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ABSTRACT: Moisture migration in concrete can significantly influence its structural
behaviour. Serviceability assessment of the wall of a reactor containment depends on
knowledge of the time-varying moisture distributions within. At temperatures above
100°C, the moisture flow is controlled dominantly by pore vapour pressures. This leads
to the creation of dry zones (near the liner and at the outer face of the wall) and zones
of excess wetness and physical saturation (in the body of the wall). This behaviour has
been observed in experiments [1,2] and has been described qualitatively [3].

This paper describes a numerical modelling procedure, capable of predicting
temperature-dependent moisture flow in concrete. The flow direction is not defined by
the sign of the temperature gradient. Irreversible thermodynamic processes based on the
production of entropy are used to check the course of the numerical calculations which
take place in a stepwise manner in time. Numerical results indicate that thick walls will
take may years to dry significantly. They also show that if venting to atmosphere is
introduced, at locations within the wall, the pore-water pressure, the water migration
behaviour and the rate of drying will be changed. This behaviour also has been observed
experimentally [4].

1. INTRODUCTION

Migration of water in concrete at elevated temperatures depends on factors, intrinsic to
the concrete mix and to its surroundings. At temperatures in excess of 100°C water
movement in concrete is controlled dominantly by pore pressures. Free pore volume in
as cast concrete plays an important role in the mitigation of high pore vapour pressures
in the hottest regions. Non-uniform temperatures create pore pressure gradients.
Initially, these relate primarily to saturation vapour pressures and additional pressures
resulting from the presence of entrapped air during casting.

In a reactor wall, migration rates are greatest in highest temperature zones initially,
forcing water and water vapour to flow towards neighbouring cooler regions. This flow
usually results in the formation of four distinctive zones of water. in the pores:

(a) Dry or superheated steam zone, close to the liner, from where all liquid water
has been expelled. In this region the pressures are approximately uniform and equal to
the saturation vapour pressure, (svp), of wet vapour at the interface of the next zone.

(b) Partially saturated zone, containing wet vapour, the degree of wetness
increasing in the direction of reducing temperatures towards zone (c).
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(c) Physically saturated zone, containing condensed vapour and water expelled from
the adjacent hotter zones (a) and (b). Pressures in this zone are hydraulic and vary
linearly for a uniform permeability.

(d) Second partially saturated zone. This exists between the saturated zone and the
exposed outer face of the wall where moisture is free to escape to the atmosphere.
Pressures in this zone correspond to svp. This zone is similar to zone (b).

Moisture flow is a slow process due to the low inherent permeability of reactor quality
concretes. It will take many decades for a wall of several meters thickness to dry
appreciably. A steady state can be reached only after infinite time, when escape of water
is permitted. In contrast to this situation, the steady-state solution will be approached
closely in a finite time, for totally sealed concrete.

2. NUMERICAL MODELLING

Mass transfer due to non-uniform temperature distribution is governed by irreversible
thermodynamic processes. The rate of internal entropy produced during these processes
is always positive. Thus it is possible to observe in a numerical calculation, the increase
of entropy with movement of mass [5]. The steady state is approached when the rate of
entropy production due to mass transfer approaches zero. Therefore, observing the rate
of entropy production with time, during the course of migration allows the optimum
size of time step and the degree of subdivision of the body to be determined.

A model consisting of a series of connected chambers, has been used to predict the one-
dimensional movement of water, vapour and pore gases, created by non-uniform
temperatures. The chambers represent the pore volume of concrete which is the sum of
the pore volume occupied by the free water and the initial unfilled pore volume of the
as cast concrete. The connections between the chambers incorporate the material
properties that affect moisture flow, e.g. permeability, density, viscosity. Each chamber
is maintained at a uniform but different temperature to model the temperature field in a
discrete manner (Figure 1 (a)). The temperatures may vary in time.

The time span of the problem is divided into small time steps, during each of which
mass flow is allowed to take place between all adjacent pairs of chambers. These
changes take place sequentially within a single time step of the analysis, starting from
the pair with the maximum pressure differential. The sequential nature of the analysis
allows the material parameters to be updated at any time to allow for time-,
temperature- and moisture-dependent changes of permeability, k, to be incorporated.
The analysis includes the following features:

2.1 Initially the pore pressures are all assumed to correspond to svp at the local
temperatures (the free pore volume, as cast, permits this assumption). Mass flow then
occurs between pairs of chambers based on the current value of k and differential
pressures. The initial migration is therefore, always towards zones of lower
temperature.

2.2 The hottest regions lose water while cooler zones become wetter and physically
saturated at some times.

2.3 In the dry superheated steam zones mass transfer occurs in vapour form; in
partially saturated zones vapour and water migrate; and in the zones of physical
saturation hydraulic pressures control the liquid movement.
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2.4 Because k is strongly dependent on history of temperature and moisture state
[2,6] it is updated during the analysis to reflect the changing water content and

temperature/time history. Within the temperature range 30°C to 600°C, k has been
observed to undergo changes of 7 orders of magnitude for a basalt concrete [2].

2.5 D'arcy's law is used to determine the mass transfer between adjacent chambers.
An additional coefficient, kps, has been introduced to allow for mass flow in partially

saturated zones; O<kps<l. kps is zero for dry chambers and unity for saturated
chambers. The rate of mass flow, dm/dt, is then given by the equation;

dm/dt = kpsk A p/m dP/dx

where, A, p and 7 are respectively the cross-sectional area of the flow path, density and
dynamic viscosity of the permeating fluid. dP/dx is the linear pressure gradient between
adjacent chambers.

2.6 Pressures in the different zones are: svp in wet (but not saturated) chambers;
hydraulic in saturated chambers; and superheated steam pressure in 'dry' chambers. For
convenience of computation the superheated steam pressures have been represented by
the equation;

P=R*T/v

where, T and v are the local temperature (absolute) of the chamber and the specific
volume of the contained steam. R* has been derived empirically from steam table data.

2.7 Throttling of mass between adjacent chambers will generate internal entropy in
the system. The rate of internal entropy production is calculated within each time step
to ensure that it always remains positive. A positive rate of entropy production
guarantees that the length of time step is not too large.

3. NUMERICAL EXAMPLES

The model of the previous section has been used to predict the movement of water and
water vapour in a wall of 2m thickness while subjected to a steady-state temperature
crossfall from 200°C to 30°C. Three boundary conditions have been studied:

3.1 Sealed hot face and unsealed cold face.
3.2 Sealed at both faces.
3.3 As case (3.1) but with additional venting close to the liner/hot face.

Results are presented for water distributions and their variation with time; pore
pressures and their variation with time and location within the wall. k values in the
range 107 to 10" have been used in these calculations. Only steady-state temperature
distributions have been considered here.

3.1 Wall Sealed at Hot Face only: Observation of Figures 3 and 4 allows an
assessment of rate of drying to be made for different times and positions within the wall.
Comparison of Figures 3 and 5, and for Figures 2 and 6, show that the model predicts
the special features seen in experiments [4], namely, that the pore pressures reduce with
time close to the liner face of the wall; pressures in the 'dry' zones become essentially
uniform; and pressures in the centre of the wall reach values in excess of svp values.
The stepped nature of the curves, A, B and C, of Figure 2 are accentuated and relate in
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part to the particular algorithm used in the calculation. Modifications to improve this
behaviour, which is caused at the time a chamber becomes just dry, are in hand.

3.2 Wall Sealed at Both Faces: For a completely sealed wall, mass movement ceases
fairly quickly compared to the unsealed case. A steady-state solution is defined by all
liquid water occupying the lower temperature portion of the wall. The pore pressures in
the dry zone are then governed by the svp at the interface with the saturation zone.
Figure 9 and 10 show the transient moisture flow leading to this situation.

3.3 Wall with Sealed Hot Face only, and Vented: The pore pressure behaviour is
dramatically different when venting to atmosphere is permitted. Figure 7 shows the pore
pressure changes with time. These should be compared with Figures 3 and 9 for sealed
hot face only, and completely sealed walls. Drying of the vented wall is somewhat faster
but the behaviour in the centre of the wall does not appear to be dramatically changed
from the unvented case. Experimental results for this case can be found in [7].

4. CONCLUDING REMARKS

Predictions made using the model described in section 2 indicate that drying of thick
concrete walls is a very long-term process even at elevated temperatures as high as
200°C.

The model correctly predicts the special features of moisture migration observed in
practice, including mass flow towards high temperature vented regions, and zones of
physical saturation with hydraulic pressures.
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Fig. 2- Variation of pressure with time in a concrete
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Fig. 4-Moisture distribution in a concrete wall
of 2.0 m thickness, unsealed at the cold face
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