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ABSTRACT: The Multi-Mechanism Deformation (M-D) model for creep in rock salt has been used in three-
dimensional computations for the Waste Isolation Pilot Plant (WIPP), a potential waste repository. These 
computational studies are relied upon to make key predictions about long-term behavior of the repository. 
Recently, the M-D model was extended to include creep-induced damage. The extended model, the Multi-
Mechanism Deformation Coupled Fracture (MDCF) model, is considerably more complicated than the M-D 
model and required a different technology from that of the M-D model for a computational implementation. 

1 INTRODUCTION 

The WIPP facility is a potential repository for 
transuranic waste. It is mined deep within the earth 
in a salt formation. Creep of the salt will seal the 
repository over a period of time, which is one of the 
main advantages of a repository in salt. Prediction of 
the long-term behavior of the salt is key to evaluation 
of the design for the repository. The Multi-
Mechanism Deformation (M-D) model (Munson et 
al. 1982, Munson et al. 1989) describes creep 
behavior of the salt and has been used extensively to 
predict repository behavior. The Multi-Mechanism 
Deformation Coupled Fracture (MDCF) model 
(Chan 1994) extends the capabilities of the M-D 
model; the MDCF model couples both creep and 
damage mechanisms for describing time-dependent, 
pressure-sensitive inelastic flow in rock salt under 
nonhydrostatic triaxial compression. Both damage 
and dislocation flow processes contribute to the 
overall inelastic strain rate. The creep rate that 
originates from dislocation mechanisms is essentially 
pressure-insensitive and incompressible. The 
damage-induced strain rate is pressure-sensitive and 
dilatational and is considered to arise from the 
opening of microcracks. The MDCF model allows 
for prediction of the complete creep curve, including 
tertiary creep. 

The generalized average kinetic equation for the 
coupled creep and damage induced inelastic flow is 
given as 

where t[z is the inelastic strain rate tensor; ac , a 0 5 , 
eq' eq : 

e£„, and ifq are work-conjugate equivalent stress ••eq » 

measures and equivalent inelastic strain rates for the 
dislocation and damage mechanisms, respectively. 
The effects of creep damage on inelastic flow are 
manifested in two ways in the MDCF model. First, 
the effective load bearing area is reduced due to 
damage. This reduction is modeled using a 
continuum damage mechanics approach. The 
Kachanov damage variable, co, is used as a scalar 
measure of the damage (Kachanov 1986). Second, 
the damage contributes directly to the inelastic strain 
rate through the opening of microcracks. The 
damage-induced inelastic flow is additional to and 
independent of the kinetic equation for dislocation 
flow mechanisms. 

The set of equations required to define oc . 

and tfa for the MDCF model are 
>eq 
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extensive. In addition, there are equations to define 
two state variables - c,, a hardening parameter, and 
co, the damage parameter. These equations are not 
presented here since we are more concerned with the 
overall approach needed to implement the MDCF 
model computationally rather than the details of the 
model itself. 

2 COMPUTATIONAL IMPLEMENTATION 
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(1) Both the M-D and MDCF models have been 
implemented as constitutive models in the code 



JAG3D, a three-dimensional finite element code for 
the nonlinear quasi-static response of solids (Biffle 
1993). JAC3D relies on conjugate gradient solution 
techniques. Conjugate gradient techniques are 
iterative solution approaches for finite element 
problems that do not require formation of a global 
stiffness matrix. Elimination of the requirement for a 
global stiffness matrix makes the conjugate gradient 
approach particularly useful for three-dimensional 
problems. Large-scale three-dimensional problems 
can be solved without the difficulties that arise from 
storing and retrieving a stiffness matrix from 
magnetic disk. Conjugate gradient techniques solve 
a wide range of three-dimensional problems 
efficiently and work well for many nonlinear 
problems. Significantly, major operations for the 
conjugate gradient technique can be vectorized. 

For the computational implementation of both the 
M-D and MDCF models, we write the unrotated 
Cauchy stress rate (6") in terms of an unrotated rate-
of-deformation d, and an unrotated creep strain rate 
dP as 

a = Xtr{d}I + 2[i(d~dP), (2) 

where A. and ji are the Lame constants, J is the 
identity tensor (I}j = 8^) and tr{ } is the trace 
operator (tr{d} = dn + d22 + d33) (Weatherby et 

al. 1996). The quantity dP represents the sum of the 
previously defined inelastic strain rates (d^ = ifj). 

The stress history at a point is determined by 
numerically integrating Equation 2 over a series of 
time increments. Numerical integration is used 
because of the complexity' of the constitutive 
relations. There are a variety of steps involved in the 
overall integration scheme. For the purposes of this 
paper, the discussion of the integration scheme will 
concentrate on the integration of Equation 2. 

In order to integrate Equation 2, the unrotated stress 
tensor and rate-of-deformation are decomposed into 
spherical and deviatoric parts. 

o = s + amI 
771 

d = d' + tr{d}I/3 

(3) 

(4) 

In Equation 3, s is the unrotated deviatoric stress and 
om is the mean pressure ( a m = Gkk/3). The 
quantity d in Equation 4 is the unrotated deviatoric 
rate-of-deformation. For the inelastic strain 
component, tr{d'} = 0 , which allows splitting of 
Equation 2 into two rate equations. 

6m = a + 2li/3)tr{d] (5) 

s = 2\L(d'-dP{s)) (6) 

If At is a time increment with beginning time t, the 
mean pressure at time t + At is given by 

(°J t + At — (omY + (\ + 2\L/3)tr{d}At. (7) 

To determine the components of the deviatoric stress, 
the coupled system of nonlinear ordinary differential 
equations in Equation 6 must be integrated. For the 
M-D and MDCF models in JAC3D, the time 
increment At is divided into N subincrements so that 

N 

« = 1 
(8) 

The time at the end of each subincrement is denoted 
by 11 and is calculated from Equation 9. 

t, for i = 0 

t + X A ' m > f o r ' " > 0 (9) 

m = l 

The forward Euler method is used to compute the 
deviatoric stress at the end of each subincrement 
based on the deviatoric stress at the beginning of the 
subincrement 

St = St +St At: (10) 

so that the stress at the end of the time step (t + Af) is 

N 
s r + At=^+IvAfi- (11) 

i = l 

The evolutionary equations for the state variables q 
and Q) are integrated in a similar fashion with 

w 

and 

(12) 
! = 1 

N 

<Wr = G>r+ XX-i A f «-
i = l 

(13) 

The size of the subincrement At,- can be adjusted to 
satisfy stability and accuracy requirements for the 
forward Euler method (Weatherby et al. 1996). 

For the actual implementation of the solution 
process in JAC3D, a Newton-Raphson scheme is 
used to set up the equations required for a 



Asubiricrement of time. The system of equations is 
then solved with the Bi-CGSTAB method (Van der 
Vorst 1992). The Newton-Raphson scheme requires 
a tangent stiffness matrix that provides a first order 
estimate in the changes in the residual forces for 
given changes in the nodal displacements. Changes 
in the residual forces arise from changes in the 
Cauchy stress tensor and changes in the basis 
functions which interpolate displacements and 
coordinates within the elements. 

The task of computing first-order changes in the 
residual forces for given changes in the nodal 
displacements can be accomplished if we can 
compute an unrotated tangent modulus tensor C;jkl so 
that first-order changes in the unrotated stress and 
changes in the unrotated rate-of-deformation can be 
written as 

5 < ^ + A f = cijklbdklAt. (14) 

The details of computing c y w for the M-D model are 
given in Weatherby et al. In order to implement the 
M-D model with a tangent modulus approach, one 
must compute an extensive set of derivatives, some 
involving the form 

apoS/Off^/Offju). (15) 

Second derivatives of the form in equation 15 are 
complicated by the fact that o^q depends upon the 
Tresca stress. Although determination of the 
expressions to compute c„-w for the M-D model is 
somewhat involved, they can be derived and 
implemented in a reasonable manner. Most of the 
computations for the M-D model can be vectorized. 

It is also possible to derive a full set of analytic 
expressions to compute c y W for the MDCF model. 
The MDCF model requires a much more extensive 
set of derivatives that includes derivatives of the form 

3 [ a o ? / 0 c y ) ] / 0 a u ) . (16) 

The second derivatives ofthe form in equation 16 are 
complicated by the fact that of depends on the 
Tresca stress and other stress invariants. 

While it is possible to implement the MDCF model 
with the tangent modulus approach in theory, the 
details ofthe implementation are so involved as to be 
impractical for a number of reasons. First, 
determination of the required derivatives is a very 
time consuming process that demands great care to 
insure that all expressions are correct Second, 
derivation of the final form of c--kl for the MDCF 
model is much more complicated than derivation of 

the final form of cijkl for the M-D model. Finally, 
implementing the equations for the MDCF model in 
code would be a time consuming process, and it is 
difficult- to develop verification procedures to 
determine if they are all implemented correctly. 

There is one further difficulty with the tangent 
modulus approach. If any modifications are made to 
the MDCF model, it may require extensive 
rederivation of many of the equations required to 
compute cijU. 

3 SECANT STIFFNESS IMPLEMENTATION 

Although the tangent modulus approach has proven 
to be a robust, accurate, and efficient scheme for 
implementation of the M-D model, it does present 
serious difficulties and limitations for 
implementation of the MDCF model. Because of 
these difficulties and limitations for implementation 
of the MDCF model, it was decided that a different 
computational scheme should be used. The 
following section discusses the implementation of 
the MDCF model with an element secant stiffness 
approach. The first part of this section provides the 
mathematical basis for the calculations. The second 
part of this section discusses some of the mechanics 
of the implementation of this scheme in JAC3D. 

Define the residual vector, R, as the difference 
between the external force vector, Fext, and the 

internal force vector, Fint, for a system. On a global 
basis, we seek a residual vector R that is zero for 
some displacement configuration u, Le.; R(u) = 0. 
A given component ofthe residual, i? f , can be written 
in the form of a Taylor series expansion about some 
displacement component uj°). 

^(M j .) = ^ ( » f ) + ^ ( M j .-«j°)) + ... (17) 
4°) 

If Uj is treated as a variation of «j°> such that 

Uj = uW + Su-, then the first order term 

dR/duA can be approximated as 

3 ^ 
3K, 

3 ( 5 M j - + «f)-ig.(KCQ)) 

uf> 
5uj (18) 

The expression for dR/duA in Equation 18 

represents a term in a tangent stiffness matrix and can 



be used as a basis to compute an element tangent 
stiffness matrix..--To calculate the ;'th column of an 
element tangent stiffness matrix, kT, vary the ;th 
degree of freedom while holding all other degrees of 
freedom fixed. (For the jth column, only the jth. 
degree of freedom has a nonzero variation, 8u..) 
Compute the z'th residual term for each degree of 
freedom, where i ranges from 1 to m, m being the 
number of degrees of freedom for the element. The 
ith element in the ;'th column of the tangent stiffness 
matrix is given by 

8w;. = uj-uj-1. (22) 

kT. Kij 
r^^ + u ^ - r ^ ) 

8Ui 

(19) 

/ = 1, m , 5«j = 
r8uj ,l = j 

where rt denotes the element residual associated 
with the ith degree of freedom. The process defined 
by Equation 19 is repeated m times to construct a 
complete tangent stiffness matrix. 

As indicated earlier, the Newton-Raphson method 
in JAC3D requires a tangent stiffness matrix that 
provides a first order estimate in the changes in the 
residual forces for given changes in the nodal 
displacements. Equation 19 is a numerical 
differentiation technique for generating the tangent 
stiffness matrix required by the Newton-Raphson 
method. In JAC3D, the load is applied in an 
incremental manner, and displacements and residuals 
are calculated corresponding to each load increment. 
The total load vector at the end of some step n, Fn, is 
given by 

Fn = ]T AF''. (20) 
j = 1 

Suppose that the displacement vector corresponding 
to load Fn~l, un~l, and the displacement vector 
corresponding to load Fn,un, are both known. The 
object now is to compute the displacement u n + 1 

corresponding to the load Fn + l , where 

Fn + i = pn + AFn + l . (21) 

The displacement vectors at steps n-1 and n 
provide a basis for computing a tangent stiffness 
matrix that can be used to compute un + 1 . Residual 
quantities are computed based on un~1 and un, and 
the quantity 5« •, which corresponds to the yth 
displacement component, is computed with 

Thus, information from the current, n, and previous, 
n-1,-load steps is used to generate a tangent 
stiffness matrix that can be used to compute the 
solution for the next step n + 1. 

By using the information from the current and 
previous load steps, Equation 19 actually yields a 
secant stiffness matrix. Equation 19 can be rewritten 
as 

*i 
n(as^ui + ui~1)-r^ui~1) 

as5uj (23) 

{ bu:, I = j 

where buj is defined by Equation 22 and oĉ  is a 
scale factor such that 0 < a < 1. When a„ = 1, 
then the value for kf- is simply a secant stiffness 
value based on information at steps n-1 and n. As 
as approaches zero in Equation 23, we begin to 
approximate a tangent stiffness matrix. Since the 
calculations do rely on information at steps n - 1 and 
n, we shall refer to this approach as an element 
secant stiffness method regardless of the value of the 
scale factor. 

JAC3D has routines for calculating residual 
information on an element basis. These routines 
provide a means to calculate the element secant 
stiffness matrices, and implementation of the element 
secant stiffness matrix calculations uses much of the 
existing structure of JAC3D to compute the element 
secant stiffness matrices. When the element secant 
stiffness approach is used for the MDCF model, only 
the basic equations defining the constitutive behavior 
of the model are required. It is not necessary to 
compute the extensive set of derivatives required for 
the tangent modulus approach and to do the complex 
set of operations to construct ctjkl. This makes the 
element secant stiffness approach a much more 
reasonable scheme for implementation of the MDCF 
model. One disadvantage of the element secant 
stiffness scheme is that it does have larger storage 
requirements than the tangent modulus approach. 
The tangent modulus approach requires storage for 
the tangent modulus matrix for each element whereas 
the element secant stiffness approach requires 
storage of the entire stiffness matrix for each 
element. For a hexahedral element in three 
dimensions, the tangent modulus approach in JAC3D 
requires only a singly dimensioned array of 21 
values; the element secant stiffness approach requires 



a 24x24 matrix for each element This is not too 
critical a consideration, however, since the MDCF 
model is, in general, not required throughout an 
entire mesh. Only those elements near critical areas 
where significant damage may occur require the use 
of the MDCF model. 

Even though the element secant stiffness 
calculations allow us to work with a much simpler set 
of equations for the MDCF model than the tangent 
modulus approach, the set of equations we must work 
with is complicated enough to make it difficult to 
heavily vectorize the routine carrying out these 
computations. The effect of this lack of vectorization 
in the routine for the MDCF constitutive model will 
be evident later on during the discussion of timing 
information for several problems. It is important to 
note that the lack of vectorization is not due to use of 
the element secant stiffness approach, but the great 
complexity of the equations defining the MDCF 
model. 

In the actual implementation of the element secant 
stiffness approach, it was discovered that it is 
necessary to place bounds on the value of 8M •. It is 

not desirable to have 8M • too small (on the order of 
machine accuracy). If 8« • is not bound by some 
upper limit, the solution scheme in JAC3D will not 
converge. The determination of 8« • is further 
complicated by the fact that there are degrees of 
freedom constrained to have a zero value and some 
estimate must be obtained for 8M • for these degrees 
of freedom. Finally, there is the issue of a starting 
value for the 8w • for the first load increment. 

There are a number of approaches that can be used 
for handling the selection of the d>Uj. The method 
used in the implementation of the code in JAC3D 
will be discussed here. For the case of the first load 
increment, all of the 8« • are set to some arbitrary 
value. This value reflects the magnitude of the §Uj 
that occur during the initial load steps. The initial 
value for 8 M • can be estimated from assumptions 
about initial time steps and initial deformations in the 
problem. For subsequent time steps, the 8M • are 
checked in relation to lower and upper limits. A 
lower limit 8 « m £ n > 0 and an upper limit §umax > 0, 
with §umin<8umax, are specified for a given 
problem. Let r = 1 through 8 to denote the eight 
nodes of a hexahedral element. The displacement 
increments corresponding to the x, y, z coordinate 
directions for the rth node are denoted by 8Mxr , 8 M , 
and 8M Z ; . , respectively. Consider the displacement 

increment in the x-direction for the rth node, which is 
given by 

5 " * r =. Uxr ~ uxr 
n-\ (24) 

Let the ̂ -displacement for the rth node correspond to 
the j'th degree of freedom for the element. The 
quantity 8«y will be determined on the basis of the 
original value for 5uxr. If 

dumin^ux^umax* (25) 

then Siij in Equation 23 is set to §uxr. If 8 ^ does 
not meet the criterion in Equation 25, then an average 
value for the displacement increment in the x-
direction, §uxavg, is computed with the relation 

5uxavg = o X duxr (26) 
1 

If 

5u„ < fiuxavg\^ 5 * W > (27) 

If 8MV then 8M • in Equation 23 is set to §uxavp. 
J -Art* V £ A U F̂ j 

does not satisfy the relation in Equation 27, then 8M • 
is computed in the following manner: 

8M • = 
bumin,0<Suxr<dumin 

-§u„;„,-8umin<5uxr<0 

r , Surr<-§u 

(28) 
min 

8 M _ 
max' 

This process is repeated for all of the ^-displacement 
increments for all of the nodes on the element. An 
analogous process is then carried out for all of the y-
and z-displacement increments for the element. Once 
the full set of displacement increments is determined 
for an element, the element secant stiffness matrix 
can then be computed. 

4 TESTING 

Before implementation of the MDCF model with the 
element secant stiffness approach, the M-D model 
was implemented with this particular scheme. A 
series ofstandard benchmark problems was run using 
the element secant stiffness implementation of the 
M-D material model. The results from these 
problems can be compared directly to results from 
the M-D tangent modulus implementation. Only the 
implementation of the M-D model varies in the 



comparisons, which provides a means for assessing 
the accuracy of the element secant stiffness approach. 

One of the benchmark problems examines closure 
of a room due to creep of the salt over time. A 
rectangular room is mined in salt (at time t=0) some 
distance below the surface of the earth. The initial 
conditions consist of an in-situ stress state and an 
overburden pressure. Computations are made to 
determine deformation of the room due to creep of 
the salt for a five year period. The computations are 
made with a mesh consisting of 2800 hexahedral 
elements (5894 nodes). The computer used for diese 
studies is a Cray YMP8/64. The horizontal and 
vertical room closure results for the M-D model 
implemented with the element secant stiffness 
approach vary from those of the M-D tangent 
modulus implementation by only 0.7%. This is an 
exceedingly minor difference when one considers 
that the two results are achieved with significantly 
different approaches to handling a complex material 
model. The secant stiffness approach used nineteen 
times more central processor (CP) time than the 
tangent modulus approach. 

A second benchmark problem involves closure of a 
circular vertical borehole mined in salt. At time t=0, 
the borehole is a circular cross-section surrounded by 
salt with a given in-situ stress state. This problem is 
easily modeled by using a strip of elements that 
define a sector of an annulus. The mesh for this 
problem consists of 400 elements and 1604 nodes. 
Computations are made to determine radial closure 
of the borehole after 600 hundred years. The radial 
closure for the M-D model implemented with the 
secant stiffness approach vary from those of the M-D 
tangent modulus implementation by 3.6%. Again, 
this is a relatively small variation considering the 
length of the analysis period and the significant 
difference in the two implementations for the MD 
model. The tangent modulus approach used one and 
a half more CP time than the element secant stiffness 
approach, which is a markedly different timing result 
when compared to the room closure run. 

The MDCF model was implemented with the 
element secant stiffness approach and first tested 
with a simple block problem. A rectangular block 
lm by 1m square by 2m high rests on a frictionless 
surface. A constant pressure of 18MPa is applied to 
the top surface (a 1m by lm square). The vertical 
sides of the block are unconstrained, and the analysis 

time is 5x10 sec (57.87 days). Experimental results 
for rock salt indicate that the applied pressure over 
the specified time for this particular geometry should 
lead to tertiary creep. For the computational study, 
the block is modeled with 128 hexahedral elements. 
The vertical displacement at the top of the block as a 
function of time is shown in Figure 1. The 
computational results do show the onset of tertiary 
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Figure 1. Vertical displacement (m) for top sur
face of block 

creep. The computations were done on a Cray 
YMP8/64 and took a total of 20 hours of CP time, 
which is a large amount of time for a problem of this 
size. Part of this large time requirement reflects the 
great complexity of the MDCF model and the lack of 
vectorization in the routine evaluating the equations 
for the constitutive model. Part of it is also 
attributable to the fact that the MDCF model requires 
exceedingly small time increments during the initial 
phases of the problem (t slightly greater than zero). 

The MDCF model was also used in the study of a 
room closure problem. As in the previous case, the 
room is a rectangular room mined in salt (at time £=0) 
some distance below the surface of the earth. The 
initial conditions again consist of an in-situ stress 
state and an overburden pressure. This particular 
problem has been solved with a two-dimensional 
implementation of the MDCF model in the finite 
element code SPECTROM-32 (Callahan et al. 1989, 
deVries 1994). The results are for plane strain, which 
can be simulated with a three-dimensional model by 
the appropriate boundary conditions. 

For the computational studies of this problem with 
the MDCF model in JAC3D, only the region 
immediately surrounding the room is modeled with 
elements using the MDCF model. The elements in 
the region away from the room use the M-D model. 
The region away from the room experiences little 
damage (co is small). The mesh for these 
computations has 2284 hexahedral elements, of 
which only approximately 100 use the MDCF model. 
Closure results are computed for up to five years. 
The total CP time required for this problem on a Cray 
YMP8/64 is slightly more than 24 hours. If this 
analysis were done with only the M-D model for all 
of the elements in the mesh, the required CP time 
would be more on the order of 20 minutes. Again, we 



can'see the great costs of the complexity of the 
MDCF model and the lack of vectorization. 

Contours for the damage variable for this room 
closure problem are shown in Figure 2. There is a 

MDCF M-D 

Figure 2. Damage contours for room closure. 

vertical line of symmetry through the room, which is 
indicated by the vertical lines on the left hand side of 
Figure 2. The vertical line to the right of the room 
marks the change from the region with MDCF 
elements to the region with M-D elements. The 
double horizontal lines mark possible transition 
zones from clean salt to argillaceous halite. (Not all 
of the transition zones were used in the model.) The 
damage contours near the contours have values on 
the order of 0.006 while the outer contours have a 
value of 0.0001. The damage is greatest at the 
corners, and .there are zones of noticeable damage 
above and below the room, which is what one would 
expect 

The results in Figure 2 agree quite well on a 
qualitative and quantitative basis with those from 
SPECTROM-32 even though there are some 
differences in the two models. The planar mesh 
profile of the SPECTROM-32 mesh (derived from 
quadrilateral elements) and the planar profile of the 
JAC3D mesh (derived from hexahedral elements) 
have different number of elements. The 
SPECTROM-32 model includes some clay seam 
behavior that is not captured in the JAC3D model. 

5 CONCLUSIONS 

The tangent modulus approach is, as indicated 
earlier, an efficient, robust, and accurate scheme for 
implementing the M-D model in JAC3D. The 
MDCF model incorporates enough added complexity 
so that the use of a tangent modulus approach is not 
feasible. The implementation of the MDCF model 
requires an element secant stiffness approach. This 
method relies on a numerical differentiation scheme 
employing residual information. The results from 
tests with the M-D model show that the element 
secant stiffness approach is quite accurate for 
complex material models. 

The element secant stiffness approach does require 
some control mechanisms for the selection of the 5 w. 
values, which are key in the element secant stiffness 
calculations. For a given class of problems, once a 
set of control parameters is established for one 
problem in the class, these parameters (or slight 
variations of these parameters) are probably 
applicable to all of the problems in the class. A class 
of problems would consist of something like several 
different room closure geometries each of which was 
modeled with several different meshes. The results 
from the studies in this report indicate that selection 
of the control parameters 8uj is not a particularly 
difficult process. One area that was not studied was 
the effect of varying the parameters. It would have 
been particularly interesting to examine variation of 
the scaling parameter as to determine effects on time 
step size and the number of iterations within a load 
step. 

The timing results from the studies with the M-D 
model showed the secant stiffness approach requiring 
more CP time for the room closure problems and less 
time for the vertical borehole closure problem than 
the tangent modulus approach. There is not enough 
experience with the element secant stiffness 
approach to explain these differences. The 
implementation of the element secant stiffness 
approach should be, on the whole, fairly efficient. It 
relies primarily on routines that are highly 
vectorized, including the one that handles the 
equations defining the M-D model. The one routine 
that is not vectorized, associated with the element 
secant stiffness calculations, is the one to set the 
values of the 5uj. This routine is called at the 
beginning of each Newton iteration. 

Once the framework for an element secant stiffness 
approach is implemented in a finite element code, it 
provides a basis for testing and evaluating complex 
material models quickly. This makes it a particularly 
useful method for testing geomechanics models, 
since geomechanics models usually incorporate 
complex behavior. 



The MDCF model is expensive computationally. 
The routine evaluating the equations associated 
specifically with the MDCF model is, as indicated 
earlier, only partially vectorized. The vast majority 
of the calculations in this routine are not vectorized 
currently, and this has a dramatic impact on the 
amount of time required for computations using the 
MDCF model. It would probably be possible to 
increase the vectorization by some small amount 
without too much difficulty; extensive vectorization 
of the MDCF model would be a very difficult task. 

The advantage of incorporating a high degree of 
complexity into a material model is that the model 
will describe the correct behavior under a wide range 
of complex loadings. It is obvious from the results 
presented in this paper, however, that when a certain 
level of complexity is exceeded, a material model can 
heavily tax the current capabilities of even powerful 
supercomputers. The computational difficulties 
presented by the MDCF model might be more 
effectively handled by a parallel processing machine, 
although this approach would have to account for the 
expense of the MDCF model. Load balancing across 
the processors would be complicated for models 
using MDCF in conjunction with other materials. 
Consider, for example, a model using both the M-D 
and MDCF models, as was done with the room 
closure study presented in this paper. If we try to 
synchronize results for blocks of elements on 
different processors at the end of each subincrement 
in time, then the number of MDCF elements assigned 
to a processor cannot be the same as the number of 
M-D elements assigned to another processor. A 
given number of MDCF elements will take much 
longer for computations over a subincrement of time 
than the same number of M-D elements. Simply, 
spreading equal numbers of elements across 
processors while observing constraints on 
communication between processors would not be 
sufficient to make optimum use of the machine. 

Material models with complexity on the order of 
the MDCF model still present some significant 
computational challenges. 
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