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Abstract - In this paper, numerical analysis of a pile-soil interaction problem is presented considering
the parameters influencing the axial load-deformation behavior of the pile embedded in a layered soil
medium. The analysisis demonstrated with parametric solutions of a pile with underlain model soil strata
under the axial force. An attempt is made to ascertain the extent of influence of elastic properties of the
pile, geometry of the pile, end conditions of the pile and the elastic properties of the underlain soil strata
on the response of the piles under axial loads lying in a model soil layersin terms of the settlement of the
pile and the internal deformation of the pile. The study revealed that the increase in modulus of elasticity
of pile improves the settlement resistance of the pile, increase in the ratio of cross sectional dimensions
causes decrease in the top deformations of the pile, the settlement of the pile reduced to a great extent
when the cross section of the pile adopted is non circular instead of circular and increase in the elastic
modulii of top and bottom layers of soil has decreased the settlement of the pile to a great extent, but
elastic modulus of soil layers other than top and bottom has got negligible influence on the settlement of
the pile.
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I. INTRODUCTION

The design of pile foundations to resist axial loads completes when one can perform evaluation of ultimate
bearing load, settlement prediction under the design load and structural design. Extensive research has
concerned the evaluation of ultimate bearing capacity but little attention has been given for settlement of pile as
well as the compression of the pile under the axia loads. Usually the methods of analyzing the behavior of
axially loaded piles are the load transfer method (Coyle and Reese, Hazarika and Ramasamy, Matlock and
Reese) and elastic continuum method (Poulos, Banerjee and Davis, Poulos and Davis).

The subgrade reaction theory idealizes the pile as an €elastic beam supported by a series of discrete linear
springs representing the soil. Simplicity of the subgrade reaction theory liesin its straight forward computations
and the disadvantage is the approximation in subgrade reaction modulus leads to inaccurate solutions. The most
powerful continuum approach is the finite element approach. Theoretically elastic solution [9] is more redlistic
because it considers the soil as a continuum rather than a series of unconnected springs as in the subgrade
reaction analysis[6].

In this paper, extensive parametric studies are performed and presented in graphical from to facilitate the
understanding of settlement prediction, which will be useful in the design and analysis of piles under the axial
loads in layered soil. The main purpose of this study is to investigate the more practical case of the behavior of
piles under the axia loads in layered soils using the continuum based numerical analysis.

[I. PILEWITH EXTENDED SOIL LAYERS

Pile with underlain soil layers in model soil strata is presented in fig.1. The pile having three different cross
sections viz., rectangular with dimensions a x b, square and circular of length L and axial load P is considered
for the analysis.

The governing differential equation for the pile settlement given by [1]:

d’u  k
>———Uu =0 Q)
dz= 1+2t

Where u; is the displacement function u(z) in the i layer, k; is the term which accounts for the shear
resistance devel oped between soil columns due to differential movement of the soil columns, t; is the term which
accounts for spring effect of the soil (compression of the soil columns due to vertical movement of the pile)

The general solution of the differential equation (Eg. 1) is
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u,(z2)=C,sinh 3 z+C,cosh 3z @)

The evaluation of the integration constants (C1 and C2 in Eq. 2) for each layer is a difficult process if the
layersin soil strata are more in number. In the present study the pile and soil layers are modeled with 20-noded
three dimensional solid elementsin the ANSY S (A powerful finite element analysis program) to carry out finite
element analysis. The soil domain in the horizontal and vertical directions is considered such that there is no
boundary effect on the parameters involved.

The top layer having a thickness of H; consists of yellow sand and its elastic modulus and Poisson’ s ratio are
Es; and vpOrespectively. The next two layers below the yellow sand are consisting of grey sand with their

elastic modulii Es,, Es; and Poisson’s ratios v, vs. The bearing layer (Bottom layer) consists of brownish sand
with elastic modulus Es, and Poisson’sratio v,
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Fig.1. pile embedded in amodel soil stratawith axial load

A. Examplel

A rectangular pile (Fig. 2) of cross sectional dimensions 2m x 1m having a length of 40m and underlain soil
strata with top layer consisting of yellow sand (SPT (10) - Es; = 25MPa, v[1; = 0.35) Oextending to a depth of
4m. The next layer is a grey sand (SPT (20) - Es, = 45MPa, v, = 0.3) extending to a depth of 12m. The next
layer isagrey sand (SPT (25) - Es; = 55MPa, v; = 0.25) extending to a depth of 18m. The bearing layer consists
of brownish sand (SPT (45) - Es; = 75MPa, v, = 0.2) extending to a depth of 46m (The bearing layer actually
extend to a depth of infinity, but the soil domain below the pile is limited for the modeling purpose). The axia
load on the pileis taken as 9700kN.
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B. Example?2

A square pile (Fig. 3) of cross sectional area 2300cm? having a length of 15m and underlain soil strata with
top layer consisting of black clay (SPT (10) - Esl = 12MPa, v, = 0.3) OOextending to a depth of 3m. The next
layer isayellow sand (SPT (10) - ES2 = 25MPa, v, = 0.25) extending to a depth of 4m. The next layer isagrey
sand (SPT (15) - Es3 = 35MPa, v; = 0.2) extending to a depth of 6m. The bearing layer consists of brownish
sand (SPT (50) - EsA = 80MPa, v, =0.2) extending to a depth of 17m (The bearing layer actually extend to a
depth of infinity, but the soil domain below the pile is limited for the modeling purpose). The axial load on the
pileistaken as 3300kN.

C. Example3

A circular pile (Fig. 4) having diameter of 1.5m, length of 40m and underlain soil strata with top layer
consisting of yellow sand (SPT (10) - Esl = 25MPa, v, = 0.35) OOextending to a depth of 4m. The next layer is
agrey sand (SPT (20) - ES2 = 45MPa, v, = 0.3) extending to a depth of 12m. The next layer isa grey sand (SPT
(25) - ES3 = 55MPa, v; = 0.25) extending to a depth of 18m. The bearing layer consists of brownish sand (SPT
(45) - EsA = 75MPa, v, =0.2) extending to a depth of 46m (The bearing layer actually extend to a depth of
infinity, but the soil domain below the pile is limited for the modeling purpose). The axia load on the pile is
taken as 9700kN.

The analysisis carried out using the above examples with an intension to find the effect of grade of concrete
of the pile, effect of ratio of cross sectional dimensions (a/b), elastic modulus of each underlain soil layer and
the shape of the cross section (circular, non-circular) on the top deformation of the pile as well as the interna
deformation of the pile with the two end conditions of the pile namely floating pile condition and the fix-base
condition.

Fig.2. Rectangular pile Fig.3. Square pile Fig.4. Circular pile

[1l. RESULTSAND DISCUSSIONS
A. Effect of Elastic Modulus of Pile (Floating Base Condition)
Fig.5 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different

grades of pile material (concrete). It is to be noted that the elastic modulii of the pile for various grades of
concrete are calculated using the relation given below and assigned to the pile.

E. =5000,/f,, )

Where - E. isthe elastic modulus of the concrete, f« is the 28 day cube compressive strength of the concrete
(grade of the concrete)

Fig.6 shows the variation of settlement of the square pile (example 2) with pile depth, for different grades of
pile material (concrete). Fig.7 shows the variation of settlement of the circular pile (example 3) with pile depth,
for different grades of pile material (concrete)

From Fig.5, 6 and 7 it is observed that, as the grade of concrete of pile increases the axial deformationsin the
pile decreases and this decrease in the deformation is very less when compared with the extent of increase in the
grade of concrete. For example the decrease in the settlement at the top of the pile is about 15% as the grade of
concrete isincreased from M20 to M300.

As the pile is taken as the floating pile, the internal deformation in the pile is calculated as the difference
between top and bottom deformations in the pile and it is evident from the fig.5, 6 and 7 that the internal
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deformation in the pile is decreased to a higher extent than the decrease in the top deformation of the pile when
the grade of concrete isincreased. For example the decrease in the internal deformation of the pileis about 75%
if the grade of concrete isincreased from M20 to M300 (15 times).

Hence, Increase in modulus of elasticity of pile has decreased the top deformation of the pile to a little extent
however increase in the modulus of elasticity of pile decreased the internal compression of the pile.

Fig.5 Vertical deformations of axially loaded rectangular pile Fig.6 Vertical deformations of axially loaded square pile

Fig.7. Vertical deformations of axially loaded circular pile

B. Effect of Elastic Modulus of Pile (Fixed Base Condition)

Fig.8 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different
grades of pile material (concrete). Fig.9 shows the variation of settlement of the square pile (example 2) with
pile depth, for different grades of pile materia (concrete). Fig.10 shows the variation of settlement of the
circular pile (example 3) with pile depth, for different grades of pile materia (concrete).

Fig.8, 9 and 10, it is evident that the top deformation of the pile decreases with increase in the grade of
concrete of the pile. As the base of the pile is fixed (in case of a pile resting on a very hard stratum), the top
deformation of the pile itself is the internal deformation of the pile. For example the decrease in the settlement
of the pileis about 75% if the grade of concrete is increased from M20 to M300.

Increase in the grade of concrete of the pile decreases the settlement of the pile. Hence increase in modulus
of elasticity of pile improves the settlement resistance of the pile.

Fig.8 Vertical deformations of axially loaded rectangular pile Fig.9 Vertical deformations of axially loaded square pile
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Fig.10. Vertical deformations of axially loaded circular pile

C. Effect of Ratio of Cross Sectional Dimensions of the Pile

Fig.11 shows the variation of settlement of the pile (example 1) with pile depth, for different ratios of the
cross sectiona dimensions of the pile, keeping the cross sectiona area of the pile constant for floating base
condition.

Fig.12 shows the variation of settlement of the pile (example 1) with pile depth, for different ratios of the
cross sectional dimensions of the pile, keeping the cross sectional area of the pile constant for fixed base
condition.

For afloating pile condition (Fig.11) it is observed that as the ratio cross sectional dimensions increases the
deformation of top of the pile decreases, but the change in the internal deformation of the pile is amost
negligible because all other parameters (viz., area of cross section axia force, underlain soil profile, boundary
conditions etc.) being kept same. For example if the ratio of cross sectional dimensions is increased from 1.0 to
4.0 without changing the area of cross section of the pile the decrease in the settlement of the top of the pileis
about 14% and the internal deformation is almost constant.

This can be viewed as, increase in the ratio of cross sectional dimensions increases the perimeter of the pile,
which increases the area of contact of the surrounding soil with the pile which in-turn improve the resistance
from the soil on the settlement of the pile. Hence we see the decrease in the deformations of the pile. In other
words the pile — soil friction improves the resistance to the pile settlement.

For a fix-base pile condition (Fig.12) it is observed that the increase in the ratio of the cross sectional
dimensions of the pile does not have a significant influence on the top deformation of the pile as well as the
internal deformation of the pile. Because all other parameters (viz., area of cross section axial force, underlain
soil profile, boundary conditions etc.) being the same fix-base pile has got less influence on the deformations of
the pile with respect to its contact with the surrounding soil and the settlement of the pile is almost constant and
it isabout 7mm for all the cases shown (fig.12).

Hence change in the ratio of cross sectional dimensions has got no influence on the settlement of the pile for
afixed base pile condition, all other factors being the same.

Fig.11 Vertical deformations of axially loaded pilein Fig.12 Vertical deformations of axially loaded pilein layered
layered soil for various ratios of cross sectional dimensions soil for various ratios of cross sectional dimensions of pile
of pilefor floating base condition. for fixed base condition.
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D. Effect of Elastic Modulus of the Soil on Top and Bottom Layers

Fig.13 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different
values of elastic modulii of the soil in the top layer for floating base condition, keeping the elastic modulii of all
other layers constant. Fig.14 shows the variation of settlement of the rectangular pile (example 1) with pile
depth, for different values of elastic modulii of the soil in the top layer for floating base condition, keeping the
elastic modulii of al other layers constant.

Pile behavior in layered soil strata for floating pile condition from fig.13 and 14 can be assessed as the
change in the elastic modulus of the soil in the top layer and baring (bottom) layer has got great influence on the
deformation of the pile.

For example, If it is observed for the elastic modulus values from 2.5MPato 70Mpa (normal range of elastic
modulus of cohesive soils and sands [13] for the earlier case the top deformation of the pile has decreased about
27% and also the internal deformation of the pile has decreased about 30% where as in the later case the top
deformation of the pile has decreased about 85% and the internal deformation of the pile is increased about
65%.

Hence there is a possibility to reduce the settlement of the pile by engineering the top layer; generaly the
sandy soils with SPT values 50-80 can be the choice to arrive at the lower pile settlement values.

The above discussion infers that the bearing layer greatly influence the settlement of the pile, for lower values of
elastic modulus of the bearing layer fig.14 show that the pile has got amost the rigid body motion which says
that though the pile is embedded in the strong soil layers (in terms of elastic modulus) above the bearing layer
the settlement of the pile can be very high.

Asit is practically impossible to have proper care on bearing area, however it is to be noted that the bearing
layer should have larger value of elastic modulus than any other layer in the soil strata.

Fig.13 Vertical deformations of axially loaded pilein layered soil Fig.14 Vertical deformations of axially loaded pilein layered
for various values of elastic modulii of soil in the top layer for soil for various values of elastic modulii of soil in the bearing
floating base condition. layer for floating base condition.

E. Effect of Elastic Modulus of the Sail in the Intermediate Layers

Fig.15 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different
values of elastic modulii of the soil in the layer just below the top layer for floating base condition, keeping the
elastic modulii of all other layers constant.

Fig.16 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different
values of elastic modulii of the soil in the layer just above the bearing layer for floating base condition, keeping
the elastic modulii of al other layers constant.

From fig.15 and 16 it is observed that the increase in the elastic modulus of the intermediate soil layers has
got almost negligible effect on the deformations of the pile. It can also be noted that the change in the internal
deformation of the pile is also negligible. Hence the change in the elastic modulii of the underlain soil layers
other than top layer and bearing layer has got no influence on the settlement of the pile.
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Fig.15 Vertical deformations of axially loaded pilein layered Fig.16 Vertical deformations of axially loaded pilein layered
soil for various values of elastic modulii of soil inthe soil for various values of elastic modulii of soil in the
intermediate layer for floating base condition. intermediate layer for floating base condition.

F. Effect of Shape of the Cross Section of the Pile

Fig.17 shows the variation of settlement of the rectangular pile (example 1) with pile depth, for different
shapes of cross section of the pile for floating base condition, keeping the area of cross section of the pile
constant.

The above plot (fig.17) clearly indicates that the axial deformation of the pile having circular cross section is
very high when compared to the piles having square and rectangular cross sections. For example the reduction
in the axial deformation of the pile is about 25% when the pile cross section is changed from circular to non-
circular. Also the internal deformation of the pile is reduced about 25% as the cross section of the pile changes
from circular to non-circular.

Fig.17 Vertical deformations of axially loaded circular, square
and rectangular cross sectional shaped piles for floating base
condition

IV. CONCLUSIONS

With the help of numerical ssimulation using ANSY S, pile — soil interaction problem for axial loads has been
solved and the parametric study revealed that,

1. Increase in modulus of elasticity of pile has decreased the top deformation of the pile to a little extent
however increase in the modulus of elasticity of pile decreased the interna compression of the pile.
Increase in the grade of concrete of the pile decreases the settlement of the pile. Hence increase in
modulus of elasticity of pile improves the settlement resistance of the pile.

2. Increase in the ratio of cross sectional dimensions has decreased the top deformations of the pile. Hence
the settlement of the pile decreases with increase in the ratio of cross sectional dimensions of the
rectangular pile with floating base condition, whereas change in the ratio of cross sectional dimensions
has got no influence on the settlement of the pile for a fix-base pile condition all other factors being the
same.
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3. Increase in the elastic modulii of top and bottom layers has decreased the axial deformations of the pile to
agreat extent, hence there is a possibility to reduce the settlement of the pile by proper care given to the
top layer, generally the sandy soils with SPT values 50-80 can be the choice to arrive at the lower pile
settlement values, Asit is nearly impossible and not feasible to have proper care on bearing ares, it is to
be noted that the bearing layer should have larger value of elastic modulus than any other layer in the soil
strata.

4. Change in the elastic modulii of the underlain soil layers other than top layer and bearing layer has got
negligible influence on the settlement of the pile.

5. When compared to the circular cross section, the non-circular cross sections of piles reduce the settlement
of the pile to a great extent though the reduction in the internal deformation is taking place to a lesser
extent than the settlement of the pile.
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