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Abstract. Construction of residential and commercial buildings on the slope face is very commonly noted in
the North-eastern and other mountainous terrains of India. Closely spaced buildings and the foundation elements
located on such slope faces interact with each other, thereby inﬂuencing the stability of the slopes, which, in
turn, affects the failure mechanism and bearing capacity estimation of such foundation systems. Several literatures are available highlighting the response of foundation located on the slope crest, while those elucidating
the response of foundation located directly on the slope face are scanty. Among them, there are extremely few
literatures available showcasing the interaction of footings located on slope face. Hence, considering the
practical importance of the issue, this paper reports a numerical two-dimensional ﬁnite element-based study that
is conducted to determine the failure mechanism and bearing capacity of interfering strip footings located on the
face of a slope. The study aptly demonstrates that the response of interfering footings is governed by the soil
type, footing width, slope inclination, and the relative elevation between the footings. It is observed that upon
increasing the footing width by two times, the bearing capacity of interfering footing increases by 33%, even
though the interfering mechanism remains the same. It was also noted that with each successive increase in the
slope inclination by 5°, the interfering bearing capacity gets reduced by 37 %. Under any parametric circumstances, maximum interference between the strip footings is noted when their relative height of separation (in
terms of footing width) remains close to 2, while the interference is found to be completely disappearing when
the relative height of separation is 8 or more. This ﬁnding should aid in the decision making about the proper
choice of inclusion of interference effect during the analysis and design of foundations on slope face.
Keywords. Foundations on slope face; interfering strip footings; bearing capacity; interaction mechanism;
ﬁnite element analysis.

1. Introduction
The ultimate bearing capacity (UBC), bearing capacity
factors (BCF), settlement and failure mechanism of strip
footings, located over horizontal ground, are investigated
by several researchers [1–6]. In comparison, the volume of
research involving shallow foundations on or near the slope
is rather limited [7]. There are many circumstances where
building foundations, bridge piers, transmission towers,
water tanks or reservoirs, roadways, and railway lines are
located on or near the slope. In this regard, the ultimate
bearing capacity and bearing capacity factors of strip
footing resting on or near the slope were assessed, subjected to vertical as well as inclined loading. It was noted
that UBC increases by 2-3 times as the footing embedment
depth was doubled [8, 9]. Available literature also reports
the ﬁeld investigations conducted on anchored inclined
*For correspondence

square footing for evaluating its UBC, elastic modulus and
deformation modulus, wherein it was highlighted that the
bearing capacity of anchored inclined footing is more than
conventional horizontal footing [10]. For various types of
footings (square, strip, circular and rectangular), it was
observed that the ultimate bearing capacity may reduce to
the extent of 50% when the passive failure mechanism of
footing is noticeably affected by slope face [11–14]. The
effect of slope stability and load eccentricity on UBC,
settlement and slip mechanism of strip footing, on or near
the slope, were also assessed through experimental and
numerical investigation. It was observed that beyond a
relative density of 70%, the stability of a cohesionless
sandy slope was marginally affected, while load eccentricity exhibited a substantial effect on the bearing capacity
[15, 16]. The UBC and BCFs of special types of skirted
strip footing and one-sided micro piled strip footing resting
on slope crest are also reported from experimental and
numerical investigations, wherein the inﬂuence of skirt
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length and micro piling in the enhancement of bearing
capacity was successfully manifested [17, 18]. The ultimate
bearing capacity (UBC) and failure mechanism of isolated
shallow footings resting near the crest of slope were
numerically evaluated and detailed inﬂuence of various
geo-parameters were illustrated with the aid of three-dimensional ﬁnite element analysis [19–21]. It has determined that beyond a critical setback ratio of 4 and 6, the
behaviour of square and strip footings, respectively, conform to the behaviour of footing resting on plane ground.
The load carrying capacity of interacting strip footings
located on slope crest is reported in the literature, wherein it
was illustrated that the interference of footings disappears
beyond a critical spacing ratio of 8 [22–24]. Very few literatures report the response of buildings resting directly
over the slope face in terms of ultimate load intensity (ULI)
and factor of safety (FOS). It was observed that the ULI of
building foundations resting on slope face is 2-19% lesser
than the ULI of buildings resting on horizontal ground
[25–28]. Apart from standard numerical techniques, soft
computing and optimization methods are also implemented
for the estimation of bearing capacity of shallow foundations located on or near the slope [20–22, 29, 30]. Furthermore, the relative importance of different geoparameters has also been assessed by different researchers
[20–22].
It is understood from the available literature that the
research related to foundation on slopes are mostly concentrated on shallow foundation resting on the slope crest.
A reconnaissance in the hilly region clearly reveals the
dominating presence of building foundations on the slope
face rather than located on the crest. In regard to the
practical scenarios, very limited investigations are carried
out for studying the interaction mechanism of shallow
footings on slope face [25–29]. In the present study, the
bearing capacity and failure mechanism of interfering
shallow footings located directly on the slope face are
assessed with the aid of ﬁnite element analysis using Plaxis
2D. The effect of different parameters speciﬁcally, the
slope angle, width of footing and soil types on interfering
bearing capacity are investigated. The slip mechanisms are
also deciphered in terms of incremental displacement and
incremental deviatoric strain generated underneath the
footings. Moreover, the critical relative elevation, (h/
B)critical, of interacting strip footings is proposed, beyond
which the footing responds as an isolated strip footing
resting on slope face.

2. Finite element modelling technique
In the numerical analysis, two-dimensional ﬁnite element
program, Plaxis 2D version 2015.01, is utilized for modelling aspect. Plaxis 2D is generally considered for modelling of various geotechnical scenarios including ﬂow
analysis, stability analysis and deformation assessment. In
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the present research, strip footings located on slope face are
modelled. In case of strip footing, the length of the footing
(L) is much larger than the width (B) of the footing to the
extent of generating a plane-strain condition. Moreover, it
is also considered that the slope face is sufﬁciently long so
that the strains in the longitudinal direction can be
neglected. Accordingly, both the slope and the strip footing
are simulated in plane strain condition. As a result, 2D FE
analysis has been taken into account for modelling purpose.
In the numerical investigation, the model dimension is
considered in such a way that the generated mechanism
should not be affected by the boundaries of the domain as
shown in ﬁgure 1(a). The model is discretized with the aid
of ﬁnite elements (FE) for numerical calculations, the
arrangement of which is termed meshing. Figure 1(b) depicts the typical diagram of FE mesh for soil body and
footing, along with the boundary conditions adopted in the
present simulation. In ﬁnite element meshing, 15-noded
triangular elements are utilized for meshing of soil body
and 5-noded line elements are considered for plate element
(representing the footing) as shown in Figure 1b. In the FE
model, vertical as well as horizontal ﬁxities (UX = 0 and UY
= 0) are provided to the bottom boundary, while the lateral
vertical boundary is provided with only horizontal ﬁxities
(UX = 0 and UY = 0). There are no ﬁxities provided to the
slope face as it is allowed free deformation (ﬁgure 1(b)).
In Plaxis 2D, different meshing schemes are available,
speciﬁcally very coarse, coarse, medium, ﬁne and very ﬁne
[31]. FE mesh is required to be optimally ﬁne to capture
precise results from the simulation. However, at the same
time, extremely ﬁne mesh is needed to be avoided as it
increases computational time, and accumulate the errors of
numerical computation resulting in misleading results.
Moreover, the mesh reﬁnement option can be suitably sued
to reﬁne the mesh at the critical locations in the domain
where higher stress concentration is expected, especially at
the interfaces of the structural and soil elements. In general,
the average element length (le) has been calculated by the
following expression Eq. (1).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
le ¼ re  0:06  ðXmax  Xmin Þ2 þðYmax  Ymin Þ2 ð1Þ
Where, Xmax, Xmin, Ymax and Ymin are the outer geometry
dimensions, and re is relative element size factor. The relative element size factors for different meshing are provided in table 1.
In the present study, the soil is represented by MohrCoulomb (M-C) model. M-C model is deﬁned by three
strength parameters comprising cohesion (c), angle of
internal friction (u) and dilatancy angle (w), and two
stiffness parameters comprising modulus of elasticity (E)
and Poisson’s ratio (l) [20]. In general, for all practical
purposes till date, the strength parameters of most soils are
conveniently represented by the strength and stiffness
parameters as described by the M-C model. Further, all the
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Figure 1. (a) Typical schematic diagram of a strip footing located on a slope face. (b) FE meshing and boundary conditions adopted in
FE modelling.

Table 1. Relative element size factor for various meshing
schemes.
Meshing schemes
Very coarse
Coarse
Medium
Fine
Very Fine

Relative element size factor (re)
2
1.33
1
0.67
0.5

classical bearing capacity theories which are largely used
by the engineers, designers and practitioners conform to the
application of c and u as the strength parameters for the
assessment and evaluation of bearing capacity of shallow or

deep foundations. Although M-C model has its own limitation in representing the realistic stress-strain behaviour of
different soils, yet the popularity of the model rests with the
simple tests which can be conveniently used to delineate
the strength parameters of the soils. The advanced constitutive models developed over the past decades to suitably
capture the realistic response of soils is yet to be brought
into regular practice of assessment of bearing capacity.
Hence, M-C model is chosen for the present study for its
simplicity and convenience of use in regard to the estimation of bearing capacity and comparison with classical
experimental or analytical assessments. The footing is
represented by a plate element of thickness 0.2 m and
modelled through linear elastic (LE) material [19]. In the
simulation, the initial stresses are generated through gravity
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Figure 2. Various position of interacting footings located on slope face.
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Table 2. Different types of foundation soil as used in the present investigation.

Soil types
Dense sand
Medium dense
sand
c-u soil

Cohesion
(c) (kPa)

Angle of internal friction
(u)°

Unit weight (c) (kN/
m3)

Modulus of elasticity
(E) (MPa)

Poisson’s ratio
(m)

0
0

40
30

19
17

40
20

0.3
0.28

20

30

18

20

0.3

600
500

qu (kPa)

400

300
Dense sand
β = 20°

200

β = 25°
100

β = 30°

0
0

2

4

6

8

10

h/B
Figure 5. Inﬂuence of slope angle on the interaction effects of
footings located on slope face.

Figure 3. Mesh convergence study.
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Figure 4. Comparison of the bearing pressure-settlement patterns obtained from experimental outcomes [32] and Plaxis 2D FE
results (present study).

loading, wherein the ratio of horizontal to vertical stress
(K0) depends on the Poisson’s ratio, as per the following
expression (2).
K0 ¼

l
1l

ð2Þ

2

4

6

h/B

8

10

Figure 6. Inﬂuence of soil types on the interaction effects of
footings located on slope face.

For the present study, a 55 m high hill slope is modelled
to represent the typical ﬁeld slope geometry. A shallow
strip footing is considered located at the slope face, 10 m
below the crest level. The location is so maintained that the
stress-strain mechanism developed beneath the foundation
remain unaffected by the ﬁxed boundaries of the domain; in
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Figure 7. Inﬂuence of footing width on the interaction effects of
footings on slope face.

other words, the position of the footing is so chosen that
only the effects of the loading and slope boundary comes
into consideration. The footing has been placed in such a
way that the height between the near-end of the footing to
the slope surface is 1 m, which ascertains the minimum
embedment depth of the footing within the slope. The
intention was to provide a nominal soil cover of 1 m, as
shown in ﬁgure 1(a). Further, in order to incorporate multiple footings, one footing has been ﬁxed at 10 m below the
crest (as already mentioned), while the other footings are
placed at various elevations (in terms of footing width
below the level of 1st footing), as shown in ﬁgure 2. In
order to investigate the interaction of footings located on
the slope boundary, the simulation has been done for 7
different scenarios of footing location, the maximum relative elevation of the footing being considered as 10B. The
simulations are carried out for three different soil typologies (Medium dense sand, Dense sand and c-u soils), the
properties of which have been listed in table 2; the magnitudes are adopted from previous literature [12, 19]. In the
present investigation, the footing is subjected to displacement-based failure mechanism, where the failure displacement is considered as 20% of the footing width (B).

3. Validation study
In order to cross-check the reliability of the developed FE
model for deciphering the response of strip footing located
on slope face, a validation study is undertaken against
published results of laboratory experimental investigations
[32]. In the laboratory investigation, the UBC of strip
footing of width 75 mm resting over the crest of slope
unreinforced and reinforced slope was assessed. A tank of
dimension 2.1 m x 0.48 m x 0.51 m was considered for the
preparation of a dry sand-slope of 34° inside the tank. The
average unit weight (cd) and relative density (DR) of the soil
was 16.3 kN/m3 and 70%, respectively, while the angle of

internal friction of soil was 36° [as per 32]. In the validation
study, similar geometry and soil properties were taken into
account for the numerical model. For the validation study,
the footing was considered to be at a setback ratio (b/B) of
1.5. A mesh convergence study is conducted in order to
ascertain the optimal meshing for the developed FE model.
Figure 3 depicts bearing pressure-settlement behaviour for
different meshing arrangements. It is observed that beyond
ﬁne mesh, the results are mostly identical and hence, ﬁne
meshing is considered as optimal mesh conﬁguration for
further studies. Figure 4 portrays the comparison of the
bearing pressure-settlement outcomes of laboratory experiments [32] and numerical results found from the present
FE study. It is noted that the bearing pressure-settlement
patterns are in appreciable agreement, thereby reinforcing
the conﬁdence on the efﬁcacy of the developed FE model.

4. Results and discussions
As stated, the simulation has been conducted for 7 different
scenarios of interacting footings. As a benchmark problem,
the response of an isolated strip footing has also been
investigated; this problem is termed as ‘h = 0 B’ condition.
This section discusses about the inﬂuence of various
parameters on the bearing capacity and failure mechanism
of interfering strip footings located on the crest of a slope.
The different geometrical parameters adopted for the present study are soil typologies, slope angle, footing width
and spacing between footings. From the knowledge of soil
mechanics, it is understood that each of the chosen
parameters affect the generation of stress and strains in the
foundation medium, and in turn inﬂuences the bearing
capacity of the system. Varying soil typology introduces
varying soil shear strength and stiffness parameters which
result in varying stresses and strains in the soil medium,
even under identical geometrical conditions. As the slope
angle changes, the volume of soil participating in the passive resistance (generated from the direction of slope face)
changes with the footing load, and hence, alters the stress
and displacement conditions within the foundation. Change
in the width of the footing induces different area of
mobilization of the failure zones beneath a loaded footing,
and hence alters the stress distribution beneath the footing.
Finally, clear spacing between the footings govern the
generation of overlapping stress contours beneath the
footing, and hence contribute as an important parameter in
the bearing capacity of interfering footings. Hence, all these
parameters were chosen to investigate their quantitative
inﬂuence on the bearing capacity of interfering footings.

4.1 Effect of inﬂuencing parameters
Reconnaissance of the habitations in the hilly terrains reveal
that most of the urbanization have taken place on the hill
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Figure 8. Displacement mechanisms of interfering strip footings located on slope face.

slopes having slope angle within the range of 20° to 30°. With
this background information, three different slope angles
(20°, 25°, and 30°) were considered for the present investigation. The inﬂuence of the slope angle on the interaction
effects of footings on such slopes are presented in ﬁgure 5. It

can be seen that the bearing capacity reduces for the closely
located footings within a relative elevation of 2B, beyond
which the bearing capacity of the footings gradually increases to reach an asymptotic constant value (at h = 8B) identical
to the bearing capacity of isolated strip footing resting on
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Figure 9. Incremental deviatoric strain mechanism highlighting the failure surfaces for the interfering footings.

slope. It is also realised that if slope angle decreases, bearing
capacity increases (as expected), although the mechanism
associated with interference remains the same for all the
slope angles. The associated mechanism is discussed in detail
in a later section.

Figure 6 describes the effect of the soil typology on the
variation of bearing capacity. It is detected that owing to
dense packing of the constituent particles leading to higher
conﬁnement on the footing, dense sand provides higher
bearing capacity than that provided by medium dense sand.

Sådhanå (2020)45:89

Figure 10. Demarcation of signiﬁcant displacement contour for
the benchmark problem.

It can be seen that the c-u soil shows a similar behaviour as
that of the dense sand, which may vary depending upon the
chosen strength parameters for the soil. It is noted that the
mechanisms associated with interference remains same for
all soil types. Figure 7 exhibits the effect of the variation of
footing size on the variation of bearing capacity. Although
the interaction mechanisms remain the same, it can be
realised that, as expected, the increase in the footing width
results in the increases in bearing capacity.

4.2 Interaction mechanism of interfering strip
footings located on slope face
For investigating the interaction effect of footings on slope
using the 2D simulation, a failure displacement of 20% of
footing width is applied on the footings. As mentioned earlier,
ﬁgure 5 indicates that the bearing capacity of the footing
decreases up to 2B, and then gradually increases to reach the
bearing capacity of an isolated strip footing beyond 8B. Figure 8 exhibits the displacement behaviour of the model
domain (multiple footings on a slope) for varying levels of
interferences. The degree of interaction is quantiﬁed by the
overlap of the 0.1B displacement contour (termed as ‘signiﬁcant displacement contour) produced by the adjacent footings.
In a similar manner, Figure 9 portrays the interference effect
of strip footings on the face of the slope in terms of the
developed incremental deviatoric strain mechanisms.
The incremental deviatoric strain can be calculated from
following expression Eq. (3)
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where, D 2xx , D 2yy and D 2zz are the incremental Cartesian strains, Dcxy , Dcxy and Dcxy are the incremental shear
strain, D 2v is the incremental volumetric strain which is
expressed as D 2v ¼ D 2xx þD 2yy þD 2zz . The incremental deviatoric strain mechanism refers to the incremental
deviatoric strain pattern at failure, which helps to identify
the slip zones developed beneath the footing.
Figure 10 highlights the signiﬁcant displacement contour
produced by the displacement loading of the benchmark
footing. The region bounded by the signiﬁcant displacement contour and slope boundary demarcates the volume of
soil that is susceptible to substantial movement upon displacement loading of the footing. Any other footing present
in this region, and if simultaneously loaded until failure,
will result in further drastic movement of the soil in the
bounded region. Apart from the above phenomenon, the
closely spaced footings when loaded simultaneously also
results in the overlap of the displacement zones resulting in
an enhanced signiﬁcant displacement 0.1B contour. This
behaviour can be observed from the various footing interaction scenarios as depicted in ﬁgures 8 and 9 in terms of
the displacement mechanism and incremental deviatoric
strain mechanism, respectively. It can be clearly noted that
the displacement overlap is signiﬁcant for the footings
within a relative elevation of 2B, beyond which increase of
the relative elevation reduces the overlap of the signiﬁcant
displacement contour resulting in gradual isolated behaviour of the footing. Beyond h = 6B, no signiﬁcant overlap
is manifested, indicating that beyond this distance, the
footings commence behaving as independent isolated strip
footings. No noticeable changes are noticed any further
beyond a relative elevation of 8B between the footings.

5. Conclusions
In the present numerical analysis, the inference mechanism of strip footings located on slope face has been
investigated with the aid of Plaxis 2D. The evaluation of
interaction mechanism of strip footings located on the
slope face was performed by providing a failure displacement of 20% of footing width. Moreover, parametric investigation has been conducted by altering
different geo-parameters to get the effect on interfering
load-carrying
capacity
and
interacting
failure

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
D 2v 2
D 2v 2
D 2v 2 1
½ðD 2xx 
Þ þ ðD 2yy 
Þ þ ðD 2zz 
Þ þ ðDc2xy Dc2yz Dc2zx Þ
D 2q ¼
3
2
3
3
3

ð3Þ
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mechanism. The following conclusions are framed on the
basis of the present numerical investigation.
1. The mesh convergence study revealed the applicability of
ﬁne meshing (having relative element size factor =0.67) is
optimal for the developed FE mode. Further, the developed FE model is validated against the experimental
investigations which exhibited appreciable agreement
between the pressure-settlement curves obtained from
experimental investigation and numerical simulations.
2. Bearing capacity decreases with increasing the slope angle
due to lack of passive resistance from the sloping side. The
interfering bearing capacity is found to be decreased by
37% with successive increase in the slope angle by 5°.
3. Bearing capacity increases with increasing the footing
width due to enhanced size of failure zones beneath the
footing, thereby providing enhanced holding capacity.
The interacting bearing capacity is found to be increased
by 33% for increasing the footing width by two times.
4. The degree of interference is measured by the overlap of the
0.1B displacement contour produced by the adjacent footings. Under any parametric variations, the maximum
interference of strip footings is obtained at an elevation of
2B, while the interfering action of adjacent footings is found
to be completely disappearing beyond an elevation of 8B.
5. Irrespective of the soil typology, the pattern of interaction mechanism between the footings located at different
levels on the slope face remains the same. Bearing
capacity enhances with increasing shear strength parameters of the soil due to the increase in the resistance
generated within the foundation medium.
The ﬁndings from the present study should aid in the
decision making about the proper choice of inclusion of
interference effect during the analysis and design of foundations on slope face. However, it is worth mentioning that
the present study has considered only homogeneous soil as
the hill-slope material, and has neglected the effect of
saturation of the hill-slope under different climatic circumstances. In a realistic scenario, the soil properties would
randomly vary within the hill-slope. In many cases, the hillslopes may contain marked stratiﬁcation of soil layers
having varying geotechnical and hydraulic properties.
Further, the hill-slope would sustain multiple typology of
foundations [24], let alone the strip footings. Although all
of these aspects could not be addressed directly in this
article, however it is amply clear that the basic mechanisms
of interaction of the footings located on the slope would
follow a similar trend as observed for the cases of homogeneous slopes reported in this study.
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