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ABSTRACT: This paper presents a numerical investigation conducted on bored cast in situ piles and under reamed piles
in cohesive soil to understand and compare the failure pattern under axial loads. Conventional bored cast in situ piles of
two different shaft diameters, single under reamed pile and double under reamed pile were subjected to vertical loading.
The geometry of the under reamed piles were chosen in accordance with the Indian code (IS 2911) specification. Finite
Element Analysis was conducted using commercially available Plaxis 3D 2013, assuming Mohr-Coulomb failure for soil.
The failure mode and ultimate load in compression and tension were examined in cohesive soil. It was observed that the
load carrying capacity increased by 119% in tensile load and 102% in compressive loads for single under reamed piles,
whereas the corresponding values for double under reamed piles were 204% and 180%. Difference in failure pattern
observed for different geometries considered for numerical analysis are also touched upon. The study suggests that under
reamed piles is an effective option in cohesive soil if the ground is stable enough to stand on its own during formation of
cavity.
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INTRODUCTION 

For a conventional bored cast in situ pile of uniform
shaft diameter, (Figure 1a) the load bearing capacity in
axial  compression  is  contributed  by  the  bearing
resistance  of  pile  tip  and  side  friction,  given  by
equation  1.  Keeping  other  parameters  constant,  an
increase  in  pile  shaft  diameter  will  result  in  a
corresponding increase in axial capacity (Figure 1b). 

Qu =Qp + Qs                                                        

         =[qsAsh +qb(Ab-Ash)] + fs As                   (1)

Where qs and qb are the bearing capacity of the soil at
the shaft tip and the under ream section respectively,
fs  is the unit skin friction or adhesion on the shaft
given by α caAs,  Ash is the cross sectional area of the
shaft, Ab is the cross sectional area of the bulb and As

is the surface area of the shaft above and below the
bulb

In  case  of  under-reamed  bored  cast  in  situ  concrete
pile, an extra axial load carrying capacity is contributed
by the bearing of bulb (Figure 1c). In all the three cases
explained above, the side friction factor is contributed
by  pile-soil  adhesion,  which  is  less  than  the  pure
cohesive  force  of  the  soil,  by  a  reduction  factor  α,
usually taken as 1.0 for soft, 0.7 for medium, 0.4 for
stiff  and  0.3  for  very  stiff  clays  (Sladen,  1992[4]).

However, in case of a double under reamed pile with
the two bulbs separated at spacing (Figure 1d), the load
carrying  capacity  is  expected  to  be  still  higher,
suggested by equation 2. 

Qu =Qp + Qs

         =[qsAsh +qb(Ab-Ash)] + fs As + f’s A’s              (2)

Where  A’s   is  the  surface  area of  the  cylinder
circumscribing the bulbs. Length of the cylinder is
equal to the centre to centre distance between the
bulbs.

At  spacing  below  a  critical  value,  this  increase  in
capacity may be due to the soil to soil cohesion (rather
than  adhesion  on  pile  surface)  developed  along  the
cylindrical surface formed between the two bulbs. As
the  spacing  between  them  increases,  the  cylindrical
actions stops to mobilize and extra bearing below the
upper bulb starts mobilizing. In the field, double under
reamed pile are provided with bulbs usually separated
at  a centre  to  centre spacing of  2.5 to  3.5 times the
diameter of pile.

The  main  objective  of  the  present  study  is  to
understand the failure mechanism of three different pile
geometries  in  axial  compression  and  tension,  and  to
compare the load carrying capacity. 
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Fig.1: Various geometries of piles considered. 
Conventional piles (a and b), single under reamed 
pile (c) and double under reamed pile (d) 

Pile geometries

Four  different  geometries  were  chosen  for  the
investigation,  namely conventional  bored cast  in  situ
pile of two different shaft diameter, under reamed pile
with  a  single  bulb  and  under reamed  pile  with  two
bulbs.  The  dimensions  of  single  under  reamed  and
double under reamed piles were in accordance with IS
2911  Part  3  [2].  The  dimensions  chosen  for  the
investigation is explained in Table 1. The length of all
the piles were fixed to be 4.5m below ground level.

Table 1 Description of pile geometries considered for 
investigation

Notation Description

P0.3
Uniform shaft of 300mm diameter, 
without any bulb

P0.5
Uniform shaft of 500mm diameter, 
without any bulb

P0.8S
Shaft of 300mm diameter with a 
single bulb  of 800mm diameter at 4m
depth

P0.8D

Shaft of 300m diameter with two 
bulbs of 800m diameter each at 
1.25Du spacing, with bottom bulb at 
4m depth

NUMERICAL ANALYSIS

 Finite  Element  Analysis  was  carried  out  using
PLAXIS  3D 2013 version.  The  extend  of  soil  mass
chosen  was  such  that  the  influence  zone  falls  well
within the boundary. After a few trial runs, it was found

that  boundary  dimension  of  7mx7mx7.5m  was
optimum to  confine  the  failure  mass.  General  fixity
was imposed and water table was fixed at ground level.

Soil  was  modeled  as  Mohr-Coulomb  with  Young’s
modulus  1.5x104  kN/m2,  Density  16kN/m3,  Cohesion
15kN/m2,  Poisons  ratio  0.35  and  a  nominal  friction
angle of 1 degree. Pile was modeled as volume pile of
linear  elastic  behavior  with  Young’s  modulus  of
31x106  kN/m2,  density  27kN/m3,  and  poisons  ratio
0.15. 

 Plaxis  3D generates automatic mesh with 10 noded
tetrahedral  discretization.  Sensitivity  analyses  were
carried out for selecting the appropriate mesh size. The
global coarseness setting of fine was found to be most
suitable  without  compromising  on  the  running  time
consumed for analysis. The connectivity plot of double
under reamed pile after meshing is shown in Fig 2. 

Fig. 2: Double under reamed pile after meshing

Meshing was further refined around the pile. Interface
elements were modelled with the reduction factor taken
equal to the adhesion factor between concrete and the
clay. Wehnert and Vermeer 2004 [5] commented that
the results of a calculation without interface elements
are highly mesh dependant.  When interface elements
were  used,  the  mesh  dependency  was  found  to  be
negligible, especially for shaft resistance.

Phases of analysis

The analysis is divided into four phases. In the initial
phase, generation of initial stress using k0 procedure is
adopted as default step. In the next phase (Phase 1), the
soil  in  the  pile  cluster  was  deactivated  to  simulate
excavation  to  create  pile  cavity.  The  cavity  was
reactivated  with pile  material  in  the  following Phase
(Phase 2 ) thereby simulating the process of concreting
of  cavity.  Interface  elements  were  subsequently
activated.  In  the  last  phase  (Phase  3),  the  axial
compressive loading was simulated on top of the pile
volume  as  prescribed  displacement.  To  compare  the
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load carrying capacity, each pile was given a prescribed
displacement of 10% Ds downwards where Ds equal to
30mm.  From the  practical  field  point  of  view,  such
settlement failure criteria are more logical than shear
failure (Bowles J.E).  However, it  was found that the
piles  failed  by  general  shear  failure  much  before
reaching the settlement  corresponding to  the popular
theories. Hence the L1-L2 criterion is considered here.
The  results  of  Plaxis  3D  analysis  are  explained  in
following session. 

TEST RESULTS AND OBSERVATIONS

Fig  3  shows  the  load-settlement  plot  in  axial
compressive  loading  of  P0.3,P0.5,  P0.8S  and  P0.8D
considered in the present numerical study. It is worth
noting that  the  conventional  piles,  prismatic  in  cross
section invariably exhibits plunging failure under axial
compression,  whereas  the  under  reamed piles  on the
other  hand  follows  a  pattern  comparable  to  general
shear failure. 

Fig 3: Load Vs Settlement in axial compression

Fig. 4: Load Vs Settlement in axial tension

Soil Failure Mechanism

It is worth having a good understanding of the soil
behaviour surrounding the piles, which is helpful to
reveal  the  soil-pile  interaction  mechanism  during
axial loading. By evaluating the deformed pattern of
bored cast in situ piles, it can be understood that the
zone of influence in uplift is predominantly in the
immediate vicinity of the pile shaft. The soil mass
involved in failure of double under reamed pile is
concentrated  within  the  space  between  the  bulbs.
The  soil to soil friction or cohesion formed on the
hypothetical cylindrical surface between the centers
of the bulbs mobilizes full undrained shear strength
(α  =1)  unlike  the  conventional  pile-soil  interface
(Figure 5).  This phenomenon is partly responsible
for  the  increase  in  the  bearing  resistance  in  axial
loading. 

Fig. 5: Comparison of Results

These figures show that, during axial loading, the soil
located immediately above the bulb is  predominantly
moving  along  the  pile  material  leading  to  a  shadow

length,  where  pile-soil  interface  friction  is  not
mobilized.

CONCLUSION

The results of numerical analysis using Plaxis 3D are
presented in  this  paper  to  examine the load carrying
capacity  and  failure  patterns  associated  with  four
different geometries of bored cast  in situ piles under
axial loading in soft clay. Following conclusions may
be drawn from the study

Comparing the piles used for the study, it is found that
the  load  carrying capacity  of   0.5m diameter  pile  is
76% greater in compression and 85% greater in tension
than a 0.3m diameter pile. But the volume of concrete
used is  177.7% extra.

Load  carrying  capacity  in  compression  is  increased
102% when a single bulb of diameter 2.6D is provided
at  bottom.  The  corresponding  increase  in  tension  is
119%.

The increase is load carrying capacity of double under
reamed  pile  is  180%  in  compression  and  204%  in
tension at an increase in volume of concrete by 77%. 

Feasibility

The observations leads to  the  conclusion that double
under reamed pile is a highly cost-effective proposition
in  terms  of  material  input,  in  agreement  to  the
observations  made  by  Kurian  and  Srilakshmi  [3].
However, proper care should be taken to ensure cavity
stability during construction. For the same reason, they
are not advisable in soil with sandy strata and clay of
loose consistency which are incapable of self standing
during  the  time  gap  between  employing  the  under
reaming  tool  for  bulb  cutting  and  the  subsequent
concreting.  However,  in  stiff  cohesive  soil,  under
reamed piles are recommended over conventional piles
as suggested by observations from figure 5. It was also
observed  that  the  under  reamed cavity did not show
any chance of caving in during Phase 1. Had it been of
larger diameter in a softer soil, chances are high that
the cavity becomes unstable upon deactivation of the
soil cluster in a soft clay medium. Another observation
worth  noticing  is  that  the  suggestion  by  IS  2911  in
regard of keeping bulb spacing as 1.25Du to 1.5Du is
found  to  be  effective  in  mobilizing  the  cylindrical
friction action for the range of undrained shear strength
considered in the present study.
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(a)

(b)

Fig. 6: Deformation contour of double under reamed pile 
in (a) Compression and (b) Tension
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