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Introduction
When there is a very weak layer of soil, then such soil cannot support or transfer a load 
of superstructure into stronger soil strata. To bypass this weak layer, pile foundations are 
adopted to transfer the load. Pile foundation transfers load to a strong soil layer. Most 
of the pile-supported structures are subjected to lateral loads. To study the behaviour of 
laterally loaded piles, the following methods are employed. (i) Beam on Winkler foun-
dation approach (ii) Boundary Element method (iii) Elastic continuum approach (iv) 
Finite element method. Theory of elasticity (Poulos [1], Pise [2], Randolph [3], Budhu 
and Davies [4]) or theory of subgrade reaction (Matlock and Ripperger [5]) is considered 
for these above-mentioned approaches. In laterally loaded piles, load–deflection behav-
iour is nonlinear; hence it requires nonlinear analysis. Most of the coastline has slop-
ing surfaces towards the sea. Slope instability is quite common in these areas due to the 
low shear strength of the soil. The instability of ground surface can occur due to dredg-
ing, siltation, erosion due to wave, self-weight, surcharge load and earthquake. Hence, 
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to study the behaviour of soil-structure interaction in a sloping ground, it is essential to 
understand the failure mechanism.

Matlock et al. [6] presented a general solution for laterally loaded pile resting on elastic 
medium, and expressions for bending moment, shear force, soil reaction and deflection 
were introduced. From these parameters, soil modulus was presented as per Winkler’s 
hypothesis. Reese et al. [7] presented a method to predict p-y curves using properties of 
sand and pile dimensions based on experimental studies. Matlock [8] and Reese et al. [9] 
modified the subgrade reaction method by introducing “p-y” curves to consider the soil 
nonlinearity. The elastic solutions were modified using yield factors to account for soil 
nonlinearity by Budhu et al. [4] and Poulos et al. [10]. From Matlock experimenta results 
[8], it is concluded that there was a significant deterioration in soil resistance if the pile 
deflection is exceeding 20% of pile diameter. Gandhi et al. [11] performed experimental 
work on driven piles subjected to lateral load. They concluded that if the number of piles 
is increased in the given spacing, the efficiency of the pile group will be decreased. Nar-
asimha Rao et al. [12] did experimental studies on pile groups located in marine clay and 
found that the lateral load capacity of the pile system is primarily depended on the rigid-
ity of the pile-soil system. Muthukkumaran et al. [13] found out that the lateral capacity 
of the pile is optimized at 16% and 8% of the pile diameter in dense sand and loose to 
medium sands respectively. Deenadayal et al. [14] studied the response of a single pile in 
the sloping ground, and they developed non-dimensional p-y curves for various slopes 
such as 1V: 1H, 1V: 2H, 1V: 3H and 1V: 5H. They included the effect of the L/D ratio in 
their study.

Almas Begum et al. [15] did an experimental investigation to obtain an equation for 
the depth of fixity of pile and develop a graphical non-dimensional relationship between 
lateral load and bending moment of the pile. Parameters, such as the effect of the ground 
surface, embedment length of the pile and relative density of cohesionless soil, are con-
sidered in the study. Muthukkumaran [16] conducted an experimental study on a pile in 
sloping ground subjected to forward and reverse loading and presented the difference 
in response of pile in sloping and horizontal ground. Due to the passive wedge resist-
ance, the lateral capacity of the pile in reverse loading was more than the pile in forward 
loading. Madhusudan Reddy et  al. [17] did experiments on pile subjected to combine 
lateral and uplift loading. They concluded that the ultimate lateral load carrying capac-
ity of the pile is increased significantly under combined loading. Jegatheeswaran et al. 
[18] performed a numerical analysis to study the behaviour of a pile in a sloping ground 
under the combined action of lateral and axial load. Pile in the horizontal ground and 
sloping ground (1V: 1.5H, 1V: 2H and 1V: 2.5H) had been considered using the Plaxis 2D 
analysis.

Yin et al. [19] evaluated the lateral behaviour of piles in the slope. Their study revealed 
that the depth of fixity of pile was 1.6 D from the ground surface for the pile located in 
the horizontal ground, whereas the depth of fixity increased to 3.6 D and 5.6 D for the 
pile in the sloping ground with the slope angle of 30 ° and 60 ° respectively. Chong Jiang 
et al. [20] concluded that the loading direction of the pile could be neglected if the pile is 
placed more than 7 D from the slope of the crest. Said et al. [21] did a numerical study to 
find out p-multiplier; that is used to develop p-y curves. They also noted that the sloping 
effect would vanish if the pile is placed 8 D from the crest of the slope.
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Though the behaviour of pile in horizontal ground under lateral loading is well known, 
its behaviour on sloping ground is not studied in detail. This paper has introduced 
empirical relationships between load and deflection, fixity depth and embedment length, 
bending moment and load for the sloping ground 1 V: 2H, 1 V: 2.5H and 1 V: 3H.

Properties of materials used in the experiment
The properties of soil were found through laboratory experiments as per the concerned 
code of Indian Standards. IS 2720 (Part III and Part IV) [22, 23] are used to determine 
the specific gravity of the sand and to perform sieve analysis respectively. Based on 
the particle size distribution curve, the soil used in the experimental study was poorly 
graded sand (Fig. 1). The summary of engineering properties and index properties deter-
mined for the sand were presented in Table 1.

To arrive to the uniform density of sand in the test tank, pipe and cone arrangement 
is used as shown in Fig.  2. This pipe and cone arrangement is known as sand raining 
device. It contained a hopper connected with a long pipe of 24.8 mm internal diameter, 
245 mm length and a reversed cone at the bottom. Sand weighing 8 kg could fill in this 
hopper. The sand is passed through this pipe and is dispersed by 60 ° due to a reversed 
cone at the bottom. Sand density could be varied by changing the height of fall of sand 
particles. This arrangement was fine-tuned by more trials to find out the height of fall for 
required relative density (Fig. 3).

An aluminium pipe of outer diameter 25 mm with 1.5 mm thickness was used as 
a pile. Pile was instrumented by pasting 120 ohms resistance of strain gauges having 
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Fig. 1 Particle size distribution
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Table 1 Properties of sand

Description Typical value

Effective particle size  (D10) 0.21 mm

Particle size  (D30) 0.30 mm

Particle size  (D60) 0.80 mm

Specific Gravity  (Gs) 2.68

Co-efficient of Uniformity  (Cu) 3.81

Co-efficient of Curvature  (Cc) 0.536

Min unit weight 15.975 kN/m3

Max unit weight 19.66 kN/m3

Fig. 2 Sand raining device
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Fig. 3 Relative density calibration
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gauge factor 2 and gauge length 3 mm. Strain gauges are pasted along the pile length 
at a spacing of 100 mm, and the locations of strain gauges are shown in Fig. 4.

To find out the flexural stiffness of the pile and calibration constant of the strain 
gauge, a simple bending test was conducted and two point loads are applied on the 
540  mm length of the beam (Fig.  5). The load was applied at 1/3rd span from both 
supports to produce constant moment in the middle 1/3rd span. The deflection at 
the centre of the beam was measured with the help of a dial gauge. Pile was instru-
mented by pasting strain gauges at four locations in order to sense the strain occurred 
at each position. Strain gauges were connected with data acquisition system to know 
the strain values in the beam. The obtained readings from the strain gauges were 
recorded automatically in computer by using the Spider 8—Catman professional soft-
ware. The bending moment was calculated and plotted against the value of the meas-
ured strain. The response of strain was found to be linear with the bending moment. 
The calibration constant was found from the slope in Fig. 6, and it was 40.2Nmm per 
microstrain. Flexural stiffness was calculated by using the given Eq. (1), and its value 
was 534.13×106   Nmm2. The material properties of sand and pile are presented by 
Kavitha et al. [24].

Fig. 4 Location of strain gauges in pile

Fig. 5 Beam bending test for rigidity of pile and calibration of strain gauges (all dimensions are in mm)
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where P-Applied load, a-Distance between load point and support, l-Length between 
two supports, δ-Deflection.

Experimental setup
In order to fix the tank dimension, the influence zone for the pile is calculated based on 
the Rankine’s earth pressure theory. The stiffness factor of the pile is found out based on 
the instruction given in IS 2911/Part 1 [25]. The zone of influence of the pile is calculated 
using the depth of fixity ‘Zf” as suggested by Davisson et al. Phi (ɸ) value of sand is taken 
as 28°, ηh for medium sand is 7.5 MN/m3.

Depth of fixity (for horizontal ground):

 

(1)EI =
Pa

24 × δ

(

3l2 − 4a2
)

(2)Zf = 1.85T

(3)Stiffness Factor T = (EI/ηh)
(1/5)

(4)
Influence of passive zone = Zf × tan

(

45o + φ/2
)

= 424mm
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Fig. 6 Strain gauge calibration
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Hence, the tank size of 0.985 m × 0.53 m × 0.77 m was selected to carry out the experi-

mental work. The tank was made of steel on three sides and a transparent material on one 
side. The type of loading was static, and no other lateral load at the ground surface was 
applied. Pile has placed 530  mm away from the left side of the tank. Pile is placed first, 
and sand is filled with the help of the sand raining device. Horizontal displacement was 
measured with the use of mechanical dial gauges. It was fixed at the top of the pile just 
above the ground surface to measure displacement due to lateral load. Strain gauges were 
deployed along the pile length to sense the strain occurred at each depth after application 
of load, which was applied at every 15 min interval. The load applied in the lateral direction 
(Fig. 7) was increased up to the deflection of the pile of 5 mm, and the load corresponding 

(5)
Influence of active zone = Zf × tan

(

45o − φ/2
)

= 153mm.

Fig. 7 Schematic representation of test set-up for pull along and against sloping (1V: 3H) ground

Fig. 8 Experimental setup of single pile in sloping ground
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to 5 mm deflection was taken as the ultimate lateral load carrying capacity of the pile. For 
all lateral load tests, the pile head is maintained as a free headed condition (Fig. 8).  

Comparison of experimental result with the analytical solution
Pulley arrangement is used to apply the static lateral load for pile in the horizontal 
ground. The top displacement of the pile and the bending moment values along the 
length of the pile were recorded for each load with the help of a dial gauge and from the 
strain gauges. The test was repeated for three different relative densities of 25, 35 and 
45%. The behaviour of pile in the horizontal ground through the results obtained from 
experiments was compared with the analytical solution of Matlock and Reese. The dis-
placement and bending moment of pile were shown in Fig. 9a, b. This comparison is pre-
sented by Kavitha et al. [26]. The comparison of displacement of the pile with Matlock 
& Reese is good, whereas the maximum bending moment was under-predicted by 20.2% 
in the analytical solution. The lateral load capacity of the pile in the horizontal ground 
is obtained in the experiment as 181.9N, 154.3N and 120.5N for sand having a relative 
density of 45 %, 35% and 25%, respectively. The normalised lateral capacity is obtained 
using  P(max)H, which corresponds to the lateral load capacity of the pile embedded in the 
sand with 45% relative density. The behaviour of pile in the horizontal ground based is 
presented in Fig. 10. The effect of relative density is observed only after the normalised 
displacement of 0.5. The normalised lateral load capacity is 1, 0.848 and 0.663 for relative 
density of 45, 35and 25% respectively. The lateral load capacity of the pile was increased 
with the increment of the relative density of sand as shown in Fig. 10.

Pile performance in sloping ground
Three different slopes (1V: 3H, 1V: 2.5H and 1V: 2H) and two types of loading, such 
as pull along the slope and pull against the slope, are considered for this study. The 
pull along and against the slope can be called forward loading and reverse loading, 
respectively.

The comparison of normalised lateral load vs displacement curve is indicated a reduc-
tion in the lateral load carrying capacity of the pile in 1V: 3H sloping ground by 71% 
for the pull against the slope and 79% for pull along the slope compared to the lateral 
load capacity of the pile in the horizontal ground (Fig. 11). This reduction is due to the 
increase in depth of fixity (i.e. depth at which maximum bending moment occurred) 
when the surface of the ground is changed from flatter to steeper slope, as shown in 
Fig. 12.

Results and discussion
Lateral load behaviour

The maximum load carrying capacity of the pile in the horizontal ground,  P(max)H, is used 
for normalising the lateral load in the sloping ground, and the corresponding déflection 
(20% of pile diameter) is used to normalise the deflection and the corresponding bend-
ing moment,  M(max)H to normalise the bending moment. The normalised lateral load vs 
displacement for forward and reverse loading is shown in Figs. 13 and  14, respectively. 
The comparison between these two types of loading is tabulated in Table  2. Value of 
P/P(max)H is high for the slope of 1V: 3H ground under forward and reverse loading. The 
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volume of soil occupied in the test tank is more for the flatter slope than the steeper 
slope, and hence the load carrying capacity of the pile is more in the flatter slope. The 
passive zone is more in reverse loading than the forward loading for the same slope. 
Due to the incremental of the passive zone, the lateral load capacity of the pile subjected 

a

b
Fig. 9 a. Displacement of pile in horizontal ground. b. Bending moment of pile in horizontal ground
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to pull against slope is more than the pile subjected to pull along the slope. The pile’s 
embedment length in a flatter slope is high, whereas it is less in a steeper slope. Due to 
the increase of the embedment length, pile lateral load capacity is increased.

Regression analysis is performed to find out the relationship between y/ymax and 
P/P(max)H.

Fig. 10 Comparison of normalized lateral load versus normalized displacement for the pile embedded in 
horizontal ground

Fig. 11 Comparison of lateral load capacity between horizontal and sloping 1V: 3H ground
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In forward loading,

(6)
y

ymax
= 6.2877× (

P

P(max)H
)+ 2.4557× S − 0.9877

Bending moment in Nmm

z/
D

Fig. 12 Bending moment variation along the normalized pile length (Z/D) for the piles embedded in sand 
bed with different slopes under the lateral load of 22.5 N

Fig. 13 Lateral load carrying capacity of pile between different slopes under forward loading
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In reverse loading.

where S-Slope, For 1V: 3H, S = 0.33.1V: 2.5H, S = 0.4, 1V: 2H, S = 0.5,  P(max)H-Ultimate 
load in horizontal ground corresponding to  ymax deflection, Lf–Fixity depth below the 
slope, Le–Embedment length

The scatter plot between the measured and formulated values of y/ymax for forward 
and reverse loading is given in Figs. 15 and 16. The  R2 is equal to 0.9821 and 0.9936 for 
both forward and reverse loading; hence the fit holds well in agreement.

The scatter plot between the measured and formulated values of  Lf for forward and 
reverse loading is given in Figs. 17 and  18. The  R2 is equal to 0.9802 and 0.9993 for both 
forward and reverse loading; hence the fit holds well in agreement.

(7)Lf = −14.1184 × Le − 6.6673× S + 8.7231

(8)
y

ymax
= 3.7755×

(

P

P(max)H

)

+ 1.1089× S − 0.4773

(9)Lf = −0.1506× L− 0.5278× S + 0.3396

Fig. 14 Lateral load carrying capacity of pile between different slopes under reverse loading

Table 2 Values of P/P(max)H

Slope P/P(max)H

Forward Loading Reverse Loading

1V:3H 0.190 0.292

1V:2.5H 0.155 0.279

1V:2H 0.090 0.213
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R2=0.9821

Fig. 15 Scatter plot for y/ymax in single pile in forward loading

R2=0.9936

Fig. 16 Scatter plot for y/ymax in single pile in reverse loading



Page 14 of 19Perumalsamy and Ranganathan  International Journal of Geo-Engineering            (2022) 13:8 

Bending moment behaviour

Bending moment variation along the depth of the pile subjected to different lateral 
loads applied in both forward and reverse direction are given in Figs. 19,  20 and  21 for 
the three different slopes. The depth of fixity of pile under reverse loading is less than 
forward loading. Hence the pile subjected to reverse loading has greater load carrying 
capacity. For the same load, the value of M/M(max)H is decreased as the slope is varied 

R2=0.9802

Fig. 17 Scatter plot for  Lf in single pile in forward loading

R2=0.9993

Fig. 18 Scatter plot for  Lf in single pile in reverse loading
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a b

M/M(max)H

z/
D

M/M(max)H

z/
D

Fig. 19 a Normalized bending moment curve against z/D subjected to pull along the slope 1V: 2H. b 
Normalized bending moment curve against z/D subjected to pull against the slope 1V: 2H

a b

M/M(max)H

z/
D

M/M(max)H

z/
D

Fig. 20 a Normalized bending moment curve against z/D subjected to pull along the slope 1V: 2.5H. b 
Normalized bending moment curve against z/D subjected to pull against the slope 1 V: 2.5H

a b

M/M(max)H

z/
D

M/M(max)H

z/
D

Fig. 21 a Normalized bending moment curve against z/D subjected to pull along the slope 1V: 3H. b 
Normalized bending moment curve against z/D subjected to pull against the slope 1 V: 3H
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from 1V: 2H to 1V: 3H indicating that the flatter slope has less bending moment. The 
normalised bending moment vs normalised lateral load for all the three slopes in for-
ward and reverse loading is shown in Fig. 22. Maximum bending moment value is more 
for pile in steeper slope than pile in flatter slope irrespective to the direction of load-
ing. In each slope, bending moment values along the pile subjected to forward loading is 
more than the pile in reverse loading.

The relationship between  Mmax/M(max)H and P/P(max)H is given by performing regres-
sion analysis in Eqs. (10) and (11) for forward and reverse loading respectively.

The scatter plot between the measured and formulated values of  Mmax/M(max)H for for-
ward and reverse loading is given in Figs. 23 and 24. The  R2 is equal to 0.9808 and 0.9557 
for both forward and reverse loading; hence the fit is in good agreement.

Conclusion
Based on the experimental studies on the pile in horizontal and sloping ground sub-
jected to forward and reverse lateral loading, the following conclusions are drawn:

• The increase in relative density from 25 to 45% increases the horizontal ground 
lateral capacity by 50%.

• The loading direction and the change in the ground surface are greatly influenced 
by the lateral load capacity of the pile.

(10)
Mmax

M(max)H
= 1.1415×

(

P

P(max)H

)

+ 0.1228× S

(11)
Mmax

M(max)H
= 0.9999×

(

P

P(max)H

)

+ 0.0974 × S

LL=5.1N 

LL=8.5N 

LL=14.52N 

LL=22.57N 

P/P(max)H

M
m

ax
/M

(m
ax

)H

Fig. 22 Variation of maximum bending moment
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• The lateral capacity of pile decreases by 91%, 84% and 79% for 1:2, 1:2.5 and 1:3 
slopes than in horizontal ground when subjected to forward loading.

• The lateral capacity of pile decreases by 79%, 72% and 71% for 1:2, 1:2.5 and 1:3 
slopes than in horizontal ground when subjected to reverse loading.

R2=0.9808

Fig. 23 Scatter plot for bending moment of pile in forward loading

R2=0.9557

Fig. 24 Scatter plot for bending moment of pile in reverse loading



Page 18 of 19Perumalsamy and Ranganathan  International Journal of Geo-Engineering            (2022) 13:8 

• The lateral load capacity of the pile in forward loading is 34.5% to 57.4% less than 
reverse loading depending on the flatter(1V: 3H) to steeper (1V: 2H)slope.

• Due to the reduction in the passive zone just ahead of the pile in the sloping 
ground, its lateral load capacity is less than the lateral load capacity of the pile in 
horizontal ground. However, the fixity depth of pile is in the range of 10 to 15 D 
for sloping ground compared to 4 to 6 D in the horizontal ground. Consequently, 
the maximum bending moment in the sloping ground is 2 to 5 times the maxi-
mum bending moment in the horizontal ground.

• Depth of fixity of pile is increased in case of forward loading than reverse loading 
due to the reduction of soil mass at the top.

• Maximum bending moment is increased in steeper slope than flatter slope due to the 
reduction of soil resistance.

• The passive resistance of soil in front of the pile is increased in reverse loading than 
forward loading.

• The equation to find out the depth of fixity, lateral deflection and the maximum 
bending moment of the pile under forward loading and reverse loading are given. 
These equations are applicable for the slope of 1V: 2H, 1V: 2.5H, 1V:3H.

Abbreviations
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