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ABSTRACT: A pile foundation is required to reduce differential settlement. Presence of a defective pile will influence the 
load carrying capacity of the pile group. Defects in piles within a group may result from imperfection in pile construction 
and uncertainties in soil conditions. The various defects occurring in the pile are bulging and necking. This paper aims to 
understand the behaviour of pile groups, through small scale models in laboratory incorporating one defective pile. Solid 
Aluminium rods are used as the model piles after scaling down appropriately. The effect of defective pile on the behaviour 
of pile group is studied through load settlement relationship. The test medium for the present investigation is poorly 
graded sand. The parameter varied is the sand placement density as loose sand, medium dense sand and dense sand. Both 
bulging and necking are introduced at the top, center and bottom of the pile as separate cases in the pile group. Load tests 
are conducted on single pile, two pile group and four pile group to determine the influence of presence of defective pile in 
the load carrying capacity of pile group. The load carrying capacity of the pile groups in the presence of defective pile are 
compared with the load carrying capacity when the pile groups are free of defective pile. The load carrying capacity of the 
two pile group and four pile groups increased when a pile with bulge at the top, center and bottom was introduced in the 
group respectively. Also the load carrying capacity of two pile group and four pile groups was found to decrease when one 
of the piles in the group was having a neck at the top, center and bottom respectively.
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1. INTRODUCTION

Piles are columnar elements in a foundation which 
transfers load from the superstructure through weak 
compressible strata, onto stiffer, more compact and less 
compressible soils or onto rock. When the strata at or 
just below the ground surface is highly compressible 
and very weak to support the load transmitted by the 
structure and when the plan of the structure is irregular, 
relative to its outline and load distribution, it would 
cause non-uniform settlement if a shallow foundation is 
considered. A pile foundation is required to reduce 
differential settlement. Always care should be taken 
during casting and installation to maintain the 
structural integrity of pile. During pile integrity test, it 
can be observed that some of the piles are not intact 
and are defective. The defects in the pile can be 
bulging and necking. Though bulging may generally 
increase the capacity of pile, the bulging may be called 

as a defect. since during construction it is mandatory to 
achieve uniform diameter. Buckling is one of other 
defect and is not considered for present study. The 
presence of defective pile will affect the load carrying 
capacity of the pile group. The study focused on the 
determination of load carrying capacity of 2-pile group 
and 4-pile group in free standing cases by introducing 
one defective pile in each group. The test medium used 
for the investigation was sand and tests were carried 
out in loose, medium dense and dense sand conditions.

2. EXPERIMENTAL FACILITY

The experimental facilities for conducting load tests 
consists of a loading frame of capacity 50kN and the 
load was applied by means of a hydraulic jack of 
100kN capacity. The applied load was measured and 
monitored using a proving ring of 5kN capacity. A 
square tank of dimension 750mm x 750mm x 750mm 
was used as the model test tank. The tank was made of 
steel plates of 8mm wall thickness. The inside face of 
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the tank was marked at every 100mm depth. Solid 
aluminium rods were used as the model piles. Model 
pile dimension was arrived using a scale factor of 1/28 
for a cylindrical shaped prototype of concrete, long pile 
foundation having a diameter of 300mm and length 
10000mm. The model pile material were arrived based 
on scaling factor considering the EI value of prototype 
and model. Pile with a bulge at the top (0.1L from top 
end), center and bottom (0.1L from bottom end) was
used as a defective pile and the extend of bulge was
equal to 1.5D, where D is the diameter of pile. Pile 
with a neck at the top, center and bottom was also used 
as a defective pile and the dimension of the neck was
equal to 0.5D. Bulge was introduced in the aluminium 
rod by increasing the diameter and neck was 
introduced by reducing the diameter as shown in
insight Fig. 1 A and B. Pile cap was designed with 
spacing between the piles equal to 3D. Settlement of 
the pile was measured using a dial gauge with least 
count of 0.01mm and a travel of 25mm.

3. EXPERIMENTAL PROCEDURE

3.1 Preparation of sand bed

The river sand was commercially collected from the 
store. Tests were conducted to determine the index 
properties of the sand. The specific gravity of the sand 
sample was obtained as 2.63. Based on the grain size 
distribution analysis the soil was classified as poorly 
grade sand (SP) as per IS: 2720 (1985). The dry unit 
weight of sand in loose, medium dense and dense sand 
conditions are 14.9kN/m3, 15.3kN/m3 and 16.3kN/m3

respectively. 

The total weight of sand needed to achieve the required 
density for the known volume of tank was calculated. 
By trial and error, the energy needed to achieve a 
particular density for a prescribed thickness (100 mm) 
of layer was done and the bed was prepared in layers 
using calibrated energy. 

For preparation of loose sand bed, the sand was filled 
for a height of 100mm and leveled horizontally by steel 
bars. For loose sand no compaction was done. Sand 
layer of 100mm thickness was laid one over another 
regularly without compaction up to the required depth.
For medium dense sand bed, each 100 mm sand layer 
was compacted using the hammer. The weight of 
hammer is 2.63 kg and height of fall is 290 mm. One 
blow was applied to each layer and the thickness of 
compacted layer was around 100mm.
Similarly to achieve the dense sand bed, the height of 
fall of hammer was increased to 490 mm and number 
of blows as one.

3.2 Test procedure

Plumb bob was used for locating correct positions of 
piles, and then pile was inserted vertically into the sand 
by driving with a steady succession of blows on the top 
of the pile using a steel hammer weighing 2.36kg. The 
inclination of the pile was checked carefully during 
driving. The number of blows for loose, medium and 
dense sand is 7, 12 and 16 respectively. The dial gauge 
was placed on the pile cap to obtain the deformation. A 
vertical loading bar and a calibrated proving ring, of 
5kN maximum capacity, were connected to the 
hydraulic jack. The jack arm was lowered slowly 
towards the loading pile cap, until the dial gauge and 
the proving ring starts to respond. The pile model was 
then loaded incrementally by using the hydraulic jack. 
Each stage of loading was maintained with a constant 
rate movement of 0.01mm/min. The model test piles 
were subjected to axial compressive loads until the 
allowable bearing capacity corresponding to pile 
settlement of 20mm is obtained. For each test, separate 
sand medium was prepared and then tests were 
conducted.

Load tests were conducted on two pile group and 
four pile group in loose, medium dense and dense sand 
conditions. Bulging and necking defects were 
introduced in one of the pile as separate cases in two 
pile group and four pile group. Both bulging and 
neckings were introduced at the top, center and bottom 
of the pile separately. The load carrying capacity of the 
pile groups in the presence of defective pile were 
compared with the load carrying capacity when the pile 
groups are free of defective pile. Fig. 1 shows the
experimental setup for the load tests on four pile group.

Fig. 1 Experimental Setup for Four Pile Group

A - Bulge in a Pile B - Neck in a Pile

4.RESULTS AND DISCUSSION

Load and settlement characteristics for bulge 
and neck defects at different positions in two pile 
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and four pile group are obtained and discussed in the 
following paragraph for loose sand, medium dense 
sand and dense sand condition. Load settlement 
curves of two pile group with bulge and neck in 
loose sand is also showed in figure 2. The results 
arrived for all cases are presented in table 1 to 3.
The discussion were made based on the ultimate 
load and the respective settlement. In general, 
bulging increased the ultimate load and decreased 
the settlement. Necking due to reduction in cross 
section area decreases the ultimate load and 
increased the settlement.

4.1 Loose sand

Table 1 Load Settlement Comparison for Two Pile and 
Four Pile group in loose sand

Defect 
cases

Two Pile Group Four Pile Group
Qu
(N)

% ∆
mm

Qu
(N)

% ∆
mm

No 
Defects

439 1.3 1080 1.2

Bulge at 
Top

480 + 9.34 1.2 1390 +28.71 1.5

Bulge at 
Center

590 + 34.4 2.2 1420 +31.48 0.3

Bulge at 
Bottom

650 +48.06 0.5 1475 +36.57 1.8

Neck at 
top

320 -27.11 2 930 -13.88 1.1

Neck at 
center

365 -16.85 2.2 985 -8.79 0.2

Neck at 
Bottom

415 -5.46 0.9 1020 -5.55 1.7

Fig. 2 Load-Settlement curves of two pile group 
with bulge and neck in loose sand.

For loose sand condition in two pile group 
bulge at top level increased the Qu by 9.34 % and 
settlement decreased by 0.1 mm. For bulge at center, 
the load increased by 34.4 % and the settlement 

increased by 0.9 mm. For bulge at bottom, the ultimate 
load increased by 48.06 % and the settlement reduced 
by 0.8 mm. For neck at top, the ultimate load decreases 
by 27.11 % and the settlement increased by 0.7 mm. 
For neck at center, the load decreased by 16.85 % and 
settlement increased by 0.9 mm. But for neck at 
bottom, the percentage in load was 5.46 and settlement 
reduced by 0.4 mm. 

For four pile group also the trend for ultimate 
load is same as that of two pile group for both bulging 
and necking. The settlement for bulge at center and 
neck at center are very less than all cases. But in two 
pile group, the settlement is maximum for bulge and 
neck at the center.

4.2 Medium dense sand

Table 2 Load Settlement Comparison for Two Pile and 
Four Pile group in Medium Dense sand

Defect 
cases

Two Pile Group Four Pile Group
Qu

(N)
% ∆

mm
Qu

(N)
% ∆

mm
No 
Defects

720 1.8 1690 1.1

Bulge at 
Top

840 +16.67 1.75 1810 +7.10 1.8

Bulge at 
Center

1005 +39.58 1.9 1950 +15.38 1.6

Bulge at 
Bottom

1160 +61.11 2.1 2090 +23.67 2.3

Neck at 
top

510 -29.17 2.3 1210 -28.40 2.2

Neck at 
center

580 -19.44 2.2 1320 -21.89 1.8

Neck at 
Bottom

625 -13.19 2.8 1530 -9.47 2.7

For medium sand deposits in two pile group 
the settlement increased for the position of the defects 
from top to bottom. The settlement is maximum for 
necking than bulging. The percentage increase in 
ultimate load also increased for bulge as the defect and 
decreased for neck as the defect. The percentage 
increment was 16.67, 39.58 and 61.11 % respectively 
for the position of bulge as the defect at top, center and 
bottom. The percentage decrement was 29.17 %, 19.44 
% and 13.19 % for the three consecutive position of 
necking as the defective.

For four pile group, the trend in the increment 
and decrement in the ultimate load for bulging and 
necking are same as that of two pile group but there is 
a variation in the settlement. The settlement increased 
for both defects at top and decreased for the defects at 
the center and increased for the defect at bottom.
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4.3 Dense sand

Table 3 Load Settlement Comparison for Two Pile and 
Four Pile group in Dense sand

Defect 
cases

Two Pile Group Four Pile Group

Qu

(N)
% ∆

mm
Qu

(N)
% ∆

mm
No 
Defects

1375 1.4 2350 1.4

Bulge at 
Top

1490 +8.36 1.3 3300 +40.42 2

Bulge at 
Center

1620 +17.82 1.9 3480 +48.08 1.8

Bulge at 
Bottom

1810 +31.64 1.8 3690 +57.02 1.7

Neck at 
top

980 -28.73 0.5 2110 -10.21 1.1

Neck at 
center

1070 -22.18 1.3 2200 -6.38 1.2

Neck at 
Bottom

1160 -15.64 1.2 2300 -2.13 0.8

In dense sand, the trend for the ultimate load 
for two pile group and four pile group are as that of 
loose and medium sand deposit. But the variations in 
the settlement are different. For two pile group, both 
bulge at top and neck at top the settlement is less. For 
neck at center and neck at bottom, the settlement is 
almost same and is lower than the settlement of pile 
group without defect. For bulge at center, the 
settlement is almost equal and is greater than bulge at 
top and pile group without defect. For four pile group, 
the settlement is maximum for bulge at top than other 
position. For neck defective, the settlement decreases 
as the defect position vary from top to bottom.

Important points that are observed from the above 
discussions are; The percent increase in ultimate load 
for loose sand is maximum for two pile group for bulge 
as defect than four pile group except for bulge at top. 
The percent decrease in ultimate load for necking as 
defect also maximum for two pile group than four pile 
group. The percentage increase in ultimate load for 
bulge as defective decreases as the density increases 
and the percentage decrease in ultimate load for neck 
as defective decreases as their density decreases. The 
settlement increases for both necking and bulging in 
medium dense condition for the different position of 
the defect. In dense sand for two pile group and four 
pile group, the settlement decreases for necking and 
increases for bulging. The increment in bulging is 
maximum for four pile group and the decrement due to 
necking is maximum for two pile group and is for the 
defect at top. The increase in density due to driving of 
four pile is greater than two pile. Hence the capacity is 
greater for four pile group than two pile group. The 
increase in density due to driving of pile is greater in 

four pile group than two pile group. The pile group 
were extracted after test and examined for buckling 
defect and no such defect was seen. 

5. CONCLUSIONS

The observation made from the present scale 
down model experimental investigation are presented 
below

The ultimate load of two pile group and four pile group 
in loose sand is lesser than that of medium dense sand 
and dense sand conditions. This suggests that the 
performance of the two pile group and four pile groups 
are affected by the densities of the test medium.

Though bulge is a defect, bulging increases the load 
carrying capacity of two pile group and four pile group 
in loose sand, medium dense sand and dense sand due 
to increase in overburden pressure, pile skin friction 
force and area of the pile.

The load carrying capacity of the two pile group and 
four pile groups are higher for bulge at bottom of the 
pile than that of bulge at center and at top due to the 
higher overburden pressure.

Necking reduces the load carrying capacity of two pile 
group and four pile group in loose sand, medium dense 
sand and dense sand due to reduction in pile skin 
friction force and area of the pile at the place of defect.

Influence of necking in reducing the load carrying 
capacity of two pile group and four pile groups is more 
when neck is present at top of the pile followed by 
neck at center and neck at bottom of the pile.
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