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Effect of Static Cyclic Loading and Ageing of Concrete on the Strength of

Existing Gravity Dams

Abstract

A technique for complex static retrospective analysis of old concrete gravity dams is presented, in
which an attempt is made to match as closely as possible the material model of a dam with its actual
operation history. The proposed technique consists of: a) A hypoelastic (Nonlinear-Elastic Fracture)
constitutive model for concrete in the Plane Strain condition; b) Constitutive model for interfaces; c)
Cyclic-induced degradation of stiffness and strength for concrete (fatigue of concrete) and aging-
induced change of stiffness and strength for concrete (aging of concrete); d) Analysis of the present
state of the dam taking into account the modified material and structural (e.g. crack occurrence)
model, obtained as a result of performing the retrospective analysis;

For the analysis of gravity dams, constitutive relationship for concrete subject to a plane strain
condition is used. It is based on the hypoelastic (nonlinear-elastic fracture) formulation, which
approximates a path-dependent irreversible stress-strain relationship. This constitutive model for
concrete in plane strain condition is modified in order to take into account the effect of material
fatigue under slow static cyclic loading and the effect of ageing of concrete. Particular emphasis is
placed on material response, simulating a realistic behavior of a dam under actual operating
conditions. This approach allows us to account for the effect of the degradation of concrete strength
(fatigue) under cyclic loading and also for the effect of ageing of concrete. To this end, the value of

uniaxial compressive strength of concrete oc in the constitutive model can be substituted by the
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value of the strength of concrete which has been appropriately modified in accordance with the

number of loading/unloading cycle n and the time-period of the operation of adamt: o, = o, (n,t).

Cycling loading exhibits significant nonlinear behavior and drastic changes in material properties
of concrete. The result is a considerable degradation of material properties of concrete as the number
of applied loading/unloading cycles increases. In the present work, the empirical relationships based
on the experimental findings on cyclic behavior reported elsewhere (Osidze & Khoperia 1987) are
adopted. Following the tests carried out on the concrete specimens of Enguri arch dam, which were
subjected to slow static cyclic compressive loading, the following relationships were established to
define the degradation of the material properties of concrete in relation to loading/unloading cycles:

o.(n)={1-a" Ign)o,

E, (n) = (1_ ag lg n)Eo

&.(n)={-al g,
where parameters a,", ag” and a." define the degradation of the material properties of concrete under
slow static cyclic loading; and n is the number of loading/unloading cycles in accordance with the
operation history of a gravity dam (it corresponds to the number of discharges/filling up cycles of
the reservoir during the operation of the dam).

The specific values of these parameters may only be determined by carrying out cyclic tests on
concrete specimens.

It is also interesting to note that, in general, the rate of degradation of material parameters and the
strength of concrete under static cyclic loading primarily depends on the level of stresses (i.e. the
level of loading imposed on the specimen). For example, in tests,the value of modulus of elasticity
for a concrete specimen was found to have been reduced by 51.5% (from 39780 MPa to 19300
MPa) after applying 150 loading/unloading cycles when the level of applied stresses was equal to

0.20,, where o is the uniaxial compressive strength of concrete. When subjected to the same
number of loading/unloading cycles (i.e. 150), with the level of applied stresses set equal to 0.5¢,
and 0.8 o, the corresponding values of moduli of elasticity for the concrete specimen were found to

have been reduced by 29.3% (from 33390 MPa to 23620 MPa), and 20.9% (from 28390 MPa to
22500 MPa), respectively (Osidze & Khoperia 1987). In the present work, average values of the
above-defined coefficients (which seem to provide reasonable approximation of an actual behavior
of concrete under cyclic loading) were adopted, although, it should be noted that, in general, it is,
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indeed, possible to define the relationship between the parameters a,", ag", a." and the level of
stresses.

Another point, which needs a mention, is that the rate of degradation of material parameters and
the strength of concrete under slow static cyclic loading also depends on the age of the test
specimen. For example, the value of modulus of elasticity for a 28 days old concrete specimen was
found to have been reduced by 51.5% (from 39780 MPa to 19300 MPa) after applying 150

loading/unloading cycles when the level of applied stresses was equal to 0.2, while the value of

modulus of elasticity for the corresponding 365 days (1 year) and 1825 days (five year) old concrete

specimens (subjected to the same levels of applied stresses 0.2, ) were found to have been

reduced by 49.0% (from 39830 MPa to 21750 MPa) and 42.0% (from 42460 MPa to 20310 MPa),
respectively, after applying the same number of loading/unloading cycles (i.e. 150) to each
specimen. These figures, however, suggest that such differences are not practically significant and
may reasonably be ignored.

The same approach can be used to describe the change in material properties of concrete due to
ageing of the material.
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