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RESERVOIR MODELING FOR PRODUCTION MANAGEMENT 

Donald W. Brown 
GeoEngineering Group 

Los Alamos National Laboratory 

ABSTRACT 

For both petroleum and geothermal resources, many of 
the reservoirs are fracture dominated -- rather than 
matrix-permeability controlled. For such reser- 
voirs, a knowledge of the pressure-dependent permea- 
bility of the interconnected system of natural 
joints (i.e., pre-existing fractures) is critical to 
the efficient exploitation of the resource through 
proper pressure management. 

Our experience and that reported by others indicates 
that a reduction in the reservoir pressure sometimes 
leads to an overall reduction in production rate due 
to the "pinching off" of the joint network, rather 
than the anticipated increase in production rate. 
This effect occurs not just in the vicinity of the 
wellbore, where proppants are sometimes employed, 
but throughout much of the reservoir region. This 
follows from the fact that under certain circum- 
stances, the decline in fracture permeability (or 
conductivity) with decreasing reservoir pressure 
exceeds the far-field reservoir "drainage" flow rate 
increase due to the increased pressure gradient. 

Further, a knowledge of the pressure-dependent joint 
permeability could aid in designing more appropriate 
secondary recovery strategies in petroleum reser- 
voirs or reinjection procedures for geothermal 
reservoirs. 

Introduction 

In many reservoirs -- both geothermal and hydro- 
carbon -- the primary permeability is provideQ by an 
interconnecting network of natural joints. In 
other reservoirs, the existing matrix permeability 
is often enhanced by creating artificial fractures 
-- the stimulation technique referred to as hydrau- 
lic fracturing (or hydrofracing). 

Our work at Los Alamos and that of numerous other 
investigators (e.g., Goodman, 1976; Bandis et al., 
1983; Sun et al., 1985) has clearly demonstrated 
that the pressure-opening of both joints and 
artificial fractures in rock is a highly nonlinear 
process. As a consequence, the associated permea- 
bility of a fracture-dominated reservoir is also a 
highly nonlinear function of the effective normal 
stress acting across the joints. (As normally 
accepted, the effective stress is the difference 
between the joint normal stress and the fluid 
pressure acting within the joint -- i.e., the joint 
closure stress.) 

The term natural joints -- or just joints -- is 
here used in its more technical sense when 
referring to naturally occurring cracks or 
fractures in rock along which there has been 
little or no displacement, and which represent by 
far the most common type of geological structure 
(Jaeger and Cook, 1976). 
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This paper is intended as a progress report on our 
continuing studies of how the pressure dependence of 
joint porosity and permeability affects the flow 
behavior of fracture-dominated reservoirs, and how 
this understanding can lead to improved pressure- 
management strategies for enhanced reservoir 
productivity. 

Pressure-Dependent Relationships 

The starting point for studying the flow behavior of 
a naturally jointed reservoir is the selection of an 
appropriate pressure-dependent permeability model. 
Of the several models- available, the one that has 
been fomd t o  best represent the pressure-dependent 
variation of both the joint porosity and permeabili- 
ty .is2 the lgbed-of-nailstf model of Gangi (1978, 
1981) ... The Gangi permeability model is 

(1) 

Where P is the joint effective normal stress, ko is 
the zero-pressure (i.e., zero-closure-stress) perme- 
ability, P, is the normal stress at which the joint 
is essentially clobed, and m is a constant (O<m<l) 
which characterizes the joint surface asperity 
height distribution function. 

The corresponding joint displacement model, gbtained 
from Eq. 1 by using the so-called cubic law, is 

"r 

k(P) = ko[ l  - (P/Pl)"]3 

w(P) = wo[l - (P/P,)"] 

Where w(P) is the pressure-dependent fracture width 
(i.e., joint opening), and wo is the equivalent 
zero-closure-stress joint displacement. Witherspoon 
et al., (1980) report extensive measurements on 
fluid flow through artificial tensile fractures in 
granite, basalt, and marble which confirm the cubic 
law for apertures (i.e., w) down to 0.004 mm, normal 
stresses up to 20 MPa, and a range of flow rates 
that typically spans about 5 decades. 

For a joint with fixed dimensions (i.e., a fixed 
planar area), the pressure-dependent joint porosity 
is proportional to the joint opening given by Eq. 2. 
As such 

+(PI = #Jo[l - (P/Pl)"1 (3) 

where #Jo is the equivalent joint porosity at zero 
closure stress. 

2 For more background and detail on this subject, 
refer to Brown, D.W. and Fehler, M.C. (1989). 

Based on the Reynolds equation for laminar flow 
between two parallel plates separated by a 
distance w, where the flow rate (for a given 
pressure gradieqt and fluid viscosity) is 
proportional to w . 



Two examples demonstrating the applicability of the 
displacement form of the Gangi model have been 
selected from the literature. In each of these 
examples, the stress-displacement behavior of a 
joint in crystalline rock is reported. 

The first of these (Fig. 1) shows the nonlinearly 
elastic deformation of an artificial tensile 
fracture in a cylindrical sample of granodiorite 
(Goodman, 1976). Referring to the "mating joint" 
curve shown on the left, Goodman's measurements 
indicate that the fracture is essentially closed 
above a load of about 3000 psi (20 MPa), with a 
total displacement of 0.12 mm. The best fit for the 
Gangi model is 

(4) 

Where w(P) is in mm and the normal stress (i.e., P) 
is in MPa. 

w(P) = 0.12 [l - (P/20)-0821 
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Fig. 1. Closure of an artificial joint in a grano- 
diorite specimen. After Goodman (1976). 

As noted by Carlson and Gangi (1985): 
The "bed of nails" model is an inherently 
statistical one in which the properties 
of the cracks are largely dependent on the 
distribution of asperity heights as speci- 
fied by m in the power law form of the 
model. Low values of correspond to 
cracks having similar walls which fit to- 
gether very well at high pressures. Such 
cracks have few tall asperities and are 
consequently very weak at low pressures. 
Their stiffness will, however, increase 
very rapidly with increasing pressure. 
Conversely, higher values of m are indica- 
tive of dissimilar or rough-walled cracks, 

the sides of which do not match well. 
Dissimilar cracks are populated by rela- 
tively numerous tall asperities. They will 
be stiffer than well-matched cracks at low 
pressures, but the stiffness will increase 
more slowly. 

From an examination of the left hand "Mating Joint" 
curve shown in Fig. 1, this fracture behaves just as 
described by Carlson and Gangi. The joint is very 
weak et low stresses, but stiffens up rapidly with 
increasing load. The very low m value of 0.082 in 
Eq. 4 describes a fracture whose faces fit together 
very well. 

The "Non-mating Joint1' deformation shown on the 
right hand curve of Fig. 1 again behaves as describ- 
ed by Carlson and Gangi for dissimilar surfaces in 
contact. This joint is initially stiffer than the 
well-correlated joint, but its stiffness increases 
more slowly with increasing load than that for the 
well-correlated joint, with a much greater overall 
displacement. This non-correlated fracture was 
obtained by Goodman (1976) by rotating one "rough 
and wavy" fracture face relative to the other in the 
1 3/4-in diameter core sample. The Gangi fit to 
this curve is 

w(P) = 0.7[1 - (P/300)"*] ( 5 )  

The m value in Eq. 5 is almost 2-1/2 times that for 
the mating fracture equation. But even more signi- 
ficantly, the P, value is 300 NPa (43,500 psi) -- 
implying a very high load to "essentially close" 
this noncorrelated fracture. However, for the 
present study, the behavior of the %on-mating" 
fracture is not relevant -- except for demonstrating 
the applicability of the Gangi model -- since the 
joints we are studying will have experienced only 
very small shear displacements, and the surfaces 
should remain fairly well correlated. Figure 2 
shows Goodman's (1976) depiction of how such a joint 
might appear in cross section. 

Fig. 2. Idealization of a joint. After Goodman 
(1976). 

The second illustration from the literature is that 
of Sun et al., (1985). Figure 3 shows the nonlin- 
early elastic deformation of a joint in a large 
block (0.3 m across) of Red granite. Again, fitting 
Eq. 2 to the data shown in Fig. 3 

w(P) = 0.22[1 - (P/25)o*36] 

Table I illustrates the very close agreement between 
the measured values shown in Fig. 3 and the calcu- 
lated widths using Eq. 6. 

Reservoir Flow Behavior 

Flow analyses have been performed to illustrate the 
effect of a pressure-dependent permeability on 
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Fig. 3. Repeated normal loading and unloading of a 
joint in Red granite. After Sun et al. 
(1985). 

Table I 

Comparison of Measured and Calculated 
Joint Widths as a Function of Normal Stress 

Normal Stress Measured Joint Calculated Joint 
MPa Width, mm Width, mm (Eq.6) 

0 0.220 0.220 
2 0.132 0.131 
6 0.086 0.088 

25 (assumed zero) 0.000 
10 0.062 0.062 

production from a fracture-dominated reservoir. 
Assuming one-dimensional steady-state flow across a 
region of constant cross section (A), and with a 
specified viscosity (p) and overall pressure grad- 
ient (&/&), the Darcy flow equation is 

(7 )  

Where E is the integral mean pressure-dependent per- 
meability across the region, and is given by 

From the discussion presented in the previous 
section, a representative joint permeability 
relationship would be 

k(P) = ko[ l  - (P/25)o.213 

The following two representative cases were 
considered for a production depth of 3 km (10,000 
ft), where the reservoir pressure was assumed to be 
equal to the closure stress on a set of vertical 
joints 

Case 1 Reservoir Pressure = 15 MPa (2180 psi) 
Production Pressure = 2 MPa (290 psi) 
Pressure Drop = 13 MPa 

Reservoir Pressure = 15 NPa (2180 psi) 
Production Pressure = 8.5 NPa (1230 psi) 
Pressure Drop = 6.5 MPa 

Normalizing the results to the Case 1 flow rate, 

Case 2 

ljl = 1.000 

Q2 2: 0.914 

Therefore, when the effect of pressure-dependent 
joint permeability is considered, a reduction by 50% 
in the reservoir pressure gradient -- by imposing a 
hi her production pressure -- results in only an +- 6% reduction in flow rate. 

For a radial flow geometry (rather than linear), the 
temporal falloff in production flow rate might even 
be more for the lower production pressure case, than 
for the higher production pressure case. Figure 4 
depicts what might occur during reservoir production 
for the two cases. 

ai 1 10 100 loo0 1 0 , ~  1oo.m 
(1) (10) (100) 

Radius?, ft2 
(R ft) 

Fig. 4. Radial Pressure gradients for a hypotheti- 
cal fracture-dominated reservoir under low 
and high production pressures. 

Future Work 

The Los Alantos National Laboratory (LANL) has 
initiated a cooperative program with Professor Dan 
Swenson of Kansas State University (KSU), to analyze 
the transient pressure-dependent flow distribution 
in a fracture-dominated reservoir. At this time, a 
two-dimensional fully-coupled stress and flow model 
has been developed at KSU, and will be implemented 
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this summer on the LANL GeoEngineering Group's 
computers. This finite element representation of 
fluid flow in a heterogeneous multiply-jointed rock 
mass has been previously developed by Su (1988) and 
coupled to the stress field by James (1988), two of 
Professor Swenson's graduate students. 
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