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ABSTRACT

Conetitubive equations for the creep of rock salt that have been utilized in the
anelyses of salt deformations are summerized. Primary creep, secondary creep, and
elastoviscoplastic models are discussed. The strains predicted by several of the
primery creep constitutive models are compared for identical conditions of deviatoric
stress and temperature. Steady-state creep rates are compared under lidentical condi-

+ions of deviatoric stress and temperature for the secondary creep equations.
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I. INTRODUCTION

The creep of rock salt hes been studied by numerous investigators over the past
two decades. Studies have encompassed the behavior of both single cerystal end
polycrystalline salt over a wide range of temperature and stress environments.
Constitutive models for salt that reflect the observed creep behavior heve been for-
mulated from the experimental deta as part of many of these investigations.

The purposs of this report is to summarize some of the creep constitutive rqua-
tions that heve been employed in the past and are currently being employed in the
anelyses of the mechanical response of rock salt. No attempt will be made to make
comprehensive comparisons of the constitutive equations or to reach a final conclusion
on which equetion is best suited for WIPP analyses. Several review articles have been
published that discuss the creep experiments of various investigators from which the
models are derived. This report does not amttempt to reproduce those efforts, but
rather applies the general background given in the review articles to the summary of
creep equations that have been reporteu.

This report presents a brief general discussion of both the constitutive models
for creep and the numerical slgorithms associated with solving these problems.
Examples of the various types of creep models are discussed along with their applica-

tion to geologic enalyses, Finally, a brief assessment of creep models is presented.
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II. CREEP, CONSTITUTIVE MODELS FOR CREEP, AND ASSCCIATED NUMERICAL ALGORITHMS

Creép ean be defined in terms of the time dependent deformation of & materilal
subjected to a constant stress state. Laboratory experiments are typically idealizcc
into three stages of creep deformation for a specimen subjected to constant stress
for long periods of time. These are described as (1) primary creep, demonstrating
decveasing deformation rates,* (2) secondary creep, demonstrating constant deformation
rat s, and {3) vertiary creep, exhibiting inerearing deformation rates anu normally
tevrinating witl, fracture or instability.

Experiments on rock salt have produced data that substantiamte that all threc
era2ep reguimes ran be obtained depending on the stress state and temperatur:. The
relative importance of each regime is controlled by the deformation mrchanisms that
are active under the imposed conditions of stress and temperaturc. Tneze deformatinr
mechanisms include defect-less flow, dislocation glide and climb, diffusienal creep,

yer urdefined) rmechanismz. Further, the

growsh of risrofracturez ond other {poss

hanism is a tureticn of the

rate of cre~» occurring as a result cf a particular ne

impesed environrental cornditions.

Canstitutive eauations for materiasls unierpoing creep deformatians "I

ign canini

tre necessary indegendent variables, In other instances, the form cf the conrtitutive
=auation has bteen mctivated :rom a mcidel fer the physical mechanicms deminatinge

seccendary creep, In this instance, the parameterc appearing in the ~quations are

ired such thet the ejuations can aporoximese the Zata, Eaquaticns asccoinmter

ceterm:

-0 primary ercegr without the

with defermation mecharisms have alsc besn

rhysical Justification.

Certain ecuations for primary creep Bnd seccn:ary €reep are user meost froquently,

It will be helpful ic¢ review thesc eaustions in general terms befors tiscuscing specifice

cases. For primary creep, constitutive eauations cf the form

¥
Here the deformation rete refers to = tensor defined in terms of symmotric porticn

of the velccity gradient.



¢ = £(r or e)g(8)n(o) (1)

have been frequently used, where € is the creep strain, v is time, 7 is the tempera-
ture, o is the stress, and f, g, end h represent functions. Creep laws using Equation
{1) assume that the effects of time, tempersture, end stress on the induced creep
strain rate are separable. Functionel forms of g thet have been reported include
power laws (2") and exponential lew forms (exp(-Q/R%)). The exponential forms are
related to activation energies (Q) associsted with deformetion mechanisms, while the
power law form is apparently strictly empirical. The use of time (7) or strain {e)
as the in.ependent variabtle for f leads to the time-hardening or strain-hardenirg
interpretations for the decreasing strain reste as a function of time, cbserved during
constant stress creep tests. Life fraction rules for the function f have been
proposed as an alternative to time and strain-hardening representations in which the
proportion of total possible deformation that has occurred enters the constitutive
model in plaee of time or strain. The stress function h has most freguently been
expressed as a power law (an) to reflect the possible nonlinearity associated with
the stress state.

The distinction between strain-hardening and time-hardening is important in
applications that heve changing stress and temperature fields. Strain-hardening laws
normally require that as the stress state changes, and thus moves from one constant
stress and temperature creep curve to another curve, the shift occurs tetween pointe
of equel total strainm on the two constant stress curves, Time-hardening laws reouire
that the change from one constant stress curve 4¢ another cceurs peiwcen c€auel times
on the two constant stress curves. These two interpretations can give very different
results. Life .raction rules represent a means of compromising tetween time-harcening
and strain-hardening by moving from one constant stress curve to another according te

n that can be tolerated by the material. Time-

eaual percentages of the total deformati
hardening laws erc the simplest to implement in a solution amlgorithm and are probedbly
the most commonly usec. They are most successfully applied when the problem irvclves
a stress stete that is cornstent in time, but cap prosuce very poor results il tris is
not the case. Time is not gn intrinsic material property and, in genersl, shoula not

appear explicitly in the constitutive model.




Secandery creep {8lso called stesdy-state creep) is cheracterized by constant
deformation rates unéer conditions of constant stress and temperature., Separanle

constitutive equations of the form

&= 1£(0)g’(s) (2)

have been used to model creep within this regime. Weertman [1] has proposed that the

functions £/ and g’ be defined as

£/3) = égé P.xp(- ;%) (3)
and
n
g’(0)=(i) ()

where p is the shear modulus, @ is the activatinn emergy, and R is the universal pas

constant. R~umerous investigators have found this law to be a good approximation for

gecondary creep involving dislocetion climb {polygonization) at moderate stress level
It has also been observed that Lhe iomperature dependence of u leads to the fact that
the cuentit; ﬂg(—]:)n + s i s

o ¥ 3 i is nearly constant. At higher stress levels, where slip oeccurs,
the stress function is expressed as an exponentiel function such as sinh{Ba). &5t
very low deformation rates and elevated temperature, where the diffusion limiting
Nebarro-Herring {27 or Coble M2 creep mechenisms dominste, & iLinear depender.cc
vetween stress and deformation rete is obtaiued.

Tertiary creep exhibits increasing deformetion rates that lead to failure. Come
work has been done in developing constitutive models in teriis of creep rupture theory
that ere appropriate for the tertisyy creep regime. The onset of instability charac-
terized by tertimry creep has been observed to be related tc the total strain.
However, little has been done to express either the transition from secondary <o
tertiary creep or creep rates in the tertiary crecp range using constitutive envaticns
for rock sait [37.

The ebove primary creep and secondary 2reep models (Egiations (1) and (2)) arec
separeble in their form. This implies, for instancc, that if two creep tests are

performed st temperatures —31 and ?_, with the stress state the same in each test, the
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ratio of strein rates between these tests must equal the ratio of strein rates of a
second set of two creep tests performed at 91 and 92 but at a different stress state.

Currently, several efforts to develop constitutive models for the creep deforma-
tion of salt are being conducted. Some of the efforts have been motiveted by the
assumption that more than one mechanism is mctive for a particular combination of
independent variables [5,6,7]. This assymption has led to constitutive models having
additive primary or secondary creep functions and provides a means of heving multiple
activation energies and stress rionlinearitie;. A second effort currently being
developed involves construeting e detgiled deformation mechanism map that cefines the
transition 2ones between dominent creep mechanisms {7]. This effort provides a means
of quentifying where a given mechenism dominates over other mechanisms, but zlone
does not fully account for more than one mechenism bLeing active at a particuler stress
and temperature state.

Analyses of creep deformetions of selt have been provided in recent years by
aumerical methods using finite element or finite difference methods in the space
domein and various numerical techniques in the time domain. Some of the analyses use
elastcplastic models to predict the stress state due to the appliec loads. Creep
cefcrmations are then predicted using the computeé stress stave in conjunction witn
with creep law. Other mnalyses are formulated from a creeping flow formulation in
which the elastic response is neglected.

Zlestoplastic formuletions normally ssswre lineer elastic behavior for stress
states lying below the yield surfece (typically a Mohr-Coulomb failure criterion is
used). Once the stress reaches the yield surface, the material deforms inelastically
and independently of time. The stress state resulting from the elastoplastic analyses
is introduced into the creep lew to predict the creep strain increment for & specified
time inrrement. Some analyses have applied e yield surface concept to the creep law
in such a way that no creep deformations occur below a certain limiting stress.

Creeping viscous flow formulaticns have also been epplied to the analysis of
creep deformations. These formulations relate the applied stress field to the defor-

mation rates of the material using the creep law as the constitutive medei for a non-




Newtonlan fluid, Normally such formulations neglect the elastic portion of the
deformation and, thus, apply to problems in which creep strain increments dominate

over elastic strain increments for a glven time inerement.
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III, EYPERIMENTAL INVOSTICATIONS AND REVIEW ARTICIES

Numerous investigators have perfarmed laboratory cxpericents o ascess the auasi-
stetic and creep behavior of single crystel end polycrystalline sslt (helite). Amcng
trese are Burke et sl. [9F, Carter and Hears [107, Fensen and Mellegars 7117, Huura
“12], Le Comte [13], Lomenick 147, Menzel et al. [157, Rair 16, Poirier [17],

iz oLt

Thrmpson and Ripperger [ 18], and wWawersik ‘%], Several review articler sums

of 'he available data 119,210,

i
-y
a

in B report prepered bty Dames mnd Mocre Consultamis {1% o0 D opartmont

ed relative to the prelzpic forma~

of Frergy, creep data for rock salt has been revie
tions from vhich sample meteriel was taken. Incluuwd in the report o roviews of znlt

malh tasino.

proverties for domal salt and for selt from the Callna, Permian, nnu i

The report summarizes known values of density, water contont, permeability, rlaciic

moculi, and thermal properties, in addition tc ereevo propertirs., For th

nr, Kanrse,

basin, speeifically, the work associated with Prejeet Celt Veult in Ly

model piller tests performed by Lomenick ana Bradskaw, leborstory ters of
Gnirk, and in situ tests of Reynolds and Gloyna arc iiscusses end roferencea,  Oreen
lawz derived from these sourcec, however, are not sumwarizec for the i« rmlan pasin

w3 cretp lews arc progent=:,  For

salt. For selh from other locations empirically ba

salt from domal formetions primary ercep laws verived from the moscl piller - xpe riments

bty Lemenick ard Braecshew are suamarizes {the cmpirical fits include

de from bedded salt) anc & secondary creep represeniatinn bty The:

g

“IB. is presented. Fer Salina basin reck salt, ke recan
Coert (277 is wiven.

Carter [21] has written a revicw article cevering

several reek types entitled "Dteady State Flow of ¥ ens”

sreep of hall . The article begins with a :iseuzsion cf mrtsls ans o ramiors that

summarizes varicus creep mechanisms observe: in thers materials.

For poly-

specificelly the ereep of both sipgle ~rystal and prly

crystalline salt he notes tnat the resultz of oz

consistent with -ach other. He then cancratrates on the reporte: dats of Hear:

13
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because his data caver the broadest combined range of pressure, temperature, and
strain-rate, Nambarro-Herring creep end dislocation glide and climb (polygonization)
are discussed including the strain rates at which the transitien from vne creep
meshanism to another occurs. Applications center ercund activities of tectonic scalc
sucir &3 diapirism, folding, end mantle conve}:j.ion.

Baar [22] has published a monograph on r;ék salt mechanies. This text contains
discussions on the geology and physical propertit‘ésg?\f rock salts as well as numerous
references to in situ cenvergence measurements in salt mines, Esar calls attention to
questicnable assumptions made in formulating creep laws from laboratory dete of ereep
rates. Baar's perception from mine obscrvations is that strain-lardening observed in
the laboratory does not exist in situ.* Further, creep limits (i.e., stress levels
below which creep will not occur) are either zero or nesrly zero for rock salt. Baar
emphasizes that strain-hardening models thet increase the octahedral stress required
to initiete creep lead to unconservative designs.

Thoms and Martinez [23] have prepared a review of salt material properties as
gars of a project to store energy via compressed air ‘n caverns within salt dormes.
This report is a general descripticn of material moc for time-independent plas‘icity
and creep of salt snd the numerical methods for snal—:i  salt cefcrmations using
plasticity and ereep models. The constitutive equations are discussed within the
context of primary, secondary, and tertiary creep without relating the creep to
specific deformation mechanisms. Much of this report emphasizes the short term
response following the opening of cavities using ouasi~static test resalts to evaluate
parameters necessary for time-independent plasticity models,

The reviews of selt properties by Dames and Moore Consultents, Carter,; Eaar, and
Thoms and Martinez provide a good summary of the work performed over the past ten

years. The references cited in the reviews are quite extensive.

*

It appears that Baar means that salt will reach the secondary regime nuickly after
being loaded and thus will demonstrate constant str rates for constant stress
conditions. The primery creep regime is embodied in what Baar terms stress relief

creep.
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IV. SFECIFIC CREEP MCDELS AND APPLICATIUNS

In many instances, the laboratory data from chbserved creep behavior of rock salt
have been utilized to evaluate parameters for primary and secondary creep models.
These ereep models have subsequently been applied in the analyses of the creep of room
and pillar mine geumetries and other applications. Creep laws have alsc been generated
by vsing in sitv experimental data in conjunction with numerical solutions to obtain
creep parameters that lead to the best match of predicted and measured deformations.
We will consider creep equations obtained in both ways. Primery creep laws arc
discussed first, followed by secondary creep mod2ls. Elastoviscoplastic and creep

rupture models for rock salt behavior are summarized.

V.l Primary Creep Constitutive Equations and Applications

McClain end Sierfield [2k) have mnalyzed plller deformations that were measurcd

during Project Sal% Vault, Thkey used a primery creep ecuation determined from the
model piline tests of Lomeniek [14] using salt principally from Lyons, Kansns. The
creep constitutive equation -eported is

e =1.3x 10737 95 0.3 3.0 (5)

where ¢ is the strain, ¢ is the average pillar temperature (K), - is the time (hours)
and © 1s the average pillar vertical stress (psi). In order to generalize this law
for conditions of varying stress and temperature, McClairn end Starfieild firet expressec
the differentisl strain as s function of the differential stress. This equation is
then intograted with respect to time to obtain an expression for strain as a function
of time. Thry next introduce a time scale shift supgesteo by Leaderman [25] to zccount
for changing temperature. The generalized constitutive esuation for creep under
conditions of varying temperature and stress was then applied in the analysis of

piller deformstions measured during Proj~ct Salt Vault. McClain and Starfield reported,
however, that the measured deformetions could be better simulated by modifying the
original constitutive model obtained frem Lomenick's data to be

e = 6.5 x 10737 :9-5 0.37 3.0 "



where variables have the same dimensions as presented before, Coefficients in this
law were obtained by trial-and-error to provide the best match to measur«d values.
Computed deforr..ions (obtained with parameters determined by trial-and-error) have
been compared to measured values for a period of 1500 deys following excavat: n.

Hardy and St. John 26] have extended the work of McClain and Starfield (2k1,
using the primary creep model reported by McClain enq Starfield ss s best fit to the
Project Salt Vault in situ measurements, and ream ' . ] the plllar deformations
occurring in Project Salt Veult. Hardy and St. o. «80 incluue the results of a
three-dimensionel thermcelastic repository simulaticn.

Wahi, Maxwell, and Hofmann 727) have reported nurerical simulations of Project
Salt Veult pillar deformeticns, They used a two.dimensional, explicit, finite-
difference method for the analyses ln conjunction with creep law parameters reported
by Starfield and McClain. Wahil, Maxwell, and Hofmann have also modified the primery
creep law derived under conditions of constant stress and temperature to sccount for
changing stress and temperature fields. 1In thelr analyses, they simulated the effectr
of excevaticn seguencing, but concluded that the sequencing had little «ffect on
deformation of the pillars, given that heating did not begin for approximately six
months after excavation onded.

In another report by Maxwell, Wahi, and Dial [28], the elastic and crecp responces
due to stresses caused by thermal expansicn for s full seale repository have been
simulated. A primary creep law wss also used in these simulastions. Psramelers for
the crecp law were determined from ereep tests reported by Hansen anc Mellegarz [117.

The creep equation used in the simulations was

1
Eepeep ™ 6015 % 10"‘3[53'0 exp(—hlm/e)]m[ecreep]-l'ls 17)
and
3 7 fereen 3 )
wrere 2 is the temperature {K), écreep is tre geperalized ereep strair raur 's-‘l,,
- and § is defined by
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S = J%'[“’x - cy)z + (uy - cz)a + o, - °x)2] + aiv + af,z ‘o (Pa) .
or S = -\/g (vhere I is the second invariant of the stress tensor). A two~dimensionsl,
explicit, fiaite-difference computer code wes used in these anslyses.
Ratigan and Callahan [29] have reported on s thermoviscoelastic simulation of
pilicy deformetions ssscciated with Projeet Salt Vault., The primary ereep law
utilized in their computations was detemined from a combination of data reported by

Bradshew and McClain [24) and by Hansen [30]. The creep law reported is

9.5
15 ( 8 ol ’
ey " 6.885 x 10 ——-295.5) T Jza” {9)

where - is the time (e}, @ is the temperature (K), J, is the second invarien: of the
stresg deviator (psiz), ci’.‘) is the stress devietor tensor (psi), end ei.j is the stirsin
tensor. Retigan and Callshen employed a finite element ccae to perform the pillar
simulstions in which the creep strain retes have been computed from the stress fieid.
This epprouch uses & form of Equation {9) thel had been diffeventiated with respect
to time.

Hensen 131,321 performed laboratory creep experiments on Jefferson Island salt.
He performed a multiple regression mnalysis to determine the parameters appearing in

an isothermel power law for primery creep. The creep ecuation is given as

¢, = 718 x 16753 19-381;4)2:52 10)

where Cl is the axial strain, -~ is the time (s), and 40 is tke Gifferential axisl
stress {Fa)., Hansen alsc discusses a creep law propossg ty Fossum .33 in which the
inelastic strain-rate (&) is expressed as a function of the stress deviator [2'),
second invariant of the stress deviator (Jz), and the inelastic generalized strain

€. Specificnlly, this law is given as

1
(372)2 - 68.1 x 107 c0’326 ,
— X o (11}

(35,)°2

¢ - 2,99 x 1072

where the dimension of J, snd ¢’ are in Pascals and the dimension of i is sh 1eis

law yields

17
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1

8-0 as (3.12)2 - 6B.1x 107 50'326 -

0.

Velues of strain above 2.0 percent cause the strain rate to quickly approach zero,
thus allowing the total strein to asymptoticelly approach a predetermined maximum
value. This maximum strain was evaluated from cbservation of laboratory creep teste.

Hansen hes empirically determined primary creep laws for rock selt from Lyons,
Kansas [30] and rock salt from southeast New Mexico f11,34]. The creep laws reported
for these salts are

-18 0.4 3.7 9.5

€ = 7.2 x 10 Iyons Salt (12)
- -35 0.h656 2475  8.969

g = L1 x107 1 i 8 ; Southeast NN Slt (13)

€ = 1693 x 10739 [0-4808 2.676 ,10.17

where 7 is the time (s), o is the axlal differential stress (psi), LY is the axial
strain, and 6 is the tempersture (K).

Russell [6] has investigated the possibility of using a combinetion of strain.
hardening functiorns to model the primery creep regime and a Weertman secondery creep
equation (Ecustion {2)) to model the steady-state regime. He assumes that the
transition from primary to seccndary creep occurs at 10 percent strain., For the
primary regime, Russell has performed a fit to constent strein.rate data of Heard

[12] using an empirically based eguation of the form

N 2
21 _ (1
¢ ?_‘1 Ay exp(-3/c) ()
Parameters are given for two cases:
Case (1) Test Conditions Parameters for Equation (14)

Ao = 250 bar Ay = 375331 x 10

0y = 2 kbar Ay = 0.05935

/& = 23°C A2=\2=0



Casz (2) Test Conditions Parameters for Equaticn {1h4)

Ao = 150 bar A, = 0.1k x 107
oy = 2 kbar A o= 0.02904

8 = 100°C Ay = 0.5084 x 108
A, = 0.08230

where Ao is the stress difference (kbar), 93 is the confining stress {(kbar), and & is
the (exial) strain rate (s'l). Russell reports that Equation (14), obtained from
constant strain-rate tests, can be integrated to give the strnin as a furn~tion of

time to simulate & creep test, For the cages above, this ylelds for
Case (1) e = 1.054 x 1070 22793 oy ror (15)

Case (2} e =17.5x 10'!‘ T0'35 . (16)

Thoms, Char, and Bergeon (35] have analyzed model pillar deformations using
finite element techniques. In their analysis of a pillar, the load was applied to
a pillar and the displacements were computed assuming elastic behavior. A second
analysls was then performed assuming creeping viscous flow behavior of the salt to
obtain the inelastic (creep) strain rates. The total strain was obtained by aading

the elastic strain to the integrated creep strain rates. In their analyses for the

creep deformetions Thoms et al, cefine a "creep stiffness" fece] as

{8) = [eelisl, ot
1 LY [}
1 1 -y Q
where [eel = £ |sym N o
2{1+v)
v =0.45
and
1

T

19



20

in which B, bl’ bz, and b3 ere material constants. J2 is the second invariant of the
stress deviator (psia); @ is the temperature (K); and + is the time (hr). Thors,
Char, and Berge. examined the pillar tests of Lomenick [14] and found that the
deformation history of the pillars could be matched by selecting the following
constants:

15.6 x 1078 B

b, = 0.974 ,

= 9,660 , and

o
"

b, = -.750 .

For the pillar tests performed by Thoms et al. using Weeks Island salt, the paremeterz

ylelding good correlations to the measured pillar deformations sre

B=15.6x 10’38 N

by =0.975,
by = 9.65 , and
b3 = «.90 .

Menzel et al. (157 reported primary creep lews resulting from experiments performed
on rack salt taken from German mines. The empiricel equations for primary creep they
reported are power laws of the form

e
| .
8 TN 5‘——)
8 1 +1 +1
e{8,59,7) = Aexpg—-:-l-~u-— o U H
1 e 3, n

O

R B+1) .-
uhere,u=1.u3x105°,e=15,u=6,ax=7.7x,v=-5—:77-;—1,;0=295x,

and o is in kPa/cmz.

Perrish arc Gangi [:] have worked on development of e constitutive model per-
taining to the primary regime observed in constant strain-rate experiments. The creep
laws they present give stress as & function of time under conditions of constant strain
rete 8g

a{r) = o (1 - exp(1/7)) (18)



where g 1s the stress and t is the time. They have used least squares curve-fitting
techniques to evaluste the best values for g and T, for several of Heard's "121
constant strain-rate experiments. They have concluded that the date suggests a

summation of terms:

o{r) = o, (1 - exp(r/7))} + o,(1 - exp(v/x;)) . (19)

They Feel that the use of two exponential functions is motivated by the possibility
of having more than one deformation mechanism contributing to the creep of the saelt,
The different mechanisms would exhibit differer ! activation energies and thus would
require separate functions to describe their behavior.

Le Comte [13] performed creep experiments on single erystal and artificisl poly-
erystalline rock salt over a temperature range from O to 320 C, a confining pressure

range to 100 MPa .nd stress differences to 13.B MFa. Ie Comte concluded that

individual creep curves could be well approximated by

¢ =4 +B" ‘20)

where A, B, and n are constants empirically determined from the date, Carter (36
inecludes in a report of the petrofabric enalyses of Lyons, Kansas and Jefferson Tsland,
Lovisiana, rock salt a primary creep representation of le Comte's [13] data for 1 kber

confining pressure tests over temperatures of 175 to 2C0 C. This equation is given as

e, =200 5l'h £0:55 expf- -L'?Ts- (21)
RS x 10
where € represents the transient creep strain, g is the stress (bars), = is the time

(a), & is the temperature (K), R is the universal ges constant, and 19.7 is the velue
for E (activation energy) (kecal/mole).

It should be noted that several investigators have reported constitutive caua-
tions of the general form € = £(1) or o = (). These equations apply to specific
atress states or strain rates and are not appliceble to general stress and temperature
fields.

Primary creep laws presented by veriocus investigators are summarized in Table 1. Only

those lews that include stress, temperature, tirme (or strain) are included in the
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summary. The total accumulated creep strains predicted by some of these equations
are presented in Table 2 for several combinations of constant stress, constant
temperature, and time. Simple uniaxial stress was g.sumed (i.e., 0 = 511 05 = !13 = 0)
for camputing accumulated creep strains. As can be seen, the computed streins vary
widely with some reaching values in excess of unity. These variations mgy be due to
the origin of the material, to the testing procedure used, or to the extrapoletion of
stress, temperature, m.s time to values used in this comparison that ere beyond the
range of parareters considered during testing. Hansen [30] has tebulateé & similar
comparison of accumulated strains for primary creep lews resulting from tests on
Lyons, Kansas and southeast New Mexico salt. Creep strains vary by more than a factor
of two for the different laws within a perlod of two days under conditions of 3000 psi

stress difference and 22.5°C temperature.

IV.2 Secondary Creep Constitutive Equations and Applications

Hedley [37) has examined the convergence rates of rooms in 5 different salt mincs
and used an eouation simllar to those used to describe isothermel, secondery creep for
a description of the results. He develops the equatio

& =15 x 10'8 527 (22}

where & 1s the room convergence rate (in/in/day x 10-6) and v is the piller stress
(psi).

Obert 72C] studied the derormation behavior of model pillars constructed from
salt, trona, and potash ore. He included primary creep and attempted to fit a model

of the form

-Ek‘r

3n
e K

+ + 1- (23)

n
n

a7

e

2,
Iy

(where Em’ "m? Eh’ and jk are material peremeters, 7 is the pillar stress, ard -
time) to the observed behavior of the pillars, but found that by using constant
rarameters the linear model could not accurately fit the results. Instesd, Obert

reports that e power law of the form



& = D" (2h)

could accurately descrive the steedy-state creep cbgerved in the constant force pilliar
tests. For halite Obert reports velues of n of 3.0 to 3.l and strain rates for model
salt pillers made of Michigan salt and Kensas salt of 1.0 x 10"1O and 0,3 x 1()'10 s.1
for axial stress levels of 1000 psi and ambient temperature. Obert dic¢ not observe
the transition to tertiary ereep for struins up to 25 percent,

Thompson and Ripperger [18] performed experiments on rock selt tuken from Grand

Saline, Texas and from Hockley, Texas. They used a power law of the form

n
¢= C("io) (25)

to model the lsothermal steady-state benavior observed in the experiments. An
empirical Tit to the deta gave the values of C, L and n as 11.b4 x 10-7 min'l, 2506
psi and 5.25, respectively.

Heard [12] has provided creep laws corresponding to the constant strein rate
tests performed on annealed isotropic aggregates of helite under conditions 2 kbar

8

confining pressure, 23 to 400°C temperature, and 10-1 to 107 s_l strain rates, In
regions of steady-state creep, governed by polygonization by dislocation elimb,
Weertman's model (Equation (2)) consistently it the date using mean ccefficients
defined by

6

& =3x10 exp(23.5 x 103/Ra)c:5'5 (26)

where & is the strain rate (s-l), A is the temperature (K}, o is the differential
stress (bar) and R is the universal gas constant (cal/mole K}. At low temperstures
and high strain rates, apprecisble strain hardening was observed. For high stresses,
Heard reports that the deformation mechanism is predominantly slip (dislocstion pile-

up). He reports a creep law of the form

¢ = b.5(x 0.7) exp(-26.0(+ 2,3)/2.30 R%) sinh(o/L6.9(- 3.0)) (27)

to approximate the salt behavior for this mechanism. Keard provides a transition
value for the two models at high stresses as &/D =~ 109 cm-z, vhere D is the diffusivity

of the rate-controlling diffusing species. For very low strain rates (on the order of
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3 x 10'1" s'l) Heard suggests that Nabarro-Herring creep would dominate. A linear

relationship between stress difference and strain rate of the form

s, (28)
2L7RY

exists for Nabarro-Herring creep where

I = sversge grain diameter
a = constant (= 5)
b = atomie volume
R = universal gas constant

The transition from creep described by Weertman's law (Equaticn (26)) for polygoniza-
tion to Nabarro-Herring creep is reported by Heard at strain rates defined by

&/D = 10° to 10° en? for halite. Further, he gives a temperature limitation of

2 > 170°C for Nabarro-Herring to occur. Heard reports that equivalent viscosities

8 te 5 x 1021 poise. Heard points vut that Nabarro-

for rack salt range from 10:L
Herring creep was not observed in his experiments and is not expected to occur under
geologic applications.
Heard [38] hes =nnlied these creep laws to the analysis o7 heated salt pillars
at 600-800 m depth obtaining times that rooms will remain open as
2500 to 1000 years at 303 K
220 to 70 years at 323 K
1.6 to 0.3 years at 373 K
where constant stress and temperature were assumed throughout the pillar.
Hansen and Mellegard [11} estimated activetion energies for salt from southeast
New *exico., They reported that values range from Bu60 cal/mole to 15715 cal/mcle.
They note that these valves are within the range of values reporte¢ by Le Comte.
Hansen and Mellegard also have estimated the coefficient for the stress power law
appearing in secondary creep laws of the form proposeé by Weertman ,'l]. They report
that, with the limited data svailable, the cxponent on siress appears tc be on the
order of 6,
Dawson and Tillerson [39] nave performed thermomechanically coupled creepn wnalyses

of isothcrmal and heated room and piller geometries as part of an emplacement alter-



natives study for WIPP. They used creep dava reported by Wawersik [401 for creep of
polyerystalline rock salt from scutheastern New Mexico to empiricaily determine the

coefficients appearing in Weertmen's secondary creep model. The equation they used

is
oy = b33 % 107 exp(lm.sa/e)ég3 (29)
where
1
UIII = (-g— ai'.]clij)2 (Pa) Cauchy Stress Deviator
1
. 2. 5 2,1
e = (3 cijeij) (s} Deformation Rete

8 = Temperature (¥) .

Dewson and Tillerson predicted closure rates for three design altermetives eack having
effective neat loads of 150 kw/acre. Their anelyses were ca;‘ried out using a finite
element code that is besed on e formulation for creeping inconpressible flow coupled
with cenductive-convective heat transfer.

Tillerson snd Dawson [4i] have mlso performed a parameter study for a room
closure simulation in which secondary creep law parameters, thermal properties, appliea
heat load, and assumed boundary conditions have been varied. Specifically, they have
examined power law exponents for stress in a Weertman's creep law (Eguation {2)) of 3
and 5 and activation energies of 10.b and 12.9 kcal/mole. Cther perametrers in
Weertzan's equation were determined empirieally using data rerorted by Wewersik [4§7.
The closure rates were significently affecteé in both heated and isothermal appli~
cations.

Munson [7] has developed a preliminary deformation mechanism map (such as proposed
by Ashby [42]) for salt. The deforrmation mechanism map was constructed with the aid
of creep date reported by Poirier [17], Kingery and Montrone [43], Burke et al. [97,
Heard {12], and Hansen and Mellegard [11]. He uses the data from these sources to
define boundaries on the defarmaiion mechanism wap that represent the change frem one

dominant rechanism to another. MNunson discusses four creep mechanisms and indicates
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that there ir & fifth, yet undefined, mechanism possible. The four known mechanisms
are defect-less flow, dislocation glide, dislocation climb creep {including pipe and
volume modes) and diffusiorn. creep (including Coble (grain boundary diffusion) and
Nobarro-Herring {volume diffusion)}).

Munson has constructed & preliminary constitutive model for rock salt. The
basis of the model is & secondary creep equation that allowa for two corpeting
mechanisms, namely the dislocation climb crecp and the widefined mechanism. For

dislocation climb creep a power iaw dependence in stress is assumed such that
"
& =8, exp(-Q,/Rd)e (30)
5y 1 ph

where és is the dislccation climb creep secondary strain rate, Ql is the activation

1
energy for the mechanism, ny defines the stress dependence for creep, S:L is a constant,
2 is the stress, R is the universal gas constent, end & is the temperature. For the

undef'ined mechanism Munson uses a creep law of the form
esz = 5, exp(-Qy/R8)f,(a) . (31)

The complete stesdy-state response is obtained by adding together strain rates defined

by the two mechanisms to obtain

E . (32)

To accommodate the primery creep regime within the model, funsor first essumes
that the role of primery creep is to supply dislocations that form a clable substructure
frem which secondary creep ocecurs. Further, he assumes that primary creep exhibits the
seme activation energies as does secendary creep. This allows Munson to incorporate a

primary regime by modifying the secondary models as

&=PFE_ . (33)

F is an exponential function that diminishes to zero as the accumulated trarsient
strain approaches e predetermined value eccording to the eguation

e3"13(5(1 - i}) ey < z:
[

F= t (34)




where & is the transient strain rate change and «‘; is the transient strain limit.
Wawersik {40} has used an eguivalent viscosity

"= __TL(°1 =%y (35)

1

to compare with data reported by Ode [Ll], Heard [12], and others. He fourd that rock
selt from the 2100 *o 2000 ft., level of drillhole AEC #7 yields viscosity values of
10]3 to 1017 poise for 1000 psi stress difference, 500 psi mean stress and tempere-
tures ranging from 24 to 130°C. Extrapolated values reported by other investigators

4 4o 107 poise.

menticned gbove ranged from 10]'

Mraz [45) reports that based on obs.rved underground conditions, rock salt behaves
as an elastic-perfectly plastic substance. He indicates that salt exhibits a well
defined eiastic limit of 212 psi. Further, Mraz reports en equivalent viscosity for
plastic deformations of 2.2 x ].DlB poise for rock salt conszisting of 58.5% halite,
40,2% sylvite, 0.5% carnallite, and 0.8% clay.

The secondary creep laws reported by the various investigators are summarized in
Table 3. For each equatio: the units required for stress, temperature end time (as
given in the reference) are listed gnd the source of sample material is given. The
secondary ecreep rates predicted by each law for several combinations of stress and
temperaty -e are presented in Table 4, In these comparisons, a state of uniaxial ssres:

has been assumed so that the axial stress, stress difference, and effective streoss arc

all equal, It should be noted that the activation enetfgics are guite difforent orv
Heard's eouation and that of Dawson and Tillerson. This can be attributec to the
possibility that different mechanisms are dominent in the regimes where data is
cptained for these laws. Extrapolation to the conditions where the camparisuns are
made leads to the difference in strain rates. This sugg=sts the need to account for

more than one mechanism cccurring simultanecusly.

Iv.3 Elastoviscoplastic Constitutive Equations and Applications .

Winkel, Gerstle and Ko [46] have reported on analyses performed using elasto-
viscoplastic materiasl models for potash. The bulk behavior was assumed to be clastic

while the devistoric response was modeled with a combination of springs, ¢ashpots and
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sliding elements. The values of material parameters were evalusted from 2-3/4 inch
diameter specimens fabricated from votash ore from the Carlsbad area. The octehedral

yield stress (kOCT) was expressed as a function of mean stress (oy).

kpop =8+ b exp(com) (36)
where
a = 1145 pst
b = 1000 psi

= 2
e = 00153 o7

For stress states below ylelding, linear viscoelastic response was assumed for the
deviatoric deformations, while for stresses above yielding, viscoplastic response was
assumed. Winkel et al. list the parameters for the New Mexico potash in their paper
and compare these to paraweters reported by Sereta [47] for e similar material model
for salt. They used this material model to predict the closure rates of holes drilled
into pillars in a potash mine near Mosb, Utah. The comparison of predicted values
with measured values are given for the material parameters derived froz Carlsbad
potash and the parameters from Serate’'s model for salt.

Serata TU47] has published numerous erticles on the analysis of time-dependent
deformations of salt cavities and openings. Cne model for salt uses & yield stress.
For stresses below this yleld stress, creep is viscoelastic (recoverabvle); whereas,
for stresses above the yleld stress, the creep is viscoplastic (permanent)}. The yield
stress is a function of strain rate and total strain. For zero strain rate at 100°C
the yleld strength given by Serata is 500 psi. This value increeses with increasing
strain rate, Serata observes that the transition from viscoelastic to viscoplastic
‘behavior is characterized by Poisson's ratio spproaching 0.5 and by the strain rate
changing from a diminishing value with time to a constant value for constant stress.
This trensition occurs between TOD and 800 psi mccording to Sersta. Serata has also
incorporated a loss in the shear strength due to sccuwnulated strain as s function of

mesn stress.



Langer (48] has reported elastoplastic-creep rheoclogical models for rock salt.
In these models, the total deformation is composed of elastic, inelastic, end creep
components as

e=e tete e (37)

where ¢, is the elastic strain defined by

¢ == (38)
e E,
the plastic strain defined by
o
2" E, (1 - exp(-E /1)) » (39)
»:F is the primary creep defined by
E
= By 3
ey = (o = oy) E(1 - exp( 7 T)) » (40)
=
€ is the secondary creep defined by
g = (o - o (1)

2w
where Eo’ ER’ nR’ Ei’ T]i and npl are material parameters. For stress states defined
by o < Ty and 9 < %pg only the elmgtic and plastic strains are computed. For stress
states such that o > gkr end o = a“, both the primary and secondary creep strain
components are included in the total. For ctress states defined by o > er and

g < Tgg» only the primery creep compenent is added to the elastic and plastic
cor ponents of strein. In place of the constant viscosity described by npz, Langer
also ciscusses the use of nonlinear laws with power law and expanential stress

dependence.

V.4 Creep Rupture Models

Kair and Singh [167 studied creep rupture eviteria under isothermal conditions
fer rock salt using a linear cumulative damage theory. Nair and Singh performed
triaxial extension tests and observed that Induced axial tensile strain causes failure.
The stress difference (logsrithnm) was plotted versus the time to failure. This curve

is well approximated by a straight line, For mul:iaxial states of stress, Nair and

29




30

Singh suggest a substitution of the meximum principal stress difference for the stress

that controls the time to failure.



V. SUMMARY AND ASSESSMENT

As outlined in the previcus section, a variety of primary and secondery creep
models have been empirically evaluated to describe the long term behavior of rock
salt from leboratory and field data. Some investigators have tied the form of their
equations to the physical mechanisms controlling creep, while others have simply used
curve fitting technigues.

The bulk of the work performed to date has been within the context of primery
creep. Primary creep lews are necescary to deseribe the short term creep response of
salt and are effective in providing constitutive equations for compututional methods
that are applied to analyze relatively short term phenomene, However, salt is known
to deform in the secondary creep regime for a large portion of its totel deformation
under a wide raige of stress and temperature conditions, Primary creep lews exhibiting
monotonically decreasing strain rates as either a function of time or strain become
nonsconservative (in terms of mine closure) as secondary creep becomes dominant, For
time periods extending well beyond the time span of measured data used to formulate
the law, littie confidence can be placed in computations based solely on primary creep
laws. This is empkhasized by Baer, who cites several examples of constant convergence
rates cbserved in mines., The convergence measurements represent an integrated effect
over the pillar height (and include motion in the floor and ceiling) end, therefore,
do not provide conclusive evidence that sll of the material is deforming in e
secondary creep mode. However, the measurements do strongly suggest thet primary
creep models are inadeauate.

Secondary creep models, on the cther hend, are useful for predictions of defor-
metions in which the secondary phase dominates. Secondary creep laws with purameters
determined using the deformation rates evaluated at the end of creep tests tend to be
conservative over long time periods since the experimentally observed creep rates are
usually still decreasing at the end of the creep test. Creep date reported by Wawersik
(3] and Hansen and Mellegard [111 represent the data that is most applicable to WIPP
analyses since the data is derived from New Mexico salt tested over appropriate

conditions.
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The use of some elastoviscoplastic models causes difficulty in properly accounting
for the zero (or nearly zero) yield limit and the inseparable time-dependent and time-
independent plasticity exhibited by salt during the initial loading phases. Further,
the definition of o unique yield surface is questionable in light of the time-dependent
behavior of salt.

The combined work of the investigetors summarized herein covers a variety of
constitutive equations for primary creep and secondary creep. All aspects of the
creep response of rock salt have not, however, been represented by a single compre-
hensive constitutive model. Additional data are needed to guantify fully the observed
behavior. Among the arees requiring research emphasis are (i) criterim that define
the transition from primary to secondary creep or from secondary to tertiary creep
and (ii) formulations that account for possible history effects on secondary creep

rates.



APPENDIX A, STRESS AND STRAIN MEASURES

In most of the work reviewed, the stress end strein measures used were either
noorly defined or inadequate for the implied application, Many reported using

engineering strain, for instance, as defined by

[e] = [F] - [1] (b2)

where F is the deformation gradient and I is the identity matrix. This strein measure
is not objective, ané thus will not be invariant to voorainate rotations. Thus, to
apply it to general multiexial conditions of stress and strain with possibly lerge
rotations could lead to appreciable errors. Similerly, the logarithmic straein is

not objective and is inapuropriste for large strain and large rotation analyses.
Strain rates derived from the engineering or natural strain reesurcs suffer the same
inadequacy. However, the deformaticn rate tensor

4, =2 (s ) (3)

13 R
is objective. It can be shown that constant strain rate tests are not eguivalent to
constant deformation rate tests. Further, usual procedures to convert primary creep
laws from the form ¢ = £f{g,8,7) to i = £(0,9,¢) become more complex when large strein
measures are used.

Many of the stress meesures reported appear to be based on the original geometry
of the system without properly accounting for large sitrains occurring during large
deformations (such es by using the Piocla-Kirchoff stress). The Ceuchy stress, whichk
properly defines stress during large strain, hes been used by some investigetors.

Not accounting for changes in stress as pillars deform in either lsboratory models or
mines can lead to the interpretation that salt deformations oecur all within the
pricary creep regime when the deformation may be the result of secondary creep,

It is important thet equations developed as constitutive models for salt be usable
by anyone working in the field. Fors this to happen, it is necessary that stress and
strain measures be well defined and be consistent with the reference configuration

specified to describe the system.
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TABLE 1 PRIMARY CREEP CONSTITUTIVE EQUATIONS

Equation ; Units
Number Investiga jor Primary Creep Law (3, 1, 9) Data Source
S McClain and €=13x 10-3799'51‘0'303'0 ¥, hours, psi Lomenick's pillar
Starfield studies
6 MeClain and € = 6.5 x 10'3799’5'\'0‘3703'0 K, hours, psi Project Salt
Starfield Veult
s ('tz}'a‘l)
7 Maxwell, & = .4656((3.13% x 10-20)53'0exp( '1‘% )] -H65 / €, > K, s, Pa SENM Salt
Wahi, and e
Dial
9.5
9 Ratigan and eij = 6.87 x 10_15( -295L5' )] TO.ROJgoi_ K, 8, Dsi Project Salt
Callehan * J Vault
13 Hansen € = 1.1 x 10'3570‘%5602'h7595'969 K, B, psi SEN Salt
N 1.bsuii- 'l“%ijo 3
7 Thoms, Char, | €, = = — i=3 K, hr, psi Weeks Island Sslt
Bergeron 1 15,6 x 10 3E(J2)'97u59'66" -7 ’
21 Carter ¢, = 2006% 40 By 1T _ ) K, s, bar LeCaute data
* RS x 1073

™
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TABLE 2 PRIMARY CREEP STRAINS

SO e e

Temperature Di?’;::::ce Time Strain Predicted by Creep Law Number (See Table 1):
X MPa. sec (s) (6) (7 (9) (13) (21)
2% 6.895 160 210 x 20| 2,078 x 2073 | 1188 x 103 | 3.807 x 107" | 2.66 x 2073 u.107 x 2077
107 | bee x10 | g7 x 1073 | 34460 x 102 | 9789 x 2074 | 777 x 2073] 1457 x 206
108 8.26 x 20~ | 1.142 x 102 | 1014 x 1072 | 2.450 x 1073 | 2,27 x 1072} 5.170 x 1076
13.79 168 | 168y x 1073 | 1662 x 2073 | 9,502 x 1073 | 3,118 x 2073 | 2.9 x 1072 1,084 x 20®
107 4.9 x 1073 | 3.998 x 1072 {2.766 x 1072 | 7,830 x 2073 | 2,302 x 2072 | 3.8u6 x 1076
108 | 659 21073} 9137 x 1072 | 8135 x 2072 | 1.967 x 1072 [ 1.263 x 10| 1.364 x 107
373 6.895 168 | 189 x 10| 1196 x 1072 |2.072 x 2072 | 3.505 x 203 2.2 x 202 w8 x 20
107 | 397 x 103 w7 x 1073 | 6.05% x 202 | 8,80 x 1073 | 6,18 x 1072 172 x 1073
108 | 7.53 x203) 1.027 x 207 {1,012 x 10672 { 2,211 % 1072 | 1,81 x 2071 5.222 x 2073
13.79 108 | 152 x 102 9.569 x 103 | 1,658 x 107 | 2.804 x 1072 | 1277 x 2071|1095 x 2073
107 | 3,00 x 102 3.808 x 1072 { 4.827 x 2071 | 7,083 x 1072 | 3.438 x 20°Y} 3.875 x 2073
108 | 6.0z x 1078 8217 x 207 | 2026 1.769 x 1071 | 1,00 1.378 x 1072
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TABLE 3 SECONDARY CREEP CONSTITUTIVE EQUATIONS

Investigators gi:::d:i Unites (stress, temperature, time) Data Source
= 14 2,7
Hedley (37) &y = 15 x 10 oy psi, -, days Salt Mine Convergence
Messurements
. 3.0
Ouert (20) CA = Duo Coefficient D not given Michigan Salt
Kansas Selt
Thompson & & 11 x 2077 ( S )5'5 psi, -, minutes Grand Seline and

Pipperger (18)

2500

Hockley Texas Salt

Heard (12) €=3x 10'6exp( - }i%jj )(Au)f"5 bar, K, seconds Artifically annealed
salt aggregetes
’
Dawson & " =1,292 x 10-239xp( - & ) 0,13'0

Tillerson {39)

i

Pa, K, seconds

SENM Salt

Uo - average pillar stress

49 - stress difference

C[.l - effective deviatoric stress

éA - axial strain rate

€ - strain rate

én - effective deformation rate
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TABLE L SECONDARY CREEP RATES

Enuation (25)

Equation (29)

Stress Equation (22) Equation (2h) Equation (26)
Temperature y {Thompson & /Dewson &
Difference (Hedley) (Obert) Ripperger) (Heerd) Tillerson)
+ -
6.805MPa | 2.3 x10% 61 0.3-1.02101% 5 | 12321006 [ 157 220785 |o5 x120710 471
29% X
13.79 wps | Lb2 x 1077 st t 5.57 x 107 e o x0Tt e x 1070 e
6.895 MPa B * * 6 x120° &t ].36 x 200 &7
373 K
13.79 MPa * * * o1 21007 g} 85 x 1077 g
6.895 MPa » * * bo2 x 106 1 617 x 1077 &t
4T3 K
13.79 MPa * * * ooz x 1070 g1 543 x 108 42

* Igothermal Laws

+ Rates _iven explicitly in references

1 Retes not given in reference




