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Foundations for Cylindrical Storage Tanks
Les fondations des réservoirs cylindriques

by D o n  V . R o b erts , Associate Dames & Moore, Consulting Engineers, 2333 West Third Street, Los Angeles 51, 
California, U.S.A.

Summary

The foundation requirements and other characteristics of 
cylindrical storage tanks are reviewed in general terms. A dis
cussion is presented of the permissible settlement behavior for 
tanks and other distinguishing features. The types of foundations 
used for a variety of soil conditions are reviewed. These founda
tion solutions include the use of a sand pad, a concrete or crushed 
rock ring wall, an interlocking sheet pile ring wall, and a pile 
foundation with a crushed rock pile cap.

Introduction

In  selecting build ing foundations, it is quite im portan t to  
consider th e  un ique  characteristics o f the p lanned  structu re  
in ad d ition  to  evaluating  th e  b ehav io r o f the soils up o n  w hich 
the s truc tu re  will rest. T his is particu larly  tru e  w ith cylin
drical sto rage tanks, w hich form  a fam iliar p a rt o f petro leum  
refineries, chem ical p lan ts, and  m any  o ther m anufacturing  
industries.

A  cylindrical storage ta n k  is a sim ple structure . I t  consists 
o f  a  nearly  flat m etal b o tto m , a  th in  cy lindrical shell, and  
either a fixed or floating roof. D esp ite  th e  ap p aren t sim pli
city  o f storage tanks, there  is relatively  little  in form ation  
availab le  concerning the perm issible soil behav io r fo r these 
structures and  the types o f foundations w hich can  be used.

The purpose o f  th is paper is to  discuss the follow ing :
(1) The unusual characteristics o f  cy lindrical storage 

tanks in com m on use.
(2) T he types o f tan k  foundations w hich have  been used 

o r considered in  com m on practice.
(3) T he m ajo r uncertain ties w hich exist in  predicting  the 

founda tion  behav io r o f  tanks.

Structural Considerations

I t  is possible to  ob ta in  cylindrical storage tanks w ith d ia
m eters rang ing  from  15 feet to  250 feet. T he tan k  heights 
norm ally  range from  16 feet to  a m axim um  o f 56 feet. The 
tan k  bo ttom  is no rm ally  one-fourth  inch in thickness and  is 
generally  fab ricated  by lap-w elding. T he tank  bo ttom  n o r
m ally extends a  m inim um  o f one inch beyond the tan k  sh e l l ; 
th is perm its field erection by  m eans o f w elding bo th  the 
inside and  outside o f the shell to  the tan k  bo ttom . T he tan k  
shell m ay  be considered as a  series o f welded r in g s ; each 
ring  is no rm ally  eight feet in height. The shell rings increase in 
thickness from  top  to  b o t to m ; a m axim um  thickness o f 
one and  one-half inches is used fo r tanks over 48 feet in 
height.

Tw o types o f roofs are  in com m on use : a  cone ro o f  and  a 
floating roof. T he cone ro o f  is perm anently  a ttached  to  the 
tank  shell and is supported  by  a  series o f rafters, girders

Sommaire

Après des généralités concernant les conditions que doivent 
remplir les fondations des réservoirs cylindriques et certaines de 
leurs autres caractéristiques, cet article étudie le comportem ent des 
réservoirs soumis à des tassements admissibles.

Les différentes sortes de fondations utilisées pour les différentes 
propriétés du sol sont examinées. Les solutions adoptées com
prennent des couches de sable, murs annulaires de béton ou de 
pierres, rideaux de palplanches en forme d’anneau et une fonda
tion sur pieux avec un casque constitué de grosses pierres.

and  colum ns. A floating ro o f is free to  rise and  fall w ith the 
varia tion  in level in the tan k  contents. T he floating ro o f  is 
k ep t in the center o f the tan k  by  special devices.

A critical fea tu re  o f  a  floating ro o f tan k  is th a t the clearance 
betw een the ro o f  and  th e  tan k  shell is fairly  sm all. T he floating 
ro o f  will n o t function  if the tan k  shell becom es d istorted . 
M alfunction ing  o f a floating ro o f  can result in  serious explo
sions o r roof-collapse should  a vacuum  be created  between 
the tan k  conten ts and  roof. T ypically , the difference betw een 
the m axim um  and  m inim um  tank  diam eters can n o t exceed 
eight inches. This is an  im portan t factor w hen selecting 
tan k  foundations, since a sm all am oun t o f differentia] 
settlem ent a round  the base o f the tan k  can p roduce a 
m agnified d is to rtion  along the top  o f the tank  shell.

Typical Tank Foundations

General— The selection and  design o f tan k  foundations 
m ust consider factors w hich are  quite different th an  for 
o ther types o f structures. These factors are as follows :

(1) A  cylindrical storage tan k  is an inexpensive structu re  
for its size. As an  illustration , a  48-foot-high tan k  w ith a d iam e
te r o f 140 feet will hold  m ore th an  130,000 b a rre ls ; yet the 
cost o f such a  tan k  m ay  be on ly  2200,000. Unlike most 
structures, the cost o f  a tank foundation can exceed the cost 
o f  the tank itself.

(2) A tan k  is very light in com parison  w ith its contents- 
T he average load  im posed on  the subsoils can  be increased 
from  a negligible am oun t to  m ore than  3,000 pounds per 
square foo t in a very sho rt period  of tim e during hydrosta tic  
testing. By con trast, there is a g radual increase in the founda
tion  loads during construction  fo r m ost buildings. Thus, 
unlike o ther buildings, alm ost all o f the tank  loading is applied 
suddenly  after com pletion  o f the structure. W ith  the rapid  
application  o f loads, it is often possible to  separate  “ elastic” 
deflections from  m ovem ents resulting from  consolidation .

(3) A  cylindrical storage ta n k  can w ithstand large settle
m ents. U niform  settlem ents o f  six inches to  a foo t are n o t
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uncom m on. M any  tanks are  still in use even follow ing 
settlem ents as large as th ree feet. A  tan k  b o ttom  is quite 
flex ib le ; relatively  large deflections can occur betw een the 
center and  edge o f the tan k  w ithout harm . H ow ever, differen
tia l settlem ent a ro u n d  the perim eter o f the tan k  can be very 
critical— since th is can  cause serious d is to rtions o f the tan k  
shell o r m alfunctioning o f a floating roof.

(4) T he bo ttom  o f a  storage tank  is quite th in  and  will 
rem ain  in con tac t w ith the subsoils during settlem ent. T hus, 
a  storage tan k  is un ique in th a t the loads are  uniform ly 
applied to  the subsoils. Since m ost theories o f applied soil 
m echanics assum e a uniform  application  o f pressures a t the 
foundation  level, the subsurface stress conditions and  deflec
tions can be predicted m ore accurately  w ith storage tanks 
than  w ith m any o ther types o f structures.

(5) If  adverse differential settlem ents occur, a  tan k  can be 
releveled fo r a  re latively  m odest cost. W here it is perm issible 
to risk re-leveling tanks, it is possible to  use a tan k  design 
with an  exceedingly low m argin  o f safety. H ow ever, the 
econom ics o f tan k  re-releveling will depend on  the effects 
o f  tak ing  a tan k  tem porarily  ou t o f opera tion . T hus, a  low 
m argin  o f  safety is perm issible only  w here the ta n k  conten ts 
could  be pum ped elsewhere in the even t o f failure o r during 
re-leveling.

Ideal Soil Conditions— A typ ica l ta n k  fo u n d a tio n  for 
ideal soil cond itions is illu stra ted  on  Fig. 1. T he site should

Fig. 1 Typical foundation treatm ent for good soil condi
tions.

Solution type pour des fondations sur sols de bonne 
qualité.

be stripped  o f  all topso ils  an d  organ ic  m ateria l. Follow ing 
site stripp ing , it is necessary  to  re-com pact th e  exposed 
subgrade and  to  p lace the tan k  b o tto m  on  a  p ad  o f  sand or 
gravel. T his p ad  is usually  a m in im um  o f fo u r inches in 
th ickness and  is n o rm ally  elevated  over th e  su rround ing  
g rade to  p rov ide  sa tisfac to ry  drainage. T he cen ter o f the 
tanks is generally  crow ned  o r e levated  above th e  tan k  
edge. A  slope o f one inch per ten  feet o f ta n k  rad iu s is often  
used ; th e  crow n is som etim es lim ited  to  a  m axim um  o f six 
inches fo r large sto rage tanks. T he pu rpose  o f elevating  the 
cen ter o f  the  ta n k  b o ttom  is to  perm it ad eq u a te  d rainage 
w ith in  th e  ta n k  b o tto m  follow ing settlem ent.

I t  is generally  p referab le  to  p lace th e  ta n k  on  a  layer 
o f oiled sand  ; how ever, p o u ring  oil d irec tly  on  th e  sand 
p ad  is ra re ly  perm issible, since to o  m uch oil cou ld  resu lt 
in a fire w hen the  b o tto m  o f th e  ta n k  is welded.

T he w eight o f th e  ta n k  shell and  ro o f  can resu lt in  concen
tra te d  loads as high as 1 400 pounds per lineal foo t a long 
th e  base o f th e  ta n k  shell. Since the  shell is a ttached  to  a 
flexible ta n k  bo ttom , ab ru p t “ edge cu tting  ”  can  result,

Fig. 2 Edge failure.
Affaissement du bord d’un réservoir.

as illustrated  on  Fig. 2. Such “ edge cu ttin g ” m ay  resu lt in 
ab ru p t deflections o f from  three to  fou r inches w here the 
tan k  is constructed  d irectly  over clean sand. T o reduce the 
am o u n t o f edge deflection, a ring  o f  angu la r crushed rock  
o r a  shallow  concrete  ring  wall can  be installed  as illustrated  
on Fig. 3. A  concrete  ring  wall is seldom  designed fo r com plete
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Fig. 3 Ring walls of crushed rock and reinforced concrete. 
Murs annulaires de pierre et de béton armé.

rig id ity  a long  th e  en tire  p erim eter o f  the  ta n k  ; it no rm ally  
serves th e  pu rp o se  o f spann ing  local zones o f m ore  com 
pressible soils. T he ring  w all m ay  requ ire  con tinous rein
forcing  to  resist “  hoop  ten s ion” if there  is danger th a t the 
subsoils m ay  m ove la tera lly  u n d er th e  app lied  ta n k  loads.

W hen concrete  ring  w alls w ere first em ployed, it w as felt 
th a t th e  w all shou ld  be p laced im m ediately  ou ts ide  the 
tan k  perim eter. H ow ever, from  ex p erim en ta tion , it w as 
concluded  th a t the p lacem ent o f  the  shell d irec tly  on  the 
ring  w all is p referred , since th is a ids in  ta n k  erection  and  
m ain tenance. H eavy  asphaltic  roo fing  pap er is o ften  placed 
betw een th e  ta n k  b o tto m  an d  th e  concre te  ring  w all in 
o rder to  form  a  seal an d  to  p rov ide  a m ore un ifo rm  con tac t 
surface.

A t th e  p resen t tim e, th e  use o f a  ring  o f crushed ro ck  or 
concrete  is fa irly  con troversia l. Som e designers feel th a t 
“ edge cu tting” is ra re ly  detrim en ta l to  the tan k  stru c tu re  
and  th a t th e  cost o f special edge trea tm en t can n o t be n o rm ally  
justified . By co n trast, o th er designers believe th a t th e  use o f  a 
concrete  ring  w all, in particu la r, facilita tes ta n k  erection
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and  reduces m ain tenance costs. In  add ition , it has been 
argu ed  th a t ab ru p t d is to rtions a t the edge o f a ta n k  can 
p roduce  dangerously  high stresses w ith in  th e  w elded co n 
nection  o f  the  ta n k  b o tto m  an d  th e  ta n k  shell.

Areas Underlain by Thin Layers o f  Weak Soils— F requen tly  
th e  fo u n d a tio n  engineer is faced w ith ta n k  sites underla in  
by from  five to  20 feet o f ex trem ely  w eak and  com pressible 
cohesive soils. Since the opera ting  pressures im posed by 
sto rage  tanks m ay be as high as ten  to  20 tim es the und ra ined  
streng th  o f the  subsoils, the “ obv ious” so lu tion  fo r such 
sites m ight be to  use a pile foundation . H ow ever, the cost 
o f pile foundations m ay  equal o r exceed the tan k  c o s t ; 
thus, the  designer m ay have to  use considerab le  ingenuity  
in o rder to  develop a lte rna te  so lu tions.

W here the thickness o f the w eak deposits is re latively  
th in , it is often  possible to  rem ove these m ateria ls  and  
replace them  w ith fills w hich have better physical p roperties 
th an  the n a tu ra l soils. H ow ever, the presence o f a high 
g round  w ater level can  m ake the excava tion  o f w eak soils 
hazardous and  difficult. Fig. 4 illustrates a typ ica l design

m eans. T his res tra in t can  be p rov ided  by  m eans o f  a  con
crete  ring  wall, in terlock ing  sheet piling, o r by  a ring  of 
g ravel w hich extends th rough  the w eak soil layer. Such 
insta lla tions a re  illu strated  on F igure 5. T he use of such ring

J T SHEET  P IL E  RING WALL

^REIN FO RCED  CONCRETE RING WALL

Fig. 4 Tank on layer of compacted fill.
Réservoir fondé sur une couche de terre compactée.

w here th e  w eak subsoils w ere rem oved  and  rep laced  w ith 
fill. I t  is generally  adv isab le  to  ex tend  the fill layer beyond  
the ta n k  perim eter in o rder to  reduce differential deflections.

T he p re load ing  or surcharg ing  o f  tan k  sites is o ften  conside
red  to  reduce tan k  settlem ents and  to  develop the necessary 
soil streng th . T he su rcharg ing  m ay  be accelerated  by use 
o f sand  drains, w ellpoints o r deep pum ping. U nfo rtu n a te ly , a 
surcharg ing  period  o f  m onths o r even years m ay  be needed 
p rio r to  tan k  erection . It is som etim es possible to  use the 
ta n k  itself as a surcharg ing  device. T hus, a fter the tan k  is 
erected , w ater loads are  im posed in sm all increm ents ; 
each load ing  increm ent is m ain tained  fo r a sufficient period  
o f tim e to  achieve the desired conso lida tion  and  required  
increase in subsoil strength . In  several instances, a  con tro lled  
load ing  p ro g ram  o f m ore than  a  y ear’s d u ra tio n  has p rooved  
to  be m ore econom ical th an  a lte rna te  so lu tions, such as 
rem oving  the w eak subsoils o r using a  pile founda tion .

W here the w eak subsoils are less than  ab o u t 20 feet thick, 
it is o ften  possib le to  “ float” the tanks on  a layer o f fill 
placed over the w eak deposits. The fill layer m ust have  a 
sufficient th ickness and  strength  to  p reven t the ru p tu rin g  o f 
th e  subsoils ; the  fill layer m ust also  ex tend  far enough  
beyond  the tank  perim eter to  p reven t la teral plastic flow 
o f th e  w eak layer. T he prob lem  o f la tera l flow o f  a th in  
layer o f  soil beneath  a firm  layer o f  fill is analogous to 
stepp ing  lightly  on a tube  o f  to o th p aste . E ven  if the walls 
o f  the tube  are  strong  enough  to  resist ru p tu ring , the con ten ts 
will squeeze ou t la terally  if the cap  is left off the tube. W here 
a  large enough  Fill “ cap ” is used, the la tera l plastic  flow will 
be resisted by the shearing  streng th  developed  along the upper 
and  low er boundaries o f  the w eak soil layer.

It is possible to  p reven t ta n k  failure by res tra in ing  the 
a teral m ovem ent o f the w eak subsoils by o th e r struc tu ra l

m  f i l l WEAK CLAY I ® ]  F IRM  SO IL

Fig. 5 Ring walls to prevent lateral moverr.ent of weak 
soils.

Murs en forme d 'anneau pour éviter le déplacement 
latéral des sols de faible portance.

w alls, how ever, can  result in very large d ifferential settle
m ents betw een the cen ter and  edge o f the tank .

A n in terlock ing  sheet pile w all o r a deep concrete  w all is 
qu ite  expensive and is ra re ly  used. (Such so lu tions have been 
used, how ever, as a co rrective m easure follow ing a tank  
failure .) T he use o f  a deep ring  o f crushed  rock  o r sand  
has been used successfully on a t least ten  occasions fo r 
areas underla in  by  up to  15 feet o f w eak clays. T he d im en
sions o f the crushed rock ring  are  selected in such a w ay 
th a t th e  passive soil resistance ou tside the ring  wall and  
the base “ fric tion” o f the ring  will exceed the ou tw ard  
th ru s t o f the confined zone o f w eak soil.

W henever tanks are  placed d irectly  above w eak deposits 
w ithou t the use o f piling, there  is considerab le  risk  th a t the 
tan k  deflections m ay exceed the perm issib le lim its. The 
ow ner should  be inform ed o f the risk invo lved  in try ing  
to  reduce the founda tion  costs. I t is som etim es possible to  
ob ta in  significant savings even if a tan k  m ust be re-leveled 
several tim es during  its useful life. S torage tanks m ay  be 
re-leveled by bo th  hydrau lic  jack ing  o f the tank  skell and  
“ m ud-jack ing” o f the tan k  bo ttom . A ssum ing th a t it is 
necessary to  re-level a  floating  ro o f tan k , the ro o f is low ered 
to  w ithin a few feet o f the b o ttom  o f the ta n k  and  is then 
suppo rted  a t the center, edge and  in term ediate  points.
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B rackets a re  w elded a ro u n d  the ou tside o f the tan k  shell. 
T he tan k  shell is then  lifted  by m eans o f hydrau lic  o r m echa
nical jacks. T he tan k  shell m ay  be raised  in th is m anner 
by  as m uch as 18 to  24 inches. A n asphaltic  concrete  berm  
is then  constructed  beneath  th e  edge o f th e  ta n k  an d  the 
jacks are  rem oved. H oses are  then  a ttached  to  openings 
in  th e  tan k  bo ttom  and  g rou t is in jected  to  raise the tan k  
bo tto m  to  the desired level. T he asphaltic  concrete  berm  
a ro u n d  the tan k  perim eter form s a  p ressure seal. In tw o 
recen t in stalla tions, tanks as large as 120 feet in d iam eter 
w ere com pletely  re-leveled fo r a  cost o f less th a n  110,000. 
In  bo th  cases the re-leveling p roved  sa tisfac to ry  an d  saved 
o v er $75,000 as com pared  to  a conven tiona l pile founda tion .

Pile Foundations—T he cost o f the conven tiona l pile 
fo u n d a tio n  w ith  a  re in forced  concrete  cap  can  be extrem ely  
high in re la tion  to  the cost o f the tank . As an  a lte rn a te  to  
a  concrete  cap, a layer o f crushed  rock  o f  o th e r g ranu la r 
soils is som etim es placed directly  above th e  piles. W ith  
th is system , the loads are  tran sm itted  to  the piles as the 
resu lt o f arch ing  w ith in  the g ran u la r cap . G ra n u la r pile 
caps have  been successfully used fo r nearly  50 years. H ow 
ever, the design o f the crushed  rock  pile cap  is still m ore or 
less em pirical. A  typ ical design w hich has been used success
fully in  m any  insta lla tions is illu stra ted  o n  Fig. 6.

Fig. 6 Typical design using crushed rock pile cap.
Plan type d’une fondation sur un casque de pieux recou

verts de pierre broyée.

Conclusion

W hile th is article p rov ides a general review  o f th e  types 
o f  ta n k  foundations w hich can be em ployed, it seem s im por
ta n t to  m en tion  th a t there  are  several uncerta in ties w hich

rem ain  concern ing  tan k  fo u nda tion  design an d  behavior. 
These uncerta in ties include the follow ing :

(1) Edge trea tm en t : V ery little  in fo rm ation  exists as to  
the am o u n t o f differential d is to rtio n  w hich can  occur a round  
the base o f a  tan k  w ithou t p roducing  sufficient w arp ing  o f  the 
ta n k  shell to  im pair the ac tion  o f  a  floating  roof. In fo rm ation  
is also needed concern ing  the am o u n t o f d is to rtion  w hich 
can  tak e  p lace a t the base o f  a tan k  shell w ithou t resulting  
in  failure o f the w elded jo in ts .

(2) M echanics o f  tan k  failure : T here  seem s to  be a cons
iderab le  u n certa in ty  as to  m echanics o f  soil ru p tu re  w here a 
ta n k  is located  above a w eak soil layer. T his is particu la rly  
tru e  in  analyzing  th e  behav io r o f  a layer o f  very  w eak 
cohesive soils u nder a  layer o f firm  fill. In  this case, it m ay 
be unsafe to  consider th e  streng th  o f the fill layer outside 
th e  ta n k  perim eter, since the  fill layer m ay  be sub jected  to 
tensile stresses.

(3) T an k  settlem ent : A t th e  presen t, little  in fo rm ation  
exists concern ing  th e  w ays o f  p red icting  th e  m agnitude 
and  ra te  o f deflection resu lting  from  la te ra l p lastic flow o f 
h igh ly  stressed  clays beneath  a  flexible tank .

(4) Pile founda tions. M ore in fo rm atio n  is needed concer
n ing  the design o f a crushed  rock  pile cap . As an  illu stra tion , 
the behav io r o f  a  g ran u la r pile cap  is un certa in  during  
cond itions o f an  ea rth q u ak e  o r  o th er v ib ra tions.
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