu = 40 kPa. This indicates that the interaction
between footings is greater when the soil is softer.

The UBC of the interfering footing is observed to fall by 5-10% at S/B = 1 and 2, respectively, while the bearing
capacity value of the at-surface footing is still equal to that of the isolated footing, indicating negligible or no influence
of interference on the bearing capacity. However, the interference has a noticeable impact on the settlement.

When the distance between the foundations is greater than 1, the effect of the increase in the depth of the foundation
overcomes the effect of the decrease in the bearing capacity resulting from the increase in the distance between the
foundations.

762



Civil Engineering Journal

4.3. Effect of the Depth of Footings Ratio (Df/B)
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Figures 10 to 15 display the variation of &L With spacing ratio S/B for different values of footing depth and water

table depth.
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Figure 16 plots the contours of the total settlement of the nearby footings when embedded in clay of cu = 40 kPa
with different embedment depths.
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Figure 16. Total-displacement contour plots for Footings of different depths when Cu=40, GWT=0, and S/B=0.5 a)
Df/B=0.5, b) Df/B=1, c) Df/B=2, and d) Df/B=3.

When the water table is at the ground surface and S/B = 0.5, it is seen that the footings bearing capacity increases by
20% when compared to an isolated footing. In addition, as can be observed, the shear zone is symmetrical at the footing
center and analogous to the failure mechanism suggested by Stuart (1962) [24].

Finally, the proximity of the two embedded footings causes a considerable amount of interference. The bearing
capacity is noted to increase with increasing the space between footings until a peak is reached, after which it is observed
to decrease with increasing the space between the footings. When the spacing between two footings is from 2-3B, the
two shear failure surfaces appear beyond the footing edges in the space between the footings. As a result, the bearing
capacity ratio (&) decreases. In addition, the soils between footings can carry more loads than the soils under a single
footing because they are subject to lateral confining pressures. This explains why the bearing capacity ratio (&) increases
when two footings are placed next to one another.
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5. Conclusions

The effect of two nearby interfering strip footings embedded in saturated cohesive soils was investigated in this
paper. A finite element software called Midas GTS Nx has been established for this objective. The clayey soil has been
modeled using the Mohr-Coulomb constitutive model, and the footings have been modeled using the linear elastic model.
Different factors have been studied, such as the spacing between footings, the depth of footings, the undrained shear
strength of the clay, and the groundwater table. The following significant conclusions can be drawn from the results:

e The soil cohesion and the footing depth ratio have a notable influence on the interference of closely spaced footings;

o For all cohesion values, it has been observed that the spacing needed for interference to vanish decreases with an
increase in the depth of the footing and water table;

o As the S/B ratio increases, the UBC of interfering footings decreases until it reaches the same value as an isolated
footing at greater spacing. The UBC is approximately 10% higher at S/B = 1 compared to the isolated footing;

e The UBC of the interfering footing is observed to drop by 5-10% at S/B = 1 and 2, respectively, while the bearing
capacity value of the at-surface footing is still equal to that of the isolated footing, indicating negligible or no
influence of interference on the bearing capacity;

e In all cases, the highest values of & were obtained when cu = 40 kPa. This indicates that the interaction between
footings is greater when the soil is softer.
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