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bearing pressure on the subsoil satisfying the shear failure and

Where the tanks are required to be located on weak subsoils - loose
gand, recent alluvium, soft clay, marine clay, etc. - the foundations
need to be designed carefully to ensure safety. If need be, the sub-
soil conditions should be improved so that the settlement is within
permissible limits.

DESIGN CRITERIA FOR TANK FOUNDATION

The two important considerations to estimate the allowable soil
bearing pressure for foundation design are |

a. Shear failure criterion
b. Settlement criterion
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Fig.1 : Bearing Capacity Failure Modes
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The field control methods for successful ground improvement are also discussed

These two criteria are independent of each other and both must
simultaneously be satisfied Firstly, it should be ensured that the
foundation system has an adequate safety factor against shear failure.
Second, the total and differential settlements should be within the
overstressing or opening up the welded connections.

Shear Failure Critenion

Two modes of foundation instability with respect to shear need to be
considered. These are -

a Base shear failure
b. Edge shear failure

Base shear failure involves a deep seated rotational movement of the
tank with soil mass as a rigid body. For sofi clays subjected to
undrained failure, the slip surface is usually circular. For this mode
of failure to occur, the thickness of the weak layer should be
comparable to the tank diameter. Heaving of the surrounding ground
accompanied by tilt of the tank would be a clear indication of this
mode of failure (Fig. 1).

Localized failure near the edge of the tank may occur due to the
presence of relatively thin weak layer or a localized weak pocket.
This mode of failure causes distortion of the flexible bottom and
consequent rupture of the welds. (Fig.1).

The basic premise of these two modes of failure is that in the former
case, the tank fails as a single unit while in the latter case only a
limited portion of the tank base comes into play. It has been reported
that the latter case is more critical than the former one because it may
also lead to tank base distortion, thereby culminating into loss of
contents

Additional modes of failure, particularty in vanable deposits with thin
! localized soft soils (Datye, 1986) include :

(i)  Squeezing of soft layer below the tanks - This mode of falure
involves squeezing of clay layer sandwiched between two stff
layers  Failure is accompanied by punching of the tank



the tank penphery and will be accompanied by setilement.
There would be no heave (Fg 1),

(o)  Pockets of loose soil may get punched  This may cause
abrupt changes in settlements resulting in tank failure It is
possible to prevent damage by this mode of foundation
deformation by stage loading of the tank and re-leveling /
grouting

Settlement Critenion

Settlement can cause the tank to fail structurally and collapse even il
the factor of safety against shear failure is high Hunt (1986)
discussed the effects of settlement on a steel storage tank (Fig 2). In
general, the settlement are of two types -

a Uraform settlement
b Dufferential settlement

Flat bottom tanks are flexible structures and generally can tolerate
substantial total and differential settlement if they are structurally
sound Total settlement of 150 to 500 mm are relatively common

A storage tank consists of four main structural elements - shell,
bottom plate, connection of shell to bottom plate, and roof The
seitlement pattern influences each of these components The
differential settlement may result in failures such as distortion of shell
resulting into the floating rool’ malfunctioning or rupture the shell or
bottom plate or shell - bottom plate connection.

Uniform, total settlements of a tank are usually not of major concem
except for effects on connecting piping. Differential settlement along
the wall of a tank is of critical concern. This can cause distortion and
buckling of the shell and have the secondary effect of causing
ovalization of the shell and binding of floating roofs.
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Fig.l1: Effects of Settlement on a Steel Storage Tank
(After Hunt, 1986)

Uniform Settlement

Foundation loads can produce basically three types of settlement
These are

a. Immediate or elastic settlement
b Primary consolidation settlement
c. Secondary compression settlement

Differential Settlement
Differential settlement acts as the governing parameter because it can

lead to the rupture of the tanks, culminating in excessive soil spillage.
It may even lead to malfunctioning of floating roof of the tank.
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pifferential scttlement oniginates due 1o the following causes -

@ poo - homogencous geometry/compressbility of the soil
depost

@) moa-uniform stress distribution e
Planar tilt of the shell reduces the frecboard and places additional
(owalization) of overstress the shell causing the floating roof 10
malfunction.  Non-planar settlement of the botiom plate may cause
a dish shaped settlement contour (distung) or localized depressions
Noa - planar settlement of the shell bottom plate connection could
resull i the rupture of the weld  The cntena recommended by Marr
ol (1982) for dufferential setdemnent of tanks is presented in Fig 3

STABILITY UNDER DYNAMIC LOADING

On the bass of the observations of numerous carthquakes around the
world, damage to tanks can be placed in the following five gencral
categorics (Cambra, 1982)

5 Buchiing mear the base - Lateral forces produce overturning
may result in buckbng near the base  The buckhng manifests itself as
ather an outwards bulge, termed a3 “clephant’s foot buckling” or as

b Buckling of roof and upper iank walls | Waves generated by
lateral motion may result in buckling of roofs and upper tank walls as
well as faulure of internal roof support column

c Damage o piping and other appurienances @ Movement of
tank during sexsmic activity may result in damage 1o piping and other
ppurtenindes

d Soil foilures . The types of soil failure identified include

nstabadity of beaning caused by hiquefaction, wash out due 1o ruptured

Fhmui;iulhwﬁuhulrﬂﬂtﬂ'lg from high bearing loads at the base
e

e Uplifring . Large uplifling displacements of the tank  shell
impose large siresses in the base plate annulus near the tank wall
This may result in extensive tearing of the tank bottom plate and
ultimate Joss of tank contents

TANK PERFORMANCE

Before the tank is filled with oil / petroleum products, it should be
bydrotested. The hydrotest is a performance study of the tank and
thus plays a significant role in ensuring its safety.  Also it allows
major part of the settlement that occurs duning the test so that the
settlement duning the working life of the tank is restricted

If the rate of loading during the hydrotest is high, the possibility of
failure of the tank cannot be ruled out. The rapid loading of the
subsodl results i bulding up of high cxcess pore water pressure in the
subsod, particularly in clay deposits  This cumulative build up of
Pore  pressure under undraned condiion of loading cventually
nggers ground movement keading (o fmlure

The estimate of time required for hydrotest must take into account
'hflﬂlhﬂlh:ﬁnmgfmmwumuﬂﬂ
dusmpanion is a function of subsoil charactenstics and magnitude and

ur

spatial distribution of induced stress.  Unfortunately, except for a few
hydrotest data available (Rao 1993, Ranjan 1998), there is lack of
data avalable on monitoning dunng the bydrotest  Further, the tme
for hydro-testing in India is totally arbitrary, sometimes depending
upon absurd factors such as  the avalshilry of water supply,
convemence of lesting personne] etc.

A scentific approach to the problem would be to permit a relatively
high rate of loading say of the order of about 1 m beight of water per
day upto a pomnt af which exoess pore water pressures and ground
loading should be sutably reduced Further, stage loading followed
by & pause o every stage is also useful since ot not oaly reduces
excess pore pressure but also leads to higher factor of safety against
shear falure Much higher rates of loading may however be adopted
in case of tanks on free draining soils.

CASE STUDY

A case study discussing the load testing and performance evaluation
of granular ples installed &t a project site near the bank of River
Yamuna at Dellu is presented here. At this site, three 22 mdia, 10 m
high stecl tanks were planned for storage of water for fire fighting
Prpose.

The net apphed pressure on the subsod due to the load on the tank
was about 10.5 T/m". On the peripbery of the tank, due to stress
concentration and hoop stresses, the pressure is about 125 T/m®.
Analysis of the soil boring data indicated that the settiement under the
apphed beanng pressure may excesd 100 mm (the tolerable
scttlement as per the project specifications).
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Fig. 4 : Site Stratigraphy

To mmprove the density of the loose subsod and 10 reduce the total
scttlement, it was decaded 10 install 400 mm damcter 12 m long
rammed granular pides o & the soil so as 10 ensure a safe sod
beanng pressure of 12 T/m®. Tral gramular piles were installed at
spacingsof 12,15 and 1 8 m Bonng was done by DMC method
A surface casing of about 2 m length was used A than (5 percent)
bentonite shury was crculated to mamntain the borehole stable The



stone aggregate (40 mm, 20 mm and 10 mm mixed, graded) and
coarse sand were placed in | m thick layer

Ramming was done on the gravel using a 600 kg hammer falling
through a height of 3 1o 3.5 m The set critenion developed from ficld
observations was as follows (Samjay Gupta and Ravi Sundaram,
1596) -

Apply minimum 25 blows on the gravel layer

Record penetration of the gravel for every 5 blows

(n
@)

(3) N the set (lowering of level of gravel) is more than 2 cm for §
blows, ram the gravel further by giving 5 more blows and

check the set obtained

If the set for 5 blows is less than 2 cm, the next charge of sand
and gravel may be poured

Fig 5 presents a companson of dynamic cone penetration tests before
and after improvement The extent of improvement achieved
indicates the compaction of the sand that has been taken place
between the granular piles.

Fig 6 presents results of load test on group of granular piles for the
different spacings selected. These results suggest that for centre to
centre spacing of 1.8 m between the granular piles, the improvement
achieved is not significant. Further, the 1.5 m spacing between the
granular pues appears to yweld optimum compaction. The reduction
of the spacing 1o 1.2 m does not yield any significant advantage.

The final design and installation was done maintaining a 16 m
spacing in the ceniral portion of the tank and 1.4 m spacing in the
periphery. Two rows within the tank area and two rows outside the
tank area had the reduced spacing of 1.4 m. A triangular grid pattern
built up on a hexagonal layout was used,

A hydrotest was conducted on one of the tanks. The tank shell
settled by about 20 mm under a 10 m water height, thereby indicating
successful ground improvement.
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Fig. 5 : Dynamic Cone Penctration Test Before and After
Improvement
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Fig6 : Load Settlement Behaviour of Improved Ground
CLOSURE

The allowable bearing pressure at the base of large diameter welded
steel tanks should be decided based om the shear failure and
settlement ¢cntena.  While these tanks can withstand large total
settlements, differential settlements can be critical. If required,
ground improvement may be done to support tanks on weak sub-
strata.  There is an urgent need to standardize the procedure for
hydrotesting of tanks.
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