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U_nstructured Grids for Numerical Reservoir
Simulation - Using TOUGH2 for Gas Storage
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Abstract

For numerical reservoir simulation struc-
tured grids are commonly used. These grids
are following the geological structure and
are bound to the layering of the reservoir. In
principal these grids should be regular for
the task to solve the differential equations
describing the flow of fluids in a reservoir in
space and time. For the means of a better ad-
aptation of the grid to the geological struc-
ture so called corner point grids have been
introduced, which strictly follow the reser-
voir layering. At faults these corner point
grids encounter the problem that grid blocks
belonging to different layers should commu-
nicate with each other. Formally these non
neighbor connections do not comply with
the mathematical scheme of the finite differ-
ence solution approach.

Another approach for the simulation of fluid
and heat flow in reservoirs is the unstruc-
tured gridding as it is e. g used in the
TOUGH? simulator: Grid cells of any geom-

etry can be defined. The location in space of

agrid cell is not used in the simulation. Only
the volume of a grid cell and the relation to
its neighboring cells has to be defined. For
each cell the net flow of mass and heat is cal-
culated during the simulation. The flow
equations are then represented as Taylor se-
ries of the primary variables like tempera-
ture or pressure. The Taylor series is trun-
cated after the first term and the resulting
system of linear equations for the residuals
can be solved using standard Igorithms. Typ-
ically the system is solved implicitly in a few
iteration steps.

The TOUGH? simulator has been developed
by K. Pruess at the University of California
in Berkeley. It is written in Fortran and the
source code can be obtained under a license.
The way the software is designed makes it
very flexible but this concept also makes it
difficult to use. The typical reservoir model-
ing tools applicable in the oil and gas indus-
try cannot be directly used to create a simu-
lation model with TOUGH2.

This paper describes how input data from a
simulation input deck such as for Eclipse can
be used and how corner point grids can be
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converted into TOUGH? input data. The
TOUGH? code can be extended to output
data in a format used in oil and gas field sim-
ulations. The work flow is discussed by
means of examples for gas injection and pro-
duction.

1 Introduction

The TOUGH (Transport Of Unsaturated
Groundwater and Heat) suite of software
codes are multi-dimensional numerical
models for simulating the coupled transport
of water, vapor, non-condensible gas, and
heat in porous and fractured media. The soft-
ware was developed at the Lawrence Berke-
ley National Laboratory (LBNL) in the early
1980s primarily for geothermal reservoir
engineering. The suite of simulators is now
widely used at universities, government or-
ganizations, and private industries for appli-
cations to nuclear waste disposal, environ-
mental remediation problems, energy pro-
duction from geothermal, oil and gas reser-
voirs as well as gas hydrate deposits, geolog-
ical carbon sequestration, vadose zone hy-
drology, and other uses that involve coupled
thermal, hydrological, geochemical, and
mechanical processes in permeable media.
Other than the numerical simulation pro-
grams used in the oil and gas industry the
TOUGH2 simulator uses unstructured grids.
The common grids coming from geological
modeling tools therefore cannot be used di-
rectly in the TOUGH2 simulator.

In the following a procedure is described
how to construct TOUGH2-input from a
corner point grid as it is used in simulation
programs like Eclipse or other simulation
programs used for petroleum reservoir engi-
neering and gas storage.

2 Simulation Grids

In numerical reservoir simulation the flow
equations for water, oil and gas are solved in
time and space. The flow is described by par-
tial differential equations, which usually
cannot be solved analytically. Therefore the
problem is discretized in time and space and
solved by a finite difference approximation.
For the finite difference approximation in
space in principle a regular 3-dimensional
grid is needed as it is shown in Figure 1. The
distances are the same for each grid block in
each direction.

Such a regular grid, which satisfies the
mathematical needs for solving a system of
linear equations, does not represent the ir-
regularities of a real reservoir as faults and
changing layering.

2.1 Corner point grids

Regular mid-point grids do not adequately
represent the sometimes complicated struc-
ture and faulting of a reservoir. Therefore
corner point grids have been introduced in
reservoir simulation to follow the layering of
the reservoir and to represent faults. An ex-
ample is shown in Figure 2.

The size and shape of corner point grids can
change throughout the reservoir model.
Also like in regular grids the blocks in a cor-
ner point grid are numbered in I, J and K.
Though the shape of the grid blocks may
vary they always have eight corners, belong
to a particular layer and share the same area
with their top and bottom neighbors. At
faults a grid block may have more than one
neighbor. These non neighborhood connec-
tions can connect to a different layer in the
model.

z,K
A

Fig.1  Regular simulation grid
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main focus is on reducing flaring, in more

mature areas examples of efficiency in-

crease include the combined generation of

heat and power or changing to more efficient

engines or cleaner fuels.

There is no immediate solution to efficiency

increase. It can only be improved through

the sum of smaller steps along the E&P

value chain. In RAG ideas and technology

were developed to be able to operate suc-

cessfully in an increasingly —mature

environment:

— “Fit for purpose* design over field life is
key to achieve higher efficiencies

— The modular and mobile design of facili-
ties, multiple generators for drilling rigs,
or co-generation motors helps to maintain
flexibility in any stage of field life

— Continuous monitoring of fluid level com-
bined with variable speed drives increases
lifting efficiency in pump jack systems

— Extending field/well life beyond E&P us-
ing for example geothermal applications
can lead to additional local energy benefit.
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Fig.3  Example of an unstructured grid [TOUGH2 manual, p. 148]

2.2 Unstructured grids

Inan unstructured grid the grid blocks do not
have a relationship to their neighbor blocks.
In an unstructured grid a grid block can have
any size and shape. Also the absolute geo-
metric location is not defined. An example
of such grid block is shown in Figure 3.

In an unstructured grid as used in TOUGH2
every grid block is only given a name and a
volume. If a grid block has communication
to other grid blocks the area between both
grid blocks for the flow of fluids or heat has
to be specified as well as the distance of the
midpoints of each block to the common in-
terface area.

3 Flow in an unstructured Grid
Every grid block can be assigned to a rock
region which defines its porosity, perme-
ability, relative permeability and capillary
pressure. The fluid flow between two grid
blocks is described by Equation 1. For each
phase and also for heat flow a similar equa-
tion can be defined. The equations shown
below are taken from the TOUGH2 user
manual [1].

F =

m

—k krﬁpﬁ .[pﬁ,n_pﬁ,m
HB Dnm

Fis the flow of phase 3 between grid blocks
m and n. k is the distance weighted perme-
ability between the grid blocks 7 and m, £, is
the relative permeability, p the density and p
the viscosity, p is the phase pressure in the
respective grid blocks, D the distance be-
tween the midpoints of the grid blocks and g
is the gravitational acceleration vector.

By observing conservation of mass and add-
ing a source and sink term one obtains a set
of differential equations:

W—" = L2"4%1}7"'; + q:
dt V.,

M is the mass of the component k,  is time,

is the block volume, 4 is the area of the inter-

face and ¢ the mass flow rate.

The time discretization results in a set of

coupled non linear algebraic equations:

- pB .mngnm] ( 1 )

(2)
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where the residuals R were introduced. The
equation system is solved by Newton itera-
tion. The iteration index p is introduced and
the residuals are expanded in a Taylor series
where only terms up to the first order were
retained (Eq. 5).
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The set of linear equations is then solved in
the simulator. For more details see the
TOUGH2 manual [1].

4 Converting Corner Point Grids
Corner point grids can be created in many
software tools for geological modeling.
The grid is output in a format that can be
read by the simulation program. Usually in-
formation about the location of the corners
of every grid block is written to an ASCII
file. In addition property information for
porosities, permeabilities, saturation etc. is
included. This information has to be con-
verted into a format readable by TOUGH2.
Grid block information has to be entered in
a specific format as shown in Table 1. Be-
low the header in the first five columns the

code name of a grid block is given, the next
column gives the number of additional grid
blocks having the same volume and belong-
ing to the same reservoir region. Further an
identifier has to be given for the rock region
the block belongs to. Then the volume of
the block is read and an interface area for
heat exchange with semi-finite confining
beds. A permeability modifier is optional.
The last three columns contain coordinate
information for post processing, i. e. pro-
grams to draw regular grid blocks.

As the code name for the grid blocks in the
original TOUGH?2 source code distribution
only allows five characters it is not possible
to store big corner point grids directly with
the standard alpha-numerical characters,
¢. g. by assigning I, J and K values to differ-
ent columns in the name. However if one
wants to use large grids one can use the
whole set of ASCII characters, ending up
with 1.7.10'™ (= 5) grid blocks.

The following way was chosen to code the
block names: In the first character of the
code name string the I index of the corner
point grid is stored starting from ASCII
character 48, which is the character for the
number one. In digits 2 and 3 the values for J
and K are coded. Ifal or J value is larger than
70 the value in the 4th or 5th digit is incre-
mented and counting starts again, so that the
value in digits 1 and 2 is kept smaller than the
maximum of 128 allowed ASCII characters.
This procedure permits to store several hun-
dred blocks in I and J direction and up to 200
layers in K direction.

Further information about the block connec-
tions has to be supplied. This is done in a
routine that reads the corner point input grid
and checks every grid row and column for
overlaps of cells that do not belong to the re-
spective layer. Non-neighbor connections
are identified and the areas to the connecting
blocks are calculated. The results are written
into a TOUGH2 input file as shown in Table
2.

The first two columns contain the 5-charac-
ter code names of connecting grid blocks.
The next three columns can contain infor-
mation about similar connections that need
not to be read. As it was chosen to supply all
elements and connections this does not ap-
ply here and the values are zero. The 6" col-
umn can contain information about the di-
rection of the connection, so that different
permeabilities can be used, which are de-
fined in the respective ROCKS table. The
next two columns contain the distance of the
grid block centers to the common interface

Table 1 TOUGH2 input for grid blocks

e Gt Cae L S U SN S S
11111 0 1ROCO1 96436.9 0.0 1.0 -897.2 386.4 1021.6
21111 0 1ROCO1  96577.4 0.0 1.0 -714.5 388.0 1019.0
31111 o 1ROCO1 96717.9 0.0 1.0 -531.8 389.5 1016.3
41111 0 1ROCO1  96858.5 0.0 1.0 -349.1 391.1 1013.6
51111 o 1ROCO1 96999%.0 0.0 1.0 —166.4 392.6 1011.0
61111 1} 1ROCO1  97139.5 0.0 1.0 16.4 394.2 1008.5
71111 o 1ROCO1 97280.1 0.0 1.0 199.1 395.7 1005.7
81111 0 1ROCO01  97423.9 0.0 1.0 381.8 397.3 1002.8
91111 o 1ROCO1 97564.4 0.0 1.0 564.5 398.8 1001.3
1111 0 1ROCO1  97701.8 0.0 1.0 747.3 400.4 998.0
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and the next column holds the size of the in-
terface area. Then the cosine of the angle be-
tween the gravitational acceleration vector
and the line between the two elements is
given. The last column holds a value for a
factor to calculate radiative heat transfer,
which may be used in some special
TOUGH2 modules and is not applied in the
cases discussed here.

5 Properties

The properties needed for a TOUGH2 simu-
lation are porosity, permeability, relative
permeability and capillary pressure. These
values have to be entered in the ROCKS sec-
tion of the TOUGH2 input deck. In the origi-
nal TOUGH2 source code 27 rock regions
can be defined. A grid block can only have
the properties of one rock region that has to
be defined. On one hand, this is a limitation,
but eventually it leads to a more consistent
data set.

Reservoir properties coming from a geologi-
cal modeling tool contain usually a wide
range of porosity and permeability values.
These values have to be reduced to the values
defined by rock regions. In the preprocess-
ing program this can be achieved by defining
the number of rock regions to be used, and
further specifying if either permeability or
porosity should be used to define the rock re-
gions. From the minimum and maximum
values the spread can be calculated and each
grid block can be assigned to an appropriate
rock region.

Like all other input data required for a
TOUGH?2 simulation the rock property data
are read in a free format from an input file
using keywords (similar to other simulators,
e. g. Eclipse). All input data are written from
the pre-processing tool to the input file for
TOUGH2. After the program has written the
TOUGH2 input file it automatically starts
the TOUGH2 simulation.

6 Wells

The implementation of wells in TOUGH2 is
not straight forward. Wells are defined as
sources or sinks. Flow rates have to be pro-
vided in kg/s. It is also possible to flow wells
at a constant well flowing pressure. To use
wells in the usual petroleum reservoir engi-
neering way, the input tables require further
preparation. In the pre-processing described
here well completions can be defined and
the time dependent flow rates are translated
into a TOUGH2 “GENER?” data set.

7 Post Processing

Reservoir simulators used in the oil and gas
industry create output that can be used in
post processors to generate line graphs and
3D displays of the simulation model. The
TOUGH2 output cannot be used directly in
post processor packages as they are typically
used in petroleum reservoir engineering. It
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Table 2 Input for block connections
conus-———1————~—--—2---—*——--3—-——*-——~4—-——*--—-5-———*——--5—-—-*————7~-——«——-—a
1111121111 o 2} 5} 0 20.7 90.7 545.0 -0.01424 1.0
1111112111 o o 0 o 88.8 se.8 548.2 -0.00012 1.0
1111111211 0 o 5} 0 1.5 1.5 32145.6 1.00000 1.0
23113131111 o o 0 (] 90.7 90.7 544.1 -0.01435 1.0
2111122111 o o 0 o 88.9 88.9 548.2 0.00059 1.0
2111121211 o 0 o o 1.5 1.5 32192.5 1.00000 1.0
2111111111 o o o o 80.7 90.7 544.1 0.01424 1.0
3111141111 (4] 0 o [} 90.7 90.7 543.4 -0.01444 1.0
3111132111 3} o 0 o 29.0 289.0 s48.2 0.00111 1.0
3111131211 0 o o o 1.5 1.5 32239.3 1.00000 1.0
3111121111 o 0 0 o 20.7 90.7 543.4  0.01435 1.0

Table 3 Input of rock properties
ROCKS-——-1———-*--——2————*————3—---*—--—4—-——*————S————*————G-—-—*-——-7-—-—*————8
ROCO1 2 2600.000 0.20000 1.00E-013 1.00E-013 1.00E-013 0.10 2.00

0.000 0.000 0.100 1.000 7.000 8.000 9.000
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
ROCO2 2 2650.000 0.20000 1.00E-013 1.00E-013 1.00E-013 0.10 2.00
0.000 0.000 0.100 1.000 7.000 8.000 9.000
> 0.000 0.100 0.200 0.300 0.400 0.500 0.600
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
ROCO3 1 2700.000 0.20000 1.00E-013 1.00E-013 1.00E-013 0.10 2.00
0.000 0.000 0.100 1.000 0.000 0.000 0.000
ROCO04 2 2750.000 0.20000 1.00E-013 1.00E-013 1.00E-013 0.10 2.00
0.000 0.000 0.100 1.000 0.000 0.000 0.000
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
ROCOS 2 2800.000 0.20000 1.00E-013 1.00E-013 1.00E-013 0.10 2.00
0.000 0.000 0.100 1.000 0.000 0.000 0.000
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600
1 0.000 0.100 0.200 0.300 0.400 0.500 0.600

Table 4 Example for free format (unformatted) input in the pre-processing program
ROCKS
151
2 2600 0.1 2
1E-7 1E-5 0.1 1 7 & 9
100.10.20.30.40.50.6
100.10.20.30.40.50.6
/

PARAM

-- NOITE etc. 5

81999 99 1/

--MOP 1 - 24

-2 345678091011 12 13 14 15 16 17 18 19 20 21 22 23 24
oc0o00008000 1 0 0 0 3 0 00 0 O0O0O0O0 9/
-— TEXP BE 2

78/

- Tararr arr "

Table 5 Well flow rates as represented in a TOUGH2 “GENER” data set
GENER————1————*— e D mmmm e Gmmm ke WGk k=T ————¥————§
33111B0001 0 0 0 5 coM32 0.00000 0.00000 0.00000

0.0 345600.0 15811200.0 31708800.0

94780800.0
3.889 0.000 0.000 0.000

0.000
200000.000 200000.000 200000.000 200000.000

200000.000

23111B0002 0 0 0 5 CcoM32 0.00000 0.00000 0.00000

0.0 345600.0 15811200.0 31708800.0

94780800.0

Table 6 Extra keyword to supply information about grid size etc. to TOUGH2

PARAM----1-MOF* 123456789012345678901234-———*———-5————¥ommmfmmm koo m ook — e
81999 99 1000000800010003000000009 7.000 8.000
0.0008640000.000 86400.000 86400.00011111 9.810 0.000 1.000
100009.0 10.1 10.2 25.0
P o - T DU Jer——" S EESSL SR e St A
3 Z1 001.000E+0001.000E-006
[ e v -7 VSN DI S——" T B PR B S Bt

1 200036526.00
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Fig.6 Temperature distribution during gas production [°C]

seems to be desirable to use the same tools
for TOUGH2 output analysis as for the anal-
ysis of Eclipse output for example. This re-
quires that the simulation results from
TOUGH2 have to be written in a format
readable by those tools, also because the out-
put generated by TOUGH? is rather limited.
Eventually two types of data sets have to be
written from TOUGH2, one is to give grid
block properties at defined report times, the
other is for the generation of line graphs of
well and field production or pressure
development.

This approach requires changes to the origi-
nal TOUGH2 code. As TOUGH2 is deliv-
ered as Fortran source code, changes could
be applied to the simulator. At first a new
keyword has been introduced called EX-
TRA. The EXTRA section contains infor-
mation of the grid dimensions and the start
date of the simulation. Such information is
needed to convert the coded block names
back to block indices. TOUGH?2 keeps track
only of the past seconds since simulation
start. Therefore the start date is required for
Eclipse like output files.

The extra code that generates the output files
is called in the TOUGH2 output subroutine.
It generates four additional output files in
BIG_ENDIAN mode, like the respective
files in Eclipsé. The base name for these

- 0G 208 o e A

Fig.7

files is supplied as a 3" command line pa-
rameter, and the file extensions are
“T.SMSPEC”, “.T.UNSMRY”, “TINIT”
and “.T.UNRST”. The extra .T-extension
was chosen to distinguish TOUGH2 output
from Eclipse output. This approach requires
only changes to the TOUGH2 code at three
locations and does not harm the code
execution.

The pre-processor generates grid files in the
Eclipse GRID and EGRID format. These
grids are used for the 3D display of the simu-
lation results.

8 Example

In order to validate the concept, a simple ex-
ample was calculated using the TOUGH2
equation of state EWASG. The model calcu-
lates the flow of water and NaCl and
non-condensible gas (air, CO,, CH,, H, or
N,) phases and the heat transport. The grid
model consists of 30x30x 10 blocks with two
faults. In Figure 4 the simulation grid is
shown with the number of neighbors for
each grid cell of the lowest two layers 9 and
10. At the corners a grid cell in the lowest
layer has only three neighbors, in other lay-
ers grid cells have four neighbors. At a fault,
cells may have more than six neighbors, if

Distribution of salt concentration in the water phase [kg/kg]

there is communication across the fault, or
less than six neighbors, if there is no
communication.

In Figure 5 the pressure distribution in the
simulation grid is shown. As TOUGH2 is also
simulating the transport of heat the tempera-
ture decrease around a production well is cal-
culated. This temperature decrease is caused
by the expansion of the gas. The heat trans-
portinto the matrix is calculated. The temper-
ature distribution is shown in Figure 6.
Figure 7 shows the salt concentration in the
water phase and Figure 8 the concentration
of precipitated salt around the wells.

In Figure 9 an example for a line graph is
given, showing the well bottom hole pres-
sure, the development of the salt concentra-
tion in the water phase of a producing well is
shown in Figure 10 and the concentration of
water in the gas phase in Figure 11. As the re-
sults shown are from a restart run production
begins at 250 h.

9 Conclusions

It was possible to convert corner point grids
to the format necessary for the simulation in
TOUGH?2 so that also complex problems
with faulted structures and property distri-
butions can easily be simulated in TOUGH?2?
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Fig. 10 Salt saturation in the water phase of a producing well

This approach makes use of the advantage of
unstructured grids to hydrocarbon reservoir
simulation. Unstructured by definition han-
dle the flow of fluids and heat correctly also
across faults and in complicated structures.
Also the flow in fractured reservoirs can be
simulated reasonably.

Simulation results from TOUGH2 can be
written to binary files in the Eclipse “Stan-
dard-Format” so that they can be read by the
software packages generally being used in
the oil and gas industry. This applies to the
3D representation of the model as well as to
line graphs.

Besides the simulation of the flow of water
and gas some TOUGH2 models as EWASG
(Water, Salt, Gas) handle also the transport
of heat and the solution of salt in water. This
model, originally designed for geothermal
problems, is well suitable for simulating gas
reservoirs and gas storage in porous media
and salt caverns.

An example shows how the reservoir tem-

OIL GAS European Magazine 4/2012

Fig. 11
producing well

perature is dropping around a production
well due to the cooling by gas expansion and
how this causes changes in salt concentra-
tion in the reservoir brine and precipitation
of salt close to wells.
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RESERVOIR SIMULATION

A 3D Finite Element Model for Simulating
Hydraulic Fracturing Processes with
Viscoelastic Reservoir Properties

By HAN WANG, HE LIU, XIAOZHOU ZHOU, HENGAN A. WU and XiuXi WANG™

Abstract

A 3D finite element model for simulating hy-
draulic fracturing processes s proposed
with an ABAQUS code. Fluid-solid coupling
and viscoelastic reservoir properties are
considered in the model. A typical hydraulic
fracturing process is simulated with the
model and the obtained bottomhole pressure
evolution is consistent with the data mea-
sured from field. The model is validated. The
effect of viscoelasticity on fracture contain-
ment is simulated with the model and dis-
cussed. The results show that the
viscoelastic model predicts smaller fracture
height than that predicted by the elastic
model, and the fracture height decreases as
the viscoelastic parameters of the reservoir
decreases.

1 Introduction

Hydraulic fracturing is one of the most im-
portant technologies for enhancing the pro-
ductivity of reservoirs with poor permeabil-
ity. The mechanism of hydraulic fracturing
is complicated. Many numerical models in
the literature are 2D or Pesudo-3D and the
success of fully 3D hydraulic fracture mod-
els is limited [1]. For vertical fracture the
fracture height containment is a decisive
factor in assessing the success or failure of
fracturing, and therefore it is essential in
treatment design [2]. Changes in lithological
parameters, such as least in-situ stress, elas-
tic modulus etc, could influence the fracture
configuration and control the fracture height
[3, 4]. It has been pointed out that sliding at
the interface between the barrier layer and
the pay layer is another likely mechanism of
fracture height containment [5]. Laboratory
studies have shown that there is a time- and
frequency-dependent behavior of reservoir
formation, and these phenomena can be de-
scribed using linear viscoelastic theory [6].
A new viscoelastic mathematical model is
derived from the power-law equation and
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can be used to analyze the stress relaxation
curves of different materials [7]. Studies
also show that among the various models,
the standard linear model is the best one for
representing the viscoelasticity of rock [8].
But research on the effect of reservoir
viscoelasticity on hydraulic fracturing has to
our knowledge not been carried out.

A full 3D finite element model is proposed
with an ABAQUS code. Fluid-solid cou-
pling and reservoir viscoelasticity are con-
sidered in the model. A typical hydraulic
fracturing process of a well in the Daqing
Oilfield, China is simulated with the model
and the obtained bottomhole pressure evolu-
tion is consistent with the field measured
data. The verification of the model is ap-
proved. The effect of reservoir visco-
elasticity on fracture height containment is
simulated with a viscoelastic constitutive re-
lation (standard linear model). The numeri-
cal results demonstrate that viscoelastic
models of formation predict smaller fracture
height than the elastic model. The simula-
tion results also show that the fracture height
decreases as the viscoelastic parameters of
the formation decreases. Thus, the visco-
elastic property is another lithological factor
which could control fracture height.

2 Mathematical Model

2.1 Coupled fluid-solid equations

The stress equilibrium equation of the solid
formation is expressed in the following form

[9]
Vo+f=0 ()

where o is the total stress tensor in the for-
mation, and fis the body force vector.

The mass conservation equation of porous
fluid in the reservoir is written as [9]

G2

|
L
n

Fig.1 Standard linear body

%(p...@ #V-(p,0v,) =0 @

where p,, ¢ and v, are the density of porous
fluid, the porosity of formation and the seep-
age flow velocity vector respectively.
According to Darcy’s law, the velocity of
seepage flow is proportional to the gradient
of porous pressure [10, 11], that is
Vy = —Lk'(pr -P.8) (3)
ogp,,
where k, p, and g represent the hydraulic
conductivity tensor [12], the porous pres-
sure and the gravity acceleration vector re-
spectively.
The relationship between formation stress
and seepage pressure can be expressed by
the effective stress principle [13] as
following

c=0-p,l 4)

where o is the effective stress matrix.

2.2 Viscoelastic constitutive model
The standard linear model is commonly
adopted in describing the viscoelasticity of
rock [8]. It is composed of a Hooke spring
and a Kelven body in series as shown in Fig-
ure 1. The standard linear model is used to
present the relation between deviatoric
stress and strain tensors. It is assumed that
the volume stress is proportional to the vol-
ume strain as in the linear elastic model [14],
i.e.

s =3Ke (5)

where s, K and e are the volume stress, the
bulk modulus and the volume strain respec-
tively.

The relaxation modulus of the standard lin-
ear model is [15]

Gl _ =
G(t)—ZGl[l-m(l e )j (6)

where G, and G, are the instantaneous shear
modulus of the material and shear modulus
of Kelven body respectively. T is the relax-
ation time defined as [15]

n

T=—— 7
G, +G, )
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