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Abstract
The scarcity of flat land in hilly areas has eventually forced geotechnical experts to utilize the sloping ground for construc-
tion purposes. The pleasant weather and attractive scenic views are the secondary reasons why there is a lot of infrastructure 
development taking place on hill slopes. In the last few years, a lot of attention has been given to the assessment of the 
bearing capacity of footing on hill slopes. However, due consideration has not been paid to the estimation of the bearing 
capacity of footings (width, B) on slopes, considering the consequences of earthquake shaking. In light of the foregoing, a 
comprehensive analysis has been conducted using a numerical tool based on the Finite Element Limit Analysis (FELA) to 
assess the ultimate seismic bearing capacity of footing on a c-ϕ slope and their potential failure modes, taking into account 
numerous parameters that control the aforementioned ones. The earthquake loading is considered by utilizing the pseudo-
static approach. The influence of several parameters, specifically setback ratio (b/B), angle of internal friction of soil (ϕ), 
slope angle (β), horizontal seismic acceleration coefficient ( �

h
 ), and unit weight of soil (γ) on the ultimate bearing capacity 

of footing is studied. It is noted that the setback ratio and slope angle significantly impact the seismic load-bearing capacity, 
while the unit weight of the soil has minimal effect on seismic-bearing capacity. This study investigated the various potential 
failure modes of strip foundations resting on soil slopes under seismic loading.
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List of symbols
B	� Width of strip footing (m)
b	� Distance of footing from the crest of the slope (m)
b/B	� Setback ratio
qult	� Ultimate bearing capacity of the footing (kPa)
γ	� Unit weight of soil (kN/m3)
E	� Elastic modulus of the soil (MPa)
�
h
	� Horizontal seismic acceleration coefficient

ϕ	� Angle of internal friction of soil (degrees)
β	� Angle of soil slope with horizontal (degrees)
ν	� Poisson’s ratio
c	� Cohesion of soil (MPa)

Introduction

The allure of scenic views has fuelled the infrastructure 
development and rapid urbanization in hilly regions, prompt-
ing extensive construction on slopes. Unlike flat grounds, 
foundations in these areas face heightened vulnerability to 
slope instability, a factor contingent on their proximity to 
the crest’s edge. Furthermore, footings situated on slopes 
experience a significant reduction in ultimate bearing capac-
ity compared to those on level ground. While prior studies 
suggest the possibility of safely neglecting this issue with a 
precise determination of ultimate bearing capacity, founda-
tions on sloping sites remain susceptible to seismic activi-
ties. This susceptibility arises from topographical amplifica-
tion of movement transmitted to the foundation base and a 
greater loss of strength due to incomplete mobilization of 
passive resistance toward the sloping side [1]. Post-earth-
quake site investigations and subsequent analyses underscore 
the severe stability problems that can arise in foundations, 
with a notable reduction in bearing capacity [2, 3]. Tatsuoka 
et al. [4] observed that, during earthquakes, structural failure 
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predominantly results from diminished load-bearing capac-
ity rather than sliding or tilting.

Terzaghi [5] pioneered the initial approach to ascer-
tain the ultimate load-bearing capacity of a foundation on 
level ground, a method still widely employed today. Sub-
sequently, numerous researchers have delved into evaluat-
ing the ultimate bearing capacity of footings on horizontal 
ground [6–10], as well as their seismic bearing capacity on 
flat terrain [11–14]. Meyerhof [6] introduced a modified 
failure mechanism derived from Terzaghi, expanding the 
slip surface of the passive zone to the ground surface and 
devising a new expression for determining the factors influ-
encing ultimate bearing capacity. Hansen [7] and Vesic [8] 
also proposed novel expressions for footing ultimate bearing 
capacity, incorporating factors related to shape, depth, and 
inclination. Earlier studies explored the impact of the hori-
zontal seismic acceleration coefficient ( �h ) on the seismic 
bearing capacity of footings on level ground [11, 12].

The existing literature highlights a predominant focus 
within current design codes on estimating the ultimate bear-
ing capacity exclusively on flat grounds, offering limited 
guidance for buildings situated on hill slopes [15–19]. Fur-
thermore, there is a notable absence of guidelines addressing 
the assessment of ultimate bearing capacity in the presence 
of seismic effects on slopes [20]. Studies pertaining to strip 
footing on hill slopes predominantly rely on methods such 
as stress characteristics [13], limit equilibrium [21], upper 
bound limit analysis [22], and the lower bound theorem of 
limit analysis [23]. Previous investigations underscore that 
seismic ultimate bearing capacity is significantly influenced 
by factors such as the setback distance of the footing from 
the slope crest (b), horizontal seismic acceleration coeffi-
cient ( �h ), loading pattern on the footing, and slope incli-
nation relative to the horizontal ground (β). Various fac-
tors, such as the soil shear strength parameters (specifically, 
cohesion and angle of internal friction), the relative density 
of the soil, and the depth of foundation embedment, exert 
influence on the ultimate bearing capacity of the footing. 
These factors collectively contribute to the overall bearing 
capacity of the foundation, particularly when situated on 
slopes [19, 23–25]. Despite the recognized importance of 
these key parameters, their cumulative effect on the response 
of hill-slope footings has not received adequate attention. 
Most analyses of footings on or along hill slopes in existing 
studies involve assuming a primary failure plane. However, 
with the advent of modern computational techniques like 
Finite Element Limit Analysis (FELA), which eliminates 
the need for such assumptions, the analysis of these complex 
geotechnical problems has become more accessible.

In light of the earlier discussion, it becomes imperative to 
determine the seismic ultimate bearing capacity of a footing 
situated on a slope. To achieve the objectives of this study, 

an in-depth numerical modeling employing adaptive finite 
element limit analysis is executed. The focus is on estimating 
the seismic bearing capacity of a strip footing positioned on 
a soil slope. Additionally, the study assesses the impact of 
various governing parameters to comprehend the extent of 
their influence on the seismic ultimate bearing capacity of 
foundations resting on slopes.

Furthermore, the analysis aims to evaluate the poten-
tial failure modes of strip footing on soil slopes, providing 
insights into the influence of different factors on these failure 
modes and the seismic bearing capacity of the footing.

Problem statement and methodology

The primary aim of this study is to assess the seismic bear-
ing capacity of a strip footing situated on a slope with c-ϕ 
soil. It is widely acknowledged that hill slopes typically con-
sist of various soil types, including gravels, fine silts, highly 
weathered rock masses, and soil mixtures. Hence, opting for 
c-ϕ soil for such slopes appears to be a fitting choice, both 
from a theoretical and practical standpoint. The constitutive 
model assumed for c-ϕ soil in this study is the elastoplastic 
model, specifically the Mohr–Coulomb failure criterion with 
an associated flow rule.

For a strip footing with width, B, situated on a c-ϕ soil 
slope with a unit weight of � , the ultimate seismic bearing 
capacity (qult) can be formulated in terms of bearing capacity 
factors, as provided by past studies [5, 26].

In Eq. (1), qult denotes the ultimate bearing capacity of the 
foundation, while Ncs and N

�q represent the bearing capac-
ity factors under earthquake loading. This study operates 
under the assumption that the principle of superposition is 
applicable.

In this study, finite element limit analysis (FELA) is uti-
lized using adaptive mesh techniques, employing 6-noded 
Gauss elements for the designated mesh of the numerical 
model. Plastically bound limit analysis theorems [27] guide 
this approach, which is widely employed for slope stability 
analyses under static and earthquake loading conditions, as 
evidenced by prior studies [28–30].

The ‘Plate’ element in the Optum G2 tool models the 
strip footing, exhibiting properties of a rigid material [31, 
32]. The slope and footing geometry details are depicted in 
Fig. 1. The slope’s angle of inclination with the horizontal 
varies from 20° to 40°, with the slope having a height of H. 
According to Boussineq’s Elastic stress theory, the effect 
of the applied stress is considered negligible beyond the 

(1)qult = cNcs +
1

2
�BN

�q
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“0.1qult” stress contour, represented as the outermost iso-
bar. Figure 2 illustrates the chosen dimensions to ensure the 
isobar does not touch the boundaries of the model.

The domain size of the considered model is maintained 
sufficiently large to prevent the yielding of the soil mass 
around selected boundaries even after collapse. The base of 
the model restricts movement in both directions, while hori-
zontal movement is constrained only for the right and left 
lateral boundaries. No restrictions are placed on movement 
along the inclined slope, allowing for free deformations 
under any loading. A multiplier-distributed load is applied 
to the strip footing, increasing from zero to the ultimate load 

at a uniform rate. To enhance the accuracy of the numeri-
cal simulation results, the total number of elements in the 
designated mesh is systematically adjusted, ranging from 
5000 to 20,000 elements at intervals of 100 elements. It was 
observed that a mesh with 15,000 elements proved to be 
adequate for precise determination of seismic load-bearing 
capacity. Additionally, numerical models with a total num-
ber of elements exceeding 15,000 did not significantly affect 
the obtained qult [32].

Simulations are conducted to cover the validation of 
the numerical model, evaluation of seismic bearing capac-
ity, and examination of the effects of varying governing 

Fig. 1   Problem definition of an strip footing resting on the slope subjected to uniformally distributed load

Fig. 2   Schematic representation of the plain strain model used for numerical simulation
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parameters. These parameters include the angle of internal 
friction of soil, slope angle, setback distance, elastic modu-
lus of soil, dry unit weight of foundation soil, and horizontal 
seismic acceleration coefficient ( �h).

Validation of the numerical model

To obtain precise results from the numerical model, a cru-
cial step involves validating the developed model. To vali-
date the numerical model employed in this study, a two-part 
validation process was undertaken. Initially, the ultimate 
bearing capacity of a strip footing resting on a slope under 
static loading was investigated. In the subsequent part of the 
validation study, the model was validated against a previous 
study that determined the seismic bearing capacity of a strip 
footing on a slope.

Bearing capacity of strip footing on slopes in static 
( ̨

h
 = 0) case

The present numerical model is validated with a former 
study carried out by Acharyya and Dey [33] where an analy-
sis of the determination of the ultimate bearing capacity of 
a strip footing situated on a slope is carried out, taking into 
account various influencing parameters. The investigation 
focused on a strip footing with a width of 0.8 m placed at 
the top of the slope. Five setback ratios were employed in 
the study (b/B = 0, 0.5, 1, 2, and 3). Soil stiffness parameters, 
including modulus of elasticity (15 MPa) and Poisson’s ratio 
(0.3), were considered constants. The numerical simulation 
study encompassed a range of parameters: (1) soil’s angle 
of internal friction (30°–40°), (2) slope angle from the hori-
zontal (30°–40°), (3) embedment depth ratio (0–1.5), (4) 
unit weight of soil (15–19 kN/m3), and (5) elastic modulus 
of soil (20–90 MPa).

Similarly, a numerical finite element-based model was 
developed in the current analysis, with a focus on calculat-
ing the ultimate bearing capacity of a footing on a slope, as 
depicted in Fig. 3. A 2-dimensional finite element model 
illustrates the load-settlement behavior of a footing with a 
width, B m, positioned at a setback distance, b/B = 2, on the 
crest of the slope, following the approach reported by Acha-
ryya and Dey [33]. The model adopts the Mohr–Coulomb 
failure criterion as described by Acharyya and Dey [33]. The 
results obtained exhibit nearly identical behavior, demon-
strating good agreement between the previous findings and 
the developed numerical model. The analysis indicates that 
the numerical model presented in this study is well-suited 
for representing the response of foundations under similar 
conditions.

Bearing capacity of strip footing on slopes 
considering seismic effect

In this segment the result obtained from the present study 
for seismic bearing capacity of strip footing on unrein-
forced slopes are compared with the available solutions of 
(1) upper bound limit analysis making logarithmic spiral 
failure by Ausilo [34]; (2) UB limit analysis making wedge 
failure by Askari and Farzaneh [35]; (3) LB limit analysis 
with a nonlinear program by Halder and Chakraborty [36]. 
Table 1 shows the comparison of previous studies from pre-
sent study for the slope configuration with β = 20°; γ = 0; 
ϕ = 30°; c = 10 kN/m2 and b/B = 2. It is noticed that the UB 
results are in excellent agreement with the results of Ausilo 
[34] while the LB results of Halder and Chakraborty [36]. 
Also, it is noticed that the results obtained by Aksari and 
Farzaneh [35] are found to be a little lesser than the present 
UB solutions.

Fig. 3   Validation study: comparison of load settlement variation 
based on the present numerical model and study by Acharyya and 
Dey [33]

Table 1   Comparison of Qult of strip footing kept on unreinforced 
slope considering the effect of seismicity obtained from present anal-
ysis and available literature

Qult (Seismic bearing capacity, kN)

αh Askari and 
Farzaneh 
[35]

Ausilo [34] Halder and 
Chakraborty 
[36]

Present study 
Average of UB 
and LB limit 
analysis

0.1 202 241 202 223.5
0.2 169 203 169 197
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Results and discussions

After validation of the numerical model, a parametric study 
is done to analyze the effect of seismicity on footing consid-
ering geo-parameters. Also, the stability of footing on top of 
a slope is checked keeping setback ratio as one of the impor-
tant parameters of the study. The different cases modelled 
based on the variation of parameters to estimate ultimate 
bearing capacity are presented in Table 2. Poisson’s ratio (ν), 
the elastic modulus of soil (E), and cohesion are taken 0.3, 
1300 MPa, and 50 kPa respectively as per reference [37, 38]. 
Five different setback ratios are taken in the study namely 
b/B = 0, 1, 2, 3, and 4. The results have been presented for 
β = 20°–40°, ϕ = 26°–34°, αh = 0.1–0.4 g. Accordingly, the 
graphs and tables are provided for ultimate bearing capacity. 
It is to be noted that slope height H and footing width B were 
not varied in the present study.

Impact of setback distance (b/B)

The setback ratio is known to be one of the most signifi-
cant governing parameters in the determination of the 

deformation and bearing capacity of a footing resting on 
a slope. A parametric study is performed to evaluate the 
influence of setback distance on 20°, 30°, and 40° slopes. 
In this case, ν = 0.3, ϕ = 34°, γ = 17 kN/m3, c = 50 kPa and 
E = 1300 MPa were kept constant while multiplier distrib-
uted load was applied on the footing at each setback ratio 
(b/B) of 0, 1, 2, 3, 4, 5, 6 and 7. The variation of setback 
ratio with bearing capacity at different slope angles is shown 
in Figs. 4, 5, and 6. It is observed that for the slope of 20°, 
30°, and 40° at b/B = 0, the qult is the least and as the b/B 
increases up to b/B = 4, 5, and 6, respectively, there is an 
increase in the bearing capacity. Other researchers [19, 38] 
have also reported a similar result compared to the results 
obtained in the present analysis. As a result, increasing the 
setback distance demonstrates an increase in the footing’s 
carrying capability. Yang et al. [27] and, Naderi and Hataf 
[35] reported that the seismic bearing capacity of footing 
improves with a rise in the b/B ratio from the crest. Maxi-
mum (setback ratio) b/B within which there is a substantial 
influence on the bearing capacity of footing ranges from 1 
to 5. Again, it should be noted that after the footing is placed 
at b/B ≥ 4, 5, and 6 for slopes 20°, 30°, and 40°, respectively 
the effect of slope angle reduces to a larger extent and it 

Table 2   Parameters of demonstrative cases

Case Details β αh γ (kN/m3) ϕ b/B

Case I 20° 0.0 g, 0.1 g, 0.2 g, 0.3 g,0.4 g 17 34° 0, 1, 2, 3, 4, 5, and 6
Case II 30° and 40° 0.0 g, 0.1 g, 0.2 g, 0.3 g,0.4 g 17 34° 0, 1, 2, 3, 4, 5, 6, and 7
Case III 30° and 40° 0.0 g, 0.1 g, 0.2 g, 0.3 g,0.4 g 17 26°, 30°, and 

34°
0, 1, 2, 3, 4

Case IV 20°, 30° and 40° 0.0 g, 0.1 g, 0.2 g, 0.3 g,0.4 g 15, 17, and 19 34° 0, 1, 2, 3, 4

Fig. 4   Variation of qult with 
setback distance at β= 20° for 
αh = 0.0 to 0.4 g
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starts behaving as horizontal ground. Also, the study is done 
to see the effect of setback distance along with horizontal 
seismic coefficient varying from 0.1 to 0.4 g. And, it is found 
that with a rise in αh bearing capacity kept on reducing. 
These variations can be because when the footing is kept 
at a lower setback ratio or when the footing is close to the 
sloping boundary it fails to provide enough passive confine-
ment and any application of load results in the incomplete 
development of the resisting passive zone beneath the foot-
ing owing to less bearing capacity. The creation of the pas-
sive zones becomes more complete as the setback distance 

increases, limiting the foundation’s lateral movement and 
preventing the loss of confinement, thus increasing bearing 
capacity.

Impact of slope angle (β)

To examine the effect of the slope angle β on the ultimate 
bearing capacity of footing having a width of B m, was posi-
tioned at each setback ratio of 0, 1, 2, 3, 4, 5, 6, and 7 in the 
20°, 30°, and 40° slopes of height H m. The values of load 
put on the footing were taken from zero to ultimate load at 

Fig. 5   Variation of qult with 
setback distance at β = 30° for 
αh = 0.0 to 0.4 g

Fig. 6   Variation of qult with 
setback distance at β = 40° for 
αh = 0.0 to 0.4 g
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a uniform rate. The variation of bearing capacity at differ-
ent slope angles is shown in Figs. 4, 5, and 6. It is observed 
that seismic bearing capacity reduces as the slope angle 
increases regardless of the setback ratio. This result satisfies 
the findings of [23] who determined that the bearing capac-
ity reduces with an increase in slope angles. It is observed 
that the stability conditions of the footing lying on the slope 
are significantly affected by an increase in slope angles. This 
points out the fact that the zone of passive resistance keeps 
on reducing as the slope angle increases and thus less resist-
ance will be given by soil positioned towards the slope face 
towards failure.

Impact of horizontal seismic coefficient (αh)

It is observed that variation of horizontal seismic coefficient 
(αh) plays a major role in the determination of the bear-
ing capacity of footing on slopes. It is to be noted that at 
lower slope inclination (β = 20°) when the horizontal seismic 
coefficient is increased from 0.1 to 0.4 g bearing capacity 
reduces in the range of 3700–2100 kPa for a b/B ratio of 
2 which is lesser as compared to those at a higher inclina-
tion. Also, at higher inclination (β = 40°) the bearing capac-
ity reduces drastically and ranges from 150 to 1050 kPa. 

Thus, a large gap can be seen in bearing capacity when αh 
increased from 0.1 to 0.5 g at higher slope angles. This can 
be attributed to the fact that the angle of the active wedge 
right under the foundation grows greater as αh increases, 
while the angle of a logarithmic spiral shear zone shrinks. 
Due to the action of seismic forces, the overall dimensions 
of the failure mechanism shrink as αh increases, and the 
geometry of the failure mechanism moves laterally rather 
than vertically.

Impact of the angle of internal friction (ϕ)

This becomes an important parameter as it is the measure 
of the ability of soil to withstand shear stress. Thus, a para-
metric study is done to see the impact of ϕ on the footing 
of width B m which is kept at a setback ratio of 0, 1, 2, 3, 
and 4 at 30°, and 40° slopes. In this case, ν = 0.3, γ = 17 
kN/m3, c = 50 kPa and E = 1300 MPa were kept constant 
while multiplier distributed load was given on the footing. 
Also, the horizontal seismic coefficient is varied from 0.1 to 
0.5 g so that the effect of seismicity can also be studied. The 
angle of internal friction is varied in the range of 26°–34°. 
Figures 7 and 8 show the trend of variation of the angle of 
internal friction on the ultimate seismic bearing capacity. 

Fig. 7   Variation of qult with the angle of internal friction ϕ at setback distances (0–4) for horizontal seismic coefficients αh = 0.0 to 0.4 g at 
β = 30°
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So, it is noticed that ultimate bearing capacity improves with 
increasing ϕ from 26° to 34° due to the fact increase in ϕ 
leads to an increase in confinement between soil particles 
and hence an increase in the shear strength of the soil. Also, 
it is found that the collective effect of the angle of internal 
friction and setback distance has a noteworthy effect on the 
bearing capacity.

Impact of unit weight of soil (γ)

A parametric study is done to understand the impact of γ 
on the footing of width B m which is kept at a setback ratio 
(b/B) of 0, 1, 2, 3 and 4 at 20° and 30° slopes. In this case, 
ν = 0.3, ϕ = 30°, c = 50 kPa, and E = 1300 MPa were kept 
constant while multiplier distributed load was given on the 
footing to see the effect of unit weight of soil on the seismic 
bearing capacity. Unit weight of soil has been varied ranging 
from γ = 15 to 19 kN/m3. Tables 3 and 4 show the variation 
of unit weight on normalized seismic bearing capacity at 
different setback distances with αh ranging from 0.1 to 0.4 g. 
It is noticed that with the change in a unit weight of soil, no 
major significant effect on the bearing capacity of the soil 
was shown. Acharyya and Dey [34] have also reported a 
similar result when the variation of unit weight from 15 to 
21 kN/m3 in static conditions. 

Failure mechanisms of footing on slopes

Figure 9 illustrates the plots of the potential failure plane 
of strip footing resting on unreinforced slopes showing the 
impact of setback distance (b/B) for the cases of αh = 0.1 g 
with slope angle (β = 20°). As shown in for b/B = 0, a non-
plastic triangular wedge under the strip footing is seen and 
the slip line reaches up to the sloping surface. When we 
increase the value of (b/B) to 1, 2, and 3 the depth of the 
failure zone surface keeps on increasing as the and slip line 
extends to the free sloping surface. Again, for the cases 
b/B = 4 to b/B = 5, i.e., the cases with higher values of b/B, 
it is noticed that the failure plane is not affected by the slope. 
Again, when the setback distance (b/B) is further increased 
to 6 it is noticed that the effect of the horizontal seismic 
coefficient has reduced, and also the bearing capacity failure 
is not influenced by the slope giving a failure plane similar 
to horizontal ground.

For comparison, Fig. 10 shows the influence of horizon-
tal seismic coefficient αh ranging from 0.1 to 0.4 g, and the 
plots of shear dissipation are shown in the figure for the 
cases β = 30° and b/B = 2. In the figure, when αh = 0, a trian-
gular zone is seen below the footing and the failure surface 
is extending to the sloping surface. When the value of αh 
increases to 0.1 and 0.3 g the failure surface goes up to the 
sloping surface but the angle of the active wedge right under 

Fig. 8   Variation of qult with the angle of internal friction ϕ at setback distances (0–4) for horizontal seismic coefficients αh = 0.0 to 0.4 g at 
β = 40°



Innovative Infrastructure Solutions (2024) 9:239	 Page 9 of 14  239

the foundation grows greater as αh increases, while the angle 
of a logarithmic spiral shear zone shrinks. When the value 
of αh is kept at 0.4 g, the triangular failure zone disappears 
and the failure surface extends till the toe of the slope, and 
a large slip surface is noticed towards the ground surface 
indicating overall slope failure when αh increases to 0.4 g.

Figure 11 depicts the potential failure plane of footing 
resting on top of the sloping surface. And, it is showing the 
effect of different slope angles (β) for the cases of b/B = 2 
and αh = 0.1 g. the slope angle has been varied from β = 20° 
to β = 40°. From Fig. 11 it is noticed that for the models with 

small slope angles the failure surface extends till the sloping 
surface and collapse mechanism remain unchanged. For the 
higher inclination slope angles cases it is noticed that the 
slip surface extends to the toe of the slope and a rigid non-
plastic triangular wedge is formed under the footing and the 
overall dimension of the failure mechanism has increased 
and a larger mass of soil fails. With the further increase in 
slope angle i.e., for the models with large values of β, the 
failure mechanism is significantly affected.

Based on the comparison of various potential failure 
modes of foundations resting over slopes, they are broadly 

Table 3   Impact of soil unit 
weight variations on bearing 
capacity of footing resting on 
20° slope

Unit weight, 
γ (kN/m3)

Setback 
ratio (b/B)

Normalized 
BC at αh = 0

Normal-
ized BC at 
αh = 0.1 g

Normal-
ized BC at 
αh = 0.2 g

Normal-
ized BC at 
αh = 0.3 g

Normal-
ized BC at 
αh = 0.4 g

15 0 41.65 38.75 35.7 32.22 28.35
1 56.63 52.2 47.33 42.03 35.53
2 69.25 64.02 58 51.23 41.83
3 79.75 74.3 67.83 60.1 47.83
4 86.37 82.7 76.33 68.63 54.28

17 0 38.71 35.78 32.75 29.26 25.28
1 53.37 48.85 44.15 38.69 31.71
2 65.53 60.24 54.32 47.49 36.93
3 75.71 70.22 63.9 56 42.51
4 83.18 78.29 72.24 64.03 48.66

19 0 36.34 33.45 30.38 26.91 22.79
1 50.62 46.34 41.42 35.92 27.99
2 62.61 57.45 51.46 44.42 32.84
3 72.28 66.93 60.63 52.71 38.3
4 76.95 74.66 68.74 60.57 44.17

Table 4   Impact of soil unit 
weight variations on bearing 
capacity of footing resting on 
30° slope

Unit 
weight, 
kN/m3

Setback 
ratio, b/B

Normalized 
BC at αh = 0

Normal-
ized BC at 
αh = 0.1 g

Normal-
ized BC at 
αh = 0.2 g

Normal-
ized BC at 
αh = 0.3 g

Normal-
ized BC at 
αh = 0.4 g

15 0 25.15 22.55 19.7 14.95 8.5
1 38.6 33.43 27.35 19.08 10.15
2 52.03 44.72 35.3 24.78 13.4
3 65.32 58.87 44.47 31.67 17.93
4 77.7 67.03 53.98 39.28 23.28

17 0 22.99 20.44 17.47 12.18 5.59
1 36.03 30.91 24.29 15.9 6.71
2 49.07 41.53 31.9 21.24 9.43
3 61.93 52.56 40.57 27.81 13.49
4 73.99 63.12 49.88 35.09 18.53

19 0 21.32 18.74 15.67 9.97 3.18
1 33.96 28.62 21.76 13.3 3.72
2 46.63 38.91 29.21 18.3 5.99
3 59.22 49.46 37.68 24.59 9.78
4 70.7 60 46.64 31.64 14.53
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categorized in different cases, which are summarized and 
presented in the Table 5.

Conclusions

The stability analysis of a strip footing resting on the 
crest of the c-ϕ soil slope has been evaluated by creating 
a numerical model with the main concern on seismic bear-
ing capacity. A series of 2-D detailed parametric studies 

based on FELA is done to investigate the impact of the 
definite parameters on the ultimate seismic bearing capac-
ity of footing. Also, the failure mechanism of the footing 
has been studied in detail. The major conclusions drawn 
from the study can be summarised below.

1.	 The setback ratio b/B increases the ultimate seismic 
load-bearing capacity of the footing for all the cases.

2.	 The ultimate bearing capacity of the footing (qult) rest-
ing over unreinforced soil slope up to a large extent. 
The improvement in bearing capacity ranges from 70 

Fig. 9   Failure Pattern for β = 30° and αh = 0.1 g with b/B ranging from 0 to 5
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to 80% with the increase in setback ratio. For slope 20°, 
30°, and 40° increase in bearing capacity from b/B = 0 
to b/B = 6 is approximately 2.1 times, 3.7 times, and 5 
times respectively. For slope 20°, 30°, and 40° beyond 
setback ratios greater than or equal to 5, 6, and 7 respec-
tively, seismic bearing capacity is not influenced much 
as it starts acting as flat ground.

3.	 In the case of strip footing kept at the crest of the slope, 
the value of seismic bearing capacity reduces with 
increase in the value of slope angle β as the zone of 
passive resistance keeps on reducing as the slope angle 
increases and thus less resistance will be given by soil 
positioned towards slope face towards failure.

4.	 The value of qult decreases with an increase in hori-
zontal seismic coefficient αh and a large gap can be 

seen when αh is increased from 0.1 to 0.5 g at higher 
slope angles due to the fact that the angle of the active 
wedge right under the foundation grows greater as αh 
increases, while the angle of a logarithmic spiral shear 
zone shrinks.

5.	 An increase in friction angle of soil ϕ improves the seis-
mic bearing capacity and due to an increase in confine-
ment between soil particles and hence an increase in 
shear strength of the soil.

6.	 An increase in the unit weight of soil has no major sig-
nificant effect on the seismic bearing capacity of the soil. 
An increase in normalized bearing capacity is observed 
when b/B changes from 0 to 4 and a reduction in normal-
ized bearing capacity is noticed when αh changes from 
0.0 to 0.4 g for all slope angles.

Fig. 10   Failure pattern for β = 30° and b/B = 1 with varying αh
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Fig. 11   Failure Pattern for b/B = 2 and αh = 0.1 g with slope angles (a) β = 20°; (b) β = 30°; (c) β = 40°

Table 5   Categorization of failure modes of foundations resting over slopes

Modes of failure Detailed explanation Cases

Type I Failure plane developed within slope surface 1. b/B = 1, αh = 0.1 g, 0.2 g and 0.3 g for β = 30°
2. αh = 0.1 g; β = 20°;  b/B= 0, 1, 2, and 3

Type II Failure plane extending till toe of hill-slope 1. β = 30°, b/B = 1 for αh = 0.4 g
2. β = 30°, and 40; b/B = 2 and αh = 0.1 g

Type III Failure plane not influencing the slope β = 30°, αh = 0.1 g for b/B = 4 and b/B = 5
Type IV Complete slope failure β = 30°, b/B = 1 for αh = 0.5 g
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