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The results of a macro-scale experimental study of the effect of heating on a fluid-saturated hardened cement
paste are analysed using a multi-scale homogenization model. The analysis of the experimental results
revealed that the thermal expansion coefficient of the cement paste pore fluid is anomalously higher than the
one of pure bulk water. The micromechanics model is calibrated using the results of drained and undrained
heating tests and permits the extrapolation of the experimentally evaluated thermal expansion and thermal
pressurization parameters to cement pastes with different water-to-cement ratios. It permits also to calculate
the pore volume thermal expansion coefficient αϕ which is difficult to evaluate experimentally. The
anomalous pore fluid thermal expansion is also analysed using the micromechanics model.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A better understanding of the effects of undrained heating and
induced thermal pressurization phenomenon is an important point to
properly understand the behaviour and evaluate the integrity of an oil
well cement sheath submitted to rapid temperature changes.
Temperature increase in saturated porous materials under undrained
conditions leads to volume change and pore fluid pressure increase.
This thermal pressurization is due to discrepancy between thermal
expansion coefficients of the pore fluid and of the pore volume. This
pore pressure increase induces a reduction of effectivemean stress and
can lead to shear failure or hydraulic fracturing. Indeed the
geomaterials are pressure sensitive and the maximum shear stress
depends on the effective mean stress. On the other hand, when pore
pressure is higher than maximum principal stress (positive in compres-
sion) thematerialmayundergo tensile failure. The thermal pressurization
phenomenon is important in petroleum engineering where the reservoir
rock and thewell cement lining undergo sudden temperature changes, as
for example when extracting heavy oils by steam injectionmethods. This
rapid temperature increase could damage cement sheath integrity of
wells and lead to loss of zonal isolation.Within this context, amacro-scale
experimental program of drained and undrained heating tests is
performed on a fluid-saturated hardened oil-well cement paste. The
results of this studyarepresented in [1] and showsome important aspects

of behaviour of this material when submitted to rapid temperature
changes. The thermal pressurization coefficient, defined as the pore
pressure increase due to a unit temperature increase in undrained
conditions, is evaluated to about 0.6 MPa/°C which is a relatively high
value comparing to other geomaterials (see [2] for a review). In
accordance with results of Valenza and Scherer [3], the analysis of the
undrained heating test revealed that the thermal expansion coefficient of
cement paste pore fluid is anomalously higher than the one of pure bulk
water. This experimental studywas apart of a larger studyon the thermo-
poro-mechanical behaviour of a hardened cement paste [1,4–6]. The
experimental program consisted by drained, undrained and unjacketed
compression tests, as well as drained and undrained heating tests and
permeability evaluation tests. This experimental program is performedon
a particular cement paste, prepared with class G cement at a water-to-
cement ratio equal to 0.44. The poroelastic parameters are then
extrapolated to cement pastes with different water-to-cement ratios by
means of micromechanics modelling and homogenization technique [7].
This is done using a multi-scale micromechanics model, originally
proposed by Ulm et al. [8], which is calibrated on the experimental
results [7]. The predictive capacity of the micromechanics model is
verified by comparing the parameters with some experimental results
from literature. In the continuity of the approach used in [7], the
micromechanics model is used here in association with the results of
drained and undrained heating tests presented in [1]. Themodel has been
already calibrated in [7] for the poroelastic parameters, but a second
calibration step should be performed for the thermal behaviour. This
permits also to study the thermal expansion of the pore fluid in different
parts of the microstructure. The calibrated model will then be used to
calculate thermal expansion and thermal pressurization parameters for
cement pastes with different water-to-cement ratios.
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