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ABSTRACT
A creep model for salt hus been developed which, when given constitutive constants
derived from luborarory pillar experiments aed used in conjunction with an explicit
finite-difference code, gives excellent agreement with data from a field test called
Project Salt Vault (PSV). The model 18 a generalized version of the Starfieid-
MeClain creep strain-rafe model and allows for varying temperature and stress
fields. Tt incorporates & stress relaxation algorithm developed by Wilkins, based on
the nog-associative Prandtl- Reuss flow rule. The numerical method solves a set of
gxplicit-in-time physical eguations which are represented by explicit finite-
difference numerical equations, The coupled constitutive equations are sotved using
a Runge Kutta scheme. A time-dependent, two-dimensional planestrain stmulation
of PSV was compared to room copvergence data which was gathered at intervals
duripg the 23-manth experiment. These data compared remarkably well. This paper
coatains a discussion of the physical and theoretical basis for the model, as well as a

description of the numerical procedure used to integrate the creep formulas.

INTRODUCTION

A creep model for salt has been developed by Science
Applications, Ine. (SAD) which, when given constitulive
constamts derived from laboratory pillar experiments and
tused in copjunction with an explicit finite-difference code,
gives excellent agreement with duta from a ficld rest called
Project Saft Vauit (PSV). The model is a generalized ver-
sion of the Starfield-McClain (83&M) creep strain-rate
maodel and allows for varying temperature and stress fields.
it mcorporales a stress relaxation algorithm developed by
Wilkins, hased on the non-asscciative Prandil-Reuss flow
rule. The numerical method solves a set of explicii-in-time
physical equations which are represented by explicit finite-
difference numerical equations. The coupled constivtive
equations are solved using a2 Runge Kutta scheme. A time-
dependent, two-dimensional plane-strain simulation of PSV
wis compared to room convergence dam which was
gathered at intervals during the 23-month experiment. The
computational and experimental data compared remarkably
well. This paper contains a discussion of the physical and
theoretical hasis for the model, as well as a description of
the numerical procedure used to inegrate the creep for-
mifas.

PHYSICAL AND THEORETICAL BASIS
FOR THE MODEL

The laboratory pitlar cxperiments of Lomenick, reported
in Reference [, provided the basis for both the SAL madel
and the $&M mode! of Reference 2. The experimental can-
figurations were small-scale mock-ups of cylindrical sak
pillars, as shown schematically in the diagrams of Figure 1.
The time-dependent strain of the pillar height, defined by
the gap distasce, X, was obtained for different conditions of
teriperature and average vertical stress in the piffar. The
temperatures ranged from about 20 to 200 degrees Centi-
grade. The vertica swess ranged from zero to about 4,14
107 Pa (6000 psi) and was defined by the ratio of the load 10
the cross-sectional area of the pillar,

The vertical stress was applied suddenly in afl of these
experiments and was not varied during 2 given experiment.
1t would have been desirable if the stress had been changed
while creep was occurring in some of the experiments. This
was not dome, and assumptions had ta be emploved to
modei this feature. The S&M and S Al models employed
different asswmptions and, consequently, predict different
creep responses for stress changes, as will be seen later.
Fortunately, the temperature was changed while creep was
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Figore 1. Schematic geometry of small-scale  experiments,
u) In-situ cylindricai salt pillas. b) small-scale mock-up of pillar
region.
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occurring in some of these experiments. Consequently, the
S&M and SAl models are identical with respect to this
feature.

The diagrams of Figue 2 illustrate a case of constani
temperature. Figure 2{a) shows the applied conditions. The
pillar creep strain, €, and creep strain rate, €,, are shown
schematically in Figures 2(b) and 2(c), and van be fit by the
forms

£, = Alt—1t,)? #of {A-1a)
€5 = AEy{t—1,) (A-1b)

where a, b, and ¢ are material constants, while the value of
A depends on the geometry as well as on the material; t is
time; @ is temperature; and oy is the vertical piilar load in
stress unils.

The diagrams of Figore 3 display a3 case with a tempera-

ture jump 2t . The observed response cam be fit as an

overlay of two constant temperature cases with a time shift
to provide creep strain coatiruity af t;, The creep sirain and
its rate after t, can be fit by the forms

60 = Al AP {A-2a)

€, 018 = ae, (1 -A) {A-2b)
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Figure 2. Schematics of constanl temperature vase. a) lmposed
conditions of temperanire and siress. b} Crecp strain responise.
e} Creep strain rate response.

where the value of A provides creep strain continuity at t;.
Hence, X can be obtained from Eqs. (A-1a) and {A-2a) as
fallows,

(L~ P88 = (L —ArPdiot.

The previous expressions can then be generalized for con-
tinuous temperature changes {with constant stress} by the
differential expressions

O,
R R s

_ BE, _ ae; dh e, d#
=% *{ i

By definition, 2 finite change of creep strain requires a finite
time interval and the sum of the terms in the bracket is
identically zero, Thus, the 5 AT and S&M pillar models for
constant stress with temperuture changes can he expressed
a8

gdconst oy} = A[I—MOP P oof  (A-3a)

€, = a & fit—A(1)] {A-3b)

e T T g B D bbb 4 A =
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Figure 3. Schematics of femperature jump case. #) Imposed
conditions af temperatore and stress. b) Creep strain response.
¢) Creep strain rute Tesponse.

where
]

AMeonst o, ) = Aft,) +f (1—-X) ,g, _g_ dt.

The SAl and S& M models depart for the case of variable
stress, In analogy to the variable temperature case, the SAI
model assumes that the response for variable tempersture as
well as for variable stress can be expressed as

de, =€ 4 + [ e a4+ 38x 49 4+ 0% du'x]

at aA a8 O,
.. 26 — 3y dB dory
Py dt +[ =5 dix + be, — 7 + cey, ax

The sum of the terms in the bracket must be zero by creep
strain continuity. ‘Then the SAI pillar creep model for vari-
able temperature and stress becomes

€ = Alt — MO {80 frO0F {A-4a)

€y = a et — ) (A-4b)

t

MO = A, +ﬂ‘~:-5) [b.i+ c-‘?i-!} dt. (A-d4¢)
a G oy

L
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The analogous treatment of 8 and o, in the SAT model 15
not present i the S&M modcl. The S&M model assumes
that a change of stress (a1 consiant temperature) occurring
at v produces 2 change of cresp strain ut § 2= 7, according to

de {t 2 ) = Alt — 7R8d|o (1))
or
E il 2= ) = g (1) + de(f = 7).

The generatization for variable stress and temperature re-
salts in the S&M pillar creep model,

1

L, T
It can be shown that the SAI and 5&M pillar creep
models of Egs. (A-4) and (A-5) are identical for constant
styess cases. ™ In addition, they converge to the same result
for variable stress cases as time unfolds beyond the last
stress change. The S&M model predicts infinite creep tate
at stress jumps applied during creep, in contrast to the SA]
model, Both models predict finite creep rate at temperanare
jurps applied during creep. Stress jump experiments would
be reguired to select the most accurate model.

NUMERICAL CONSIDERATIONS
The steps to implement the § Al mode! numerically are:

1. Generalize the SAI pillar model for geomeatric invari-
ance for application tn arbitrary configurations.

I3

. Include the relations for stress relaxation due to creep
strain.

3. Express the total mode] in appropriate difference form

for inclusion in & time-explicit, finite-difference code,

In order to generalize the SAI pillar mode! [Eq. (A-4}},
the pillar creep strain, €,, must be replaced by an equivalent
deviatoric strain, (3 <e>, so that

;-.. ) . 2 . 1 . » o
<e> = '\"’ “j—(ewﬂ i e:;;"é‘ - elzz} + e‘:_(y a e%fv + Cax

where ey are the deviatoric sirain components, and the pil-
far load, o, must be replaced by an equivalent deviatoric
stress, /3 <(s>>, so that

. 1, 2 L s
g = ‘\v/? (85 Sy + ) T Sk~ S0 S

*when & constant value of o, is upplied saddenly # t.
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where s, are the deviatoric stress components. Assuming
that creep is purely deviatoric, the invariant form of the S Al
pillar model becomes

<> = Al — A (0] [80] [wsin)>], {A-6a}

<@ = A<t - AL {A-6b)

so=a s {02+ 2w (a0
a QQ 8 R

where A is now a material constant that does sot depend on
the geometry. The superscript o7 indicates that Eqs. (A-0)
are for creep strain. These squations are uscful enly if 8 and
<s> are applied conditions. In particular, they do nat
handle cases of applied {otal strain. These lanter cases cor-
respond to stress relaxation due fo the conversion of elastic
strain inte creep strain, Before addressing this effect, it s
heipful to outline a numerical method, developed by Wil-
kins (Reference 1), used to relax stress by plastic flow, The
extension of this method to creep flow can be derived by
analogy.

The Wilkins approach nvolves the following seps.
Compute deviatoric stress components from components of
total deviaroric strain, assuming elastic theory. From
Hooke's Law, the rate of change of deviatoric stress is
directiv proportionz] to the deviatoric strain rate,

815 = mpeld (A-7a)

where m = [ wheni # jand m = 2 wheni = j. @ is the elastic
shear modulus. The computation of the deviatoric smess
reguires that Bg. (A-7a) be integrated,

sT5ta) = syl + SYAL (A-TD}

where At = t; — 1, Ty 1§ new time, and {; is old time. The
stress ellipsoids before and after the computation of the new
deviatoric stress in Eq. {A-7b) are shown schematically in
Figure 4(a). These deviatoric stress components are called
the cquivalent-elastic deviatoric stress, s§9(f,), and are used
to define a *“erial”’ statz of stress, 3 <05%°(t,)>, which can be
compared to the yield steess, Y{i,). If the triaf state exceeds
the yield swiface defined by Y(r,}, then all of the equnvalent-
elastic deviatoric stress components are reduced by the same
factor,

Yity) -
a = I ST f:se*‘?\t,i —- - (AT

Equation (A-7¢) is a statement of the non-associative Prandtl-
Reuss flaw rule. The resulting deviatoric stress components

and the comesponding plastic flow components are dertved
from the definition of toral devialuric strain rate as follows,

et = f-o it = 8y o+ e { A-Ra)
o At
‘e;r;{ - -S(;pi s _'Bscl[:““)
It 2# * ?.,!,L

2pEf = 55+ Bt

i o= §F - 2pe%;. (A-8b)
where § in the above cquations is the constant of propor-
tonality relating the rate of plastic sirain to the instania-
neous stress deviator in simple plastic theory.

Equation { A-8b) can be rearranged as follows,

S0 = § — Tudl (A-8¢
In words, Eq. (A-8c) is

Final
(elastic-plastic) { =
state of stress
(A-9)
Trial Plastic
{equivalent-elasticy | — adjustment
state of stress

The elastic-plastic stess deviator, 5%, can be eliminated
from Eg. (A-8¢) by using Eq. {A-7cyin the following funm,

Thug, Bq. (A-8c) becomes
asfy = ) - 2pudy &
(F-a)siile,) = 2pehdt. {A-tla)

It can also be shown that

(1 a)<s¥ (L, )0 = el {A-1ib)

i
ra

¥
M
o
-

The elimination of | —a in Egs. (A-t1a) and (A-11b) results
in the equations

By = i D (A-12}

which are cguivalent to the assumption that plastcity
shrinks the stress slfipsoid withoot changing its eccentricity
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Figare 4. Update of stress deviators by elasti-piustic and creep
adjustrnenis, a) Stress deviator effipsoid beforz erd after elasric
update. b} Plastic adwsneent by the Pradtl-Reuss assumpticn {not
gssential 10 the creep mededl ¢} Creep adjustment by the
Prepdii-Reuss assumption {essential to the creep modely.

or prientation. These remarks are ilustrated in Figure b)),
Maore generzl models of plasticity allow for rotations and
disturtions of the stress cllipsoid, and these are not pre-
cluded in the discussion that follows.

If we assume that creep strain relaxes the stress ellipsoid
in the sume non-associative manner described aghove, then
the corresponding creep equations are

859 . B
;_Q:é_x {;dl‘-l?}}

WET .. g alT™
e = <t

where $§8/ <082 is employed (0 account for general plastic
response that does not necessartly obey Fgs. (A-12). Thisis
consigterd with the assumption that plastic relaxation of
stresses occurs instantly, while crecp relaxation requises
time. Thus, the plastic adjustraent is made figst, followed by
a creep adjustment based on the stresses that reselted from
the plastic correction. Thern, by direct anzlogy 1o the previ-
ous discussion fEg. {A-80)], the final deviztoric stresses,
$il1n), are

Sted = SN - 2plSidt
{A-tda)
O B DTt TSy
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L D S 1 T8 b IR s |
(A-14b)

CEP( ]} - 2 TRt <l ]

The final adjustmant due to creep i displaved in
Figlirc'fL(c).

if the heat generated hy creep during the stress adjust-
ment is eifher a) neglected, or b} rot added, entil after the
adpustment, then we have enough independent equations to
perform the stress-strain adjustment. However, the method
rmust be centercd properly to avord sysiematic errors thar
can occur in difference equations. The method used by SAI
is described next.

Previaus expressions cai he used 1o construct the differ-
ence eguations,

L e 4 A
dt

<) - <s(tﬂ},
dt

[A-IH)
TP D <la( )
dt

~ 2paAlG =~ AP THOGP {5 ]
MU = [A(,) ~ At

Cen s (s~ st}
S bEO() < sty ) dt

— 2uc AL AR B [<sg B (AA16)

Using the following conventions,

Knowns
t, = oid time
4 = intermediate time {t, < L = t,)
= half time {f, ~ 5,¥2
ty = new time
dt = full time step =, — 1,

Mo = Alt)

S = s>

SO TP

R, = &7,

R, =870

R, =0"(t,), Ry = 61}
R =R, - Ryt

Unknowns
8= eCs(g)
by = <l >
Ay = ALY
hl‘l o l(tﬂ)
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the difference equations can be expressed as

[

I . 55
Sl.‘[i ,.\l,sg N R;_; D e 5

e QpaAly - NPT R

: L= AR cfsEP s
Al A8 Ry = ( i i)[ R * _l;-.di_;lj

— 2pc ALy — AP R

These equations can be sulved by a fonsth-order Runge
Kutta scheme as described below. The fourth-order Runge
Kutta method involves four successive estimates of s and A,
The first estimates are

-Si Té(tﬂv&ussuaRa}

A =M sGR)

() =8, + § dv2

Ait) = A, + N, dv2

The second estirnates 4rc

|

:\S(Ih,h-] VE !Rh)
At Ay o5 Ry

S

A,

rs

s:lly) =8, + & dU2
Aally) = X, + .N- atid.

The third estimales are

-83 ;‘.n]}h'ivﬁﬂ >Rh)
‘ia i 'k[.zhakﬂ 5. Rp)
Sylly) = 5 + S dt

Altad = Ay o+ )\1 dt,
The Tourth estimates are

'51- = g“n.A;;,-'ig,Rn}
3\-1 = k(tnvhﬂss.‘SSRll}
salty) =8, + 5, dt

Milta} = Ay = A, dt,

The final estimates are

where the errors in § and A are estimated by

Eo omjidy - Sus — SIS £ 5

(3 atherwise

il

E, = ”\ - ?l\:?}f'{)‘“: - }\E)‘ ifll\z F A
= (} pthersise.

The SAL mndel vsed the eriterion that B, and E, could
not exceed 2% 1f this viiue was exceeded using a fuil time
step, then the galeulution was repeated with sub-time steps
that reduced the error g0 2% or Tess. Though the 2% criter-
ion is freguently used in the Runge Kurna metbod, it s
probably maore conservative than is warranted fur the Proj-
ect Sait Vault simalation, The trade-off of accuracy versus
COMPUIEE COSES Was not assessed.

t should be emphasized that the present S Al crzep mode)
is based on limited data, apphicable w salt repository condi-
tions, and may not be valld undery different conditions. The
modeling method, however, is not constrained by the par-
ticolar creep law that was selected. For cxample, the temp-
erature dependency, 8. is a satisfactory description in the
limited cases of the Lomenick experiments. The depen-
dency, expi — K/ ts sgqually satisfactory with respect to the
Lomenick cxperiments und probubly has a larger range of
validily because of ity agreement with dislocation theory
(Reference 43, Either form can be handled with case by the
modeling methad that has been presented. I pecessary. the
cffects of dilatancy on creep rate may alsa be incorporated
without difficulty,

RESULTS

Sor far, the only verification of the creep model comes
from two-dimensicnal numerical simulations of PSYV (Ref-
erence 3) using the explicit finite~diffzrence  code,
STEALTH 2D {Reference 6). Room closure data compeari-
sans between ficld measurements and results from simula-
tions with and without the excavation saquence are shown in
Figure 5. A full thres-dimensional simulation s now
underway,
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