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ANALYSES OF BACKFILLED TRANSURANIC
WASTES DISPOSAL ROOMS

G. D. Callahan and K. L. DeVries
RE/SPEC Inc.
P.O. Box 725
Rapid City, SD 57709

ABSTRACT

The Waste Isolation Pilot Plant (WIPP) is a U.S. Department of Energy (DOE) re-
search and development facility established to demonstrate the safe geologic disposal of
transuranic (TRU) wastes generated from defense-related activities. Crushed salt and
crushed-salt treatments are the candidate materials to be used as backfill around waste
and waste packages in the underground disposal rooms. In response to room closure, the
backfill is anticipated to compact sufficiently such that an effective seal is formed reducing
brine inflow and radionuclide transport. In this report, different backfill and backfill/TRU
waste combinations are investigated based on finite element simulations for a 200-year pe-
riod conducted to examine and compare the sealing efficacy of different backfill scenarios.
Specifically, disposal room content scenarios investigated include crushed salt, a crushed
salt /bentonite mixture, crushed salt covering TRU waste, crushed salt/bentonite covering
TRU waste, crushed salt covering a mixture of crushed salt and shredded metallic waste,
and crushed salt covering vitrified waste. The simulations were conducted with the ther-
momechanical finite element program SPECTROM-32. The report includes a description
of constitutive relations used to simulate the backfill and host rock formation including
viscoplastic (creep), nonlinear elastic, creep consolidation, and nonlinear elastic and consol-
idation mixture models. The simulation results show that the backfill attains average void
fractions less than 5 percent in all cases except for the case with crushed salt/bentonite
covering TRU waste, which is only slightly greater than 5 percent. The time required to
attain these void fractions varies considerably between cases.

The content of this report was effective as of April 1991. This report was prepared by
RE/SPEC Inc. under Contract 40-2512 with Sandia National Laboratories.
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1.0 INTRODUCTION
1.1 BACKGROUND

The U.S. Department of Energy is planning to dispose of transuranic wastes
(TRU) at the Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico. The
current mission of the WIPP is to provide a research and development facility to
demonstrate the safe management, storage, and disposal of TRU wastes generated
by U.S. Government defense programs. Sandia National Laboratories is conducting
procedural and technical activities to assess compliance of the WIPP with regulatory

requirements. Performance of seal, barrier, and backfill materials is being studied
as part of these activities.

A key candidate component of the room backfill system is crushed salt. Crushed
salt is an attractive candidate because it is readily available from the mining oper-
ations, it is compatible with the host rock, and it is expected to consolidate into a
low-permeability mass comparable to the intact salt as a result of the creep closure
of the surrounding rock mass. Crushed salt has been shown to consolidate relatively
quickly when subjected to a hydrostatic stress [Holcomb and Hannum, 1982; Pfei-
fle and Senseny, 1985; Stroup and Senseny, 1987, and Holcomb and Zeuch, 1988|.
Therefore, the backfill is expected to lower the effective permeability in the rooms
and reduce the total time required for complete encapsulation of the waste. In ad-
dition, the backfill may be engineered so that it actually adsorbs radionuclides and
thus, provides an additional barrier around the waste. Crushed salt and varying
amounts of bentonite, a montmorillonite-rich clay, have been proposed as candidate
backfill materials that improve the properties of pure crushed salt. The addition
of bentonite reduces permeability and increases the absorbing ability of the mix-
ture. However, the addition of bentonite may have its drawbacks. Preliminary
results from consolidation tests suggest that the rate of consolidation for crushed
salt/bentonite backfills is less than that for pure crushed salt [Pfeifle, 1990; Stroup
and Senseny, 1987]. This result implies that the time required for complete en-
capsulation of the waste is longer for the crushed salt/bentonite backfills. Another
disadvantage of bentonite is that it swells in the presence of water or brine [Pusch,
1980]. In a storage room where the backfill is confined, a swelling pressure may
develop. This swelling pressure may be large and could add significantly to the
time required for complete encapsulation of the waste since the natural tendency of
the intact rock to deform into the room is decreased.

Because of the importance of backfills at WIPP, knowledge of their constitutive
behavior and the ability to perform long-term structural analyses of backfill schemes
are required. Clearly, an understanding of the mechanical behavior of crushed salt
is important at WIPP. Optimization of the backfill emplacement is necessary to
promote room stability, to enable sufficient backfill consolidation to reduce brine



flow which retards the transport of soluble radionuclides, and to maintain sufficient
gas permeability to avoid gas pressurization [Butcher, 1990].

1.2 SCOPE

The study presented in this report was conducted to investigate the consolidation
of backfill and waste in disposal room configurations at the WIPP. Six cases were
investigated that included the following assumed room contents:

1. Completely filled with crushed salt.

2. Completely filled with a 70 percent crushed salt — 30 percent bentonite
(by weight) mixture.

3. TRU waste covered with crushed salt.

4. TRU waste covered with a 70 percent crushed salt — 30 percent bentonite
(by weight) mixture.

5. An 80 percent crushed salt — 20 percent shredded metallic waste (by volume)
mixture covered with crushed salt.

6. Vitrified waste covered by crushed salt.

To solve these six problems, representative constitutive relations were developed
and implemented for the crushed salt and TRU waste. Numerical simulations of
the backfill, waste, and creeping host bedded salt formation were conducted for 200
years. The finite element program, SPECTROM-32 [Callahan et al., 1990|, was
used to perform the analyses.

1.3 REPORT ORGANIZATION

This report includes six chapters and three appendixes. Chapter 2 describes
the conmstitutive relations and material parameters used to describe the backfill
materials, waste materials, and the host rock formation. Chapter 3 describes the
finite element idealization of the disposal room configuration and procedures used
to conduct the analyses. The results of the analyses are given in Chapter 4, and
Chapter 5 provides the conclusions of the study. References cited in the report
are given in Chapter 6. Appendix A includes stress-porosity data from simulated
TRU waste compaction experiments. Appendix B contains a comparison of results
obtained with the finite element program SANCHO |[Weatherby and Brown, 1990
and Weatherby, 1989] to the comparable analyses described here. Appendix C
contains average void fraction and mean stress results from the analyses.



2.0 CONSTITUTIVE RELATIONS AND MATERIAL
PROPERTIES

This chapter presents the constitutive relationships or models used to represent
the various materials associated with the analysis of TRU waste disposal rooms.
The models presented are for the natural or intact rock salt, crushed salt, crushed
salt mixed with other materials, and TRU waste. Each of these material models are
discussed separately in the following subsections. Because temperature variations
within the repository are assumed to be small, the thermal strains are neglected
in each of the discussions; however, the thermal strain rates may be included as

a component of the total strain rate in each of the models as reported previously
[Callahan et al., 1990].

2.1 INTACT SALT

The total strain rate for the natural rock salt or intact salt constitutive model is
assumed to include two components. The components consist of elastic and creep
contributions, and the total strain rate is written as

€ = € + € (2-1)

The elastic strains (¢f;) are assumed to be linear elastic and given by Hooke’s
Law (e.g., Timoshenko and Goodier [1970]). The creep strains (€f;) are described
by Munson et al. [1989]. Summaries of the linear elastic and creep portions of the
model are given here for completeness.

2.1.1 Linear Elastic Model

The elastic strains, €;, are the contribution from the stress field given by Hooke’s
law

€ = Cijuou (2-2)

where Ci;u is the matrix of elastic constants and oy, is the stress tensor.

For an isotropic body, there are two independent elastic constants and Equation

2-2 can be written as
e 1

where the elastic material constants E and v represent Young’s modulus a.ﬁd Pois-

son’s ratio. We may also write Equation 2-3 in terms of the bulk modulus (K) and
shear modulus (G) for the material as

e am SI y

€5 + 2G (2-4)

5= 3 %



where

Okk
Om = T’ mean stress
Sij = 0ij —onb;j, deviatoric stress (2-5)
6; = Kronecker delta.

Equation 2-3 may be rearranged to give the elastic constitutive equations for
stress in terms of strain

E
1 +2)(1 - 2v)

Oi; =

[(1 - 20) € + velubi] (2-6)

2.1.2 Creep Model

For the inelastic creep strains, the modified Munson-Dawson material model
(Munson et al., 1989] is used. The model is written as

é& = Fé, (2-7)

where € is the invariant inelastic strain-rate measure, and ¢, is the steady-state
strain rate. The transient function F consists of three branches — a workhardening
branch, an equilibrium branch, and a recovery branch and is written in that order

) (ofa(i-5)] o<

F= 1 1 ¢ = e{ (2-8)

| exp [—5 (1 - é,)z] ¢c> e

A and é are the workhardening and recovery parameters, respectively, and ¢/ is the
transient strain-rate limit. The internal variable ¢ is governed by the evolutionary
equation

¢=(F-1)¢, (2-9)

and the transient strain-rate limit is given by

e = K,eT (%) (2-10)

where K,, ¢, m, and u are material parameters, T is temperature, and o, is an
invariant stress measure described later.



The workhardening parameter is defined as a function of stress
O,
A=a+flog (—) (2-11)
"

where a and  are material parameters. Because of insufficient laboratory data to
allow evaluation, the recovery parameter é is taken to be a constant.

The steady-state strain rate is the sum of the three individual strain-rate mech-
anisms acting in parallel

é = zsj . (2-12)

The three contributing mechanisms — dislocation climb, an undefined mechanism,
and glide are written respectively as

. O i Ql )
G, = A2 — =L 2-13
1 (“) &xp ( RT ( )
0. " Q2
= A _x2 2-14
€y = (BIC—Ql/RT + Bze—q’/RT) sinh [q (o, _ 00)] H (0. — 00) (2-15)
I
where
g = normalizing parameter (MPa)
g = activation volume
Al, Az, él) B21 n, N2,
@1, @2, 00, K, m, a, B, § = experimental constants (see Table 2-1)
R = 1.987, universal gas constant (—2)
H(.) = Heaviside step function.

To generalize the Munson-Dawson model to three-dimensional states of stress,
Fossum et al. [1988] is followed to determine flow potential functions generalized

according to Mises and Tresca types of flow potential functions. The inelastic
tensorial strain-rate components may be written as

9o/
€ =€ 2-16
5] e 30'1‘,' ( )
where the invariant inelastic strain-rate measure is
é = ¢ (T, o, €) (2-17)



The two invariant stress measures in Equations 2-16 and 2-17 are given by

O'{ = 0{ (Um, Jz, Jg)
(2-18)
g. = 0.(0m, Jz2, J3)

where the mean stress (0w ), the second invariant of the deviator stress (Jz), and
the third invariant of the deviator stress (J3) are given by

Okk
Om = —
3
J; = %S{jSJ" (2-19)

.I3 = %S.-,—S,-ks,,.-
The Lode angle (¢), which is a convenient alternative to Js, is given by

1 [-3V3J T T
¢=%sm 1[7:‘/2—{] ’ ("’G‘SIpSg) (2'20)

The partial derivative given in Equation 2-16 may be determined using the chain
rule as

90! 90! 30, 00! 0J, _ ol O 0Ty
aa‘j B 9om 30]'1' 0J; aal'j oY 0Js 60';]'

(2-21)

The derivatives of the invariants in Equation 2-21 are the same regardless of the

invariant stress and strain measures selected. These derivatives [Callahan, 1982]
are

30,,. 6.','
30.—,—

aJ,
30’.‘,‘

= §; (2-22)

2% o, i,
3Js do;; 2.];5/2 cosdy

where
tiy = SipSpi — §J26i5

Therefore, to define completely the inelastic strain-rate measure required by Equa-
tion 2-17, the invariant stress and strain-rate measures need to be prescribed. The
equivalent inelastic strain-rate measure is given by the Munson-Dawson material
model in Equation 2-7. Two types of invariant stress measures are considered.



These are termed the pressure-dependent and frictional forms of the invariant stress
measure. The pressure-dependent form is similar to the Mises-Schleicher plastic po-
tential, and the frictional form is similar to the Mohr-Coulomb plastic potential.
Mathematically, these stress measures are

o/ = 310, +1/3J; (pressure—dependent) (2-23)
s ) sinYsin7t ..
o, = 2sintom + (cosy — —F 2v/J2  (frictional) (2-24)

The variable 7 is a material constant termed the flow dilatancy parameter. The
other invariant stress measure (o.) that needs to be described is taken to be identical
to those given in Equations 2-23 and 2-24, except that the parameter r is replaced
by a different variable (6), viz

o, = 300, +/3J; (2-25)

. 0 8
o, = 2sinfo,, + (cosnp - Emtp%) 2\/ J, (2-26)

The variable # is a material constant termed the frictional parameter. If § = r
then o, = of; however, this is not required theoretically.

Equation 2-21 requires the partial derivatives of the invariant stress measures
with respect to stress. Differentiation of Equations 2-23 and 2-24 provides these
quantities for the pressure-dependent and frictional forms for the invariant stress
measures. These quantities are as follows:

Pressure-Dependent

do! 3
80m. 4
do] V3

= (2-27)

oJ; 2v/ ],
dol 0
oY



Frictional

f
gg; = 2sinT
dof cos2y sinT . 1
= tan 3 — — 2-28
37, [cos 3% + 7 (tan 3y cos i — sin 1,[))] 7 ( )
do! _ cos¢sinr
£ = _[51n¢+T 2\ J2

By letting 7 go to zero in Equations 2-23 and 2-24, we eliminate the mean-
stress dependence and obtain Mises- and Tresca-types of invariant stress measures,
respectively. @ is also set to zero such that o, = of. Thus, Equations,2-23 and 2-24
become

g, = 3J2 (Mlses) (2-29)
o, = 2cos¢\/J—2 (Tresca) (2-30)

and the derivatives in Equations 2-27 and 2-28 become

Mises
do, 0
00,
do,
° _ V3 (2-31)
aJ, AN
do, - 0
Yy
Tresca
do, 0
80,
do,  |cos2y| 1
aJ, [cos3¢v _\/J=2 (2-32)
do, _ 2 i .
a"b - - Smf,b 2



Substituting Equations 2-31, 2-22, and 2-21 into Equation 2-16 gives the familiar
generalization for the Mises flow potential

3é
o= g 2-33
flJ 2 3J2 ] ( )

and substituting Equations 2-32, 2-22, and 2-21 into Equation 2-16 gives the gen-
eralization for the Tresca flow potential

e cos 2y V3siny
& = { [cos 3¢ \/J—z [Jz cos 3 } (2-34)

Finally, substitution of Equation 2-7 into Equations 2-33 and 2-34 gives the gen-
eralization of the Munson-Dawson model for Mises (octahedral shear) and Tresca
(maximum shear) types of flow potentials, respectively. The Tresca flow general-
ization was used in the analyses reported here.

Equation 2-34 is seen to be indeterminant as the Lode angle approaches +30.
In other words, the flow potential forms corners at ¥y = +30 and the direction of
straining is not unique. To eliminate this problem computationally, Equation 2-34
is evaluated in the limit as ¢ — +30. Performing this limiting operation, Equation

2-34 becomes
lim (., o) Sis ti;
$—30 (e.-,-) = ¢ {\/3’72 F 2‘;2} (2-35)

In SPECTROM-32, Equation 2-35 is used when the Lode angle is within 0.25 de-
grees of +30°.

2.1.3 Material Properties for Intact Salt

The linear elastic parameter values for the constitutive relation given in Equation
2-3 and the parameter values for the Munson-Dawson constitutive equation given in
Equation 2-7 are presented in Table 2-1. Density of the intact salt is 2,140 kg/m3.
The intact salt material parameters were taken from Munson [1989] for pure halite.

2.2 CRUSHED SALT

The total strain rate for the crushed salt constitutive model is assumed to consist

of two components. The components are nonlinear elastic and creep consolidation
contributions and the total strain rate is written as



Table 2-1. Material Parameter Values for Intact Salt(e)

Parameter Units Value
Elastic Parameter Values
E MPa 31,000
v — 0.25
Munson-Dawson Creep Parameter Values
A yr1 2.645E+30
s71 8.386E+-22
As yr1 3.050E+20
s~1 9.672E+12
Qi/R K 12,581
Qi cal/mol 25,000
Q:/R K 5,032
Q: cal/mol 10,000
ny — 5.5
na — 5.0
B yr~! 1.919E+14
s~1 6.086E+06
B, yr! 9.568E-+05
C 3.034E-02
q — 5.335E+03
o, MPa 20.57
B MPa 12,400
m — 3
K, — 6.275E+5
c K-! 9.198E-3
— -17.37
— -7.738
) — 0.58

(a) Munson [1989] for pure halite.
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The nonlinear elastic, €{;, and creep consolidation strains, €;, are described by
Callahan [1990] but are included here for completeness. Both the nonlinear elastic
and creep consolidation portions of the model describe the material behavior in
bulk (volumetric) and in shear (deviatoric). Although other models exist and are
under consideration to describe the behavior of crushed salt (e.g., Zeuch [1989]),
the nonlinear elastic and creep consolidation models for crushed salt were adapted

from those given by Sjaardema and Krieg [1987].

2.2.1 Nonlinear Elastic Model for Crushed Salt

The elastic model described in Section 2.1.1 is applicable to the crushed salt
with the following described procedure used to incorporate the nonlinearity in a
piecewise manner.

For the nonlinear elastic model, the functional forms for the elastic constants
given by Sjaardema and Krieg [1987| are adopted. They propose bulk and shear
moduli as exponential functions of the current density, p,. Tensile stresses and ex-
tensile strains are assumed to be positive. Functional forms of the elastic constants
are written in terms of the total volumetric strain, ¢, (¢, = € = €11 + €22 + €33),
using the relation

_ _bo
Ps = 1+e
where pg is the initial or original density of the material. The bulk modulus and
shear modulus (K, and G,) are given by

(2-37)

K, = Koeﬂ%'n
G, = Goettl (2-38)

where Ky, K1, Go, and G; are material constants.

At any time, the current values of Young’s modulus and Poisson’s ratio are
computed from the current values of bulk and shear modulus using the relations

9K,G,
E _Trhes
3K, + G,
, — 3K.,-26, 2-39
6K, + 2G, (2-39)

Equations 2-39 are used in Equation 2-3 to compute the elastic strains.

To solve the nonlinear elastic problem, the method of load incrementation is used
to approximate the tangent modulus. The following set of simultaneous equations
has to be solved in the direct stiffness finite element approach

[Ke] {u} +{f} =0 (2-40)

11



where f is the total load (or unload) vector, u is the displacement, and the tangent
stiffness matrix K; is a function of displacement (strain).

K; = K; (u) (2-41)

The load vector is divided into a number of small increments A f such that the
series of tangent moduli will approximate a given stress-strain curve. K, is first
approximated assuming ¢, = 0, or we are assuming that Au® = 0 and

(K7 {au'} + {Ar'} =0 (2-42)
Repetition of this process for each of the load increments may be written as
-1]"! n
{aw"} = - [Kp7Y] 7 {Ar™) (2-43)

The process is continued for each of the load increments, and the displacement is
accumulated, i.e.,

{u} = {u} + {467} (2-44)

Clearly, the functional forms adopted for bulk and shear moduli (Equations
2-38) allow increase without bound. Therefore, maximum values for bulk modulus
K, and shear modulus G are introduced based on the fully consolidated or intact
values for the material. If either the intact bulk or shear modulus values are reached,
the tangent modulus is no longer allowed to change, and the material is assumed
to be intact with a constant stiffness.

2.2.2 Creep Consolidation Model for Crushed Salt

To develop the creep consolidation constitutive equation, general considerations
are first observed and then specific functional forms are guided by available labora-
tory data. From the application of thermodynamic concepts, the three-dimensional
generalization for creep strain rates is given by Fossum et al. [1988]. Following
this approach, two continuum internal variables are assumed, the average inelastic

volumetric strain, €;, , and the average equivalent inelastic shear strain, €, .
do! do!
P i 2-45
Yoot Jgy “? Jo;; (2-45)

For the first portion (volumetric) of Equation 2-45,"the invariant strain-rate measure
is

by = € (Om) (2-46)
The volumetric strain rate € is described empirically by Sjaardema and Krieg [1987|
based on hydrostatic laboratory test data on crushed salt as

e = (1 + Gu [1

v

ePiom] ¥h (2-47)

12



where

€, = €k, total volumetric strain
€ = €}, volumetric creep strain
Om = ng, mean stress
py = initial density
Bo, B, A = material constants (see Table 2-3).

The invariant stress measure is given by
ol =0m (2-48)

For the second portion (deviatoric) of Equation 2-45, the invariant strain-rate

measure is taken to be
*C

€cqn = Moy, = Néy (0m) (2-49)

and the invariant stress is assumed to be a scalar multiple of the octahedral shear

stress
0l =0.=1/30 (2-50)

where J; is the second invariant of the stress deviator (J; = %S.-,- Si;). Substituting
into Equation 2-45 and performing the required differentiation gives
ce = gebii 4 3Si;
P — €
T Gty TGS,

(2-51)

1 is selected such that in a uniaxial test, the lateral components of ¢; equal zero.
This requires that n = —%. Simple example problems that illustrate the creep
consolidation behavior with and without the deviatoric component are given by

Callahan [1990]. After substituting for é¢ in Equation 2-51, the strain rate compo-
nents are given by

e (1 + E")z -Bom Az 6" Si'
€; = TBQ [1 el - ] €1te ? - :7:- (2-52)

Obviously, the creep consolidation equation will allow unlimited consolidation.
Therefore, a cap is introduced that eliminates further consolidation when the intact
material density p; is reached. Thus, when the condition

24

leo| >
Pr

(2-53)

is satisfied, no further creep consolidation occurs. In addition, the creep consolida-
tion is not permitted to generate tensile stresses. The procedure used to eliminate
any tensile stresses is the same as described by Callahan et al. [1990]. An option is
included that allows a consolidating material’s constitutive model to be redefined
following complete consolidation. For example, a crushed salt material can be pre-
scribed to behave according to the intact salt constitutive relation given in Equation
2-34 following complete consolidation.
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2.2.3 Combined Crushed Salt Model

The final equation for the total strain in the constitutive model for crushed salt
(neglecting thermal strains) is obtained by substituting Equations 2-4 and 2-52 into
Equation 2-36

 _Om, Sy (1+e) g Biom] A2 [ S
€ij = ﬁ&j + 2—6 + p—o [1 — € ] el ? — o, (2-54)

The above equation may be collapsed to yield the total volumetric strain-rate
(é,) expression for the model. Performing this operation yields

¢, = d?m 1+ e., [1 _Bla,,] e T (2-55)

When the combined nonlinear elastic and creep consolidation model is used,
the relative change in the Euclidean or L, norm of the volumetric strain is moni-
tored over time and the stiffness is updated when the change is greater than a user
prescribed tolerance. Further details may be found in Callahan [1990].

2.2.4 Material Properties for Crushed Salt

The nonlinear elastic parameter values describing the nonlinear moduli for
crushed salt defined in Equation 2-38 are given in Table 2-2. Table 2-2 also gives the
assumed initial and final (intact) densities for the crushed salt used in this study.
Engineering of the backfill could change the initial density substantially. Table 2-3
presents the parameter values for the creep consolidation constitutive equation given

in Equation 2-52. The crushed salt material parameters are taken from Sjaardema
and Krieg [1987].

Table 2-2. Nonlinear Elastic Material Parameters for Crushed Salt

Parameter Units Value
Ko MPa 0.01760(®)
K, m®/kg 0.00653(3)
Go MPa 0.01060(¢)
Gy m3/kg 0.00653(2)
K, MPa 20,626(%)
Gy MPa 12,423®
P4 kg/m3 1,400(°)
Py kg/m? 2,140

(a) Sjaardema and Krieg [1987].
(b) Computed using Equation 2-38 at py.
(¢) Weatherby [1989].
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Table 2-3. Creep Consolidation Material Parameters for Crushed Salt

Parameter Units Value(®)
By kg/m3.s7? 1.3 x 10*8
kg/m3yr! 4.10 x 10*1®
Bl MPa.‘l 0.82
A m? /kg ~1.73 x 107?

(a) Sjaardema and Krieg [1987].

2.3 CRUSHED SALT MIXTURES

For the TRU waste disposal rooms, two crushed salt mixtures are of current
interest: (1) crushed salt mixed with bentonite and (2) crushed salt mixed with
TRU waste.

2.3.1 Crushed Salt/Bentonite Mixture Model

The functional form of the constitutive model selected to represent crushed
salt/bentonite mixtures is identical to the crushed salt model since testing com-
pleted to date is inadequate to formulate a new constitutive model for crushed
salt/bentonite mixtures. Therefore, Equation 2-52 applies to crushed salt/bentonite

using material parameter values specific to the crushed salt/bentonite mixture given
in Section 2.3.3.1.

2.3.2 Crushed Salt/TRU Waste Mixture Model

A possible waste treatment consists of simply mixing TRU waste with crushed
salt and allowing the crushed salt to encapsulate the waste as the disposal room
closes and the crushed salt consolidates. To develop constitutive relations for these
types of mixtures, it is assumed that the TRU waste component consists of shredded
metal wastes, is linear elastic, and is effectively an inert noninteracting material.
Therefore, Equations 2-3 and 2-4 apply to the inert mixture material. Mixture

theory is used to combine the crushed salt constitutive relations (nonlinear elasticity
and creep consolidation) with the TRU waste.
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2.3.2.1 Creep Consolidation Response of TRU Waste and Crushed Salt Mix-
tures

The creep consolidation model for a consolidating material mixed with another
inert material is developed in this section. The creep consolidation relation for
crushed salt is developed in Section 2.2.2 with the volumetric creep strain rate for
crushed salt consolidation given in Equation 2-47. To distinguish the volumetric
strain of the crushed salt from that of the mixture, the following definitions are
used in the development:

total volumetric strain of crushed salt

EUJ

€, = total volumetric strain of the mixture.
The total volume of the mixture (V) is
V=V,+Vna (2-56)
where

V, = volume of crushed salt

Vm = volume of inert material.

Equation 2-56 may also be written as

mM m,M
V= + - (2-57)
Ps Pm
where
m, = mass fraction of salt
m,, = mass fraction of inert material
p, = current density of the crushed salt
M = total mass of the mixture.
Dividing Equation 2-57 by the total mass gives
1 m m
-=—+-= (2-58)

P P Pm

where p is the current density of the mixture. If the density of the mixture is known,
the density of the crushed salt can be found from Equation 2-58 as

m,
p, = —LPmiTs (2-59)
Pm — P
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The initial density of the mixture pp can be found by substituting the initial crushed
salt density into Equation 2-58
PoPm

po = : (2-60)
MyPm + MmpY

The rate of change of the density of the mixture is given by differentiating
Equation 2-58 with respect to time. The volumetric strain of the inert material
is assumed to be small such that the density of the inert material is constant.
Performing the differentiation yields

m,p?

p= P (2-61)
Pi

If the relationships between the density and volumetric strain, i.e.,

Po
= 2-62
P=Tre (2-62)
Py
, = 2-63
o= T e (2-63)

are substituted into Equation 2-61, the volumetric strain rate for the mixture is

determined as

Mabo, (2-64)

éy =
J

The current density of the crushed salt may be expressed as

M, mM mp
,= e = 2-65
A ) (2-65)

where M, is the mass of the salt. Thus, the volume fraction of the crushed salt v,

18
m,p

Pa

The initial volume fraction of crushed salt is obtained by substituting the initial
densities into Equation 2-66

U, = (2-66)

vy = L2bo (2-67)
Po

Substituting Equation 2-67 into Equation 2-64 yields

€y = V2, (2-68)

Thus, Equation 2-68 describes the volumetric strain rate of crushed salt mixed
with an inert material in terms of the volumetric strain rate of the crushed salt.

Assuming that the volumetric strain rate is the sum of the elastic and creep portions,
Equation 2-68 may be written as

€&+ & =v5 (&, +6,) (2-69)
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The elastic strain rates are assumed to be negligible compared to the creep consol-
idation strain rates. To evaluate the relative magnitudes of the strain rates, con-
ditions applicable to analyses relevant to our situation will be considered. Based
on an initial density of 1,400 kg/m?®, the initial bulk modulus of crushed salt is
about 150 MPa and the final value at full consolidation is that of intact salt, or
20,626 MPa. If the mean stress in the crushed salt is assumed to change from zero
to the lithostatic value of nearly 15 MPa compression over a 50-year period, the
elastic strain rate can be computed to be about 6.3E-11 s~! based on the initial
bulk modulus and 4.6E-13 s~! based on the final bulk modulus value. If a pressure
of 0.1 MPa compression in the crushed salt is assumed and the initial density is
used, a creep consolidation strain rate of about 2.3E-7 s7! is computed. Thus, the
elastic strain rate is about three to six orders of magnitude less than the creep con-
solidation strain rate. As the crushed salt consolidates, both the elastic and creep
consolidation strain rates decrease. However, the effective pressure in the crushed
salt also increases with time, which increases the creep consolidation strain rate. In
addition, when the inert material is mixed with the crushed salt, the stiffness of the
mixture is increased, which reduces the elastic strain rate. Therefore, neglecting
the elastic strain rates appears to be a reasonable assumption and the relation for
the volumetric creep strain of the mixture becomes

& = uE, (2-70)

where €, is given by Equation 2-52.

2.3.2.2 Nonlinear Elastic Response of TRU Waste and Crushed Salt Mixtures

For the nonlinear elastic model, the derivation of the elastic constants for a mix-
ture of two dissimilar materials is required. One material behaves nonlinearly and
the other material is linear. Many different methods exist for representing the con-
tinuum properties of multiphase materials with different distributions of the phases.
Maxwell’s model considers randomly sized spheres of one material distributed in
another (e.g., Parrott and Stuckes, [1975]). Other examples of property bounds
established for multiphase materials may be found in Hashin and Shtrikman [1962],
Corson [1974], and Milton [1982]. Corson [1974], referencing another researcher who
used energy theorems of classical elasticity theory to establish bounds for effective
bulk and shear moduli, states that his resultant bounds were precisely the volume-
fraction average of the modulus of each phase (upper bound) and the inverse of the
volume-fraction average of the inverse modulus (lower bound). Therefore, although
many complex methods exist to establish bounds for the elastic moduli in a mix-
ture, the simple rule of mixtures is relied upon because precise knowledge of the

properties and the distribution of the phases in the two-component system is not
available.

The rule of mixtures states that a given property for a mixture (©) is simply
a function of the component properties (6;) weighted according to their volume
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fractions (v;). Parallel and series combinations are typical simple forms that may
be stated mathematically as

e = vioi ’ (2-71)
1 v

== 2-72
5 =%, (2-72)

and Tv; = 1. These two mixture forms provide simple upper and lower bounds.
Either Equation 2-71 or 2-72 could be used to formulate the effective moduli for
the two-component mixture. Equation 2-71 is used to develop the moduli for the
mixture, which gives the upper bound or higher stiffnesses. Thus, the elastic moduli
for the mixture are

K=v,K,+vnKn, (2-73)
G =v,G, +vnGnm (2-74)

where v, = volumetric fraction of crushed salt

= volumetric fraction of inert material
K,. = bulk modulus of the inert material

G.,. = shear modulus of the inert material.

The functional form of the nonlinear elastic material model for crushed salt is
described in Section 2.2.1 with the bulk (K,) and shear (G,) moduli defined by
Equations 2-38 as

K, = Kyefer (2-75)
G, = Ggefr* (2-76)

where Ky, K;, Go, and G, are material constants. The moduli for the inert material
are assumed to be constant but the volume fraction and the moduli for the crushed
salt will change with consolidation. Since the volume fractions for the compacting
material mixture changes, the mass fractions of the components are the desirable
input variables since they are constant. Thus, expressions for the mass fractions in
terms of the component densities and volume fractions are required. The density
of the crushed salt and the inert material may be expressed as

M, mM mp

Ps = 7 = oV = v (2-77)
M, m M m,p
pm = Ve  vmV  up (2-78)

where

= density of the inert material
density of the mixture

mass of salt

xx°T
I

= mass of inert material.
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Solving Equations 2-77 and 2-78 for the volume fractions gives

m,p

v, = (2-79)
Ps

v, = 2mP (2-80)
pm

The total volume of the mixture (V') at any time is
V=V+V, (2-81)
Equation 2-81 may also be written as

V =

mM m.M
+

(2-82)
Ps Pm

Dividing Equation 2-82 by the total mass gives

l = m, + Mm (2_33)
p P Pm

After algebraic manipulation, Equation 2-83 may be written

PsPm .
p= 2-84
M,Pm + MmpP, ( )

Solving Equation 2-84 for the crushed salt density yields

p, = 1ePPm (2-85)
Pm — Mpp

Substitution of Equation 2-85 into Equations 2-79 and 2-80 yields expressions for
the volume fractions in terms of the mass fractions and densities
MyPm

v, = 2-86
L Mypm + Mpps (2-86)

MmpPs
Um = 2-87
" MyPm + Mpp, ( )

Similarly, the mass fractions can be expressed as

VoPs
m,= —P 2-88
T Vupy + UmPm (2-88)
UmPrm
Mg = —— ™ 2-89

With the volume fractions given by Equations 2-86 and 2-87, the elastic moduli can
be determined by substitution into Equations 2-73 and 2-74. The procedure given
in Section 2.2.1 can then be followed to solve the nonlinear elastic mixture problem.
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Now, expressions are needed for the final values of the bulk and shear moduli,
which depend on the final volume fractions of the mixed materials when the void
fraction is zero. If the void volume is considered to reside entirely in the crushed
salt, the crushed salt volume (V,) may be expressed as

V.=V, +V, (2-90)

where V, and V;, are the volumes of the voids and the intact (solid) salt, respectively,
and the total volume of the mixture is given in Equation 2-81. The porosity of the
crushed salt (¢,) is defined as

Va - Vn P

| .
= — = -1 - 2 2-91
¢ Vs V. ! Pss ( )

where p;, is the density of intact salt. The volume fraction of the crushed salt (v,)
is given by
_ VU + VI‘J

v, v (2-92)
From Equations 2-90, 2-91, and 2-92, we have
Vo = 8.V = ¢o{Vs + Vi } = ¢uv,V (2-93)
Using Equation 2-93, the porosity of the mixture (¢) is
¢ = % = ¢,v, (2-94)
Since the sum of the volume fractions equals one, i.e.,
d+v, +vn=1 (2-95)
the volume fraction of salt is given as
Vip=1—-¢—vnp (2-96)

Therefore, the final volume of the crushed salt V,/, which is the same as the volume
of solid salt, is obtained when V, = 0 which implies that ¢, =0 and ¢ =0

VIi=V, =vV (2-97)
Thus, the final volume of the mixture is
VIi=Viy+Va=v,V+V, (2-98)

The volume fraction of the mixture remaining after full consolidation (v/) is ob-
tained by dividing Equation 2-98 by the volume (V') giving

vV =v, o =1-¢ (2-99)

21



The final volume fractions for salt (v]) and the inert material (v/,) are then deter-
mined as

vl = %’)7 (2-100)
vl = ';—’;‘ (2-101)

The final density and moduli of the mixture can then be determined from mix-
ture theory as

o =vlpi+ vipm (2-102)
K! = vl K, + v K, (2-103)
G! = v],Gi, + vLGn (2-104)

2.3.3 Material Properties for Crushed Salt Mixtures

2.3.3.1 Crushed Sait/Bentonite Mixture

The functional forms of the crushed salt/bentonite mixture constitutive rela-
tions were selected to be the same as those present in Section 2.2 for crushed salt.
However, the material parameters were modified based on available information
to be more representative of the crushed salt/bentonite mixture. The nonlinear
elastic parameter values describing the nonlinear moduli for a 70/30 percent by
weight crushed salt/bentonite mixture defined in Equation 2-38 are given in Table
2-4. Table 2-4 also gives the initial and final or intact densities for the crushed
salt/bentonite mixture. The final or intact material density was taken to be 2,260
kg/m®. Pfeifle [1990] gives a value of 2,266 kg/m* for a 70/30 percent by weight
crushed salt/bentonite mixture, assuming a solid density for salt of 2,120 kg/m®
and a solid density for bentonite of 2,700 kg/m®. The initial material density was
selected such that the initial porosity of the crushed salt/bentonite mixture was the

same as that assumed for the crushed salt. Because of the lack of test data for the
elastic properties of the crushed salt/bentonite mixtures, the parameter values for

the nonlinear elastic moduli were assumed to be the same as crushed salt. However,

the K, and G parameters were computed based on the final density value such that

the ultimate moduli values (K; and G;) are reached when the mixture attains the
final density.

Table 2-5 presents the parameter values for the creep consolidation constitutive
equation given in Equation 2-52. The crushed salt/bentonite material parameters
are taken from Pfeifle [1990]. The material parameter values for the creep con-
solidation model for the crushed salt/bentonite experiments conducted by Pfeifle
[1990] at various moisture contents are given in Table 2-5. The property values
labeled Selected represent the parameter value set chosen to represent the crushed
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salt/bentonite backfill. These parameter values were selected because they repre-
sent the three tests performed by Pfeifle [1990] reasonably well; however, they do
not represent the tests well over a wide range in pressures as discussed in the next
paragraphs.

Table 2-4. Nonlinear Elastic Material Parameters for Crushed

Salt/Bentonite
Parameter Units Value
Ko . MPa 0.01760(%)
K, m®/kg 0.00945()
Go MPa 0.01060(¢)
G m? kg 0.00945(®)
K, MPa 20,626(%)
Gy MPa 12,4230
Po kg/m® 1,478.5()
Py kg/m? 2,260(4)

a) Assumed identical to crushed salt (see Table 2-2).
b) Computed from Equation 2-38 using p; with K; and G values.

)
¢) Computed so that initial porosity was identical to crushed salt.
d) Engineering estimate.

Table 2-5. Creep Consolidation Model Parameter Values for Crushed

Salt/Bentonite
Test|Moisture|Hydrostatic Parameter Values(®
I.D.| Content | Pressure A Bo B,
(%) (MPa) |[(m3kg~'x 1073)|(kg- m™3- s~! x 10?!)|(MPa!)

CS1| 5.3 3.45 to 14 -33.9 0.972 693
CS4 5.24 3.45 to 14 -34.5 1.021 509
CS3 9.97 345to0 7 -30.3 0.970 .084
Selected Crushed Salt/

Bentonite Values —34.5 1.000 600

(a) CS1, CS4, and CS3 parameter values taken from Pfeifle [1990].
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Figure 2-1 plots the log of the volumetric strain rate resulting from the parameter
sets given in Table 2-5 for various fractional densities with an assumed applied
. pressure of 15 MPa. In this series of curves, the selected parameter values for
crushed salt/bentonite seem to fairly well represent the parameter values given by
Pfeifle [1990]. Since very little pressure build up is observed in the crushed salt
until the backfill is nearly compacted, the parameter sets are also illustrated for
lower pressures. Figure 2-2 illustrates the same information presented in Figure
- 2-1 except that the assumed applied pressure is 0.05 MPa. In this series of curves,
the curve for the selected parameter values is similar to the lower curve that was
generated with the parameter values labeled CS{ in Table 2-5. Also note that the
volumetric strain rates for the crushed salt/bentonite are higher than the crushed
salt for low values of fractional density.

Figure 2-3 compares the change in volumetric strain rate with time for crushed
salt and crushed salt/bentonite bodies under a constant pressure of 0.05 MPa. The
parameter values for the crushed salt model given in Table 2-3 were derived by
Sjaardema and Krieg [1987] based on hydrostatic consolidation tests conducted
by Holcomb and Shields [1987] on crushed WIPP salt with added water. The
test duration for these crushed salt tests was typically 23 days. The parameter
values for the crushed salt/bentonite model given in Table 2-5 were derived by
Pfeifle [1990] from multistage tests on crushed salt/bentonite mixtures with added
water. Pfeifle’s test durations ranged from 272 to 305 days, which included a final
permeability measurement stage. The duration of Stage One in the tests ranged
from 70 to 118 days. The curves in Figure 2-3 were generated using the analytical
solution for creep consolidation given in Callahan [1990]. Figure 2-3 shows that
the volumetric strain rate for the crushed salt/bentonite is higher than that of the
crushed salt during early time with the strain rates for both decreasing with time.

After about .01 year, the strain rate for the crushed salt/bentonite becomes less
than the crushed salt strain rate.

2.3.3.2 Crushed Salt/TRU Waste Mixture

Material parameter values for crushed salt are given in Section 2.2.4. Therefore,
to describe material properties for the crushed salt/TRU waste mixture, only the
TRU waste properties need to be defined. Subsequently, mixture properties can
be computed from the equations derived in Section 2.3.2.2. The TRU waste mixed
with the crushed salt is assumed to consist of shredded metal wastes. The simulated
metallic wastes tested by Butcher et al. [1991] included cut up steel, copper, lead,
and aluminum scrap, and Butcher et al. [1991] assumed a solid density of 7,360
kg/m®. Additional discussion of probable metallic waste composition is given by
Butcher [1989] where the assumed solid density of metallic waste is 7,860 kg/m?®.
Table 2-6 gives properties and assumed volume fractions of steel, aluminum, copper,
lead, and tantalum [Butcher, 1990] used in this study. The composite material
properties given in Table 2-6 are assumed to be representative of the shredded
metallic waste. For crushed salt, an initial density of 1,400 kg/m? is assumed. The
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initial crushed salt/shredded metal waste mix is assumed to be 80/20 percent by
volume.

Table 2-6. Metallic Waste Components Properties

c Volume| Density Modu.lu.s of Poissc.)n’s Shear " Bulk o
omponent (%) |(kg x m~%) Elasticity Ratio |Modulus'* [Modulus
(GPa) (—) (GPa) (GPa)
Steel 64 7,860(¢) 207(¢) 0.27(9) 81 150
Aluminum 14 2,700(4) 69(4) 0.33() 26 68
Copper 11 8,960(9) 117(9) 0.34(¢) 44 122
Lead 7 11,350(9) 14(4) 0.30(¢) 5 12
Tantalum 4 16,600(4) 186(4) 0.27(¢) 73 135
Compositel) | 100 7,845 163 0.29 64 125

(a) Computed using 5(1%17

(b) Computed using i(%)"

(¢) McClintock and Argon [1966).
(d) Lynch [1974].

(e) Engineering estimate.

(f) Computed using Equation 2-71.

From the given properties, the initial density and mass fractions can be com-
puted using Equations 2-84, 2-88, and 2-89. Substituting the given values yields the
initial density of the mixture py = 2,690 kg/m?, mass fraction of the salt m, = 0.417,
and mass fraction of the shredded metallic waste m,, = 0.584. From Equations 2-91
and 2-94, initial values for the porosities of the salt and the mixture are found to
be ¢, = 0.346 and ¢ = 0.277. From Equation 2-96, the volume fraction of solid
salt is v;, = 0.523. Therefore, from Equations 2-99, 2-100, and 2-101, respectively,
v/ = 0.723, v/, = 0.724 , and v, = 0.277. From Equations 2-102, 2-103, and
2-104, respectively, the final density is p/ = 3,720 kg/m?, the final bulk modulus is
K/ = 49,500 MPa, and the final shear modulus is G/ = 26,600 MPa.

2.4 TRU WASTE

Two TRU waste forms are considered in this section: (1) a mixture of metallic,
combustible, and sludge wastes and (2) a vitrified TRU waste. Two material models
are required to characterize the behavior of these two TRU waste forms: (1) a
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nonlinear elastic model to represent the composite TRU waste mixture and (2) a
linear elastic model to represent the vitrified waste.

TRU waste forms are nonstandard and considerably variable in nature and quan-
tity (e.g., see Butcher [1989]). TRU waste drums will be randomly placed within
storage rooms at the WIPP site without regard to waste type. Wastes types may
also be mixed within individual drums. Because of this random placement and
mixture of wastes, it is necessary to assume that the waste drums can be charac-
terized by a composite (or mechanically equivalent) waste drum. Therefore, a non-
linear elastic material model is developed to represent the composite TRU waste.
Although TRU waste compaction is known to be irreversible, it is modeled as a

nonlinear elastic material recognizing that the model is valid only if the load on the
waste is monotonically increasing.

Vitrification is a possible waste treatment. Therefore, a model is developed to
represent the glass-like substance resulting from a TRU vitrification process.

2.4.1 Nonlinear Elastic

As a first attempt, the nonlinear elastic model described in Section 2.2.2 was
used to describe the behavior of a composite TRU waste. However, the functional
form presented for the bulk modulus (Equation 2-38) did not adequately fit the
simulated TRU waste compaction data. Therefore, an alternate functional form

for the nonlinear elastic model was developed that fits the simulated TRU waste
compaction data better. This model is

1, ¢
0a = —In(= 2-105
(2 (2-105)
where
o, = axial stress, o, = 30,

Omn = mmnean stress
x = material parameter

porosity
¢o = initial porosity.

3
|

The assumption stated above (i.e., 0, = 30,,) is significant. The need for this
assumption stems from the fact that the experiments were conducted on the com-
paction of simulated waste in rigid steel sleeves [Butcher et al., 1991] and only the
axial stress component was measured. To evaluate the parameter values for the
TRU waste model, all three stress components need to be known. Two bound-
ing assumptions to infer values for the lateral stress components are (1) the lateral
stress components are zero (i.e., 0, = 30,,) and (2) the lateral stress components are
equal to the axial stress (i.e., 0, = 0,n/3). Assumption 1 represents an unconfined
test, and Assumption 2 represents a hydrostatic test. Neither assumption is correct
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in the sense that it represents the conditions in the experiment; however, the two
assumptions bound the true stress conditions. The first assumption was adopted
because it provides the less stiff representation of the TRU waste. The less stiff
representation is felt to be more conservative because it provides less resistance to
room closure and lower back pressure on the surrounding backfill, which increases
the time required to obtain lower porosities in the backfill surrounding the TRU
waste,

In terms of porosity, Equation 2-105 may be stated as
¢ = ¢o exp(xa,) (2-106)

Porosity and density are defined as

o=1-2 (2-107)
Py
Po
_ 2-108
p 1+e, ( )

where

p = current density

po = initial density

py = final density or intact material density
¢, = volumetric strain.

Parameters ¢, and « are found by fitting Equation 2-106 to axial stress/porosity
data (Appendix A) using least squares methods. Equation 2-106 implies an initial
porosity of ¢¢ and a porosity that approaches zero as the compressive stress (com-
pressive stress is taken to be negative) approaches infinity.

From the TRU waste compaction equation, expressions for the moduli need to

be derived to complete the nonlinear elastic model. The tangent bulk modulus (K)

can be stated as
don dond¢ dp

= de;,  d¢ dpde,

(2-109)

Performing the differentiation indicated in Equation 2-109 on Equation 2-105 results
in

p!
= e— 2-110
3xpo(ps — p) (2-110)
From Equation 2-110, the initial bulk modulus (K;) is
Po
Ki=—2 2-111
3k(ps ~ po) ( )

Also note that the bulk modulus is infinite when the final density is reached. There-
fore, from a practical standpoint, it is necessary to prescribe a final bulk modulus
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value that corresponds to an intact material density that is less than p; when per-
forming analyses. Equation 2-110 may also be expressed in terms of the porosity

as
(1 —¢)%py
3rdpo

To derive a corresponding functional form for the shear modulus (G), a constant

value for Poisson’s ratio of v = 0.25 is assumed. Poisson’s ratio expressed in terms
of K and G is

K = (2-112)

U_3K—2G
" 6K +2G

Substituting the value for Poisson’s ratio into Equation 2-113 and solving for G
yields

(2-113)

G= gx (2-114)

Therefore, using Equation 2-110, the expression for the shear modulus is

p

" 3xpo(ps — p) (2413

where A = %fc.

With the nonlinear elastic moduli described by Equations 2-110 and 2-115, the
nonlinear elastic model is completed using the procedure described in Section 2.2.1.

2.4.2 \Vitrified Waste

Vitrified waste is assumed to be a linear elastic material. Therefore, the consti-
tutive relation given in Section 2.1.1 also applies to the vitrified waste.

2.4.3 Material Properties for TRU Waste

The laboratory data used to determine the constitutive parameters for TRU
waste compaction were obtained from Sandia National Laboratories (SNL). Tests

were performed on three general types of simulated waste: combustible, metallic,
and sludge wastes. The data consist of axial stress (0,) versus porosity (¢) pairs
for each of the waste types and are reproduced in Appendix A. The assumption
discussed in Section 2.4.1 (i.e., 0, = 30y,) is applied to interpret and use the axial
stress data. The experimental data and their corresponding fits to Equation 2-106
are shown in Figure 2-4. Because of the assumption discussed above, ordinate values
in Figure 2-4 need to be divided by three to obtain information relating mean stress
to porosity. Equation 2-106 fits the data quite well over most of the stress range;
however, as seen in Figure 2-4, the fits are rather poor in the low-stress regime.

Table 2-7 contains parameters describing the individual waste types. The av-
erage solid densities for each of the waste types were obtained from Butcher et al.
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Figure 2-4. Compaction Data (Appendix A) and Fits for Individual Waste Types.
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[1991]. The model parameters (¢o and k) were determined for each of the waste
types by fitting the experimental data to Equation 2-106. Initial densities were cal-
culated from the solid density values and the fitted initial porosity values for each
waste type using the following relationship:

po = p5 (1~ ¢o) (2-116)

Table 2-7. Individual Waste Type Characteristics

Solid Initial x Initial
Waste Type| Density |Porosity MPa-! Density
ps (kg/m®)| 4o (MPa™) po (kg/m?)
Combustible 1,920 0.801 0.121 383
Metallic 4,000 0.758 0.044 967
Sludge 2,370 0.377 0.085 1,480

2.4.3.1 Models for Composite Waste Canisters

In this section, the waste drums are characterized by a composite (or mechan-
ically equivalent) waste drum. A composite TRU waste drum as determined by
Butcher et al. [1991] initially contains 40 percent combustible waste, 41 percent
metallic waste, and 19 percent sludge waste by volume.

Two one-dimensional methods of combining the individual waste characteristics
together to form a composite waste model are examined. The first model assumes
that the three individual waste types are analogous to three nonlinear springs in se-
ries. The second model assumes that the three individual waste types are analogous
to three nonlinear springs in parallel. Diagrams of the series and parallel models
are shown in Figures 2-5 and 2-6, respectively. The following sections describe how

stress/porosity data is generated and fitted to the nonlinear elastic functional form
describing the waste.

Series Model

In the series model (Figure 2-5), the initial length of each spring is proportional
to the initial volume fraction of the waste type it represents. Axial stress is assumed
to be the same in all three materials and is equivalent to the stress in the composite
model. Stress/porosity data pairs were generated at stress levels ranging from
0 to —25 MPa. The porosity for each of the individual waste types was found
using Equation 2-106 and the parameter values in Table 2-7. The porosity of the
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composite series model was determined from

b= Void Volume _ V -V, (2-117)
Total Volume 14

where V is the total volume at the current stress and is determined by

3

_ A;po; ’
V= Vo.; TG (2-118)

and V, is the volume of solid materials and is determined from the individual wastes
by

s .
V=Y A (2-119)
i=1 Ps;
where
Vo = initial volume of composite waste
A; = initial volume percentage of waste type ¢
po;, = initial density of waste type 1

p,, = solid density of waste type ¢
¢; = porosity of waste type t, determined from Equation 2-106.

Parallel Model

The parallel model (Figure 2-6) assumes that the cross-sectional area of each
spring is proportional to the original volume fraction of the waste type it represents.
Each waste type is assumed to strain the same amount. Stress/porosity data pairs
were generated at volumetric strain increments of the composite waste. Since the
volumetric strain of each of the individual wastes is equivalent to the volumetric

strain of the composite waste, the porosity of each component can be found from
the following relationship

Po;
$i=1-——Fu 2-120
Pl ) (3120)
where €, is the volumetric strain of the composite model. Note that since each of
the individual wastes is modeled using Equation 2-106, the composite model can
only be strained until one of the individual wastes approaches zero porosity. At

this point, stress approaches infinity. In this case, the sludge waste is the first to
approach zero porosity.

Once the individual porosities are known, Equations 2-117, 2-118, and 2-119
can be used to determine the porosity of the composite waste. The stress in each
individual waste type can be found from Equation 2-106 as

_ In(gy) - In(4o,)

K;

(2-121)
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The composite stress can then be determined from the individual stresses as

3
va=1= =3 A, (2-122)

2.4.3.2 Results

The generated stress/porosity data pairs for both models were fitted to the
nonlinear functional form in Equation 2-106. The resulting parameters are shown
in Table 2-8. Figure 2-7 shows the generated stress/porosity data pairs and the
corresponding least squares fit for each model. The series model fits the nonlinear
elastic functional form very well except at very low stresses. The parallel model,
however, does not fit the functional form very well. Therefore, the series model
was selected to represent the TRU waste. As the compressive stress approaches
infinity, the functional form in Equation 2-106 approaches zero porosity; whereas,
the parallel model data approaches a porosity of 0.52.

Table 2-8. Composite Waste Characteristics

Solid Initial . Initial
Model | Density |Porosity (MPa-") Density
ps (kg/m®)| & po (kg/m?®)
Series 2,790 0.650 0.068 978
Parallel 2,790 0.637 0.169 1,010

The solid demnsity of the composite waste is determined from the relationship

3
Vo Z A;po;
y=1
- == 2-123
pr= 7 (2-123)
where m is the mass of the composite waste and the solid volume, V,, is found using
Equation 2-119. Equation 2-116 can then be used to determine the initial density

of the composite waste for each model. The calculated values of initial and solid
densities for the two models are shown in Table 2-8.

2.4.3.3 Composite TRU Waste Properties

Series and parallel formulations are derived in the preceding sections to represent
the composite TRU waste package. Since the series representation provides the best
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fit to the simulated TRU waste compaction data, parameter values generated using
the series model are chosen to represent the TRU waste. However, the parameter
values require modification to represent the selected composite TRU waste. The
composite TRU waste drum as determined by Butcher et al. [1991] initially contains
40 percent combustible waste, 41 percent metallic waste, and 19 percent sludge
waste by volume. The drum weights and the average solid densities for each of the
three waste types is taken from Butcher et al. [1991]| and are shown in Table 2-9.
The volume of the drum used for encapsulating the wastes is 0.21 m® (55 gal). The
volume of the solids is calculated by dividing the drum weight by the solid density,
pys (i.e., the density of fully compacted, consolidated waste). The initial density, p,,
is calculated by dividing the drum weight by the drum volume.

Table 2-9. TRU Waste Drum Characteristics

Waste Type Drum Weight | Solid Density | Solids Volume | Initial Density
(kg) (kg/m®) (m®) (kg/m®)
Combustible 77.0 1,920 0.0401 367
Metallic 101.5 4,000 0.0254 483
Sludge 218.0 2,370 0.0920 1,038
Composite(s) 114.0 2,593 0.0439 542

(a) Based on Volumetric Distribution of 40 percent Combustible, 41 percent Metallic,
and 19 percent Sludge.

Using the percentage volumetric distribution of waste types, the volume of solids
in the “typical composite TRU waste package” is 0.044 m3. The weight and initial
density of the composite TRU drum are 114 kg and 542 kg/m3, respectively. The
solid density of the typical composite TRU waste drum (fully consolidated) can
then be calculated to be 2,593 kg/m®. The initial porosity (void fraction), ¢,, is
calculated from the Equation 2-120, which yields a value of 79 percent.

As shown in Table 2-8, the series model representation corresponds to an initial
porosity of 0.65 and an initial density of 978 kg/m3; whereas, the selected repre-
sentative composite TRU waste has an initial porosity of 0.79 and initial density of
542 kg/m3. Thus, a difference exists between the series model representation of the
TRU waste and the described typical composite TRU waste package. The series
model results in a poor estimate of initial density and porosity of the typical com-
posite TRU waste package. If the appropriate initial density and porosity values of
the typical composite TRU waste package are used, the least squares curve of the
series model will not be followed. As a compromise resolution to this problem, the
appropriate initial density value was deemed the most important parameter, and
the product of x and initial density was maintained constant. Thus, po=542 kg /m?®
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and x£=0.122 MPa~! was used for the selected composite TRU waste. In addition,
since the moduli are infinite when the final density is reached, a final density value
of 2,599 kg/m® was selected so that the actual final density of 2,593 kg/m® could
be attained without causing numerical difficulties.

In summary, the composite TRU waste has an initial density of 542 kg/ m?3, an
initial porosity of 79 percent, and a final density of 2,599 kg/m?*. Equations 2-110
and 2-115 are used to compute the moduli as a function of density. The parameter
values used in these equations are x=0.1224 MPa~! and A=0.2040 MPa~!. Sub-
stitution of these values into Equations 2-110 and 2-115 gives values for the bulk
and shear moduli of 5,442 MPa and 3,265 MPa, respectively, at a density of 2,593
kg/m?3.

2.4.3.4 \Vitrified Waste Properties

The linear elastic parameter values for the constitutive relation given in Equation
2-3 are given in Table 2-10. The vitrified waste material parameters are taken from

McClintock and Argon [1966] for glass. Density of glasses range from about 2,200
to 3,800 kg/m>.

Table 2-10. Elastic Constants for Vitrified Waste

Parameter Units Value
E MPa 67,560
v — 0.25
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3.0 FINITE ELEMENT IDEALIZATION OF
DISPOSAL ROOM

The finite element program SPECTROM-32 was used in this study to analyze
the structural behavior of a hypothetical WIPP room for storing nonheat-producing
transuranic (TRU) waste. The configuration modeled consists of an infinite series of
disposal rooms 10.06 m wide by 4.0 m high and separated by pillars spaced at 40.54
m on center in the horizontal direction. Because one of the objectives of this study
was to obtain results for comparison with the results obtained from similar calcu-
lations performed by Weatherby [1989] using SANCHO, geometric simplifications
were made for consistency. The geometric simplifications made include:

1. The rooms were assumed to be located in a homogeneous layer of bedded salt

thus eliminating the need to model the numerous stratigraphic layers present
at the WIPP.

2. The deformation was assumed to be symmetric about a horizontal plane that
passes through the center of the rib. Hence, the modeled region consists of
the material above the symmetry plane.

3. The vertical extent of the region to be modeled was limited to 27 m above
the room centerline. A boundary located this close to an excavation can be
expected to influence the results; however, comparisons of the different backfill
scenarios should not be compromised.

The finite element mesh used for all of the calculations presented in this report is
shown in Figure 3-1. The finite element mesh contains 400 nodes and 399 four-node,
quadrilateral elements. The finite element mesh is composed of three distinct regions
that were used to represent the materials necessary to analyze the different room
scenarios. The room detail given in Figure 3-1 shows the regions used to represent
the TRU waste (if present) and the backfill materials. Region One is approximately
a 4.69 m wide by 1.45 m high area in the lower left corner of the mesh. This model
region represents the space occupied by the TRU waste. Region Two surrounds
Region One and extends to the boundary of the room surface. Region Two was
used to represent the backfill material that covers the waste. Regions One and Two
comprise the disposal room and the remaining region represents the intact salt in
the vicinity of the disposal room. The corners of the disposal room were assumed to
be round (0.23 m radius) to match those at the WIPP site. The cross-sectional area
of the waste and backfill regions are 6.77 m? and 3.28 m?, respectively, yielding the
total cross-sectional area for one-fourth of the disposal room of approximately 10.05
m?. Symmetry conditions require no displacements normal to the boundary along
the bottom, left, and right edges of the mesh. These kinematic constraints were
prescribed as the boundary conditions for the mesh. The temperature throughout
the modeled region was specified as 300 K.
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The initial stress field before excavation was assumed to be a homogeneous,
lithostatic state of stress. The magnitude of the initial stress field was defined by
prescribing a superincumbent overburden traction of 14.3 MPa as shown in Figure
3-1. Gravitational forces were neglected with lateral earth pressure coefficients equal
to one. Therefore, the initial state of stress everywhere in the defined problem region
was 0, = 0y = 0; =—14.3 MPa. The initial stress condition for each of the analyses
following excavation was established by excavating the disposal room into the host
medium under the assumed lithostatic stress condition. Subsequently, the backfill
was emplaced under stress-free conditions (i.e., body forces were neglected in the
backfill). As a consequence of the assumed symmetry condition about the bottom
boundary, the waste in the finite element model is located in the center of the
room and is surrounded on all four sides by the backfill material. In the actual
configuration, the waste will rest on the floor of the room and be surrounded by
the backfill material on three sides.
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4.0 RESULTS OF DISPOSAL ROOM ANALYSES

In this chapter, results are presented for six different room emplacement scenar-
ios. Because these results are based on mechanical properties derived from a limited
number of experiments and the constitutive models considered are currently in the
development stage, results should be tempered with the validity of the specific prop-
erties and constitutive relations used to produce them. Numerical simulations of
the different room emplacement scenarios were conducted assuming the following
room contents.

1. Room completely filled with crushed salt.

2. Room completely filled with a 70 percent crushed salt — 30 percent bentonite
(by weight) mixture.

3. TRU waste covered with crushed salt.

4. TRU waste covered with a 70 percent crushed salt — 30 percent bentonite
(by weight) mixture.

5. An 80 percent crushed salt — 20 percent shredded metallic waste (by volume)
mixture covered with crushed salt.

6. Vitrified waste covered with crushed salt.

The constitutive relations and material properties of the intact salt, backfill mate-
rials, and wastes used for these calculations are given in Chapter 2 and the finite
element idealization is discussed in Chapter 3. In each of these analyses, the back-
fill and TRU waste were stress-free in the room at the beginning of the simulation
(time = 0), and the creep deformation was simulated for 200 years. Additional
details of each analysis and specific results are provided in the remainder of this
chapter. Appendix B provides a comparison of selected results obtained from this
study and those obtained by Weatherby [1989] and Weatherby and Brown [1990]
using SANCHO for the first three aforementioned analyses. Appendix C includes
history plots of void fraction and mean stress for each of the analyses.

41 ROOM FILLED WITH CRUSHED SALT

The closure of a room filled with crushed salt was analyzed assuming an initial
density for the crushed salt to be approximately 65 percent of the intact density
of salt. The initial and fully compacted densities specified for the crushed salt
were 1,400 kg/m® and 2,140 kg/m®, respectively. This corresponds to an initial
void fraction of approximately 35 percent. During the course of the simulation,
the volume of the crushed salt backfill was sufficiently reduced such that all of the
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voids were removed and the density of the crushed salt reached the intact density
of salt. When crushed salt elements attained the intact salt density, the crushed
salt elements were changed to a creeping material obeying the Munson-Dawson
constitutive model. The Munson-Dawson model parameter values used are the
same as those for intact salt given in Chapter 2.

The room closure history of the disposal room backfilled with crushed salt is
shown in Figure 4-1. In this figure and throughout this report, the horizontal
closure is the change in the width at the midheight of the room expressed as a
percentage of the original room width. Similarly, the vertical closure is the change
in the height of the room at the center of the roof expressed as a percentage of the
original room height. The maximum horizontal and vertical closures obtained for
this analysis are 11 percent and 28 percent, respectively.

The void reduction in the disposal room expressed as a percentage of the ini-
tial void volume is shown in Figure 4-2 as a function of time. In this figure and
throughout this report, the void reduction is the difference between the initial void
volume and the current void volume expressed as a percentage of the initial void
volume. Thus, the void reduction value will always be zero at the beginning of an
analysis and will increase to 100 percent when the material becomes fully consoli-

dated (voids are no longer present). The void reduction values were computed from
the following relationship.

v=-Yt—0 (4-1)

where

v = the void reduction in the element or region
V» = the void volume in the element or region
V. = the initial void volume inside the element or region.
As shown in Figure 4-2, 95 percent of the original void in the room is eliminated

after approximately 19 years. The average void fractions presented in Appendix C
were calculated using the following relationship:

V. _W+AV
Ve Vo

v} (4-2)

where

v; = the void fraction in the element or region

V?® = the original volume of the element or region

AV = the difference between the current volume and
the initial volume inside the element or region.
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As illustrated in Appendix C, the average void fraction in the room decreases to
5 percent of the total room volume approximately 13 years after emplacement of
the backfill. Note, however, that Weatherby [1989] used the current volume for V°
rather than the original volume. Therefore, his computed values are expected to
be consistently higher than values computed using Equation 4-2 since the volume
is decreasing.

The relationship between void fractions that are computed based on the initial
volume and current volume can be easily developed. Equation 4-2 is written for the
void fraction vy in terms of the current volume as

V. _Vo+AV

= = 4-3
YT VerAV Vet Av (4-3)

From Equation 4-2, the volume change may be computed as
AV =wiV° - V2 (4-4)

The void fraction based on current volume is obtained by substituting Equation 4-4
into Equation 4-3, which gives

e — viV?e
A7 (T2

(4-5)

Dividing the numerator and denominator in Equation 4-5 by the initial volume, V'°,
and noting that the initial porosity is ¢y = L‘:'; gives

v}

“Trv =% (+-6)

vy

When a two component backfill system such as TRU waste (superscript t) and
crushed salt (superscript c¢) is considered, Equation 4-6 can be used to develop
the void fraction equations based on the current volume. Assuming that the void
fractions based on the initial volume for the TRU waste and crushed salt regions

(i-e., v and v{") are known from Equation 4-2, the void fractions in the TRU waste
and crushed salt based on the current volume are

t Vs

Ve = o 4-7
71+ v} _p ( )
e vf

UI = 1 T v}g — ¢8 (4—8)

where ¢f and ¢ are the initial porosities for the TRU waste and crushed salt regions,
respectively.
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The total room void fraction (superscript r) can be computed on a volume-
weighted basis from the TRU waste and crushed salt void fractions based on their
current volumes

The current volumes of the TRU waste and the crushed salt are
Vi=v¥ + AV* (4-10)
VeE=Ve + AV® (4-11)

where

V¢ = initial volume of the backfill element or region
V¥ = initial volume of the waste element or region
AV*¢ = volume change of the backfill element or region

AV*® = volume change of the waste element or region.

From Equation 4-4, Equations 4-10 and 4-11 become

VE=VE (1+0)) -V (4-12)
ve=ve (1+0) -V (4-13)
where
V¢ = initial void volume of the backfill element or region
V! = initial void volume of the waste element or region.

Substituting Equations 4-12 and 4-13 into Equation 4-9 gives the void fraction for
the room based on the current volume of the room.

4.2 ROOM FILLED WITH CRUSHED SALT/BENTONITE

The closure of a room filled with a crushed salt/bentonite mixture (70 percent
crushed salt and 30 percent bentonite by weight) was simulated for 200 years. The
initial density and fully compacted or final density of the crushed salt/bentonite
mixture used in this calculation was 1,478.5 kg/m® and 2,260 kg/m?, respectively,
which corresponds to an initial void fraction of approximately 35 percent (the same
as that used for the crushed salt backfill calculations). In this simulation, the
crushed salt/bentonite backfill did not consolidate sufficiently to reduce all of the
voids and the fully consolidated density was not reached.
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The horizontal and vertical closures of the disposal room backfilled with crushed
salt are shown in Figure 4-3. The maximum horizontal and vertical closures ob-
tained are 10 percent and 24 percent, respectively. Comparing these results with
the crushed salt results in Figure 4-1 shows that the crushed salt and crushed
salt/bentonite closures are nearly the same in both magnitude and rate for the first
5 years. This indicates that the room closure is primarily driven by the initial state
of stress in the host rock formation and that there is little host rock — backfill
interaction during the first 5 years. Thereafter, the crushed salt/bentonite backfill
room closure rates become significantly less than the crushed salt backfill room clo-
sure rates until about 23 years when the crushed salt is essentially fully compacted.
After 23 years, the crushed salt backfill room closure rate is close to zero and clo-
sure is virtually complete; the crushed salt/bentonite backfill room closure rate is
nonzero but small and closure continues. Thus, the crushed salt/bentonite room
closures accumulate slowly and approach the fully compacted, crushed salt room
closures asymptotically. Since the crushed salt and crushed salt/bentonite back-
filled rooms were both at the same initial void fractions, the ultimate or final state
of closures of each should be the same. The comparison of closure rates between
crushed salt and crushed salt/bentonite backfills may be better understood using
Figures 2-1 through 2-3. These figures compare the volumetric strain rates for sim-
ple constant stress situations. The crushed salt/bentonite consolidation rates are
initially greater than those of the crushed salt and eventually become significantly

less which causes the crushed salt/bentonite backfill to approach full consolidation
at a much slower rate than crushed salt.

The void reduction in the disposal room expressed as a percentage of the to-
tal initial void volume is shown in Figure 4-4 as a function of time. As shown in
Figure 4-4, approximately 14 percent of the original void volume remains in the
room after 200 years. Comparison of the crushed salt (Figure 4-2) and crushed
salt/bentonite void reductions again shows the much slower rate at which the
crushed salt/bentonite backfill approaches full consolidation. As illustrated in Ap-
pendix C, the average void fraction reached 5 percent after approximately 191 years.

4.3 ROOM FILLED WITH TRU WASTE AND CRUSHED SALT

The closure of a room filled with TRU waste surrounded by crushed salt was
simulated for a 200-year period. The initial and fully compacted densities used in
this calculation for the TRU waste were 542 kg/m® and 2,593 kg/m?, respectively,
corresponding to an initial void fraction of approximately 79 percent. The initial and
fully compacted densities specified for the crushed salt were 1,400 kg/m? and 2,140
kg/m3, respectively, corresponding to an initial void fraction of approximately 35
percent. The crushed salt was changed to a creeping material obeying the Munson-
Dawson constitutive model when the volume of the crushed salt was sufficiently
reduced such that all of the voids were removed and the density reached the intact
density of salt. The Munson-Dawson model parameter values used are the same as

30



RSI1-163-90-053

70

v ! v T 1 T T
[.T ] .3
—-—- VERTICAL CLOSURE 7
—— HORIZONTAL CLOSURE ]
6o b
&£
4“0 4
5]
o2
g
S 1 e e
%0 r T T -
./'
/
10 7
0 20 60 " 100 186 160 178 200

Figure 4-3. Room Closure History of a Disposal Room Filled With Crushed
Salt/Bentonite.

RSI1-163-90-054

T T T
90 I
................................ |
L I R :
€ » P .
/'/ T
=z & / j
2 /

E sof ; _
2 i .
2 wf, j
S w j —-—- TOTAL FOR ROOM ]
> L
m -
10 :

' ] 1 ] 1 | P | 3 | M | | . L .
s 20 r 60 80 100 120 160 ™ — ~

TIME (Years)

Figure 4-4. Void Reduction in the Disposal Room Filled With Crushed
Salt/Bentonite as a Function of Time.

51



those for intact salt given in Chapter 2. Thus, following complete consolidation,
the crushed salt becomes intact salt. Initially, the stiffnesses of the crushed salt
and TRU waste are very low compared to the host salt formation and the initial
porosity of the TRU waste is very high (79 percent) compared with the crushed
salt (35 percent). Therefore, very little resistance to room closure is provided by
the backfill and waste. As the crushed salt and TRU waste compact, they become
stiffer and provide stabilizing forces for the underground structure and reduce the
room closure rate. However, the stiffness of the TRU waste remains quite low until
it is compacted to within 80 percent of its fully compacted density. Because the
stiffness of the TRU waste is low, little support is provided for the crushed salt
backfill, and the rate of consolidation of the crushed salt is slower than when the
room is completely filled with crushed salt.

The horizontal and vertical closures of the disposal room backfilled with TRU
waste and crushed salt are shown in Figure 4-5. The maximum horizontal and
vertical closures obtained are 21 percent and 54 percent, respectively. Comparing
these closure results with the closure results obtained for the room completely filled
with crushed salt (Figure 4-1) shows that the crushed salt and crushed salt/TRU
waste closures are nearly the same in both magnitude and rate for the first 5 years.
This supports the earlier supposition that there is little interaction between the
host rock formation and the room contents during this initial period. When the
TRU waste, which has an initial void ratio of 79 percent, is present in the room,
the closure rates remain large until about 50 years. At 50 years, the average void
fraction in the TRU waste is about 7 percent, and the TRU waste has become stiffer
and provides more resistance to room closure.

The void reduction in the waste region, backfill region, and for the entire disposal
room expressed as a percentage of the total initial void volume of the respective
regions are shown in Figure 4-6 as a function of time. The percent void reduction
for each region was computed using Equation 4-1. Comparison of Figure 4-6 with
Figure 4-2 for the crushed salt further supports the observation made above with
regard to room closure rates and backfill interaction. During the simulation period,
the contents of the backfilled region were changed to intact salt one element at a
time upon full consolidation. During the 200 years simulated, all of the crushed
salt became fully consolidated except for a small region in the corner of the room.
Similarly, all the void in the waste was virtually eliminated; however, the waste
required considerably more time to reach a fully compacted state. Approximately
30 years were required to reduce the void volume to 95 percent of the initial void
volume for the crushed salt, while 68 years were required for the TRU waste. As
shown in Figure 4-6, the combined contents of the room required approximately 60
years to reduce the void volume by 95 percent. As illustrated in Appendix C, the
average void fraction reached 5 percent in the backfill region, waste region, and in
the room after 15, 60, and 50 years, respectively.
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Figure 4-5. Room Closure History of a Disposal Room Filled With TRU Waste
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4.4 ROOMFILLED WITH TRU WASTE AND CRUSHED SALT/BENTONITE

The closure of a room filled with TRU waste surrounded by a crushed salt/ben-
tonite mixture was simulated for a 200-year period. The initial and fully com-
pacted densities for the TRU waste used in this calculation were 542 kg/m?® and
2,593 kg/m?>, respectively, corresponding to an initial void fraction of approximately
79 percent. The initial and fully compacted densities specified for the crushed
salt/bentonite mixture were 1,478.5 kg/m® and 2,260 kg/m?®, respectively, corre-
sponding to an initial void fraction of approximately 35 percent. During the simu-
lation, the volume of ten crushed salt/bentonite material elements were sufficiently
reduced such that all of the voids were removed and the density reached the in-
tact density of the fully consolidated salt/bentonite mixture. For this analysis,
the crushed salt/bentonite was changed to a nonlinear elastic material following
complete consolidation. The elastic properties for a mixture of crushed salt and
bentonite are given in Chapter 2.

The horizontal and vertical closures of the disposal room backfilled with TRU
waste and crushed salt are shown in Figure 4-7. The maximum horizontal and
vertical closures obtained are 18 percent and 55 percent, respectively. As discussed
previously, the room closure rates and magnitudes during the initial 5-year period
are essentially the same as in the other analyses. The void reduction in the waste
region, backfill region, and for the entire disposal room expressed as a percentage
of the total initial void volume of the respective regions are shown in Figure 4-8 as
a function of time. The percent void reduction for each region was computed using
Equation 4-1. During the 200 years simulated, little of the crushed salt/bentonite
backfill or the TRU waste became fully consolidated. After 200 years, the initial void
volume was reduced by 87 percent for the crushed salt/bentonite, 93 percent for the
TRU waste. As shown in Figure 4-8, the void volume of the total combined contents
of the room was ultimately reduced by 92 percent. As illustrated in Appendix C,
the average void fractions in the backfill region, waste region, and in the room after
200 years are 4.4 percent, 5.4 percent, and 5.1 percent, respectively.

4.5 ROOM FILLED WITH VITRIFIED WASTE AND CRUSHED SALT

The closure of a room filled with vitrified waste surrounded by crushed salt was
analyzed assuming an initial density for the crushed salt to be 65 percent of the
density of intact salt. The initial and fully compacted densities specified for the
crushed salt were 1,400 kg/m* and 2,140 kg/m3, respectively. This corresponds
to an initial void fraction of approximately 35 percent. The vitrified waste was
modeled as a linearly elastic material as described in Chapter 2. In this simulation,
the crushed salt backfill consolidated sufficiently to remove all of the voids, and
the density of the crushed salt reached the intact density of salt. At this point in
the simulation, the crushed salt was changed to a creeping material obeying the
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Munson-Dawson constitutive model. The Munson-Dawson model parameter values
used are the same as those given for intact salt in Chapter 2.

The horizontal and vertical closures of the disposal room backfilled with vit-
rified waste and crushed salt are shown in Figure 4-9. The maximum horizontal
and vertical closures obtained are 2.4 percent and 9.4 percent, respectively. These
closures are substantially less than the other cases examined which illustrates the
effect of a stiff TRU waste component with zero initial porosity. In this case, with
the stiff TRU waste component, the waste and backfill interact with the host rock
formation earlier in time. Comparing Figure 4-9 with the closure results from the
other analyses shows that the vitrified waste and backfill have little effect on the
host rock deformation for approximately 1 year; whereas, the other cases show little
impact for approximately 5 years. The stiffness of the vitrified waste provides the
mechanism for more rapid consolidation of the surrounding crushed salt backfill and
subsequent back pressure on the host formation, which slows the rate of deforma-
tion and reduces the overall magnitude of room closure. As shown in Figure 4-10,
95 percent of the void in the region filled with crushed salt is eliminated after 13
years. As illustrated in Appendix C, the average void fraction reaches 5 percent in
the backfill region within 6 years.

4.6 ROOM FILLED WITH CRUSHED SALT AND SHREDDED METAL
MIXED WITH CRUSHED SALT

The closure of a room filled with shredded metallic waste mixed with crushed
salt was analyzed assuming the mixture contained 80 percent crushed salt and 20
percent metallic waste by volume. The shredded metal/crushed salt mixture was
surrounded on all sides by crushed salt. The initial and fully compacted densities
specified for the crushed salt were 1,400 kg/m?® and 2,140 kg/m?, respectively. This
corresponds to an initial void fraction of approximately 35 percent. The initial and
fully compacted densities specified for the crushed salt/shredded metal mixture
were 2,689 kg/m® and 3,717 kg/m?®, respectively. This corresponds to an initial
void fraction of approximately 28 percent. During the simulation, the shredded
metal/crushed salt mixture and the crushed salt backfill consolidated sufficiently to
remove all of the voids. When the crushed salt and shredded metal/crushed salt
elements attained their respective intact densities, the elements were changed to a
creeping material obeying the Munson-Dawson constitutive model. The Munson-

Dawson model parameter values used are the same as those given for intact salt in
Chapter 2.
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The horizontal and vertical closures of the disposal room backfilled with shred-
ded metal/crushed salt and crushed salt are shown in Figure 4-11. The maximum
horizontal and vertical closures obtained are 9.6 percent and 24.2 percent, respec-
tively. Comparison of these room closure results with those for crushed salt (Figure
4-1) shows identical behavior during the initial period with the final closures being
less for the shredded metal/crushed salt mixture. Combining the shredded metal
waste with the crushed salt includes two items that effect the room closure: (1)
the initial porosity of the shredded metal/crushed salt mixture is less than that of
the pure crushed salt and (2) the shredded metal/crushed salt mixture becomes a
stiffer structural member than the pure crushed salt upon compaction. These two
items result in less room closure and faster consolidation of the crushed salt backfill
covering the shredded metal/crushed salt mixture.

The void reduction in the waste region, backfill region, and for the entire disposal
room expressed as a percentage of the total initial void volume of the respective
regions are shown in Figure 4-12 as a function of time. The percent void reduction
for each region was computed using Equation 4-1. Approximately 16 years were
required to reduce the void volume to 95 percent of the initial void volume for
the crushed salt, while 11 years were required for the shredded metal/crushed salt
mixture. As shown in Figure 4-12, the combined contents of the room required
12 years to reduce the void volume by 95 percent of the initial void volume. As
illustrated in Appendix C, the average void fraction in the backfill region, waste
region, and in the room reach 5 percent after approximately 11 years.
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5.0 SUMMARY AND CONCLUSIONS

Constitutive relations were developed and modified to simulate the backfill and
host rock formation for disposal room configuration at WIPP including viscoplastic
(creep), nonlinear elastic, creep consolidation, and nonlinear elastic and consolida-
tion mixture models. These constitutive models were incorporated into the finite
element computer code SPECTROM-32. The TRU waste model contains major
uncertainties and assumptions that could significantly affect the results obtained.
Weaknesses exist for the crushed salt constitutive model particularly with respect
to its deviatoric response. The volumetric behavior of the backfill is based on
hydrostatic laboratory tests, but the deviatoric response included is hypothetical.
Further testing and analysis of crushed salt is required to guide the development of
its constitutive model. The completed development effort provides a calculational
support tool to investigate operational and performance questions relevant to the
WIPP disposal room waste isolation strategies.

Different WIPP disposal room backfill configurations were examined for a sim-
ulation period of 200 years. Room contents investigated include crushed salt, a
crushed salt/bentonite mixture, crushed salt covering TRU waste, crushed salt/ben-
tonite covering TRU waste, crushed salt covering a mixture of crushed salt and
shredded metallic waste, and crushed salt covering a vitrified waste. The results
show that disposal room contents do not significantly affect room closure during
the initial 5-year period. This is illustrated in Figures 5-1 and 5-2, which include
plots of the vertical and horizontal room closure histories, respectively, for each of
the cases analyzed. The one exception is the stiff, nonporous vitrified waste, which
provides resistance to room deformation very early in time.

In most cases, the average void fractions became less than 5 percent within 200
years although the time required to obtain these reduced void fraction values varies
significantly for the different backfill configurations. In this case, the void fraction
values are computed using the initial void volume of the region as given by Equation
4-2. The one case that did not attain an average void fraction less than 5 percent
is the crushed salt/bentonite mixture covering TRU waste, which reached a value
of 5.09 percent after 200 years. Table 5-1 gives the time required for the average
void fractions in the room, TRU waste, and surrounding backfill material to reach
a value of 5 percent, and the time required for the average void fraction in the room
(i.e., room refers to and includes all room contents) to reach a value of 0.5 percent.

At an average void fraction of 0.5 percent, the room contents, including waste and
backfill, are essentially fully compacted.

The results given in Table 5-1 are consistent with the room contents. When a
stiff material is covered with crushed salt as in the case of the vitrified waste, the
crushed salt compacts rapidly since the vitrified waste deforms little and the room
deformation is absorbed almost entirely by the crushed salt backfill. Conversely, the
TRU waste packages have initial void ratios much higher than the crushed salt and
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are significantly softer until the TRU waste is compacted significantly. Therefore,
when TRU waste is included in the room, most of the room deformation is absorbed
by the soft TRU waste resulting in longer times to attain reduced void fractions.
When crushed salt/bentonite mixtures are assumed to be the backfill material, the
consolidation rate is reduced and the times shown in Table 5-1 are significantly
greater. However, as discussed in Chapter 2, the creep consolidation parameter
values for crushed salt/bentonite mixtures are based on only three tests. Further

testing on crushed salt/bentonite mixtures may provide information that will have
a significant impact on these results.

Table 5-1. Average Void Fraction Comparisons for the Analyses

Time to Reach Void Fraction Value (Yr)
Analysis 5 Percent 0.5 Percent
Room | Waste | Backfill Room
Crushed Salt 12.7 NA(®) 12.7 22.8
Crushed Salt/Bentonite 191.2 NA 191.2 >200
Crushed Salt and TRU Waste 59.7 49.7 14.8 166.3
Crushed Salt/Bentonite and TRU Waste| 200(%) —(9) 146.8 >200
Crushed Salt and 10.2 9.9 10.6 19.4
Crushed Salt/Shredded Metal Mixture
Crushed Salt/Vitrified Waste 1.3 NA 6.0 13.5

(a) Not applicable.
(b) Actual value was 5.09 percent at 200 years.
(¢) Value was 5.4 percent at 200 years.

Results from SPECTROM-32 and SANCHO are compared for backfilled disposal
room problems with crushed salt and crushed salt-bentonite (Appendix B). The
calculated deformations and stresses from the two analyses agree reasonably well
despite differences in methodology such as the consolidation model, intact salt creep
model, finite strain, and material properties.
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6.0 NOMENCLATURE

creep consolidation material parameter [m3/kg]

Munson-Dawson material parameter [s7!]

= Munson-Dawson material parameter [s7!]

= creep consolidation material parameter [;"!—,]

creep consolidation material parameter [MPa™!]

= Munson-Dawson material parameter [s7]
= Munson-Dawson material parameter {s™!]
= Munson-Dawson material parameter [K™!]

= compliance tensor (MPa™!]

Young’s modulus [MPa)
load vector [MN]

= Munson-Dawson transient function

shear modulus [MPa]

= fully compacted mixture shear modulus [MPaj]

solid (intact) shear modulus [MPa]

inert material shear modulus [MPa]

= crushed salt shear modulus [MPa)]

= nonlinear elastic shear modulus material constant [MPa)]
= nonlinear elastic shear modulus material constant [m?/kg]
= Heaviside step function

= second invariant of deviator stress [MPa?|

= third invariant of deviator stress [MPa?|

bulk modulus [MPa]

fully compacted mixture bulk modulus [MPa]

= solid (intact) bulk modulus [MPa]
= inert material bulk modulus [MPa]

= Munson-Dawson material parameter
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m,

<R}

= crushed salt bulk modulus [MPa]

tangent stiffness matrix [MPa)
nonlinear elastic bulk modulus material constant [MPa)|

nonlinear elastic bulk modulus material constant [m*/kg]

= Munson-Dawson material parameter
= mass fraction of salt

= mass fraction of inert material

total mass [kg]

inert material mass [kg]

crushed salt mass [kg]|
Munson-Dawson material parameter

Munson-Dawson material parameter

= Munson-Dawson activation volume
= Munson-Dawson activation energy [cal/mol]

= Munson-Dawson activation energy [cal/mol]

cal

= universal gas constant [ 22—

-K

= deviatoric stress tensor [MPa]

square of the deviator of the reduced stress [MPa?|

= displacement [m]
= temperature K]

= void reduction

fully compacted volume fraction of a mixture

= void fraction based on current volume
= void fraction based on initial volume
= void fraction for backfill region based on current volume

= void fraction for backfill region based on initial volume

void fraction for waste region based on current volume

void fraction for waste region based on initial volume

= void fraction for room region based on current volume

volume fraction of solid salt in crushed salt
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v, = fully compacted volume fraction of solid salt in crushed salt
vm = volume fraction of inert material

v/, = fully compacted volume fraction of inert material
U, = volume fraction of crushed salt

vd = initial volume fraction of crushed salt

V = total volume [m?]

V° = initial volume [m?]

Vis = solid salt volume within crushed salt [m®]
V. = inert material volume [m?]

V, = crushed salt volume [m?]

V¢ = volume of backfill region [m?|

V¢ = initial volume of backfill region [m?]

Ve = initial void volume of backfill region [m?]
V! = fully compacted mixture volume [m?]

VJ = fully compacted crushed salt volume [m?]
Vit = volume of waste region [m?]

V¥ = initial volume of waste region [m®]

V¥ = initial void volume of waste region [m?]

V., = void volume [m?

V2 = initial void volume [m3]

a = Munson-Dawson material parameter

B = Munson-Dawson material parameter

6 = Munson-Dawson recovery parameter

6;; = Kronecker delta

A = Munson-Dawson workhardening parameter
Af = incremental load [MPa]

Au = incremental displacement [m)]

AV = volume change [m?]

AV*® = volume change in backfill region [m?]

AV*' = volume change in waste region [m?)
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steady-state strain
total volumetric strain

total volumetric strain of crushed salt in a mixture

= steady-state strain for dislocation climb

= steady-state strain from an undefined mechanism
= steady-state strain for glide

= invariant creep strain measure

= Munson-Dawson transient strain limit

inelastic volumetric strain

inelastic volumetric strain of crushed salt in a mixture

total strain tensor

= creep strain tensor

= elastic strain tensor

= equivalent inelastic shear strain measure
= equivalent inelastic shear strain measure

= Munson-Dawson internal variable

empirical constant for creep consolidation model

= generic property of a mixture

= frictional material parameter in creep flow potential

(dimensionless for pressure-dependent, degrees for frictional)

generic property of i* material in a mixture

= material constant in nonlinear TRU waste model [MPa™!]

= material constant in nonlinear TRU waste model [MPa™!]

Munson-Dawson material parameter [MPa]

= Poisson’s Ratio
= density [kg/m?|

fully compacted mixture density [kg/m})

= final or intact material density [kg/m3]

inert material density [kg/m?|

solid salt density within crushed salt [kg/m?)
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P,
bo

c
0

¢
0

Okk

crushed salt density [kg/m?®]

= initial material density [kg/m?]

= initial crushed salt density [kg/m?|
= axial stress [MPa]

= invariant stress measure [MPa]

= mean stress [MPa)|

= Munson-Dawson cut-off stress [MPa]
= invariant stress measure [MPa]

= invariant stress measure [MPa)

= invariant stress measure [MPa]

stress tensor [MPa]

flow dilatancy material parameter in creep flow potential
(dimensionless for pressure-dependent, degrees for frictional)

porosity

= crushed salt porosity

= initial porosity

= initial porosity of backfill region
= initial porosity of waste region
= Lode angle [degrees]

= time rate of change of variable x {s7!]

repeated indices imply summation (oxx = 01; + 022 + 033)
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APPENDIX A
SIMULATED TRU WASTE STRESS — POROSITY DATA

A1l SUMMARY

Appendix A includes axial stress-porosity data pairs supplied by Sandia National
Laboratories. The data are representative of experiments conducted on simulated
TRU waste by Butcher et al. [1991].

A.2 REFERENCES

Butcher, B. M., R. G. VanBuskirk, N. C. Pattie, and T. W. Thomp-
son, 1991. Mechanical Compaction of WIPP Simulated Waste, SAND90-1206, in
preparation, Sandia National Laboratories, Albuquerque, NM.
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Compressive Metallic Combustible Sludge Average

Stress Waste Waste Waste Repository
MPa Porosity Porosity Porosity Porosity
0.4 0.805 0.830 0.549 0.765
0.6 0.783 0.801 0.410 0.722
0.8 0.768 0.776 0.394 0.696
1.0 0.755 0.752 0.377 0.672
1.2 0.741 0.729 0.363 0.649
1.4 0.729 0.706 0.350 0.628
1.6 0.7117 0.683 0.338 0.607
1.8 0.706 0.661 0.328 0.588
2.0 0.696 0.640 0.318 0.570
2.2 0.687 0.620 0.310 0.553
2.4 0.678 0.602 0.302 0.538
2.6 0.670 0.584 0.296 0.525
2.8 0.662 0.567 0.289 0.512
3.0 0.655 0.552 0.284 0.499
3.2 0.649 0.536 0.278 0.488
3.4 0.642 0.522 0.273 0.477
3.6 0.636 0.508 0.268 0.467
3.8 0.630 0.494 0.263 0.457
4.0 0.624 0.482 0.258 0.447
4.2 0.618 0.469 0.253 0.438
4.4 0.612 0.457 0.247 0.429
4.6 0.607 0.446 0.243 0.421
4.8 0.602 0.435 0.237 0.412
5.0 0.596 0.424 0.231 0.404
5.2 0.591 0.414 0.228 0.397
5.4 0.586 0.404 0.224 0.390
5.6 0.581 0.394 0.221 0.383
5.8 0.576 0.385 0.217 0.376
6.0 0.572 0.376 0.214 0.370
6.2 0.567 0.367 0.211 0.363
6.4 0.562 0.358 0.208 0.357
6.6 0.558 0.850 0.204 0.351
6.8 0.553 0.342 0.201 0.345
7.0 0.549 0.334 0.198 0.339
7.2 0.544 0.326 0.195 0.334
7.4 0.540 0.319 0.192 0.328
7.6 0.535 0.312 0.190 0.323
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Compressive Metallic Combustible Sludge Average

Stress Waste Waste Waste Repository
MPa Porosity Porosity Porosity  Porosity

7.8 0.531 0.305 0.187 0.318

8.0 0.527 0.298 0.184 0.313

8.2 0.523 0.291 0.181 0.308

8.4 0.518 0.285 0.179 0.303

8.6 0.514 0.278 0.176 0.298

8.8 0.510 0.272 0.174 0.293

9.0 0.506 0.266 0.171 0.289

9.2 0.502 0.260 0.169 0.284

9.4 0.498 0.254 0.167 0.280

9.6 0.494 0.249 0.164 0.276

9.8 0.490 0.243 0.162 0.272
10.0 0.486 0.238 0.160 0.267
10.2 0.482 0.232 0.157 0.263
10.4 0.478 0.227 0.155 0.259
10.6 0.475 0.222 0.153 0.255
10.8 0.471 0.217 0.151 0.252
11.0 0.467 0.212 0.149 0.248
11.2 0.463 0.208 0.147 0.244
11.4 0.459 0.203 0.145 0.241
11.6 0.456 0.198 0.143 0.237
11.8 0.452 0.194 0.141 0.233
12.0 0.448 0.190 0.139 0.230
12.2 0.445 0.185 0.137 0.226
12.4 0.441 0.181 0.135 0.223
12.6 0.438 0.177 0.133 0.220
12.8 0.434 0.173 0.131 0.216
13.0 0.430 0.169 0.129 0.213
13.2 0.427 0.165 0.128 0.210
13.4 0.423 0.162 0.126 0.207
13.6 0.420 0.158 0.124 0.204
13.8 0.417 0.154 0.122 0.201
14.0 0.413 0.151 0.120 0.198
14.2 0.410 0.147 0.118 0.195
14.4 0.406 0.144 0.117 : 0.192
14.6 0.403 0.140 0.115 0.189
14.8 0.399 0.137 0.113 0.186
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APPENDIX B
COMPARISON OF SPECTROM-32 AND SANCHO RESULTS

B.1 INTRODUCTION

The purpose of Appendix B is to compare results obtained using SPECTROM-
32 and presented in this report to those obtained using SANCHO [Weatherby, 1989
and Weatherby and Brown, 1990| for those types of problems common between the
different analyses. Fundamental differences between the analyses are discussed in
the next section before these results are presented.

B.2 DIFFERENCES BETWEEN ANALYSES

Several differences exist between the methods used to analyze the backfilled dis-
posal rooms. The two most significant differences relate to the constitutive relations
used for the various materials and the finite-strain formulation in SANCHO versus
the small-strain formulation in SPECTROM-32. The following sections elaborate
on the differences between the analyses.

B.2.1 Basic Problem Parameters

The basic problem parameters consist of the room and pillar geometry, depth
of the room, mesh refinement of the modeled region, temperature, and boundary
conditions. The same basic problem parameters were used for all SPECTROM-
32 analyses, and except for a variation in the mesh refinement, the basic prob-
lem parameters in the SPECTROM-32 analyses are identical to the crushed-salt
backfill and crushed-salt/TRU waste SANCHO analyses presented by Weatherby
[1989]. However, the crushed salt/bentonite backfill analysis presented by Weath-
erby and Brown [1990| differs from the other analyses in two ways: (1) the total
mesh height was 54 m rather than 27 m and (2) the overburden pressure was 14.8
MPa rather than 14.3 MPa as shown in Figure 3-1. The mesh refinement used for
the SPECTROM-32 analyses is shown in Figure 3-1 and does not vary significantly

from that used by SANCHO for the crushed-salt backfill and crushed-salt/TRU
waste analyses.

B.2.2 Crushed Salt Model and Material Constants

The crushed-salt consolidation volumetric response model used in both analyses
was developed by Sjaardema and Krieg [1987]. Although the nonlinear elastic com-
ponent of the crushed salt consolidation model was the same in the SPECTROM-32
and SANCHO analyses, corresponding elastic material constants for crushed salt
used in the SANCHO analyses were reduced by a factor of 12.5 [Weatherby, 1989|.
This reduction in elastic properties stems from a recommendation by Morgan [1987]
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that is based on the usage of the early version of the reference constitutive relation
for salt creep (i.e., WIPP secondary creep law) that produced good agreement be-
tween calculated and measured deformations of WIPP field experiments. Table B-1
gives the nonlinear elastic model for crushed salt along with the respective param-
eters values used in the two analyses. Note that volumetric compaction is taken to
be negative.

Table B-1. Nonlinear Elastic Model and Material Parameters for
Crushed Salt

Value Value
Parameter | Units| opbpcTROM-32 Analyses)|(SANCHO Analyses)
Ko MPa 0.01760 0.00141
K, m®/kg 0.00653 0.00653
Go MPa 0.01060 0.000864
Gy m3/kg 0.00653 0.00653
K, MPa 20,626 1,653
Gy MPa 12,423 1,013
Po kg/m3 1,400 1,400
py kg/m® 2,140 2,140

K = Koe e
G = Goeet
where ¢, = total volumetric strain
Po=2p (1 + €v)
Note: If K > K;, then K = K; and G = Gy
If G > Gy, then G=Gyand K = K;

The volumetric creep consolidation component of the crushed salt model is es-
sentially the same for the SANCHO and SPECTROM-32 analyses. The crushed salt
consolidation model developed by Sjaardema and Krieg [1987] given in Chapter 2
was implemented into SANCHO [Weatherby, 1989] and SPECTROM-32 [Callahan,
1990]. The volumetric creep consolidation model parameters values used in the two

analyses were identical and are given in Table 2-3 for crushed salt and Table 2-5 for
the crushed salt/bentonite mixture.

A deviatoric component was added to the creep consolidation model used in
SPECTROM-32. Volumetric-only models are deficient because they produce
unrealistic results. For example, a cylinder subjected to uniaxial compression will
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also compact laterally since the cylinder has a mean stress component. As dis-
cussed in Chapter 2, a deviatoric component was arbitrarily developed to offset
the lateral strain components generated under uniaxial loading. A more complex
deviatoric component is difficult to justify since, until recently, laboratory data
for creep consolidation were limited to tests conducted under hydrostatic loading.
SANCHO used a form of the WIPP secondary creep law for intact salt as modified
by Sjaardema and Krieg [1987) for the deviatoric response of the crushed salt.

B.2.3 Intact Salt Model

Recently, a new WIPP reference constitutive relation for intact salt creep was
proposed [Munson, 1989]. The original baseline WIPP constitutive relation (sec-
ondary creep law) along with a Mises-type flow potential was used in the SANCHO
analyses. The Munson-Dawson constitutive relation (see Chapter 2) along with a
Tresca flow potential was used in the SPECTROM-32 analyses to describe the in-
tact salt behavior. This combination was recommended by Munson [1989] because
of favorable results from a previous study [Munson et al., 1989].

Similar to the crushed salt, the elastic properties of intact salt recommended by
Munson [1989] were reduced by a factor of 12.5 for the SANCHO analyses. The
SPECTROM-32 analyses did not use reduced elastic constants. Note that in both
sets of analyses, the crushed salt elastic constants approach the intact salt elastic
constants as the crushed salt becomes fully consolidated; however, the properties in
the SANCHO analyses were modified by the 12.5 reduction factor.

B.2.4 TRU Waste Model

The SPECTROM-32 analyses used the nonlinear elastic material model devel-

oped in Section 2.4 for the TRU waste; whereas, SANCHO used a volumetric plas-
ticity model.

B.3 COMPARISON OF RESULTS

Three common analyses performed using SPECTROM-32 and SANCHO exist

for comparison:
1. Room completely backfilled with crushed salt.

2. Room completely backfilled with crushed salt/bentonite.

3. Room containing TRU waste covered with crushed salt.

The SANCHO results for each of these analyses were obtained by digitizing the
graphical information presented in Weatherby [1989] and Weatherby and Brown
[1990]. Figures B-1 through B-6 compare the room closure and average void fraction
results obtained for the room simulations using SANCHO and SPECTROM-32.
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Figure B-1 compares the room closure results and Figure B-2 compares the
average void fraction for the two analyses of the room backfilled completely with
crushed salt. The SPECTROM-32 results show faster room closure than SANCHO
and consequently a shorter time to fully consolidate the backfill. Figures B-3 and
B-4 show the same results for the crushed salt/bentonite backfill analysis. Despite
the differences between the SPECTROM-32 and SANCHO analyses, the crushed
salt/bentonite backfill analyses results compare extremely well. Figures B-5 and

B-6 illustrate the comparison of the room closures and average void fractions ob-
tained for the TRU waste covered with crushed salt.
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Figure B-1. Comparison of Room Closures for a Room Filled With Crushed Salt.
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Figure B-2. Comparison of the Average Void Fractions in a Room Filled With
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RSI-163-90-067

1 | | I - : l
- » SANCHO ]
b S goo i
HORIZONTAL CLOSURE OO0 HORIZONTAL CLOSURE
1 -
[
il -
)
ol
° 9 o o0 600
(&} 0 0 8 9__.°_.°__.2_._°_._°._°._‘.‘_.°__._°__°__c_=__g__o_ ________________
20 D_n_g_j _2._9- o 9 .- -
ef“
10 .;"
° l I ' ' 1 | 1
) 26 60 76 00 —_— L L 1
TIME (Years)
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Figure B-4. Comparison of Room Closures for a Room Filled With Crushed
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The results obtained from the TRU waste problem (Figures B-5 and B-6) are
somewhat similar but do not compare as well as the two previously discussed analy-
ses. An important component in this analysis is the TRU waste, and the constitutive
models used in SPECTROM-32 and SANCHO for TRU waste are considerably dif-
ferent. Thus, the difference in the TRU waste model is thought to be the primary
reason for the larger discrepancies between the two solutions.
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APPENDIX C
AVERAGE VOID FRACTION AND MEAN STRESS RESULTS

C.1 SUMMARY

Appendix C includes average void fraction and mean stress results for the six
cases investigated in Figures C-1 through C-6 and Figures C-7 through C-12, re-
spectively. The average void fractions shown are computed using Equation 4-2,
which is based on the initial volume of the region considered. When more than
one component is included in a storage room, the average void fractions for each of
the components are shown. For example, the case involving crushed salt and TRU
waste room contents, with results shown in Figure C-3, includes three curves — one
curve each for the TRU waste, crushed salt, and room. Each of these curves was
computed using Equation 4-2 with the void volume and initial volume representing
the specific region of interest. The curve labeled Room represents the average void
fraction of the combined waste and backfill in the room (i.e., total room contents).
The average void fraction for the room is computed by weighting the average void
fractions in the waste and the backfill according to their respective volumes and
dividing by the initial volume of the room.

Figures C-7 through C-12 illustrate the mean stress at three distinct locations
in the room. These three locations are labeled Center, Roof, and Rib. Center refers
to the center of the room with mean stress results taken from the element nearest
the center of the room. Roof refers to the center of the room near the roof with
mean stress results taken from the backfill element nearest the center of the room
at the intact salt/backfill interface along the roof. Rib refers to the midheight of the
room near the rib with mean stress results taken from the backfill element nearest
the midheight of the room at the intact salt/backfill interface along the rib.
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Figure C-5. Average Void Fraction in a Disposal Room Filled With Vitrified
Waste and Surrounded by Crushed Salt.
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Figure C-7. Mean Stress History in a Disposal Room Filled With Crushed Salt.
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Figure C-8. Mean Stress History in a Disposal Room Filled With Crushed
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Figure C-9. Mean Stress History in a Disposal Room Filled TRU Waste and Sur-
rounded by Crushed Salt.
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Figure C-10. Mean Stress History in a Disposal Room Filled With TRU Waste
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Figure C-11. Mean Stress History in a Disposal Room Filled With Vitrified Waste
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Figure C-12. Mean Stress History in a Disposal Room Filled With a Mixture of
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