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Abstract. The Lacq gas field, a large scale fractured reservoir subjected to a significant dep-
letion in its production life, has been investigated. A fully coupled model - two phase fluid 
flow in deformable fractured porous media - has been utilised in the investigation. Spatial 
discretisation of the governing equations has been achieved using the standard Galerkin me-
thod while the finite difference technique is employed for the discretisation of the time do-
main. A three dimensional finite element model representing a quarter of the reservoir and 
surrounding rock layers has been created and subjected to the actual course of field produc-
tion from 1957 to 1989. A good agreement has been found between simulation results and 
field data on reservoir pressure evolution, maximum ground settlement and subsidence profile 
along the northwest-southeast direction. 
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1. INTRODUCTION 

Fluid flow and deformation are naturally coupled phenomena in studying hydrocarbon 
reservoirs. As a result of this coupled behaviour, subsidence and seismic activities are more 
common ground’s responses to fluid extraction/injection from/into underground reservoirs. 
For example, in the production life of Ekofisk field in the North Sea, seabed subsidence has 
been experienced over an area of 50 km2 [5]. Accurate modelling of depletion induced subsi-
dence requires an understanding of the mechanical behaviour of the reservoir and surrounding 
rock in response to the depletion. Triggering seismic events in case of fluid injection has been 
proven to be a straightforward phenomenon as shown by observations and tests performed in 
Colorado [6]. Also, in some cases, production has been found to initiate seismic activity [16, 
18, 21, 23]. In Lacq gas field (France), while seismic activities first time felt in 1969, 12 years 
after start of production, the surface subsidence has been observed before first earthquake 
during the levelling in 1967 and repeated in 1979 and 1989. However, the surface subsidence 
records show a linear relationship between reservoir depletion and ground settlement in spite 
of seismic activities, showing an elastic behaviour of ground to reservoir depletion. Segall et 
al [23] suggested that the induced earthquakes are caused by poroelastic stressing associated 
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with fluid withdrawal. In their model, the coupling between fluid flow and deformation rea-
lised using effective stress concept while the reservoir considered free of constraints on its 
boundaries i.e. the change in total stress assumed to be zero (implicit model,[22]), and they 
directly used the field pressure data to compute the deformations and stresses in the vicinity 
of the reservoir. 

In Lacq field, a highly fractured reservoir is located in an anticline structure of the 
French Pyrenean foreland.  The reservoir consists of Jurassic dolomite with levels of low po-
rosities (4-6%) alternating with levels of very low porosities (less than 1%). The matrix per-
meability is extremely low (0.001 mD) while the well tests give permeability values from 5 to 
200mD. This gives evidence of “double porosity” behaviour of the reservoir. The migration 
of gas is the result of fracturing which is responsible for high permeability of the rock [20].  

In this paper, a fully coupled flow-deformation three-dimensional finite element model 
has been utilised to analyse the behaviour of Lacq gas field during its production life till 1989 
corresponding to a significant pressure drop of about 60 MPa. The model is based on double 
porosity concept with two phase fluid flow (gas and water). The coupling between flow and 
deformation has been realised through effective stress concept [10]. Good agreement has been 
found between model data and field data. 

2. LACQ GAS FIELD CHARACTERISATION 

Lacq gas field is a large west-east oriented reservoir located in an anticline structure of 
the French Pyrenean foreland. The depth of the reservoir changes from 3.2 km to about 5 km 
due to the anticline structure with an average depth of 4 km and effective thickness of 250m. 
The structural traps are formed by impermeable marly levels which bound the reservoir. The 
initial pressure of Lacq Profond gas field was 66 MPa when production began in 1957 and 
reduced to 9 MPa in 1989, a significant drop which caused more than 900 seismic events with 
magnitude larger than 1 between 1974 and 1989 [3]. 

The reservoir consists of Jurassic dolomite with levels of low porosities (4-6%) 
alternating with levels of very low porosities (less than 1%). The overall permeability of 
blocks is less than 2%. The matrix permeability is extremely low (0.001 mD) while the well 
tests give permeability values from 5 to 200mD. The migration of gas is the result of 
fracturing which is responsible for high permeability of the rock. This gives evidence of 
“double porosity” behaviour of the reservoir. The reservoir responded to the depletion as a 
homogenous matrix. No compartments with different relative pressures have been observed 
during gas extraction [4, 17, 20]. 

Geological formation of the field consists of 5 major layers: below levels (BL), 
reservoir, marls, reef and upper levels (UL). The mechanical properties of these layers are 
given in table 1 [2, 3]. The appearing of fractures in reservoir rock will affect the 
deformability modulus, so the overall deformability modulus calculated based on given intact 
value (54 GPa) and relationship proposed by Hoek and Diederichs [7] assuming a very blocky 
structure. 

 
 



 
 

Table 1.  Mechanical properties of geological layers of Lacq gas field 
Rock Layer Thickness (m) Young Modulus 

(GPa) 

Poisson’s Ratio 

UL 1000 30 0.30 

Reef 2500 60 0.30 

Marls 500 33 0.33 

Reservoir 250 32 0.25 

BL 2250 20 0.30 

 
With an OGIP of 2.6x1011 Sm3, production from Lacq field began in 1957 and reached 

to the rate of 2.1x107 Sm3/d in 1961 and lasted for 24 years until the first decrease in plateau 
rate occurred in 1985 followed by another decrease in 1986 reaching the plateau rate of 8x106 
Sm3/d. The gas was initially highly over-pressured (66 MPa), and production has caused the 
gas pressure to decline dramatically to 9 MPa in 1989. The temporal evolution of gas pressure 
has been shown in figure 1. 

 

Figure 1. Gas pressure evolution (1957-1989) 
 

Subsidence associated with gas extraction has been observed and measured along a 
northwest-southeast trending line in four different times. This data provide valuable 
information on the nature of coupling between fluid flow and deformation in Lacq field. First 
levelling has been performed in 1887, far before any production, followed by three other 
levelling in 1967, 1979 and 1989. The measured subsidence has been shown in figure 2 with a 
maximum subsidence located in centre of reservoir. Plotting the maximum observed surface 
subsidence against the reservoir depletion (figure 3) reveals an almost linear relationship 
between deformation and pressure drop proving the linear response of the ground to the 
applied loads due to gas extraction [23]. A shallow oil field at 640-700 m depth was 
discovered in 1949, and by 1986 a total volume of 4x106 m3 oil was produced. The oil pore 
pressure has changed between 6.5 MPa and 5.9 MPa which is not comparable to the pressure 
drop in gas reservoir, so the surface subsidence is mainly due to gas extraction from lower 
reservoir. 
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Figure 2. Subsidence over Lacq gas field along a northwest-southeast line 

 
Figure 3. Maximum observed subsidence versus reservoir depletion 

 

3. COUPLED FORMULATION 

The coupled formulation consists of two separate, yet overlapping models: the 
deformation model, and the flow model.  The deformation model is based on the theory of 
elasticity, the effective stress principle and the equations of equilibrium. The flow model is 
based on the theory of double porosity [1, 24]. Two interacting fluid flow regions are 
identified: one representing the flow in the porous blocks, and the other representing the flow 
in the fracture network. The two flow regions are coupled through a leakage term controlling 
the transfer of fluids from the porous blocks into the fracture network, and vice versa.  The 
rate of fluid transfer at any point is assumed to depend on the fluid pressure difference in the 
porous blocks and the fracture network, the phase permeability of the porous blocks, phase 
viscosity and the fracture spacing.  

The coupling between the fluid flow and deformation models is established through 
the effective stress principle. In its most general form, the effective stress for a fractured 
porous medium, saturated by two fluid phases, is expressed as [10]: 

 dσᇱ ൌ dσ ൅ ∑ β஑ஒdp஑ஒI஑ୀ୮,୤
ஒୀ୵,୬୵

 (1) 
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in which σ  is the total stress, β஑ஒ is the incremental effective stress parameter, p஑ஒ is 
the fluid pressure, and I is the second order identity tensor. Incremental effective stress 
parameters are quantified as following [22]: 
 

 β୮୵ ൌ β୮ ൬ψ୮ െ ୡ౩

ୡ౦
൰  

 β୮୬୵ ൌ β୮൫1 െ ψ୮൯  

 β୤୵ ൌ ൫1 െ β୮൯ψ୤  

 β୤୬୵ ൌ ൫1 െ β୮൯ሺ1 െ ψ୤ሻ  

 β୮ ൌ
ୡ౦

ୡ
  

ܿ௣ is the compressibility of porous block and c is overall compressibility of fractured 
porous medium. Coefficient β୮ represents the contribution of pores to the overall 
deformability of medium [11], while ψ஑ represents the contribution of wetting fluid into 
deformation of pore α. ܿ௦ represents the compressibility of solid grains. The effective stress 
parameters are restricted to the following constraint: 

 β୮୵ ൅ β୮୬୵ ൅ β୤୵ ൅ β୤୬୵ ൌ 1 െ ୡ౩

ୡ
 (2) 

The α ൌ 1 െ ୡ౩

ୡ
 is the well-known Biot coefficient. Segall et al. [23] proposed that Biot 

coefficient for Lacq field is equal to 0.25 using the experimental data reported by Laurent et 
al. [12] for different limestones. We modified the quantity of α for fractured medium, 
assuming that the α ൌ 0.25 is still valid for porous blocks: 

 1 െ ୡ౩

ୡ౦
ൌ 0.25  

            
ሱۛ ሮۛ  α ൌ 1 െ ୡ౩

ୡ
ൌ 1 െ 0.75

ୡ౦

ୡ
ൌ 1 െ 0.75β୮  (3) 

Combining equation of equilibrium and the effective stress equation yields the 
differential equation describing the deformation field of an elastic fractured porous medium 
saturated with two immiscible fluids 

 div ቈ
ଵ

ଶ
۲ሺ׏ሺdܝሻ ൅ ሺdܝሻ׏ሻ െ ∑ β஑ஒdp஑ஒ۷஑ୀ୮,୤

ஒୀ୵,୬୵
቉ ൅ d۴ ൌ ૙    (4) 

The flow model is developed by combining the equation of linear momentum balance 
for the fluid phases (Darcy’s law) with the mass balance equation of the fluids (neglecting the 
inertial and viscous effects):  

ఈఉdivܤ  ቆ
୩ಉಊ

஻ഀഁµಉഁ
൫સp஑ఉ ൅ ρ஑ఉ܏൯ቇ ൌ n஑ஒc஑ఉ

ୢಉഁ୮ಉഁ

ୢ୲
൅ ଵ

V

ୢ౩Vಉഁ

ୢ୲
൅ signሺαሻܤఈఉΓఉ (5) 

 signሺαሻ ൌ ቄ൅        for  α ൌ p
െ       for  α ൌ f

 



 
 

 ఈఉ is the formation volume factor, k஑ஒ and µ஑ఉ are permeability and dynamicܤ
viscosity of phase ߚߙ, c஑ஒ is the coefficient of fluid compressibility and dୱV஑ஒ/V represents 
the change in the volume of the fluid constituent β in pore space, α, over the volume of the 
fractured porous medium. Γஒ is the leakage term controlling the exchange rate of constituent 
(β) between the pores and fractures.  

The leakage term has an important role in simulation of fractured reservoirs. The fluid 
transfer between pores and fractures is produced by the leakage term. Basically the leakage 
term defines the early, intermediate and late time response of a fractured reservoir. In two 
phase fluid flow it controls the imbibitions of matrix blocks and counter current of flow from 
matrix blocks to fractures. The leakage term can be explicitly evaluated by employing the 
Darcy law between physical matrix block and fractures, or implicitly by introducing the shape 
factor σ that takes into account the shape and size of virtual matrix blocks. However, many 
simulators use the latter to evaluate the leakage term in the form of: 

 Γஒ ൌ ൬
஡౜ಊ୩౦ಊ.஢

µ౦ಊ
൰ ൫p୮ஒ െ p୤ஒ൯         β ൌ w, nw  (6) 

Both leakage and pressure difference in pore and fracture are time-dependent and also 
depend on the boundary conditions. However the shape factor converges to a constant value 
in the later time. The dimension of shape factor parameter is the inverse of a squared length 
i.e. shape factor parameter is a constant divided by squared length. So far several workers 
have used different approaches to evaluate shape factor constant analytically and numerically. 
For a cubic matrix block (three sets of fractures), the shape factor constant varies from 12 for 
Kazemi et al [9] to 60 for Warren and Root [24]. Among them, the values calculated by Lim 
and Aziz [13] and Quintard and Whitaker [19], which are the analytical solutions to the diffu-
sion equation for different boundary conditions, seem to be more appropriated. Here the value 
calculated by Lim and Aziz [13] has been used, 

ߪ  ൌ ଶߨ ൬
ଵ

௅ೣ
మ ൅ ଵ

௅೤
మ ൅ ଵ

௅೥
మ൰ (7) 

In which, ܮ௫, ܮ௬ and ܮ௭ are matrix block’s dimensions in x, y and z directions. The 
fully coupled equations are obtained by combining the governing equations for the 
deformation and flow models: 

ఈஒdivܤ  ቆ
୩ಉಊ

஻ഀಊµಉಊ
൫સp஑ஒ ൅ ρ஑ஒ܏൯ቇ ൌ β஑ஒ

பሺୢ୧୴ ୳ሻ

ப୲
൅ ∑ Λ஑ஒ,ஞ஖

ப୮ಖಎ

ப୲ஞ஖ ൅ signሺαሻܤఈஒΓ஑ஒ ሺ8ሻ 
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α, ξ ൌ p, f  

 β, ζ ൌ w, nw   

 Λ୮ஒ,୤ஞ ൌ Λ୤ஞ,୮ஒ ൌ െ൫β୤ஞ െ n୤ஞ൯β୮ஒc  



 
 

 Λ஑ஒ,஑ஒ ൌ n஑ஒc஑ஒ ൅ ൫β஑ஒ െ n஑ஒ൯cୱ െ ∑ Λ஑ஒ,ஞ஖ஞ஖
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஖ஷஒ

 

The coefficients Λ୮୵,୮୬୵ and Λ୤୵,୤୬୵ will be determined from the capillary pressure-
saturation characteristic curves for pores and fractures: 

 Λ୮୵,୮୬୵ ൌ  n୮
பS౦

பPౙ౦
 

 Λ୤୵,୤୬୵ ൌ  n୤
பS౜

பPౙ౜
 (9) 

In which, n୮ and n୤ are the pores and fractures porosity, S୮ and S୤ are the pores and 
fractures saturation, and, Pୡ୮ and Pୡ୤ are the capillary pressure in pores and fractures 
respectively. 

4. NUMERICAL MODEL AND RESULTS 

Finite element method has been invoked to solve the governing equations. Spatial 
discretisation has been performed using the Galerkin method. Displacements and phase pres-
sures are considered as primary variables and approximated in space by means of the shape 
functions ۼ and their nodal values, ܝ෥ and ܘ෥஑ஒ, 

ܝ ൌ  ෥ܝۼ

p୮୵ ൌ  ෥୮୵ܘۼ

p୮୬୵ ൌ  ෥୮୬୵ܘۼ

p୤୵ ൌ  ෥୤୵ܘۼ

 p୤୬୵ ൌ  ෥୤୬୵ (10)ܘۼ

The shape function vector or matrix ۼ consisting from nodal shape functions N௜ are 
defined as, 

ۼ ൌ൏ Nଵ Nଶ   …  ൐ for interpolation of phase pressures 

ۼ ൌ ൥
Nଵ 0 0
0 Nଵ 0
0 0 Nଵ

Nଶ 0 0
0 Nଶ 0
0 0 Nଶ

…൩  for interpolation of displacements 

A weak form of the governing equations is needed for their transformation into a set of 
algebraic equations in space. For this purpose, using Galerkin method which is based on 
minimizing the weighted average of residual error of the solution over the entire element do-
main, the governing equations are multiplied by vector ۼT as the weighting factors, and then 
integrated over the whole element domain, Ω with boundary Γ, 



 
 

׬ ෥ሶܝۼT൫સഥT൫۲સഥۼ െ β୮୵઼ܘۼ෥ሶ
୮୵ െ β୮୬୵઼ܘۼ෥ሶ

୮୬୵ െ β୤୵઼ܘۼ෥ሶ
୤୵ െ β୤୬୵઼ܘۼ෥ሶ

୤୬୵൯ ൅ ۴ሶ൯dΩ ൌ 0Ω  (11) 

׬ Tۼ ൭સT ቆ ଵ

µಉಊ
෥஑ஒܘۼ஑ஒ൫સܓ ൅ ρ஑ஒgસܢۼ෤஑ஒ൯ቇ൱ dΩΩ ൌ

׬ Tۼ ቆβ஑ஒ઼Tસഥܝۼ෥ሶ ൅ ∑ Λ஑ஒ,ஞ஖ܘۼ෥ሶ
஖ஞ஖ஞ ൅ signሺαሻܤఈஒ ൬

୩౦ಊ.ఙ

஻೛ഁఓ೛ഁ
൰ ෥୮୵ܘ൫ۼ െ ෥୤୵൯ቇܘ dΩΩ               (12) 

in which, સഥ is a differential operator corresponding to the definition of engineer‐
ing strains, સ is the gradient vector, ۲ is the elastic stiffness matrix, ઼ is the identity vector, 
and ܓ is the permeability tensor. By introducing, ۰ଵ ൌ સഥ۰ ,ۼଶ ൌ ઼Tસഥۼ and ۰ଷ ൌ સۼ, the 
derivatives of the shape function for the displacements, coupling and phase pressure terms, 
and expanding the equations 11 and 12 by application of Green theorem, the final form of the 
governing equations may be expressed as, 

෥ሶܝ۹  െ ۱୮୵ܘ෥ሶ
୮୵ െ ۱୮୬୵ܘ෥ሶ

୮୬୵ െ ۱୤୵ܘ෥ሶ
୤୵ െ ۱୤୬୵ܘ෥ሶ

୤୬୵ ൌ ሶ۾  ሺ13ሻ 

 െ۱஑ஒܝ෥ሶ െ ۶஑ஒܘ෥஑୵ െ ∑ ෥ሶܘ஑ஒ,஖ஞۻ
஖ஞ஖ୀ୮,୤

ஞୀ୵,୬୵
െ signሺαሻۺ஑ஒ൫ܘ෥୮୵ െ ෥୤୵൯ܘ ൌ ஑ஒۿ ൅ ۵஑୵ ሺ14ሻ 

in which, ۹ is the element stiffness matrix, ۱஑ஒis the coupling matrix, ۶஑ஒis flow matrix cor-
responding to the mobility of phase αβ, ۻ஑ஒ,஖ஞ and ۺ஑ஒ are mass matrices corresponding to 

cross coupling between phases αβ and ζξ, and leakage terms respectively, ۾ሶ  is the vector of 
nodal forces, ۿ஑ஒ is the vector of nodal flux of phase αβ and ۵஑ஒ is the gravity vector, 

۹ ൌ න ۰ଵ
T۲۰ଵdΩ
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஑ஒۿ ൌ െ න
1

µ஑ஒ
෥஑ஒdΓܘ஑ஒ۰ଷܓTۼ

୻
 

 ۵஑ஒ ൌ െ ׬
஡ಉಊ ୥

µಉಊ
۰ଷ

Tܓ஑ஒ۰ଷܢ෤஑ஒdΩΩ  ሺ15ሻ 

Temporal discretisation is performed using the standard finite difference technique 
such that for an arbitrary function f, over a time interval Δt one can write [22], 
 

׬  fሺtሻdt
୲ା୼୲

୲ ൌ ቀሺ1 െ θሻf ୲ ൅ θf ୲ା୼୲ቁ Δt ൌ ሺθΔf ൅ f ୲ሻΔt  (16) 

 

with the parameter θ (0 ൑ θ ൑ 1) controlling the type of approximation used for time 
discretisation. For different values of θ, we obtain different well-known numerical integration 
schemes such as forward (θ ൌ 0) and backward (θ ൌ 1) schemes. The Galerkin scheme 
θ ൌ 2/3  provides unconditional stability and first order of accuracy. Experience has shown 
that Galerkin scheme provides better stability than the Crank-Nicolson scheme θ ൌ 0.5 in 
spite of the lower accuracy. With Crank-Nicolson scheme the profile of the solution displays 
some oscillations, particularly in the vicinity of the perturbation. Having discretised spatially 
and temporal, the final set of linear algebraic equations are: 
 

 ۹Δܝ෥ െ ∑ ۱஑ஒΔp෤஑ஒ஑ஒ ൌ Δ(17) ۾ 

۱஑ஒ
T Δܝ෥ െ θΔt۶஑ஒΔp෤஑ஒ െ ∑ ஑ஒ,஖ஞΔp෤஖ஞ஖ஞۻ െ signሺαሻθΔtۺ஑ஒ൫Δp෤୮ஒ െ Δp෤୤ஒ൯ ൌ Δt۶஑ஒp෤஑ஒ

୲ ൅

signሺαሻΔtۺ஑ஒ൫p෤୮ஒ
୲ െ p෤୤ஒ

୲൯ ൅ ሺ1 െ θሻΔtۿ஑ஒ
୲ ൅ θΔtۿ஑ஒ

୲ା୼୲ ൅ ۵஑ஒ
୲Δt ሺ18ሻ 

Equations (17) and (18) provide a set of linear algebraic equations and can be written 
in matrix form of ܆܁ ൌ ۴, in which ܁ is the element’s general stiffness matrix, ܆ is the un-
knowns’ vector and ۴ is the generalized force vector. Since the coefficients in stiffness matrix 
are dependent on the unknowns, an iterative procedure is employed within each time step. At 
each iteration level, the nonlinear coefficients are updated using the values of unknowns cal-
culated in the previous iteration. The generalized force vector is updated in each increment. 
The eight-node prism element has been used to interpolate all unknowns. Two-point integra-
tion scheme (a total of eight points) has been used. The finite element code has been devel-
oped as part of this research. 

A uniform flat reservoir with effective dimensions of 12km x 6km x 250m was 
assumed. A three dimensional model of a quarter of the reservoir and surrounding rocks has 
been created. The size of the model is 20km x 20km x 6.5km. The reservoir and four rock 
layers, listed in table 1, has been shown in figure 4. The matrix and fracture porosity were set 
to 1.8% and 0.5% respectively. The intrinsic permeability of matrix is considered 0.001 mD 
(1x10-18 m2) while the fracture’s is 200mD (2x10-13 m2). The production simulated by 
applying uniform extraction rate all over the reservoir, starting from zero in 1957 and 
increasing linearly to 2.1x107 Sm3 in 1961. The production rate remains unchanged till 1985, 
and then reduces to 8x106 Sm3 until 1989, end of simulation. The simulated reservoir pressure 
evolution has been shown in figure 5 which shows good agreement with field data. 



 
 

 
Figure 4. Three dimensional model of Lacq gas reservoir and surrounding rock layers 

 
Figure 5. Simulated reservoir pressure evolution, comparison between present model and field 

data 
The maximum subsidence which is occurring in the middle of reservoir versus gas 

pressure depletion has been shown in figure 6 which shows a linear behaviour as mentioned 
before. The surface subsidence from this simulation along the northwest-southeast direction 
corresponding to the times that the levelling was performed (1967, 1979 and 1989) has been 
shown in figure 7 showing good agreement with the field data. In figure 8, the surface 
subsidence, along the northwest-southeast direction, from this simulation in 1989 was 
compared with that of Segall et al. [23] and it was shown that present model predict better 
subsidence. 
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Figure 6. Maximum surface subsidence from this simulation and field data versus reservoir 

depletion 

 
Figure 7. Surface subsidence from this simulation and field data along the northwest-

southeast direction 

 
Figure 8. Surface subsidence from this simulation compared to results reported by Segall et al 

[23] and field data along the northwest-southeast direction in 1989 
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5. CONCLUSION 

A fully coupled two phase fluid flow in fractured porous media has been utilised to 
investigate a gas filed case. Lacq gas field is a huge fractured reservoir subjected to a 
significant depletion in its production life during 1957 to 1989. As a result of coupling nature 
of flow and deformation in reservoir engineering, surface subsidence and seismic activities 
have been observed in Lacq field. A three dimensional finite element model of quarter of the 
reservoir and surrounding rock layers has been created and subjected to the actual course of 
production. A good agreement has been found between simulation results and field data on 
reservoir pressure evolution, maximum ground settlement and subsidence profile along the 
northwest-southeast direction. 
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