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TENSILE stresses in concrete dams have been a major con-
cern for dam engineers for a number of years. It is recog-
nised today that tensile stresses cannot be avoided during
strong earthquake ground shaking and also under extreme

temperature variation, especially in winter when the outside tem-
peratures drop considerably.

In addition, there are locations with stress concentrations such as
the upstream and downstream base points of concrete dams. High
tensile stresses are undesirable because they cause cracks in concrete
dams and because the tensile strength is only a fraction – usually less
than 10% – of the uniaxial compressive strength of mass concrete.
Under usual static loads such as the combination of dead load, water
load of the reservoir and temperature action, the resulting tensile
stresses are much smaller than the compressive stresses and the ten-
sile strength of mass concrete is not exceeded if simplified numeri-
cal models of the dam are used. However, under seismic actions the
maximum tensile and compressive stresses are almost equal due to
the oscillating nature of the earthquake ground motion.

Using a linear-elastic model of a dam and its foundation, the high-
est static tensile stresses occur at sharp corners such as the upstream
and downstream edges of the dam-foundation contact and at loca-
tions with sudden change of slope of a dam. Under earthquake
action high tensile stresses also occur in the central upper portion of
dams – especially in arch dams. 

High dynamic tensile stresses also develop at locations where high
static tensile stresses already exist. In arch dams the highest static
tensile stresses occur along the upstream heal due to water load. It
should be mentioned that in a linear-elastic dam model, which is
welded to the elastic foundation rock, stress singularities occur at
‘negative’ (inwards) corners. Theoretically these stresses are infinite
at the corner. This causes a serious problem for dam engineers as the
formation of cracks has to be expected in such locations. Also, due
to their simplicity, dam engineers prefer linear-elastic models for their
structural analyses. 

With the use of the finite element method (FEM) it has become
possible to calculate stresses in dams more accurately than in the
past, where, for example, for arch dams the trial load method was
used to determine the stresses in arches and cantilevers, which were
modelled as equivalent beams. 

In gravity dams the analysis has mainly focussed on the sliding
and overturning stability of concrete blocks and the location of the
resultant of the applied loads (dead load and water load), which had
to be located within the core of the dam base. This ensured, using a
rigid body analysis, that the base section was under compression and
the dam was ok.

Using FEM and a linear-elastic model of the dam-foundation
system leads to stress concentrations with high (infinite) tensile stress-
es at corners. Moreover, high dynamic tensile stresses are calculat-
ed in the central upper portion of arch dams when a full dynamic
dam analysis is carried out.

To circumvent the problem of high tensile stresses obtained from
a linear-elastic analysis the following (often questionable) arguments,
methods and concepts have been used by dam engineers: 

� Use of FE models with coarse mesh in corner regions and calcu-
lation of stresses in stress points of finite elements rather than at
the element surface. Using such models the stress concentrations
become essentially ‘invisible’ and the stresses in the corners do not
appear as stress singularities or zones of very high stresses.

� Calculation of stresses in stress points of finite elements rather than
at the element surface. It is argued that the surface concrete layer

is weakened by microcracks due to daily temperature variations and
freezing and therefore stresses at the stress points are more repre-
sentative than the actual surface stresses. Relatively large differences
between the stresses in stress points and surface points exist if, for
example only one or two FE layers are used across the thickness of
an arch dam.

� Use of beam models to analyse arch dams (trial load method). Due
to the assumptions of the beam theory (plane sections) no stress
concentrations occur at the dam-foundation interface and at loca-
tions with sudden changes in the slope of cantilevers.

� Use of high static and dynamic tensile strength values to ensure
that the calculated tensile stresses are less than the tensile strength.
This has been achieved by postulating an apparent tensile strength
of mass concrete, which should account for any discrepancies
between the nonlinear stress-strain curve of mass concrete in ten-
sion and the linear-elastic analysis of the dam. However, the appar-
ent tensile strength is not a physical material property of mass
concrete, which can be determined experimentally, and thus shall
not be used for assessing tensile stresses in dams.

� Use of mean values of tensile strength rather than 5% fractile
values etc. This may be acceptable for extreme events with low
probability of occurrence.

� Taking into account strength increase due to ageing of concrete,
e.g. use of 10 years strength values for assessing stresses caused by
an earthquake with an average return period of 100 years etc. This
assumption is acceptable although it may be argued that the 100
year event might occur tomorrow.

� Reduction of the return period of design earthquakes and using
optimistic (non-conservative) values of the earthquake ground
motion (attenuation laws, peak ground acceleration, shape of
response spectrum, duration of strong ground shaking).

� Use of high damping values for seismic analysis, e.g. for arch dams
the following values have been used: 7% damping for the operat-
ing basis earthquake (OBE) and 12% or more for the safety eval-
uation earthquake (SEE). These values have been justified by
radiation damping effects into the reservoir and the foundation.
However, in situ small-amplitude vibration measurements at high
arch dams where all radiation damping effects were included have
shown damping ratios for the fundamental mode of vibration of
1-2% of critical damping (or even less). The damping value is the
most important factor, which affects the earthquake response of a
linear-elastic concrete dam.

� Use of pseudostatic seismic analysis with a seismic coefficient of
0.1 with the argument that most existing dams have been analysed
with that method and no dam designed with this method has actu-
ally failed during an earthquake. The pseudostatic analysis method
according to Westergaard, which disregards the dynamic response
of the dam, leads to relatively small tensile stresses, therefore, the
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engineer does not have to cope with the tensile stress issue at all. This
argument is mainly heard from engineers in regions of moderate to
low seismicity, where no destructive earthquakes have taken place
for centuries.

� The high tensile stresses at stress singularities (‘negative’ corners)
are considered as purely theoretical in nature with no engineering
relevance for dams. Stress concentrations are assumed to disap-
pear due to the nonlinear behaviour of mass concrete and the pos-
sible opening/separation of the dam-foundation contact near the
upstream heel of the dam. However, in this case a linear-elastic
analysis is no longer valid for justifying this argument. 

This list may be incomplete but the main issues are addressed.
Using the above justifications and analysis concepts it is possible to
arrive at very different tensile stresses in a concrete dam and, thus,
different assessments of the safety of a dam.

Which of the above assumptions and concepts are correct or
appropriate depends to a large extent on engineering judgement, as
clear guidelines and concepts are still missing. However, most of the
above arguments are questionable and shall not be used.

The main problem is that the application of linear-elastic static
and dynamic FE analyses, which represent the state-of-the-practice
in concrete dam design, leads to undesirable tensile stresses. In most
cases the calculated tensile stresses are larger than the static and/or
dynamic tensile strength of mass concrete. Thus the formation of
cracks would be a direct consequence. As concrete dams are 
constructed with numerous lifts the strength properties at the lift
joints are less than in the parent mass concrete. The same applies to
the grouted vertical contraction joints in arch dams, which exhibit
lower strength properties than the mass concrete. Therefore, cracks
in the dam body will primarily develop along lift and contraction
joints. 

Further weak zones are the dam-foundation contact and joints
and fissures in the foundation rock, which will crack or open prior
to the formation of cracks in the mass concrete and the compact
rock. Once cracks have formed, all deformations will be concen-
trated at these cracks and joints and the other parts of the dam and
the rock will be protected from increased tensile stresses if the
applied loads and actions are increased. Therefore, the rational 
interpretation of the results of a linear-elastic FE analysis is a major
problem especially when further nonlinear analyses are not carried
out.

As lift and contraction joints are expected to open in the highly
stressed upper central portion of arch dams under seismic actions –
even under smaller earthquakes like the OBE – the post-cracking
behaviour of a dam should be assessed. In such an analysis it may
have to be assumed that some concrete blocks are separated by joints
and cracks.  

SIGNIFICANCE OF TENSILE STRESSES IN
CONCRETE DAMS

Mass concrete is a brittle material and cracks will first develop at
locations with stress concentrations and along weak zones in 
the dam body (lift joints, dam-foundation contact, contraction
joints).

A distinction has to be made between cracks due to sustained
loads and cracks due to short-duration seismic actions. Static cracks
are expected at the upstream heel of large arch (and gravity) dams
due to the effect of water load. This crack is most critical for rela-
tively thin and very high arch dams as the hydrostatic pressure in
the crack or joint will lead to further propagation or opening of any
crack or joint respectively. In gravity dams, due to the large base
thickness a crack at the dam-foundation interface is of much small-
er concern than in an arch dam of similar height.

Under the SEE large tensile stresses are expected to occur in most
large arch dams, which exceed the dynamic tensile strength of mass
concrete. In this case cracks will form along a few horizontal lift

joints and the vertical contraction joints. Opening of these joints can
be accepted as they will close after an earthquake. Prevention of such
cracks in an existing dam is almost impossible without making major
(expensive) changes in the dam (adjustment of dam geometry, instal-
lation of post-tensioning anchors, etc.).

One has to accept that even in unreinforced concrete dams
cracks are not necessarily signs of an impeding collapse. Cracks
may be accepted if they develop along horizontal lift joints and
vertical contraction joints. Because of  the large size of the con-
crete sections, relatively large horizontal sliding movements of
concrete blocks can be accepted. However, leakage along joints
may develop. However, since the hydrostatic pressure is small in
the upper portion of a dam damaged by an earthquake, water
losses will be minor. Moreover, the watertightness of the leaking
joints can be re-established after lowering the reservoir below
the damaged zone.

TENSILE STRENGTH OF MASS CONCRETE

The uniaxial tensile strength of mass concrete is usually less than
10% of the uniaxial compressive strength. As for quality control,
compression tests are mainly carried out – the tensile strength of
mass concrete is estimated based on a number of empirical relations,
which, however, mainly apply for normal concrete.

The tensile strength of concrete is subjected to the size effect, i.e.
the larger the test sample, the smaller the tensile strength. In the case
of a large concrete dam with a characteristic thickness of 20m the
tensile strength drops to less than 50% of that determined in 
standard tensile tests. That means the tensile strength of mass 
concrete in a large concrete dam is less than 5% of the uniaxial 
compressive strength. The tensile strength of lift and contraction
joints is even smaller. Therefore, it can be expected that even under
a moderate earthquake like the OBE cracks may develop in concrete
dams.

Figure 1: Maximum principal stresses at the upstream face of a 250m high arch
dam due to an earthquake with peak ground acceleration of 0.35g for different
damping ratios of the dam (Note: stresses are in MPa and can be either tension
or compression; only dynamic stresses are shown for empty reservoir; 
three earthquake components are considered to act simultaneously; results 
are obtained from time history analysis; location of maximum stress is 
indicated by *)
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