Appendix D

Structural Analyses

Appendix D Abstract

The seals for the shafts at the WIPP are comprised of columns of compacted earthen fill,
compacted clay, asphalt, and compacted crushed salt, separated by concrete seals. The structural
behavior of these columns and the concrete components is the primary focus of the calculations
presented in this appendix. The development (and subsequent healing) of the disturbed rock
zone that forms in the rock mass surrounding the shafts is a significant concern in the seal design,
and these issues are also addressed in this appendix. In addition, several structural calculations
are included that were used as input to the hydrological calculations reported in Section 8 and
Appendix C. Complexity of the calculations ranged from solving a simple equation to rigorous
finite-element modeling encompassing both thermal and structural elements.
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D1. INTRODUCTION

The seals for the shafts at the WIPP are comprised of columns of compacted earthen fill,
compacted clay, asphalt, and compacted crushed salt, separated by concrete seals. Within the
Salado Formation each shaft seal includes: (1) an asphait column extending from above the
Rustler/ Salado interface down into the Salado salt, (2) an upper Salado compacted clay column,
(3) a long compacted crushed salt column, and (4) a lower Salado compacted clay column. Each
of these columns 1s separated by specially designed salt-saturated concrete components. The
structural behavior of the various columns and the concrete components is the inijtial focus of the
calculations presented in this appendix.

The development (and subseguent healing) of a disturbed rock zone (DRZ) that forms in
the rock mass surrounding the WIPP shafts is a significant concern in the seal design. It is well
known that an initial DRZ will develop in the rock adjacent to the shaft immediately after
excavation. Moreover, the DRZ within the Salado Formation continues to develop because of
salt creep. Shaft seal emplacement will cause the DRZ to heal with time because of restraint to
creep closure by the seal materials and the subsequent reduction in the stress differences in the
surrounding intact salt. Within the formations above the Salado, the DRZ is assumed to be time-
invariant, since the behavior of the rock masses encountered there is predominantly elastic. The
calculation of the temporal and spatial extent of the DRZ along the entire shaft length is the
second focus of this appendix.

This appendix provides a collection of calculations pertaining to the above mentioned
structural concerns. The purpose of each calculation varied; however, the calculations generally
addressed one or more of the following issues (1) stability of the component, (2) influences of the
component on hydrological properties of the seal and surrounding rock, or (3) construction issues.
Stability issues that were addressed in these calculations included:

e potential for thermal cracking of concrete seals, and.

e  structural failure of concrete seal components because of loads resulting from (1) creep of
surrounding salt, (2) dynamic compaction and gravity loads of overtying seal material, (3)
repository generated gas pressures, and (4) clay swelling pressures.

Structural calculations were also used to define input conditions to the hydrological calculations
reported in Section 8, including:

e  spatial extent of the DRZ within the Salado Formation surrounding the shafts as a

function of depth, time, and seal material type,

e fracturing and DRZ development within Salado Formation interbeds,

e  compacted-salt fractional density as a function of depth and time,

» shafi-closure induced consolidation of compacted-salt seals, and

e impact of pore pressures on consolidation of compacted-salt seals.

The construction issues that were addressed included:

e emplacement and structural performance of asphalt waterstops, and
e  potential benefits from backfilling shaft stations.



Complexity of the calculations ranged from solving a simple equation to rigorous finite-
element modeling encompassing both thermal and structural elements. All calculations are
presented in a similar format, having approximately the same detail. Each calculation is
described in terms of its objectives, problem statement, assumptions, and results.

Calculations were performed concurrently with development of the shaft seal design.
Consequently, in some instances calculations reported here do not exactly match particular
component dimensjons shown in the design drawings (Appendix E) because of later changes in
the design. Conclusions drawn from the results of these earlier calculation would not, however,
change simply because of dimensional changes or emplacement conditions. In some instances a
single calculation (e.g., a finite-element analysis of the concrete seal) was used to evaluate the
structural behavior of more than one seal component. For example, the finite-element analysis of
 the asphalt waterstops was used to calculate both the DRZ development in the Salado salt and the
time-dependent stresses in the concrete seals. Additionally, some results are drawn from
previous similar analyses that are still generally applicable to the current design.

For convenience, the presentation of structural analyses in this appendix is divided into
five sections, describing:

e  analyses methods, -

e  material models,

e  structural behavior of the shaft seal components,

e DRZ development (and healing) in intact rock surrounding the shaft, and
e  analyses related to construction issues.

More specifically, analyses methods and computer programs used in performing these analyses
are presented in Section D2. The analyses methods include finite element modeling and
analytical techniques. Section D3 describes the models used in characterizing material behavior
of shaft seal components, the intact rock mass, and the DRZ. Material models included thermal
properties, deformational behavior, and strength properties for the four shaft seal materials and
the in situ materials. Also included is a description of the models used to characterize the DRZ.
A summary of the structural analyses of the four shaft seal materials is presented in Section D4.
Analyses of the shaft seal components are presented by material type, i.e., concrete, compacted
crushed salt, compacted clay, and asphalt. The behavior of the DRZ within the intact rock mass
surrounding the shaft is described in Section D5. The DRZ was evaluated within Salado salt,
Salado interbeds, and overlying nonsalt formations. Finally, analyses of asphalt waterstops and
shaft station backfilling are discussed in Section D6.

D2. ANALYSES METHODS

Finite-element modeling and subsidence modeling were the primary methodologies used
in evaluating the structural performance of the shaft seals and the surrounding intact rock mass.
The finite element programs SPECTROM-32 and SPECTROM-41 were used in the structural
and thermal calculations, respectively. The program SALT_SUBSID was used in the subsidence
modeling. These programs are described below.




D2.1 SPECTROM-32

The finite-element structural modeling program SPECTROM-32 (Callahan, 1994) was
used in performing structural calculations. These calculations included creep deformation of the
host rock, consolidation of shaft seal material, and development (and subsequent healing) of the
DRZ within salt. This thermomechanical program was designed specifically for simulation of
underground openings and structures. SPECTROM-32 has the capability to model the elastic-
plastic response, commonly associated with brittle rock types, and has been used extensively to
simulate the time-dependent viscoplastic behavior observed in intact salt. In addition, creep
consolidation material behavior (e.g., crushed salt) can be modeled using SPECTROM-32.
Specific features and capabilities of SPECTROM-32 required for numerical simulations include:

e  capabilities for plane-strain and axisymmetric geometries,
e  kinematic and traction boundary conditions,

e  Multimechanism Deformation Coupled Fracture (MDCF) (Chan, 1993} constitutive
model for modeling creep behavior of salt and estimating the DRZ in salt,

s  creep consolidation models for time-dependent densification of crushed salt,

e  nonlinear elastic behavior for modeling time-independent deformational behavior of
crushed salt and compacted clay,

e capability to represent arbitrary in situ stress and temperature fields, and
e  capability to simulate shaft excavation and seal material emplacements.

Most of the structural analyses were performed using Version 4.06 of this program. Analyses
using recently developed creep consolidation models and for calculating the effects of pore
pressure on consolidation of crushed-salt seal were performed using Version 4.08 of the program.

D2.2 SPECTROM-41

The finite-element program SPECTROM-41 (Svalstad, 1989) was used in performing
thermal calculations. This program has been designed and used to solve heat transfer problems
resulting from the storage of heat-generating material in geologic formations for the past
15 years. The program has been documented to satisfy the requirements and guidelines outlined
in NUREG-0856 (Silling, 1983). Specific features and capabilities of SPECTROM-41 that were
required for the numerical simulations include:

e  capabilities for two-dimensional and axisymmetric geometries,
e  multimaterial behavior,

e  specified initial temperature conditions,

e  specified temperature or flux boundary conditions,

e temperature-dependent thermal properties,

e  time-dependent volumetric heat generation, and

s transient and/or steady-state sojutions.
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D2.3. SALT_SUBSID

SALT SUBSID (Nieland, 1991) is a PC-based subsidence modeling software used to
evaluate surface subsidence over underground opemings in salt. The computer program has the
capability of developing a site-specific subsidence model which can be used for predicting the
future subsidence over a new or existing mining plan. The computer program can also predict
stresses and strains along the shaft height resulting from subsidence. Subsidence calculations can
be performed on either solution mines or dry mines in salt or potash. The analytical model is
based on the solution for ground movement above a closing displacement discontinuity in an
isotropic material and includes a time-dependent function to account for the viscoplastic nature
of salt. SALT SUBSID is commercially available software from the Solution Mining Research
Institute (SMRI).

D3. MATERIAL CHARACTERIZATION

This section describes models used in characterizing material behavior of the WIPP shaft
seal components, intact rock mass, and DRZ. Structural models used to characterize the four
shaft seal materials are discussed in Section D3.1. The structural models include thermal
properties, deformational behavior, and strength characteristics. Seal materials include concrete,
crushed salt, compacted clay, and asphalt. Structural models for intact rock are presented in
Section D3.2. These materials include Salado salt, Salado anhydrite and polyhalite, and the rock
types encountered in the near-surface and Rustler Formations. Models used in characterizing the
DRZ within the intact rock mass surrounding the shaft are presented in Section D3.3.

D3.1 Shaft Seal Components

The shaft seal components include Salado Mass Concrete (SMC), crushed salt,
compacted clay, and asphalt. Thermal, deformational, and strength characteristics of these four
materials that were required in the structural analyses are given in the following sections.

D3.1.1 Salado Mass Concrete

Thermal, deformational, and strength characteristics of SMC were required in these
structural analyses. These properties are discussed in the following subsections.

Thermal Properties. Required thermal properties include thermal conductivity, specific heat,
density, and volumetric heat generation rate (Table D-1). Values of thermal conductivity,
specific heat, and density are based on laboratory tests performed at Waterways Experimental
Station (WES) (Wakeley et al., 1994).

Heat of hydration of SMC is illustrated in Figure D-1 which shows heat generation
(Btw/lb,.,,,) as a function of time (hr), where the subscript “cem” refers to the total weight of
cementitious material. The curve was digitized and fit to the functional form,

0 = Q. exp[~(x, / 1)°] D-1)




which was suggested by the Andersen et al. (1992) for describing the heat of hydration for
concrete pavements, where (., T. and o are the model parameters and f is time (hr).

These model parameters were determined using the statistical program BMDP/386 and
are listed in Table D-2. The volumetric heat generation rate (d0/dt) of the concrete is required in
performing the thermal analyses. Differentiating Equation D-1 with respect to time results in:

do/dt = Q) (r./ 1) (/1) (D-2)

The conversion of units from Btu/lb ., to W-hr/m’.,,, where m’,,, refers to cubic meters
of concrete, is given as follows:
[1 Btw/lbey] [1055 J/Btu] [2.2 Ib/kg} [2280 kg/m] [1 W-s/T] [1 ht/3600 s] [0.16 Ib e /1be,]
=235 W-hr/m’ .

Deformational Properties. SMC is assumed to behave as a viscoelastic material, based on
experimental data for several mixes of SMC. The WES (Wakeley et al., 1994) creep data are
summarized in Table D-3. An isothermal form of the Norton (power) creep law was fit to long-
term laboratory creep-test data apd resulted in the following:

&y = Ac” (D-3)
where:
€4 = steady-state strain rate
o3 = deviatoric stress
Y, = fitted model parameter = 0.11(10°%)/day
n = fitted model parameter = 0.54.

Table D-1. Salado Mass Concrete Thermal Properties

Property Units Value
Thermal Conductivity Wim-K 2.145
Specific Heat Jkg-K 971.
Density kg/m’ 2,280
Heat of Hydration Rate W/m® (Equation D-2)
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Figure D-1. Heat generation of Salado Mass Concrete mixture.
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Table D-2. Heat of Hydration Model Parameters

Parameter Units SMC
Q. Btu/lb,,, (W-hr/m’ ) 173.7 (40,837)
T, hr 89.8
a —_ 0.264

Table D-3. Summary of Creep Data (from Wakeley et al., 1994)

Test Number Uniaxial Stress (MPa) Steady-State Strain
Rate (10"*/day)
1 25 0.175
2 59 0.265
3 7.8 0.333

The elastic modulus of SMC is assumed to be age-dependent, based on experimental data
reported by WES (Wakeley et al., 1994). These data are given in Table D-4. A functional form
shown in Equation D-4 was used to represent the age-dependence of the elastic modulus of SMC
as it sets (increases in stiffness): '

E(t)= Emax L : m) (D-4)
where:
E@w) = modulus at time ¢
t = time (days)
Eoax = ultimate stiffness.

Table D-4. Vanation of Elastic Modulus of SMC as a Function of Time
(from Wakeley et al., 1994)

Time (days) Elastic Modulus 10° (psi)
0 0
28 4.00
90 5.77
230 6.34
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The model parameters derived from experimental results given in Table D-4 are:
E, .. =67 (10% psi
t, = 16.75 days.

Poisson’s ratic of SMC was assumed to be 0.19 and is consistent with literature values for
concretes. The thermal expansion of SMC is 11.9 (10°°)/°C based on test data from WES
(Wakeley et al., 1994).

Strength Properties. The design specification for concrete is a 28-day unconfined compressive
strength of 4,500 psi (31 MPa) (Appendix A). Recent laboratory tests indicate that SMC has an
unconfined compressive strength of about 6,000 psi (40 MPa) (Wakeley et al., 1994).

D3.1.2 Crushed Salt

The total strain rate for the crushed-salt constitutive model] is assumed to consist of three
components. These components include nonlinear elastic ( £} ), creep consolidation (&j;), and

creep (&) ) contributions, and the total strain rate (&) can be written as:

5 = &5 +E5+ 8] (D-5)
Both the nonlinear elastic and creep consolidation portions of the mode} describe the material
behavior in bulk (volumetric deformation) and in shear (deviatoric deformation). However, the
creep portion of the crushed-salt model only describes deviatoric behavior. In fact, the creep
portion of the crushed-salt mode] is the same as that of intact salt, i.e., the Munson-Dawson
madel described in Section D3.2.1. Nonlinear elastic and creep consolidation models used for
crushed salt are described in the next sections.

Nonlinear Elastic Model for Crushed Salt. Elastic strain, 8;. , 1s the contribution from the stress

field given by Hooke’s law, which, in terms of the bulk modulus and shear modulus, is written
as:

e T m S i
£ = —=8,+—= -6
V3K 2G (D-6)
where:
Oy = Z#  mean stress
3

Sij = Gij ~-Om Sijs deviatoric stress
& = Kronecker delta
K = pulk moduius
G = shear modulus.
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Sjaardema and Krieg (1987) propose bulk and shear moduli as exponential functions of
the current density, p: -

K = Kye*®

(D-7)
G = Gpe™

where K, K;, Gy, and G, are material constants, The current density (p) is written in terms of the
total volumetric strain, €,, using the relation:

o= Po (D-8)

l+eg,

where py is the density of the material before the volumetric strain is imposed. The moduli are
capped at values consistent with moduli for intact salt when the current density equals intact
salt's density.

Table D-5 lists material parameters of the nonlinear elastic model for WIPP crushed salt.
The terms K and G are the leading coefficients defining the bulk and shear moduli, respectively
as the density approaches zero. The terms K| and G; are identical in magnitude and describe the
density dependence in Equation D-7. Exponential function parameters are from Sjaardema and
Krieg (1987). Intact crushed-salt constants (K G and py) are based on recent measurements on
WIPP salt.

Table D-5. Nonlinear Elastic Material Parameters for WIPP Crushed Salt

Parameter Units Value
K, MPa 0.01760
K m’/kg 0.00653
Go MPa 0.0106
Gy m’/kg 0.00653
K, ‘ MPa 23,504
G, MPa 14,156
Pr kg/m’ 2,160

Creep Consolidation Models for Crushed Salt. Four constitutive laws were used to describe the
creep consolidation portion of the crushed-salt model:

e  Sjaardema-Krieg

e  Revised Sjaardema-Krieg

s Zeuch

e  Spiers.



The first model is based on the work of Sjaardema and Krieg (1987) with a deviatoric
component added (Callahan and DeVries, 1991). In this study, this model is referred to as the
original S-K model. This model can be expressed mathematically as:

2
go = (Lres) *p?) Byf1-e7Be-) e*‘p{%’-%} (D-9)
where:
€, = g4, total volumetric strain
o, = average effective stress measure

By, B;, A = material constants.

Because Equation D-9 allows for unlimited consolidation, a cap is introduced that eliminates
further consolidation when the intact material density (p,) is reached. Thus, when the condition

£o 4

i8v| Z
Pr

(D-10)

is satisfied, no further creep consolidation occurs.
Table D-6 gives values of the crushed-salt parameters for the original S-K model.

Table D-6. Creep Consolidation Parameters for Crushed Salt (after Sjaardema and Krieg, 1987)

Parameter Units Value
B, kg/m®e s 1.3 x 10
kg/m’ « yr 4.10 x 10"
B, MPa 0.82
A m’/kg -1.73 x 107

The second creep consolidation model used in this study is a revised Sjaardema-Krieg
model, reported originally by Callahan et al. (1995) and recently updated to include a more
general formulation and an updated database by Callahan et al. (1996). The mathematical form
of this model is:

& =it (ofy) 2o @-11)

where ¢, and c—;; are the power-conjugate equivalent inelastic strain measure and equivalent

stress measure for creep consolidation, respectively, and o,, is an equivalent stress measure that
provides a nonassociative formulation in governing the magnitude of the volumetric strain.
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With these considerations, the equivalent stress measures can be written as:

ofy = nfo v 2=
G,
(D-12)
= & _jo1=03"
S cr:‘_l
where:
n=ne(1-Q)"
Kk =xy(1-Q)"
0 D,,0<D< D,
D, D, <D<]
D, = transitional fractional density
D = fractional density
o, and o; = principal stresses
o,, and o, =reference stresses
TNo» N1s M2s
Kp. K]a Ky,
my, my = materia) parameters.

The kinetic equation as described by the revised Sjaardema-Krieg model can be written as:

2
R D

where:

d = grain diameter

w = percent moisture by weight

T = absolute temperature

R = universal gas constant

By A, p,

a,, @, O, = material parameters.

The revised Sjaardema-Krieg creep consolidation model has a total of 17 parameters, which are
listed in Table D-7.
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Table D-7. Revised Sjaardema-Krieg, Zeuch, and Spiers Creep Consolidation Parameter Values

Parameter Units Modified Material Models Reference
Sjaardema- | Zeuch Spiers Values
Krieg

u Mpa' ™ -1.437 42.33 | -2.91(10%) —
n — 2.594 2.740 0.108 —
n, — 3.623 3.049 5.523 —
m, — 0.731 0.605 0.174 —
o, MPa 3.535 18.33 0.019 —
D, — 0.867 0.888 0.881 —
a, — 17.00 20.10 71.10 —
a — 47.50 96.60 0.626 —
0./R K 4.01(10% | 926010 | 1.8(10%) —
p —_ 0.564 0.396 3.22(107%) _—
B, kg > m”>/MPa+s) | 6.459%(107) —

4 m’/kg -1.307(10%) -1.72(10%
b, — 4.469 1/3
b; — 5.722 1/2
5, mP/(MPa » 5) 6.54(107 —
be mP/(MPa « 5) 9.05(10™"%) —
n — 9.991 49
r m"/(MPa  s) 1.02(107) —
rs — 9.770 13
74 — 0.806 2
n —_ 3.190 4.15

The third model used for the creep consolidation is the Zeuch model, which is based on
the kinetics of isostatic pressing. Similar to the revised Sjaardema-Krieg model, the Zeuch
model was modified to account for a more general formulation. The Zeuch model is divided into
two stages, depending on the fractional density. The kinetic equation describing the modified

Zeuch model is:
For Stage 1 (D, <D <0.9):

D-D,
1- D,

) [1 +ai(l1- e“"")] exp(- 2 ) (D-14)

e = Poby DgzDZ(bz—rr)-l( 27

eq = pdp

D-18



For Stage 2 (0.9 <D < 1):

E-c _ pobs (I_D)
“ pd 1-(1- D)}

~ [1 +ay(1- e"’"”)] exp[e - ;%";] (D-15)

where D = Dy/(1+€,) and b,, b,, b,, bg, n, a,, a,, and Q, are model parameters (Table D-7).

The fourth model was developed by Spiers and coworkers based on pressure solutioning
as the consolidation mechanism. The Spiers model was also modified to account for a more
general formulation and an updated database by Callahan et al. (1996). The modified Spiers
model is:

. ~Jy W :.Q_c ]+ v "
g,q=§ip[1+a,(1-e ) e ((——Ef‘-}—] r (D-16)
where:
. 1 small strain (g, >~15%)
I'= € +¢G " . (D'17)
— | strain -15%
[% A +1)} arge (e, < o)

and ¢, is the initial porosity and r|, 5, r3, 1, a;, a5, p, and , are material parameters (Table D-7).

D3.1.3 Compacted Clay

The clay used in the WIPP shaft seal design is assumed to behave according to a
nonlinear elastic model. The form of this model is identical to the nonlinear elastic portion of the
crushed-salt model, in which the bulk and shear moduli are expressed as exponential functions of
the current density:

K = K
-18
G =Gpe®® ®-18)
The parameters for the volumetric (bulk) behavior of clay are based on consclidation data
reported in Lambe and Whitman (1969). These parameters are listed in Table D-8. The intact
shear modulus (G) was calculated from the bulk modulus, assuming a Poisson’s ratio of 0.25.

D3.1.4 Asphait

Thermal properties of solidified asphalt are given in Table D-9. These properties are
taken from the literature (Yoder and Witczak, 1975). Asphalt was assumed to behave elastically.
The elastic (primarily bulk) response of the asphalt is considered most important to seal
application. Because the asphalt is empiaced in a confined volume and the expected stresses that
develop (as a result of creep of the surrounding sait and weight of the overlying seal materials})
are compressive in nature, the volumetric behavior of the material is important to characterize.




The shear and time-dependent behavior of the asphalt are secondary effects. Young's modulus
and Poisson's ratio of asphalt are listed in Table D-10. These properties are taken from Yoder
and Witczak (1975) and are highly sensitive to temperature. The values shown in Table D-10 are
representative of the WIPP repository horizon temperature of 27°C. Asphalt stiffness is assumed
to be zero before it solidifies; i.e., it behaves as a fluid.

Although it is recognized that the behavior of asphalt is certainly time-dependent, the
creep effects of this material were not considered in this modeling effort. As noted above, the
predominant structural behavior of the seals is highly dependent on the behavior of surrounding
materials, primarily creep of surrounding salt. Elastic behavior is assumed to be the predominant
behavior because the asphalt is confined and will be volumetrically compressed. Because of
confinement, there is little opportunity for creep flow of asphalt. In addition, the primary
mechanism for creep (shear stress) of the asphalt is not expected to occur.

Table D-8. Nonlinear Elastic Material Parameters for Compacted Clay

Parameter Units Value
(Equation D-18)

K, - - MPa 2.26(10°%)
K, m’/kg 0.0096
G, MPa 1.36(10%
G, m/kg 0.0096
K MPa 20,824 -
G, MPa 12,494
Py kg/m’ 2,390

Table D-9. Asphalt Thermal Properties

Property Units Value
Thermal Conductivity W/m-K 1.45
Specific Heat Jkg-K 712
Density kg/m’ 2000

Table D-10. Asphalt Elastic Properties

Property Units Value
Young's Modulus MPa 3034
Poisson's Ratio — . 0.35
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D3.2 In Situ Materials

The 1n situ materials include Salado salt, Salado interbeds (anhydrite and polyhalite), and
rock types encountered in the near-surface and Rustler Formations. Thermal, deformational, and
strength characteristics of these materials required for structural analyses are given in the
following subsections.

D3.2.1 Salado Salt

Thermal Properties. Thermal properties of Salado salt are given in Table D-11. These values
are reported by Krieg (1984). Thermal conductivity of Salado salt is temperature dependent,
expressed mathematically as:

KT) = k3w(300/T )" (D-19)
where: ‘
k(T) = thermal conductivity of salt as a function of temperature
T = temperature (K)
k300 = thermal conduetivity at reference temperature (7 =300 K) = 5.0 W/m-K
A = exponent describing temperature dependence = 1.14.
Table D-11. Salado Salt Thermal Properties
Property Units Value
Thermal Conductivity W/m-K (Equation D-19)
Specific Heat JkgK 971
Density kg/m’ 2160

Deformational Characteristics. Intact salt was assumed to be argillaceous salt that is governed
by the Multimechanism Deformation Coupled Fracture (MDCF) model (Chan et al., 1995a).
This model is an extension of the well-documented Munson-Dawson (M-D) creep model
(Munson et al., 1989) to include a calculation of damage. The evolutionary equations for the
MDCF model are:

i sc,od, <h
gy =EjtEjTE) (D-20)

The first inelastic strain rate represents climb-controlled creep, which is described by the
following kinetic equation:

Jot
Eg =qu 2 L (D"Zl)
oy

where of, and £Z, are power-conjugate equivalent stress measure and equivalent inelastic strain
rate for the climb-controlled creep deformation mechanisms, respectively. The second inelastic
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strain rate represents damage accumulation in the model. Two kinetic equations describe the
damage model, one for shear-induced damage and one for cleavage fracture. These kinetic
equations are additive to give the total inelastic damage strain rate as follows:

oG- oc¢:
< — ADs eq =0, eq 22
€ = €eg o TEqg (D-22)

where { oy, and o,y } and { £q and €, } are power-conjugate equivalent stress measures and

equivalent inelastic strain rates for the damage mechanisms, respectively. The third inelastic
strain rate represents healing in the model. For calculations performed in support of the shaft

seal design, healing was not operative, ie., £f=0.

Climb-Controlled Creep

The equivalent inelastic strain rate is assumed to consist of a multiplicative transient
function on the steady-state creep rate, viz.:

& =Fe, - (D-23)

The steady-state strain rate consists of three mechanisms that describe dislocation climb, an
undefined mechanism, and dislocation glide.

&=2 & (D-24)
=l
. o5, | O .
& Al((l-m)u) exp( RT) ©-25)
)
. = 4| oa _&] i
Bs ™ AZ[(I-&));LJ oxP ( RT (D-26)

D-27)
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The transient function, F, describes work-hardening, equilibrium, and recovery branches:

( 2
epr’A[I-—%]} L<eg;
£

F={ 1 L=k (D-28)
2
expli—&[l——%) ]g >,
8!

with an internal variable, &, described in terms of an evolutionary equation as:

C=(F-1), (D-29)

and the transient strain limit is defined by:

&; = Koexp(cT) [ i f:;‘)“] (D-30)

with the hardening parameter, A, given by:

c [+
A=o + log{ A ] -31
P (l-o)p (D-31)
where:
R = universal gas constant
1 = normalizing parameter
q = activation volume
1) = stress limit of dislocation slip mechanism
AI’ AZ’ Bh
Bls nls nZs
Q Is Q21 4q.
KO: c,m,
a, B, o = experimental constants
H() = Heaviside step function.

The maximum shear stress (Tresca) is chosen as the conjugate stress measure for climb-
controlled creep:

Op = 24/ 2V (D-32)

where:
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1
J2 :‘5 Sg-}'s_ji

Sy‘ :U;j_cmsaj

Om= GT”‘, mean stress

8 ; =Kronecker delta
1 337 ( T n)

¥ = —sin" SEEEES 4
350 [ 273" } 6 6 (D-33)
1

J3 = gsﬁsﬁsﬁ

Damage Induced Flow

The damage strain rate in Equation D-22 is examined next with the two terms
representing shear-induced damage and tension-induced damage considered separately (Chan et
al., 1992; Chan, 1994a, 1994b; Chan et al., 1995b):

Oc?: G
g0 =¢9 — and g¥r =gl — (D-34)

The equations describing the shear-induced (s) and tension-induced (f) damage are similar in
form. Thus, the subscript 7 is used to represent s and 1. The equivalent inelastic strain rate is

given by:

£ = Fogp (D-35)
with:
ciloti=o)|
Fo=Fexp | ———— (D-36)
| Go(l‘P) ]
[ calo® —cs) ]
Fe = F exp h—-————~C4(c“ cs) »-37)
| oo(l-p)
and:

gy =c|(,)oexp(c3m) [Smh( €20 e HJS':J] ]:l (D-38)

i-o]i-p]n

and ¢, is defined by:
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(D-39)

el ) -]

where ¢y, ¢;, C3, €4, €5, and n5 are material constants and o, is the 1mual damage. The power-
conjugate equivalent stress measures are given by:

Geq )Gl 63§+f X2X7 Sgn( 03)[3x ngll:(j:’\ o )) (D-40)
7 1703

G?,;=IRGIH(61) (D"“)

where x,, x3, X¢, and x, are material constants of the damage model, 7, is the first stress invariant,
and o, and g5 are the maximum and minimum principal stresses, respectively, with compression
assumed to be negative. The material parameter f, is related to the impurity content by:

fr=1-pp | (D-42)

where p is the impurity {clay) content and p, is a material parameter, which is analogous to a
local stress intensity factor.

The preceding equations include the damage (®), which is described in terms of an
evolutionary equation. The damage evolution equation is taken as:

6=06,+6 -ho.) (D-43)

where the damage rate components for the shear-induced and tension-induced damage are given
by:

casziim-ln(i)-j 0% Hlot) | (D-44)
tO L w " | (lup)gs
- JxH H( m)"xs,
W, =-&(D ‘.ll(l) * E_‘q__ch_ (D45)
oL \e/] | (-0g |

where x4, x3, X3, & &, and #, are material constants. The parameter £, may have different values
according to the magnitude of the effective shear-induced damage stress; i.e.,:

=&, for g%/ (1~@)> g,

2 o (D-46)
g =& for o‘e‘;/(l--(t))Sco

The healing term in Equation D-43, k(@ ,o ), was assumed to be zero for these calculations.
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The shear-induced inelastic damage flow is assumed to be nonassociative. The flow
potential power-conjugate stress measure for shear-induced damage is given by (cf. Equation
-~ D-42):

6% =jo1~o4 + “3"* (1,-5,) (D-47)

where x; is a material constant.

The flow potential power-conjugate stress measure for tension-induced damage is given by:
oo =x06,H(c ) (D_48)

where x; 1s a material constant.

The Munson-Dawson creep parameter values for argillaceous WIPP salt are listed in
Table D-12. The damage parameters are given in Table D-13.

D3.2.2 Salado Anhydrite and Polyhalite

Salado anhydrite and polyhalite interbeds were assumed to behave elastically. Elastic
constants for anhydrite and polyhalite are given in Table D-14. These values have been used in
previous similar WIPP analyses (Morgan et al., 1987).

DRZ development was assessed using a Drucker-Prager strength criterion. Damage to
the interbeds is assumed to occur when the peak material strength of the rock is exceeded. The
material strength of brittle rocks can be described by a Drucker-Prager type yield:

F=al,+JJ,-C (D-49)
where:
I = first invariant of the total stress tensor
gy = second invariant of the deviatoric stress tensor
aand C = material constants.

Values for the Drucker-Prager material constants presented by Morgan et al. (1987) for anhydrite
and polyhalite are given in Table D-14. The material is elastic when ¥ < 0 and will fracture and
dilate if F = 0. The potential for fracture development can be expressed as a factor of safety
given by the ratio of the strength measure to the stress measure. The factor of safety as used in
this appendix is based on the following equation:

Factor of Safety = lal, - €| (D-50)

7
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Table D-12. Munson-Dawson Parameter Values for Argillaceous Salt

(after Munson et al., 1989)

Parameter Units Value
Elastic Parameter Values
E MPa 31,000
v — 0.25
Munson-Dawson Creep Parameter Values
A yr'! 4.437x10*
s’ 1.407x10%
4, yr 4.144x10%
s’ 1.314x10"
O/R K 12,581
Q, cal/mol 25,000
O./R K 5032
0, cal/mol 10,000
n, — 5.5
n, —_ 5.0 ,
B, yr! 2.838x10"
s’ 8.998x10°
B, yr' 1.353x10°
st 4289%107
q — 5.335x10°
Go MPa 20.57
m — 3
K, — 2.47x10°
¢ K' 9.198x10°%
o — -14.96
B — -7.738
8 —_ 0.58
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Table D-13. Damage Model Parameters for Argillaceous Salt

Parameter Units Value
X _— ‘ 0.0
b o) — 9.0
X3 — 5.5
Xy — 3.0
X5 (MPa)-s 10°; C;-03> 0
10"; G, - 03 <y
Xg —_— 0.75
X7 MPa 1
X3 — 0.1
<o — 34.0
s — 850.0
o ' — 10.0
C4 — 6.0
n; — 3
g — 10
P — 28
Do _— 0.029

Table D-14. Anhydrite and Polyhalite Elastic and Drucker-Prager Parameter Values

Material E v C a
(MP3) (MPa)

Anhydrite 75,100 0.35 1.35 0.450

Polyhalite 55,300 0.36 1.42 0.473

D3.2.3 Near Surface and Rustler Formations

Failure of the rock within the near-surface and Rustler formations is assumed to be time
independent and can be estimated according to two comrmon failure criteria: Tresca and
Coulomb criteria. The Tresca criterion for failure is based strictly on the difference between
minimum and maximum principal stresses:

o;3~0,2C, (D-51)
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~ where C, is uniaxial compressive strength. The von Mises criterion is a modification of the
_Tresca criterion wherein C, is replaced by 2, /3.

The Coulomb criterion accounts for the beneficial effect of confinement and says failure
occurs whenever:

0'1—032C0+O'3(tanf’"1)
1+sing (D-52)
1-sing

tanf =

where ¢ is the angle of intemal friction.

Strength parameters of rock types encountered in near-surface and Rustler formations are
given in Table D-135.

Table D-15. Rock Types and Properties

Rock Type Depth (m) Strength Properties
- - Cy (MP2) To (MPa) ¢ (Deg)
Mudstone 0-165, 223-260 16.8 1 34.4
Anhydrite 165-183, 192-213 92.6 5.72 C 448
Dolomite 183-192, 213-223 107.3 4 419

D3.3 Models for the Disturbed Rock Zone within Sait

Two different models were used to evaluate the development and extent of the DRZ
within the intact salt. The first approach is based on the ratio between two stress invariants: i.e.,

JJ, 7 I This criterion has been used to characterize the potential of salt damage or healing in

related WIPP studies. The second approach uses the damage stress (g-:‘; ) according to the
MDCF constitutive model for WIPP salt. These criteria are discussed in the following

subsections.
D3.3.1 Stress-invariant Criterion

The stress-invariant criterion is based on the separation of stress conditions that do or do
not cause dilatancy in WIPP salt when plotted in J, -,/.J, stress space. I is the first invariant of

the stress tensor and represents the mean stress. |/J, is the second invariant of the deviatoric

stress tensor and represents the shear stress. Taken together, 7; and \/-.Z provide a damage

factor that indicates the potential for dilatancy and fracture. The functional form of the stress-
invariant criterion is:

e
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J» [2027;damage occurs
-\/——;-{ a8 (D-53)

I, | <027;remains intact

where:

N =\/%[(c, -6,) +(o,~0,) +(6, -5, ]
I,=0,+0,+0,

G,,0,,0 ; = principal stresses

This criterion is based on experimental evidence of dilation in tested sampies of WIPP salt.
Other investigators have observed similar stress-invariant criteria for dilatancy in other salts as
documented by Van Sambeek et al. (1993b).

D3.3.2 Damage-Stress Criterion

Using the MDCF model (Chan, 1993), the potential level of damage can be evaluated by
the power-conjugate equivalent.stress measure (the damage stress, cﬁ’q ). The damage stress for
shear-induced damage is given by Chan (1993):

g

Ii—~o;
3xs sgn([l-ca)_l'

oo =loi—od+(1-p, p) x237 sgn(!;-—csg)l: (D-54)

The MDCF damage model constants are given in Table D-13 for argillaceous halite.

D3.3.3 Evaluation of DRZ Models

An evaluation of the stress-invariant (Equation D-53) and damage-stress (Equation D-54)
models was performed using the air intake shaft (AIS) permeability testing results reported in
Section 3.5 of Appendix C. In this testing, permeability was measured as a function of radius
into the surrounding intact salt at two depths (346 m and 626 m) within the Salado Formation.
The results of this testing are shown in Figure C-1 of Appendix C. This figure was used to
estimate the range in the radial extent of the DRZ. The minimum and maximum normalized
DRZ radii at the two depths are given in Table D-16. The term “normalized DRZ radius” is
defined as the radial extent of the DRZ into the Salado Formation divided by the AIS shaft
radius.

Table D-16. Normalized DRZ Radius Surrounding the AIS

Depth (m) Minimum Maximum
346 1.31 1.77
626 1.45 1.92
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An estimation of the state of stress surrounding the AIS can be made using the steady-
state analytical solution for a circular opening in an infinite domain that has an initial lithostatic
stress state (Van Sambeek, 1986). The material is assumed to be governed by a simple Norton
creep law and a von Mises flow rule. The solution is given in terms of the radial (c,;) tangential
(0ge), and axial (c,,) stresses as:

c,=0C, -—'Po[(a/r)m-—ll

o, =04 = B[ (1-2/n)(a/r}" 1] ©-55)

0,=0_ =(cr,,+0'99)/2

= Po(a/r)y"[(l-l/n)—l]

where:
o), 05, 0; = maximum, intermediate, and minimum principal stresses, respectively
a = radius of AIS =3.05 [m]

r = arbitraty raduis (note: r 2 @)

P, = magnitude of preesixting stress in surrounding salt
= 5.8+0.0225 (d-250) [MPa]}

d = depth [m]

n = exponent of effective stress in Norton creep faw

= 5.0 (steady-state, time = o)
= 1.0 {elastic, time = 0).

The normalized DRZ radius (r/a) was calculated as a function of depth by substituting
Equation D-55 into Equation D-33 (stress-invariant model) and Equation D-54 (damage-stress
model). The results of these calculations are shown in Figure D-2. Superposed on this figure are
the AIS field test results (Table D-16). The following conclusions can be made regarding this
calculation:

e  The stress-invariant model (Equation D-53) substantially underpredicts the measured
DRZ.

e  The damage-stress model (Equation D-54) provides a conservative estimate
(overprediction) of the measured DRZ.

Based on the results of this simple exercise, the damage-stress model was used to estimate the
behavior of the DRZ in all subsequent structural calculations.
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Figure D-2. Comparison of calculated results using damage-stress and stress-invariant DRZ

models with measured AIS results.
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D4. SHAFT SEAL COMPONENT ANALYSES
D4.1 Salado Mass Concrete Seals
D4.1.1 Thermal Analysis of Concrete Seals

Objective

The objective of this calculation was to determine the expected temperatures within (and
surrounding) an SMC emplacement attributable to its heat of hydration.

Probiem Description

An axisymmetric representation of the SMC seal, the open shaft, and the surrounding
Salado salt is shown in Figure D-3. The left vertical boundary is the centerline of the shaft and is
a line of symmetry. The lower horizontal boundary is a plane of symmetry located at the
midheight of the SMC seal. The upper horizontal and right vertical boundaries are beyond the
thermal influence of the heat-generating SMC seal throughout the simulation period of 1 year.
The modeled height of the SMC seal was 6.08 m (20 ft). The radius of the shaft was modeled as
3.04 m. A simulation period of 1 year was determined to be of sufficient duration for the SMC
and Salado salt temperatures to reach maximums.

Assumptions
e  The SMC seal is placed instantaneously at time = 0 year and generates heat in accordance
with Equation D-2.
e  The initial temperature of the surrounding salt is 27°C.

»  The variations in stratigraphy within the Salado Formation are ignored in this calculation.
The 1in situ material surrounding the shaft was assumed to be entirely Salado salt.

e  The seal and shatft are thermally isolated from other seals and other shafts; i.e., the
domain surrounding the seal is assumed to be infinite in extent.

Results

Calculated temperatures from this analysis are shown in Figures D-4 and D-5. Figure
D-4 shows that locations in the SMC increase in temperature from ambient (27°C) to 2 maximum
of 53°C at 0.02 year after SMC placement. The maximum temperature in the surrounding salt is
38°C at approximately the same time. Figure D-5 shows isotherms within and surrounding the
seal at 0.02 year. The thermal gradient within the concrete is approximately 1.5°C/m. This
figure also shows that at a radial distance of 2.0 m into the surrounding sait, the temperature rise
15 less than 1°C.

D4.1.2 Structural Analysis of Concrete Seals

Obiective
The objective of this calculation was to determine stresses within the concrete seals
resulting from creep of the surrounding salt and the weight of the overlying seal material.
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Figure D-3. Axisymmetric mode! used in the SMC thermal analysis.
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Problem Description

The concrete seal components in the shaft seal were modeled using the Air Intake Shaft

(AIS) geometry (see Figure D-6). The bottoms of the concrete components are located in good
quality halite at depths of 308 m, 429 m, and 616 m for the upper, middle, and lower concrete
seals, respectively. Each of the three concrete components was analyzed independently.

As shown in Figures D-7 through D-9, sealing of the shaft and installation of seal system

components were simulated from bottom to top of the modeled region in arbitrary increments of
Q.1 year for each stage. The response of the seal components and extent of the DRZ were
simulated to 100 years. The following marker beds (MBs) were included in the calculation
model: MB101, MB103, MB115, MB116, MB117, MB134, MB136, and the Vaca Triste.

Assumptions

Axisymmetric conditions are applicable, and a condition of axially restrained
displacements exists with respect to the vertical direction at a moderate distance from the
seal system.

The shaft is instantaneously excavated at time ¢ = 0. Excavations for the concrete seal
wings and waterstop occur instantaneously at time ¢ = 50 years.

Each seal emplacement operation occurs instantaneously.
The shaft has a uniform initial diameter of 6.1 m.

The shaft is sufficiently isolated from other excavations that the response of the shaft is
unaffected by other underground workings at the WIPP.

Anhydrite, siltstone, and polyhalite beds exhibit elastic behavior only. Marker beds
MB104, MB105, MB118, and MB137 were not modeled in this study because these
relatively thin members are not structurally important and would not significantly affect
the results.

Beds comprised predominately of halite are assumed to be argillaceous salt, as defined by
the MDCF model, with a clay content of 2.9%.

Elastic properties of all materials are independent of temperature within the range of
interest.

Inelastic behavior, such as creep, yielding, or cracking, was not modeled for concrete.
Tension-induced creep damage of salt is ignored.

Damage stress can be used to indicate if a region within the salt is accurnulating damage
or healing.

Initial temperature and stress conditions are listed in Table D-17.
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Figure D-6. Seal system conceptual design for the WIPP Air Intake Shaft (DOE, 1995).
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Table D-17. Initial Temperature and Stress Conditions within Salado Formation

Location Within Depth (m) Initial Conditions
Salado Formation
Temperature'” (°C) Stress™” (MPa)
Upper 301 23.5 6.95
Middle 421 24.7 9.65
Lower 608 26.6 13.86

(1) Based on temperature of 27°C at 650-m depth and a geothermal gradtent of 10°C/km (Sass et al.,, 1971).
(2) Based on in situ stress of 14.8 MPa at 650-m depth and an average overburden density of 2,300 kg/rn3
{Krieg, 1984, p. 14).

Results

Throughout the calculations, the salt surrounding the shaft creeps toward and into the
shafts. This creep causes radial loading on the shaft components when the creep is restrained. In
turn, the radial loading induces radial stress in the components. In the upper concrete
component, the average radial stress increases from zero at time of emplacement (¢ = 0) to
2.5 MPa at t = 50 years. Similarly, the radial stress in the middle concrete component ranges
from 3.5 to 4.5 MPa and in the lower concrete component the radial stress ranges from 4.5 to
5.5 MPa at ¢ = 50 years.

To determine the axial loading on the shaft components, it was assumed that each
concrete component must support the weight of the overlying seal material between it and the
next concrete component. {Using an average vertical stress gradient of 0.02 MPa/m, the
calculated vertical stresses on the upper, middle, and lower concrete components from the weight
of the overlying seal material are 7.0, 2.4, and 3.8 MPa, respectively. The specified design
strength of the concrete material is 31.0 MPa.

D4.1.3 Thermal Stress Analysis of Concrete Seals

Objectives

The objectives of this calculation were (1) to determine the stresses in the concrete as a
result of its heat of hydration and (2) to determine the thermal impact on the creep of the
surrounding salt.

Problem Description

Compressive stresses develop within the concrete as a result of thermal expansion of the
concrete and restrained creep of the surrounding salt. Thermal stresses within the concrete were
calculated using the formula:

6y=EaAT (D-56)

where:
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Oy = thermal stress (for a fully confined condition)
= Young’s modulus

= linear coefficient of thermal expansion

AT = temperature increase.

Thermal results indicate that the concrete will heat to approximately 53°C at
approximately 0.02 year after placement (see Section D4.1.1) from an ambient temperature of
27°C. The surrounding salt heats to a maximum of 38°C at approximately the same time.

Results

The thermoelastic stresses in the concrete were calculated based on a maximum
temperature increase of 26°C (Figure D-4) and assuming a fully confined condition. The
calculation results indicate that short-term thermal stresses in the concrete 