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ABSTRACT 

The constitutive model used to describe deformation of crushed salt is presented in this paper. 
Two mechanisms - dislocation creep and grain boundary diffusional pressure solutioning - are 
combined to form the basis for the constitutive model governing deformation of crushed salt. 
The constitutive model is generalized to represent three-dimensional states of stress. Recently 
completed creep consolidation tests are combined with an existing database that includes 
hydrostatic consolidation and shear consolidation tests conducted on Waste Isolation Pilot Plant 
(WIPP) and southeastern New Mexico salt to determine material parameters for the constitutive 
model. Nonlinear least-squares model fitting to data from shear consolidation tests and a 
combination of shear and hydrostatic tests produces two sets of material parameter values for the 
model. Changes in material parameter values from test group to test group indicate the empirical 
nature of the model but show significant improvement over earlier work. To demonstrate the ' 

predictive capability of the model, each parameter value set was used to predict each of the tests 
in the database. Based on fitting statistics and ability of the model to predict test data, the model 
appears to capture the creep consolidation behavior of crushed salt quite well. 
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INTRODUCTION .- . .- 

Construction of the Waste Isolation Pilot Plant (WIPP) was initiated by the U.S. Department of 
Energy (DOE) in 198 1 to develop the technology for the safe management, storage, and disposal 
of transuranic (TRU) radioactive wastes generated by the DOE defense programs. The WIPP, 
located in southeastern New Mexico at a depth of approximately 655 meters in bedded halites, 
consists of a series of underground shafts, drifts, panels, and disposal rooms. The WIPP may 
eventually become a repository for the TRU wastes provided the facility is demonstrated to be in 
compliance with the Environmental Protection Agency’s requirements. If the compliance 
requirements are satisfied, each disposal room will be filled with containers holding TRU wastes 
of various forms. Ultimately, a seal system designed to prevent water from entering the 
repository and to prevent gases and brines from migrating out of the repository must be in place. 
Crushed salt has been proposed as a viable material for the permanent sealing of WIPP 
underground openings. Thus, an understanding of the consolidation processes in crushed salt is 
fundamental to the design of a credible seal system that will provide confidence and establish 
regulatory compliance. 

Earlier work (Callahan et al, 1995) focused on a review of existing crushed-salt models, 
assembly of an experimental database to evaluate candidate models, and formulation of the flow 
potential and three-dimensional generalization of the models for applicability to general states of 
stress. Following completion of the earlier study, the constitutive model formulation was found 
to be inadequate at high fractional densities. In addition, because of the heavy bias of the 
database toward hydrostatic consolidation tests, along with the fact that none of the shear 
consolidation tests reached high enough fractional densities to exhibit positive lateral strains, the 
constants associated with the flow potential made it impossible for the simulated crushed salt to . 
move toward a volume preserving type of flow (as is exhibited by intact salt) as the fractional 
density approached one. All tests in the initial crushed-salt laboratory database exhibited a 
positive lateral to axial strain rate ratio; whereas, the lateral to axial strain rate ratio is negative 
for a triaxial test conducted on intact salt. However, as the crushed salt consolidates and at some 
density level, the lateral deformation must change direction (i.e., cease to move inward and begin 
to move outward as is observed for the intact salt tests). In addition to being a function of the 
density, this change in lateral strain direction is also, undoubtedly, a function of the state of 
stress. Because of these shortcomings in the crushed-salt model, two additional shear 
consolidation tests were conducted at fractional densities near 0.8, the functional form of the 
flow potential for the models was modified, and the models were refit to the database. This 
study (Callahan et al, 1996) resulted in satisfactory model predictions over a wide range of 
fractional densities and stress triaxialities. However, the governing deformation mechanisms for 
crushed salt with varying degrees of added moisture were contained independently in two 
separate models. 

Thus, one goal of the present study was to incorporate the governing mechanisms into a single 
model. In addition, four new laboratory shear consolidation experiments were conducted with 
fiactional densities near the initial fractional density expected in the dynamically compacted, 
crushed-salt seal component (approximately 0.9). These tests expand the database into fractional 
density ranges previously untested and provide information on the crushed-salt flow behavior as 
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its density increases. These tests were added to the experimental database, which was fit to 
obtain material parameter values for the updated crushed-salt constitutive model. 

CRUSHED-SALT DEFORMATION MECHANISMS 

Multiple deformation mechanisms control the densification of crushed salt for the emplacement 
processes and range of conditions expected at the WIPP. Crushed salt is planned as a major 
sealing component in the shaft. During emplacement in the shaft, crushed salt will be 
dynamically compacted with small amounts of added moisture (less than 2 percent by weight) to 
a fractional density of about 0.9. During dynamic compaction, the densification of the cdshed 
salt will occur through particle rearrangement, cataclasis, and plastic yield. These instantaneous 
processes provide a dense, locked-up aggregate. Further densification occurs over time through 
compactional loading on the crushed-salt column caused by creep of the host salt formation and 
inward movement of the shaft surface. As crushed salt is loaded, the principal densification 
mechanisms include dislocation creep and fluid-phase diffusional creep (grain boundary 
diffusional pressure solutioning). Without the added moisture during construction of the 
crushed-salt seal component, the importance of the diffusional creep mechanism would diminish. 

Dislocation creep of salt is defined in terms of three dislocation mechanisms involving 
dislocation climb, an undefined (but experimentally and empirically well established) 
mechanism, and dislocation glide (Munson et a2, 1989). The multimechanism deformation 
constitutive model for intact salt is well established and has been verified against in situ 
experiments conducted at the WIPP (e.g., Munson and DeVries, 1991). 

The idea of pressure solution as a deformation mechanism has been around for over 100 years 
but has only been studied in detail for application to geologic systems during the last 25 years. 
The fundamental process is characterized by a liquid phase occurring perhaps as a thin liquid 
film at grain interfaces. The diffusive mass transfer process has been called fluid-phase 
diffusional creep, solution-precipitation creep, pressure solution, and grain boundary diffusional 
pressure solution. The mechanism is analogous to diffusional creep (Coble creep) where matter 
is transported distances on the order of the grain size and controlled by di&ion of atoms 
through the grain interfaces. In the solution-precipitation creep process, matter transport is 
characterized by difhion through the fluid at the grain interfaces. A significant difference 
between the two creep processes is that solution-precipitation creep occurs at much lower 
temperatures than the classical diffusional creep. The presence of the liquid phase (brine) in 
crushed salt leads to additional deformational processes characterized by stress-induced 
dissolution, diffusion, and precipitation. The creep rate is controlled by the slowest of these 
serial processes. The grain boundary diffusional pressure solution mechanism dramatically 
enhances the densification rate in crushed salt (e.g., Spiers and Schutjens, 1990). Thus, the 
constitutive model developed for crushed salt discussed in the next section incorporates 
dislocation creep and pressure solutioning mechanisms. 

CONSTITUTIVE MODEL DESCFUPTION 
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Dislocation creep is the governing mechanism for deformation of intact salt and stress-induced 
dissolution and precipitation process or simply pressure solutioning is an operative mechanism 
when small quantities of water (brine) are contained in the aggregate. As discussed by Stocker 
and Ashby (1 973) and Helle et aZ(l985), the creep and d ih iona l  mechanisms are independent 
and additive. From the application of thermodynamic concepts, the three-dimensional 
generalization of kinetic equations is given by Fossum et aZ(l988). Following this approach, the 
generalized average kinetic equation for the creep consolidation inelastic flow of crushed salt can 
be written as: 

& F. of where is the inelastic strain rate tensor and eq is an equivalent stress measure. The 
.d ' W  

equivalent inelastic strain rate measures for dislocation creep ( seq) and pressure solutibning ("4) 
are written as functions of the equivalent stress measure. For use in the flow potential, another 
equivalent stress measure, oeq, is used to provide a nonassociative type of formulation that 
provides flexibility in governing the magnitude of the volumetric behavior. 

Motivation for selection of the equivalent stress measures comes fiom laboratory experiments 
reported in previous work (Callahan et al, 1995; 1996). Tests on crushed-salt specimens exhibit 
a strong dependence on the pressure (mean stress) applied to the specimens. Shear consolidation 
experiments also exhibit differing behavior depending on the magnitude of applied stress 
difference. Thus, the appropriate stress measure should include both mean and deviatoric stress 
dependencies. Laboratory tests on intact salt specimens show little dependence on moderate 
mean stress levels (< 2 MPa), and typically, the deformation of intact salt is described as a 
volume-preserving process. Therefore, one would expect the mean stress influence to decrease 
as the crushed salt approaches full consolidation. Perhaps most importantly, in a typical triaxial 
test, the effective stress measure describing the potential surface must provide a reversal in 
lateral strain rate as the fractional density approaches one. This condition is a natural 
consequence at low stress triaxialities (ratio of mean to deviatoric stress) since porous crushed 
salt decreases in volume but intact salt inelastic deformation is isochoric (volume preserving) 
unless damage is occurring. 

Crushed salt emplaced at the WIPP will experience a broad range of fiactional density and stress 
triaxiality over the life of the repository. Little success has been achieved in a single constitutive 
model's ability to cover all of these required conditions. Fortunately, the crushed salt emplaced 
in the shaft will be dynamically compacted to an initial fractional density of about 0.9. This 
limits the accuracy required in the crushed-salt constitutive model to fractional densities between 
0.9 and 1 .O. However, much of the existing crushed-salt laboratory data have been generated for 
fractional densities less than 0.9. With these considerations and based on the work of Sofionis 
and McMeeking (1 992) and Helle et aZ(l985), the equivalent stress measures are homogeneous 



. .  ~~ ~ 

. . .  . . . . . . , . , . . . . . . . . . .  . . . . .  , . . _ . _ .  . -  . . . .  : . . . . .  . . .  . .  . . . : .  

of degree one in terms of stress and are given by: 

where: 

and 

D =  

D .e Dt 
D 2 D, 

current fractional density 

meanstress= 3 
minimum principal stress 

akk - 

maximum principal stress 

material parameters. 

- 
Twice the maximum shear stress ( - O3 = ‘Os ‘ d J 2  ) or Tresca equivalent stress is used in the 
equivalent stress measures to describe the shear behavior as is common for intact salt where J2 is 
the second invariant of the deviator stress and y~ is the Lode angle. Performing the 
differentiation indicated in Eqn. 1 the creep consolidation model is written as 



- d  = FEs 

Equivalent Inelastic Strain Rate Form for  Dislocation Creep 

Dislocation creep of intact salt has been characterized by the Multimechanism Deformation 
(M-D) model Nunson, 1979; Munson and Dawson, 1979; Munson et al., 19891. Thus, the 
equivalent inelastic strain rate measure for the dislocation creep portion of the crushed-salt model 
is taken to be the M-D material model. The model is written as: 

Ed where eq is the kinetic equation and is the steady-state strain rate. The transient function F 
consists of three branches - a work-hardening branch, an equilibrium branch, and a recovery 
branch. An evolutionary equation governs the rate of change of an internal variable, which 
governs the transient function. The steady-state strain rate ( 's) is the sum of three individual 
strain rate mechanisms acting together: Further details on the dislocation creep model are given , 
by Munson et aZ(l989). The model was used with the material parameter values fixed at the 
clean salt values given by Munson et aZ(l989). 

Equivalent Inelastic Strain-Rate Form for Pressure Solutioning 

Spiers and Brzesowsky (1 993) model is adapted as the equivalent inelastic strain rate for grain 
boundary diffusional pressure solutioning for wet crushed salt. The functional form presented by 
Spiers and Brzesowsky was modified by changing the stress-dependent term (using the 
equivalent stress measure defined in Eqn. 2), changing to true strain measures, and adding the 
effect of moisture (w is the percent moisture by weight). The moisture function (simply w raised 
to a power, a) eliminates any strain rate contribution to the crushed-salt consolidation model 
when moisture content is zero. With these modifications, the pressure solutioning portion of the 
consolidation model becomes: 



0 where r l  , r3, r4, a, p ,  -s are material constants; w is the percent moisture by weight; d is-the 
average grain size; Tis absolute temperature; R is the universal gas constant; and d is the grain 
size. The model consists of two functional forms - one for small strain and one for large strain, 
which are invoked depending on the prescribed value for r given as: 

I' small strain (exp(&,) - 1 > -15%) 

where $0 is the initial porosity and rn is a material parameter. Spiers and Brzesowsky (1993) 
developed the function r to account for increasing surface contact (increasing area and 
decreasing stress) as the strains become large. This geometrically interpreted variable serves to 
decrease the magnitude of the consolidation driving force and approaches zero as materials 
approaches full consolidation. A problem is evident in Spiers' model at time zero. Eqn. 7 can be 

indeterminate since when , the initial volumetric strain is zero. To eliminate this problem 
during computations, some initial value must be assumed for the volumetric strain. Typically, 
this initial strain value will be computed based on an original fractional density of 0.64 (random 
dense packing of spherical particles) and the fractional density at the beginning of creep 
consolidation. The pressure solutioning model has seven material constants - al ,  p ,  Qs, r l ,  r3, 
r4, and ns, excluding those that appear in the effective stress measure. 

of = o  

SUMMARY OF EXPERIMENTAL DATA 

The creation of the database being used in this paper for parameter estimation began with an 
extensive library search and compilation of potentially useful test results. That compilation was 
reviewed to identify those tests that were appropriate for parameter estimation work (Callahan et 
al, 1995) and then supplemented with two additional tests (Callahan et al, 1996) to form the 
database for parmeter estimation work reported by Callahan et aZ(1995). That database 
comprised two types of tests; hydrostatic compression and shear consolidation. Since the 
creation of that historical database, additional shear consolidation tests have been performed, 
added to the historical database, and reported in a constitutive model update (Callahan et al, 
1997). The next subsection describes the hydrostatic and shear consolidation tests in the 
historical database followed by a second subsection that gives a more detailed examination of the 
recent shear consolidation tests used to update the constitutive model. 

Historical Database 

Forty-five hydrostatic consolidation tests were contained in the original historical database. All 
of the testing was performed in a drained condition; i.e., the pore pressure was zero. Callahan et 
aZ(l995) removed five of the tests from the database because they were performed under 



saturated conditions and were not well drained; which resulted in the generation of pore 
pressures with reduced deformation. The hydrostatic consolidation tests were performed over a 
range of pressures from 1.72 MPa to 10.1 MPa with test durations ranging from about 3 days to 
1 11 days. For each test, the initial dry density of the specimen was measured and the specimen 
density was again determined at the onset and termination of the consolidation phase. 

Twelve shear consolidation creep tests were contained in the original historical database. As 
with the hydrostatic testing, all of the shear consolidation tests were performed in a drained 
condition. The shear consolidation tests were performed over a range of axial stress differences 
from 0.69 MPa to 5 MPa and a range of mean stresses fiom 2.67 MPa to 8.05 MPa. Ten of the 
tests each had a duration of about 2 months while the other two tests had durations of about 28 
days and 17 days. Again, the initial density of the specimen was measured and determined at the 
onset and termination of the consolidation phase. 

Recent Shear Consolidation Testing 

Four shear consolidation creep tests were performed on dynamically compacted crushed-salt 
specimens that were fabricated with a laboratory scale device following a procedure similar to 
that used for dynamic compaction of large-scale samples (Hansen and Ahrens, 1996). The 
laboratory scale device used two Proctor split compaction molds to receive the disaggregated 
salt. After compaction, the molds were removed and the ends of the cylindrical samples were 
machined to produce testable specimens with nominal dimensions of 100 millimeters in diameter 
and 200 millimeters in length. The starting material was wetted with a brine that had previously 
been manufactured using WIPP salt, so the specimen moisture content was nominally 1.6 percent 
by weight. The dry density of specimens was about 1,985 kg/m3, which is a fiactional density of 
approximately 0.9 (assuming intact salt density of 2,160 kgm3). 

The four shear consolidation tests were effectively standard triaxial compression creep tests, and 
typical test procedures have been described previously (Callahan et al, 1995; Brodsky, 1994). 
The specimens were initially loaded hydrostatically to the level of specified confining pressure 
(radial stress) and allowed to stabilize. The specified confininP pressure levels for the four tests 
were -1, -2, -3, and -4 MPa, respectively. Data were collected during the hydrostatic loading 
phase. Following stabilization, the axial compressive stress for each test was increased by 4 
MPa while holding the confining pressure constant so that each of the four specimens was 
subjected to a stress difference of Ao = 4 MPa; only the confining pressure was different among 
tests. Data were also acquired when the axial stress difference was applied. M e r  the axial stress 
difference was imposed, it was held constant at Ao = 4 MPa while data were acquired during the 
shear consolidation creep phase. All four tests were performed in a drained condition; Le., pore 
pressure was zero. 

Analyses based on the constitutive model predicted that a stress state existed where the lateral 
strain rate would initially be negative (compaction) and then reverse direction and become 
positive as the specimen density increased. The creep strain results fiom the four tests are 
compared in Figure 1 which plots axial and lateral creep stra&s as a function of time. A 



significant observation apparent in Figure 1 is the trend appearing among the lateral strain 
responses, which indicates that the magnitude of the lateral strain rate decreases as the c o d i n g  
pressure (mean stress) increases. The test performed at a confining pressure of -4 MPa actually 
conf i i s  the constitutive model prediction. The lateral strain rate in that test was initially 
negative (specimen diameter decreasing) and after some densification of the specimen, the lateral 
strain rate magnitude decreased to zero, changed sign, and became positive (specimen diameter 
increasing). 

{FIGURE X WILL BE INSERTED HERE} 

PARAMETER VALUE DETERMINATION 

The crushed-salt constitutive model given by Eqns. 1 , 6, and 7 contains 33 material parameters. 
Seventeen of these material parameters are contained in the dislocation creep (M-D) portion of 
the model. The M-D model parameters were fixed at the values provided by Munson et al 
(1989) for clean salt. The remaining 16 material parameters consist of 5 flow potentiai material 
parameters and 11 creep consolidation parameters. These parameters were determined by fitting 
the equations that define the constitutive model to the laboratory data such that the weighted 
squared difference between the measured and calculated response was minimized. The model 
fitting was conducted in two steps. First, the flow potential parameters ( , K I  , K2 , n, and Dt) 
were determined by fitting the predicted lateral to axial strain rate ratio to the measured data in 
the 16 shear consolidation tests. The axial, lateral, and volumetric strain rates and strain rate 
ratio for triaxial compression tests are written in that order as 

where: 



The hydrostatic consolidation tests provide no meaningful data for evaluation of the flow 
potential parameter values since the deviatoric stress is zero. Using the strain-rate ratio enables 
determination of flow potential parameter values independent of other constitutive model 
parameters. Unfortunately, experimental rate data are often quite noisy, particularly when the 
fractional density approaches one and the strain rates are small. In the second fitting step, the 
flow rate parameters were fixed at their determined values and the 11 creep consolidation 

parameters ( 770, 

equations, which define the axial and lateral strains, to the data measured in the 16 shear 
consolidation and 40 hydrostatic consolidation tests. Two different fits were made -to the shear 
consolidation data only and to the combined shear and hydrostatic consolidation data. 'These 
nonlinear regressions were performed using the personal-computer platform BioMedical Data 
Processing (BMDP, Version 7.01) statistical software package (Frane et al, 1982). The flow 
potential material parameter values are given in Table 1. The value of ~2 was fixed at a value of 
one to force the model to reproduce intact salt creep at complete consolidation. 

, 772, nf, a,p,  ns, rl, r3, r4, and QslR) were determined by fitting the rate 

K2 

n 

Dt 

TABLE 1 
Dimensionless Flow Potential Parameter 

Values . 

1 .ooo 
7.578 

0.891 

The creep consolidation parameters values determined for each of the fits are given in Table 2. 
The value of q2 was fixed at a value of one to force the model to reproduce intact salt creep at 
complete consolidation. 

TABLE 2 
Creep Consolidation Parameter Values 
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Shear Tests 

71 
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ns 

rl 

r3 
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Combined Tests 
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1,074.5 QdR I K 

: model is the true constitutive lav 

811.28 

parameter values resulting from each of the d 

0.1319 1 2.581(10-2) 11 
I 

1.000 I 
3.9387 II 

II 
2.587 

1 .oo 

ii 3.5122 j 4.792 

II 
1.6366 I 1.099 11 

II 

0.3179 I 0.0230 

0.1209 I 0.0 

3.58(10-4) I 
6.7325 

0.0 
I 
I 

I I 

5.53(10-4) ij 
II 11.12 

0.6003 11 

, the change in the parameter values between the two databases is modest; whereas, eklier models 
exhibited several orders of magnitude change in some of the parameter values between fits. Test 
results predicted using the parameter values given in Table 1 and Table 2 for the combined tests 
are shown in Figure 1 for two of the shear consolidation tests. The predicted data compare quite 
well with the experimental data, and perhaps most importantly, the model demonstrates the 
ability to predict the reversal in the lateral strain as the crushed salt consolidates and the rate of 
volumetric consolidation decreases. 

CONCLUSIONS 

A creep consolidation model for crushed salt was developed to combine dislocation creep and 
grain boundary diffusional pressure solutioning into a single constitutive model. The dislocation 
creep model was adapted from the multimechanism deformation constitutive model (e.g., 
Munson et al, 1989) used to describe creep deformation of intact salt. The pressure solutioning 
model was adapted from the densification model for wet salt aggregates presented by Spiers and 
Brzesowsky (1 993). The strain rates fiom the two contributing mechanism are additive with the 
contribution from the pressure solutioning portion of model disappearing as the moisture content 
goes to zero. When the fractional density of the crushed salt reaches one, the model produces 
intact salt behavior predicted by the multimechanism deformation model. Four new laboratory 
shear consolidation experiments were conducted with fractional densities near the initial 
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fractional density expected in the dynamically compacted crushed-alt seal at the WPP 
(approximately 0.9). These tests expand the database into fractional density ranges previously 
untested and provide information on the crushed salt flow behavior as its density increases. One 
test clearly demonstrates the reversal in lateral deformation as the density increases. These tests 
were added to the experimental database, which was fit to obtain material parameter values for 
the crushed-alt constitutive model. The results of the model fitting produced material parameter 
values representative of the entire database. Two separate fits were performed. The fust fit used 
only the shear consolidation tests in the database, and the second fit used both the shear and 
hydrostatic consolidation tests. In our previous studies, dramatic changes in the parameter values 
were observed when the different tests were fit. In the present study, these separate fits produced 
similar parameter values, which indicates that the constitutive model is more representative of 
the physics of the creep consolidation of crushed salt than previous models. 
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