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ABSTRACT: An attempt is made to study the interaction of two closely spaced rigid strip footings resting on homogeneous soil bed
and find their ultimate bearing capacity (UBC) and settlement behaviour subjected to inclined loading. Finite element software
ABAQUS is used for the analysis. The foundation soil is modeled as elasto-plastic material obeying the Mohr-Coulomb failure
criterion. The soil domain is discretized with 4-noded bilinear plane strain quadrilateral elements. Parametric studies is performed by
varying the angle of inclination of load with horizontal (θ) and clear spacing (S) between the footings. Both bearing capacity and
settlement of interacting footings compared to that of an isolated footing increases with decrease in S for footings loaded vertically,
whereas the effect on UBC for footings with inclined load is not significant.
RÉSUMÉ : Une étude a été réalisée pour analyser l'interaction de deux semelles filantes rigides rapprochées appuyées sur un sol
homogène et déterminer la charge limite de rupture et les tassements lorsqu'elles sont soumises à une charge inclinée. Cette analyse a
été réalisée avec le logiciel d'éléments finis ABAQUS. Le sol de fondation est modélisé par un matériau élasto-plastique satisfaisant
le critère de Mohr-Coulomb. Les éléments de sol sont constitués de quadrilatères à 4 nœuds en contraintes planes. Des études
paramétriques ont été réalisées en faisant varier l'inclinaison de la charge (θ) et l'espace entre bords de fondations (S). Il apparait que
les capacités portantes et les tassements des fondations augmentent par rapport à ceux de fondations isolées lorsque l'espacement S
diminue pour des semelles chargées verticalement, alors que la capacité portante n'est pas affectée pour des charges inclinées..
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INTRODUCTION

The classical or conventional theories developed for bearing
capacity and settlement of isolated shallow foundations have
been studied exhaustively by several researchers in the early
phase of the development of soil mechanics such as the theories
postulated by Terzaghi 1943, Meyerhof 1963, Vesic 1973, etc
have been a good representation of actual field conditions a few
decades ago. But there are situations such as railway sleepers
and foundations near the property lines wherein foundations are
closely spaced. Under such conditions the stress isobars of the
individual footings may interact and coalesce forming an
overlapped stress isobar affecting a larger zone of foundation
soil altering the behaviour of the individual foundations, which
would be different from that of the isolated footings. Therefore,
analysis of such problems should be carried out by considering
all the factors that govern the interference behaviour of such
closely spaced footings as realistically as possible. A number of
investigations have been performed numerically as well
experimentally to determine the interference effect of two
nearby shallow foundations. Stuart 1962 was the pioneer to
study the phenomenon effect on ultimate bearing capacity
(UBC) of two nearby strip footings using limit equilibrium
method. Most of the researchers (Graham et al. 1984, Kumar
and Ghosh 2007, Kumar and Kouzer 2007, Kumar and
Bhattacharya 2010, Mabrouki et al. 2010, Kouzer and Kumar
2010, Ghosh and Sharma 2010, Nainegali and Basudhar 2011,
Lee et al. 2008, Nainegali et al. 2012) used numerical methods
such as method of stress characteristics, upper or lower bound
methods, finite difference and finite element methods to study
the interference effect on UBC. Moreover laboratory model
experimental tests were conducted by Khing et al. 1992, Das et
al. 1993, Kumar and Sharan 2003, Kumar and Bhoi 2008,
Ghosh and Kumar 2009. Most of the literature available on the
subject is related to vertical loading however, in several
situations interacting footings are subjected to inclined loading

owing to vertical and horizontal loads transmitted through the
superstructure or inclined columns or wind load.
Therefore, in this paper, an attempt is made to study the
interaction of two closely spaced rigid strip footings resting on
homogeneous soil bed and find their ultimate bearing capacity
and settlement behaviour subjected to inclined loading.
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PROBLEM DEFINATION

Two rigid strip footings designated as the left (BL) and the right
(BR) footing of symmetrical width, B rest on the surface of the
homogeneous soil layer of depth, H as shown in Figure 1. The
two footings are placed at a clear spacing, S and an inclined
load, P is applied at an angle of inclination θL and θR with
horizontal on the left and right footings, respectively. The effect
of angles of inclination of load (θL and θR) and the clear spacing
between the footings on the ultimate bearing capacity and
settlement are analyzed. The properties of the soil deposit are
considered as specified by Ghosh et al 2011 for the first layer of
soil deposit, wherein Young’s modulus of soil, E is 2.06e+03
kN/m2, Poisson’s ratio, µ is 0.3, cohesion, cu is 19.40 kN/m2,
soil friction angle, � is 24.730, unit weight of soil, γ is 17
kN/m3 and thickness of total soil deposit, H is 11.7 m. The
loading cases are chosen such that the variation of load
inclination leads to combination of symmetrical and
asymmetrical loading conditions. The cases of loading are given
in Table 1.
Table 1. Loading cases
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Case

θL

θR

a

900

900

b

600

600

c

600

1200

d

1200

600

Layout
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m, S = 0.5 m and subjected to vertical loads, the domain in X
direction is varied in the range of 6B to 10B and thus the
pressure displacements curves are obtained. It is seen that the
pressure settlement curves almost converge beyond the domain
size of 9B. Also same study is made for footings with inclined
load; however convergence is obtained at 9B. Hence for all the
cases as specified above, far boundaries in X direction (AB and
CD) are considered at a distance of 9B from outer edges of the
left and right footings. For the sake of space and brevity the
details of sensitivity analysis are not presented.
Figure 1. Definition of problem.

3.3

The finite element model is validated prior to analyze the
problem. For the validation the pressure settlement curves are
obtained for isolated footing resting on soil surface and loaded
with veritical and inclined (600 with horizontal) load and the
same are presented in Figure 3 and Figure 4 respectively. The
UBC (495 kPa) of vertically loaded footing obtained from the
present analysis is seen to be close to the value (530 kPa)
predicted by Terzaghi 1943 bearing capacity equation. For
footing with inclined load, the UBC obtained is 145 kPa
whereas the same is perdicted as 180 kPa by Meyerhof 1963
bearing capacity equation.

Figure 2. Discretized finite element domain and boundary conditions.

3
3.1

ANALYSIS
Modeling

The length of the strip footing is long enough compared to its
width so the problem falls under plane strain condition.
Henceforth two dimensional finite element analysis is carried
out using the commercially available finite element software,
ABAQUS 6.10. The soil is considered as elasto-plastic material
obeying the Mohr Coulomb failure, where the parameter
required for Mohr Coulomb plasticity model are prescribed in
the previous section. The concrete footings are assumed to be
linear elastic with a Young’s modulus of 23.5e+6 kN/m2 and a
Poisson ratio of 0.2. The finite element mesh is generated with
the use of CPE4R, a 4-node bilinear plane strain quadrilateral
elements. The footings are placed on the surface of soil and
have perfect contact with the soil. The nodes between footing
and soil are tied using the tie constraints and no slip is allowed
at the interface of footing bottom and soil. For the analysis of
geotechnical problems, the initial state of stress is important and
henceforth prior to application of external footing load the soil
is analysed for initial state of stress with the use of geostatic
step wherein the gravity load is applied. The static analysis may
terminate when a few soil elements near the edge of the
footings are distorted excessively which may happen at the
ultimate state of failure. Hence the analysis is performed with
dynamic implicit step where in the external footing load is
applied very slowly to avoid the exciting the finite element
model. The whole failure domain is considered in the present
analysis to take care of both symmetrical and asymmetrical
problems.
3.2

Validation

Finite element domain, mesh and boundaries

Figure 2, shows two (left and right) footings, size of failure
domain, finite element mesh and boundary conditions. 4-noded
bilinear rectangular plane strain elements are used to discretized
the soil domain and suitable boundary conditions are assigned at
the far end boundaries of the domain (Potts and Zdravkovic
1999). The bottom end BC is associated with fixed supports (no
displacements are allowed) and side boundaries (AB and DC)
are only fixed in horizontal direction. It is noted that the mesh is
finer in the vicinity of the footings to take care of stress
concentration. As the thickness of the soil deposit is of 11.7 m,
so the domain in Z direction is fixed to 11.7 m. Thereby the
sensitivity analysis is carried out to fix the domain size in X
direction as discussed in Ghosh and Sharma, 2010. With B = 1
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Figure 3. Comparison of FEM with Terzaghi 1943 equation for footing
with vertical load.

Figure 4. Comparison of FEM with Meyerhof 1963 equation for footing
with inclined load.

3.4

Results and Discussions

Except case b, the rest of the cases (Case a, c and d) are
symmetrical in condition and therefore, for the symmetrical
cases the pressure settlement curves obtained both from the left
and right footings are identical. It is to be noted that the pressure
and settlements presented are obtained by averaging all the
values obtained at all the nodes below the footing.
For case a, wherein the load is applied on the left and right
footings at an angle of 900 with the horizontal, pressure
settlement curves are obtained by increasing S/B ratio. The
pressure settlement curves at S/B = 0.5 and 3.0 are presented in
Figure 5, along with the curve for an isolated footing to
ascertain the variation in the obtained curves. From the obtained
pressure settlement curves of interfering footings, the ultimate
bearing capacity of the soil is calculated at different S/B ratio
and also the settlements, δ are obtained at the load intensity of
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100 kPa assuming it to be in the range of working load. The
same are presented in Table 2.

Figure 7. Pressure settlement curve of case b at S/B = 0.5.
Table 3. UBC (kPa) of interfering footings for case b, c and d.

Figure 5. Pressure settlement curves for case a

S/B

Table 2. Bearing capacity and settlements of footing for case a.
S/B

0.5

1

1.5

2

2.5

3

Isolat
3.5 5
ed
495 495 495

0.5
1.0
1.5
2.0
2.5
3.0
3.5
5.0
Isolated

UBC, kPa 545 520 515 510 505 495
δ, mm (at
156.5 148.1 141.3 135.9 131.4 127.8 124.7 118 105.7
100 kPa)

It is observed from Table 2, that the UBC of interfering
footings decreases with increase in S/B ratio and attains the
value as that of isolated footing at higher spacing. At S/B = 0.5,
the UBC is observed to be increased by about 10% compared to
isolated footing. This is due the overlapping of the stress zones
of individual footing when placed close to each other. The same
can be observed from the stress contour plot as presented in
Figure 6. Similar kind of variation is seen for the settlements at
working load. The settlement is increased by 48% when the
footings are placed at S/B = 0.5 and the percentage increase in
the settlement decreases with increase in S/B ratio.

b

Left
125
128
130
140
145
145
145
145

145

Case
Right
125
130
130
140
145
145
145
145

c

d

135
145
145
145
145
145
145
145
145

140
145
145
145
145
145
145
145
145

Table 4. Settlement, δ (mm) obtained at 100 kPa load.
S/B
0.5
1.0
1.5
2.0
2.5
3.0
3.5
5.0
Isolated

b

Case

Left
Right
166.79 155.52
162.61 145.84
157.10 140.21
151.56 135.44
146.94 130.85
142.59 126.93
138.66 123.57
128.95 116.13
104.70

c

d

155.96
148.28
141.69
131.91
130.95
127.16
124.04
117.03
104.70

155.04
146.46
140.95
136.38
132.52
129.11
126.10
118.97
104.70

Figure 6. Stress contour for case a at S/B equal to 0.5.
As the case b, is unsymmetrical case the pressure settlement
curves are obtained for both left and right footings at different
S/B ratio and are seen to be non-identical. The pressure
settlement curve for case b is obtained at S/B = 0.5 and shown
in Figure 7. The UBC is calculated owing to the interference for
left and right footings placed at different spacing and are
presented in Table 3. Similarly the settlements, δ obtained at
working load of 100 kPa are presented in Table 4. It is observed
that the UBC of both footings decreases by 14% at S/B = 0.5
compared to that of isolated footing under same loading
condition. However, at S/B = 2.5, the UBC of two footings
attain a value as that of isolated footing and remains constant
with further increase in S/B ratio. It is also observed that the
settlement of left and right footing at working load is increased
by 59% and 49% at S/B = 0.5 and decreases to 23% and 11%,
respectively at S/B = 5.0 compared to that of isolated footing.
The stress contour for case b at S/B = 0.5 is shown in Figure 8
and it is seen that the stress contours of right footing do not
overlap much with that of left footing and hence negligible
interference phenomenon is observed however the effect on
settlement is higher.

Figure 8. Stress contours for case b at S/B equal to 0.5.
Similarly, the pressure settlement curves are obtained for
case c and case d. It is observed that the curves obtained from
both left and right footings are exactly identical. From the
obtained curves, the UBCand settlements at working load of
100 kPa are obtained and the same are tabulated in Table 3 and
Table 4, respectively. The pressure settlement curves obtained
for footings placed at S/B = 0.5 are shown in Figure 9 for case c
and case d. The stress contour plot for case c and case d
obtained by placing the footings at S/B = 0.5 are shown in
Figure 10 and Figure 11 respectively. It is observed that the
UBC of interfering footing decreases by 7% at S/B = 0.5 and at
all S/B ratios the bearing capacity value remains same as that of
isolated footing, revealing negligible or no effect of interference
on the bearing capacity. However significant effect of
interference on the settlement is observed. 49% increase in
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settlement of the footings as compared to the isolated footing is
found. Similar observation is made for case d wherein the stress
isobars diverge or are in opposite direction hence negligible or
no overlap of stress contours is seen in the vicinity of footing
edges where the stress concentration will be high and at greater
depths of footings the stress contours overlap a bit. Henceforth,
it is observed that the interference phenomenon has no
significant effect on the bearing capacity; however it has certain
considerable effect on the settlement of the footings. It is also
observed that at the node point 1 m below the axis of symmetry,
the vertical settlement obtained for case c is higher than that
obtained for case d since in case c the footing loads on left and
right footings converge towards the axis of symmetry and vice
versa in case d.

Figure 9. Pressure settlement curves of case c and case d at S/B
equal to 0.5.

Figure 10. Stress contour for case c at S/B equal to 0.5.

Figure 11. Stress contour for case d at S/B equal to 0.5.
4

CONCLUSIONS

A limited study is presented on the effect of two closely spaced
rigid strip footings resting on the surface of homogeneous soil
subjected to inclined load. The effect of interference
phenomenon on ultimate bearing capacity and settlement at
working load condition are studied. The phenomenon has
certain considerable effect on the ultimate bearing capacity,
increasing its capacity when footings are vertically loaded. For
the cases where footings are subjected to inclined load the effect
of interference on the bearing capacity has no significant effect.
However for all the cases of inclined loading condition, the
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interference effect on the settlement is quite significant. The
settlement of interfering footings in the range of working load
decreases with increase in the clear spacing between the
footings and attains a value as that of isolated footing at greater
clear spacing (S ≥ 5B).
5
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