
Indian Geotechnical Conference IGC2016 

15-17 December 2016, IIT Madras, Chennai, India 

1 

Numerical analysis of piles in liquefiable sloping ground 

V. Durgaprasad1 

 Neelima Satyam D2 

1Researcher (Ph. D), 2Professor, Geotechnical Engineering laboratory, International Institute of Information Technology, Hyderabad– 

500032.  

1v.prasad@research.iiit.ac.in 

2Neelima.satyam@iiit.ac.in 

ABSTRACT 

Pile foundations are considered when bearing capacity of soil cannot withstand the load at shallow depths from the 

superstructure. The calculation of load carrying capacity of a pile when it is located on the sloping ground is more 

complex compared to a pile on the horizontal ground. Though filed test gives accurate results, it is difficult to conduct 

them on larger scale. Therefore numerical based analysis is a better way to study the behavior of piles on sloping grounds. 

Therefore in this paper a numerically based analysis (Open sees PL) is used to evaluate the behavior of pile in liquefiable 

soils with respect to different sloping angles. The previous study describes the response of the pile behavior in the 

homogeneous soil of different diameter, length with respect to different sloping angles. This paper describes the response 

piles in liquefiable soils for different diameter, length, with respect to different sloping angles. The result was compared 

with the response of piles in sloping ground shows the combine effect of sloping ground and liquefaction on the pile 

behavior in bending moment, displacement etc. Dynamic behavior of the pile in the sloping ground is also considered by 

giving an input motion of the 2015 Nepal earthquake (MW = 7.3) and compares the results with lateral displacement. 
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INTRODUCTION 

 
The numerical modeling of pile behavior in liquefied 

sloping ground during an earthquake is a very complex 

problem. The loss of strength and stiffness of soil 

during earthquake due to excess pore water pressure 

causes large damage to pile in bending moment and 

shear force. During the past earthquakes such as 1964 

Niigata, 1989 Loma-Prieta, 1995 Hyogoken-Nambu, 

1999 Chi-Chi Earthquake, the 2011 Christchurch 

earthquake and 2011 Great East Japan Earthquake   

exhibited the importance of soil liquefaction associated 

damage to pile foundations. Hence there is extreme 

necessity for validated numerical procedures to judge 

the pile performance in liquefied sloping 

ground.[1]Correspondingly distinct ways of analysis, 

experiments and designs similar to this problem have 

been refined throughout the years. For example, in 

some cases where the soil or Pheratic surface is even 

lightly sloped, deformations have occurred to several 

meters due to liquefaction. In such cases, pile has to 

undergo large lateral forces. This phenomenon is called   

as lateral spreading and its effect on pile  is usually 

estimated by a simplified method of applying ‘static 

‘forces associated with the free filed permanent 

displacement.[2]when lateral spreading doesn’t occur 

we can use p-y curve for analysis, but character of 

curve depends upon the state of the soil. We can use 

dynamic p-y curves in analysis of liquefiable soils, 

which do not obviously take account of pore pressure 

development.[3]However there are still some 

uncertainties in the soil-pile interactions in laterally 

spreading ground. In this paper a numerically based 

analysis is used to evaluate the behavior of pile in 

liquefiable soils with respect to different sloping 

angles. This paper describes the response of piles in 

liquefiable soils for different diameter, length, with 

respect to different sloping angles. The result was 

compared with the response of pile sin sloping ground 

and shows the combine effect of sloping ground and 

liquefaction on the pile behavior in bending moment, 

displacement etc. Dynamic behavior of the pile in the 

sloping ground is also considered by giving an input 

motion of the 2015 Nepal earthquake (MW = 7.3) and 

compares the results with lateral displacements. 

ANALYSIS OF PILES IN LIQUEFIABLE 

SOILS 

The analysis of pile foundation for liquefaction 

of soil includes nonlinear equivalent static analysis or 
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dynamic analysis. Nonlinear analysis incases static or 

dynamic, are required for pile foundation in liquefied 

ground because the soil pile interaction is extremely 

nonlinear in such type of conditions. Equivalent static 

nonlinear analysis can be implemented using 

equivalent-linear methods that iterate to obtain strain-

compatible properties for the soils and piles. Linear 

elastic analyses that do not make for strain-

compatibility of the soil and pile properties are often 

used to analyze piles in no liquefied ground, but these 

are not appropriate for analyzing piles in liquefied 

ground. 

NUMERICAL SIMULATION 

OPENSEES PL 

The numerical simulation is carried by using 

OpenseesPL. OpenseesPL is a FE user-interface for 3D 

lateral pile-ground interaction response. This interface 

allows conducting pushover pile analyses as well as 

seismic (earthquake) simulations. The total simulation 

is done in two parts. (i) Response of pile against 

sloping ground (ii) Response of pile against Liquefied 

sloping ground and results were compared to shows the 

combine effect of   sloping ground and liquefaction on 

the pile behavior in lateral displacement.  

THE CONSTITUTIVE MODEL 

The pile, soil parameters have been considered 

as follows. The pile is modeled as circular, of diameter 

1m and length 12 m. The pile length above the ground 

surface is taken as 6 m. The pile head connection is 

free to rotate. The beam element type is linear and the 

plasto elastic material properties such as young 

modulus is 30*106 kPa, shear modulus is 1154*103 kPa 

and mass density is 0 Mg/m3.The pile section 

properties such as Area of cross section (cracked 

properties) is 1 m2, Moment of Inertia is 0.08333m4 

and torsion constant is 0.1406 m4.The soil considered 

for the model is U-sand 1A of depth 15 m and the 

analysis is done for saturated soil  and water table 

depth, below the ground surface is taken as  ten meters. 

Soil elastic properties and nonlinear properties are 

respectively considered are shown in Table 1 and 2. 

Table 1. Soil Elastic Properties considered  

Saturated Mass density(Mg/m3) 1.9 

Reference pressure 80 

Pressure dependence coefficient 0.5 

Gmax(kPa) 75000 

Bmax(kpa) 20*104 

 

Table 2. Soil Non Linear Properties considered 

Properties Value 

Peak shear strain (%) 10% 

Friction angle(deg) 330 

Cohesion(kPa) 0.3 

 

The back bone curve at reference pressure, shear stress 

vs. shear strain and shear stress vs. confinement for soil 

properties are shown in Fig 1, 2 and 3. 

 

Fig.1. Back bone curve at reference pressure 

 

  

 
Fig.2. Shear stress vs. shear strain 
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Fig.3.Shear stress vs. confinement 

 

The number of elements for soil is 144 and for pile and 

links is 43.Number of Nodes for soil is 230 and for pile 

and links is 44. The boundary condition type is rigid 

box and bed rock type is rigid. The soil element is 8 

Node brick .The ground surface inclination angle is 

checked for different sloping angles like 10, 20, and 

30.Modify Rayleigh damping coefficients curve and 

model in 3D, in X-Z direction is shown in Fig 4.5, and 

6. 

 

 

Fig.4. Damping coefficients curve 

 

 

 

Fig.5. Model in 3-D view 

 

 

Fig.6. Model in X-Z direction 

 

 

Fig.7. Input Acceleration-Time history of 2015 Nepal 

earthquake 

 

RESULTS 

This paper gives an overview of pile behavior during 

liquefiable sloping ground in contrast with pile 

behavior in sloping ground (no liquefiable 
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condition).The following results against pile behavior 

in displacement; lateral displacement and bending 

moment for liquefiable and non-liquefiable cases are 

plotted in fig 7, 8 and 9. 

 

Fig.7.Pile head displacement 

 

 Fig.8.Displacement of pile at 2 m depth 

 

 

Fig.9. Bending moment of pile with respect to time 

 

 

CONCLUSION  

This paper has described a numerical 

procedure, which may be used to compute pile 

behavior in liquefying sloping ground. From the results 

it is observed that the bending moment during case2 

(liquefaction occurs) is more compared to case 

1(absence of liquefaction).The combine effect of 

sloping and liquefaction has more effect on lateral 

displacement of pile. From the Fig 8 we can say that as 

depth is increasing from ground level the liquefaction 

effect on pile is more which has effect on displacement 

of pile as compared to a normal sloping ground case. 

 

REFERENCES 

 

[1]Brandenberg SJ, Chang D, Boulanger RW, Kutter BL. 

Behavior of piles in laterally spreading ground during 

earthquakes – centrifuge data report forSJB03. Report No. 
UCD/CGMDR03/03, Centre for Geotechnical Modeling, 

Department of Civil Engineering, University of California, Davis, 

CA; 2003. 
[2] Fuji S, Cubrinovski M, Tokimatsu K, Hayashi T. Analyses of 

damaged andundamaged pile foundations in liquefied soils during 

the 1995 Kobe Earthquake.In: Proceedings of the conference on 
geotechnical earthquake engineering andsoil dynamics III, Seattle 

(Washington), vol. 2; 1998. p. 1187–98 

 
[3] Ishihara K, Cubrinowski M. Performance of large-diameter 

piles subjected to lateral spreading of liquefied deposits. In: 

Thirteenth Southeast Asian geotechnical conference, Taipei, 
Taiwan; 1998. 

[4] Liyanapathirana DS, Poulos HG. Seismic lateral response of 

piles in liquefying soil. In: Proceedings, Pacific conference on 
earthquake engineering, Christchurch (New Zealand), paper no 

21; 2003. 

[5] Liyanapathirana DS, Poulos HG. Seismic lateral response of 
piles in liquefying soil. J Geotech Geoenviron Eng, ASCE 2005; 

131(12):1466–79. 

[6] Park SS, Byrne PM. Numerical modelling of soil liquefaction 
at slope site. In: Proceedings of international conference on cyclic 

behavior of soils and liquefaction, Bochum (Germany); 2004. p. 

571–80. 
[7] Wang ST, Reese LC. Design of pile foundation in liquefied 

soils.Geotech Spec Publ 75, ASCE, Geotech Earthquake Engng 

Soil DynIII 1998;1331–43. 
[8] Mezazigh S, Levacher D. “laterally loaded piles in sand: slope 

effect on p-y reaction curves.” CanadianGeotechnical Journal 

1998; .35: 433-441 

[9] Charles W.W.Ng, Zhang L.M. “Three-Dimensional Analysis 

of Performance of laterally loaded sleevedpiles in sloping 
ground.” Journal of Geotechnical and Geoenvironment 

Engineering. ASCE 2001; 127(6):499-509. 

[10] Elgamal, A., Lu, J., and Forcellini, D. (2009) “Mitigation of 
Liquefaction-Induced Lateral Deformation in a Sloping Stratum: 

Three-dimensional Numerical Simulation,” Journal of 

Geotechnical and Geoenvironmental Engineering,  
ASCE, Vol. 135, No. 11, November 1.  

http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000137 

D
is

p
la

ce
m

en
t 


