tank foundations

The foundation is one of
the most important parts of
a storage tank. However
most codes do not provide
detailed requirements and
guidance on foundation
design. Furthermore, codes
such as EEMUA and API do not
provide recommendations on
renovated tanks foundation,
only for newly built tanks.
Certain types of foundation
such as concrete ringwalls
might be too expensive
and time consuming
for renovated tanks.
Although the subsoil
underneath a renovated
tank has experienced greater
load in the past, a systematic
design methodology still
has to be considered,
especially when the subsoil
conditions exhibit large
settlement and are sensitive to

variable loading. This is often
neglected due to insufficient
knowledge on foundation
and subsoil conditions.
Codes and standards also
provide little guidance on
this issue, raising difficulties to
practitioners who then have to
resort to engineering judgment
for repaired tank foundations.
In this case, expertise in
local subsoil conditions and
knowledge in foundation
engineering design are of
paramount importance.
This article is written
based on a case study
of renovated tanks with
particular emphasis on the
foundation design of the
stone-ring with an inner sand
pad as the foundation type.
The tank type is a floating
roof with product liquid of less
than 70ºC. The tank diameter

ranges between 15m to 76m
with maximum short-term
foundation pressure of 175kPa.
Foundation design
A tank foundation must
be designed with a view
to satisfy the following
performance criteria:
- It is capable of supporting
the load of the tank
and its content – the
ultimate limit state (ULS)
- Without excessive
settlement that might
hinder structural integrity
- service limit state (SLS),
- While maintaining the
integrity of the tank
structure throughout the
life cycle time of the tank.
In the case of tank repair, the
repaired foundation still has
to be designed to fulfill the
abovementioned
criteria. Particular
attention should
be paid to
ensure the ULS
of a renovated
tank foundation
remains within
an acceptable
range according
to what is
stipulated in
the standards.
However, the
available
standard only
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provides the required factor
of safety (FoS) of new built
tank which is obviously the
requirement designated for
original subsoil conditions.
If the tank previously
performed satisfactorily
over an acceptable period,
the FoS pertaining to that
period may be used as a
benchmark to assess stability
requirements of the repaired
foundation. At any rate,
the repaired foundation
should take into account
(1) possible settlement due
to the additional load as a
consequence of new design
geometry, new materials or
contents and (2) the tank’s
lifetime (lifetime for the next
operational period). These
requirements should be
emphasised where subsoil
conditions promote large total
and differential settlements.
ULS
Global and local analyses
have to be performed to
assess all possible failure
patterns of the renovated
tank foundation by modelling
the tank foundation,
paying particular attention
to the edge of the tank.
Those analyses have to
be performed taking into
account (1) specific and
critical load cases and (2) the
quality of the repair works.
In the case of tank
renovation, the stress history
of the subsoil has been
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tank foundations
influenced by the previous
foundation system and loading
conditions. Specific attention
must be paid to the evolution
of soil properties resulting from
the previous consolidation and
settlement occurring during
the first phase of loading.
Therefore, three major load
cases have to be considered
to reflect the stress history
of the subsoil: (1) load case
when the tank was initially built
(load case A), (2) at the end
of the operational period just
before the tank was emptied
to be repaired (load case B)
and (3) with the renovated
foundation (load case C).
The FoS for load case
C should preferably not be
lower than any of the FoS for
other load cases to maintain
compatibility of design
requirements with those
observed during the tank
first satisfactory operational
period. If this is not the case
then the tank owner should
be informed where a decision
and possibly counter measures
against the low FoS after
renovation (load case C)
should probably be taken.
An additional critical load
case has to be considered
when the tank is lowered onto
the renovated foundation,
since local failure around the
tank edge may be induced as
a consequence of eccentric
loading of the tank shell weight.
In this case, construction
details around the edge and
quality of repair works are of
paramount importance. The
construction details around
the edge might include the
foundation thickness, the
foundation shoulder width, the
quality of the repair work and
the type of material around
the edge. The presence of
sand-asphalt layer and the
related drip plate welded
perpendicularly to the outer
edge of the annular bottom
plate must be considered.
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load in the past, the issue
of additional settlements of
the renovated foundation
under extra materials has
to be explicitly considered.
However, a distinction should
be made between the
settlement that takes place
uniformly and gradually or
unevenly. Settlement that
takes place uniformly and
gradually does not cause
stress to the imposed tank
structure as explained in API
Standard 653. The magnitude
of the uniform settlement

should be taken into account
in the final design of the
renovated foundation as to
maintain the foundation level
within the acceptable limit.
Uneven settlement
causes significant problems
to the tank structure as it
may introduce significant
stresses on the tank shell and
therefore, this settlement
is observed by measuring
shell elevation along its
perimeter during hydrotest,
repair phase and operational
period. API Standard 653

provides detailed explanation
on assessing various
settlements to maintain tank
integrity. However, there
is no detailed guidance
as to what Percentage
Allowable Settlement (PAS)
can be tolerated right after
foundation repair. For repair
tank foundation (renovated
tank foundation), specifying
the PAS after hydrotest is
required, in the authors’
opinion, (1) to allow controlling
foundation work, (2) to
enforce quality construction
work and (3) to allow for future
deformation during repaired
tank’s operational lifetime.
Case study
The case study involved five
selected tanks with tank
diameters of 44m to 61m
giving volumetric sizes ranging
from 19,500m³ to 47,300m³. The
tanks were built in the 1950’s
to 1960’s. Only one of the five
tanks had a fixed roof while
the others had a floating roof –
these roof-types were kept the
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SLS
Although the subsoil has
experienced a greater
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same after the tank repairs.
All the tanks were located
at the same area where
the subsoil conditions, in
descending order, consist of
(1) relatively loose to medium
dense sand, (2) very soft
to soft peat and clay, (3)
medium dense to very dense
sand and (4) stiff clay.
The lateral variability of
the subsoil is significant in this
area where the thickness of
the soft soil can vary from
1m to 10m, while the depth
of the top of the weak layer
ranges from 1m to 5m. The
first two layers are considered
as the governing layers for
the foundation design and
especially the depth and the
thickness of the weak layer.
Observations
In all the cases the FoS showed
a significant increase from
load case A to load case B,
due to the increase of the
undrained shear strength (Su)
as a result of consolidation
process taken place during the
previous operational phase.
On the contrary, the
addition of new foundation
materials reduces the FoS
due to additional stress
concentrations on the
weaker soil. Most of the slip
surfaces reach the base
of this layer and the failure
pattern evolves from a pure
edge shear mechanism to
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a partially lateral squeezing
between the two sand layers
sandwiching the clay layer
depending on the depth and
the thickness of the latter. This
emphasises the importance
of analysing renovated tank
foundations systematically by
taking into consideration the
stress history of the subsoil.
The local analyses showed
significant effects on the
required foundation dimensions
such as shoulder width and
the use of a drip-plate. For
a stone-ring foundation the
local FoS increases sharply
with the shoulder width in
the 0.5 to 1m range, and
then levels off beyond a
shoulder width of 1.5m.
Therefore, a minimum
foundation shoulder width
of 1.5m was adopted. This
complies with the available
standard (EEMUA Publication
183), but it is in variance
with API Standard 650
which suggests a minimum
shoulder width of 0.9m.
It is understood that
the sand-asphalt placed
underneath the tank bottom
has no structural capacity.
However, it was observed
that the thin-layer of sandasphalt might significantly
influence edge settlement
especially upon tank landing.
The actual sand-asphalt
behaviour remains uncertain
because it depends on
several factors, especially

its viscosity under variable
loading (creep and fatigue).
In this study, the sandasphalt layer is characterised
as a geotechnical layer by
adopting a Mohr-Coulomb
geotechnical failure criterion.
Following a conservative
approach, the drip-plate was
shown to help confine the
sand-asphalt layer, thereby
reinforcing the foundation
against localised failure
around the edge of the tank.
However, the shear strength of
the sand-asphalt still governs
the stability around the edge
of the tank. Incorporating
a drip-plate into the design
increased the FoS by about
0.5, conveniently providing
the required safety margin.
Service limit state
The global settlement analysis
was performed on the tank
to distinguish between the
short and the long term
settlement behaviours. Short
term settlement reaches
the maximum value close
to the tank edge while
the long term settlement
reaches the maximum value
at the centre of the tank.
Long term settlement
is mainly governed by the
thickness and the depth of the
weak and compressible layer
while the short term settlement
is mainly governed by the
stiffness of the upper layers.

The maximum foreseeable
post-repair settlements
have been calculated
at about 40cm at the
shell location against a
maximum of about 70cm at
the centre of the tank. The
settlement anticipated at
the shell has been added
to the recommended
60cm foundation thickness
to enforce the required
free board of the tank
periphery above the
average adjacent terrain.
Finally, permissible
settlement criteria for the three
settlement criteria defined
by API Standard 653 (shell,
edge and bulge settlements)
have been set as 40%
(PAS) of the corresponding
maximum allowable
settlement. This criterion
is related to settlements
measured after a Hydrotest.
Those settlement criteria
were specified based on (1)
observation of settlement
data, (2) feasibility, and (3)
discussions with the client.
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This article focuses only on limited
aspects which are considered vital
for renovated tank design, leaving
out details pertaining to the design.
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