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Introduction 

out of the two design criteria, namely, bearing capacity and settlement, 
the settlement considerations rather than the bearing capacity con­

siderations generally govern the design of pile foundations in sand. The 
numerous, not too well understood and interdependent complex · factors 
that play a role in the behaviour of pile groups in sand render an analyti­
cal approach to the problem of settlement very difficult. In the absence 
of rational analytical approaches, the problem, in practice, is surmounted 
by conducting a load test on a representative individual pile, the load­
settlement data collected from such a test being extrapolated to com­
prehend the behaviour of pile groups. The two parameters commonly 
used to relate the behaviour of a single pile with that of a group are : 
(i) group efficiency 'YJ and (ii) settlement ratio (Rs). The usual definitions 
adopted for these two parameters are : 

Group efficiency is the ratio of the ultimate load of the pile group to 
the ultimate load of a single pile multiplied by the number of piles in that 
group. Symbolically, 

Pg 
'Y)= -­

NPs 

where Pg = ultimate load of the pile group 
Ps = ultimate load of single pile 

and N = number of piles in the group. 

••. (1) 

Settlement ratio is defined as the ratio of the settlement of the pile 
group to the settlement of the single pile at the same average load per pile. 
Symbolically, 

R s = ~ ... (2) 
Ps 

where pg = settlement of group for a load of (N X p) 
and P• = settlement of single pile for a load of p. 

The group efficiency has been found to depend on the nature of the 
deposit and is slightly less than 1 in dense sand deposits and more than I 
in loose sand deposits. The determination or use of this parameter is only of 
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limited interest as it bas been found in practice that it is invariably the settle­
ment criterion which has a preponderance over the bearing capacity criterion. 
Thus settlement ratio assumes the role of important parameter and this 
ratio is in general greater than 1 for pile groups. This in other words means 
that the settlement of a pile group is more than the settlement of a repre­
sentative single pile, for the same average load per pile. Skempton (1953) 
advanced a possible explanation for this behaviour of pile groups in sand. 
According to this theory, the large magnitude of the pressure bulb under­
neath a pile group and the high compressibility of the sand mass inside 
it in relation to that of a single pile contribute to the higher settlement 
of a group than that of a single pile for the same average load per pile. 

In the past various investigators have tried to study the behaviour of 
. pile groups in sand through experiments. Significant among them are the 
investigations of Press (1933), Cambefort ( 1953), Kezdi (1957), Stuart et al 
(1960), Berezantzev et al (1961), Hanna (1963), Schiff (1964), Kishida and 
Meyerhof(l965), Beredugo (1966), Vesic (1967) and Tjchman (1973). How­
ever, in many of the investigations the emphasis had been on the ultimate 
bearing capacity of groups rather than on the settlement of groups. It is 
also observed that a great many of the investigators have used very small 
size model piles in their studies. The extension of the results of those small 
scale laboratory tests to the prediction of the behaviour of pile foundations 
might give miseading information due to the unclarified scale effects between 
the model and prototype behaviour. In view of this, the only authentic test 
data available, particularly with respect to settlement under controlled con­
ditions, seem to be due to Vesic(1967). He recommends to use piles of at 
least 3.75 em diameter to get reliable data and has used 10 em diameter 
piles in his investigations. But when viewed in the background of Skemp­
ton's theory of settlement of pile foundations in sand, the test results of 
Vesic can be seen to be beset with limitations. In ~he tests carried out by 
Vesic, the piles of a group were installed by pushing them into the sand as 
a whole and not one after the other. This procedure of installing the group 
as a whole not only differs from the standard field practice but also fails to 
simulate the mechanism of settlement suggested by Skempton. If the piles 
are installed individually the prestressed zone covers only the pressure bulb 
of each individual pile which is only a part of the pressure bulb of the entire 
group. But when the piles are installed as a group the entire soil mass 
inside the pressure bulb of the group gets prestressed. As a result, when ..._ 
loaded, the settlement of the groups thus installed would be smallel' than 
the settlement of similar groups constructed by individual installation of 
piles. Thus the settlement ratio values observed by Vesic tend to be less 
than the actual values. As such, there is considerable scope for study of 
settlement behaviour of pile groups in sand. 

Experimental studies on pile groups iu sand 

. T~e experin:ental s~udy bas been undertaken chiefly with the view to 
~nvesttgate the mteractwn between the piles in a group and the consequent 
mfluence o~ th~ settlement of the group. Tests on 56 mm outer diameter 
GI model piles? m groups o~ two, three. (eq~ilateral triangle) and four (22) 
have ?een carn~d out for d1fferent sp~cmgs 1n each group with and without 
the pde cap restmg on sand. The ment of the present investigation lies in the 
fact that ~he tests ha~e ~een carried out in such a manner as to understand 'Y 
~he beh~vwur o.f a p1le 10 a group ~t various stages like, immediately after 
mstallatwn, pnor to group Ioadmg and after group loading, so that a 
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comprehensive picture of the settlement mechanism of pile foundations is 
obtained. 

Test facility, equipment and materials : Galvanised iron pipes 56 mm 
outer diameter and 4.5 mm wall thickness were used as piles. The overall 
length of each pile was 105 em and the embedded length inside the sand 
was 90 em (L/D = 15). The bottom end of the pile was closed with a 6 mm 
thick flat mild steel plate. Pile caps were made of 12.5 mm thick mild steel 
plate. Figures I and 2 illustrate some of the accessories used in the investi-

FIGURE 1 : Pile (top) Guide sleeve (left) Cap (right) 

FIGU RE 2 : Woode n templates 

galio n. Air dry river sand was used as the foundation medium,. the gradation 
characteristics of which is as shown in Figure 3. The mechamcal properties 
of the sand used are given in Table I. Tests on piles and pile groups were 

' earned out in a structure-soil interaction study test t~n ~ . The .test ta nk 
3.9 m x 3.9 min plan and 2.1 m deep, has a se!f strammg loadmg frame 
of 100 tons capacity. For the test on a 22 group Ill loose sand, a wooden 
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TABLE 1 

Maximum values 

Minimum values 

Mechanical properties of sand 

Density gmfcc 

1.74 

1.44 

Void ratio 

0.85 

0.53 

6 

r.. 
0 

* rP values calculated from direct shear tests without correcting for volume changes. 

box made of 19 mm thick plywood sheets and of plan dimensions 1.125 m 
x 1.125 m was prepared. The total height of the box was 1.95 m which was 
fabricated in two sections of 97.5 em each. An assembly of a drum fitted 
with a funnel at the bottom and a flexible rubber hose emanating from the 
stem of the funnel was used to pour the sand in a loose condition inside the 
box. The entire set up of the wooden box and the drum assembly is shown 
in Figure 4. The investigations consisted of the sequence of preparing the 
sand bed to the required density, constructing the pile groups on this sand 
bed by pushing the individual piles into sand using a hydraulic jack and 
carrying out the planned programme of testing. 
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FIGURE 4 : Set up for test in loose sand 

Sand bed preparation: The dense sand bed was prepared in layers of 
17.5 em thickness up to a total depth of 1.925 m. A weighed quantity of 
sand was poured in from top for each layer which was then levelled and 
compacted with the aid of an earthmaster. The earthmaster is a manually 
operated device in which a free falling weight of 7.9 kg imparts a blow on 
a base plate of dimensions 25 em x 20 em. The height of drop of the 

_,_ weight is 57.5 em. After the levelling operation of the sand surface, 25 
earthmaster blows were delivered at any one place to compact the sand. 
TI1e thickness of tl1e compacted layer was then measured at several points. 
A fairly uniform thickness of 17.5 em obtained for each layer indicated a 
uniform compaction of the foundation medium. The density of the sand 
bed was calculated from the known quantities of weight and thickness of 
sand for each layer and the floor area of the tank. The average density of 
the sand bed thus prepared was 1.6 gm/cc which corresponds to a relative 
density of 60 per cent. In all five such sand bed preparations were required 
for the investigations apart from the single sand bed prepared for the test 
in loose sand in the manner explained below. 

The sand bed preparation in loose condition was confined to a central 
area of 1.125 m X 1.125 m of the tank. After the test tank was completely 
emptied of sand a hollow wooden box of plan dimensions !.125m x 1.125m 
and height 97.5 em was placed centrally in the tank. Weighed quantities 
of sand were poured in a drum assembly (Figure 4) . The sand inside the 
drum flows into a funnel at the bottom of the drum and through a flexible 
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rubber hose attached to the stem of the funnel. The flowing sand was 
poured inside the wooden box keeping the mouth of the hose always a little 
above the sand surface at any place. The drum assembly can be moved 
either up or down or moved laterally using a chain and pulley block . ..._ 
system shown in Figure 4. When a layer of loose sand was built up to a 
thickness of about 30 em the thickness of the layer was measured at 32 grid 
points and the average value considered for density calculations. Before the 
filling up operation of the next layer was started a sand laye~ 30 em thick 
(without any consideration to its density). was built up ou~s1de the box o~ 
the entire area of tank taking care not to disturb the sand _ m loose condi-
tion inside the box. The sand was just poured from the top and levelled 
but no compaction was done. In this manner the sand bed inside and 
outside the box was built up progressively and the tendency of the box to 
yield under either the inside or outside lateral pressure was prevented. 
When the sand layer thickness reached near the top of the first box, the 
second section of the wooden box was placed exactly over the first box 
and the operations were continued. The loose sand thus prepared had an 
average density of 1.51 gmfcc which corresponds to a relat ive density of 
26 per cent. 

Test procedure and programme -4. 
The test programme consisted of carrying out a series of tests on pile 

groups varying certain of the factors that influence the pile group behaviour 
like (a) number of piles in a group, (b) spacing of piles, (c) nature of pile 
cap either free standing or resting on sand and (d) density of sand, all 
these variations being adopted for a constant pile length of 90 em 
(L/D = 15). The entire test programme is tabulated in Table 2. In order 
to facilitate presentation the test series bas been classified into two as 
(i ) tests on free standing groups and (ii) tests on groups with pile cap resting 
on sand. In general, any pile group covered in the test programme was 
constructed by installing each pile individually, one after another, using a 
hydraulic jack to push the pile into sand. Figures 5 and 6 show the details 
of individual pile installation process. Figure 7 illustrates how the correct 
configuration for a 22 group was possible using a template. Further, 
immediately after a pile was pushed in to the required length it was 
subjected to an axial load test only after which the installation of the next 
pile was taken up. __...... 

Free standing groups: After the construction of the entire pile group a 
pile_ cap made of two 6 mm thick steel plates was laid over the pile heads 
proJectmg above the sand surface. Metal plate stiffeners were added in 
order to imJ?art rigidity to the pile cap and a load test on the pile group 
was then earned out. The load test thus conducted is nearer to the· actual 
field behaviour of a free standing pile foundation. After the first load test 
on the group the load on the pile group was released and the load test on 
the pile gro~p was repeated. This second load test on the group may be 
considered akm to those carried out by Vesic ( 1967). 

Wh~reas the above procedure was adopted for groups of two piles and 
three p1l~s (FSI, F S2, FS3, FS4, FS5, FS6, FS7, FS8), a slight difference in 
the testmg p~ocedure wa

2
s adopt~d for tests on 2 2 groups. Two series of 

test~ were earned ~ut on ~ groups m medium dense sand and one test was 
~arned out ?n a~ group 1~ loose sand_. In the _case of medium dense sand, l" 
1~ order to mvestJgate the mfl.uence ~f mstallatw n operations of adjacent 
plies on the load-settlement behaviOur of the earlier installed piles, in the 
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FIGURE 5: Procedure of single pile Installation 

first of the two series (FS9, FSlO, FSll), after the construction of each 
group and before the load test on _that gro.up a second loa_d test o~ each 
individual pile of the group was earned out m the order of mstallat10n of 
the piles. After this_ sec<;md ~oad test on each pile, t~e group load tests 
were carried out. Thts senes will be referred to as A-senes. In the second 
series of tests on 2 2 groups in medium dense sand (FS12, FSI3, FS14), the 
construction of the groups and the load tests were carried out in the same 
manner as for the two pile and three pile groups i.e., without subjecting 
the individual piles to a second load test prior to group loading. But in 
this series in order to investigate the load-settlement behaviour of individual 
piles in a group after group loading, each pile in the group was subjected 
to a reload test in the order of their installation after the load tests on the 
group. The second series will b e referred to as B-series . 

In the cas_e of tests carried out in loose sand (LF 18), the group was 
constructed tn the regular manner except that measurements were also 
made for the vertical movement of earlier installed piles during the instal­
lation of latter piles. After the group construction and prior to the group 
loading, each individual pile of the group was subjected to a second load 
test in the order of installation. Following this the group load tests were 

7 
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FIGURE 6: Details of single pile installation using guide sleeve 
a nd wooden template 

carried out and after the group load tests a load test on each pile was 
again carried out in the order of their installation. 

For the tests on two-pile and three-pile groups the different spacing of 
piles adopted were 20, 3D, 40 and 50 and for the series of tests o n 2 2 

group in medium dense sand the spacings adopted were 2D, 3D and 40. 
For the test on the 22 group in loose sand a spacing of 3D was adopted. 
The order of installation of the piles had been kept the same for all the 22 

groups and is as shown in Figure 8. 

Groups with pile cap resting on sand : In this series, with a fixed spacing 
of 3D for all the pile groups, one test was carried out on each of a two-pile 
group t CR 15), a three-pile group (CR 16) and a 22 group (CR 17). Since 
the same piles which had been used for the tests on free standing groups 
were used in this series also in order to have the same L/D ratio of 15, 
pre-cast concrete blocks with vertical holes at the appropriate locations 
were used to serve as integrated spacers for pile caps (Figure 9). Observa­
tions were also made for the vertical movement of the earlier installed 
piles in a group during the installation of the latter piles of that group. 
After the construction of the group the concrete block was inserted and 
rested on sand. Then the entire top surface of the concrete blocks was 
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FIGURE 7: Configuration of 2• pile grouj) u;ing w:JOden templa te 

0 ® 

0 0 
FIGURE 8: Order of installation of piles for 2 2 groups 
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Sl. 
Test No. No. 

- -
I FSl 

2 FS2 

3 FS3 

4 FS4 

5 FS5 

6 FS6 

7 FS7 

8 FS8 

9 ( FS9 

10 
I . 

A -ser1es FS 10 
I 

11 L FS11 

12 ( FS12 

13 
I 

B-series FS13 

14 
I 
L FS14 

15 CR1 5 

16 CR16 

17 CR17 

18 LF18 
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TABLE 2 

Test Programme 

I No. of piles in 
group 

I Spacing of 
piles 

Pile cap 
deta ils 

I 

2 2D Free 

2 J D Free 

2 4D Free 

2 50 Free 

3 :m Free 

3 3D Free 

3 40 Free 

3 5D Free 

4 (22) 20 Free 

4 (22) 3D Free 

4 (22
) 40 Free 

4 (22) 2D Free 

4 (22) 3D Free 

4 (22) 40 Free 

2 3D Piled 

3 30 Piled 

4 (22) 3D Piled 

4 (22
) 3D Free 

Density state of 
sand 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Medium Dense 

Loose 

Note: The plan configuration of the three pile group is equilateral traingle. 

covered with steel plates and group load tests were carried out as explained 
for the free standing groups. After the group load tests the concrete block 
was removed and a load test on each pile of a group, in the order of 
installation was carried out in order to investigate the post-group loading 
load-settlement behaviour of the individual piles of the group. The order 
of installation of the 22 group is shown in Figure 8. 

At two different times when the sand was being removed after tests for 
the next tank filling, two samples of crushed sand were recovered at the 
level of the pile tips. These samples were collected in medium dense sand 
beds. The details of the test results and their analysis are presented in the 
following section. 

Test results 

Free standing groups: Typical load test data on a single pile and on a 
2~pile group in· medium dense sand are presented in Figure 10. The curve 
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load,T 
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Load, T 
1 2 3 
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2S·QL ______ __l ________ --L. _________ -L... __ __. 

(b) 

FIGURE 10 (a and b) : Load-settlement curves for 2-pilc groups (FSl and FS2) 

marked single pile represents the load-settlement behaviour of the first pile 
(in the group) immediately after- its installation. The behaviour of the 
first pile is considered to represent tha~ of the test pile since the behaviour 
of the first pile immediately after installation is akin to that of an explo­
ratory test pile in that there are no interference effects due to the instal­
lation of other piles. The curves marked not prestressed and prestressed 
represent the load-settlement behaviour of a hypothetica l si~gle pile of the 
group during the first and second group load tests respectively. The load 
on the hypothetical single pile is obtained by dividing the group load by 
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the number ofpiles i~ the group and i.ts sett.lement is that of the group. 
The c~rves ~re so designated because Immediately after the construction of 
the dnve~ p~le group, according to Skempton ( 1953), the compressibility of 
the sa~d !ns1de the pressure bulb of the pile group is more tha n that of the 
~a~d JOSJde the pressure bulb of the single pile. This is because the sand 
InSI~e the p~essure bul~ of th~ single ~ile has been a lready stressed during 
the mstallatJOn of the srngle ptle. Tl11s prestressing of sand, however, does 
not extend to the bulb of the group and is limited only to the zone of 
individual piles. The sand inside the bulb of the group is thus not in a 
prestressed state when the group is loaded first and hence the designation of 
not prestressed for this load-settlement curve. However, on the remova l 
of the applied load much of the compressibili ty characteristics of the sand 
remains. Thus the sand inside the pressure bulb of the group is in a pre­
stressed state during the subsequent reloading operations and hence the 
designation of prestressed for this lo::ttl-selt lement curve. A similar repre­
sentation of the data on the free standing 22 group in loose sand is shown in 
Figure 11. The behaviour of the group in relation to that of a single pile 
with respect to both set tlement and ultimate load and the effect of the group 
load test on the behaviour of the group du ri ng subsequent reloading is also 
evident in these representations. 

Figures 12a to I 2d show the load-settlement behaviour of a pile in a 22 

group of the A-series immediately after its installation and its behaviour 
after the completion of the installation of all the piles in that group, each 
figure giving the details for one pile. These figures bring out the influence 
of installation of subsequent piles on the load-settlement behaviour of 
earlier installed piles. Figures l3a to 13d show the load-settlement behavi­
our of a pile in a 22 group in B-series immediately after installation and its 
behaviour after the completion of the group load tests on that group, each 
figure giving the data for one pile. In Figures 14a to l4d are presented the 
load-settlement behaviours of a pile in the 22 group tested in loose sand, 
immediately after installation, after the completion of installation of all the 
piles and after the completion of group load tests . The observations made 
for vertical movement of already insta lled piles in this test showed that 
practically no movement took place due to the installation of other piles. 

e 
e 

2 
2 at 30 -loose 

sand 

Load, kg 

25·0'-------...1----~----L _ _____ L_ __ _..J 

FIGURE 11: Load-settlement curves for 2• group in loose sand (LF 18) 
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Load, T 

I Pit~ 

25·0·L-------...L..-------1--------'----J 
(a J 

Load, T 
2 

A series 

2 2 at 2 D 

[j Pi/~ 

3 

25·QL _____ __l_ _______ ...~,_ ______ .~__ _ __. 

(b) 

FIGURE 12 (a & b) : Load·Settlement curves for piles after insta llation and after 
group cons truction (FS 9) 

Groups with pile cap resting on sand: The comparison of the behaviour 
of the 3-pile group with that of the first installed single pile of the group is 
sh o wn in Figure 15 in a manner similar to that explained for free standing 
groups. The observations for vertical movement of piles showed uplift of 
the earlier installed piles to take place during the installation of the latter 
piles and these data for the 3-pile group are reported in figure 16. 

Crushing of sand : The gradation characteristics of the crushed sand 
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( C ) 

Load,T 

2 3 

25·Qil__ ____ _j_ ____ -:---"....l_. _____ _,__ __ __, 

(d) 

FIGURE 12 (c & d): Load-settlement curves fo r piles after inst:lll::ttion and after 
group construction (FS 9) 

specimen have been analysed and compared with the original gradation 
characteristics in Figure 3. 

Analysis of test results 

Free standing groups in medium dense sand: It is readily seen from 
Figure 10 that the pile groups settle more than the test pile (first pile) for 
the same average load per pile. Also the group efficiencies are found to 
be Jess than 1. These figures also bring out that the first loading of the 
group causes a distinct reduction in the settlement response of pile groups 
for the subsequent reloading. Calculations for settlement ratio for the 
first and second load tests on the pile groups and the reduction in settle­
ment ratio owing to the fi rst load test on the groups have been made and 
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FIGURE 13 (a & b): Load-settlement curves for piles after installation and after 
group tests (FS 13) 

are reported in Table 3. The settlement behaviour is analysed in terms of 
the slope of the initial (more or less linear) portion of the load-settlement 
curve (expressed in units of mmjtonne) since thi s is reasoned out to repre­
sent the settlement response of a pile foundation under working load 
condition. By this it follows that the settlement ratio is the ratio of the 
slope value of the hypothetical single pile to that of the test pile. With the 
limited test data, the inferences tend to be qualitative. 


























