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ABSTRACT

An active waterdrive (or confining aquifer) generally plays a favorable role in sus-
taining the pore-pressure in productive gas reservoirs. However, it may contribute
significantly to spread the pressure decline and enlarge the land settiement bowl
around the field. Moreover, it may continue to compact, and hence produce additional
subsidence, for a long time after the field abandonment. The dynamics of waterdrive
depletion, and related compaction, are primarily controlled by the aquifer extent and
its rock hydromechanical properties for any given field pumping program. After pro-
duction has been completed water progressively floods the reservoir with a moving
water-gas interface until a stable equilibrium is nltimately achieved. The process of
residual waterdrive depressurization and concurrent reservoir repressurization is a
nonlinear one, where nonrecoverable sediment compaction exerts an important influ-
ence on the overall occurrence. A nonlinear finite element model to predict land sub-
sidence over a depleted gas field and the associated waterdrive is developed and

e applied to the gas reservoir of Dosso degli Angeli, Ravenna, Italy. Numerical results
show that the waterdrive compaction accounts for two-thirds of the maximum land
subsidence of more than 30 cm recorded in 1992 at the well shutdown and suggest that
a residual land settilement of almost 10 cm is to be expected by the year 2042 over the
two areas of Porto Garibaldi and Casal Borsetti, located a few kilometers south and
north of the field, respectively.

INTRODUCTION

The coastland of the Northern Adriatic Sea from the Venice
Lagoon to the city of Cattolica, located at about 150 km south
of the Po River delta, is characterized by a low ground eleva-
tion that does not exceed in many places 2 m above the mean sea
level (Fig. 1). This area includes lagoons, salt- and fresh-water
marshes, and reclaimed land separated by channels and rivers
originating from the Apennine and the Alpine ranges, and is sen-
sitive even to minor modifications of the ground level. After the
World War II, land settlement due to the exploitation of the sub-
surface fluid resources contributed to the loss of ground eleva-
tion and enhanced the risk of seawater flooding. Extensive

groundwater withdrawals from the fresh-water multiaquifer sys-
tems, well developed in the upper part of the sedimentary se-
quence down to a depth of 400-450 m, have caused significant
piezometric drawdown. Moreover, a large number of multipay
gas reservoirs between 700 and 4500 m depth have been detected
in the Quaternary and upper Pliocene stratified deposits. These
gas-bearing formations consist of sandy units confined above by
thin beds of shale sometimes <1 m thick, and laterally and/or be-
low by a waterdrive. The gas fields located in the Ravenna in-
land and offshore areas (Fig. 1) have been developed by the
Italian National Oil Company (AGIP) from the early 1950s; the
ultimate pressure decline exceeds, or is expected to exceed, a
few hundreds of kilograms per square centimeter in some pools.
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Figure 1. Map of Northern Adriatic Sea coastland between Venice Lagoon and city of Cattolica with indication of low-

lands and location of major gas fields.

Land subsidence above productive fields is the result
of both reservoir and waterdrive compaction. However, while
the reservoir stops compacting at the end of the field production
life with an expected small rebound thereafter, the waterdrive
may keep on depleting for a long time before the pore-pressure
attains a final uniform distribution, thus inducing additional, or
residual, land settlement of areas adjacent to the reservoir.

An integrated numerical approach is developed to simulate
the waterdrive dynamics and the residual land subsidence after
the field abandonment. The flow and the poroelastic equilibrium
equations are solved in a three-dimensional geological set-
ting by the finite element method, and coupled with the real
gas equation of state (Chierici, 1989) used to describe the pore-
pressure recovery within the reservoir (Bad, 1997).

The approach followed to predict land subsidence is con-
ceptually similar to the one developed by Gambolati et al. (1991,
1996b, 1998). The structural model also accounts for the non-
linear and nonrecoverable compaction of both the reservoir and
the waterdrive (Teatini et al., 1998). The flow model of the water-

drive is coupled with the real gas equation of state, the solution of
which provides the pressure head on the inner waterdrive bound-
ary, which coincides with the outer boundary of the reservoir.

An iterative Picard-type procedure is used to solve the non-
linear coupling between the flux from the waterdrive and the
gas repressurization. The structural nonlinearity related to the
dependence of the rock compressibility on the effective inter-
granular stress, with different constitutive relationships for the
virgin loading curve and the reloading and/or unloading curve,
is solved by an explicit procedure, the compressibility at a given
time level being based on the stress at the previous level.

The model is applied to simulate the waterdrive dynamics
and to predict the residual land subsidence caused by gas with-
drawal from the Dosso degli Angeli reservoir, Ravenna, Italy
(Fig. 1). The simulation period covers the field production life
from 1971 to 1992, and extends to a postproductive period of
50 years, until 2042. The results represent a substantial improve-
ment over a preliminary linear calculation of land subsidence
due to gas withdrawal from the same field (Gambolati et al.,
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1998) in three respects. First, the more realistic elastic parame-
ters obtained from in situ compaction measurements are used
instead of laboratory measurements. Second, a soil nonlinear
constitutive model accounting for a compaction and a rebound
related to the current state of stress within the reservoir and
waterdrive is implemented. Last, but not least, the prediction is
extended for 50 years after the field abandonment.

After a description of the modeling approach, the basic geo-
mechanical properties of the upper Adriatic Sea sedimentary
basin used in the present analysis are discussed. The informa-
tion available from previous studies on the uniaxial vertical soil
compressibility of the same area (Gambolati et al., 1991;
Bertoni et al., 1995; Gambolati et al., 1998) is updated with the
aid of new and more representative data obtained from in situ
measurements of the reservoir compaction by the use of the ra-
dioactive marker technique. Next, the most salient features of
the Dosso degli Angeli gas field and confining aquifer are
described and a recent three-dimensional reconstruction of the
waterdrive associated with the depleted pools is shown. A pre-
liminary analysis of the influence on the solution of some sim-
plifying assumptions follows. Finally, the simulated results in
1992 are presented and compared with the available settlement
records, and a prediction for 2042 is made for the residual wa-
terdrive depletion and related land subsidence.

MODELING APPROACH

Waterdrive dynamics and land subsidence caused by gas
extraction from deep reservoirs can be analyzed and simulated
with the aid of finite element models. For given hydromechani-
cal properties of the porous medium, the actual occurrence is
controlled by the specific plan of field development and, after
the field abandonment, by the thermodynamics of the residual
gas in the reservoir and the extent of the waterdrive.

A complete analysis of the displacement field in a porous
medium subject to fluid withdrawal would require solving the
three-dimensional flow equation that accompanies the three-
dimensional equilibrium equations of the porous matrix, as
originally described by Biot (1941). However, numerical analy-
ses have shown that coupling between flow and loading and/or
unloading is weak when large geological settings are involved,
as in the case of sinking induced by subsurface fluid production
(Gambolati, 1992; Gambolati et al., 1996a, 1996b).

During the field production life the gas pressure variation
within the gas-bearing strata is known,; it is either predicted with
the aid of a reservoir model or measured in the pumping wells
by the oil company. The given pressure drawdown is used as a
strength source on the inner waterdrive (or outer reservoir)
boundary for the simulation of the waterdrive depletion. By dis-
tinction the gas pressure is generally unknown after the cessa-
tion of pumping. Therefore, an ad hoc model is developed to
estimate the gas pressure recovery after the end of the field de-
velopment. The residual gas is regarded as a “bubble,” the volume
of which reduces as groundwater from the confining aquifer

progressively floods the reservoir with a moving water-gas
interface, and the inner pressure gradually increases due to the
aforementioned volume reduction. Based on this conceptual
scheme, the flow model is coupled to the real gas equation of
state. The flow field within the waterdrive depends on the dy-
namics of the pore gas pressure, which acts as a boundary con-
dition for the aquifer solution. At the same time, gas pressure
depends on the volume of water that has flowed into the reser-
voir from the waterdrive and, consequently, on the flow field of
the waterdrive.

Structu_ral model

The displacement field induced within the porous medium
by the pore-pressure variation is analyzed with the aid of the
poroelastic theory. This theory relies on the following basic as-
sumptions (Verruijt, 1969): (1) soil behaves like a linear elastic
solid throughout the porous medium, except the reservoir and
the waterdrive, where the compaction is nonlinear and to a
large extent nonrecoverable; (2) solid grains are incompressible;
(3) displacements are small; and (4) Terzaghi’s principle of
effective integranular stress holds (Terzaghi and Peck, 1967).

The equilibrium equations along the coordinate directions x,
¥, and z in an isotropic medium can be written in terms of incre-
mental soil displacement # as (Verruijt, 1969; Gambolati, 1974):

GV, + (1 + G2 = 98P, 1)
dx ox
de _ dAp
GV, + (L + G)= = 222 2
uy, + ( )8y 3y 2
de oA
GV, + (A + G)= = 222 3)
0z 9z

where u,, u,, u, are components of # along the coordinate direc-
tions; Ap is pore-pressure variation; G = —2(1‘3 7y 18 the soil shear
modulus; E is the Young modulus; » is the Poisson ratio;

Ev . N uy du. ou, .
A={T=2)(T+y is the Lame constant; € =3 + 37 + 3 is
cubic dilatation (or incremental volume strain); and V*=
3%23 ;%25 + 5‘9;-2 is the Laplace operator.

The distribution of Ap in equations 1-3 is given during the
overall time interval spanned by the simulation. In the reservoir
Ap is either provided by the oil company during the field pro-
duction life or computed by solving the gas equation of state
coupled to the flow equation within the waterdrive afterward.

In a transversally anisotropic porous medium, the vertical
oedometric compressibility c,, is defined as:

1 w?: E
cM=—<1 —%—1), @)
E2 1 Vl E2

where E; and E,, v, and v, are the Young and Poisson mod-
uli along the horizontal and vertical directions, respectively.
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Generally, ¢, is considered to be the most representative para-
meter for the correct description of the in situ compaction of
sedimentary rocks and hence for the most realistic prediction of
the related land subsidence (Johnson et al., 1989; Ruddy et al.,
1989). Recent numerical results by Gambolati et al. (1999) pro-
vide further evidence that the loaded sediments in the reservoir
deform following an oedometric path.

Gas withdrawal from deep layers may induce a large pore-
pressure drawdown that gradually propagates into the confining
aquifer. The ensuing large increase of effective stress, o, can af-
fect significantly the rock mechanical properties with a pro-
nounced reduction of the vertical compressibility. Therefore a
nonlinear elastic constitutive relationship ¢, versus o, is as-
sumed for a more reliable analysis of the depleted porous
medium compaction. By contrast, the effective stress change in-
duced in the remainder of the rock matrix is negligibly small
(Gambolati et al., 1999). As a major consequence, the non-
linearity of the rock behavior may be restricted to the reservoir,
the waterdrive, and the confining top and bottom shale, the
associated deformation being substantially one dimensional.

Equations 1-3 have been solved by the finite element method
using the virtual work principle (or displacement approach)
(Zienkiewicz and Taylor, 1989) to ensure the equilibrium of the
medium. The domain of interest is represented by a heterogeneous
and anisotropic half-space bounded by a traction-free plane surface
embedding the reservoir and the surrounding aquifer. Boundary
conditions of zero displacement are assumed for x, y, z— co.

The parametric nonlinearity is solved by an explicit proce-
dure, yielding the final set of linear equations:

Hbukt = ft1, )
where the stiffness matrix H at the time step k + 1 is a function
of the reservoir and waterdrive elastic properties at the previous
time step k. A full description of the nonlinear structural model
can be found in Teatini et al. (1998).

Flow model

Al
ox

The waterdrive hydrodynamics relies on the flow equation:

oh d h 9
)+ 2 (1,2 4 2 (1, 2)
ox ay ay 0z 0z

oh
= Ss(h)g + f(xy,21), (6)

where i = hydraulic head variation A(x, y, z, )= L";ﬁ’ﬂ;
v = water specific weight; K., K, K,, = hydraulic permeabil-
ity along the x, y, and z directions; S (k) = specific elastic stor-
age; and f(x, y, z, f) = source term.

S, is a defined as:

Ss = 'YW(CM + ¢B)’ (7)
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where ¢ is the medium porosity and 3 is the water compress-
ibility. As in the structural model, ¢), is a function of o, and
hence Ap. In principle ¢ is also a function of Ap. Therefore,
equation 6 is nonlinear.

Equation 6 is integrated in space using the finite element
method. The Galerkin approach with tetrahedral finite elements
is used, with a system of ordinary nonlinear differential equa-
tions finally obtained:

A-h+B(h)-%+f=0, )

where A is the stiffness matrix, and B is the capacity matrix, de-
pending on the solution & through S,. The backward Euler
scheme is used for the time integration of equation 8 with the Pi-
card iteration implemented to address the nonlinearities:

[A + _1_35':%},1":1}’ _ 1

A1k+l Alk+1 4
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where k denotes the time level and () the iteration counter. Vector
Jfaccounts for the pressure head on the inner waterdrive boundary.

Equation 9 is supplemented with appropriate boundary con-
ditions. Typically, on the inner aquifer boundary, whickcoincides
with the gas-water contact surface and may be thought of as be-
ing fixed for the moment, the hydraulic head variation corre-
sponding to the pressure change within the reservoir is prescribed
(Dirichlet condition). On the outer aquifer boundary, generally
represented by the lateral closure of the formation, a zero flux is
prescribed (Neumann condition). This condition is also pre-
scribed on the top and bottom boundary of the waterdrive.

After the well shutdown, the hydraulic head variation on
the gas-water contact depends on the solution to the flow model,
because the residual gas pressure, controlled by the residual gas
volume, is related to the volume W of water that has flowed into
the reservoir. From equation 9, the water volume w**! that exits
each aquifer node during the time step k4 1 is

W(TIP — Blsl-;f)lhk — (AAti+1 + Blgi)l>h(7:i’ll) (10)
In our problem, the water volume is nonzero only on the inner
waterdrive boundary nodes, which are Dirichlet type nodes,
while it is zero on the outer aquifer boundary, which is a no-flow
boundary. Consequently, the total water volume that flows into
the reservoir during the (k + 1)th time step at the iteration level
(m + 1) can be computed as the sum of the single nodal volumes:

(1) (1)
K+

= Ewi s

i=]

an

where n;, is the number of inner boundary nodes. Equations 9-11
are coupled with the equation of the pore-pressure within the gas
field via the iteration level (), as is shown in the next section.























































