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The non-linear behaviour of a gravity dam is usually analysed, within the plane strain condition, by 
assuming that the stress-strain relationships in the directions of principal stresses (i.e. 1-1 and 2-2) 
follow the non-linear uniaxial constitutive relation (u-u). However, it is now well-established that the 
non-linear biaxial constitutive relations for concrete differ significantly from the non-linear behaviour 
of concrete under uniaxial loading conditions (Kupfer et al. 1969, Kupfer 1973, Tasuji 1976, etc.). It is 
therefore, desirable to employ a non-linear biaxial constitutive relationship for concrete, when 
analyzing various structural characteristics of a gravity dam.  However, it is a point of concern that the 
previously reported non-linear biaxial constitutive relationships for concrete deal, almost entirely, with 
the plane stress condition, and that there is currently a lack of theoretical and experimental data 
dealing with the plane strain condition.  Development of a non-linear biaxial constitutive relationship 
for concrete subjected to the plane strain condition is, therefore, desirable for analyzing the stress 
conditions within the body of a gravity dam (amongst other plane strain problems).  
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The present work reports the stress-strain relationships for plain concrete, which are based on a 
non-linear biaxial anisotropic (orthotropic) constitutive model, catering for plane strain 
conditions  (Raoof et al., 2000). The presently reported constitutive relationship is based on an 
extension of the previously developed non-linear biaxial anisotropic (orthotropic) constitutive 
model for concrete, which related to the plane stress conditions (Raoof et al., 1999). The 
extension from plane stress to plane strain conditions is based on the modification of a failure 
criterion for plain concrete subjected to a three-dimensional state of stresses. To this end, the 
four-parameter failure criteria developed by Ottosen or Hsieh (Chen, 1982) has been used. 
Detailed derivations are given elsewhere (Raoof et al., 1999, 2000), and will not be repeated 
here, due to space limitations.  Instead, in what follows, some representative results will be 
briefly discussed, with these highlighting the practical implications of using the presently 
reported plane strain model (in preference to the previously available plane stress models) for 
analyzing the biaxial state of stresses within the body of gravity dams.  
 
As a starting point, results were produced for the Compression-Compression mode of biaxial 
stresses with  (Fig. 1).  From Fig. 1, it is found that the compressive strength of 
concrete is increased considerably even for the case of a small value for . Indeed, the 
compressive strength of concrete is found to be about twice of that corresponding to uniaxial 
compression and plane stress conditions.  With the values of  increased up to, firstly,   
and, then, up to  significant increases in the associate values of the concrete compressive 
strength were found. The assumed value of  was not, however, increased any further, as the 
appropriate values of in Compression-Compression mode of biaxial stresses,  within the body  
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Figure 4 Comparison of Uniaxial Compression Test, Plane Stress and Plane Strain Conditions 
               of concrete for Tension-Compression state with  0.15.=-
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of a gravity dam, generally lie within the range of 0 to 0.2 (i.e. 0.00    0.20) and, even, over 
this range, a very substantial reserve in terms of the concrete compressive strength in the body of 
a gravity dam (under the plane strain conditions) was found.  
 

Of more practical importance, however, is the behaviour of concrete in the Tension-Compression 
mode of biaxial stresses.  In this context, results in Fig. 2 (with ), show that the value of 
concrete compressive strength, under the plane strain condition, is more than that associated with 
the plane stress condition, although lower than the corresponding uniaxial compressive strength.  
Further work indicated that the value of concrete compressive strength under the plane strain 
conditions decreases with increasing values of :  with , results in Fig. 3 suggest that the 
value of concrete compressive strength under plane strain condition is equal to that under the 
plane stress condition and when , the results in Fig. 4 show that the value of concrete 
compressive strength under the plane strain condition becomes less than that corresponding to 
the plane stress condition.. It then, follows that the plane strain condition is more critical (i.e. it 
worsens the behaviour of concrete) at the region of Tension-Compression mode of biaxial 
stresses encountered near the upstream face of a gravity dam: this is of course the region where 
the most dangerous stresses can occur,  with these causing crack occurrence and propagation 
within the body of a gravity dam. Obviously, in the course of analyzing the state of stresses in a 
gravity dam in the plane strain condition, it is necessary to reliably investigate the possibility of 
crack occurrence and propagation within the body of the structure. 
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