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0) Introduction 

The study of waste disposal in deep clay formations requires to better aprehend the hydraulic processes going on 
in very low permeability layers. In this context, the knowledge of the characteristic parameters of the porous 
medium (specific storativity, porosity, permeability, etc) is a crucial problem.  

Geologic porous media are subject to fluctuations of pressure and stress, due to barometric oscillations and to 
gravimetric fluctuations leading to the phenomenon of « earth tides ». These processes induce hydro-mechanical 
interactions between the solid skeleton and the pore fluid, both of which undergo deformations under the effect 
of variable pressure and stress.  

This paper focuses on the quantitative evaluation of the hydraulic properties of the geologic medium by what 
might be called informally a “double-barrelled” approach – direct and inverse - as explained below.  

♦ Direct problem. The governing equations are solved in order to model hydro-mechanically the space-
time response of a porous or poro-elastic medium subject to time-variable forcing f(t).  

♦ Inverse problem. A stochastic approach is used for identifying the hydraulic characteristics of the 
geologic medium from observations of piezometric fluctuations. Fluctuations are viewed as random 
processes, and the direct model is used as a physically-based, spatially distributed type of 
“input/output” model. (Note: it is also possible to consider a non-stochastic optimization approach).  

On the other hand, it is assumed in this work that the time series of interest (atmospheric pressure, piezometry, 
etc) have been submitted beforehand to various statististical treatments and analyses, leading to their 
characterization in terms of cross-correlations and cross-spectra : see Fatmi et al. (2007) in this conference.  

As a preliminary step, we start here with the study of a few prototype problems involving space-time 
propagation of pressure fluctuations in one-dimension (1D). However, our approach can take into account more 
generally the 3D geometry of the hypothetical repository, as well as interfaces, heterogeneity, and anisotropy.  

1) Analyzis of the propagation of piezometric fluctuations P(x,t) in a saturated medium 

This section presents an analyzis of the propagation of piezometric fluctuations P(x,t) in a fully saturated 
medium due to a periodic forcing of pore pressure at one boundary. In reality, the forcing may be a bit different, 
e.g., it may be caused in part by air pressure fluctuations. Thus, it should be kept in mind that the “1D” prototype 
studied here is an extreme simplification of the real case in terms of geometry and boundary conditions. Let us 
now state the governing equation for our prototype problem (in multidimensional space for the sake of clarity) : 
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where P is « total » pore pressure (P=p+ρgz), C is specific storativity (possibly “elastic”), and « S(x,t) » is a 
source term which may be related to gravimetric fluctuations (we take S=0 in the example below).    

The medium is 1D and semi-infinite, and it is subjected at the left boundary (x=0) to periodic fluctuations P(0,t) 
(recall that, in the real problem, barometric fluctuations will be explicitly accounted for). We are particularly 
interested in analyzing the ergodic regime (or simply, here, the stationary periodic regime) that occurs after a 
sufficiently long time. Let us look for example at the case of a “bi-chromatic” forcing, i.e., an input signal with a 
bi-modal Fourier spectrum. We obtain in this case the pressure profile and pressure signal depicted in figure 1. 
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Fig.1.a. Pressure profile P(x,t1) at a given time (t1). 
This profile results from the propagation, from left to 
right, of the bi-chromatic pressure fluctuations P(0,t) 
imposed at the left boundary (point x1 in blue).  

Fig.1.b. Time evolution of pressure at the boundary 
point x1=0 (the large amplitude blue curve) and at 
position x2 = 1.5 m inside the porous medium (the 
smaller amplitude red curve).   

2) Analyzis of the response of an unsaturated medium subject to fluctuations at one boundary 
In this section, we focus on the hydraulic behavior of an unsaturated medium subject to fluctuations at one 
boundary, using again the prototype of a semi-infinite 1D column. We are particularly interested in the nonlinear 
behaviour due to moisture-dependent permeability and desaturation-resaturation cycles. For example, figure 2 
shows the vertical propagation of the relative pressure head h(z, t): 

( ) gpptzh ATM ρ−=),(  (h is negative if the medium is unsaturated).   (2) 

for a periodic flux q0(t) at the top. The numerical simulations were conducted with the BIGFLOW (3D) code. 

 
Fig.2.  Left – schematic view of an unsaturated column with a periodic flux imposed on the top surface.  
Right - vertical profile of the relative pressure head « h » after a single period (t=T) : (i) numerical profile 
(circles); (ii) linearized Fourier analyzis (solid curve); (iii) envelope of fluctuations (the two dashed curves).  

3) Hydromechanical modeling based on the Biot equations. 
In this section, the clay is viewed as a deformable poro-elastic medium governed by the Biot equations with 
pressure-stress coupling (generalization of Terzaghi’s model). A 3D hydro-mechanical modeling of the clay unit, 
with appropriate boundary conditions, will lead to calculations of transient pore pressure fluctuations and their 
propagation taking into account pressure-stress-strain coupling. This involves the numerical solution of a system 
of coupled PDE’s (Fourier-Laplace transforms may be used). The simulations will be conducted using the 
software package COMSOL, ex-FEMLAB (cf. Canamon, Ababou, Elorza 2005: Thermo-Hydro-Mechanical 
Simulation of a 3D Fractured Porous Rock, FEMLAB Multiphysics, Paris, 6 pp.). 

The results may be further compared with the BIGFLOW (3D) code. First, this code can model saturated flow in 
confined formations, with pressure fluctuations propagating via the elastic storativity coefficient « C » of eq. (1). 
Secondly, BIGFLOW (3D) includes a more general option for variably saturated flows; this is useful for 
studying the dynamics of partially saturated regimes, where mobile wetting/drying fronts can occur.  

Porous medium 

X1 X2 

X 


