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Abstract
A constitutive model for the consolidation of wet crushed salt material is presented
in this report. The material parameters for this model are derived from hydrostatic
consolidation tests performed on wet salt taken from the Waste Isolation Pilot Plant
(WIPP) near Carlsbad, New Mexico. The constitutive model is then used for analyses
of the interaction between intact and crushed salt in realistic field configurations
such as backfilled and open shafts and drifts. The calculations are used to show that
the wet crushed salt does not significantly retard the rate of closure of shafts and
drifts until the crushed salt is consolidated to approximately 95 percent of intact
salt density. An approximate method for modeling the creep rate of intact salt is
developed which more closely matches the closure data from empty drifts at the
WIPP site in order to provide a more realistic estimate of the crushed salt response.
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1. Introduction
The consolidation behavior of crushed, or granulated, salt is of interest to the
Waste Isolation Pilot Plant (WIPP) project because salt removed from the excavations in the relatively pure rock salt is a likely material to be used as a backfill
material and as a component of a multiple material sealing system. Crushed salt is
expected to be an effective long term seal material because it readily consolidates to
a dense state when subjected to sufficient confining pressure and because it is compatible with the host formation. It would be used around nuclear waste canisters,
and then later as a void filler in storage rooms, shafts, and other openings when the
facility is completed.
Rock salt has been used as backfill in mining operations in the past, particularly
in potash mines. In that case, the crushed salt's primary function was to lessen
subsidence seen at the ground level. For the WIPP it must also retard the migration
of radionuclides and its performance in this regard must be predictable. Structural
analyses are necessary to predict the long term response of storage drifts and the
resulting compaction of the sealing and backfill material. These analyses require
that a constitutive model describing the mechanical response of the crushed salt
material be available.
At this time the type and composition of sealing materials for the WIPP has
not been definitely decided because tests of the various candidate materials are still
underway. However, the major sealing material will probably be crushed salt with
a small amount of added water. Other candidate materials include mixtures of salt
and bentonite, bentonite and sand, and bricks composed of compacted wet crushed
salt or crushed salt and bentonite. This study was undertaken to determine the
sensitivity of drift and shaft closure to the consolidation properties of the selected
sealing material.

1.1

Testing of Crushed Salt Material

Laboratory testing of crushed salt has been performed by several investigators.
The initial tests were performed with dry crushed salt. Hansen [3] performed a
series of quasi-static and consolidation tests on granulated commercial-grade salt
and Gnirk [2] performed consolidation tests on granulated salt from the Avery Island Mine. Holcomb and Hannum [8] performed several quasi-static and creep tests
on salt from the Mississippi Chemical mine (south-east New Mexico) and from the
9

WIPP. These tests were done at temperatures of 20°, 40°, 60°, 80°, and 100° C, and
hydrostatic stresses from 1. 7 MPa to 21 MPa.
Recently Holcomb [5] showed that the addition of a small amount of water,
less than approximately 2.5% by weight, to the crushed salt material significantly
increases the consolidation rate relative to dry crushed salt material. Holcomb and
Shields [4], and Pfeifle and Senseny [14] have since performed several tests on the wet
crushed salt material. The results of Holcomb and Shields are of particular interest
here because the tests were conducted on wet crushed salt material for long enough
times and with a complete enough test matrix to characterize the volumetric creep
behavior reasonably well. These test results have been used almost exclusively in
this report.

1.2

Organization

This report presents a computational model for wet crushed salt including the
derivation and integration of the constitutive model, the determination of the material parameters, and the results of several calculations performed using this model.
Although models will have to be developed for each of the backfill materials selected
for the WIPP and this entire process repeated each time, the procedures developed
here for wet crushed salt should aid in the selection process. Preliminary experimental results have also shown that the consolidation behavior of the crushed salt and
bentonite material is similar to the behavior of wet crushed salt [17]. If this trend
is verified, the wet crushed salt constitutive model can be used to model the consolidation of the crushed salt and bentonite material simply with a change of material
parameters.
The remainder of this report is organized as follows. The first section describes
the experimental data upon which the model is based and the data fitting procedure used to determine the material constants. The next section is a derivation of
the constitutive equation and describes how it is integrated. The results of several
calculations performed with this model are then described. It then finishes with a
summary of the report and a discussion of the direction of future work with the
model.
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2.

Data Reduction Procedure

This section documents the data reduction method used to determine the parameters for the constitutive model describing the volumetric consolidation behavior
of wet crushed salt material. The data used to determine these parameters are the
results of the hydrostatic consolidation tests on WIPP salt with added water by
Holcomb and Shields [4].

Wet crushed salt refers to crushed salt with a small amount of water added
to increase the consolidation rate. The moisture content used in the tests varied
from 0.5% to 3.0% water by weight. The minimum moisture content necessary to
cause an increased consolidation rate has not yet been determined, but the increased
consolidation rate has been seen for crushed salt with a moisture content of less than
0.5% by weight.

2.1

Basic Definitions and Nomenclature
The meanings of the symbols used in this chapter are:
et)

p
p
Po

Poo

D

Volumetric strain, positive in compression (decreasing volume)
Pressure, positive in compression
Absolute density measured in gfcc
Density of material when et) = 0
Density of intact salt, 2.14 gfcc
Fractional density = p / Poo

The following conversions are used between volume strains and densities:
et)
et)

-

p
p
p

(2.1.1)

1- Po/ P

~

2

PoP/ P

(2.1.2)

Po/(1- et))

(2.1.3)

Po(1

+ et))

Poet)

(1- et))2

for small et)
-

I

•
2 Po
et)p

A superposed dot indicates the time rate of change of the quantity.
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(2.1.4)
(2.1.5)

2.2

Experimental Work

Holcomb and Shields have performed several hydrostatic consolidation tests on
WIPP salt with added water [4]. The samples were cylindrical specimens 10.4 em in
diameter by 14.6 em long and encased in thin lead jackets. The samples were tested
by applying a uniform pressure on the entire surface of the sample. The uniform
pressure was applied for a short period of time and then removed to preconsolidate
the samples. The pressure was then reapplied and held constant while the volumetric
change was noted as a function of time. The test duration was typically 23 days.
Tests were conducted at room temperature under hydrostatic pressures of 1. 72 MPa
(250 psi) and 3.44 MPa (500 psi), and a range of moisture contents from 0.5 percent
to 3.0 percent water by weight. Two other tests have been completed since the
data reduction procedure described below was documented. Test 27 JU61 [6] was
conducted at a hydrostatic pressure of 0.69 MPa (100 psi), and test 240C61 [7] was
conducted with a confining pressure which varied from 0.35 MPa (50 psi) to 6.90
MPa (1000 psi) in 5 increments over the duration of the test as shown in Figure 2.1.
These last two tests were not available when the model was developed and the data
reduction procedure was carried out. Instead, these tests are used for verification of
the model. The procedure described here will be reapplied to update the material
parameters when the data from all of the tests become available.
The volume strain histories from each creep test were found to be fitted very
well by an empirical equation of the form
e 11

= alog 10 t + c

(2.2.1)

where t is the time in seconds, and a and care constants which were fitted in a least
square manner to the data for each test. The values of a and c for each of the tests
are taken from Holcomb [4] and reproduced in Table 2.1.

2.3

Data Reduction Procedure

The relationship described by Equation (2.2.1) can be approximated by a differential equation of the form
jJ = B(P)eAP
(2.3.1)
where p is the density of the sample, jJ is the time rate of change of the density,
B(P) is a function of the applied pressure, and A is a parameter to be determined.
The parameters are not necessarily constants and can be functions of pressure, water
content, or some other quantity.
Equation (2.3.1) is preferable to Equation (2.2.1) for our purposes here because
explicit references to time have been eliminated and because the consolidation rate is
12

explicitly given as a function of the absolute quantity, density, rather than a quantity
such as ev which has an arbitrary zero state. To determine the constants A and B
in Equation (2.3.1), the volume strains were calculated using Equation (2.2.1) at 100
times equally spaced over the duration of the test. These volume strains were then
converted to densities using Equation (2.1.3). The volumetric strain rate at each
time interval was calculated by differentiating Equation (2.2.1) with respect to time.
Equation (2.1.5) was then used to determine the consolidation rate corresponding to
this volumetric strain rate. A linear regression procedure was then used to determine
the least squares linear fit of the equation

lnp = B' + Ap

(2.3.2)

to the calculated data for each test where B' is equal to lnB(P). The coefficients
of correlation for each of the regression analyses were greater than 0.999 indicating
that Equation (2.3.2) and therefore Equation (2.3.1) is an accurate approximation
to Equation (2.2.1). The computed values of A and B' for each test are given in
Table 2.2. Figure 2.2 is a plot of In p vs. p for each of the tests. The dashed lines
indicate tests conducted at a confining pressure of 1. 72 MPa; the solid lines indicate
tests conducted at a confining pressure of 3.44 MPa; and the dotted line is the test
conducted at a confining pressure of0.69 MPa. The basic form of Equation (2.3.1) will
be generalized to include the effect of pressure before the constants are determined.

2.4

Pressure Dependence of Consolidation Rate

The data shown in Figure 2.2 indicate that, at a given density, the consolidation rate is generally faster for the increased pressure tests, although test 190C44
(curve K), consolidated at a slower rate than any of the 1. 72 MPa tests. Another
indication that the consolidation rate increases with increasing pressure is the 23JL61
(curve B) test data. This test was conducted with a confining pressure of 1.72 MPa
for approximately 1.4 million seconds. The confining pressure was then increased
to 2.52 MPa for approximately 150,000 seconds and then reduced to the original
pressure for the remainder of the test. The consolidation rate during the increased
pressure phase of this test is faster than the consolidation rates, at approximately
the same densities, during the lower pressure phases of the test. Figure 2.3 is a plot
of the fractional density vs. time for this test.
The 23JL61 test data were used to determine the pressure dependence of the
consolidation rate. These data were used rather than determining the pressure dependence from two distinct tests at different pressures. In this way, the pressure
dependence is isolated from the effects of the inherent sample-to-sample variation.
The different consolidation rates before and after the pressure changes are assumed to be caused only by the pressure variation. Therefore, the consolidation rates
13

are related by
P1.12

f(P = 1.72)
where f(P) is a pressure function.
describe this behavior is

f(P = 2.52)

(2.4.1)

The form of the pressure function chosen to
(2.4.2)

where P is the pressure, positive in compression, and B 1 is a constant to be determined from the data. This pressure dependence is the same as that found for dry
crushed salt where data at four different pressures were available [18]. Since the wet
salt consolidation tests were conducted at only two distinct pressures, the form of
the pressure function is not completely defined by the wet salt data alone.
The consolidation rate prior to the pressure increase in test 23JL51 is estimated
to be p = 4.1 x 10- 8 gjcc·s. During the increased pressure phase, the consolidation
rate is estimated to be p = 9.2x w-s gjcc·s. Using Equations (2.4.1) and (2.4.2), the
constant B 1 is determined such that
4.lxlo-s
= 0.4493
9.2xlo-

exp(l.72BI)- 1
exp(2.52BI) - 1

---~8

(2.4.3)

~

0.82. The pressure dependence

Solution of this equation results in a value of B 1
of the consolidation rate is therefore:

f(P) = exp(0.82P) - 1
2.5

(2.4.4)

Density Dependence of Consolidation Rate

The pressure effect can be removed from the test data by dividing the consolidation rate by the pressure function (Equation (2.4.4)). Figure 2.4 is a plot of
ln(pj f(P)) vs. p for all of the test data. The data show some scatter, but a definite
grouping of the tests can be observed; the slopes of these curves are about the same.
The remaining constants in Equation (2.3.1) were determined from these pressureshifted data. A linear regression was used to give a least squares fit of all of the
pressure-shifted data to an equation that is only a function of density. The resulting
equation is
ln [

( P)
exp B 1 P -1

l

=

B~ + Ap =

12.7 - 17 .3p

(2.5.1)

where Bb is equal to B' j f(P). Using these results and Equation (2.4.4), the final
form of the consolidation equation for wet crushed salt is

p=

l. 3 E 5 [eo.s2P _ l]e-17.3p
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(2.5.2)

This equation is the same as Equation (2.3.1)
where:

B
Bo
B1

1]'

Bo [eB1P1.3 X 105 , and
0.82

Figures 2.5 and 2.6 are comparisons of the densities predicted by Equation (2.5.2)
to those found in the consolidation tests for 1. 72 MPa and 3.44 MPa confining pressures, respectively. The model falls almost in the middle of the data for each test.
The model was then used to predict the responses of the two later tests that were
not used to determine the model parameters. The results are shown in Figures 2. 7
and 2.8 for tests 27 JU61 and 240C61, respectively. Note that Equation (2.5.2) overpredicts the 27 JU61 data at later times. This trend is also evident in the 240C61
comparison, however the agreement is remarkably good considering that these data
were not used in the determination of the material parameters for the model.

2.6

Remarks
• The consolidation equation does not account for the effect of temperature on
the consolidation rate-all of the tests were conducted at the same temperature.
The form and constants of Equation (2.5.2) will have to be modified when data
at other temperatures become available.
• Tests conducted at lower pressures are needed. Backfilled shaft and drift calculations performed with the model indicate that the maximum pressure in the
backfill material is less than 0.5 MPa during most of the consolidation process
for backfilled shafts and drifts at the WIPP. The consolidation behavior at
these low pressures must be extrapolated by the model from the behavior at
the test pressures (1.72 MPa and 3.44 MPa).
• The material constants developed in this section should only be used for the
wet crushed salt material. The results of the tests on wet crushed salt backfill
material do not show a strong correlation between the consolidation rate and
the moisture content. The only correlation that has been found is that a small
amount of added water greatly accelerates the consolidation rate compared to
the consolidation rate of dry salt. The minimum moisture content required to
achieve this accelerated rate has not yet been determined.
• The data from a limited number of tests were used to develop the model;
additional tests are planned. The current constants may be modified as more
test data become available.
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• The results of consolidation tests on dry crushed salt backfill materials are also
fitted very well [8] to an equation of the form of Equation (2.2.1). Therefore,
the procedure outlined in this memo can also be used to reduce the data for
those tests.
• A slow consolidation equation can be developed to bound the results of consolidation analyses. The stiffest or slowest consolidation rate was observed in test
19DC44. If the pressure dependence and the density dependence (constants A
and Bt) are assumed to remain constant, a new value can be determined for
the constant B 0 in Equation (2.5.1) to approximate the slow consolidation of
this test. The resulting equation is
Pstiff

= 5.42x104 [e0.82P -1] e-17.3p
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(2.6.1)

Table 2.1.

Results of Hydrostatic Consolidation Tests on WIPP Salt With Added
Water [4]

I Curve I Test-ID I Pc I H20 I Do I Dq I D,m I D,d I
27JU61
23JL61
14NV61
16FE61
10MY61
20AU61
16JL61
18JU61
300C61
16JA61
19DC44
13AU61

A
B

c
D
E
F
G
H
I
J
K
L
Pc
H 20
D0
Dq

D fm
D fd

Curve

0.69
1.72
1.72
1.72
1.72
1.72
3.44
3.44
3.44
3.44
3.44
3.44

.025
.005
.015
.020
.024
.030
.005
.010
.015
.020
.024
.030

.67
.70
.69
.68
.66
.63
.65
.68
.69
.70
.66
.64

is
is
is
is
is
is

.70
.74
.73

.71
.74

.71
.74
.77
.77
.76
.72
.74

.82
.84
.87
.85
.85
.88
.89
.90
.91
.90
.87
.91

.82
.85
.89
.87
.88
.86
.89
.95
.91
.91
.89
.89

a

c

5.3x 10 2
5.2x1o- 2
6.8x10- 2
6.2x10- 2
5.8x1o- 2
6.0x1o- 2
5.4x w- 2
5.8x1o- 2
5.4x1o- 2
5.3x1o- 2
5.8x1o- 2
5.2x 10 2

-.18
-.15
-.22
-.19
-.12

-.11
-.06
-.08
-.09
-.10
-.14
-.05

the hydrostatic pressure in MPa.
the water content expressed as fraction of salt mass.
the initial fractional sample density.
the fractional density after initial pressurization.
the fractional density after the test as determined from immersion.
the fractional density after the test as determined from the real
time dilatometer readings.
All densities were computed using just the mass of the salt.
The test duration was typically 2,000,000 seconds.
cross-references the Test-ID to the Figures.
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Table 2.2.

r Curve

A

B

c
D
E
F
G
H
I

J
K
L
·see

Calculated Constants for Equation (2.3.2)·

I
I

Test-ID l Pc

i

I HzO : Po

:

A

.025 1.43 . -22.3
;
.
1.72 I .005 ; 1.50 , -20.7
1.72 I .o15 1.48 i -14.9
]. 72 .020 11.46 -17.1
1.72 .024 1.41 -16.6
1.72 . .030 i~ 1.35 II -15.9
I
16JL51 3.44 .oo5 1.39 -16.5
18JU51 3.44 .010 I 1.46 I -14.5
300C51 3.44 .015 i 1.481-17.1
I
16JA61 3.44 .020 1.50 ! -18.1
-+----:;-:;~
i 19DC44
3.44 .024 1.41. -17.5
.
-----+
: 13AU51 i 3.44 I .030 ! 1.37 : -17.5
Notes for Table 2.1
27JU61
23JL51
'
i 14NV51
i 16FE61
I
10MY51
I 20AU51
I

0.69

I

!

!

1

!

1

I

1

j

!

!

!

!

ij_t]
20.2
20.1
: 10.6
13.8
: 13.8
12.0
14.6
12.4
i 16.2
17.8
14.6
15.8
j

I
1

1

8

-

8

ca

0..
~

-

2

1-

I
l

0
0

1,000,000

2,000,000

3,000,000

4,000,000

Time (Seconds)
Figurt' 2.1.

Pr<>"sur<' Histor~· for 'fpst 240C61
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3.

Constitutive Equation for Crushed Salt

This section describes the derivation of the constitutive model for crushed salt
material. The model must describe an arbitrary stress state, including both volumetric and deviatoric terms. Here the volumetric behavior is assumed to be dominant
because no laboratory data are presently available to describe the deviatoric behavior.
The development of the deviatoric model is based entirely on judgement.

3.1

Previous Constitutive Models

Two of the more well known attempts to devise constitutive models for crushed
salt are the empirical model of Ratigan and Wagner [16] and the sintering model of
Zeuch, Holcomb and Lauson [24]. Both of these are based on data from tests on dry
material and only describe the volumetric behavior. Ratigan and Wagner represented
the creep behavior of dry crushed salt with the expression:
(3.1.1)
where:

eve

eve
p
Po

T
T0
A,

is the volumetric creep strain,
is the volumetric creep strain rate (1/s),
is the pressure or mean stress (psi),
is the normalizing pressure (1450 psi),
is the temperature (F),
is the normalizing temperature (32° F), and
m, n, and c are experimentally determined constants.

This expression is based on a limited amount of data and does not fit the data from
the wet crushed salt tests particularly well. Zeuch, Holcomb and Lauson showed that
a simple model for hot-pressing, used in the fields of ceramics and powder metallurgy
to model the consolidation of powdered aggregates, fit the results of the individual
creep consolidation tests in Reference [8] reasonably well. The equation is of the form
dD = 3Pe(1 -D) [

dt
where:
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volumetric yield stress.
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vf2r ln( 1

+ Pe

_D)]

(3.1.2)

A limitation of this model is the prediction of a fractional endpoint density
less than one. That is, the model implies that the density of intact salt may be
unattainable. As shown in Reference [24] and also by McClelland in the original
reference [11], setting the left side of Equation (3.1.2) to zero and solving for DE
gives

(3.1.3)
where DE is the fractional endpoint density. An endpoint density less than one was
a possibility based on the initial data from the dry crushed salt tests. However, the
recent tests on wet crushed salt [4,14] show that creep consolidation does continue for
long times to near intact densities and that the long term behavior is the phenomenon
of interest so the sintering model was not developed further.

3.2

Basic Definitions and Assumptions

The current value of the stress and total strain rate are denoted by uii and
Eij, respectively. These are decomposed into volumetric and deviatoric parts using
Equations (3.2.1)-(3.2.4):
p
Sii

where:
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1.

(3.2.1)
(3.2.2)
(3.2.3)
(3.2.4)

pressure (positive in compression),
deviatoric stress,
volumetric strain rate (positive for decreasing volume), and
deviatoric strain rate.

In most quasi-static finite element programs, the total strain rate Eij is taken
to be constant over a time step since higher derivatives are generally not available.
For clarity the symbols r and e/; are used here to denote the constant values of the
volumetric and deviatoric strain rates, respectively, at some arbitrary time step. The
sub- or superscripts () 0 and ()F will be used to denote the values of stresses and
densities at the beginning and end of the time step, respectively and t will denote
some instant of time within the current step. The relationships between volume
strain, e11 , and density, p, are given in Section 2.1.

3.3

Volumetric Constitutive Model
In the previous chapter the consolidation behavior was shown to be described
24

by Equation (2.5.2). This is written in terms of the volumetric creep strain rate as:

eve= :~Bo [eB P-1]eAp
1

(3.3.1)

where p0 is the density corresponding to zero volume strain and eve = p0 pf p 2 from
Equation (2.1.2). The total volumetric strain rate is written as the sum of the elastic
strain rate and the creep strain rate

ev = P/K +eve
where P is the rate of change of the pressure and K is the elastic bulk modulus.
Equation (3.3.1) is substituted into the above equation and the result restated as:

p = K ( ev-

;~ Bo [eB P- 1]eAp)
1

(3.3.2)

The bulk modulus is approximated by an exponential function of density that can
be expressed as (see Appendix A):
(3.3.3)
where Ko and K1 are constants determined from a fitting procedure. The density
terms appearing in the expression for the bulk modulus and in the term eAP in
Equation (3.3.2) are expressed in terms of the volume strain using Equation (2.1.3).
KoeKlP

~

KoeKIPo(l+e.)

(3.3.4)

eAp

~

eAPo(l+e.)

(3.3.5)

The term p0 f p 2 in Equation (3.3.2) is expressed in terms of the volume strain using
Equation (2.1.3)
(3.3.6)
Using Equations (3.3.4), (3.3.5), and (3.3.6), Equation (3.3.2) can be written as
(3.3.7)
which is the constitutive equation relating the rate of change of the pressure to the
volumetric strain rate and density.
3.3.1

Integration of the Volumetric Constitutive Equation

To integrate this expression in a quasi-static finite element program, ev over a
time step is approximated by the constant value r because higher derivatives are
generally not available. Using this approximation,
(3.3.8)

r
evo
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+ rt

(3.3.9)

where e110 is the volume strain at the beginning of the time step and t is the length of
the time step. Since Equations (2.5.2) and (3.3.3) depend only on the current value
of the density, the volume strain at the beginning of the time step can be set to zero
and then Po is the density at the beginning of the time step. The volume strain at
the end of the time step is then given by rt and the density by
p

= Po/(1- rt)

~ Po(1

+ rt)

(3.3.10)

Equation (3.3. 7) is rewritten in terms of r to give the following first-order nonhomogeneous nonlinear ordinary differential equation for the pressure:

p = KoeKlPo(l+rt)

{r _( ~:t)
1

2

Bo [eB1P -1]eAPo(l+rt)}

(3.3.11)

If rt < 0.1, then the quantity (1- rt) 2 can be approximated as e- 2 rt with an error of
less than one percent and Equation (3.3.11) can be written as
.
kePt
BeateB1P
P=--Bl
B1

where:

k
B

Beat

+-B1

(3.3.12)

BlKoreK lPo'
BlBoKoePo(A+Kd /Po,
K1por,
(K1Po + Apo- 2) r.

{J

A change of variables is used in the form:
and
which are substituted into Equation (3.3.12) to obtain an equation linear in w:
(3.3.13)

This equation has the solution:
w

=

e- 1

1

Beatel dt

+ ce- 1

where:
I

so that:

w(t) -

Beat)
Bexp -kePt
---{J
a
A

(

I

Beat)
eatexp (kePt
-- + - dt
{J
a

kePt
Beat)
+Cexp ( -p-~
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(3.3.14)

where C depends on the initial conditions. To complete the integration note that if
o:t and {3t are less than approximately 0.1 the following approximation can be used
with less than a one percent error.
e"~ ~

1 + "Y

(3.3.15)

Using this approximation, the integral in Equation (3.3.14) is approximated as:

l

Jexp [o:t + {i(1
k + {3t) + B

f (

kePt + ~
Beat) dt ~
exp o:t + ~

~(1 + o:t) dt

(3.3.16)
Using Equations (3.3.15) and (3.3.16), Equation (3.3.14) is written as:

Beat

w(t) =

( k ef3t

Beat)

+Cexp - - - - - o:+K+B
f3
o:
A

(3.3.17)

A

At timet= 0:

w(O)

B
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A

A

o:+K+B

B)
+Cexp ( -k
- -13
o:

which can be solved for C giving
C

=

[w(O)-

~

A] exp (Kf3A

o:+K+B

+B)
o:

Changing back to the original variables and solving for the pressure, Equation (3.3.17)
is written as:

Beat

- In {
PF = -

B1

A

o:

A

+ K + B

+

[e-B P
1

B

0 -

A

o:

A

+ K + B

l {k

B -eat) } }
ef3t) + -(1

exp -(1 -

f3

o:

(3.3.18)
or, using Equation (3.3.15) to approximate the exponential terms eat and ef3t, the final
form of the constitutive equation modeling the volumetric consolidation of crushed
salt is:
- In {
PF = ~

B(1 + o:t)
A

A

o:+K+B

+ [e-B 1 P 0

B

-

A

o:+K+B
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] exp {-t(K +B)
A

A

A

}

}

(3.3.19)

where:

A, Bo, Bt, Ko, K1 are material constants,
is the pressure at the beginning of the time step,
Po
is the volumetric strain rate during the time step,
r
B - BoBIKoePo(A+KI) /Po
k - BlKoreKlPo
(K1Po + Apo- 2)r
a
K1por
{3

And the following assumptions were used:

at,

{3t,

rt

< 0.5 for < 10% error
{ < 0.1 for < 1% error

(3.3.20)

Deviatoric Constitutive Model

3.4

The previous section documented the derivation of the equation modeling the
volumetric behavior of crushed salt material. The constitutive model must also model
the deviatoric or shear behavior. At the current time, no tests which isolate the
deviatoric behavior of crushed salt have been performed. The development reported
in this section is therefore based totally on judgement.
Four models that could be used to model the deviatoric response of crushed salt
are, in order of increasing complexity:
• Elastic,
• Elastic-Plastic,
• Elastic-Creep, and
• Elastic-Plastic-Creep.
The equations describing each of these, except for an Elastic-Plastic-Creep model,
will be presented below. A more detailed deviatoric model will be developed when
the correct deviatoric behavior of crushed salt is determined.

3.4.1

Elastic Deviatoric Model

The elastic deviatoric model can be written as

(3.4.1)
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where Gp is the elastic shear modulus evaluated at some density within the time step
and t is the length of the time step. Though this model is easily implemented, it is
known that the deviatoric behavior of crushed salt is not elastic because intact salt is
a deviatorically creeping material. The crushed salt behavior should approach intact
behavior as the density approaches intact density. An elastic deviatoric model does
have some merit, though, if it is used for parametric studies and in analyses seeking
to bound the crushed salt response.

3.4.2

Elastic-Plastic Deviatoric Model

The elastic-plastic deviatoric model used here is based on a standard von Mises
type yield condition with no hardening. Initially a trial stress Sli is calculated assuming that no plasticity occurs during the time step

(3.4.2)
The magnitude of the trial deviatoric stress is then calculated as

(3.4.3)
and then compared to the yield stress uy to determine if yield occurs. The variable
~t is used to define the yield von Mises yield surface.

(3.4.4)
The final deviatoric stress state Sf; is then calculated from this value of K.. If the
value of K. is greater than 1, then the assumption of no plasticity is correct and the
trial stress state is the final stress state; if K. is less than 1, then plastic deformation
has occurred and the final stress state must be reduced.

(3.4.5)

This model is more appropriate than the elastic model because the yield stress
uy can be a function of density which more accurately models the stiffening behavior
of crushed salt with increasing density. Like the elastic model, the elastic-plastic
model is also very easily implemented. However, it does not accurately model the
behavior of crushed salt in the limit as the density approaches intact salt density
because it does not account for deviatoric creep.
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3.4.3

Elastic-Creeping Model

Because intact salt creeps when subjected to a deviatoric stress state, crushed
salt should logically be expected to creep deviatorically. This expectation becomes increasingly more reasonable as the density increases because, in the limit, the crushed
salt becomes intact salt. The deviatoric crushed salt creep model presented here is
based on a secondary creep model which has been used to describe the secondary
creep behavior of intact WIPP salt [10].
The development proceeds by envisioning that the porous crushed salt uniaxial
sample is composed of cylinders of salt, each of which has the intact salt secondary
creep behavior separated by areas of open space. The local stress acting on the
salt cylinders is then stated in terms of the average stress on the porous sample.
The cross-sectional area of the porous sample is expressed in terms of the net crosssectional area of the salt cylinders. This implied areal ratio is the inverse of the
fractional density of the sample. The final resulting continuum model for the rate of
the deviatoric stress of crushed salt is then
(3.4.6)
where the material constants A, Q, n, and Poo refer to the values for intact salt [10].
This expression for the deviatoric stress rate is a stiff equation in the mathematical
sense and must be implemented into a computer program with some care. A semianalytical method developed for intact salt [9] and used in the structural analyses for
the WIPP project [20] is used to integrate Equation (3.4.6). In the limit of no void
volume, this model reduces to the elastic-secondary creep model for intact rock salt.
The actual behavior is probably a unified combination of the creep and plasticity
model with each behavior dominating the response in different density ranges.

3.5

Summary of the Constitutive Model

The volumetric behavior modeled by Equation (3.3.19) and the deviatoric behavior modeled by Equations (3.4.1), (3.4.5), and (3.4.6) have been implemented in
the quasistatic, large deformation finite element program, SANCHO [20]. All three
deviatoric models were implemented to aid in studies of the effect of the deviatoric
behavior on the overall response of the material. Any of the three deviatoric models
can be selected prior to the calculation. The instructions for using this model in
SANCHO are documented in Appendix B.
The constitutive subroutine is entered with the current value of the total strain
rate fij', the stress state from the end of the previous time step of1 , and the density
30

from the end of the previous time step Po· The stress and strain rate are then decomposed into the volumetric and deviatoric parts using Equations (3.2.1)-(3.2.4).
The volumetric response is then calculated using Equation (3.3.19) to calculate PF
and Equation (3.3.10) to calculate PF· A subiteration scheme ensures that the approximations of Equation (3.3.20) are satisfied.
The deviatoric response is then calculated using the selected model. Although
the shear modulus is a function of the density p which changes throughout the time
step, all of the deviatoric models are currently written in terms of a G which is
constant over the time step. This was done simply because the extra complexity
required to have G vary over the time step was not judged· to be warranted based on
the scarcity of data describing the deviatoric behavior. The shear modulus used in
the calculations is calculated using Equation (A.2) and the average density PA which
is defined to be (Po + PF) /2. The final deviatoric stress state S!; is calculated using
this value of G and either Equation (3.4.1), (3.4.5), or (3.4.6).
The final total stress state is then obtained by recomposing the volumetric and
deviatoric stresses.
(3.5.1)
Several calculations performed using this model are documented in Chapter 4.
Included in these are scoping calculations performed to determine the influence and
importance of the deviatoric behavior to the overall response of the material. Only
the elastic-plastic deviatoric model is used in these calculations because the material
parameters for the elastic-creep model could not be easily determined.
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4.

Analyses using the Crushed Salt Constitutive Model

This chapter presents the results of several analyses performed using the crushed
salt constitutive model in the finite element code SANCHO. Both single element
analyses involving only crushed salt and analyses involving the interaction of intact
and crushed salt in realistic configurations are presented. Several shaft calculations
are performed to investigate the importance of the deviatoric behavior of crushed
salt to the overall response of the closure of rooms and shafts. In these calculations,
the deviatoric part of the model has been varied from the stiffest possible to the
softest possible shear behavior and the differences in the closure of the analyzed
shaft are compared. This chapter also includes a section describing a method used
to artificially accelerate the creep of intact salt so that more realistic backfill-intact
salt interactions can be obtained.

4.1

Single Element Analyses

Several single element calculations were performed to verify the implementation
of the crushed salt constitutive model in SANCHO. These calculations involved the
numerical simulation of the consolidation tests performed by Holcomb and Shields [4].
The finite element model consists of a single axisymmetric element loaded with a hydrostatic pressure. The hydrostatic pressure was held constant in all analyses except
for the simulation of the 240C61 test where the actual pressure history shown in
Figure 2.1 was used. The results from these analyses are identical to those calculated
directly from the expressions in Chapter 2 and shown in Figures 2.5-2.8.

4.2

Shaft Analyses

Several calculations were performed to study the interaction between intact salt
and crushed salt in realistic field configurations. The shaft configuration is the simplest configuration that can be used to study this interaction. The axisymmetric strip
shown in Figure 4.1 is used to represent the shaft. The outer boundary of the strip is
a distance of 200 radii from the inner boundary which is far enough to be considered
an infinite boundary for the problem time span reported here. The inner radius of
the shaft is 1.829 meters (6.0 feet). The borehole pressure is zero for the unbackfilled
shaft. The crushed salt causes a changing borehole pressure in the backfilled shaft
analyses. The elastic-secondary creep model with reduced elastic constants is used
for the intact salt.
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In calculations that simulate the interaction between intact salt and crushed salt,
the deformation of the intact salt produces the loading in the crushed salt. To provide
accurate information about the crushed salt response, the response of the intact salt
must be calculated correctly. At the current time analyses of the closure rate of
drift configurations at the WIPP underpredict the measured rate by approximately
a factor of three [13]. A new constitutive model for intact salt may resolve the factor
of three discrepancy, but such a model is, at best, in the development stage. A
temporary method for increasing the creep rate of the intact salt was needed for
these, and other, engineering calculations. This method is described below.

4.2.1

Accelerated Creep of Intact Salt

Morgan, et al, [13] investigated several possible causes for the discrepancy between the measured and computed responses of the South Drift. It was shown that
reducing the elastic constants of the intact salt (halite) resulted in increased closure
rates and hence closures. This study also showed that the closure histories resulting
from calculations performed using the reduced elastic moduli had shapes very similar
to the closure histories of data from the South Drift. Although reductions in the elastic constants of halite result in the desired increases in closure, the reason for these
increased closures during the creep phase of the calculation is not readily apparent.
Furthermore, reductions in the elastic constants are difficult to justify on physical
grounds. The reference values of the elastic constants represent the unloading and
reloading slopes of axial stress-axial strain curves obtained in laboratory tests on
halite samples and are in good agreement with elastic constants determined from
sound speeds measured in ultrasonic tests [23].
In Reference [13], physically based causes for the discrepancy between measured
and calculated closures and closure rates were being explored. Therefore, because no
physical basis for modifying the elastic constants existed, the subject was not pursued
further in that study. In the current study, emphasis is placed on the behavior of
crushed salt rather than intact salt so any method for computing closure rates of
the same magnitude as the measurements is appropriate until the time that a more
accurate material model is developed for the behavior of intact salt. Because reducing
the elastic constants was shown to both increase the closure rate and to very closely
match the shape of the closure history data from the South Drift, this approach was
used for the crushed salt-intact salt interaction calculations presented here.
The factor by which the elastic constants were reduced was found by trial and
error. A reference shaft closure history was calculated using the reference elastic constants. The elastic constants were then divided by a trial factor and the calculation
repeated. This process was continued until closure rates computed with the reduced
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moduli were approximately three times the closure rates computed with the reference
moduli. The closure rates were compared at a time corresponding to approximately
1200 days after excavation which corresponds to the latest South Drift closure data
available at that time. Measured closure rates for the South Drift were 3 times larger
than the computed rates. Furthermore, the behavior of a shaft is similar to that
of a drift. Hence, the procedure involved trying to increase shaft closure rates by a
factor of 3 over the reference closure rates. Dividing both the elastic bulk and shear
moduli by a factor of 12.5 resulted in the desired increase in closure rate. Figure 4.2
shows the closure rates for both the reference and reduced analyses, and Figure 4.3
shows the respective closure histories. Also shown in these figures are the data for
the E140-S1246 closure station in the South Drift at the WIPP [15].
The 12.5 reduction factor has since been used in several calculations which have
shown that the agreement between calculated and measured closures is fairly good;
the method slightly underestimates the vertical closure and very closely estimates
the horizontal closure when applied to drift configurations. Unless otherwise noted,
all of the calculations described below use the reduced elastic moduli for the intact
salt properties. The WIPP reference values [10] are used for the secondary creep
parameters.

4.2.2

Baseline Shaft Analysis

A long term shaft analysis was performed to provide a baseline closure rate
for comparison with the backfilled shaft calculations. In this analysis, which will
be referred to as the baseline analysis, the shaft opening is not filled with crushed
salt. The analysis simulates the closure of a 1.829 meter radius shaft at a depth
of approximately 640 meters for a time of 4,000 years. Figure 4.4 is a plot of the
normalized closure vs. time and Figure 4.5 shows the same curve on a logarithmic
scale plot. The normalized closure is calculated by dividing the radial closure by the
original shaft radius. The closure rate is plotted vs. time in Figure 4.6.

4.2.3

Backfilled Shaft Analyses

The crushed salt constitutive model was used in several calculations involving
the simulation of the closure of a cylindrical shaft backfilled with wet crushed salt.
The results of these calculations were compared with the closure of the baseline
unbackfilled shaft to determine how much the consolidating backfill material slowed
the closure rate of the intact salt.
The first pair of analyses was performed to determine the effect of the crushed
salt on the closure rate and also to determine the importance of the deviatoric be35

havior of the crushed salt. The borehole contained wet crushed salt backfill material
at an initial density of 1.70 gfcc (80% fractional density) in both of these analyses;
the only difference was the modeling of the deviatoric behavior. In one case the
crushed salt was modeled as having no shear strength by setting the shear moduluf'
to a very low value. This is a lower bound on the shear behavior of the material.
The upper bound on the shear strength for the borehole configuration occurs when
the circumferential and axial stress in the backfill are both zero. The only non-zero
stress component is the radial stress. This provides the maximum magnitude of the
deviatoric stress for a given value of the mean stress. Both cases were run for a period
of 100 years (3.156x109 seconds). Figure 4.7 shows the normalized closure computed
for each case and the baseline analysis. These results show that the wet crushed
salt backfill material does not significantly retard the closure rate of the intact salt.
The results for the two deviatoric models are also nearly identical which indicates
that at the slow closure rates seen in realistic configurations the volumetric behavior
of the crushed salt dominates the overall response of the material. As the density
of the crushed salt material increases to near intact densities, deviatoric behavior
will become important. However, no materials test data are currently available to
describe this transition from a consolidating material to an intact material and the
constitutive model is not designed to model this behavior accurately. The maximum
fractional density reached during the materials testing was approximately 90%; the
material behavior above this value is extrapolated.
The second set of analyses was performed to determine the effect of the emplacement density of the crushed salt backfill on the closure rate of the intact salt.
Five analyses were run with initial densities ranging from 1.70 gfcc to 1.95 gfcc in
increments of 0.50 gfcc (80% to 91% fractional density). Figure 4.8 is a plot of the
fractional density vs. time for each of the analyses a:ad Table 4.1 shows the time
required for the backfill material to reach 95% and 100% of intact density. Note that
the consolidation rate is nonzero when the fractional density is equal to 1. This is
caused by deriving the constitutive model from Equations (2.2.1) and (2.3.1) which
are empirical equations based on a limited amount of data that did not approach
intact density. This provides another indication that the constitutive model should
not be used to predict the behavior of crushed salt at densities above approximately
95% until more relevant data are available.
Figure 4.9 shows the ratio of the current density to the initial density for each
of the analyses. Also shown is an equivalent value for the baseline shaft based upon
the volume change of the shaft. The ratio pj Po is equal to (1 - eu)- 1 where eu, the
volume strain, is equal to the change of shaft area divided by the original shaft area.
Figure 4.10 shows the time derivative of the density ratio. From this figure it can
be seen that the crushed salt provides very little resistance to closure of the shaft
until the density approaches intact density. The time required for consolidation of
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the crushed salt material to various densities can be estimated fairly closely from the
closure calculated from an unbackfilled shaft analysis.

4.3

Drift Analyses

In the previous section it was shown that the crushed salt provided very little
resistance to the closure of the intact salt in the shaft configuration. In this section
the interaction between the crushed salt and intact salt in a drift configuration will
be investigated.
The initial drift configuration used in the interaction investigations is an array
of drifts 5.03 m wide by 4.0 m high and spaced 40.54 m apart. The floor of the
drifts are approximately 650 m below the surface. The finite element mesh used in
the calculations is shown in Figure 4.11. Figure 4.12 shows a close-up view of the
drift region. An all salt stratigraphy was used with the elastic moduli divided by
12.5 to provide the artificially accelerated creep rate. Reference [12] contains a full
description of this configuration.
Figures 4.13 and 4.14 show the deformed shapes in the drift region at 20 and
50 years, respectively, for an unbackfilled drift. The horizontal and vertical closure
are shown in Figure 4.15. The horizontal closure is equal to twice the horizontal
displacement of point H in Figure 4.12 and the vertical closure is equal to the change
in room height at the vertical centerline of the room.
The above analysis was then rerun with crushed salt in the drift. The crushed
salt was emplaced with a density of 1.8 gfcc (~85% intact density). A close-up view
of the finite element mesh around the drift is shown in Figure 4.16. Slidelines were
used between the crushed salt and the intact salt to allow for separation of the two
materials. There is a slight gap between the crushed salt and the intact salt at the
wall and roof to allow for the initial elastic deformation of the intact salt. If this gap
were not provided, the crushed salt would experience an instantaneous loading due
rather than the more gradual loading due only to the creep of the intact salt. The
size of the gap was determined from the elastic deformation calculated in the open
drift calculation. A stiff elastic-plastic deviatoric behavior was used for this analysis.
The yield strength of the crushed salt for each element at each timestep was chosen
such that the maximum deviatoric stress was produced subject to the constraint that
none of the stress components were tensile if the calculated pressure was compressive
(see Appendix C). The analysis was run for a period of 20 years (6.312x108 seconds).
Figures 4.17 and 4.18 show the deformed shape at 10 and 20 years, respectively;
the closure histories for the backfilled drift are compared to those of the open drift
in Figure 4.19. The closure histories are very similar at early times. The closure
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history of the backfilled drift begins to deviate from the unbackfilled closure history
when the density in the backfill exceeds approximately 90-95% fractional density.
Contour plots of the crushed salt fractional density are shown at 10 and 20 years
in Figures 4.20 and 4.21, respectively. At 20 years the majority of the crushed salt
has consolidated to greater than 95% of intact density except for at the top and
bottom corners of the drift. The salt at these locations has been squeezed out of the
corners leaving areas of unconsolidated crushed salt. Since the area around the room
is fairly coarsely meshed, one hypothesis was that these unconsolidated areas were
artifacts of the modeling and would not appear in a more finely meshed analysis.
To test this hypothesis, a second drift analysis was run. A close-up of the finite
element mesh around the room is shown in Figure 4.22. This mesh has rounded
corners to more accurately model the actual configuration and is more finely meshed
to hopefully smooth out the piece-wise linear deformation pattern apparent in the
previous calculation. The room dimensions for this analysis were changed to a width
of 3.2 m and a height of 4.3 m based on information about the actual field configuration that was obtained subsequent to the previous calculation. Figures 4.23 and 4.24
show the deformed shape of the unbackfilled drift at 20 and 49 years, respectively.
Although the pinching at the corners is not nearly as pronounced as in the square
corner analysis, it still exists. Another reason for the reduction of the pinching effect is the reduction of the horizontal span of the room which reduces the vertical
deformation.
An analysis of a similar configuration with crushed salt backfill material in the
room was unsuccessful due to problems with the slidelines near the corners of the
room.
As was stated earlier, the deviatoric yield strength was chosen such that the
maximum deviatoric stress was produced subject to the constraint that none of the
stress components were tensile. This was done to maximize the shear stiffness of
the backfill material and also to determine numerically the maximum theoretically
possible value of the yield stress as a function of the density assuming that the crushed
salt can be modeled with an elastic-plastic deviatoric model. The procedure used for
these analyses is described in Appendix C.
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Table 4.1.

Consolidation Times for Backfilled Shaft Analyses

Initial Density

(gjcc)
!

Years to Density
95%
j 100%

1.70
1. 75
1.80
1.85
1.90
1.95

'

35
27
20
14
9
5

58
49
41
33
25
19

BOREHOLE
RADIUS, a

I

I
I

I
I
I

,

.,.,.,.---

---------,--•--r--------I

Figure 4.1.

I

I

t--~-i

--~--

Shaft Configuration

39

- - - ...

7

10

a:
Q)

as

10°

...:::J

Q)

P-------~----------------------------------------------~

Factor of 3
,--Increase In
Closure Rate

Accelerated
Closure Rate
Elastic ModuliReduced by
12.5

f/)

0

0

10·10

Time (seconds)
Figure 4.2.

-.,
:0

-

Comparison of Closure Rates for Reference and Reduced Moduli Shaft
Analyses

0.1

-.,...
CD

E
CD

::I

0

0.01

0

Time (seconds)
Figure 4.3.

Comparison of Closure for Reference and Reduced .Moduli Shaft
Analyses
40

...::J

G)

w 0.8

,--ccaa
,a:
0

0

G)

0.6

0.4

N

ca
E

...

0

0.2

z
0
0

500

1000

1600

2000

2600

3000

3600

4000

Time (Years)
Figure 4.4.

Normalized Closure History for Baseline Shaft

.,

..-

.....
.,...

...,
1111

a:

0.01

...:::J

fD

.,

0

0

1).001

1111

"C
1111

a:

"C

•
N

0.0001

.

1111

E

0

z

0.00001~--._~~~~~----~~~~~--~~~~~~--~~. .~~

1

10

100

1000

10000

Time (Years)
Figure 4.5.

Logarithmic Normalized Closure History for Baseline Shaft

41

1

...::l

G)
ft.)

0

0

as
as

"C

a:

0.1

"C

G)

N

as

...0

E

z

0.01
10

1

100

1000

10000

Time (Years)

r Jgure

4.6.

Logarithmic Normalized Closure Rate for Baseline Shaft

1
Initial Density = 1.7 glee

...

>.

G)

Open Shaft

::l

ft.)

Stiff Deviator

00

as
"C
as

a:

ft.)

c

CD

----------------·

0

as
c

1.00
0.95

0.1

"C
CD

0.90

as

0.85

-..
0

()

as
u..
CD

N

E

..

0

c(

..

a

as
CD

>

z
0.01

1010

8

10

Time (Seconds)
Figure 4. 7.

Normalized Shaft Closure for Deviatoric Behavior Analyses

42

0.80

-

0.95

>.
0'.)

Initial Density
(glee)

c

CD
Q

0.90

1.70

co
c

1.75_

-...
0

0.85

1.80

()

co

1.85

LL

1.90

-------

0.80

L95__

.............
J.. . i.___...._.J.....i,__,_
30
20

J.....i.----J.....i.---~.....~.--"""'""'

0.75 ......,__,__.......
0
10

40

60

80

Time (Years)
Figure 4.8.

Fractional Density vs. Time for Emplacement Density Analyses

-

1.3 - - - - - - - - - - - - - - - - - - - - - - - - ,
Open Shaft

---

p •1.700

C)

Q..

......

0... 1.2

0

co

a:

>.
0'.)

c

1.1

CD
Q

1

--~----~
~-----~~----~80
40
60
30
20 ~--~----~_.--10

0

Time (Years)
r 1gure 4.9.

Density Ratio vs. Time for Emplacement Density Analyses

43

-.,...
-.....,

0.1

GO

Gil

>.......
GO
Gil

.,...
u

c

-

,

0

1 - Open Shaft

5 - p 0 =1.85

2 - p 0 =1.70

6 - p 0 =1.90

3 - p 0 =1.75

7 - p 0 =1.95

4 - p 0 =1.80

,,

0.01

Gil

a:

-•
--.,
>-

'

-.......

"',',,... ,. ...

"'- ... ,

GO

'

... __ l.

.

c

7

0

as

a:

'

' ...........
' ..., ,,'''
', ......' ... ''-..'.....
.: ... '

c

\

'I 'I '4 'I ',I
I
I
3 I
8 5
2

0.001

0.1

10

1

Time (years)
Figure 4 .10.

Time Rate of Change of Density Ratio for Emplacement Density
Analyses

44

100

45

30

Ill

N

0

-Ill

-30

-45

~~~

Figure 4.1 1.

-Ill

-30

I

Ill

0

30

411

R

Finite Element Mesh for the Crushed Salt, Intact Salt Interacti on
Analyse s- U n backfille d Drift
0.0

-1.5 -

-3.0

-4.11

-

point H

N

-8.0

-?.li

-

-

-90

0.0

1
1.11

I

3.0

4.11

11.0

?.II

11.0

R

Figure 4.12.

Closeup of the Drift Region Mesh for Crushed Salt, Intact Salt
Interacti on Analyse s- Unbackfi lled Drift
45

QO

-1.5

7

-3.0

..

-4.5

-8.0

-J

-

-7.5

-90 -

QO

1.5

8.0

4.5

3.0

7.5

11.0

R

Figure 4.13.

Deformed Shape of Square Corner Unbackfilled Drift at 20 Years

0.0

_...:.-

.......--

-1.5

------

~\ .......

-3.0

.

I
-

-4.5

--

-8.0

-7.5

\

~

\

I'--..
1---

......_

-11. 0
I

0.0

Figure 4.14.

1.5

3.0

8.0

4.5

7.5

11.0

R

Deformed Shape of Square Corner Unbackfilled Drift at 50 Years

46

-

2

( t)

....

CD

CD

E
CD
:;:,

....

(t)

1

0

0
0.5

20

10

0

30

40

Time (years)
Figure 4.15.

Closure Histories for Square Corner Unbackfilled Drift

0.0

-1.5

-3.0

-4.5
N

-e.o

-7.5 -

-9.0

0.0

1.11

3.0

e.o

4.5

7.5

9.0

R

Figure 4.16.

Closeup of the Drift Region Mesh for Crushed SaiL Intact Salt
Interaction Analyses~ Backfilled Drift

47

!50

no

-1.5

-3.0

-u
N

-e.o

-7.5

-9.0

0.0

1.5

3.0

4.5

8.0

7.11

9.0

R

Figure 4.17.

Deformed Shape of Square Corner Backfilled Drift at 10 Years

no

-1.5 -

-3.0

-4.5
N

--6.0

-7.5

-9.0

0.0

1.11

3.0

4.5

6.0

7.6

11.0

R

Figure 4.18.

Deformed Shape of Square Corner Backfilled Drift at 20 Years

48

1.6 - - - - - - - - - - - - - - - - - - - - - - - - -

Horizontal Closure

-------------- --·

-

Vertical Closure

co

-~

1

CD

E

Backfilled
Drift

...
:;,
CD

co

0

0.5

0

0
0

5

10

16

20

Time (years)
Figure 4.19.

Comparison of Closure Histories for Backfilled and Unbackfilled Drift

-1.0

..---.,----.,---,---,---~---,

MAGNIFIED BY 1.000
lit.TER1ALS ACrl"rn
l OJ' 5

-2.0 -

-3.0

FRACDEN

........_ _ _--!
t

....... 0

j': ~=88

0.900
- 0.91
- 0.92

-

~

:um

:

-5.0

0.9788
-0.9800
-0.9900

· - 0.8713
· - 0.9840

Figure 4.20.

Density Contours for Square Corner Backfilled Drift at 10 Years

49

- 1·0

r----,----,----,------,----.-------.

IIAGIIIFIED BY 1.000

Wf"~ACJM:;
-2.0

-3.0 -

P'RACDEN

M-4.0

l-----1

•

A: &1888
c0.9000

~ - 0.9300
co.9400
- 0.9100
- 0.9200

r:u388

l - 0.9700

f: &:888

-11.0

· - 0.9011
· - 1.000

-7.0 ' - - - - - - ' - - - - - ' - - - - - - ' - - - - - - ' - - - . . 1 - - - - - - l 'I'IYE 1133.111':-HI
0.0
1.0
2.0
3.0
4.0
&.0
11.0
R

Figure 4.21.

Dmsity Contours for Square Corner Backfilled Drift at 20 Years

R

Figure 4.22.

Closeup of the Drift Region for the Rounded Corner Drift

50

.

R

Figure 4.2:_;.

]){'formed Shape of Rounded Corner Open Drift at 20 Years

0.0

-1.5 -

-3.0

..

-4.5

-e.o

-7.5

-9.0

0.0

1.5

3.0

e.o

4.5

7.11

1.0

R

Figure 4.24.

Deformed Shape of Rounded Corner Open Drift at 49 Years

51-52

5.

Summary and Conclusions

The crushed salt constitutive model described in this report represents the current state of the art on the WIPP project in the modeling of crushed salt consolidation. Much research and experimental work remains to be done to more fully
develop the model and improve the database upon which it is based. Although it
has been shown that the choice of the deviatoric behavior does not significantly affect the volumetric behavior of the crushed salt and the creep behavior of the intact
salt, a proper understanding of the deviatoric behavior is necessary to predict effects
such as density gradients in the crushed salt. The proper deviatoric response is also
necessary to improve the believability of the results predicted by the model. The
accuracy of long-term predictions obtained with an ad hoc deviatoric model will be
very difficult to justify.
More crushed salt consolidation data are needed especially at near intact densities and at lower confining pressures. Experiments are in progress to provide these
data and the model will be updated as more data become available. The high density
data should provide a more accurate view of the volumetric behavior as the material
transitions from a void-dominated creeping material to a creeping solid.
The current model provides the basic capability needed to perform the scoping calculations necessary for support of the WIPP Plugging and Sealing Program.
Future work will include:
• Updating the material parameters, and possibly modifying the form of the
model, as more experimental data become available.
• Implementing the constitutive model in the two-dimensional, quasistatic, large
deformation, inelastic response finite element code SANTOS [21] which is currently under development.
• Generalizing the crushed salt constitutive model
three-dimensional, quasistatic, large deformation,
ment code JAC-3D [1] to provide the capability to
inherently three-dimensional plugging and sealing

and implementing it in the
inelastic response finite elemore accurately analyze the
configurations.

• Performing sensitivity studies to determine the sensitivity of both the model
and the response predicted by the model to variations in the material parameters and the configurations analyzed with the model.
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• Determining the material parameters to model the consolidation of the crushed
salt and bentonite mixture, which is being considered for backfill, when experimental data become available.
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A. Functional Form of the Elastic Moduli
Table A.1 lists experimentally determined values of the elastic modulus as a
function of the density of the crushed salt [8]. These were determined from a test
on dry crushed salt in which the hydrostatic pressure was increased to 21 MPa,
interrupted by eight depressurization-repressurization cycles. During these unloadreload cycles the response was nearly elastic with little hysteresis. A least squares
fit was made to each cycle to determine the bulk modulus of the material at that
density.
There are not enough data of this type to define a unique functional form for
the bulk modulus; however, another necessary constraint is that the expression must
predict the bulk modulus of intact (fully compacted) salt. Thus K = 20.7 GPa at a
density of 2.14 gjcc [10] must be added to Table A.l. This additional point shows
the necessity for a nonlinear function such as an exponential to describe the elastic
bulk modulus as a function of the density. The data from Table A.1 together with
the additional data point are shown on a semilog plot in Figure A.l. Also shown is a
least square fit subject to the constraint that the equation must predict the correct
value for intact salt. The equation for the elastic bulk modulus is then

K = 17.6x 103 e6 ·63 P

(A.1)

where K has units of Pascals and p is the density in gfcc. It appears that the fit
is acceptable, but without the constraint that the crushed salt have the modulus of
intact salt, the trend of the data is somewhat shallower than that predicted by the
exponential fit. It is recommended that more tests of this type be made in the future.
Since there have been no experiments to determine the elastic shear modulus,
the form of Equation (A.1) is also used to describe the shear modulus. The shear
modulus for intact salt is equal to 12.4 GPa [10]. The constraint that the equation
correctly predict the intact salt value gives

(A.2)
where G has units of Pascals and p is the density in gjcc.
Equations (A.1) and (A.2) are also used to describe the elastic moduli of wet
crushed salt. No test data are available to support this claim, but it is not expected
that the addition of small amounts of water would significantly affect the elastic
properties of the material.
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Table A.l.

Bulk Modulus Data for Dry Crushed Salt Material (8:

Density

(gjcc)

{GPa)

1.54
1.62
1.67
1.72
1.76
1.79
1.83
1.87
1.90
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0.855
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1.938
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Bulk Modulus Data for Dry Crushed Salt Material
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2.2

B. User's Instructions for SANCHO
The crushed salt constitutive model is written as an update deck for SANCHO.
The author of this report should be contacted for information concerning the location
of this file and for instructions on how to use this model in SANCHO. The constitutive
model is currently Material 7 and the information required for the material property
specification cards is detailed below in the form used in Reference [20].
MATERIAL TYPE 7 -

Crushed Salt Material

MATERIAL, 7, ro, gravx, gravy, omega
MATERIAL TITLE CARD
Go, G1, Ko, K1, Ac, N, Qj R, A, A~, Bo, B~, To, T1, Dev, 0
G
K
Ac
N

-

QjR
A

-

-

-

A1

-

B
T

-

Dev

-

0

-

CARD 1
CARD 2
CARD 3

Shear Modulus G = G 0 eG 1 p,
Bulk Modulus K = K 0 eK 1 P,
Material Constant for deviatoric creep model, see Equation (3.4.6)
Stress Power Constant for deviatoric creep model,
Exponential Constant for deviatoric creep model,
Parameter for Strain Decay, see Equation (2.5.2),
0.0 (Unused),
Stress Dependence B = B 0eB 1 o,
Yield Stress T = f(To, TI), the values To and T1 are used in the function
relating the yield stress to the density. The form of this function has
not yet been determined.
Deviatoric Model Flaga = Elastic-Plastic Deviatoric Model. If the yield strength is zero, the
elastic deviatoric model is used 1 = Elastic-Creep Deviatoric Model
Temperature, currently unused.

The current value of the density is output to the SEA CO file as state variable EPX (6);
the other 4 variables are unused. A subroutine called INTDEN must be supplied to
initialize the density of the crushed salt material. The calling syntax is

SUBROUTINE INTDEN (MX,I,EPX)
DIMENSION EPX(*)
where MX is the current material number and I is the element number. The array
EPX is the state variable array. Elements 5, 10, 15, and 20 of this array must be
initialized to the initial crushed salt density.
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C. Determination of Crushed Salt Yield Strength
The choice of the proper deviatoric model for crushed salt is very difficult since
few data are available. Another problem is the determination of the material parameters to be used in the chosen model. This section describes the method used for
the deviatoric model in the backfilled drift analyses. The elastic-plastic deviatoric
model was used since the yield strength of the material is the only unknown material
parameter. The method described below was used to produce numerically the stiffest
possible deviatoric behavior (maximum shear strength).
In the backfilled drift analyses, the yield strength for each element of the backfill and for each time step was chosen such that all of the stress components were
compressive or zero if the deviatoric strain rate was compressive. This was done to
produce the stiffest backfill material and also to determine numerically the maximum
theoretically possible value for the yield stress as a function of the density assuming
that the crushed salt can be modeled with an elastic-plastic deviatoric model. The
procedure used to produce the stiff backfill model is described below.
For each element and at each time step, trial values of the quantity tt[ [see
Equation (3.4.4)] for i = 1, 2, 3 were calculated for each of the three normal stress
components using (no sum on i):
'f

I

., < 0

eii

(C.1)

SR

where t is the load step size,
is evaluated at the start and uF at the end of the
time step. The value of tt used in Equation (3.4.5) was chosen as the minimum of the
ttf. The maximum theoretical value of the yield stress at that time step and location
was then calculated as
(C.2)
Figure C.1 is a plot showing the variation of the calculated yield stress as a function
of the fractional density for the square-cornered backfilled drift calculation. Each
point represents the calculated yield stress for an element at a time step during the
calculation. The yield stress is seen to vary almost exponentially with the fractional
density. A linear regression program [19] was used to find the best fit line relating
the natural logarithm of the yield stress to the fractional density. The coefficient
of correlation is 0.993 indicating a very good correlation. The t-test for statistical
significance indicates that the calculated regression coefficients are significant at the
99.0% confidence level. The least squares best fit equation relating the yield stress
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to the fractional density is

lnoy

-4.10
1.657 X

Oy

+ 19.21(p/p

w-

2

00 )

exp(19.21p/ Poo)

(C.3)

where oy is the yield stress, p is the density, and Poo is the density of intact salt.
This equation is plotted with the data in Figure C.l. Note that this is only a bound
on oy, not an actual value; tests will give a value less than this.
Although there are indications of a strong correlation between the yield stress
and the fractional density, more research and experimentation are needed to gain a
better understanding of the correct deviatoric behavior and the material constants
that should be used in the deviatoric model.
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Figure C.l.

Variation of Calculated Yield Stress with Fractional Density
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