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INTRODUCTION 

General 

M y involvement in Geotechnical Engineering has been from the 
beginning of my career at Indian Institute of Technology Kharagpur, 
since 1964, when I joined the premier Institute as a faculty 

member. My Ph.D. di ssertation was on, " Pile Foundations under Vertical and 
Lateral Loads" - An Experimental Laboratory Investigation. This was the 
beginning to proceed further to carry out research in the broad area of "Pile 
Foundations under Different Loading Systems" - Analytical and Experimental 
Studi es. A number of research scho lars, M.Tech and B.Tech students who 
have worked with me carried out their research/projects in the area of "Pile 
Foundations". Most of the research findings are in the published form in the 
Journals/Conferences in India and abroad. I have been keenly interested in 
the experimental work from the beginning of my career. Considering the 
overall contributions during the last 15 years by me and co-workers, I have 
chosen the topic, " Pile Foundations under Uplift Loads - An Overview" for 
the lecture/presentation. 

Scope of Presentation 

1. Present state of knowledge on soi l-pile-upli ft load as critically reviewed 
from the Literature 

2. Contri butions by the Author and his co-workers at liT Kharagpur 111 

details 

* 26th Annual Lecture delivered at IGC' -2003. 

t Fonner Professor, Indian Insti tute of Technology Kharagpur, India . Presently 
AICT E Emeritus Fellow, Government College of Engineeri ng, Pune - 411005, 
Maharasht ra, India . 
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3. Presentation of the literature in conctse form 

4. Identification of the parameters affecting the upl ift behaviour o f piles 
and pile groups 

5. Research problems with shortcomings are addressed for future work. 

Pile Foundations 

A shallow foundation is usually provided when the soil at a shallow 
depth i.e. up to the significant depth has adequate capacity to support the 
load of the superstructure. However, in si tuations where the top soil is e ither 
loose or soft or of swelling type, the depth of foundation has to be increased 
till a suitable stratum is met in order to transmit the load safely. In such 
situations pile foundations are the obvious choice. Piles are usually used in 
groups to provide foundations for structures. The pile groups may be 
subjected to vertica l compressive o r uplift loads, horizontal loads or 
combination o f vettical and horizonta l loads. 

Pile-Soil Interaction Phenomenon 

Pile-soil interaction problem is very complicated . The phenomenon is a 
function of pile material, its surface characteristics, length, diameter, soi l-pile 
friction angle, geometry of group, methods of insta llation and end conditions, 
soil characteristics like consistency, compactness, stratification, consolidation, 
sensitivity, dra inage conditi ons, dissipation o f excess pore pressures and shear 
parameters, location of water table and type of loading. Extensive theoretical 
and experimental investigations are available on the behaviour of piles and 
pile groups subjected to ax ia l, inclined or lateral compressive loads. They 
relate to load carrying capacity of the pi les/pile groups, load-displacement 
response, buckling etc. Consequently the design and analysis of piles unde r 
these loading conditions can be done with greater assurance and economy 
unctcr normal operating conditions. 

PILE FOUNDATIONS UNDER UPLIFT LOADS 

Fou ndatio ns of some struc tures like transmission towers, moo ring 
systems for ocean surface or submerged platfo rms, ta ll chimneys, jetty 
structu res etc. are subjected to uplift loads. Grillage footings, rock anchors, 
concrete steel cased piles, and concrete cylindrical piles are extensively used 
in such cases depending on in-situ conditions. Cased or uncased cylindrical 

~ piles arc generally used where caving, high water table or other causes make 
it difficult and costly for constructing other types of foundations. Large 
incl ined uplift loads act on the foundarions of retaining walls, anchors for 
bul kheads, bridge abu tm ents, piers, anchorage for guyed structures and 
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offshore structures, which are generally supported on piles. However, when 
the foundation is required to carry large inclined loads, incl ined or batter 
piles a long with vertical piles are used. 

The design of pi le foundation under compressive load is, in general , 
based o n the requirements that complete collapse of the pile group or of the 
supporting structure should not occur under the most adverse conditions and 
that the displacements at working loads should not be so excessive so as to 
impair the proper functioning of the foundation o r damage the superstructure. 
The allowable displacements depend on the importance of the structure and 
the practice followed in the particular country or their Professional Societies 
or Institutions. Thus for structures in which disp lacements may not be critical, 
the design is governed by the ultimate resistance of the pile or pile g roups 
and the a llowable load is often determined by applying a suitable factor of 
safety to the computed load. 

General Analysis Under Uplift Loads 

The limiting frictional approach is the universal approach followed to 
eval uate the uplift resistance of pi les, which is practically simila r to the 
analysis of piles to compressive loads. The analysis is based on the fonnation 
of the failure surface under the action of uplift load or empirical correlations 
based on the experimental investigations. The uplift capacity theories of piles 
have been mostly extended from the analysis of horizontal p late anchors 
unde r upl ift load and development of fa ilure surfaces starting from the edges 
of the anchor. Pile is conside red as a cylindrical shaft and the fai lure surfaces 
may be similar to those developed for the anchors. Different failure surfaces 
assumed/considered for the horizontal plate anchors and the equations 
developed to predict the uplift capacity of the plate anchors by many 
sc1entists are reviewed and presented by (Dickin and Leung, 1990; Ramesh 
Babu, 1998). The analysis and theories pertaining to horizontal plate anchors 
ha ve not been described/discussed here to restrict the scope of the present 
review to piles only. 

Analysis of Single Pile 

Piles in Clayey Soil 

For uniform pile in clay, the ultimate uplift resistance, Q
11

, is taken as. 

( I ) 

where average adhesion along pile shaft 

WP Weight of pile 
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FIGURE I Relationship Between c.fc. and Undrained Shear Strength for 
Pulling Tests (Sowa, 1970) 

A. = surface area of the embedded pile 

c
11 

= undrained cohesion 

A summary of some of the available results is given by Sowa (1970), 
who has found that the val ues of c. f eu agree reasonably well with the 
values for piles subjected to downward loading. Figure I shows the 
quantitative and qualitative relationship between c. feu and undrained shear 
strength for pulling tests. The values of c. fc.. are more for soft clays and 
much less for stiffer clays. 

Piles in Sandy Soil 

In sandy soils the gross· uplift capacity Q .. of a vertical pile is assumed 
to depend on the skin resistance developed between the pile shaft and the 
soil. Generally a limiting friction approach is used and the gross uplift 
capacity of a pile of diameter, d, embedment length, L, is expressed as, 

where 

Q .. = Pav nd L 

( 1/2 K • tan o y L) n d L 

K, 

Pav 

coefficient of earth pressure 

average skin friction = ( I/2 K s tan o y L) 

soil-pile friction angle 

y effective unit weight of soil 

(2) 

-, 
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From the generalised approach of estimating the ultimate uplift capacity 
of a single pile it can be realised that length, diameter, type of soil, pile 
material and its surface characteristics, method of install ation and the 
coefficient of earth pressure K, are the important factors on which in reality 
the development of skin friction or adhesion along the shaft w ill depend. 

Piles with Enlarged Base 

Additional uplift resistance may be obtained by under reaming or 
enlarging the base of the pile, and in such cases, the pile shaft may have 
little or no influence on the uplift capacity. Traditional methods of design 
assume the resistance of the enlarged base to be the weight of a cone of 
earth mass having sides that rise either vertically or at 30° from the vertical. 
Neither of these methods is reliable in practice. However, the 30° cone 
method is usually conservative at shallow depths but o nsiderabl y 
overestimate uplift capacity at large depths. 

Meyerhof and Adams ( 1968) have developed an approximate ·approach 
based on observations made in laboratory model tests. They suggest that the 

-~ short term uplift capacity of a pile in clay (under undrained condition) is 
given by the lesser of 

(a) The shear resistance of a vertical cylinder above the base, multiplied 
by a factor k, plus the weight of soil and pile, W 1, above the base. 

(b) The uplift capacity of the base plus W1 , that 1s, 

(3) 

where diameter of the base 

d diameter of the shaft 

N" uplift coefficient = Nc for downward load 

They suggested the following values of k: 

Soft clays k 1 - 1.25 

Medium clays k 0.7 

Stiff clays k 0.5 

Stiff fi ssured clays k 0. 

It has been found that negative pore pressures may occur in clays 
during uplift, particularly with shallow embedment depths. The uplift capacity 



6 INDIAN GEOTECHNICAL JOURNAL 

under sustained loading may therefore be less than the short-term or 
undrained capacity, because the clay tends to soften with time ass the negative 
pore pressures dissipate. The long-term uplift capacity can be estimated from 
the theory for a material with both friction and cohesion, using the drained 
parameters ¢ d and cd of the clay. 

After the foregoing general discussion, for convenience the "Overview 
on the Available Literature", as far as possible, has been presented below in 
chronological order. It has been restricted for vertical piles and pile groups 
under axial uplift/pullout loads 

REVIEW OF LITERATURE 

Ireland (1957) 

He reported uplift test results of fi ve step tapered Raymond piles, 
cast-in-situ, depths varying from 4.75 m to 5.29 m in fine sand of marine 
origin. Water table was near the ground surface. He indicated that the values 
of Ks may be more than the coefficient of Rankine's passive earth pressure 
coefficient ~ as used in Eqn.2. 

Begemann (1965) 

If static-cone-penetration tests are used as a basis for estimating uplift 
skin resistance, Begemann suggests that the calculated skin resistance for 
downward loading be adjusted by a reduction factor dependent on the soil 
and pile type. He also suggests reduced values of skin resistance be used if 
the uplift load is oscillating. 

Downs and Chieurzzi (1966) 

They reported results of uplift tests on cased and uncased cylindrical 
piles depths, varying from 3 m to 4.5 m and diameters between 460 mm to 
488 mm in soft moist si lty to clayey fine sand. In analyzing the results, they 
used the expressiOn for net uplift capacity as, 

where 

P" = n d L ( K L tan ¢ + 2c) 
2 

K = coefficient of lateral earth pressure. 

Their results refl ected effect of type of casing and method of backfilling 
on uplift capacity. 
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Meyerhof and Adams (1968) 

Meyerhof and Adams (1968) have developed an approximate 
generalised theory of uplift resistance of foundations embedded in soil. The 
theory is based on the observations and test data. It has been proposed for 
a strip or continuous footing and has been modified for circular and 
rectangular footings and also to account for group action. As this analysis is 
widely used it has been briefly described here. 

Figure 2 shows the theoretical model of the failure surface and forces 
acting on it for shallow and great depth for a strip footing. The notations 
used in the Fig.2 are self-explanatory and ai~ not defined here. 

Strip Footing 

At the ultimate uplift load Ou a soil mass having an approximately 
truncated pyramidal shape is lifted up and, for shallow depths, the failure 
surface reaches the ground surface. Making suitable assumptions and logical 
approximations, the following equations are derived. 

Shallow Depth 

(4) 

where KP tan o , and taken as equal to, 

SHALLCJt¥ DEPTH GREAT DEPTH 

FIGURE 2 Failure of Soil Above a Strip Footing Under Uplift Load 
(Meycrhof and Adams, 1968) 
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Kpv = Ku tan¢ for convenience. 

where nominal uplift coefficient of earth pressure on 
vertical plane through footing edge. 

From the test results on model footings in sand, the average angle of 
the fai lure surface with the vertical varies between about ¢/3 and 2¢/3. 
For an average value of about ¢ / 2 , trial calculations have shown that c5 is 
approximately 2¢/3 . From the corresponding passive earth pressure 
coefficients KP based on curved failure surfaces, the vertical component Kpv 
governing the uplift resistance has been evaluated. 

Great Depth 

Qu = 2cH+ y(2D-H)HKu tan¢+Wr (5) 

The magnitude of H can be estimated only by determining from the 
observed extent of the failure surface (Table I.). 

The UJ'per limit of the uplift resistance is given by the sum of bearing 
capacity of the footing and skin friction on the anchor shaft 

(6) 

where surface area of the shaft 

average unit skin friction of soil on shaft 

bearing capacity factors as for downward loading. 

The analysis for strip footing has been extended to circular footings by 
determining the shearing resistance from cohesion and friction and passive 
earth pressure, P P' inclined at c5 on a vertical cylindrical surface through the 
edge of the footing edge. For a soil with both cohesion and friction, the 
foll owing expressions are obtained by them for the ultimate load capacity, 
Qu, of a circular base: 

TABLE 1 

~ Friction A1•gle </>. (degrees) 20 25 30 35 40 45 48 

Depth HIB 2.5 3.0 4.4 5.0 7.0 9.0 11.0 
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Circular Footing 

Shallow Depths (L < db) 

(7) 

Great Depths (L > H) 

where 

(8) 

diameter of the base of the footing 

c = unit cohesion 

s = shape factor governing the passive earth pressure on 
a convex cylindrical wall 

l+m L/db, with a maximum value of l+mH/d b 

m = coefficient depending on ¢ (Table 2) 

H limiting height of failure surface above· base 

Wr = weight of soil lifted above base and foundation 

K., nominal upli ft coefficient of earth pressure on· 
vertical plane through footing edge. 

The values of K., are found to vary from about 0.7 to nearly unity. For 
granular materials it has been found that K., is relatively constant for a wide 
range of¢ and may be taken approximately 0.9 - 0.95 for ¢ values between 
25° and 40° for strip footings. Test results on model c ircular footings have 
shown that for sands the average ang le of failure surface with the vertical 
va ries between ¢/4 and ¢/2 .For an average value of about ¢/3 the ang le 
o is approximately 2¢/3 and the corresponding values of shape factors were 
estimated from approximate earth pressure theories based on plane fail ure 
surfaces. 

TABLE 2 

Friction Angle ¢ (degrees) 20 25 30 35 40 45 48 

Coenicient m 0.05 0. 1 0. 15 0 .25 0.35 0.5 0.6 

Max Fator s 1.12 uo 1.60 2.25 3.45 5.50 7.60 
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The upper limit of the uplift capacity is the sum of the net bearing 
capacity of the base, the side adhesion of the shaft, and the weight of 
footing and soi l li fted above base, that is, 

(9) 

where ultimate shaft shear resistance 

a~b effective vertical stress at level of footing base 

Rectangular Footing 

An approximate analysis for the ultimate uplift load of a rectangula r 
footing of w idth B and length L can be obtai ned as for downward loads by 
assuming that the earth pressure along the perimeter of the two end portions 
of length B/2 is governed by the shape factor s for circular footings, while 
the passive earth pressure along the central portion of length (L - B) is the 
same as for a strip footi ng. 

At Shallow Depth 

Q" = 2cD(B+L)+yD2 (2s B+L-B)K" tan¢+Wr (10) 

At Great Depth 

Q
11 

= 2cH(B+L)+y (2D-H)H(2 s B+L- B)K 11 tan¢+Wr ( II ) 

With an upper limi t as for the bearing capacity under downward loadi ng. 

For square footi ng , B = L in the above expressions. 

Footing Groups 

T he ultimate uplift load o f a footing group is the smaller value of 
either the sum of the uplift loads of the individual foot ings o r the upl ift 
load of an equiva lent pier foundatio n consisting of the footi ngs and 
enclosed soil mass. While the sum of the uplift loads of the individual 
footings can readi ly be determined from the expressions g iven for single 
footings, the uplift load of the equivalent pier foundation can be determined 
by the method suggested for rectangular footings. Thus for a group of 
circular footings it is assumed that the passive earth pressure a long the 
curved portions of the perimeter of the g roup is governed by the shape 
factor s and the passive earth pressure along the stra ight portions is the 
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same a.s "tor. ~-t~~po-tooting. 1\leyerno~and. Adams· referred .to the tests carried 
by Wtsetmln ·on gr.oups <>.f n:o:d~\ foob ngs in .: sand. From the teFt results it 
wa.s observed · that :for close· spacings the · failure surface was curved at the ·. .. . . 
nlltS!(.I'e. 

For example, a rectangular group at shallow depth has approximately 
a~ ultimate upl ift resistance of Ou as 

Ou = 2cD[a+b+ (n/2)B] 

+ y D2 [a+ b + s ( n/2) B] Ku tan¢ + Wg 
(12) 

with a maximum of 

where 

Ou = number of foot ings x Q .. of individual footings (13) 

a and b = distance between centers of comer footings on length 
and width, respectiv~ly, of group 

W g weight of footing group and weight of soil mass 
enclosed. 

They suggest that the va lues of Nc and Nq for downward load can be 
used in this context, but theoretically this is incorrect, and somewhat lower 
values may be appropriate to upward loading. They suggested that the 
ultimate uplift capacity should be taken as the lesser value given by Eqns. l 2 
and 13. 

Meyerhof and Adams reported that for a given density of sand the 
uplift coefficients of the groups increased roughly linearly with the spacing 
of the footings or shafts and the effici encies increased as the depth of 
embedment became smaller. The efficiencies decreased as the number of 
footings or shafts increased and as the density of sand increased. Comparison 
between theory and test results showed better agreement at great depths than 
at shallow depths where the estimates were quite conservative. They also 
extended the study for clayey soil and found that the drained or long tem1 
capacity was appreciably less than the undrained capacity. The reduction 
with time was attributed to the dissipation of negative pore water pressure, 
which allowed softening of soil. 

Sowa (1970) 

Analyzing field test results of cast- i.1-situ cylindrical piles in sandy 
soils using Eqn.2 Sowa exhibited that in one case, K., is considerably less 



~ • 

12 INDIAN GEOTECHNICAL JOURNAL 

than K
0 

and K., where K
0 

is the coefficient of earth pressure at rest and Ka 
is Rankine's active earth pressure coeffi cient. In anothe r case K, is 
approximately equal to K

0
• Analyzing the test results on concrete pi les in 

sandy deposits, reported by Adams and Hayes ( 1967) and Downs and 
Chieurzzi ( 1966) he concluded that very large values in excess of K

0 
for K, 

might occur. He further inferred that it is very difficult to select a value of 
K, even for preliminary design. 

Vesic (1970) 

Yesic conside red the cavity-expansion model. On the basis of test results 
on a driven instrumented pile in a predominant sandy deposit he indicated 
that the ultimate skin fri ction on the piles is same both in tension and 
compression . He concluded that beyond a critical value of I Od in very loose 
sand and about 20d in very dense sand the average unit frictional resistance 
f results into a fixed value fr which is a function of re lative density of sand, 
D, and mode of placement of pile. He suggested the foll owing empirical 
re lation to evaluate the limiting skin friction in tons per square feet 

For driven piles 

fr = ( 0.08) 10exp( t.5) o: 
For bored piles and piers in dry sand 

fr = (0.025) 10exp( 1.5) D: 

Tran-Vo-Nhiem (1971) 

Tran-Yo-Nhiem developed an equation for uplift capacity of piles on 
the assumption that the passive pressures act on the side of the pile. He 
considered that the passive pressures on the side of the pile are proportional 
to the square of the depth. By integrating the vertical component of these 
passive p ressures on the shaft of the pi le he developed the foll owing 
expression 

where embedded surface a rea of the pile 

dimensionless coefficients depending on ¢ and d/L 
ratios 

·1 
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He concluded that the analysis g ives reliable predictio ns for pi les 
embedded in suffic iently compacted medium 

Meyerhof (1973) 

He introduced an uplift coeffi cient ~ in place of K. in the Eqn.2 . For 
a particular angle of shearing resistance ¢ of the soil the value of Ku is 
shown to increase with increase in slenderness ratio L/ d , up to a maximum 
value and thereafter it remains constant It is designated as limiting uplift 
coeffi cient. However, the limiting coeffic ient is shown to increase with 
increase in angle of shearing resistance. 

McClelland (1974) 

He demonstrated the effects of insta llation on uplift capacity of piles 
by fi eld tests on identical steel pipe piles of diameter 508 mm installed to 
a penetration of 14.63 m in uniform beach sand by four different techniques. 
The driven pile exhibited net upl ift capacity, which is 1.4 times that of a pile 
install ed by jetting with external return flow. He concluded that the ultimate 
shaft resistance depends on the methods of driving/insta llation. 

Das and Seeley (1975) 

T he ultimate capacity of vertical piles under axial pull in loose g ranular 
soil is investigated. A wooden rough model pile 25 .4 mm diameter and 
610 mm length embedded in silica sand having ¢ == 31 o was tested. The 
possible variation of unit uplift frictio n w ith embedment depth is analyzed It 
is concl uded that the unit upl ift ski n fr iction for piles is approximate ly linear 
w ith depth up to a critical embedment ratio, beyond which it reaches a 
limiting value. The fi nal skin friction is attained at a depth of about 10- 12 
pile diamete rs. However, this may not be true for all granular soils. 

Das, Seeley and Smith (1976) 

They invest igated the van at1 o n o f upl ift capacity of pile groups 
considering various parameters like shape, size and spacing. T he tests are 
limited to one L/ d ratio embedded in sand of one compaction. Rough 
wooden model piles 305 mm long and 12.7 mm in diameter having 
L/ d = 24 were used. G roup sizes of 1, I x 2, 1 x 3, 1 x 4, 2 x 2, 2 x 3, 
3 X 3 were fabricated. Spacing varied from 2d, 4d, 6d, and 8d. They found 
that for a ll groups in general the effic iency increases with increase in spacing 
up to 4- 6 diameters and then it attains roughly a value of I 00%. Isolation 
spacing genera lly occurred between 4 - 6 pile diameters. The gro up effi ciency 
decreased with number of pi les in the g roup. Fig.3 shows the typical results 
of group efficiency with spacing presented by them . 
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Sulaiman and Coyle (1976) 

The study describes correlations achieved for piles subjected to uplift 
loads by comparing c,omputed load versus pi le movement curves with the 
actual behavio ur of the field piles. Apparatus consisted of a triax ial shear 
device, modified to accept a 25.4 mm diameter steel pipe pile, centered 
within the soil sample without tip resistance. Results in tem1s of skin friction/ 
l at~ral pressure i.e. chamber pressure, versus pi le movement are recorded. 
Degree of saturation va ried between 75%- 89% without effect on skin friction 
values. Nom1al drainage was allowed throughout the test. 

Awad and Ayoub (1976) 

A wad and Ayoub ( 1976) used Yierendeel 's static bearing capacity 
form ula based on earth pressure theory to arrive at a theoretical express10n 
for the net up lift capacity of a circular rough pi le as 
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w here On net uplift capacity of a pile 

p coefficient of friction 

.. Suggested values of p are 0.33 for cast-in-situ concrete piles and 0.25 
for all other piles. 

Sharma, Jain and Chandra Prakash (1978) 

They have suggested evaluating the ultimate up li ft capacity of under
reamed piles by computing skin friction along the shaft and bearing pressure 
on the annular area of the under-reamed bulb using the following expression. 

P" n/2dkytano(d~ +L2 +d~ ) 

+n/4( B~ - d
2 

)(1/2 n y 8 1 NY+ y NY+ Nqdr) 
( 14) 

where d diameter of the pile shaft 

d 1 depth of centre of the first under-reamed bulb 

d
11 

depth of the centre of the last under-reamed bulb 

8 1 diameter of under-reamed bulb 

n = number of under-reamed bulbs 

k coefficient of earth pressure, usually taken as 1.75 
for sandy soils 

bearing capacity factors depending on ¢. o may be 
taken equal to ¢. 

The factor Nq which is given by Vesic ( 1963) should be reduced by 
50%. It is based on the fact that in case of bored piles the point resistance has 
bee1,1 found to be half to one third of the resistance offered by driven piles. 

For si ngle under-reamed pile the above expression reduces to the form 

Ismae.l and Klym (1979) 

T hey reported full-scale uplift test results on instrumented cylindrical 
pier, 1.07 m in diameter and 6.4 m deep in compact fine to medium brown 
sand with some silt and trace of clay. The piers were installed by slurry 
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displacement method. The water table was located near ground surface. 
Analyzing the results, they suggested the use of same value in tension and 
compression of Ku as suggested by Adams (1975). These values va ry from 
0 .5 to 2.0 for very loose to very dense condition of sand. 

Kulhawy, Kozera, and Withiam (1979) 

They, on the basis of test results on large-scale straight shafted cast-in
place model drilled shafts in sand found that available theoretical models do 
not predict the observed capacities. However, the ir test results indicated that 
at fai lure, K. = Ka in loose sand and Ks = (KP)1

/
2 in dense sand. 

Chandra Prakash (1980) 

where 

He modified the expression given by Sharma et al. ( 1978) as, 

(16) 

K .. 1 = .limiting upl ift coefficient given by Meyerhof ( 1973) 

bearing capacity factor reduced to I /3 of the value 
given by Vesic ( 1963) 

He has also reported field tests o n isolated and group of 3.5 m long 
sing le underreamed piles of 300 mm diameter with underreamed diameter of 
750 mm under uplift loading. Groups of two and three piles of variable 
spacing have also been tested in silty sand. The average va lue of¢ and unit 
weight of soil were 30° and 1.6 gm/cc respectively. He concluded that 
ultimate uplift capacity of isolated pi le from load-displacement curve can be 
taken corresponding to 25 mm displacement. The g roup efficiency IS 

approximately 1.0 and increases marginally with increase in spacing. 

Das and Seeley (1981) 

Model test results on the ultimate uplift capacity of pipe piles in saturated 
clay are presented by them. A steel pipe 660 mm long, having an outside 
diameter 38.1 mm was used as model pile in saturated clay having cu = 18.0 I 
and 30.5 kN/m2

. Corresponding moist unit weights of 18.38 and 18.53 kN/m3
. 

L/ d ratios have been 4, 8, 12 and 16. Tentative equations for the variation of 
a = c.fcu with the undrained shear strength of clay have been developed. 
For a given undrained shear strength of c lay, the net pull out load and the 
corresponding verti cal deflection of piles can be ~pressed by a non- · 
dimensional equation. The equation is independent of the embedment ratio of 
piles. Fig.4 shows the variation of 'a' with cu for pipe pi les. 
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O'Neill, Hawkins and Mahar (1982) 

They describe the phenomenological and analytical study of axial load 
transfer in a full-sized group of nine 273 mm diameter steel-pipe piles 
embedded 13 m in a layered over-consolidated clay. Uplift tests were 
conducted on six piles at the conclusion of the group and sub-group testing 
under compression. These piles exhibited a more nonlinear load-movement 
behaviour in uplift than in compression, probably due to the release of 
residual load. Peak side resistance in upl ift was approximately equal to that 
in compression, although the distribution was different 

Poorooshasb and Parameswaran (1982) 

They analysed vertical uplift behaviour of a sing le rig id pile/pi er 
embedded in a frozen sandy soil. The stress-strain response is idealized to be 
linear. It is assumed that when a rig id cylindrical pile is subjected to vertical 
up li ft forces, the deformat ion of the soil a round the pile shaft can be 
idealized as shearing of concentric cylinders. The butt movement can be 
obtained in a closed form expression, which is a function of pile radius, pile 
length, vertical load and the e lastic modulus of sand . .. The analysis is 
applicable to relatively shallow piles embedded in moderately to heavily 
overconsolidated clays or to bored piles embedded in sensitive clays. 
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Chaudhuri and Symons (1983) 

They reported test results on piles of various diameters, depths, and 
pile surfaces embedded in medium and dense sand. The variation o f skin 
fric tion along the shaft was fo und to be of parabolic shape with the 
maximum value attained nearly at 70%- 80% of the depth. The maximum 
value of skin friction increases with depth of embedment and it reaches a 
constant value at a critical depth 9f embedment. They indicated that the 
critical depth is nearly 30 times the diameter, d, of a pile in dense sand and 
11 d in medium dense sand. For rough piles in medium dense sand it is 15d. 
They concluded that Meyerhof's ( 1973) analysis is capably of reasonably 
estimating the uplift capacity of piles in medium dense sand. However, for 
rough or smooth pi les in dense sand it was in significant error. Even the 
extreme assumption of K, = KP yielded conservative results. High 
experimental va lues of uplift capacity were attributed to the possibility of 
fa ilure plane passing through the soil mass instead of coinciding with pi le
soil interfacia l plane as it is generally assumed. 

Das (1983) 

Das, Seeley and Pfeifle ( 1977) presented some laboratory model test 
results for the ultimate upl ift capacity of rough rigid piles in sand. Wooden 
pile 610 mm long and 25 .4 mm in diameter, having L/ d = 4 to 24, were 
embedded in sand, ¢ va ryi ng from 31 to 40.5", compaction loose to dense 
conditi on and 6/¢ = 0.4 to 1.0 . It is concluded that the unit skin fr iction 
during uplift at the soil-pi le interface increases linearly with depth up to a 
critical depth and beyond it, it remai ns approximately constant. T he critica l 
embedment ratio increases with relative density of compaction. A tentative 
procedure for estimation of gross uplift capacity has been proposed. The 
method involves the soil-pile interaction parameters like, length, diameter, ¢ , 
o, uplift coefficient, K

11
, and critical embedment ratio. They used the variation 

of, uplift coefficient with angle of shearing resistance as given by Meyerhof 
( 1973). They suggested that more laboratory and field tests are needed to test 
the accuracy and applicability of the procedure. 

where 

T he net ultimate uplift capacity Ouu is expressed as, 

L 

p 

upli ft coefficient 

length of embedment 

perimeter of pile 

y ' effective unit weight of soil 

(I 7) 
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Lcr critical depth 

D, re lative density of sand 

Based on the experimental results the critical embedment depth ratio 
was expressed as, 

( L/ d) = 0.156 D, + 3.58 , forD,< 70%, and 
crnical 

( L/d) .. = 14.15, forD,> 70% cnucal 

Figure 5 shows the variation of unit skin friction with ' L/ D 'and Fig.6 
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shows the variation of (L/ 0)
0

, w ith relative density of compaction. 

Levacher and Sieffert (1984) 

The results of a laboratory investigation of the influences of dynamical 
driving methods and relative density on the behavi our of piles in tension are 
presented. The study includes 31 bored piles, 12 driven piles, and 5 vibro 
driving . pulling tests in dry sand. Steel model pile of 35 mm 00, and 
900 mm embedment depth was used in the testing program. The different 
driving methods used are high frequency vibro-driving and driving methods. 
Some piles are also bored in sand. Clean, poorly graded sand at a placement 
density 16.5 kNim\ ang le of shearing resistance, ¢ = 36° and moisture 
content o f 4% was used as foundation medium. Experimental results show 
that the placement methods have a significant influence on the ultimate 
pulling resistance. A pl acement method coeffi cient is deduced from the tests. 
T he ultimate resistance is attained at, di splacement I d (dia.) = 0.05- 0.11 for 
bored piles, 0.07 - 0. 14 for driven piles, and 0.08 - 0. 11 for vibro-driving 
piles. It is indicated that average ratio of ultimate uplift resistance of driven 
p ile to the statically driven pile is 0.5 and that for vibro-driven pile 1t 1s 
0.67. Accordi ng to ·them, the impli cation o f size effects are not very 
important. 

Das and Azim (1985) 

Model tests are carried out on group of piles embedded in clay under 
axial uplift load. Piles were having the L/ d ratio of 12 and 15. The gro up 
efficiency varied with embedment ratio, number o f piles in the group and 
spacing of piles. Model steel piles of 25 .4 mm diamete r and length 457 mm 
in groups I X I, 2 X I , 3 X I, 2 X 2, and 3 X 2 and variable spacing were 
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FIGURE 7 Plot of Adhesion Factor vs. L/ D (Das and Azim, 1985) 
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tested. The average values of cu were 9.97- 26.2 kN/m2 The vanat10n of 
adhesion factor obtained fall s in the general range of values obtained by 
previous investigators. For identical condition, the group efficiency increases 
linearly with spacing and decreases with the increase of number of pil es in 
the group and also the embedment ratio. It reaches a value of about I 00% 
at a spacing of about 6 - 7 times the diameter of the pile. Figure 7 depicts 
adhesion factor values. The variation of Qug and group efficiency with S/D 
is shown through Figs.8 to I 0. 

Subba Rao and Venkatesh (1985) 

They presented the laboratory studies on the uplift behaviour of short 
piles in uniform sands. Smooth and rough steel piles 12.7 mm in diameter 
and 320 mm in length and having L/d = I 0, 15 and 20, in two uniform 
sands were used in the investigation .The frictional angle determined from 
drained triaxial test ranged from 36 - 40° for dry sands. The piles were tested 
under uplift as well as under compressive loading Test were conducted for 
dry and submerged conditions of soil. The uplift capacity was found to 
increase with Lid ratio, pile roughness, soil density and particle size. Pile 
movements of about 5% of pile diameter in loose sands and about I 0% of 

' pile diameter in dense sands were found to be necessary to mobi lise the 
~ url ift capacity. Tl1ese values are much more than 3% to 6% required for 

shaft loads during push- in tests. The unit skin fr iction during pull-out tests 
are significantly less than during push-in tests, especially in case of rough 
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piles for which it is as much as 80% less. Submergence resulted in reduction 
of uplift capacity in all cases. Earth pressure coefficients, however, reduced 
only in case of piles in dense sand and remained almost unaffected for piles 
in loose sands. In loose sands, earth pressure coefficient K is generally lower 
than Meyerhof's K" values and in submerged dense sands the K values are 
in fair agreement with Meyerhof's K., va lues. 

Kulhawy (1985) 

Kulhawy prestnted a general analysis I design model for the drained 
uplift capacity of drilled shaft foundations. This model evolved from extensive 
research to define the failure mechanism ;:::J establish t he controlling 
parameters. In principle the upl ift capacity of shaft was given by 

where uplift capacity 

W foundation weight 

Q"' tip resistance 

Q,., side resistance 

shearing resistance along a general shear surface. 

The forces acting on the shaft are shown in Fig. ll . He reported that 
Kulhawy et a!. (1983) had shown that shafts had failed principally a long the 
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FIGURE 11 : Shaft in Uplift (Kulhawy, 1985) 



24 INDIAN GEOTECHNICAL JOURNAL 

soil shaft interface leading to an overall cylindrical shear. The corresponding 
load transfer increased from Oru at tip to Ou at top and tip was studied by 
Stewart and Kulhawy ( 1981 ). Considering all factors governing side resistance 
e.g. angle of wall friction, operative coefficient of horizontal soil stress etc., 
the following equation could be obtained. 

w here p foundation perimeter 

a ~ vertical effective stress 

K operative coefficient of horizontal stress 

¢' effective angle of shearing rsistance 

o' effective fri ction angle for soi l shaft interface. 

The values for concrete are o'f¢' = I and K/Ko = 2/3 to I . Tip 
resistance commonly in uplift was to be considered to be zero, which might 
be conservative. Fron1 17 load test data measured and predicted uplift 
capacities were compared. The agreement was found to be very good and 
yielded I to I perfect predictions. A linear regression of the data was 
obtained with a correlation coeffici ent of 0. 96 1. 

Ismael and AI-Sanand (1986) 

T hey examined the uplift capacity of bored piles in dense ca lcareous 
soi ls by field tests at three sites in Kuwait. The nine test piles were 0.5 m 
diameter and extended to a depth of 15 m below the ground surface. The 
mobilized skin friction and the coefficient of lateral earth pressure were 
determined and compared with values obtained in noncalcareous sand. Test 
resu lts were compared with empirical correlations relating skin friction to the 
standard penetration test results. They concluded that bored pi les developed 
substantial skin fri ction in dense weakly cemented calcareous sand soils. The 
skin friction increased with depth for shallow depth range. The coefficient of 
lateral earth pressure in uplift varied between I and 1.2. For the pi les, where 
failure reached, the average va lue of the coefficient was 1.05. Failure of 
bored tension pi les was usually reached at an upward deflection of 5% - I 0% 
of the pile diameter. The higher value was associated with relatively deeper 
piles. 

~ Chattopadhyay and Pise (1986) 

T hey proposed the theoretical analysis and also carried out laboratory 
experimental investigation on piles under different pulling load conditi ons. 
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However, the analysis and investigation pertaining to the axial uplift loading 
is described here (Chattopadhyay, 1986; Chattopadhyay and Pise, 1986). 

Theoretical Analysis 

A generalised theory to evaluate uplift resistance of a ci rcular vertical 
pile embedded in sand is . proposed . The failure surface is assumed curved 
and passing through the surrounding soi l mass. The late ral horizontal extent 
of the failure surface Is dependent on the angle of shearing resistance ¢ of 
the surrounding soil , soil-pile- friction angle, o, and slenderness ratio 
). = L/d. 

Analytical Model 

A vertical pile of diameter d and length L is assumed to be embedded 
in a soi l mass as shown in Fig.12. During uplift of a pile, an axisymmetric 
solid body of revolution o f soil along with pile is assumed to move up along 
the resulting surface. The movement is resisted by the mobilized shear 
strength of the soil along the failure surface and the weight of the soil and 
the pile. In the limiting equilibrium condition, ultimate capacity of the pile 
is attai ned. Followi ng assumptions are made: 

I . The shape and extent of the failure surface depend on the slenderness 
ratio A. , angle of shearing resistance ¢ of the soi l, and soil-pile fri ction 
angle o. For a particular slenderness ratio the lateral horizontal extent 
of the failure surface from the axis of the pile is maximum for o = ¢, 

L 

FIGURE 12 Pile and Failure Surface (Chattopadhyay and Pise, 1986) 
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and gradually decreases with the decrease in the value of o. Further, 
with increasing slenderness ratio, it increases at a rate such that when 
it approaches infi nity, it attains a limiting value at ground surface. For 
o = 0, the failure surface coincides with the interfacial plane between 
the pile and soil. 

2. For piles with soil-pile friction angle j ~ 0, under ultimate uplift 
force, P "' the resulting failure surface initiates tangentially to the pile 
surface at the tip of the pile and moves through the surrounding soil. 

3. For o > 0, the inclination of the failure surface with the ho rizontal at 
the ground surface approaches ( 45° - ¢/2) . 

With the preceding assumptions, the slope of the fai lure surface at any 
height Z above the pile tip , in Fig.l2, has been identified as 

dZ/ dx = tan(45° -¢/ 2)L/Zexpf3(1-Z/ L) (19) 

where 

The expression has been arrived at on the assumption that the maximum 
value of ¢ for practical purposes will be 50°. The Eqn. l9 satisfies the 
boundary conditions also. 

Integrating with proper boundary conditions and simplifying, equation 
given below, for the extent of the failure surface is arrived at 

.... (20) 

' Ultimate Uplift Capacity 

With the pile and the proposed failure surface shown in Fig.12, it is 
assumed that in the limiting equi librium conditi on, ultimate capacity of the 
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pile is attained when the mobi lized shear strength along the fai lure surface 
and the weights of the body of the soil and pile balance the applied forces. 
A circular disc wedge of thickness Z at a height Z above tip is considered. 
Forces acting on the wedge are shown in Fig. I 3. 

For evaluating the mobilized shear resistance !!. T along the failure 
surface of length tl.L, it is assumed that !!. T = tl.R tan¢ , in which tl.R is 
the normal force acting on the fa il ure surface of the wedge. Further the 
lateral coefficient of lateral earth pressure within the wedge is taken as 
(I -sin¢ )tanoj tan¢. 

Considering the vertical equilibrium of the circular disc wedge in the 
limit, and further extending it to the entire failure surface, making suitable 
approximations, and integrating, the expression for the gross uplift capacity 
of the pi le Pu is arrived as 

pu = Aynde (2 I) 

where A = gross upli ft capacity factor 

pun• the net uplift capacity IS expressed as 

pun = A1 ynd L2 (22) 

0~1-
2 

(a ) 

FIGURE 13 Free Body Diagram of Circular Disc Wedge 
(Chattopadhyay and Pise, 1986) 
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where A 1 = net uplift capacity factor 

Average skin friction, Pav• in dimensionless form is 

Typical results about the failure surfaces are shown in Figs.14 and 15. 
The extent of failure surface increases with the increase of slenderness ratio. 
Net uplift capacity factors, A 1, are given in Fig. l6. It is seen that at any 
value of b, the coefficient, A1, increases from zero at .A. = 0, to a peak value 
and thereafter decreases gradually with an increase in slenderness ratio. 
Average skin friction values are shown in Fig.17. At any value of b, it is 
seen that the average skin fri ction increases to a maximum value 
corresponding to a certain .A. value designated as critical .A. value. The average 
skin friction decreases beyond it. The coefficient of net uplift capacity factors 
A1 in terms of design charts for values of¢ between 25° - 45°, and b varied 
from I oo to 45°, and slenderness ratios .A. = I 0 - I 00 are presented for the 
convenience of the practicing engineers elsewhere (Chattopadhyay and Pise, 
1985). Corrections for local, mixed and general shear have been suggested. 

Remarks . 

A theoretical model, which is quite versatile for predicting the failure 
surface inside the soil mass along with the uplift capacity of piles in sand, 

10 

FIGURE 14 : Variation of Failure Surface for L/D = 10 for Different 
Values of 'd' (; = 40°) (Chattopadhyay and Pise, 1986) 
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is described. It enables a reasonably logical analysis and the quantitative 
estimates to be made of the effects of parameters like length to diamete r 
ratio, pile friction angle, and angle of shearing resistance on the ultimate 
uplift capacity as well as on average skin friction values. The analysis can 
also predict the critical depth of embedment beyond which the average skin 
friction attains a constant value. The crit ical depth not only depends on ¢ 
b~t also on o. An illustrative comparison has been presented later for clarity. 

Experimental Investigations 

To assess the usefulness and applicability of the analytical method 
proposed, Chattopadhyay (1986) carried out tests in the laboratory in a model 
tank of size 9 14 mm X 762 mm X 914 mm on embedded model piles. Dry 
Ennore sand, having G = 2.67, uniformity coefficient 1.1 , emin = 0.59 and 
emax = 0 .92, corresponding unit weights 1.67 glee and 1.39 glee, respectively 
was used as foundation medium. The placement unit weight during testing 
was 1.61 glee, RD = 75% and ¢ = 41 °. Aluminium open-ended tubular piles 
with outer diameters 20.5 and 21.4 mm were used as smooth and rough 
piles, respectively. Soil-pile friction angles 0 were 15°, 34°, and 3 7° 
respectively · for smooth, medium rough and rough piles. For each type of 
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piles three lengths, 246 mm, 496 mm and 744 mm were used. The schematic 
diagram of the testing set-up is similar to that used by Patra (200 1) and 
given later. The loading arrangement and placement of dial gauges is also 
shown in the sketch. The ultimate loads have been estimated from the load
displacement diagrams. The ultimate resistance is taken as the load at which 
the pile moves out of the soil i.e. , pull versus axial movement curve becomes 
paralle l to the axial movement axis. The experimental results have been 
utilised to compare them with the predicted values using the generalised 
uplift capacity theory disc~ssed · earlie r. From the experimental results 
Cattopadhyay (1986) concluded that for smooth piles very large movement 
of about 0.3d to 0 .75d was required to mobilise the ultimate resistance, 
lower values are for short piles and higher ones for long piles. 50% of 
ultimate capacity is mobilised at about 0.025d axial movement. Rough piles, 
irrespective of their lengths, axial movement was within 0.1 Od - 0. 15d at 
failure. Ultimate resistance increases, nonlinearly, with length for a ll piles. 

Illustrative Comparison 

Model Test Results of Das (1983) 

He reported uplift test results of rough wooden piles of 2.54 em 
diameter in sands for slenderness ratio of 4 to 24. The relative densities of 
sand used were 22%, 48% and 73%, the corresponding values of ¢ were 
3 1°, 34° and 40.SO, and y = 1.51 glee , 1.6 1 glee and 1.72 glee, respectively. 
Net uplift capacities of piles were predicted by taking o as 30°, 32° and 
38.5° for the respective test conditions. Remarkably closer agreement was 
noted between the predictions and observed values. Also the observed 
nonlinear variation of net uplift capacity with slenderness ratio was reasonably 
predicted by the theory. 

Field Test - Results of /srnael and Klym (1969) 

They reported a full-scale test under uplift of a cylindrical pier of 
d iameter 1.07 m and length 6.4 m, embedded in a compact fine to medium 
sand with some silt and traces of clay. The average N value reported was 20 
and ¢ = 34°. Submerged unit weight was 1.1 glee. Assuming o = 27°, the 
predicted gross uplift capacity of the pier was 969 kN , which is closer to the 
measured value of 889 kN. 

They have also compared the predictions by the analytical method with 
.a number of available laboratory results including theirs and ?lso a few field 
results. Also, they compared their predi ctions wi th the available analyses 
(Meyerhof, 1973). Amongst the available theories the proposed analysis 
predicts reasonable values of ultimate uplift resistance and average skin 
frict ion indicated by comparison with the reported test results. 



32 INDIAN GEOTECHNICAL JOURNAL 

Chattopadhyay and Pise (1987) 

Modifications have been suggested to estimate the uplift capacity of 
driven pile from the generalized theory published earlier ( 1986). It is assumed 
that during driving of the pile in sand compaction takes place around the 
pile. Investigations on the extent of compaction of sand and increase in 
relative density of sand around pile have suggested that the compacted zone 
around pile is 7d. Within this zone, angle of shearing resistance changes 
linearly with distance from the original value of ¢ at a radius of 3.5d to a 
maximum of ¢ 1 at the pile tip as 

When ¢ = 40°, there is no change in value of ¢ 1 due to pile driving (Kishida, 
1967) 

Therefore angle of shearing resistance and pile friction angle get 
modified. It is suggested that ~ngle ¢ be. taken as .given by Kishida ( 1967) 
and soil-pile friction angle is estimated depending on the pile material, it's 
surface characteristics and location of water table (Potyondy, 1961 ). 

Illustrative Comparison 

I. The results of rough steel pipe piles driven in dry sand are reported by 
A wad and Ayoub ( 1976). The outside and inside diameters of the piles 
were 25 mm and .2l.8 mm with 750 mm driven depth. Taking 
y = 1.447 g/cm2 and ¢ = 36°, the prediction for net uplift capacity has 
been done. Modified values of ¢ 1 = 38° and o = 29°. The predicted net 
uplift capacity = 41.5 kg · (Reported capacity = 41 kg). 

~· Uplift capacity tests on identical field piles, placed to same depth of 
embedment by different procedure, in unifonn beach sand are reported 
by McClelland (1974). A 508 mm diameter steel pipe pile was driven 
to a depth of 14.63 m. Assuming medium dense sand, the initial value 
of ¢ = 32°. The modified values qf ¢ 1 = 36°, and o = 29°. The 
predicted net uplift capacity is 43 ton (Reported capacity = 4 7 ton). 
The predicted values of the uplift cap·acities are remarkably closer to 
the reported values. 

Madhav (1987) 

~ He has studied theoretically the intera;ction between two identical piles 
in tension by modeling the soil as a homogeneous, linearly elastic medium 
and by using the boundary integral technique. The reduction in individual 
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capacity due to the existence of another pile is quantified and found to 
depend on the spacing and length to diameter ratio of the pile and type of 
variation with depth of pile- soil interface strength. Efficiencies of typical pile 
groups are compared. The predictions compare well with model and full
scale test results. Typi cal values of group efficiencies for 32

, 52
, 72 and 92 

are g iven. 

Sharma and Soneja (1987) 

They carried out investigation wherein the pile is subjected to uplift 
load at the top i.e. at pile head, as well as, at the pile toe. Two sets of 
cast- in-situ short bored concrete piles of 225 mm diameter and 2130 mm 
long embedded in moi st silty sand, having ¢ = 30°. They found that the skin 
friction is higher for piles pulled from toe than piles pulled from top. 

Siddamal (1989) 

He has carried out experimenta l investigations on model pile groups 
subjected to uplift loads in Ennore sand, having uniformity coefficient 1.1, 
¢ = 40" and y == 1.61 gm/cc. Mild steel solid rods of 20 mm diameter, 
having o = 23" were used to form pile groups. 1 X 1, 2 X 1 and 2 x 2 pile 
groups with variable spacing of piles, 2d to 8d, and L/ d = 7, I 0, 20 and 
40 were tested under uplift load. Load-displacement response, net uplift 
capacity, interaction factors and pile group efficiency have been studied for 
different variables like spacing of piles in group, embedment depth, group 
size and arrangement of piles in groups. He conc luded that ax ial displacement 
of 0. 25 d to 0.30d is required to mobilize peak uplift resistance. Net uplift 
capaci ty of pile g roup increases with increase in depth of embedment. Group 
efficiency decreases with increase in the size of the group. The group 
efficiencies are in the range of 0.73 to 1.00 in case of 2 X 1 group and 0.5 1 
to 0.75 in case of 2 x 2 group. 

Ruffier and Mahler (1989) 

They carried out a finite element s imulation of the uplift of plates and 
foundations. Several tests performed in tropical residual soi ls were simulated. 
Both, soil nonlinearity and plastification were taken into account. The model 
ideal ised to represent this system consisted of the soil, the structure and the 
interface between soil and s tructure. .Joint elements we re used to 
accommodate the relative displacement between soil and structure when an 
axial load increment was applied. The nonlinear stress dependent stress strain 
characteri stics of the soi l was consid ered. A hyperbolic stress strain 

f relationship was adopted using the tangent va lue of Young's modulus and 
Poisson 's ratio. The nonlinear effec t was incorporated by adopting the 
incremental iterative Newton Rapson procedure. The finite element method 
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had been applied to ana lyze the behaviour of pier foundations subjected to 
uplift forces. Ci rcumferential p lates footings and two kinds of pier 
foundations with and without enlarged base were considered in the 
investigation. The predicted shape o f fai lure sur face clearly showed, for plates 
and footings, that the failure process started at the extreme of the base. For 
pier foundations the process started a round the pier base and moved along 
the shaft towards the surface. 

Dickin and Leung (1990) 

They presented assumed fai lure mechani sms for belled piers as 
suggested by diffe rent authors. They studied the influence of embedment, 
base diameter, and density on the pullout behaviour of piles with enlarged 
bases embedded in sand in a centri fuge. Seve ral stainless steel p iers were 
employed with be ll s rang in g in di ameter from 15 to 76 mm and a 
maximum depth of 200 mm . Dry Erith sand was used as foundation 
medium. They found that the uplift capaciti es in loose sa nd were 
consi derably lower than those prev iously observed for anchor plates. Some 
theories o f anchor considerably over predicted the capacity in both loose 
and dense sand. 

They expressed the net ultimate uplift resistance Q .. in terms of breakout 
factor N., as, 

where Ab = area of the bel l 

They summarised the formul ation of breakout factors proposed by a 
number of researchers in thei r paper. 

Turner and Kulhawy (1990) 

They carried out experimental study of the effects of repeated loading 
on drained uplift capacity of drilled shafts in granula r soil. The mechanisms 
causing changes in drilled shaft resistance were identified and the effects of 
initial soil density, shaft depth to diameter ratio and the magnitude of repeated 
loading were evaluated . Changes in uplift capacity were found to depend 
primarily upon the magnitude of cycli c d isplacement. C ritical levels of 
loading were establi shed above which shafts fa iled in upli ft and below which 
fai lure did not occur. Implications for design of dri lled shafts under repeated 
axial loading were presented. 
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Joshi and Achari (1992) 

Model piles were tested in dry uniform sand to study the effect of 
loadi ng history · on the behaviour of pil es in compression and tension. A 
smooth cylindrical instrumented pile was driven into the sand. The pile was 
made of a mild seamless pipe of 50.8 mm outside diameter. The e ffects of 
length to diameter ratio and sand density were investigated. A significant 
decrease in the pil e capacity both in tension and compression was noted for 
piles having loading hi story. The ultimate failure load for piles in tension 
was in the range of 53 - 84% of the vi rgin tension capaci ty. The ultimate 
shaft capacity in tensi on was significantly lower than that mobilized in 
compression. When a pile was loaded in compression after being loaded in 
tension the tip load could be mobilized only after a certain movement of the 
pile. The mobilization of the shaft load, however, started immediately. 

Sharma and Pise (1994) 

Tests are conducted on two types of piles i.e. straight shafted and with 
en larged i:Jase. By varying parameters like base enlargement to shaft diameter, 

~ surface roughness and L/ d. Ennore sand of placement density of 1.6 gm/cc 
and ¢ = 38° was the foundation medium. Soil-pile friction angles o were 30° 
and 35°. Model piles were made of mild steel rods of diameter 12.7 ·mm and 
19.05 mm. Base diameter B to shaft diameters d ratios were I , 2 and 3. 
Embedment depths were 254, 38 I, 508 and 635 mm. It is reported that the 
load-displacement is nonlinear and practically simi lar for all piles. For smooth 
pi les relatively larger movements have occurred before ultimate capacity is 
reached . The net uplift capacity increases non-linearly wi th embedment depth. 
Rough piles offer more resistance than smooth ones. It increases with B/d 
and the increase is maximum at larger depths. At same depth of embedment 
the net upli ft capacity increases roughly linearly with B/d. The uplift 
capacity ratio, i.e. net uplift capacity of enlarged base pile to net uplift 
capacity of straight shafted pile, increases with depth initially and then 
gradually decreases. In most of the cases, the ratio attains a maximum value 
at about 400 mm. The percentage increase in capacity from smooth to rough 
pile is less for higher B/ d ratio than lower B/ d ratio. 

They have analysed their results by usi ng the methods suggested by 
Mcyerhof and Adams ( I %8), referred as Method I, Sharma et a!. ( Jl)78), 
Method 2, Chandra Prakash ( 1980), Method 3, and Method 4. as proposed 
by them. The proposed Method 4 is described briefly for ready re ference 
here. The net uplift capacity of the anchor pile is taken as the sum of the 

I resistance given by the following expreSSIOn. 

(23) 
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net uplift capacity factor given by Chattopadhyay and 
Pise (1985, 1986) for piles. 

Nq b reakout fac tor fo r horizonta l anchor plates g iven by 
Chattopadhayay (1986). 

A annular area of the base enlargement expressed as 
n/4(82 - d2

) 

Desig n charts for A 1 have been given by them (Chattopadhyay and 
Pise, 1985, 1986) for different values of ¢ , ii, and A. = L/ d. The breakout 
factors Nq are presented by theri1 elsewhere (Chattopadhyay (1986)) through 
Figures. They a re function of L/ B and ¢. 

It is reported that the test results are in closer ag1·eement with the values 
of uplift capacities estimated by Method 4 than those predicted by other 
methods discussed above. Method 4 estimates va lues, which are off by +20% 
from the test results. Methods 1 and 3 are more conservative. Method 2 predicts 
scattered values over wide range i.e. theoretical predictions vary from 0.5 to 
1.5 times the test results. They also compared the results with the field pile 
test results of Chandra Prakash ( 1980). The observed fi eld net uplift capacity 
of 18. 17 ton was closer to that of 16.95 ton as predicted by Method 4. The 
predictions by methods I , 2 and 3 were 18.70, 38. 10 and 24 ton respectively. 

Chattopadhyay (1994) 

Chattopadhyay carried out model tests on group of piles, of I, 2 X I , 
3, 2 X 2 configuration. Aluminium piles of 19 mm outside dia. , center to 
center spacing of 2d to 6d were used. The embedment lengths varied from 
300 to 600 mm . Locally available brown ish grey dry Mogra sand at and wet 
blackish grey c layey sil t, both having placement densities of 1.70 glee were 
used' as soil media. The uplift resistance and the e ffi ciency of the groups are 
investigated . It is concluded that in sand the efficiency attains a peak value, 
greater than 100% at c lo se r spacing and it depends on length and 
config uration of the group . Isolation spacing is about 6d. In compacted 
cohesive soil it is less than I 00'!/o at closer spacing and becomes roughly 
I 00% at about 6d spacing. 

Das, Mukherjee and Venkatnarayana (1995) 

T hey presented experimental investigati on on pullout resistance of sing le 
~ pi les embedded in Ennore sand. Aluminium pipes were used as model piles. \ , 

The values of ¢ and o ranged between 34 - 37° and 18 - 21°. Tests were 
carried out on piles o f variable slenderness ratio, diameters, density of 
foundat ion medium and two surface characteristics (Table 3). An attempt was 
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TABLE 3 Test Parameters Used 

Pile Diameter, mm 25.4, 38.1 and 50.08 

Slenderness Ratio, L/ d 15, 20 and 25 

Density o f sand, y ( t/m 2 
) 1.53. 1.57 and 1.62 

l>i le surface Smooth and Rough 

al so made to find out the failure surface arou nd the piles and 
empirical equations of the surface so fo rmed . It was concluded that the 
load-displacement response is nonlinear and becomes ultimately asymptotic 
to the displacement ax is. Roug h piles offer more resistance. Maximum load 
before failure occurs at a movement of 3% to 5% of its diameter for smooth 
and rough piles. 

Nagaraju and Pise (1995) 

They have reported model test results on the behaviour of single piles 
embedded in layered sand under inclined pulling loads. Aluminium alloy 
tubes of 19 mm outside diamete r and L/ d = 12 and 38 were tested in dry 
Ennore sand. The qualitative and quantitative effects of the various parameters 
have been studied. It is observed that the increase in depth of dense layer 
o r loose layer at the top increases or decreases the ax ial uplift capacity 
significantly. 

Pise (1996) 

He has reviewed some of the extstmg approaches used to predict the 
uplift capacity of piles in sand. Applicabi lity of the generalized theory gi ven 
by Chattopadhyay and Pi se ( 1986) has been discussed and its extension to 
enlarged based piles is described (Sharma and Pi se, 1994). Applicability of 
the theoretical results and equations has been explained. 

Mukherjee (1996) 

Mukherjee carried out experimental and theoretical investigations to 
study the pull out behaviour of pil e groups in sand. An attempt has been 
made to find out the failure surface pro file around ·the group through 
expe rimentally and using finite element method. 

Experiments we re carried out with d iffe rent pi le groups varying 
different pa rameters, namely, pile spac ing, length to di ameter ratio, 
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arrangement of pi les in the group. The load di stribution in the piles and 
along the length of the piles and the total load carried by the group was 
measured indirectly by using strain gauges and load cells. Aluminium pipes 
of 25 .4 mm outer diameter and 2 1 mm inner diameter were used as piles. 
Pile fri ction angle was 2 1 ". Uniform dry Ennore sand, obtained from 
Tamilnadu of D, = 88%, unit weight 1.62 t/m:; and corresponding angle of 
shearing resistance 37° was used as foundation medium. The tests were 
carri ed out in a segmented tank of size 900 X 900 X II 00 mm deep. Line 
groups of I x 2, I x 3, triangular group, square and rectangular groups of 
2 X 2, 2 x 3 and 3 x 3 along wi th a single pile were tested. The different 
variables used were embedment length and spacing of piles in the group. 
54 tests were carried out on groups and 3 on single piles. 

The fa ilure surface developed inside the foundation medium was found, 
by locating the breaking points of some fragile material (vermicell i), already 
placed radially inside the foundation bed around the pile groups, at different 
locations and levels. The theoretical fai lure surface was predicted by making 
suitable simplified assumptions and employing finite element method. The 
ultimate upl ift capacities were investigated both experimentally and theoretically. 

He concl uded that uplift capacity increases with increase in length of 
the pile. The upl ift ca pacity increases with increase in spacing of piles in the 
group. The group effi ciency decreases with increasing embedment ratio but 
increases with increasing spacing for a particu Jar group . At failure the central 
piles carry the least and the corner piles the highest load. The load transferred 
to the soil is more at the top and gradually reduces to minimum with increase 
in depth. At fai I ure more than 80% of the load is transferred to the 
foundation medium within the top half of the embedment length of the pile. 
The shape of the observed fa ilure surface is curvilinear and concave 
downwa rds for shall ow groups, embedme nt rati o < 6, while convex 
downwards for deep ones, embedment ratio > 6. For deep ones, the height 
of failure surface extends up to about 20 times the pile diameter above the 
tip and \he lateral distance from the pi les/pile groups periphery to the topmost 
fa ilure of curved portion is around 8 - I 0 times the pile diameter. 

Ilamparuthi (1998) 

He reported the pullout test on model buried pile anchor of di ameter 
38 .1 mm and length 3 12 embedded in sa nd having ¢ = 48° and 34°. The 
results showed that the load -di splacement response curves were of two 
independent characteri stics depending on the depth o( embedment. The 
influence of buried depth and density on pullout capacity was brought out. 
c;hntribution of top resistance to total resistance increases with increase in 
e1~1bedmcnt ratio irrespective of density, whereas fr ictional resistance decreases 
with embedment ratio. 
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Alawneh, Malkawi and AI-Deeky (1999) 

Sixty-four pullout tests were conducted on open and closed-ended rough 
and smooth model piles of 41 and 6 1 mm diameter. The model piles were 
insta lled in medium dense and dense sand to an embedded depth of 0.8 m 
by static jacking and driving. The values of ¢> and y were 39 and 48 and 
15.2 kN/m3 and 16.4 kN/m3 depending on the compaction of sand. The 
results indicated that pile placement method, initial sand condition, pile 
surface rougl"lness, and pile end type are a ll significant variables affecting the 
ultimate uplift shaft resistance of a single pile in dry sand. Overall , the 
closed-ended pi les showed 24% increase in shaft resistance compared with 
the open-ended piles. Average unit shaft resistance of the driven model pile 
was 1.33 times that of the jacked model pile in the dense conditio n and 1.52 
times in medium dense sand condition. Depending on the test variables, the 
rough piles experienced a 12 - 54% increase in capacity compared with the 
smooth model piles. Also, the lateral earth pressure coefficient values for the 
rough model piles were greater then those for the smooth piles. This suggests 
that part of the increase in capacity due to pile surface roughness is attributed 
to an increase in the radial effective stress during tensile loading. This implies 
that pile surface roughness enhances the tendency of the sand to dilate during 
uplift loading, which in tum increases the magnitude of the radial effective 
stress against the pile surface. 

Patra and Pise (1999) 

They investigated model pile groups X- 1, 2 x I and 2 X 2 for various 
spacing, surface characteristics and placement densities under uplift loads. 
Aluminium tubes of outer diameter 19 mm and L/d = 12 v.ere used as 
model piles. Tests were conducted in dry Ennore sand obtained from Madras, 
India. The placement densities during testing were 1.56 t/m3 and 1.64 t/m3 

(RD = 50% and 80%) and the corresponding angle of shearing resistance 
were 33° and 3 7°. Generally the load- displacement curves are non-linear and 
asymptotic in nature. Rough piles offer more resistance than smooth piles. 
Axial disp lacement of order 0.5 to 3 mm for smooth piles and I mm to 
5 mm for rough piles were observed The ultimate uplift resistance for the 
pile group increases roughly linearly with spacin.g. The variation of uplift 
capacity of pile groups is expressed by group efficiency. For 2 X 2 pi le 
groups, the group efficiency increases with increase in pile spacing. It varies 
from I 00 to 130%. For 2 x I pi le group it increases with increase in spacing 
upto 4.5d spacing and then remains practically constant. 

1 Sathyanarayana (2000) 

Sathyanarayana carried out experimental investigation in the laboratory 
to study the behaviour of enlarged base piles embedded in layered sand 
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subjected to axial uplift load. Mild steel tubes of 25 mm outside diamete r 
and wall thickness 2 mm were used as model piles. The embedment length 
to diameter ratio of 8, 16, 20 and 24 and base to shaft diamete r ratio o f I , 
2 and 3 were used. They were tested in sand o f loose over the dense 
condition, having ratio of dense layer to length of a pile as 0.0 , 0.25, 0.5 , 
0 .75 and 1.0. The influence of the va ri o us variables used in the 
experimentation have been quantitatively and qualitatively investigated on the 
load-disp lacement response and ultimate up lift resistance. He a lso suggested 
a simplifi ed approach to estimate the uplift capacity o f the piles based on the 
work ca rTied out by Sharma and Pise ( 1994). The observed values of the 
ultimate res istance are in closer agreement with predi ctions made by the 
proposed method. He concluded fur1her that the upl ift capacity increases 
w ith increase in length, base enlargement and thickness of dense layer. Axial 
displacement in the range of 2.5 to 3.0 mm for straight shafted pil es and 
more for enlarged base pi les are required to mobilize the ultimate res istance. 

Patra (2001) 

Patra has carried out laboratory investigation to study the behaviour of 
pile groups under upl"ift loads. He has a lso suggested the analytica l method 
to predi ct the uplift capacity of p iles unde r ax ial uplift loads. The 
invest igation being very useful and data-base, is discussed in details. 

Experimental Investigation 

Experimenta l investigations o n model pile g ro ups of configuration 
(2 x I , 3 X I , 2 x 2, 3 x 2) along with a sing le pil e subjected to vertical 
uplift loads were conducted in dry dense sand. Figure 18 shows the schematic 
sketch of the expe rimenta l set up . Uniform sand was used as a foundation 
medium in a model tank o f size 9 14 mm X 762 mm X 914 mm deep . The 
specific gravity and uniformity coeffic ient of the sand were 2.64 and 1.6 
respectively. The unit weight of the sand during testing was 16.4 kN/m3 

( relative density = 80%). T he corresponding ang le o f shearing resistance 
if> = 37°. The embedment length to diameter ratios of L/ d = 12 and 38, 
center to center spacing of piles in the groups 3d, 4 .5d and 6d and two 
surface characteristics were used. Aluminium a lloy tubes of 19 mm outer 
diamete r, 0.8 1 mm wall thickness were used as model pi les. T he length to 
diameter ratios of pi les were 12 and 38. The soi l-pile fri ction angle a 
between smooth and rough surfaces o f pi les and sand were 20° (referred as 
smooth) and 3 1° ( re ferred as rough) for the test condition of sand used . 
Aluminium pl ates of 40 mm width, 30 mm depth and variable lengths were 

J used as pi le caps for pile groups. The piles could be put in vertical position 
r at the required spacing of 3, 4.5 and 6 times the diameter of piles in the pi le 

caps. Typical diagrams of uplift load versus ax ia l d isplacement a re shown in 
Fig. l 9. 
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Analysis of Results 

A simplified method has been developed in this section to analyse the 
observed results. The proposed method is based on the reported analysis of 
Meyerhof and Adams ( 1968) for the group of foot ings and shafts. 

Single Pile Capacity 

The s ingl e pile capacity has been evaluated as suggested by 
Chattopadhyay and Pise ( 1986). They have de rived an expression for the 
gross and net ultimate uplift resistance o f a single pi le. They considered the 
variables like the angle of shearing resistance (¢ ), soil-pi le fri ction ang le (o) 
and A. = L/ d ratio in the ana lysis. The analysis has been presented earlier 
m the paper. 

The net uplift capac ity of a single pile is expressed as (Chattopadhyay 
and Pi se, 1986), 

where A1 = net uplift coefficient fac tor as g1ven by 
Chattopadhyay and Pise ( 1986) 

The values o f the net uplift capacity facto rs A1 for diffe rent slende rness 
ratios, A, and soil -pile fricti on angle, o, are given by Chattopadhayay and 
Pi se (1985, 1986) 

Pile Group Capacity 

It is approximate ly assumed he re that under the action of uplift fo rce, 
the pi le group capac ity is contributed by three parts (Fig.20). T hese are (i) 
the central portion including the piles and the enc losed soil mass (ii) half the 
edge po1tions and ( iii) the weig ht of the soil enclosed in the central portion. 
As an illustratio n, for 2 x I pile g roups (Fig.20), lnoq is the central portion 
and lmn and opq are the edge portions. 

Uplifi Resistance Offered by the Central Portion 

The central portion it is considered as pier in the simpli fi ed ana lysis. 
The uplift resistance of the central portion is approximate ly expressed 
(Meyerhof and Adams, 1968) as 

~ 
(24) 
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where uplift resistance offered by the centra l portion 

a = center to center distance of the piles along the length 

b center to center distance of the piles along the width 

k vertical component of earth pressure coefficient 
governing the upli ft resistance generated a long the 
centra l portion of the pi le group. 

From the experimental observations, it has been found that the soi I 
between the piles is li fted up for pile spacings 3d, 4 .5d and 6d. The vertical 
component of the earth pressure coeffi cient ' k ' governing the uplift resistance 
generated a long the central portions of the pile groups is assumed as 
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k = (1- sin ¢ )tan o/tan¢ (25) 

The assumption of k, has been made for the pile group spacing varying 
from 3d to 6d and includes the influence of soil-pile friction angle , o, on the 
uplift capacity. 

The centra l portions of the groups are shown in Fig.20. These are 
' lnoq ' for 2 X I , ' lnpr' for 3 x I, 'lqrx ' for 2 X 2 and ' lqrsyz' for 3 x 2 
groups. 

Upl~(t Resistance Offered by the Edge Portions 

The uplift resistance governed by the edge portions of the pile g roups, 
' lmn ' and ' opq' for 2 X I , ' lmn ' and ' pqr' for 3 X I , ' lmn ', ' opq ', ' rst' and 
' wvx ' for 2 X 2, ' lmn', ' opq', 'stw', ' vxy' for 3 X 2 is taken as equivalent 
to that contributed by half of the piles. Taki ng the slenderness ratio, A, angle 
of sheari ng resistance, ¢, and soil-pile fri ction angle, o, it is evaluated by the 
expression given by Chattopadhyay and Pisc ( 1986) for a sing le pile. 

where 

(26) 

uplift resistance o ffered by the edge portio ns of the 
pi le groups 

n = number of half piles tn the edge portions 

The values of net uplift capacity fac tor A 1 for different slenderness 
ratios, A, and pi le fri ction angle, o, could be determined from the charts 
given by Chattopadhyay and Pise ( 1986). 

The gross uplift capacity of a pile group 'Oug' can be expressed as 

(27) 

Therefore, the gross uplift capacity o f the line pi le groups, 2 x 1, 3 x I is, 

(28) 

where wq weight o f piles, pi le cap and weight of the soil 
enclosed in the central portion. 

Similarly for a square 2 X 2, and rectangular pile g roups 3 X 2, the 

' " 
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gross upli ft capacity is arrived at combining the two line pile groups 2 x I 
or 3 x I as, 

(29) 

The net uplift capacity of the pile groups could be fo und out by 
subtracting the weight of pil es, pile cap from the gross up lift capacity. 

Group Efficiency 

The upl ift capacity of a pile group IS generall y studied by group 
effi ciency 'rJ'. It is expressed as, 

= 
Qug 

rJ - - - (30) 
n, n2 Ou 

where Oug ultimate uplift capacity of pile group 

Ou ultimate upli ft capacity of single pile 

n, number of rows in a pil e group 

n2 number of columns in a pi le group 

Typical results of efficiency versus spacing diagrams .are presented 
through Figs.2 1 and 22. The group efficiency, in general , increases roughly 
linearly with the pil e spacing for the spacing 3 to 6d considered in the 
investigation. The efficiency lies between 50 to 180%. It depends significantly 
on pi le group configuration, spacing, number of piles in a group and the 
soil-pile friction angle. 

Comparison of Experimental and Predicted Results 

Typical experimental results of the writers on the net uplift capacity of 
pi le groups for L/ d = 12 have been compared with the predictions made by 
the proposed analysis (Table 4). They have also been compared with the 
predictions made by using Meyerhof and Adams' ( 1968) approach . The 
comparison is depicted in Table 4. The predicted values of the net uplift 
capacity using Meycrhof and Adams' ( 1968) approach are much higher than 
the observed experimental results. The predictions from the present analysis 
are in closer agreement with experimental values. 

The experimental results of Chattopadhyay ( 1994) and Siddamal ( 1989) 
have al so been analysed by the proposed analysis. 
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TABLE 4 Com pa rison wit h Experi menta l Res ults of Patra (200 1) 

Pilt: Groups Predtct~d Net Predicted Net Net Upli ti 
( L/ d = 12) Up liti Capacity (N) Upliti Capacity (N) Capacity (N) 

Mcyerhof c t a l. by Proposed O bserved 
( 1%8) Method Method 

,) < 31 \O cl ~ ~I" cl = 31" 

( I ) (2) (3) (4) 

Single pile 40 40 35 

2 X I Pilcgroup 3d 78 . 18 62.83 45 

4 .5d 105 7 1 55 

6d 120 80 65 

3 X I Pi legroup 3d 113 .4 87 80 

4.5d 150 106 110 

6d 200 126 125 

2 X 2 Pilegroup 3d 112.K 120 120 

4.5d 158.5 150 135 

6d 214 180 150 

3 X I Pilegroup 3d 157 150 150 

4 .5d 205 200 170 

6cl 322 260 180 

Model Test Results of' Siddamal (1989) 

Siddamal reported ax ial upli ft test results on model mild steel groups 
of size I X 1, I x 2 and 2 x 2 having, L/ d = 7, 20 and 40. He used 
spacing 2 , 4 and 6 times the pile diameter for I x 2 pile group and 2 and 
4 pile diameter for 2 x 2 pile group. The diameter of the pile was 20 mm . 
Dry sand having y = 16.1 kN/m', ¢ = 40.5° and o = 23° was used as the 
foundati on medium. The theoretical and observed net uplift capacities are 
shown in Table 5. The observed nonlinear variation of the uplift capacity 
with length is satisfactorily (about ± I 0%) predicted by the proposed theory 
for L/d = 7 and 20. However, for L/ d = 40, the predictions are about 30% 
less than the measured values. 

Model Test Results of Chattopadhyay (/ 994) 

Chattopadhyay ( 1994) reported up] ift test results on model pile g roups 
of size I x I, 2 X I, 3 and 2 x 2 and L/ d = 15.78, 23.68 and 31.57. 
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Table 5 Comparison with Experimenta l Results of Siddamal ( 1989) 

Piles I l'ik tiroups Spacing L/d Net Upli tl l'redtcted N~t 

Capacity (N), Upl ift Capacity 
Observed by ( N) by Proposed 

Siddamal ( 1989) Analysi s 

(I) (2) (3) (4) (5) 

Sing le Pile 7 21.69 24 .9 

20 114.51 128.6 

40 441.63 300 

2 X I Pile Group 2d 7 34.9 3 1.8 

4d 7 40.52 34 07 

6d 7 41.4 38.01 

2xl Pile Group 2d 20 166.3 160 

4d 20 176 183.6 

Gd 20 185.5 204.3 

2 X I Pile Group 2d 40 795.3 427.6 

4d 40 845.95 510.0 

6d 40 ~6612 600.0 

2 X 2 l'i le Group 2d 7 44.7 39.5 

4d 7 49.0 54.72 

2 x 2 Pile Group 2d 20 282.72 323.2 

4d 20 320.0 370.0 

2 X 2 Pile Group 2d 40 1102.80 784.3 

4d 40 12 I 1.64 989.5 

Aluminium tubes of outer diameter 19 mm were used as piles. The groups 
were tested for spacing 2.3d, 4d, 5d and 6d. The soil was locally available 
brownish grey dry Morga sand. The sand was coarse to medium with 
0 60 = 0.95 mm, 0 10 = 48 mm and cu = 1.98. The unit weight of sand was 
y = 17.00 kN/m3

. Typical load displacement diagrams of single pile, 2 x I 
and 2 x 2 pile groups at spacing 2.3d for L/ d = 15.78, 23.68, 31.57 were 
presented by him. From the load displacement diagrams the measured values 
of the net uplift capacity of pile and pile groups were evaluated. For 
theoretical calculations ¢> = 40° and 6 = 25" ( 2/ 3 ¢> ) were considered. The 
theoretical and measured net uplift capacities are plotted in Fig.23. The 
predictions are very close to the line having an equation Pmmured = P Predicted· 
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Conclusions from Above Study 

The ultimate upli ft capacity and also the efficiency of a pi le group 
depends on the embedment length to diameter ratio, pile g roup configuration, 
soi l-pile friction angle , spacing of pi les in a group, and angle of shearing 
resistance of soil. 

The ultimate up lift capacity per pi le increases linearly with an increase 
in spacing. It is attained at a pile head d isplacement of about 0.5 to 2.5% 
of pile diameter for smooth pile groups and 1 to 5% of pile diameter for 
rough pile groups. 

For L/d = 38, rough pile groups, the ultimate upli ft capacity per pile 
decreases with an increase in number of piles in a group and also wi th the 
change in pile group configu ration from a line to square or to a rectangular 
gro up. 

The group effi c iency, in general, increases roughly linearly with the 
inc rease in the spacing. For long rough pile groups, it decreases with an 
increase in number of piles in a g roup and change in pile group configuration 
from a line to square or to a rectangular group. It decreases with an increase 
in length of piles. It has been found to lie in a wide range of 50 to 180%. 
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The predicted va lues of ultimate resistance using Meyerhof and Adams' 
( 1968) approach are much higher than the observed experimental results. The 
predictions from the proposed method a re in closer agreement with the 
observed experimental values. Closer agreement between the experimental 
and predicted values has also been noted w ith the repotied resu lts of 
Siddamal ( 1989) and Chattopadhyay ( 1994 ). 

Das and Pise (2003) 

Thirty-six tests on model tubular stee l piles embedded in sand were 
ca rried out in the labora tory to assess the effects of compressive load on 
uplift capacity of piles considering vario us parameters. Uniformly graded 
sand, having uniformi ty coefficient 1.1 and specific gravity 2.65 was used 
as a foundation medium . The minimum and maximum dry densities were 
14 kN/m3 and 17 kN/m3 respectively. The average dry unit weight was 
15 kN/nr ' fo r loose condition (RD = 35%) and 16.40 kN/m 3 for dense 
condition (RD = 80'%). The angles of shearing resistance corresponding to 
the above placement densities were 30" and 38° respecti vely. T he soil-pil e 
frict ion ang les were 21 o and 28° in loose (RD = 35%) and dense cond itions 
(RD = 80%) of sand. T he model p iles were of 25 mm outside diameter 
and 2mm wall thi ckness. They were em bedded in sand for embedment 
length/d iameter ratios of 8, 16 and 24 inside a model tank. The tests were 
conducted in a steel tank of size 620 mm x 600 mm x 760 mm. They 
were subjected to a static compressive load of 0%, 25%, 50%, 75% and 
100%, of the ir ultimate capacity in compression and subjected to pull out 
loading tests. The schematic diagram of the experimental set-up is shown 
111 Fig.24. Suitable h1brication was made such as to appl y compressive, 
up lift, and static compressive load a long with the upl ift load si multaneo usly 
by the screw jack loading a rrangement, as desired. Sand was poured in the 
tank by rai nfa ll technique (Patra and Pise, 200 1) by initially placing the 
pil e in the tank and the required embedment length to diameter ratio was 
attained. From the load- cl isplaccment the ultim ate capacities of piles were 
estimated . 

Test Results 

T he load displacement curves were sim ilar at a ll test conditions. At an 
early stage of loading, the load-displacement response is practically linear 
but afterwards it is non-linear. In general , to attain the peak upli ft resistance, 
displacement in the range of 0.08d to 0.25d was required . 

It is observed that the net uplift capacity decreases with increase in the 
'ftage of compressive loading In loose sand there is a steep decrease in net 

uplift capacity at early stage of loading and the reafter the decrease is gradual. 
Towards the last stage of loading the net up li ft capacity practically approaches 
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FIGURE 24 

I. Supporting Frame 

2. Screw .lack 

3. Proving Ring 

4. Adjustable Threaded 
Arrangement 

5. Extension Rod 

6. Dial Gauge 

7. Static Compressive Load 

8. Pile Cap 

9 Model Pile 

10. M odel tank with sand 

Schematic Diagram of Experimental Set-up 
(Das and Pise, 2003) 

a constant value (Fig.25). In dense medium there is almost a gradual decrease 
in net uplift capacity with increase in compressive load (Fig.26). Maximum 
decrease in uplift capacity is observed at 100% stage of compressive loading 
m both loose and dense sand . 

The net uplift capaci ty at any stage of loading increases with increase 
in L/d ratio. At any L/ d ratio the net uplift capacity at higher stage of 
loading is always less compared to the lower stage of loading. 

To analyse the results a log ical analytical approach has been suggested. 
It is assumed that the placement of compressive load on the pile may result 
in a change in soil fabric at the pile so il interface of a pile. More over as 
the pile gets pushed inside the soi l mass under the actio n of sta tic 
compressive load there is no densification of the sand surrounding the pil e. 
So, the effect of the compressive load on the pile only alters the soi l-pi le 
friction angle 'a' and soil friction angle '¢ ' remains unchanged. These 
assumptions have been made based on a number of studies reported in the 
literature (Das, 2002). In the analysis the value of 'o ' is assumed to vary 
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empiri cally from its initia l value for different stages of loading. Such 
~ssumption results into analytical values of net uplift cpacity, predicted by 

using the generalised approach of Chattopadhyay and Pise (1986), remarkably 
closer to the experimental values (Table 6 and Fig.27) . 
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TABLE 6 

Sand Density L/ d 

0% 

Loose 8 12.2 

tfi = 30° 
16 65.2 

24 86 7 

Dense 8 47 .6 
1/> = 38° 

16 142 

24 271 

~ 

Comparison of Experimental Results with Ana lytical Va lues I Das and Pise (2003)1 

Net Uplift Capacity (N) a t Values o f o Assumed tor Net Uplifi Capacity (N) at 
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(Experimental Values) : l'redicted from C hattopadhyay and 
l'ise's ( 1986) Approach } 
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Conclusion from Above Investigation 

The stage of compressive loading is a significant parameter influencing 
the net uplift capacity of a pile. The net upli ft capacity decreases with 
increase in the stage of compressive loading. At identical stage of loading 
and · depth of embedment the rate of decrease of net upli ft capacity is more 
in loose sand. T he maximum decrease occurs at I 00% stage of loading. The 
decrease in net uplift capacity may be due to the reduction in soil-pile 
fric tio n ang le, 6, caused by the presence of compressive loading, which has 
been exhibited by the proposed logical approach. A n assumptio n of a 
decrease in soil-pile friction angle, and usi ng Chattopadhyay and Pi se 's 
method ( 1986) predicts upli ft capacity . of a pile, which is reasonably in 
agreement with the experimental value. 

SUMMARY AND CONCLUDING REMARKS 

General 

Load-displacement response and uplift capacity under axia l uplift load 
depends on length, diameter, surface characte risti cs of p iles, method of 
insta ll ation , loading history and earth pressu re coeffi c ient K o r upl ift 
coefficient K

0
. 

Earth Pressure Coefficient 

Ire land ( 1957) suggests that average skin fri ction along the pile shaft 
is same for downward and upli ft loading. Sowa ( 1957) and Downs and 
Chiurzzi ( 1966) indicate variation in skin friction indicating reduction for 
upli ft load. Reduction of 2/3 for upl ift load compared to compressive load. 
Begemann ( 1965) suggests reduction for average skin friction. Meyerhof and 
Adams ( 1968) recommends uplift coeffic ient between 0 .7 to I .0. Vesic ( 1970) 
finds skin friction same in tension and compression. A wad and Ayoub ( I 976) 
gives J1. = 0 .33 for cast in situ piles and 0.25 for other pile. Ismael and 
Klym ( 1979) recommends same value of uplift coefficient in tension and 
compression Kulhawy, Kozera and Withiam ( 1979) Fi nds Ks = K, and 
K, = (Kp) 112

• lsmael and Al-Sanand (1986) fi nds K = 1.05. 

Unit Skin Friction 

Unit skin friction a long the depth of the pile vat:ies approximately 
) linearly up to a critical embedment depth and beyond it the skin friction 

remains roug hly constant. The c ritical embedment depth is a function of 
relative density of sand and it lies between I 0 - 30 times the diameter o f pile 
(Das and Seeley, I 975; Chaud huri and Symons, 1983; Das, 1983 ). 
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Chattopadhay and Pise (1986) have also noted the presence of critical depth 
from their study. They found that it depends on length/diameter ratio, L/d, 
¢ and o. It is more rational as it considers the shear and soi l-pile friction 
angles and slenderness ratio. 

Length and Diameter 

The depth of embedment has significant influence as it is directly 
related to the surface area of the pil e. Longer piles are more resistant than 
shorter piles. As expected the larger diameter increases the surface area and 
so the resistance offered by them. Enlarged base piles have larger uplift 
capacity and it depends on the enla rged base diameter/shaft diameter ratio. 
Open-ended and closed-ended piles behave differently. The axial displacement 
associated with failure is also a function of the above parameters. 

Pile Swface Chamcteristics 

The surface characteristics are reflected by the soil-pile friction angle. 
Therefore, the soil-pile friction angle o has significant influence on the 
behaviour of piles under uplift load . With increase in o value, the resistance 
increases i.e. rough piles offer more resistance. However, the analysis and 
investigation by Meyerhof and Adams (1968) conclude that for any value ot' 
¢ and o = 2/3¢, the uplift coefficient Ku is re latively constant. Almost a ll 
the investigators found that soi l-pile friction angle is a very important 
parameter. Similarly the adhesion coefficient between pile surface and 
cohesive soi l has significant influence. 

Shear Strength Parameters 

Shear strength parameters have significant influence on the pullout 
resistance of piles. The adhesion factor a on which the upli ft capacity of 
pile depends is influenced by the type of clay, its consistency, moisture 
conte'nt etc. along with the method of installation and type of loading. ln 
general it is the function of untrained cohesion and it decreases with 
increase in strength and stabi lises at higher values of cohesion from about 
1.0 to 0.45 (Sowa, 1970). There are very limited studies available in 
cohesi ve soils. 

The angle of shearing resistance ¢ has significant influence. In general, 
higher the value of¢; more is the uplift resistance. Also o is inter-related to 
¢ for piles. 

~Re/atil'e Density D, 

The unit weight of soi l, angle of shearing resistance of soil and in turn 
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0 are functions of relative density. Higher the relative density of the soi l, 
ultimate resistance IS more. 

Pile Groups 

Pile group response to uplift load depends on the configuration of the 
pile groups, spacing of piles, and number of piles in the group. The efficiency 
of the pile group increases with spacing. It decreases with increase in the 
size and number of piles in the group. The efficiencies reported for the 
groups are in the wide range of 50% to 180% (Meyerhof and Adams, 1968; 
Das, Seeley and Smith, 1976: Siddamal, 1989; Das and Azim , 1985; Madhav, 
1987; Chattopadhyay, 1994; Mukherjee, 1996 and Patra, 2001 ). Analyses 
available to predict the ultimate resistance of groups by Meyerhof and Adams 
( 1968) and Patra (200 1) are too empirical and have limitations. They should 
be used with caution. 

Additional Factors 

Method of installation of piles is a very important factor. The driven 
., piles, the ir modes of driving influence the capacity (Yesic, 1970; McClelland, 

1974; Awad and Ayoub, 1976; Levaehe r and Sieffert, 1984; Alawneh, 
Malkawi and AI-Deeky, 1999) These piles offer more resistance. The loading 
history, method of appl ication of load from the top or bottom (Turner and 
Kulhawy, 1990; Joshi and Achari, 1992; Sharma and Soneja, 1987; Das and 
Pise, 2003) influence the ehaviour. 

The enlargement of the base of the pile significantly mcreases the 
resistance. 

Pile head movement of roughly 5 to 15% of pile diameter is generally 
required to develop the ultimate resistance for straight shafted piles. 

Methods of' Analysis Available 

Methods are proposed by Meyerhof and Adams ( 1968), Das ( 1983), 
Kulhawy ( 1985) and Chattopadhyay and Pi se (1986) to estimate the uplift 
capacity of single piles. The analysis proposed by Chattopadhyay and Pise 
( 1986) appears to be more general for sandy soi ls. The design charts 
presented by them (1985) make it qu ite useful to the practicing engineers. 

Methods are available to predict the uplift capacity of en larged base 
piles by Meyerhof and Adams ( 1968), Sharma et a!. ( 1978), Chandra Prakash 
( 1980), Dick in and Leung ( 1990) and Sharma and Pise (1994 ). They are 
mostly empirical. 
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Analyses are also available by Meyerhof and Adams ( 1968), Madhav 
( 1987) and Patra (200 I) to predict the Lilti mate resistance and effi ciency of 
pile g roups. 

Scope of Further Research 

The following broad areas of research have been identified to investigate 
the behaviour of pile foundations subjected to uplift loads: 

1. Piles and pile groups under different conditions of loading. 

2. Field-tests. 

3. Effect of submergence. 

4. Studies on instrumented piles for load transfer mechani sm. 

5. Analysi s of pil e groups and testing 

6. Mechanism o f failures inc luding failure surfaces and modes of failure 

7. Parametric study on the coeffi cient of earth pressure K and adhesion 
factor a 

8. Effect of g rain size distribution of soils and size effects of piles and 
pile g roups 

9 . Effects of me thods of installation 

10. End condi tions of piles 
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Notations 

c, average adhesion a long pile shaft 

W P Weight of pi le 

A5 surface area of the embedded pile 

K, coefficient of earth pressure 

Pnv average skin friction 

(1/2 K, tano y L) 

o pile fri ction angle 

y effecti ve unit weight of soil 

diamete r of the base 

d diameter of pile shaft 



) 

PILE FOUNDATIONS UNDER UPLIFT LOAD: AN OVERVIEW 63 

~ 

f, 

Nc' Nq 

c 

s 

Wr 

f, 

a:,b 

Ou or P., 

Qun or P, .. , 

L 

p 

Lcr 

D, 

A I 

Nq 

A 

dl 

dn 

n 

A 

Oug 

1] 

nominal uplift coefficient of earth pressure on 
vertical plane through footing edge 

average unit skin friction of soil on shaft 

bearing capacity factors as for downward loading. 

unit cohesion 

shape factor goveming the passive earth pressure 
on a convex cylindrical wall 

weight of soil and pile in cylinder above base 

ultimate shaft shear resistance 

effecti ve ve1iical stress at level of pile base 

ultimate uplift capacity/resistance of a single pile 

net uplift resistance/capacity of a singlr pile 

length of embedment 

perimeter of pile 

critical depth 

relative density of sand 

net uplift capaci ty factor for pil es. 

breakout facto r for horizontal anchor plates 

annular area of the base enlargement 

n/4(82 -d2
) 

depth of centre of the tirst under-reamed bulb 

depth of the centre of the last under-reamed bulb 

number of under-reamed bulbs 

gross uplift capacity factor 

g ross uplift capacity of a g roup 

effi ciency of a pil e group 




