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Settlement of a liquid storage tank founded on piles
Le tassement d'un réservoir fondé sur pieux
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SYNOPSIS: The case-history of the foundation

presented and analyzed.
1.3 meters above

method which combines the conventional "t-z"
group interaction procedure.

1 INTRODUCTION

The circular storage tank of Fig.1 was con-
structed in Thessaloniki (Greece), at a distance
of about 250 meters from the seashore. It 1is
founded on 112 one-meter diameter and 42-meter
long reinforced concrete bored piles and is
capable of storing 150 megaNewtons of liquid
amonia. The 0.8 meter thick concrete slab which
forms the base of the tank was constructed 1.3
meters above the ground surface leaving the up-
per part of the foundation piles outside the
soil.

A geotechnical site investigation performed
at the tank location included three borings with
undisturbed sampling and SPT testing. It revealed
that the soil profile is rather uniform in the
lateral direction and consists of several layers
of soft to stiff silty clay and clayey silt of
intermediate to high plasticity (EE=51, PI=24)
with a few seams of sand. The water content of
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the ground surface permitting accurate measurement of the settlement
inner and outer piles by precise geodetic leveling.
approach for

of a 3B-meter diameter liquid storage tank is
Settlements of the pile group on which the tank was founded, were mea-
sured and compared with the results of analytical predictions.

The pile cap was constructed
of both
Pile settlements were predicted with a
single piles and an elastic pile

the soil is approximately equal or even higher
than the liquid limit in the first 21 meters
while at depths greater than 30 meters, the water
content reduces to values equal or lower than
the plastic limit. Based on the results of a
large number of laboratory soil tests, including
classification, unconfined compression, triaxial
and simple shear tests, and the SPT results, the
design soil profile presented in Fig.2 was es-
tablished.

As soon as construgtion of the tank was com-
pleted, a water load test was carried out inwhich
the tank was filled with 160 megaNewtons of wa-
ter for a period of about ten days. The settle-
ments of 16 piles uniformely distributed over
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the foundation area and the settlements of the
tank periphery were accurately recorded (Badel-
las et.al, 1987).The measured settlements were
compared with pile settlements predicted by a
computational method (Georgiadis, 1984), which
combines the "t-z" analysis for single piles
(Coyle and Reese, 1966, Kraft et.al,1981)and the
elastic interaction approach developed by Poulos
(1978) for pile groups in layered soil. Predic-
tions were made utilizing three different groups
of "t-z" curves so that an evaluation of their
accuracy could be made.

2 SETTLEMENT MEASUREMENTS

To measure the settlement of the tank, bench-
marks were installed on the upper free part of
16 piles (in the 1.3 meter gap left between
ground surface and tank base) and another 8
benchmarks around the slab periphery, as illus-
trated in Fig.3. The variation of the benchmark
altitude with respect to time and load was de-
termined by high precision geodetic leveling
(Badellas et.al, 1987).

The settlements recorded at the end of the
water loading test of the tank are presented in
Fig.3. The piles positioned around the periphery
of the tank settled between 24 and 27 millime-
ters while the settlement of the four central
piles was between 33 and 35 millimeters. The
observed tilt of the tank was very small, proving
that the soil stratification is homogeneous 1in
the horizontal direction.

3 SETTLEMENT PREDICTION

It 1is well known that the settlement of apile
inagroup is significantly larger than the set-
tlement of a single pile, depending on pile spa-
cing and the properties of the piles and the
soll. To predict the pile group settlements a
method (Georgiadis, 1984) which combines the
"t-z" analysis for single piles on axial non-
linear springs and a pile group analysis for
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elastic layered medium,was used. The settlement
of a pile in a group is equal to thesingle pile
settlement plus the settlement caused by the
stresses vwhich are transferred to this pile from
the other piles. For a group of n piles which
are connected through a flexible pile cap the
assumption of equal load distribution can be made
and therefore :

Py

n
g = Pig * E (ai-p. ) (1)
#

where pjg 1s the settlement of pile 1 inagroup
of n piles, pjg is the settlement of pile 1 if
it was single, pje is the elastic settlement of

pile i1 considering it as a single pile in a 1i-
nearly elastic soil, and ajj is an interaction

factor between piles i1 and j (Poulos, 1978).
3.1 Single pile settlement Pig

The settlement p was computed from a single
is P

plle analysis in which the pile is treated as an
elastic bar and the soil as a series of non li-
near axial springs. To evaluate the spring cha-
racteristics ("t-z" curves) at several depths,
the unit skin friction profile of the pile was
established from the equation :

t = ac (2)

where tmax is the ultimate unit skin friction,

4 the undrained shear strength of the soil and
a an adhesion factor which depends on 4 (Tom-

linson, 1981).

Load transfer-pile movement relationships
("t-2z" curves) were determined using three dif-
ferent approaches (Coyle and Reese, 1966, Vijay-
vergiya,1977 and Kraft et.al,1981) which are
briefly described below :

a) Based on the results of field and laboratory
tests on instrumented piles Coyle and Reese
(1966) developed relationships between the
ratio of load transfer to soil shear strength
(t/cu) and the pile segment movement (z).

Their curve "C" which is most appropriate for
long piles was adopted in the present study
and was normalized with respect to the ulti-
mate unit skin friction tmax (Table I).

Table I. Coyle and Reese "t-2z" curve.

t/tmax 0.0 0.3 0.6 0.75 0.2 0.95 1.0

z (mm) 0.0 0.38 0.76 1.02 1.27 1.78 100.0

b) The "t-z" curve proposed by Vijayvergiya (1977)

is described by the following empirical
equation
t/tmax = 2/z/zc - z/zC (3)



where z_ is the critical movement of the

pile segment at which t is mobilized. For

max
piles with diameter greater than 0.3 meters
the value of z, is of the order of 5 to 7.5

millimeters and independent of the pile dia-
meter.

c) More recently Kraft et.al (1981) generated
the following theoretical "t-2z" relationship:

z = ==-2- 1n(--F--8—- ) (4)

where T, is the pile radius, rm is the zone

of influence beyond which shear stresses be-
come negligible ( = 2.5 Lp(1-v)), Gi is the

initial shear modulus, v is the Poisson's
ratio, L is the pile length, p is the ratio
of shear modulus at depths L/2 and pile tip,

¥ = th/tmax and Rf is a shear strain curve

-fitting constant. Using the following hyper-
bolic stress-strain relationship (Eq.5) pro-
posed by Hardin and Drenvich (1972), % becomes

equal to one.

- L. (5)

where T is the shear stress,
rain an
strain and Thax

Y is the shear
is the soil shear strength.

The initial shear modulus Gi can be deter-
mined from the equation (Hardin and Drenvich,
1972) :

(2.973 - e)? i
G, = 1230----=-=—mmmme- (OCR) /oé (6)

where e is the void ratio of the soil, OCR the
overconsolidation ratio, K a factor which
depends on the plasticity index and 06 the

principal effective stress. The values of G

i
derived from the above equation, are presented
in Fig.2.

Typical "t-2" curves determined for the first
soil layer using the above three relationships
are presented in Fig.4.

In addition to the pile shaft springs, a non-
linear spring is attached to the pile tip. Cha-
racteristics for this spring ("g-z" curves) have

been proposed by several investigators (Vijay-
vergiya, 1977, Armaleh and Desai,1987). However,
the piles of the present study are primarily

friction piles and therefore the effect of va-
riation of the end bearing spring proved negli-
gible.

3.2 Elastic pile settlement pie

To determine the elastic settlement Pie of a

single pile, the initial linear part of the
load-pile head settlement curve derived from the
"t-z" analysis is extrapolated as illustrated
in Fig.5 and the settlement which corresponds to
the single pile load is found.
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3.3 Interaction factors aij

The interaction factors aij were determined by

means of the computer program DEFPIG (Poulos,
1978) which analyzes pile groups in layered soil
If the moduli of elasticity of all soil layers
were very well defined and the soil response was
linear, this program could also be used to com-
pute directly the pile settlements.In the present
study however, the program was only utilized to
determine the interaction factors and therefore
a very approximate evaluation of theelastic soil
modulus (E=2cu) was adequate. It has been proved

that varying the elastic modulus has only minor
effects on the interaction factors.
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Figure 6 Predicted and Measured Tank Settlements
4 RESULTS

The measured tank settlements and those pre-
dicted by Equation (1) are compared in Fig. 6
which shows the mean settlement along a tank
diameter. Settlements predicted with the three
sets of "t-2" curves range between 28 and 36
millimeters for the central piles and between
21.5 and 27.5 millimeters for the outer piles,
while the measured settlements ranged between
33 and 35 millimeters for the central piles and
between 24 and 27 millimeters for the outer pi-
les respectively. It is noted that the predic-
tions made using all three sets of "t-z" curves
are quite satisfactory. It is clearly shown how-
ever, that the most accurate predictions were
obtained from the analysis which utilized the
Kraft et.al (1981) "t-2z" curves. In this case
predictions and measurements almost coinside.

The fact that the predicted slab deflections
follow the same pattern with the measured def-
lections proves that the assumption of uniform
load distribution among the 112 piles of the
group, which was adopted in the analysis, is
justified.

5 CONCLUSIONS

Settlements of a large group of bored piles
which are used to support a liquid storage tank
on clay were measured during a water loading
test and compared with predicted pile group
settlements. The method used to predict the pile
group response consisted of a conventional "t-
z" analysis for single piles augmented by the
introduction of an elastic pile group interac-
tion.

The fact that the computed pile group res-
ponse corresponds well with that measured on
site demonstrates the satisfactory performance
of the computational method.
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