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This study highlights the results from a series of analytical model experiments that
investigate the behaviour of a strip footing supported by hollow steel piles installed to
stabilize a clay slope. The effects of changing the pile diameter, pile length, spacing
between piles, slope angle, the position of the pile row from the top of slope, and the
footing placement are all examined. After determining the load-carrying capacity of
unstabilized slopes, it is compared with the load-carrying capacity of stabilized slopes.
The results are then analysed to see how each parameter affects the load carrying
capacity of strip footing. The results of unstabilized cases reveal that the load carrying
capacity of a footing decreases as the slope angle increases and increases when the
footing is positioned away from the slope. In addition, the findings imply that by
reinforcing clay slope with a sequence of hollow steel piles significantly enhances the
load carrying capacity of strip footing. As the distance between piles is decreased and
their length is increased, the bearing capacity of the footing increases, and this
improvement is enhanced by increasing the diameter of the piles. When the row of pile
is positioned away from the top of the slope, the footing’s load carrying capacity
decreases. Also positioning the footing a quite distance apart from the crest slope

shows reduction in bearing capacity ratio.

1. Introduction

A foundation may sometimes be constructed at or
near the top of a slope. These situations start as a
result of space constraints or design requirements.
Some of the examples include the construction of
foundations or roads in hilly areas and the position
of bridge abutment foundations near slopes. It may
be possible to reduce building costs by employing
shallow foundations instead of deep ones or by
increasing the allowable load carrying capacity
with the use of suitable soil improvement
technologies. This behaviour is explained with
theoretical approaches used to determine the load
carrying capacity of shallow foundations situated
in or on the slope's upper surface [1-4]. In several
circumstances, it may not be convenient to employ
shallow foundation; thus it becomes necessary to
use a costly foundation (e.g. caissons or piles).
Hence, the issue of enhancing the load carrying
capacity of footings on slopes and reinforcing the
soil slopes has gained a great deal of interest and
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become one of the most significant fields of
geotechnical study throughout the years. There are
several methods that may be used to improve the
stability of a slope and the load carrying capacity
of the soil in the area, i.e. by altering the surface
geometry of the slope, reinforcement of soil or
adding retaining structures such as retaining walls
or piles. There have been numerous studies on the
use of slope reinforcement to improve the load
carrying capacity of a footing on the slope [5-12].
These research works have shown that the slope
stability can be increased, the load carrying
capacity of the foundation can be greatly improved,
and the settlement behaviour of the footing may
significantly improve by including reinforcing
layers in the earth slope in the form of geogrid,
strips or geosynthetics. Much of the research on
slope stabilisation was done with the reinforcement
applied in the traditional horizontal fashion.
Throughout the course of the last several decades,
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one of the most significant strategies for slope
reinforcement has been the stabilisation of slopes
using piles to sustain an active earth slope. Several
studies reported the success of using piles as a
vertical reinforcement in many situations in order
to improve slope stability [13-16]. Several
analytical methods were suggested to determine the
effects of pile on slope stability [17-20].

Other analytical methods were presented in
design of slopes reinforced with a single row of
piles in static condition [13, 21, 22]. An approach
was described for the design of pile reinforced
slopes [22]. They concluded that total shear
strength and maximum shear strength from each
pile are required to improve the safety factor in this
analysis. Type of pile, number of piles, and the best
location of such piles within the slope were
considered.

Many researchers conducted study to determine
the optimal placement of pile rows. This was
accomplished by selecting the location of the row
of pile that offered the greatest resistance and factor
of safety. However, the published results were
rather diverse and conflicting [13, 23-26]. In
addition, numerical techniques were used to
calculate the safety factor of the reinforced slope
with pile row [27].

Experimental tests were conducted to determine
the load carrying capacity of strip footing over
stabilized sand using pile and sheet pile wall [28].
Also numerical studies were reported about bearing
capacity of footing on the pile stabilized slopes as
well [29].

The earlier studies on pile-reinforced slopes
focused only on slope stability and very little work
was done to improve the load carrying capacity of
shallow footings supported by pile-reinforced
slopes. Hence, in order to fill the research gaps, a
numerical analysis was conducted to find out the
load-carrying capacity of strip footings built on
clay slopes and strengthened with hollow steel
piles. The primary goals of this research work are
to evaluate the impact of different factors on the
load carrying capacity of strip footing on hollow
pile reinforced slope and to discover the ideal
position of pile row that delivers the maximum load
carrying capacity of footing in various situations.

In the present study, the improvement in load
carrying capacity of the footing due to
reinforcement of slope is expressed by Bearing
Capacity Ratio (BCR). It is characterized as the
ratio of ultimate load carrying capacity of
reinforced soil Qu stwbilizeda t0 the ultimate load
carrying capacity of unreinforced soil g, or the ratio
of load carrying capacity of reinforced soil at
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settlement (s) to load carrying capacity of
unreinforced soil at settlement(s).

Qsr

sur

BCR =

2. Problem Domain and Parameters Varied

Numerical study is performed on a strip footing
having dimensions 7.5 m in length and 1.5 m in
width. This model footing is resting on clay slope
reinforced with hollow steel piles as displayed in
Figure 1. The depth of soil model was 7.5 m, which
is five times the width of the footing. The height of
slope was taken to be 6.75 m, i.e. 4.5 times the
width of the footing [28]. The lateral boundaries of
the model were selected such that pressure bulb
does not intersect the boundaries of the model soil.
The parameters considered for the analytical study
were dimensions of piles (length and diameter),
pile spacing, slope angle, position of pile row from
slope crest, and placement of footing with respect
to slope crest. The values considered for these
parameters are displayed in Table 1.

Table 1. Test parameters.

Parameter Value
Angle of slope (6) 26.6',33.7,38.6
Spacing of pile (x) 0.75B, B, 1.5B, 2B
Length of pile (L) B, 1.5B, 2B, 3B
Diameter of pile (D) 0.1B, 0.2B, 0.3B
Location of pile row (d) 0, 0.25B, 0.5B

Location of footing (b) 0, 0.25B, 0.5B, 0.75B, B

3. Numerical Modelling
3.1. Finite element modelling and boundary
conditions

Several numerical model tests were done on a
model footing slope system using 3D finite element
method. The analysis was carried out using the
PLAXIS 3D CE V20 software package. The non-
linear behaviour of clay was modelled using
hardening soil model. A basic feature of the
hardening soil model is the stress dependency of
soil stiffness. The limiting state of stress is
described by means of the secant stiffness in
standard drained triaxial test Es, the
unloading/reloading stiffness E,"®', and the tangent
stiffness for primary oedometer loading Eoed™,
power for stress-level dependency of stiffness m.
The properties of clay soil required for hardening
soil model were referred from [30] and are shown
in Table 2.

The footing was assumed to be surface footing
resting on top of clay slope. The concrete footing



Dilta and Sharma

was modelled as a plate and assumed to be rigid
body in reference to Plaxis 3D software tutorials.
The hollow steel piles were modelled as embedded
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beams as circular tube under predefined beam type.
The characteristics of hollow steel pile and footing
are shown in Table 3.

Table 2. Hardening soil model parameters used for clay soil.

Material property Marine clay Unit
Eso™f 3400 KN/md
Eoed™ 3600 kN/md
E..f 12000 kN/md
Power (m) 0.7 -
vur 0.2 -
Kgn® 0.6991 -
C'ref 33.58 kN/m?
¢' (phi) 17.51 ’

y (psi) 1.60

R¢ 0.90 -
Yunsat 20.00 kN/md
Ysat 22.00 kN/md

The water table was considered far below the
surface of the footing such that pore water pressure
has no relation with the bearing capacity, and
hence, no flow conditions were required for the

modelling. Load control method was used to apply
a prescribed load in increments while iterative
analysis was performed up to the point of failure.

Table 3. Properties of footing and pile considered for modelling.

Property Footing Hollow pile
Material Concrete Steel
Unit weight (y, kN/m?3) 24 78.5
Young’s modulus (E, MPa) 3 x10* 2x10°
Poisson’s ratio (v) 0.15 0.2
Thickness (t, m) 0.3 0.005

3.2. Mesh sensitivity analysis

In this section, number of meshing elements have
been varied to determine the optimum mesh so that
the results of the analysis would not be influenced
with further increase in number of elements. The
soil elements in 3D finite element mesh are

modelled as tetrahedral elements with 10 nodes. By
adding more mesh elements, the element size
was varied up to a certain number, after which the
change in stress with more mesh elements was
found to be insignificant. Table 4 shows the
variation of stress corresponding to 20% settlement
with different mesh sizes.

Table 4. Stress variation for different sizes of mesh.

Mesh type Relative element size Stress, o (kPa)
Very coarse 2.0 82.3
Coarse 15 78.9
Medium 1 75.6
Fine 0.7 75.1
Very fine 0.5 74.9

From Table 4, the stress values in soil after
medium mesh remains almost constant. Therefore,
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the medium size mesh was found optimum for this
analysis.
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Figure 1. Model geometry with defined mesh.

4. Software Validation considered for software validation. The
experimental study was conducted in a tank box
having internal dimensions 1000 mm x 500 mm x
500 mm. Steel plate with the dimensions 498 mm
x 80 mm x20 mm was used for the footing. The
present numerical analysis was compared with the
experimental results reported by [28]. Table 5
depicts the comparison of results. Study of this
table reveals that the variance in the load carrying
capacity was about 8.81%. The fact that the
parameters for the sand modelling procedure were
chosen based on empirical correlation may be the
source of this discrepancy in the results.

An additional investigation was performed to
validate the software, and the findings were
compared with those reported in [28]. For the
purpose of numerical analysis, the values of soil
like unit weight are 18.90 kN/m?®, cohesion 0
kN/m?, poisson’s ratio 0.3, primary loading
stiffness 40 MPa, friction angle 40, dilatancy angle
10', power in stiffness law 0.7, failure ratio 0.9, and
interface reduction factor 0.8. The unit weight of
concrete pile is reported to be 24 kN/m® and elastic
modulus is 3 * 10* MPa. All the above values are

Table 5. Comparison between results for software validation.
Diameter Experimental values of bearing capacity  Numerical values of bearing capacity =~ %Error in

(mm) for L/B =2 and x/B = 0.5 (kPa) for L/B =2 and x/B = 0.5 (kPa) results
6 29.88 27.95 6.45
8 31.45 28.64 8.93
12 33.02 29.37 11.05
5. Results and Discussion The load carrying capacity of the soil-footing

system is estimated using the load-settlement
graphs obtained from the software. The measured
bearing capacities for non-stabilized cases for
different footing positions and different angles of
slope are displayed in Table 6.

The settlement of footing(s) is represented as
relative settlement as the ratio of s/B%. The clayey
soil taken for analysis demonstrates punching shear
failure, hence the BCR is calculated for s/B 10%.

Table 6. Load carrying capacity (kN/m?) values for non-stabilized slopes.

| | b/B

Slope angle 0 0.25 0.5 0.75 1
265 10329 10848 11318 11657  121.26
33.69 83.73 915 99.94 10241 10635
386 75.6 83.18 89.28 92.59 97.28
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0.00

Figure 2. Total displacement contours for unreinforced clay slope.

5.1. Slope stabilisation with a row of piles

Figure 3. represents the plot of BCR with the
relative settlement s/B for a strip footing resting on
both reinforced and unreinforced clay slope. In this
series, all the variable were kept constant with
variation in pile spacing. It can be seen from the
graph that the placement of piles increases the
stiffness and the load carrying capacity at the same
settlement level for reinforced slope in comparison

to the unreinforced slope. Furthermore, Figure 3
depicts that the BCR is entirely dependent on
spacing between the piles. The graph demonstrates
that installing a pile row with x/B = 0.75 at the top
of slope shows an increment of 54% in BCR over
the unstabilized case. The bearing capacity for
various types of clay slopes stabilised by steel piles
are listed in Tables 7 to 10. The outcomes of these
factors are explored in the sections that follow.

0 0.5 1 15 2 2.5
0
——No piles
—x/B=2
5 x/B=1.5
x/B=1
S — /R=
% 10 x/B=0.75
15
20

Figure 3. BCR v/s settlement ratio (s/B%) for different pile spacing (x/B).



Dilta and Sharma

Journal of Mining & Environment, Vol. 14, No. 3, 2023

*102m)

320.00
300.00
280.00
\_' 260.00

240.00
220.00
200.00
180.00
160.00
140.00
120.00
100.00

; 80.00

60.00

40.00
X

20.00

0.00

Figure 4. Total displacement contours for hollow steel pile reinforced clay slope.

Table 7. Load carrying capacity (kN/m?) values for various hollow pile stabilized cases.

. / / x/B
Diameter (D/B) L/B 075 1 15 >

1 88.5 85.46 81.66 78.69

15 98.6 95.23 90.23 81.26

0.18 2 109.13 104.46 95.14 85.87
3 137.12 119.32 112.43 105.76

1 94.11 89.76 85.69 81.36

0.2B 15 107.1 100.33 92.48 84.8

2 116.98 107.63 98.63 89.04
3 155.53 137.51 126.36 116.69

1 103.63 92.95 87.54 83.76

0.3B 15 114.71 105.12 95.55 90.21

2 126.05 112.09 104.04 98.74
3 163.26 145.63 135.47 121.69

Table 8. Load carrying capacity (kN/m?) values for different pile row location.

. d/B
Diameter (D/B)
0 0.25 0.5
0.1 109.13 81.16 77.1
0.2 116.98 84.38 78.07
0.3 126.05 91.12 79.21

Table 9. Load carrying capacity (kN/m?) values for different slope angles.

. Slope (0)
Diameter (D/B) 265 3360 386
0.1 126.39 114.99 109.13
0.2 138.82 124.09 116.98
0.3 149.34 132.92 126.05
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Table 10. Load carrying capacity (kN/m?) values for different footing positions.

b/B
Slope
0 0.25 0.5 0.75 1
26.5 138.82 120.77 122.89 116.81 122.97
33.69 124.09 105.15 105.74 104.91 106.54
38.6 116.98 97.27 95.8 93.56 97.77

5.2. Effect of diameter of pile

To understand the influence of pile diameters,
several experiments were conducted with row of
hollow steel piles placed at slope crest with L/B =
3 and diameters D = 0.15, 0.3, and 0.45 m. Figure
5 displays the correlation between BCR and the
relative settlement s/B% for the footing placed at
the top, i.e. b/B = 0. The graph demonstrates that as
pile diameter increases, footing bearing capacity
significantly improves. Using a normalised pile

diameter D/B of 0.3 results in increase of BCR up
to 2.16 times that of non-stabilized slope. The
increase in diameter of the steel piles results in
increase in the lateral stiffness of the piles hence
reducing movement of soil particles. Not only the
lateral stiffness but also the reduction in the clear
gap between the piles also restricts the clay to get
entrapped in between the piles hence increasing its
BCR. In addition, the arching effect of the clay
particles due to the cohesion also improves load
carrying capacity.

25 | —e—x/B=0.75
x/B=1
2.25 x/B=15
x/B=2
2
G 1.75
1.5
1.25
1
0 0.1

0.2
D/B

0.3 04

Figure 5. BCR v/s D/B for different pile spacing (b/B =0, L/B = 3).

5.3. Effect of length of pile

Figure 6 displays the correlation between BCR
and L/B for a foundation placed at the top of slope
(b/B = 0) with hollow steel piles installed at crest.
A similar behaviour is depicted for different
diameter of piles as displayed in the figure. The
increase in length of pile when placed at top of crest
with x/B = 0.75 and D/B = 0.3 increases the BCR
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for the strip footing by 57% (1.37 to 2.15) when the
L/B is increased from 1 to 3. This increase in the
BCR can be explained on the basis that increasing
the length of pile increases its embedment in the
soil increasing its lateral resistance to the
displacement and overturning about the pivot point
due to the resistance provided by the soil on the
opposite side of the pile.
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2.5
D/B=0.3
2.5 D/B=0.2
—e—D/B=0.1
2
O 175
1.5
1.25
1
0 1

L/B

2 3 4

Figure 6. BCR v/s L/B for different pile diameter (d/B = 0 and x/B = 0.75).

5.4. Effect of spacing between pile

To study the impact of centre to centre spacing
between piles on the load carrying capacity of the
footing, a series of tests were conducted using
hollow steel piles. The centre-to-centre distance
between the piles was varied as x/B = 0.75, 1, 1.5,
and 2. Figure 7 displays the correlation between
BCR and x/B for different lengths of pile. The BCR
increased as a consequence of decreasing the
centre-to-centre distance between the piles. From
the figure it can be seen that using a row of piles
with L/B = 3 and pile spacing of x/B = 0.75 brings
out an improvement of 2.15 times the load carrying
capacity of unreinforced slope. However, for same

parameters when the pile spacing is increased to 2
the BCR is reduced to 1.61. This implies that a
reduction of 34% (2.15 to 1.61) in BCR is seen by
increasing the centre-to-centre spacing from 0.75
to 2.

The following two explanations can be used to
explain this anticipated rise in the footing's bearing
capacity. The open space increases between piles
when pile spacing is increased, enabling more soil
to pass through and greater lateral soil movement
to take place under the footing. The second fact is
that decreasing the spacing between piles decreases
the length of the arch formed by the clay particles
increasing its capacity to restrict the soil particles
in the lateral direction.

25 L/B=3
L/B=2
2.25
L/B=1.5
5 —eo—L/B=1
2 1.75
m
15
1
0 0.5 1 15 2 25
x/B

Figure 7. BCR v/s x/B for different pile length (d/B =0 and D/B = 0.3).
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5.5. Effect of position of pile row from slope
crest

To understand the effect of position of pile row
on the load carrying capacity of footing, a series of
tests were conducted using hollow steel piles with
x/B = 0.75 and L/B = 2 at three different positions
from the top of slope as d = 0, 0.375, and 0.75 m.
Figure 8 displays the correlation between BCR and
d/B for diameter of piles corresponding to D/B =
0.1, 0.2, and 0.3. The figure reveals that when the
piles are placed at slope crest the response of the
footing is better than any other position.
Furthermore, as the piles are placed away from the

Journal of Mining & Environment, Vol. 14, No. 3, 2023

top, the improvement in BCR becomes almost
negligible. Tests conducted on other pile diameters
also display the same behaviour.

This may be explained by the fact that as the piles
are placed at the top of the slope close to the footing
the relatively small distance between the piles and
the edge of footing imparts a large lateral load on
the piles due to the tentative large movement of the
soil beneath the footing which is restricted by the
piles. However, when the piles are placed a far
distance from the top of the slope the load from the
horizontal movement of the soil decreases due to
the possible overtopping of the soil over the top of
the piles resulting in negligible increase in BCR.

18
D/B=0.3
. D/B=0.2
: —e—DIB=0.1
& 14
m
12
1
0 01 0.2 03 04 05 0.6
4B

Figure 8. BCR v/s d/B for different pile diameter (x/B =0.75 and L/B = 2).

5.6. Effect of location of footing

To understand the impact of location of
foundation on its load carrying capacity, a series of
tests were conducted on non-stabilized and
stabilized earth slopes. The tests on non-stabilized
earth slopes in Table 6 show that when the
foundation is moved away from the top of slope,
the load carrying capacity increases and the same
trend is seen for different slope angles.

Then several tests were conducted on stabilized
earth slopes with the position of pile row fixed at
crest, x/B = 0.75, L/B = 2, and D/B = 0.2 with the
location of footing varying from b = 0 to b = B.
Figure 9 displays the correlation between BCR and
b/B at different slope angles. It is clear from the
figure that as the foundation is placed away from
the slope crest, the improvement in BCR decreases
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and becomes almost negligible. The same trend is
followed for three different values of slope angle.
For the same row of piles and slope angle 6 = 38.6,
the value of BCR when the foundation is located at
slope crest (i.e. b = 0) is 1.54, whereas when it is
placed at b = B from the slope crest, the value of
BCR is almost 1. Hence, the maximum
improvement in load carrying capacity is when the
foundation is placed closer to the slope crest.

The fact that the improvement in BCR is almost
negligible when footing is positioned away from
the slope crest leads to the conclusion that there is
no effect of pile reinforcement on footings placed
away from the crest. This is because as the footing
is away from the top the pressure bulbs due to the
load distribution do not reach up to the slope and
hence, the use of piles becomes ineffective.
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16 |
| 0=38.6
14 0=33.7
——0=265"
o
G 12
o0
1
0.8
0 0.25 05 0.75 1 1.25
b/B

Figure 9. BCR v/s b/B for different slope angles(0) (d/B =0, x/B = 0.75, L/B = 2, and D/B = 0.2).

5.7. Effect of angle of slope

To study the impact of slope angle on the load
carrying capacity improvement of footing, a series
of tests were conducted considering the following
parameters (L/B =2, x/B=10.75,d=0,and b = 0)
with three different slope angles of 26.5, 33.69,
and 38.6, respectively. Figure 10. displays the
change of BCR with angle of slope (0) for various
pile diameters. A significant improvement in the
BCR can be noticed as the angle of slope increases.
For a pile row with x/B =0.75, L/B =2, and D/B =

0.3 for slope angle 26.5 brings out an improvement
in bearing capacity of 1.44. However, for the same
row of piles with slope angle 6 = 38.6, the
improvement in bearing capacity goes as high as
1.66. Therefore, increasing the slope angle from 0
=26.5 t0 38.6 increases the bearing capacity ratio
by about 15%.

The high value of slope angle with respect to the
horizontal describes a relatively more unstable
slope. Hence, the use of piles for the higher slopes
helps in stabilizing the slope more effectively as
compared to the flat slopes.

2
D/B=0.3
1.8 D/B=0.2
—eo—D/B=0.1
1.6
o
O
m
14
1.2
1
20 25 30

Slope angle (deg, °)

35 40 45

Figure 10. BCR V/s slope angle (0) for different pile diameters (x/B = 0.75, L/B =2, d/B =0, and b/B = 0).

6. Conclusions

In this research work, the load carrying capacity
of a strip footing resting on hollow pile stabilized
slope was investigated through numerical analysis.
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The study was carried out on soft clay stabilized
with hollow steel piles. The following conclusions
were drawn from the results discussed above:
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1. The load carrying capacity of a strip footing on
clayey soil close to a slope crest is significantly
affected by the installation of a row of hollow
steel piles to stabilise the earth slope.

2. Minimum pile spacing and maximum pile length
both result in maximum bearing capacity. The
load carrying capacity of the footing is further
enhanced by increasing pile diameter.

3. The distance between the footing and the slope's
crest has a considerable influence on the
improvement in load carrying capacity. There is
a decrease in bearing capacity improvement as
the footing is located away from the slope crest
and this becomes almost negligible when footing
is placed at a distance B from slope crest.

4. The best position for pile row to enhance the load
carrying capacity of the footing rather than slope
stability is at the slope crest.

5. With the increase in angle of slope the load
carrying capacity of footing reduces. However,
the BCR improves with increase in slope angle.

6. In the examined problem geometry condition,
footing failure is determined not by the stability
of the slope but by lateral displacements of soil
particles below the foundation towards slope.
The footing rotates towards the slope and settled
vertically but this had no effect on the stability of

the slope.
Notations
B Width of footing
L Length of pile
D Diameter of pile
b Distance of footing from slope crest
X Spacing of pile
d Distance of pile row from crest
0 Slope angle
Y Unit weight
Yunsat Unsaturated unit weight
Ysat Saturated unit weight

10} Friction angle

1 Angle of dilatancy

Y Poisson’s ratio

c Cohesion

S Settlement

E Young’s modulus

Eso"f Secant stiffness in standard drained triaxial test

£ ref The tangent stiffness for primary oedometer
oed loading

Euf The unloading/reloading stiffness

m Power for stress-level dependency of stiffness

Rs Failure ratio

Rint Interface reduction factor
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