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Abstract. This paper deals with hydromechanical (HM) coupling analysis of discontinuities, devoting special 
attention to the hydraulic description of the model. The problem formulation falls within the so-called discrete 
crack approach, which discretizes each discontinuity explicitly by means of zero-thickness interface elements 
that must be equipped with the appropriate constitutive law. The coupled problem is solved following a 
staggered strategy, where the same Finite Element mesh is used in the mechanical and the flow problems since 
the same zero-thickness interface element with double nodes is used for both joint formulations. The innovative 
flow model with double nodes is compared to other discrete flow models existing in literature. Two different 
HM applications are presented, one of them dealing with pre-existing discontinuities and the other one dealing 
with a fluid-driven fracture (i.e. hydraulic fracture). 

Resumen. Este artículo analiza el problema acoplado hidromecánico (HM) en discontinuidades, dedicando 
especial atención a la modelación hidráulica. El modelo propuesto es de fisuración discreta, de modo que 
discretiza explícitamente cada discontinuidad mediante elementos de interfase dotados de la ley constitutiva 
apropiada a cada caso de estudio. El problema acoplado se resuelve siguiendo una estrategia en staggered en la 
que se utiliza una misma malla de Elementos Finitos para ambos problemas mecánico y de flujo, ya que se 
utiliza el mismo elemento junta de espesor nulo y nudos dobles en ambas formulaciones de la junta. En 
particular, el novedoso modelo de flujo con nudos dobles se compara con otros modelos discretos existentes en 
la literatura. Se analizan dos problemas acoplados, uno de ellos involucrando una discontinuidad pre-existente y  
el otro una fractura propagada por la presión de un fluido (fractura hidráulica).  

1. INTRODUCTION 
 
Two processes are said to be coupled when there exists 
an interaction between them, so that one process affects 
the initiation and progression of the other, which in 
turn will also influence the behavior of the former. In 
many problems the mechanical and hydraulic behavior 
appear combined and influenced reciprocally, leading 
to the so-called hydromechanical –HM– coupled 
problems. 
 
In the case of HM coupling in discontinuities, the water 
pressure distribution along the joint will affect the 
interface stress state (i.e. aperture), in some cases even 
contributing to its propagation. According to this 
description the hydraulic problem influences the 
mechanical one. But influences also run the other way 
round, and the fracture deformation affects the flow by 
contributing with more (or less) space to store water, 
and by varying the hydraulic conductivity of the joint 
too. In this way, the coupling loop is closed, which 
requires considering all these aspects simultaneously. 
 

Based on the division proposed in [1], we can tackle 
the HM coupled problem according to three different 
approaches: 
 
a) fully coupled formulation: the hydro-mechanical 

behavior of the system is described by means of a 
single group of equations that incorporates all the 
physics and couplings relevant to the problem. 

 
b) uni-directional coupling: both hydraulic and 

mechanical problems are solved separately by two 
independent codes. However, the results of one of 
the analyses are periodically used by the other one 
to capture the coupling effects. The information 
exchange is always in the same direction and it is 
not considered at every time-step (in the case of 
transient analyses). 

 
c) iterative coupled or staggered formulation: the 

hydraulic and the mechanical equations are solved 
separately too, but the coupling loops iteratively 
transfer the information between the two codes 
until convergence is reached. It is important to 
note that in this case the information exchange is 
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always in the two directions and for each time 
step. 

 
Although extensive literature exists dealing with the 
mechanical analysis of fractures and the HM coupled 
formulation of porous media, HM models for fractured 
porous medium are not so common [2-3] and even less 
common for fluid driven fractures –hydraulic fracture– 
in porous media [4]. In the latter, a finite element –FE– 
formulation for the mechanical problem is combined 
with finite differences –FD– for the flow analysis along 
the fracture. 
 
However, HM analysis in fractured media may be 
efficiently tackled just by means of the FEM provided 
the use of zero-thickness interface elements with 
double nodes. Since its use has been well established 
for mechanical analyses since some time already [5], it 
would seem convenient to be able to use the same 
double nodded joint in the hydraulic problem too. In 
this article, special attention is given to analyzing the 
capabilities of a recently proposed interface model with 
double nodes for the flow analysis [6]. The use of the 
same joint element for both flow and mechanical 
problems is very advantageous when developing a HM 
formulation. As a previous step to the development of a 
fully coupled formulation, a staggered strategy is 
followed [7], which scheme is also presented. Two 
coupled problems that are currently being solved using 
this procedure are presented. One of them deals with 
the HM behavior of pre-existing discontinuities, 
whereas the other one deals with the classical hydraulic 
fracture phenomenon. 
 
 
2. INTERFACE ELEMENTS FOR FLOW 

ANALYSIS. 
 
The interface model with double nodes used for flow 
analyses has been presented in more detail in [6-7] and 
it is only briefly summarized in this section. 
 
Fluid flow through discontinuities has traditionally 
been modeled using special elements of zero-thickness, 
which we can classify into single, double and triple 
nodded. Single-node elements are the simplest, and 
consist of “line” or “pipe” elements that are 
superimposed onto the standard continuum element 
edges and using their same nodes. These elements can 
only model the longitudinal flow through the fracture 
with a longitudinal hydraulic conductivity Kl. On the 
other hand, some authors [3] have included the 
transversal flow with its transmissivity Kt, and the 
subsequent localized potential drop across the 
discontinuity, by using triple-node interface elements. 
In those, the two nodes of the adjacent continuum 
elements represent the potentials in the pore system on 
each side of the interface, and a third node in the 
middle represents the average potential of the fluid in 
the channel represented by the discontinuity. Finally, 

some authors [2] have proposed double-node interface 
elements although without considering the influence of 
the transversal flow, i.e. prescribing a same potential 
for the two nodes before solving the global system of 
equations. The interface element considered [6] 
includes the two types of conductivities, lengthwise 
and transverse, in the context of a double-nodded 
geometry. See [6] for the details about the three 
elements formulation. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Zero-thickness interface elements for diffusion 
analysis inserted into the FE mesh 
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A simple academic case is solved by using each of the 
cited interface elements. The problem consists of a 
gravity dam laying on a highly fractured medium 
(Figure 2). The steady-state problem is analyzed. 
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Fig. 2. Geometry and boundary conditions of the 
problem under analysis 
 
As an example of the typical results obtained, Figure 3 
plots the hydraulic head profile at a level of 3 m 
downward from the ground surface for a joint aperture 
of 0.05 mm (i.e. Kl = 1.01·10-07 m2/s according to the 
cubic law [8]), and for values of the transversal 
transmissivity of the joint ranging from 10-04 to 10-08 
1/s. As it was expected, all the analyses gave very good 
agreement between the three models when there is a 
negligible effect of the transversal transmissivity Kt, 
i.e. for high values of Kt. 
 
This conclusion changes when increasing the effect of 
the parameter Kt, where the profiles given by the 
double and triple nodded elements lay far away from 
the single node model, appearing the related hydraulic 
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head jumps across the discontinuities. In general, we 
may admit a good agreement between the double and 
triple nodded models [6]. Additional plots and results 
can be found in [6].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Hydraulic head distribution at level 3m with     
kl = 1.01·10-07 m2/s [6] 
 
  
3. HM STAGGERED APPROACH 
 
The HM problem is posed using a staggered strategy 
that makes use of the codes DRAC and DRACFLOW –
developed at the UPC Geotechnical Engineering 
Department. These, follow the discrete approach to 
respectively solve the mechanical and the hydraulic 
problems in fractured medium. When solving the HM 
problem, the codes are linked via the appropriate 
coupling loops. The main advantage of using this 
staggered procedure is that separate highly developed 
and validated codes can be used, and, in our case, two 
codes that use the same zero-thickness interface 
element with two nodes to discretize the 
discontinuities, which allows us to use the same FE 
mesh for both analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Staggered procedure scheme 
 
The proposed staggered methodology starts by solving 
the hydraulic problem, obtaining a nodal pressure 

distribution that is used as input when solving the 
mechanical problem. Resolution of the mechanical 
problem leads to the nodal displacement distribution, 
which allows us to calculate the joint aperture that will 
influence the hydraulic problem in terms of a variation 
of the hydraulic conductivity of the joint (Kl) and 
changes in its storage capacity ( ). Solution of the 
hydraulic problem (including the aperture influence) 
leads to a new nodal pressure distribution. An iterative 
procedure is established until a tolerance is satisfied. 
The procedure is formulated in more detail in [7]. 
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4. HM COUPLED ANALYSES 
 
Two different coupled problems in fractured medium 
are presented in this section, one of them involving a 
pre-existing discontinuity, and the other one a fluid 
developing crack. Some preliminary results are shown. 
 
4.1. Reservoir depletion 
 
The coupled problem considered for the analysis of 
pre-existing discontinuities is an academic example 
proposed by Guiducci et al. [3]. The problem consists 
in depleting, by means of well pumping, a reservoir 
intersected by a pre-existing horizontal discontinuity. 
The initial stress field involves an overburden load of 
62 MPa, as well as a 62 MPa horizontal stress on the 
well boundary. Gravity effect is ignored and the initial 
fluid pressure of the reservoir is considered to be 48.7 
MPa. The problem is solved in plane strain conditions. 
The cubic law [8] is assumed to model the longitudinal 
flow along the discontinuity, with an initial aperture of 
0.217 mm. The depletion is achieved in two steps: first, 
the fluid pressure in the well is linearly decreased 15 
MPa in 7.5 years. After that, the fluid pressure by the 
well is kept constant at 33.7 MPa for 12.5 years. The 
fluid is supposed to be water. 
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Fig. 5. Scheme of the reservoir depletion problem [3] 
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increase in the effective stresses, and therefore a 
progressive closure of the discontinuity, especially in 
the pumping region. This will produce a drop in the 
value of the joint hydraulic conductivity, diminishing 
the production capacity of the reservoir compared to an 
uncoupled calculation. The mechanical model used is 
that of Gens et al. [5], which reproduces the typical 
closing behavior of joints under compression (Fig. 6). 
It is an elasto-plastic model which also considers the 
dilatancy effects in the case of shearing, and which has 
been used successfully in many geotechnical analyses 
(e.g. [9]). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Interface behavior in compression 
 
Some results of the coupled calculation are represented 
in Figure 7 and Figure 8, together with the respective 
results of a calculation assuming constant conductivity 
for the horizontal joint (termed as uncoupled analysis). 
 
Figure 7 illustrates the evolution of the fluid pressure 
along the discontinuity. As it was expected, the fluid 
pressure distribution in the non-coupled case is lower 
than in the coupled case, since it does not take into 
account the reduction in the hydraulic conductivity. 
Similar qualitative results can be observed in Figure 8, 
in which the fluid fluxes profiles for coupled and 
uncoupled calculations are depicted, both reaching a 
maximum value at the pumping zone as it would be 
expected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Pressure profiles along the discontinuity 
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Fig. 8. Fluid flux profiles along the discontinuity 
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4.2. Hydraulic Fracture simulation 
 
In this section, the problem proposed by Boone and 
Ingraffea [4] to validate their HM model is considered. 
The problem consists of injecting fluid flow along an 
incipient crack located at the lower left corner of the 
domain (Figure 9). This produces the transient 
propagation of a fracture along the lower boundary, 
where the zero-thickness interface elements have been 
inserted. In our case, the problem is analyzed in steady-
state, i.e. studying the long term behavior of the system 
and analyzing which would be the ultimate length of a 
fracture for a given flow injection. This influx is 
progressively increased. 
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Fig. 9. Scheme of the hydraulic fracture problem 
 
The mechanical model is, in this case, fracture-
mechanics based. It reproduces the crack behavior by 
means of a work-softening elasto-plastic constitutive 
law that is formulated, as in any zero-thickness discrete 
approach, in terms of the stresses on the interface plane 
and the corresponding normal and tangential relative 
displacements. The interface constitutive model is that 
described and analyzed in detail in [10], and used in 
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many other analyses [11] involving crack opening and 
propagation 
 
Some preliminary results show how the proposed 
staggered procedure is also very promising in the case 
of modeling fluid-driven cracks. In Figure 10 we may 
see the crack profiles (crack opening vs. distance from 
the injection point) as we increase the value of the fluid 
flow entering the system. This preliminary results show 
how the fracture effectively propagates, although it is 
worthy saying that the convergence of the method 
needs considerable iterations in advanced stages of the 
analysis. Therefore, a fully coupled formulation of the 
problem would seem desirable and remains an 
objective of the on going work in the near future. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Fracture opening profiles with increasing 
    injection flow 

 
In Figure 11 we may see also how, once the fracture 
has reached a reasonable development, it really 
influences the pressure profiles at the injection zone, 
where the flow tends to leave normally to the fracture 
zone (i.e. the fluid potential drop along the fracture is 
very low).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Pressure profiles at the domain and at the 
    injection zone for Q = 0.70 x 10-06 cm3/s 

 
 
5. CONCLUDING REMARKS 
 
 Double-nodded interface elements for flow 

analysis make it possible to use the same mesh as 

in the mechanical problem. Its performance has 
been validated in previous publications [6-7] 

 
 HM coupled analyses using this interface element 

lead to satisfactory results as it has been 
demonstrated in two examples of application, 
involving the depletion of a reservoir intersected 
by a horizontal discontinuity, and propagation of a 
fluid-driven crack. 

 
 The staggered procedure employed lead to slow 

rate of convergence in some HM cases (i.e. 
hydraulic fracture), and for this reason current 
efforts are devoted to development of a fully 
coupled version of this formulation. 
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