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Lon g - t e r m  p e r f o r m a n c e  of tank farm placed o n  soft river delta deposits 

Le comportement à long terme de silos de ferme fondé sur des dépôts m o u s  de delta

S.HANSBO, Professor, Chalmers University of Technology, Gothenburg, Sweden, and Consulting Engineer, A B  Jacobson & 

Widmark, Lidingô, Sweden

SYNOPSIS. In 1967 eight fuel storage tanks were built in the oil harbour of Karlstad, Sweden, 
situated at the mouth of the river KlarSlven on the northern shorefront of lake VSnern. The soil at 
the site consists of young heterogeneous river sediments, mainly fine sand and silt with organic 
matter, underlain of glacial clay on till. Three of the tanks were monitored with settlement hoses 
in order to measure the settlement profile in two perpendicular directions across the tanks. The 
settlements along the cylindrical shell of one of these tanks, and of three others, have been 
continuously measured ever since the tanks were taken into service (more than 20 years). This paper 
contains a presentation and analysis of the results of these observations with regard to prediction 
and criteria for tank design.

INTRODUCTION

The problems normally encountered in tank foun
dation design have been summarized by the Author 
in a state-of-the-art report (Hansbo, 1987). The 
tank farm which is under consideration in this 
paper is situated on young river delta deposits 
whose geotechnical characteristics are very 
unfavourable from the foundation point of view. 
The study of this tank farm forms an illustra
tive example which includes some important as
pects in tank foundation design.
The tanks were built in 1967, and subsequent 

to being test-filled with water they have been 
in continuous service. The variation in level of 
filling, typical of storage tanks, entails an 
oscillating loading condition but the maximum 
load will always be below the water test load.
The tank farm has 8 cylindrical steel tanks. 

Fig. 1, with fixed roof. Four of the tanks have 
been subjected to periodic levelling over a 
period of 20 years.
The tanks were founded on compacted gravel 

pads (average thickness 0.5 m) which sloped 
upwards towards the centre of the bottom of the 
tanks. Underneath the shell of the tanks, the 
soil was reinforced by means of an annular pad 
of compacted gravel and cobbles, 1 m in thick
ness and 1 m in width. Fig. 2.
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Fig. 1. Oil tank farm and tanks under observa
tion.

SUBSOIL CONDITIONS

The geotechnical characteristics of the subsoil 
were investigated by means of cone penetration 
tests (mechanical device, type Nilcon, see Broms 
& Flodin, 1988) and by continuous sampling using 
the Swedish standard piston sampler (see 
Kallstenius, 1963). Typical results obtained are 
shown in Fig. 3. Before the soil investigation 
was carried out, a 1-1.5 m thick layer of 
hydraulic sand fill had been placed on the 
original ground surface. The natural soil below 
the fill consists of silty sand and sandy silt 
to a depth of between 15 and 20 m, underlain by 
approximately 3 m of clayey silt and 5 m of

compacted g ra v e l padex paai
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and cobb les

Fig. 2. Foundation of tanks.
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varved clay on till with a thin parting of sand. 
Broadly the grain size of the soil decreases 
with depth - an earth layer sequence which is 
typical of river deposits in northern Sweden. 
The sand and silt deposits contain visible plant 
remains to a depth of around 14 m and are in a 
very loose and heterogeneous state (average void 
ratio e = 1.0).

From the results of oedometer tests the clayey 
silt and the upper part of the clay layer (down 
to a depth of approximately 24 m) were found to 
be overconsolidated while the clay at greater 
depth was found to be normally consolidated. 
Fig. 4. The virgin compression ratio of the clay 
according to the oedometer tests is CR = Cc/(1 + 
+e ) = 0.30. The constrained compression modulus 
M=T/mv was found to vary between 4 and 12 MPa 
for the sand and between 6 and 10 MPa for the 
overconsolidated silt deposits.

vertical stress, kPa

▼ oedometer test results 

• empirical (â ,=cu/0. 45wL)

Fig. 4. Stress history of subsoil (initial over
burden effective pressure and preconsolida
tion pressure ô ,) and stress increase due to 
test-f il1ing.

INITIAL SETTLEMENT

The initial settlement of the tanks monitored 
with settlement hoses, tanks 1-3, was calculated 
on the basis of the M values obtained for the 
sand and the overconsolidated silt and an as
sumed modulus of elasticity of the normally 
consolidated clay E = 150cu (Poisson's ratio v = 
= 0.5). The result thus obtained agreed well 
with observations for the larger tanks 2 and 3, 
but exceeded the observed values for the smaller 
tank 1 by 55-65 % (Hansbo S Torstensson, 1968). 
The settlement during the period of static test- 
loading increased considerably, Fig. 5.

Fig. 5. Settlements of tanks 1-3 in two perpen
dicular directions immediately after being test- 
filled with water and at the end of the testing 
period (27 days for tanks 1-2 and 34 days for 
tank 3).
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Ever since tanks 3-5 were taken into service, 
the shell settlement has been followed-up by 
periodic levelling. The results are given in 
Fig. 6.
The long-term settlement of the tanks is de

pendent on the creep characteristics of the sand 
and overconsolidated silt, on the consolidation 
characteristics of the clay, and on the ampli
tude and number of loading cycles during the pe
riod of service.
The easiest part of the problem of long-term 

settlement prediction is undoubtidly the cal
culation of the consolidation settlement of the 
clay layer. Furthermore, the creep behaviour un

der static loading condition can be estimated on 
the basis of the increase in settlement during 
the period of test loading. However, oscillatory 
loading seems to make a considerable contribu
tion to the long-term settlement, and this con
tribution can only be estimated on the basis of 
local experience or experience of tank behaviour 
in places with similar geotechnical subsoil 
characteristics.
Taking tank 3 as an example, after 20 years 

in service with maintained maximum load (tank 
completely filled) we find the following con
tributions to the settlement of the shell: 
-initial settlement (measured) 0.28 m 
-primary and secondary consolidation of clay 
about 0.15 m 
-creep in sand and silt about 0.50 m 
This gives a contribution of about 0.93 m while 
the observation shows a settlement of about 
1.21 m (1.30 times the calculated value esti
mated on the basis of conventional static load
ing analysis)

LONG-TERM SETTLEMENT

time in service, years

of observation equally distributed around the 
shel1.
Assuming that is the settlement at point i, 

the out-of-plane settlement s^ , Fig. 7, can be 
expressed as

Si = 0i - Zj (1) 
where zi = A0 + Ajcostipi +0)

(Pi = 2TTi/N (i = 1 ,2,3,... N)
A0 = (1/N )t pi = average measured settle
ment ______________________
A 1 = (2/N) /[EPiCOS^) 2 + (Spisinipi) 2

6 = arctan (Ep^inn^/Ep^osii^)

Fig. 7. Definition of symbols used in Eq. (1).

The angle of tilt is equal to 2Ai/D, where D = 
tank diameter.
The differential out-of-plane settlement ¿Si 

at point i can be calculated from

isi = si " (si-1+ si+1)/2 (2)

The average shell settlement, the planar tilt 
and the maximum differential out-of-plane shell 
settlements over 3 consecutive measuring points 
thus obtained after 20 years in service are 
given in Table 1.

Table I. Average shell settlement Pa v < planar 
tilt 2A1/D and maximum differential out-of-plane 
settlement ASi of the shell over 3 consecutive 
points after 20 years in service.

Tank
No

D (m) /H(m) P (m)Hav
2A1 /D As.̂  (m)

3 30.4/18.0 1.210 0.011 0.049

4 26.6/18.0 1.210 0.005 0.059

5 20.6/18.0 0.815 0.012 0.105

6 20.6/18.0 0.507 0.010 0.077

Fig. 6. Average shell settlement vs. time in 
service for tanks 3-6. Height of tanks H=18 m. 
Diameter of tanks: D,= 30.4 m, D4= 26.6 m, Dc = 
D6= 2 0.6 m.

DIFFERENTIAL SETTLEMENT

The tilt and out-of-plane shell settlement of 
tanks 3-6 were calculated according to Malik et 
al. (1977), based on the levelling of 6 points

PERMISSIBLE SHELL SETTLEMENTS

For tanks with fixed roof tilt is generally of 
no concern. On the other hand the differential 
out-of-plane settlements can cause overstressing 
of the shell. A criterion related to overstress
ing of the shell was first proposed by de Beer. 
However, de Beer's criterion concerns floating 
roof tanks, while, in our case, we have to deal 
with fixed roof tanks. For this type of tank de 
Beer's criterion leads to very conservative 
values. Marr et al. (1982) summarized data on
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measured shell settlements from published cases 
that show large and unusual deformations. They 
could not find any case where the shell had 
ruptured due to differential settlement.Using 
the simple beam theory, the relation between 
failure stress Of and out-of-plane differential 
settlement is^ can be obtained from the relation

As± = KCfTT2D 2/N2EH (3)

where D = diameter of the tank
H = height of the shell
E = modulus of elasticity of the steel in 

the shell.
K = constant 

At tensile failure K equals 55. The correspon
ding value of K at the initiation of strain 
hardening equals 7. The largest K value accord
ing to the measured differential settlement in 
the case studies reported by Marr et al. is K = 
12.1.
On the basis of their case studies and the 

result based on the beam theory Marr et al. 
recommend K = 7 for the performance criterion. 
Replacing for the yield stress, a =0.6af, 
the criterion is given in the form

As ± < 1 1oyTT2D2/N2EH (4)

In our case o = 260 MPa (o^ = 430 MPa) and E 
= 2.1x10 MPa. This leads to the following al
lowable values of ¿Sj: 
tank 3 0.192 m
tank 4 0.147 m
tanks 5 and 6 0.088 m
Except for tank 5 the measured out-of-plane 

shell settlements are within the limits given 
by Eq.(4). The differential settlement of tank 5 
corresponds to a K value of 7.9, i.e. 13 % above 
the value recommended by Marr et al. but, on the 
other hand, only 65 % of the largest K value 
observed in their case studies. No sign of 
structural damage can be observed.

SETTLEMENT OF BOTTOM PLATE

Unfortunately, it has not been possible to fol
low up the measurements of the bottom plate 
settlements carried out at the time of test 
loading. Too pronounced a curvature of the set
tlement hoses near the shell made it impossible 
to insert the measuring instrument into the 
hoses.

However, assuming that the settlement ratio 
^cen^shell measured at the end of the test- 
loading period remains constant (an assumption 
most probably on the safe side), then the dif
ferential settlement of the bottom plate would 
be approximately 0.6 times the shell settlement 
for the larger tanks 3-4, and 0.7 times the 
shell settlement for the smaller tanks 5-6. This 
assumption results in differential bottom plate 
settlements of 0.73 m for tanks 3-4, and 0.57 m 
and 0.36 m respectively for tanks 5 and 6. 
Accordingly, the differential bottom plate set
tlements of tanks 4 and 5 slightly exceed the 
tolerable limits given by D'Orazio & Duncan 
( 1987 )— for the settlement profile shape of the 
bottom plate assumed in our case equal to 2.5% 
of the tank diameter— i.e. 0.67 m for tank 4 and
0.52 m for tank 5.

The initial settlement due to test filling of 
the tanks, could be predicted with acceptable 
accuracy, mainly on the basis of constrained 
moduli determined by oedometer tests. On the 
other hand, prediction of the long-term settle
ment, if based on conventional settlement analy
sis, strongly underestimates those observed. 
This is in agreement with the findings of Alai- 
Omid et al. (1985). A possible explanation for 
the difference between prediction and actual 
performance could be the oscillatory loading 
condition. Obviously, for the prediction to be 
reliable it has to be based on experience of 
results obtained in similar cases.

The criterion related to overstress of the 
shell due to differential settlement, Eq.(4), 
suggested by Marr et al. (1982), is met with for 
all of the tanks except one. No structural dam
age has been observed. This confirms what was 
pointed out by Marr et al., namely, that the 
shell can in fact sustain very large differen
tial settlement without any risk of failure.

SUMMARY
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