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Abstract The paper pertains to the development
of a simple semi-empirical model for predicting
the uplift capacity of piles embedded in sand.
Various pile and soil parameters such as length
(L), diameter (d) of the pile and angle of friction
(¢), soil-pile friction angle (¢) and unit weight (y)
of the soil which have direct influence on the
uplift capacity of the pile are incorporated in the
analysis. A comparative assessment of the ulti-
mate uplift capacity of piles predicted by using
the proposed theory and some of the available
theories are made with respect to each other and
with reference to the measured values obtained
from model tests in the laboratory. For this pur-
pose experimental data have been collected from
the literature and also from model tests con-
ducted as a part of the present investigation. The
study shows the proposed model has an excellent
potential in predicting the uplift capacity of piles
embedded in sand that are consistent with model
pile test results.
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Notations

The following symbols are used in this paper.
A; Embedded surface area

A1 Net uplift capacity factor

Relative density

Pile diameter

Lateral earth pressure coefficient
Theoretical uplift coefficient factor
Embedded length of pile

Ultimate uplift capacity of pile

Net ultimate uplift capacity of pile
Thickness of wedge element

Angle of internal friction of the soil
Dilatancy angle

Angle of failure surface with horizontal
Angle of failure surface with vertical
Pile-soil friction angle

Unit skin friction

Unit weight of the soil
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Introduction

Prediction is an integral component of the
practice of geotechnical engineering, based on
which decisions and actions are taken depend-
ing on the assessment of the accuracy and
reliability of such predictions (Lambe 1973).
Structures supported on piles are very often
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subjected to large lateral loads due to wind or
wave load and the resulting moments induce
tension in some of the piles. Unlike the pre-
diction of ultimate load carrying capacity of
piles under compressible loads the same under
uplift force is an area which is least studied.
Very few papers are available to model and
predict the behavior of piles under uplift loads
(Vesic 1970; Meyerhof 1973; Das et al. 1977,
Das 1983; Rao and Venkatesh 1985; Chatto-
padhyay and Pise 1986; Alawneh et al. 1999).
However, so far published test results in sand
have indicated that the skin frictional resistance
of piles to uplift loads is appreciably lower than
that mobilized in resistance to compressive
loading (Vesic 1970; Nicola and Randolph 1993;
Ramasamy et al. 2004). With the increasing use
of straight shafted piles to resist uplift loads
necessitated accurate assessment of uplift resis-
tance for safe and economical design of pile
foundations. Few theories have been developed
based on the limit equilibrium method to find
the net uplift capacity of the pile (Meyerhof
1973; Das 1983; Chattopadhyay and Pise 1986)
and validated through experimental measure-
ments. The above theories differ mainly in their
assumptions with regard to the shape and extent
of the failure surface. Based on the available
literature, some of these methods are taken up
for further studies. Predictive capabilities of
these methods are re-evaluated with reference
to the reported experimental data available in
literature in addition to data that are obtained
as a part of the present investigation. There
after a simple semi-empirical method has been
proposed for such prediction.

Existing predictive models

In the following sections along with some of the
commonly applied predictive models that were
developed quite early and reported by Johnson
and Kavanagh (1968) and Das (2003) are pre-
sented along with the models developed at a later
stage (Meyerhof 1973; Das 1983; Chattopadhyay
and Pise 1986). For the sake of completeness
these are described here in brief.
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Standard model

Assuming that failure takes place on a cylindrical
surface along the shaft the net uplift capacity of a
vertical pile can be estimated as follows,

Pou = gKdeLz tan § (1)

Where, K is the lateral earth pressure coefficient,
d is the diameter of the pile, y is the unit weight of
the soil, L is the length of the pile, ¢ is the soil-
pile friction angle.

The accuracy of the predictions made by using
this approach would mainly depend on the cor-
rectness of the assumed value of the coefficient of
lateral earth pressure (K). As suggested by
Levacher and Sieffert (1984) and Das (2003)
for bored piles K can be taken as equal to
K() = (1- Sin¢).

Truncated cone model

Field engineers generally estimate the uplift
capacity of the pile by assuming a slip surface as a
truncated inverted cone with the enveloping sides
rising at ¢/2 degrees from the vertical. Dead
weight within the frustum is usually considered as
the ultimate uplift capacity of the pile.

T
Py = 3 L? tan? % Y (2)

Meyerhof’s model (1973)

Ignoring the weight of the pile he suggested an
expression for the pull-out resistance assuming
that under axial pull the failed soil mass has a
roughly similar shape as for a shallow anchor.
Thus,

Pou = gKudyLz tan d (3)

Where K,, = uplift coefficient and can vary with in
wide limits and depend not only on the soil
properties, but also on the type of pile and
method of installation.
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Das’s model (1983)

Based on the model test results, he reported that
the unit skin friction at the soil-pile interface in-
creases linearly with depth up to a critical
embedment ratio. The critical embedment ratio
is dependent on the relative density (D,) and
expressed as,

(L/d),, = 0.156D; +3.58 (ForD; <70%)  (4)

and

(L/d), =145 (ForD; > 70%) %)
The net ultimate uplift capacity of piles in sand
can be estimated as,

1
Po=zpyL*Kutans  [ML/d<(L/d),]  (6)

Py = % pyL2 Ky tand + pyLo K, tan (L — L)
[IfL/d>(L/d)] (7)

Chattopadhyay and Pise’s model (1986)

They proposed a generalized theory to evaluate
uplift resistance of a circular vertical pile
embedded in sand. Assuming the failure surface
to be curved, they estimated the net uplift
capacity of a pile embedded in sand as,

Poy = AyyndL? (8)

Where A; = Net uplift capacity factor and
depends on ¢, 6, and L/d ratio.

Proposed model

In developing the method, for the sake of sim-
plicity, the failure surface is assumed to be a
truncated cone with the edges passing through
the tip of the pile at an angle of f with respect
to the vertical axis of the pile as shown in
Fig. 1. The angle depends on factors like fric-
tion angle and angle of dilatancy (i), which is a

function of relative density of the soil. From
literature it is found that this angle has been
assumed to be any one of the following, namely
dilatancy angle (y), ¢/2 or a function of ¢
(Dickin and Leung 1990).

During uplift of a pile, an axi-symmetric solid
body of revolution of soil along with the pile
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
self weight of the soil and pile. In the limiting
equilibrium condition, ultimate capacity of the
pile attained. A circular wedge of thickness AZ
at a height Z above the tip of the pile is con-
sidered. Forces acting on the wedge are sown in
Fig. 2(a). For evaluating the mobilized shear
resistance AT along the failure surface of length
AL, at limiting condition it is assumed that AT
= AR tan ¢, in which AR is normal force acting
on the failure surface of the wedge. Further the
coefficient of lateral earth pressure (K) within
the wedge is taken as (1-sin¢) tand/tan¢. This
expression for K has been chosen so that é = ¢,
K =K, = (1 -sin ¢), and for other values of 9,
K is a function of K, J, and ¢ (Chattopadhyay
and Pise 1986).

From Fig. 2(b)

AR = AQcosf) + KAQsin0 ©)
where
AQ:V<L—Z—ATZ>AL (10)

AZ . AZ
AR = y(L -7 - T) (cosf + Ksin0) S0 (11)
and

AZ . . AZtan¢
AT = y(L _Z_T) (cosd + Ksind) ———

(12)

Considering the vertical equilibrium of the
circular wedge, and assuming that weight of the
pile of length AZ is equal to the weight of the soil
corresponding to the volume occupied by the pile
for the length AZ;

@ Springer



154

Geotech Geol Eng (2007) 25:151-161

Fig. 1 Pile and failure AP AP,
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A
—2n (x + 7)‘) ATsin0 = 0 (13)

Substituting the value of AT from Eq. 12 in
Eq. 13 and simplifying

AP Ax Aq ,
Aq

2 2
+7IAZ(x+Ax) +7n(x + Ax)7y

Ax AZ
2 “WrL-z-22
i n(x—i—Z)y( 2)

(cosf + Ksinf) tan ¢
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d l=—

In the limit, Eq.14 can be written after substi-
tuting g =y (L - Z)

zZ d 1
2n<tan0+§) (L-2) tan 0
Z d
+2n<m+§)y(L —Z)

d _
az =

x (cos 0 + Ksind) tan ¢ (15)
ar _ Ci(L-2)+C(LZ - Z?) (16)
dz
Where
1
Ci = ndy|——+ (cos 0 + Ksin0) tan ¢ (17)

tan 0
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G = 217 [ ! + (cos 0 + Ksin0) tan ¢ (18)

> tan0 |tan0

Hence gross uplift capacity of the pile P, is given
by

L
P, = / dpPdz
0
L

(19)
= / [C\{(L—-Z)+ C(LZ - Z%)]dZ
0
_ G G,
Py==L7+~L (20)
Net uplift capacity
2
Pou = Py — %Ly (21)

Based on earlier studies (Chattopadhyay and
Pies 1986) regarding the nature of the slip surface,
for piles with L/d > 20, in the present analysis the
failure surface is assumed to be tangential to the
pile surface up to 0.25 L from the tip of the pile.
Hence Eq. 19 is integrated between the limits 0 to
0.75 L and added to the skin friction developed in
the remaining length.

Present experimental investigation

Tests on model piles were conducted in a steel
tank (size 990 x 975 x 970 mm). The tank was
sufficiently large to take care of the effect of the
edges of the tank on the test results as the zone of
influence of the pile due to loading is reported to
be in the range of 3-8 pile diameter (Kishida
1963).

Model piles were prepared from mild steel rod
of 20x 20 mm cross section. The length of
embedment of pile, L in sand bed was 200, 400,
600 and 800 mm resulting L/d as 10, 20, 30 and 40,
respectively. The model piles were embedded in
homogeneous dry sand bed composed of uni-
formly graded Ennore sand (uniformity coeffi-
cient = 1.71 and specific gravity = 2.65).The
values of the maximum and minimum dry unit
weight of the sand were found to be 16.2
and 14.74 kN/m® respectively. Sand was poured

uniformly in the tank by using rail fall technique
to prepare loose and medium dense bed. The
measured values of y, ¢, 6 and D, being 15.4 kN/
m?>, 34°,22°, and 34.4% in loose state and15.8 kN/
m>, 38°, 26°, and 54.3% in medium dense state,
respectively.

Piles were subjected to tensile loading through
a pulley arrangement with a flexible wire whose
one end is attached with the pile cap and the
other end with a loading pan over which dead
loads are gradually placed in stages. A schematic
diagram of the complete experimental set-up with
the loading system and a pile in place and ready
for test is shown in Fig. 3. Two dial gauges with
magnetic base having sensitivity of 0.01 mm were
used to measure the displacement; the gauges
were positioned 180° apart and placed on the pile
cap keeping them equidistant from the load axis.
The load displacement curves for all the piles are
presented in Figs. 4 and 5. From these curves the
gross ultimate uplift capacity of the pile was
determined using double tangent method and
there after subtracting the weight of the pile and
pile cap from the above value the net ultimate
capacity of the pile was found.

Results and discussions

The experimental results obtained from the
present investigation and several others available
in the literature on the subject have been collated.
Using a particular set of predictions as well as
experimental observation made by a particular
investigator, predictions were made for the same
set using all the other predictive models as
described earlier. The obtained results are then
compared with each other and the results are
presented as follows. Predictions were made by
assuming different trial values of f, the angle the
slip surface makes with the vertical. From several
trials so made it was observed that at an angle
equal to ¢/4 the predicted values were in very
good agreement with the experimental results.
Therefore, the same is used for further predic-
tions. In Figs. 6-11 the predicted and the mea-
sured data (common to all the figures for any
particular set of data) are plotted to show the
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Fig. 3 Experimental
setup
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? Legend i
1. String 6. Pile cap
2. Alumumin strip 7. Model Pile
3. Pulleyl 8. Model tank
4. Magnetic base plate 9. Dead weight
5. Dial gauge 10. Loading pan
11. Pulley 2

quality of the predictions. In Table 1 quantitative
comparison of the same is shown; for better
appreciation of the relative predicting capability
of the model a cumulative frequency table for the
data corresponding to the percentage of errors is
presented in Table 2.

Figure 6 shows the comparisons between
Meyerhof (1973) predictions with the measured
net uplift capacity of a pile. From this figure a
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/ 40
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Fig. 4 Load-deflection curves for loose soil
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good agreement between both can be observed as
evident from the fact that most of the data points
lie very close or around the ideal line. For most of
the cases at higher ¢ values the application of the
theory results in over estimation of the value.
From the accompanied table showing a quanti-
tative comparative study it can be seen that the
absolute relative errors between the predicted
values (23 data out of 28) lie in general with in the
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= —
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Uplift load (N)

0 2 4 6 8
Deflection (mm)

Fig. 5 Load-deflection curves for medium dense soil
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range of 2-45% but in some cases the errors are
as high as 55-90%.

Figure 7 shows that the model proposed by
Das (1983) is fairly accurate as 75% of the data
(21 data out of 28) lies on or around the ideal line
with an error varying from 5% to 45%. However
some points are located far away from the ideal
line with errors lying in the range of 51-72%. One

Predicted net uplift capacity(N)
Dash and Pise (2003) expt.results

Loose bed
—#— Lid=8

—&— L/d=16
—=— Lid=24
Dense bed
—— Lid=8
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—o— L/id=30
—e— Lid=40
Present expt.results (Loose bed)
—i— Lid=10
—— Lid=20
—— Lid=30
—H— Lid=40

may interpret these data to be outliers and
exclude them from the total set of the measured
data. But it may not be proper to do so as when
other theories are used some of these data are
located very near to the ideal line.

From Fig. 8 it is observed that the model pro-
posed by Chattopadhyay and Pise (1986) under
estimates the net uplift capacity when L/d ratio is
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Fig. 7 Measured V; predicted (Das’ model 1983) net uplift
capacity

30 and above. From Table 1, it is found that for
60% of the data, error is more for the above said L/
d ratio. However, the rest of the data (17 out of 28)
are close to the ideal line with error less than 45%.

Figure 9 shows the comparison of the values of
the uplift resistance computed by using the pres-
ent model with the values as measured in the
laboratory scale model tests. It is seen that in this
case 95% of the data lies on and around the ideal
line. Unlike some of the earlier methods, these
predictions are reasonably good for long piles
also. From Table 1 it is seen that for 75% data (21
out of 28) the error is less than 45%.

The predictions made by using the cone model
are shown in the Fig. 10; it is observed that the
method over predicts the uplift capacity in most
of the cases when L/d ratio is greater than or
equal to 20. As the L/d ratio increases the per-
centage of error also increases very drastically.
The predictions substantially over estimate the
uplift capacity values for long piles and should not
be used in practice.

Standard method is commonly used in practice
or even in class room teaching and finds its place
in most of the text books (Lambe and Whitman
1969; Das 2003). Figure 11 shows that the use of
this model results in under prediction and hence
their use in practice is on the safer side.
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Fig. 8 Measured V; predicted (Chattopadhyay and Pise’
model 1986) net uplift capacity

From the above study it is found that Meyer-
hof’s model (1973) is by far the best giving good
predictions in 82% of the cases when compared
with model test results; but the adoption of the
method needs the use of graphical charts for
choosing the uplift coefficient (K,). Das’s model
(1983) comes out second in terms of predictions
(75% cases turning out to be good); however, to
apply this method use of the Meyerhof’s charts
are needed to choose the value of the uplift
coefficient. Use of Chattopadhyay and Pise’s
model (1986) gives good predictions (in 61%
cases); but, one needs to use several charts
developed by using a complicated analysis pro-
cedure to get the values of the net uplift capacity
factors. For avoiding the use of charts it is nec-
essary to estimate the gross uplift capacity factor
which involves numerical integration. The pres-
ently developed method of analysis leads to
predictions that are very close (in 75% cases) to
the measured values; thus, these predictions are
better than those proposed by Chattopadhyay
and Pise’ model (1986), matches equally with
those of Das’s model (1983) and marginally
inferior to those by Meyerhof’s model (1973).
But, the proposed model is simple; it neither
involves any complicated analysis nor needs any
graphs.
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good agreement with experimental results (and
comparable with predictions made with other
available models) are made when the angle that
the envelope of the conical failure surface makes
with the vertical is equal to ¢/4. The effects of
parameters like length to diameter ratio, pile
friction angle (J), angle of shearing resistance of
the soil (¢), on the uplift capacity are incorpo-
rated in the proposed analysis. It is found that
adoption of the proposed model to predict the
ultimate uplift capacity of single piles gives values
that are in close agreement with the reported test
results. Predictive capabilities of the some of the
available methods are also checked vis-a-vis the
presently developed method and the experimen-
tal data. It is found that these methods are rea-
sonably good in predicting the uplift capacity of
single piles with the exception of the conventional
truncated cone model that overestimate the
pile capacity and errors on the unsafe side. The

standard method under predicts the pile capacity,
and, as such safe to use in practice.
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