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Development and verification of a numerical technique
for coupled hydromechanical phenomena in rocks

J. NOORISHAD AND C. F. TSANG
Earth Sciences Division °

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720, USA

ABSTRACT: Analysis of hydromechanical behavior of fractured rocks requires the use of a numerical method,
such as the ROCMAS code developed at LBL (Noorishad et al., 1982). A new numerical technique composed
of an incremental recasting of the finite element matrix formulation of the hydroelasticity algorithms, coupled
with a modified Newton-Raphson linearization scheme, is developed for such analysis. The resulting code,
which we named ROCMAS II, was partially verified using existing solutions in the literature. Complete
verification was obtained by cross comparison of the performance of ROCMAS I versus that of its predecessor,
the ROCMAS code, since the solution techniques of these two codes are completely different. ,
The verified ROCMAS I with its major improvements, such as an incremental set-up, the strain-softening
and dilating shear, and hyperbolic normal closure joint model, and the new linearization scheme, allows more
realistic simulations of a host of rock mechanic problems in saturated rocks. Furthermore, the ROCMAS II
set-up provides a proper basis upon which procedures for general treatment of various kinds of material non-

linearity can be built.

1 INTRODUCTION

The physiochemical environment of geologic sys-
tems are host to natural coupled thermal-hydraulic-
mechanical-chemical (THMC) events that are tak-
ing place at various rates, depending on the nature
of the driving energies. Implementation of
geotechnical projects can lead to severe alteration
of the natural trend of these coupled processes
(Tsang, 1987). Assessment of the influence of these
various phenomena on the performance of rock
structures requires development of realistic concep-
tual models. The important part of such a model is
conceptualization of the physicochemical phenom-
ena and the usage of proper phenomenological solu-
tion techniques. Complexity of the multidisci-
plinary phenomena narrows the choice of these
solution techniques to numerical methods. The
hydromechanical phenomena in fractured rocks is
one area of coupled processes that has not, until
recently (Barton, 1986), attracted much attention.
The less obvious and indirect way in which this
process affects rocks as opposed to soils, and the
difficulty of obtaining the required data for its
analysis have been the reasons for this apparent
neglect. However, as fluid transport in rocks

" emerges as a critical issue in a number of major

problems of current interest such as the selection,
design and operation of waste repositories in hard
rocks, investigations of coupled hydromechanical

‘phenomena have become essential. Transport of

heat by water adds an additional complication
requiring thermohydromechanical consideration in
rock masses (Tsang, 1987). Such needs call for .

- development of coupled numerical solution tech-

niques. Earlier works (Noorishad et al, 1971;
Noorishad et al., 1982) provide a starting point for
such studies. In the following we explain our
efforts in developing a new computational method
for hydrochemical analysis which (1) overcomes
some of the shortcomings of its predecessors, such
as linear joint model and non-incremental setup,
and (2) can easily be enhanced for application to a
wider range of geotechnical problems.

2 INCREMENTAL FINITE ELEMENT -
FORMULATION FOR HYDROELASTICITY

The formulation for a general incremental law can
be achieved by two different approaches. A

. rigorous approach involves recasting of the field

equations and initial and boundary conditions of
hydroelasticity in rate forms and development of a



rate energy statement (Small ez al., 1976). How-
ever, incremental formulation can also be obtained
by simple differentiation of the non-incremental
finite element matrix formulation (see Noorishad et
al., 1982). Choosing the latter approach we have:,
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where,
K = Incremental stiffness matrix
H; = Incremental conductance matrix
L = coupling matrix
LT = transpose of L matrix
F = nodal force vector
E = fluid storativity vector
Q = flow vector
U = displacement vector
P = pressure vector

Equation (1) is then integrated between t, and
= t; + At to obtain:
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where,
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and ﬁl and Kx are values of Hy and K; evaluated at
t=%(t + 1), U="%U,+U,),and P=%(P; + P, .

In Eq. (3),  is the integration rule parameter with a
value between 0 to 1. In final form,
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The solution is expressed in the form of:
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The time-march solution technique for linear
hydroelasticity is unconditionally stable for values
of a 2 1/2 (Booker and Small, 1975). The equa-
tions just developed can be strongly nonlinear even
though they represent the hydromechanical
behavior at an incremental level. The solution to
these equations can therefore be obtained either by
direct iteration or by one of the Newton-Raphson
schemes. The direct method (variable stiffness
method), though proven to be a very powerful tech-
nique, has at least two disadvantages:

1. The need for an update of the global stiffness
matrix at each iteration.

2. The creation of unrealistic conditions for
unloading.

Furthermore, strain-softening modeling may be
difficult to achieve with the direct iteration method.
Modified Newton-Raphson method, on the other

-hand, offers a better alternative, though, at the

expense of slower convergence rate. However, it
may be possible to use this technique through the
time domain. Critical nonlinear conditions, as well
as demands for faster convergence call for updating
the stiffness matrices at various time periods. The
latter method will be referred to as mixed Newton-
Raphson method. We should point out that condi-
tions of large unloading and strain-softening may
limit the application of this method. We first imple-
mented the mixed method for ROCMAS II. Within
this strategy we have then created an option for
solution with the direct iteration method. This
means that ROCMAS II has multiple linearization
capacity. The stiffness perturbation scheme alone,
along with the improved joint model and incremen-
tal loading, make ROCMAS 1I superior to ROC-
MAS. In the next section we shall show a brief
development for the derivation of incremental algo-
rithm for the modified Newton-Raphson method.

3 NEWTON-RAPHSON LINEARIZATION

Equation (4) can be written in a more compact form
as:

v (x)=K&&'~R'=0 ®)
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. for departure from an established equilibrium at

i - 1time level if we assume

Sxi=0—->yi=-R!

leads to
5xi‘ = E‘l \[I(i,
and, .
5in = -E_l \V]l—l
therefore,
xi=% 5xji
where,

.| au
X _-. APi .

If we replace the Kjand Hy in the global stiffness
matrix K above (i.e., in its expanded form, Eq. (4))
by K¢ and Hg, the initial matrices, we arrive at the
modified Newton-Raphson algorithm. Writing the
above expressions in terms of parameters of Eq. (4)
we get,
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‘Index i indicates the time level (i). The above pro-

cedure is repeated to arrive at the next time level
(i+1). In the mixed method in ROCMAS II, we
update the K matrix at the beginning of each time
level and keep it constant throughout the rest of the
iteration in that time level.

4 NONLINEAR MATERIAL MODELS

Although the mechanisms are in place for the
implementation of general inelasticity for the con-
tinnum in the present work, we have turned to
address the nonlinear behavior of fractures in rocks.
This is because of the greater and more sensitive
role fractures play in the hydroelasticity of rock

masses. The joint in the new code has strain-
softening shear behavior with a peak shear based on
the Ladanyi and Archembault (1970) criterion. The
closure behavior follows a hyperbolic compression
curve (Goodman, 1975). The new shear model also
allows for dilation during shear movement of the
joints. This important option ailows more realistic
determination of fracture apertures, and hence rock
permeability in the hydromechanical simulations.

5 VERIFICATION ATTEMPTS

Verification of a coupled code involves systematic
verification at the levels of uncoupled single and
coupled multiple phenomena. Details of the
comprehensive verification can be found in Noor-
ishad and Tsang (1989). In this paper we shall
describe a verification study of the fully coupled
code. In calculations with the coupled code, care
should be taken to ensure strategic refinement of the
solution domain, since it-is essential to give
sufficient details to regions of high gradients that
may arise in the system response. This tumns out to
be of critical importance to the solution stability in
nonlinear hydromechanical problems. .
In this attempt the aim was to test the perfor-
mance of ROCMAS II analysis .of coupled
hydromechanical phenomena in a saturated geologi-
cal system which is perturbed by both mechanical
and hydraulic forces. The motivation is provided
by the geomechanical and hydrological setting in a
number of underground constructions in saturated '
rocks. We decided on a scoping model study of a
hypothetical tunnel excavation in granitic rocks at a
depth of about 300 m. To keep the system at a
practical level of computing cost and complexity,
we only allowed two.major discontinuities to inter-
sect the tunnel, and modeled a guarter of the sys-
tem. Although this is unrealistic to some degree,
the exercise is sufficient for code verification where
we need to ensure that the problem fully engages all
of the algorithms. The cross section of the tunnel

.was initially assumed to be rectangular mainly for

ease of manual mesh generation. However, after
the first few runs it is found that a very high degree
of spatial refinement is required near the tunnel.
Then a circular cross section which allows for
easier automatic mesh generation was used. Figure
1 shows the model schematics and Table 1 enumer-

. ates various data used in the simulations. Since the

tunnel face is the location of diffusion front—which
is at least true for uncoupled fluid flow to the ..
wnnel—a geometric mesh refinement from external
boundaries toward the tunnel is necessary. The -



designed finite element mesh has 503 nodal points
and 465 elements for the quarter section of the
model. Inside the tunnel, the criterion for mesh
design is assumed to be the excavation sequence in
a ten-bench excavation procedure. This assumption

causes some loss of accuracy and may have created

certain numerical problems very early in the solu-
tion, mostly in the immediate neighborhood of the
unexcavated elements. However, in sequential ex-
cavations this problem is found not to be of
significance. Considering the effectiveness of
direct iteration method (DIR) in addressing non-
linearity, we first solved the problem with the ROC-
MAS approach of stiffness perturbation. Figure 2
" demonstrates the early time evolution of the pres-
sure profile in the fracture. The propagation and
attenuation of the high pressures, created due to
almost instantaneous loading as excavation is
started, follow our expectations. The important
point in this behavior is the development of pres-
sures with magnitudes approximately four times the
value of the in-situ fluid pressure. These effects can
have significant physical implications. However,
one aspect of the observed phenomenon that came
out of the calculations, is the unexpected variations
of the apertures during the development of the pres-
sure profile. In Fig. 3 these variations are plotted
for the first element of the vertical and the horizon-
tal fracture neighboring the tunnel. Full closure and
significant recovery of the aperture, in the case of
the vertical fracture, is very interesting. Bundling
of stress trajectories behind and in front of the pres-
sure front and their later separation may be the
cause of this phenomena. The horizontal fracture
does not experience any significant deformation
until the removal of the last bench in the excavation
sequence, when the reduction of fluid pressure to
the atmospheric level causes some increase in the
effective stress and thus slight closure of the frac-
ture. Later-time results show rebounding and
widening of this fracture above its initial value
before excavation. o
" Inwitive analysis of the results of the direct itera-
tion solution confirms that a reasonably satisfactory
solution had been obtained. Next the ROCMAS I
methodology of the mixed Newton-Raphson was
employed to solve the same problem. Figure (4)
shows the results of this attempt Dashed lines on
the same figure reproduce some of the steps of the
direct iteration method for comparison. Consider-

ing the strong nonlinearity of the system in the pres-.

ence of large pressures (developed as a result of the
early response of the undrained fractures) and the

use of rather coarse discretization with mixed qua-
drilateral and triangular elements, the comparison is
very satisfactory. The stable oscillations of solution
can be damped and improved matching can be
achieved with more refined and coherent discretiza-
tion, increased iterations, and by use of further
damping. It is worth noting that in order to get this
solution we had to replace the algorithm of Eq. (3)
with a damped trapezoidal time integration form.

" With the shortcomings of the discretization and the

existing nonlinearity, application of the trapezoidal
time integration is required. Considering the funda-
mental differences of the two linearization schemes
that were used in obtaining the two solutions, we
are satisfied with the performances of ROCMAS I
and ROCMAS, and consider that verification of
these codes has been achieved.

6 CONCLUSION

Limitations of the numerical hydroelasticity tech-
nique in our ROCMAS code and the lack of availa-
bility of other solution methods for nonlinear prob-

~ lems in this area motivated us to develop an alterna-

tive numerical technique which not only serves for
cross comparison verification purposes, but also
possesses additional capabilities and a more suit-
able basis for further expansions. A brief account
of the fundamentals of such a method in the code
ROCMAS 1I is reported. The basic difference
between ROCMAS 1I and its predecessor ROC-
MAS, lies in the linearization techniques used.
ROCMAS employs direct iteration while ROCMAS
II uses mixed Newton-Raphson linearization. This
fundamental difference provided the possibility of
cross verification between the two codes for their
hydromechanical nonlinearity handling capability.
For this purpose we solved a deep tunnel excavation
problem in a hypothetical setting in saturated frac-
tured rock, with the two methodologies and
obtained very similar results. This is an important

. step in giving us confidence that they perform prop-

erly as hydromechanical analysis tools. The new
code ROCMAS 1T has options for both linearization

techniques and embodies a2 host of improvements .

beyond ROCMAS code such as a more realistic
joint model and a flexible solution strategy. The
incremental set up of the code allows for straight-
forward implementation of various material non-
linearity models, such as plasticity which are of
importance in the rock mechanic investigations of
saturated rock environments.
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Table 1. Material Properties Used for

Various Trial Runs with ROCMAS
Material Property Value
Mass Density, p; 1x 10° kg/m®
Fluid Compressibility, B, 5.13x 107 GPa™
‘ Dynamic viscosity, n 1% 1073 Nesec/m?
Young's modutus, E, 69.0 GPa
Poisson’s ratio, v, " 025 i
Mass density, p, 2.3 x 10° kg/m®
Rock Porosity, € 015
Intrinsic Permeability, k 1078 m?
Biot’s constant, M 130 GPa
Biot"s constant, 1.0
Initial normal stiffness, Kq 3.7 % 10'° N/m?
for vertical fracture
1.4 x 10'° Nm®
for horizontal fracture
Initial tangential stifiness, K, . 12x10° P¥m
Initial aperture, 26 1x107%m
Wall rock compressive strength,® g, 1x10° GPa
Ratio of tensile to compressive strength,* To/q, 0.1
Ratio of residual to peak shear,* T,/T, 1.0
Maximum nommal closure,* Vmc 0014m
Fractures  Seating load,* £ -1x10* N/m?
Initial dilation éngle.‘ iy 0
Friction angle, 8 o3
Porosity, € - 10
Biot’s constant, M 94 GPa
Biot’s constant, @ 1.0,00
=g 50
% \E Figwe 1. Schematic of the wanel model.
l 3mf- id . ’
—300m
A
Number of Elements 503
o Frow Hard Pock Daia. 4
7g:mdary -y Medium Permeability
20MPa 4] 500 m . XBL 883-10151
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Figure 2. Evolution of the pressure profile inside the vertical fracture during and after excavation.
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_ Figure 3. Time variations of the aperture of the
vertical and horizontal fractures at the
tunnel during and after excavation.
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Figure 4. Comparison of pressure profiles in the vertical fracture obtained by ROCMAS and ROCMAS
: methodologies. Step numbers above 10 refer to post excavation times. '
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