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Abstract - An	 experimental	 cum	 analytical	 study	 has	 been	

carried out to quantify the effect of compressive load due to stage 

construction on uplift capacity of model pile groups embedded 

in sand. Pull out tests were conducted by placing a static 

compressive load of 0, 25, 50, 75, and 100% of their ultimate 

capacity	in	compression	on	pile	groups	of	different	configuration	

and length to diameter ratio embedded in sand. The experimental 

results indicated that the presence of compressive load on the 

pile group decreases the net uplift capacity of the group and 

the decrease depends on the magnitude of the compressive load. 

Based on the experimental results a semi empirical method has 

been suggested to predict the net uplift capacity of a group of 

piles in the presence of compressive loading. The predictions 

are found to be in good agreement with the measured values 

validating the developed method of analysis.
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I. IntroductIon

 The uplift resistance of a pile in sand is assumed to 
depend on limiting skin friction between the pile and 
surrounding soil (Mayerhof and Adams, 1968; Das and 
Seeley, 1975; Poulas and Davis, 1980 and Chattopadhyay 
and Pise, 1986).The skin friction resistance is significantly 
lower for tensile loading than for compressive loading 
(Nicola and Randolph, 1993; Ramasamy et al, 2004). 
Several investigations on the behavior of single piles 
and group of piles under uplift loads have been reported 
by Chattopadhyay and Pise (1986),  Das (1983), Das and 
Seeley (1975), Ismael & Klym(1979), Meyerhof (1973), 
Levacher and Sieffert (1984), Rao and Venkatesh (1985),  
Vesic (1970), Das et al (1976). However, their studies do not 

take into account the effect of compressive load due to stage 
construction on uplift capacity of pile groups. Construction 
is a gradual process and load transferred to soil through 
foundation is incremental in nature. The placement of the 
compressive load on the pile from super structure changes 
the soil fabric at the pile soil interface of a pile. The effect 
of such changes in the fabric on stress strain response could 
also be important in the mobilization of shaft resistance. 
Due to the construction of superstructure, skin friction 
resistance under tensile loading varies in the presence of 
compressive load (Dash and Pise 2003). The full static 
compressive load comes on it when the superstructure is 
completed in all respects. Normally a factor of safety of 
2.0 to 2.5 is allowed on the ultimate capacity for the design 
of piles either in compression or tension. Considering 
the average factor of safety, such a full static load at the 
completion of the superstructure, amounts to 40-50% of the 
ultimate load carrying capacity of a pile in compression. At 
present there is no substantial information available on the 
behavior of group of piles under uplift load when they are 
simultaneously subjected to compressive load. However, 
only limited literature is available on single and group of 
piles (Dash and Pise, 2003; Joshi, 2004). 

 As such, in the present study an attempt has been made 
to study the effect of the stage compressive load on the pull 
out resistance of model pile groups of different configuration 
by subjecting them simultaneously to different levels of 
compressive loads in relation to their ultimate capacity in 
compression. Laboratory model tests on single pile and 
group of piles at different length to diameter ratio (l=L/d) 
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have been conducted. Based on the experimental results a 
semi empirical procedure has been suggested for estimating 
the uplift capacity of group of piles at different stages of 
compressive loading. 

II. analysIs

 Till now, there is no proper analysis to estimate the 
effect of the presence of compressive load on the uplift 
capacity of pile groups. It is difficult to asses the different 
factors, which are responsible for the reduction of net uplift 
capacity in the presence of compressive loading. As already 
pointed out, one of the factors may be change in the fabric 
along the shaft due to the presence of compressive load 
on the pile, Oda and Koishikawa (1977) and Ochiai and 
Lade (1983) observed that fabric change along the shaft 
can result in a reduction of soil friction angle measured 
with particle alignment perpendicular to the major 

principal stress. Some of the other factors that affect the 
shaft resistance of piles are soil characteristics, pile surface 
characteristics, method of installation, type of loading etc. 
Thus, it may be assumed that the effect of the compressive 
load on the pile may alter the soil-pile friction angle. 

 The uplift capacity of the pile group without compressive 
load can be analyzed considering as two different cases 
depending upon the centre to centre spacing (s) of the piles 
as follows; 

A. Case-1

For this case overlapping of failure surfaces does not
take place and each pile in the group acts independently as 
shown in Fig. 1(a). Hence, the net uplift capacity of the pile 
group is equal to the number of piles in the group times the 
net uplift capacity of a single pile.

Fig. 1.(a).  Pile group without overlapping of failure surfaces

[1] Pnu (Group) = N x Pnu

Where N= Total number of piles in the group

[2] Pnu= Net uplift capacity of single pile =

 Where

 and 

[3] fq+q= tan)sinK(cosM

Where

 and  K= Lateral earth pressure

 coefficient assumed as (1-sinf)

[4] 
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B. Case-2 (s < 2 xG)

For this case overlapping of failure surfaces takes place
as shown in Fig1(b).and the net uplift capacity of the pile 
group can be evaluated as,

[5] Pnu (Group) = (Pnu)1+(Pnu)2

Where,

[6] (Pnu)1=N

 Where zeff is the distance between the pile tip to the 
starting point of overlapping of failure surface.

[7] 

Where K2 = (a + b)/d and  
2
dxx 2 −=

 Where a and b are the outer to outer distance in the 
plan between the extreme piles in the group.

Fig. 1.(b).  Pile group with overlapping of failure surfaces 

 As mentioned earlier to predict the net uplift capacity 
of pile groups with the  presence of stage compressive load 
it is assumed that the soil-pile friction angle (d) changes 
with the presence of compressive loading. The change in d 
value depends on several factors such as stage loading, pile 
group configuration and length to diameter ratio of the pile 
group. To check the validity of the above developed method 
of analysis a series of tests have been conducted on model 
pile groups and details are as follows;

III. testIng prograM  and procedure

 Tests on model pile groups were conducted in a steel 
tank (size 990mmx 975mm x 970mm). The tank was suf-
ficiently large to take care of the effect of the edges of the 
tank on the test results as the zone of influence of the piles 
and loading there on is  reported to be in the range of 3-8 
pile diameters (Kishida, 1963). A schematic diagram of the 
complete experimental set-up with the loading system and 
pile in place and ready for test is shown in Fig. 2.
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 Model piles were prepared from mild steel rod of 20mm 
x 20mm cross section. The length of embedment of pile, L 
in sand bed was 400mm, 600mm and 800mm resulting L/d 
as 20, 30 and 40 respectively. Pile caps were prepared for 
2x1, 3x1, 2x2, 3x2 and 3x3 pile groups (at 3d, 4d and 6d 
spacing) using 12mm thick mild steel plate. Tension tests 
were conducted by preloading the pile groups to a static 
compressive load of 25%, 50%, 75%, and 100% of their 
ultimate capacity in compression.

  Fig. 2.   Schematic diagram of experimental set-up 

 The model pile groups were embedded in homogeneous 
dry sand bed composed of uniformly graded Ennore sand 
having uniformity coefficient 1.71 and specific gravity 2.65.
The maximum and minimum dry unit weights of the sand 
were found to be 16.2 and 14.74 kN/m3 respectively. Sand 
was poured uniformly in the tank by using rail fall technique 
to prepare loose, medium dense and dense bed. The details 
of the soil properties of different densities are presented in 
Table I. 

Table I deTaIls of soIl properTIes
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 For finding the total ultimate pile group capacity in 
compression, the pile group is loaded with incremental 
compressive load until it fails. Two magnetic base dial 
gauges having sensitivity of 0.01 mm were used to measure 
the displacement of the pile group placed equidistant from 
the centre of the pile cap and their average value as observed 
under load application is taken as the final displacement. 
The load-displacement curves were plotted for different 
pile groups. From these sets of curves the ultimate capacity 
in compression is determined using double tangent method. 
Corresponding pile group is first loaded with the required 
stage of compressive load, and then it is subjected to 
incremental uplift loads till failure take place.

IV.  test results and dIscussIon

 Most of the tests were conducted in medium dense 
soil to study the effect of the stage compressive loading 
on the pull out capacity of model pile groups. Few tests 
were also conducted in loose and dense soil to asses the 

role of soil density on pull out capacity of pile groups with 
stage loading. Unless and until mentioned the tests results 
discussed below belongs to medium dense soil. 

 The load verses displacement curves were plotted for all 
the pile groups at different pile spacing and L/d ratio. Fig.3 
shows typical load displacement response of a 22 ×  pile 
group at 3d pile spacing under uplift load with and with 
out compressive load. The load-displacement curves show 
similar behavior under different values of compressive 
loading. By using the double tangent method the gross 
ultimate uplift load was found. The net ultimate load on 
a pile was reworked by subtracting the corresponding 
compressive load along with self weight of pile and cap.  
The pile head displacement required to mobilize the peak 
uplift resistance corresponding to the various levels of stage 
loading as estimated from the above figures reveal that 
these values generally corresponds to about 3 % to 7% of 
pile diameter.

 Variation of net uplift capacity of 2 x 1 and 2 x 2 pile 
groups with percentage of stage loading and pile spacing 
are presented in Figs. 4 (a) and 4(b). It is observed from 
these figures that there is a definite trend of decrease in the 
net uplift capacity with the increase of stage compressive 
loading and the least value of the net ultimate capacity would 
manifest at 100% stage compressive loading. The rate of 
decrease in the value of the net uplift capacity increases up 

Fig. 3 Uplift load Vs Displacement curve (L/d=30, 2 x 2 pile group, 3d spacing) 

to a limiting value of the percentage of stage compressive 
loading beyond which it decreases significantly. These 
figures also demonstrate that the net uplift capacity is 
significantly affected by the pile spacing and as the spacing 
is increased from 3d to 6d for a 2 x 2 pile group (Fig. 4b) 
the increase in the net uplift capacity in the absence of any 
axial compressive load is 77N while the same when there is 
cent percent stage loading is 40N. Similar trend is observed 
for other pile groups.
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Fig. 4(a).   Variation of net uplift capacity with stage loading  (L/d = 40, 2 x 1 pile group)

Fig. 4(b).  Variation of net uplift capacity  with stage loading (L/d = 30, 2 x 2 pile group)

Fig. 5    Effect of stage loading and L/d ratio on net uplift capacity

 Variation of net uplift capacity of pile groups with stage 
of compressive loading for 3x1 pile group at 4d spacing 
for  different L/d ratio is shown in Fig. 5. At any given 
percentage of stage loading acting on the pile group the 

net uplift capacity of a pile group is observed to increase 
with the increase in the L/d ratio. Further, as the L/d ratio 
increases the rate of decrease in net uplift capacity with 
stage loading increases.
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 To focus the significant influence of stage loading on the 
net uplift capacity the percentage decrease in the net uplift 
capacity of a 2 x 2 pile group with L/d equal to 30 is shown in 
Fig. 6. As the compressive load increases from 0% to 100% 
the  reduction in net uplift capacity is of the order of  46.6%, 
48.5% and 49% for 3d, 4d, and 6d pile spacing respectively. 
Up to 25% compressive load the effect of the compressive 
load on the net uplift capacity is not appreciable beyond 
which the percentage reduction of the net uplift capacity 
increases significantly almost at a constant rate irrespective 
of the spacing.

 Net uplift capacity per pile in a group is obtained by 
dividing the net uplift capacity of a particular pile group by 
the corresponding number of piles in that group. For a 2x2 

Fig. 6   Effect of stage loading and spacing on  percentage decrease in net uplift  capacity

pile group with L/d equal to 30 the variation of net uplift 
capacity per pile in a group with stage compressive loading 
for different pile spacing is shown in Fig.7. On the same 
figure the results of tests conducted on a single pile with 
percentage of stage loading varying from 0 to 100% are 
presented for comparison. It is observed that irrespective 
of pile spacing and stage loading the net uplift capacity per 
pile in a group is always less than the net uplift capacity of 
single pile. 

 Group efficiency (h) is defined as follows as the ratio 
of the uplift capacity of the pile group at a given stage 
compressive load to the number of piles (N) in the group 
times the net uplift capacity of a single pile at that stage 
compressive load. 

Fig. 7  Effect of stage loading and pile spacing  on  net uplift capacity per pile
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 [8]              

 In Fig. 8 the percentage variation of the pile group 
efficiency with the percentage stage loading is shown for a 
2 x 2 pile group at different spacing with an L/d ratio of 30. 
It can be observed from the above figure that for a given pile 
group and spacing, efficiency in uplift first increases from 
0% to 25% compressive load and there after it decreases 
continuously. Thus, maximum efficiency is observed at 
25% compressive load and minimum efficiency is observed 

at 100% compressive load. From Fig. 9 it is  observed that 
for a particular pile group configuration higher spacing 
is attributed with higher efficiency (maximum for 6d and 
minimum for 3d spacing) for all the stages of compressive 
loading. Similar observations were made for other test 
conditions. Fig. 10 shows the variation of group efficiency 
for different pile group configuration with spacing for an 
L/d ratio of 30 at 50% stage compressive loading. For a 
particular spacing, a 2 x 1 pile group has more efficiency 
as compared to other pile groups. The reduction in group 

Fig. 8    Effect of stage loading and spacing on  group efficiency (L/d = 30, 2 x 2 pile group)

Fig. 9    Effect of spacing and stage loading on group efficiency (L/d = 30, 3 x 2 pile group)
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efficiency at 50% stage compressive load is in the order of 
10.7%, 14.2%, 302% and 48.3% from 2x1 groups to 3x1, 
2x2, 3x2 and 3x3 respectively. However, irrespective of 
stage compressive load the group efficiency decreases as 
the number of piles in a group increases. 

The variation of group efficiency for different spacing 
with an L/d ratio of a 3x2 pile group at 50% stage compres-
sive load is presented in Fig.11. It is observed that here also 
for a given spacing the group efficiency decreases as the 
L/d ratio increases. The reduction in efficiency is observed 
to be 9% and 29% from an L/d ratio of 20 to 30 and 20 to 

Fig. 10   Effect of spacing and pile group configuration on efficiency (L/d = 30, 50% Stage compressive loading)

40 respectively. Similar trend has been observed at other 
stages of loading.

To study the effect of soil density on net uplift capacity 
of pile groups, limited model tests were conducted on 2 x 2 
pile group with an L/d ratio of 30 at 4d spacing in a loose, 
medium dense and dense soil bed. The results are presented 
in Fig.12 and it is observed that at 0% compressive loading 
the net uplift capacity increases from loose to dense 
medium. However, with the presence of compressive load 
on the pile group the net uplift capacity in dense soil is less 
as compared in medium dense soil. At 100% stage loading 

Fig. 11  Effect of spacing and L/d ratio on  efficiency
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Fig. 12 Effect of soil density on net uplift capacity

Fig. 13   Frequency distribution diagram

the net ultimate uplift capacity is almost same for both 
medium dense and dense soil. The percentage reduction in 
net uplift capacity with stage loading is observed more for 
dense soil and less for loose soil. It is interesting to note 
that as the percentage of stage loading increased beyond a 
value of about 20% stage compressive loading the net uplift 
capacity of a pile group in dense bed is lower than the same 
placed in medium dense sand bed. It may be due to the fact 
that the presence of compressive loading on the pile head in 
dense sand bed may loosen the soil around the pile.

As discussed earlier, in the present analysis it is assumed 
that the placement of compressive load on the pile group 
alters soil-pile friction angle (d). So, based on the above 
model test results at different stages of compressive loading 
and pile groups the modified soil-pile friction angle has been 
back calculated using the proposed model. From the back 
calculated values it is observed that the reduction in d value 
depends upon the percentage of stage compressive load 
and pile group configuration and the following empirical 
relation is suggested to reflect the phenomenon.
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[9]                                                 

 Where,
   = Initial soil-pile friction angle
 s/d = pile spacing
 m = number of rows in a group
 n = number of columns in a group
 sl = stage loading (in fraction)

 For a give pile group configuration and percentage of 
stage loading, net uplift capacity has been estimated using 
the corresponding d value as determined with the help of 
the Eq. 9. The predicted and measured values of net uplift 
capacity of pile groups are presented in Table II showing a 
very good agreement between both. The error is even less 
than 15% in case of 68% of the data (119 out of 174). A bar 
chart is given in Fig.13 showing the frequency distribution 
diagram of the number of test data and the percentage error. 
From this figure it is observed that majority of the data is 
having error in between 0 to ± 20% and in case of only11 
data points out of 174 the error is more than 30% on unsafe 
side.

V. conclusIons

 From the foregoing study the following conclusions are 
drawn.

1. The stage compressive loading is a significant parameter 
influencing the net uplift capacity of a pile group. The 
net uplift capacity degreases with the increase in the 
stage compressive loading and the maximum decrease 
occurs at 100% stage compressive loading.

2. For a given pile group configuration, the group 
efficiency is observed to be high at 25% of stage 
loading and least efficiency is at 100% stage loading.

3. It is observed that for a given spacing and stage loading 
the group efficiency decreases with an increase in the 
L/d ratio. For all the stages of compressive loading 
higher spacing is attributed with higher efficiency 
(maximum for 6d and minimum for 3d spacing).

4. The proposed semi empirical method to predict the net 
uplift capacity of a group of piles with the presence 
of compressive loading has excellent potential because 
93% of the predicted values have error less than 30% 
in comparison to the experimentally observed values.   
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List of symbols

a & b  plan dimensions of the pile group

Dr       relative density

d        pile diameter

K       lateral earth pressure coefficient

L        embedded length of pile

m       number of rows in a group

n        number of columns in a group

N       number of piles in a group

Pnu    net ultimate uplift capacity of pile

s        pile spacing

sl        stage loading (in fraction)

x        lateral extent of failure surface

xG      lateral extent of failure surface at ground surafce

f        angle of internal friction of the soil

d0       initial soil-pile friction angle

d        soil-pile friction angle

g         unit weight of the soil

l        length to diameter ratio (L/d)

q        angle of failure surface with respect to vertical

h        efficiency 
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