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1. INTRODUCTORY REMARKS 

Canister retrievability and encasement-sleeve structural integrity 

questions have led to detailed analyses of the canister/drillhole region 

(near field) for high-level waste burial in salt. Past studies have been 

concerned with maximum (upper bound) stresses that could be developed on 

and within the sleeve as a result of various boundary conditions at the 

s-leeve~sait interface. The objective of this report is to present estimates 

of the radial sleeve loading and drillhole closure resulting from thermo/ 

viscoelastic behavior of the salt. Two cases are considered, namely: 

(a) • fixing of the drillhole surface against radial displacement, and 

(b) allowing the drillhole to displace radially without restraint. In 

case (a), however, the drillhole is allowed to displace elastically before 

being fixed against further radial movement. In effect, the computer code 
/ 

excavates the drillhole (21 inches in diameter and 18 feet in length), 

which is centrally located in the room floor, and emplaces the steel sleeve, 

Dr. William C. McClain 
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which acts as a rigid inclusion and rests on the bottom of the drillhole. 

Subsequently, the heat source is activated after approximately one week of 

simulated time, representing emplacement of the waste canister (10 feet in 

length) within the lower section of the sleeve. 

Use was made of the SALT-3 A finite element model, as shown in Figure 1.1 

which was developed in axially symmetric r-z geometry according to the room, 

pillar, waste container, and drillhole dimensions appropriate for the New 

Mexico pilot-plant repository concept. In particular, the model contains 317 

nodes and 542 elements and represents a 202 foot vertical section through the 

room and pillar level. The floor level of the 18 by 18 foot room is located 

at a depth of 2,000 feet. The pillar width is 60 feet with the midpoint of 

the rib at the 1,991 foot level. The thermoelastic material properties used 
in the SALT-3A model are summarized in Table 1.1, and the creep law is given 

in Section 4. For the stress analysis, the material in the 18 foot drillhole 

was given properties of air. Whereas, in the temperature analysis, only the 

upper eight foot of the drillhole was considered to be air, with the lower 

ten foot being the heat generating waste. This type of material identification 

resulted in the appropriate temperature fields and allowed unrestricted displace-

ment of the drillhole wall. 

TABLE 1.1 

Material properties of Salt and the Waste Container Arrangrement 

Material 

Elastic Moduli 

Y Pfc 
Thermal Properties 

Material 
E x 106 psi V 

Y Pfc k 
Btu/Hr-Ft~°F 

a x 10~6 
/ • jO m./in./ F 

Heat 
Generation 
Rate (m) 

Salt 

Waste 

0.8 

0.4 

0.4 

0.38 

135 

113 

2.43 

0.25 

22.22 

5 
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DEPTH 
FT. 

C. R L T H 
1,898 

ROOM HEIGHT =18 FT. 

ROOM WIDTH (HALF) - 9 FT. 

PILLAR WIDTH (HALF) = 30 FT. 

LENGTH OF DRILLHOLE = 18 FT. 

LENGTH OF WASTE CONTAINER = 10 FT. 

DIAMETER OF DRILLHOLE - 21 IN. 

NO. OF ELEMENTS =542 

NO. OF NODES =317 

Figure 1.1. Finite Element Mesh 
of the SALT-3A 
Repositoiy Model. 
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Premining stresses are computed according to the overburden gravity loading 

neglecting any excavation. The elastic solution provides the post-mining 

stress state based on the initial gravity loading. 

The thermo/viscoelastic analyses, assuming that the viscous behavior 

is time and stress dependent only (see Appendix A for a discussion of 

viscoelasticity) , predicts a maximum diillhole surface pressure of approximately 

3,000 psi after one-half year of heating, assuming the drillhole surface is fixed 

against radial displacement. With the drillhole surface free to displace 

radially, the radial displacement is observed to be about 1.5 inches 

after twenty-five years of heating, for n total drillhole closure of 3.0 inches. 

In this particular case, with the centerline of the pillar being a line of 

symmetry, the material expansion upon heating forces the salt upward and into 

the room and drillhole areas. 
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2. THERMO/VISCOELASTIC ANALYSIS OF SALT LOADING ON THE DRILLHOLE SURFACE 

As previously mentioned, the computer code simulates excavation of 

the drillhole in the room floor and determines the state of stress as 
a consequence of the initial gravity load (assuming an overburden density 

of 142.5 pcf) in the salt formation. Subseg.:ently, the drillhole is fixed 

agaijint radial displacement providing a maximum or upper 2>ound situation. 

Since the stiffness of the steel sleeve surrounding the waste canister 

is greater than that of the salt, the rigid boundary seems realistic. 

This condition (i.e. rollers along the drillhole) implies that a perfect 
slip condition exists at the sleeve-salt interface. 

The post-mining stress state is utilized for the initiation of 

the viscous behavior of the salt. Eivplacement • of the waste container 

and, consequently, th& initiation of the thermal effects may be delayed for 

a prescribed time inx.~-rval. In this particular case, a delay of one week 

was arbitrarily chosen. The creep law utilized is based on experimental 

results of block salt under conditions of confining pressure and room 

temperature as previously reported (2,3). 

A model of an undetground configuration in r-z geometry may be difficult 

to visualize when one considers an infinite row of rooms and pillars. As 

shown in Figure 2.1, lines of symmetry may be taken through the center of 

the room and the center of the pillar. Section A-A in Figure 2-1 shows a 

typical model which may be taken in either x-y or r-z geometry. Neither 

model in itself will provide the detail needed for an analysis of the area 

around the room and pillar and the drillhole. The two dimensional x-y 

model sufficiently represents the room and pillar, but lacks the ability 

to model the drillhole area in detail. Conversely, the a>:ially symmetric 
r-z model represents the drillhole area in detail, but sacrifices accurate 

modeling of the room and pillar. For these particular reasons, a combination 

of the aforementioned procedures has been utilized in the past. Since this 

investigation is concerned with the sleeve loading and drillhole closure, 

the axially symmetric r-z model has been utilized to obtain the neededadetail 

about the drillhole. The r~z geometry will provide results in the room and 

pillar comparable to the x-y analysis until the boundary effects become 

important. Considerations of stress and displacement behavior about the room 

and pillar wil.l be the subject of the second report in this memoranda series. 

Radial corrpressive loading of the salt on the sleeve, as compared with the 

temperature rise, is shown in Figure 2.2. After the initiation of heating, 
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the radial pressure along the sleeve salt interface increases quite rapidly 

due to the localized heating and a large thermal gradient. A maximum 

horizontal pressure of approximately 3,000 psi near the base of the sleeve 

is predicted after one-half year of heating. Subsequently, the tompernturo 

field progresses outward from the waste container and the thermal gradients 

become less severe, resulting in a decrease in the radial stress. 

The radial stress distribution at the level of the canister midpoint 

at various times is displayed in Figure 2.3. As shown in the figure, the 

radial stress at the sleeve-salt interface reaches a maximum at approximately 

one-half year; conversely, the radial stress at the centerline of the pillar 

attains a maximum value in about ten years. 



(RSI-0020) 

SECTION A-A 

Figure 2„1. jvo dimensional representation of infinite rows of 
rooms and pillars in r-z and x~y geometry. 
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3. THERMO/VISCOELASTIC ANALYSIS OF DRILLHOLE CLOSURE 

Canister retrievability and encasement sleeve questions require an 

assessment of closure of the drillhole centrally located in a typical 

repository room. Initially providing an airgap between the salt and 

sleeve would possibly reduce the radial loading on the sleeve, maintain 

the structural integrity of the sleeve, and ensure canister retrievability. 

The airgap design, however, should be considered jointly with a structural 

analysis of the floor. An array of enlarged drillholes could conceivably 

defeat the purpose of the airgap if excessive amounts of material had to 

be removed. 

The objective of this analysis is to provide insight into the varying 

methods for emplacement of the waste container by identifying anticipated 

magnitudes of drillhole closure. The closure data was obtained utilizing 

the SALT-3A r-z finite element modal (Figure 1.1). The drillhole surface 

was allowed to displace freely in the radial direction by 'filling' the 

drillhole with air elemei:ts which experienced the same temperatures as the 
waste but offered no resistance to closure. Assuming that the initial 

elastic displacements are instantaneous and negligible in comparison with 

those resulting from the thermal and viscous behavior, the displacement 

fields presented herewith consist of only the cumulative thermal and viscous 

displacements. 

The thermo/viscoelastic radial displacements at a depth of 2,013 feet 
(midpoint of waste container) are illustrated in Figure 3.1 for a condition 

in which the radial displacement of the drillhole surface is unrestricted. 

Results as calculated 3.5 feet from the centerline of the drillhole are also 

presented for comparison. The displacement pattern shows the surfa.ee bowing 

inward during the early time period due to localized heating in the canister 

area. The drillhole surface continues to move inward with time, due to 

viscous behavior and thermal expansion of the salt, to a maximum value of 

approximately 1.5 inches, for a total diametrical closure of 3.0 inches 

(about 14% of the original drillhole diameter) after 25 years. At a radial 

distance of 3.5 feet from the centerline of the drillhole, an expansion of 

the salt is observed during the early tin*s period. Since the centerline 

of the pillar is a line of symmetry, further outward expansion of the salt 

with continued heating is seen to cease, and an inward movement is observed. 

This phenomenon results in drillhole closure when considering the. drillhole 

surface free, or increased radial loading when considering the surface fixed. • 
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Fs^ure 3.2 illustrates the vertical displacements observed for points 

albng the drillhole surface up to the floor of the room. An upward, rigid 

body type motion is observed as the salt expands when heated. During early 

time periods, the boundary restrictions on the drillhole surface are of no 

consequence as retards the displacement field. However, as heating continues 

with the salt contained (i.e. drillhole fixed against radial movement) an 

increase in the uplift is observed. 

The relative difference in vertical displacements across the model, 

at a depth of 2,013 feet (midpoint of the waste container), is shown in 
Figure 3.3. The maximum difference traversing from the drillhole surface 

to the centerline of the pillar is approximately one inch. At this particular 

depth, the vertical displacements are essentially the same for the 
boundary conditions on the drillhole surface of totally restricted and 

unrestricted radial displacement. 

Considering the displacement results, one can conclude that the viscous 

behavior is dominate during the very early time periods. Shortly after 

heating is initiated, the thermal effects become important and tend to 

dominate for a long period of time due to the large thermal expansion 

coefficient of salt. Once the temperature field peaks and starts to decline, 

the trend reverses and the viscous behavior becomes increasingly more 

important. 

The thermal boundary conditions become significant as regards vertical dis-

placements when long time periods are under consideration. The upper boundary, 

generally taken at constant temperature, will result in a large amount of 
heremoval if the temperature rise in this area is significant. The lower 

boundary, generally assumed to be insulated, will result in temperatures too 

large if the boundary is not sufficiently removed from the heat source. 

For the SALT-3A Model, the temperature rise at the lower boundary was approxi-

mately 80°F after twenty-five years. The magnitude of the temperature rise 

indicates that the model is becoming inadequate for this period of time. 

However, the results do offer an upper bound by predicting greater thermal 

expansion provided by the magnitude of the temperature field at the boundary. 
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RADIAL DISPLACEMENT (IN.) 

Figure 3.1. Thermo/Viscoelastic Radial Displacements at the 
Surface of the Drillhole and 3.5 Feet from the 
Centerline of the Waste Canister for *-he Drill-
hole Surface Free (+ Outward) 

NOTC: Displacements are 3.5 Feet from the 
Drillhole Surface Unless Labeled Surface 



VERTICAL DISPLACEMENT (IN.) 

Figure 3.2. Thermo/viscoelastic Vertical Displacements Along the Sleeve-Salt Interface 
(+ Upward). 
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4. DRILLHOLE CREEP CLOSURE UNDER CONSTANT STRESS CONDITIONS 

Problems involving stress fields independent of material properties 

may be solved without resorting to the usual incremental type procedures 

provided that the materials are time hardening only. This type of 

problem includes statically determinate problems and problems where 

stresses are independent of material properties (plane elasticity 
problems having only stress boundary conditions and no body forces). 

Generally the elastic stress field around an underground opening does not 

fall into this class since horizontal displacement boundary conditions are 

specified on the vertical boundaries of the model. These boundary conditions 

give the premining horizontal stress, a , as 

cr = -~—r C H 2-v v 

where V is Poisson's ratio and a^ is the vertical premining stress. 

The creep law, as based on experimental evidence (2,3), may be written 

in incremental for i as: 

a c 3 Ae . . = -ij 4 

a e 
3 

A t 
24,300 7t o _ e _ 

(i,j = 1,2,3) 

. c Ae ^ = incremental creep strain components 

/ 2 2 2 O = effective stress = (a -a ) +(o -a ) + (a -a ) } (psi) G J. & ds 3 3 JL 

S. . = deviatoric stress components = 0. .-4<S. .a,, (psi) 
J-J ij 3 ij kk ^ 

t = total time (hrs) 

At = incremental time (hrs.) 

By use of this creep law and an assumption of a time-independent stress state 

around the drillhole, an upper bound on the magnitude of the creep displacements 

may be obtained. The appropriate equation can be formulated by noting that the 

force components corresponding to the incremental (creep) displacements at 

time t^ = iAt may be written as a summation of the incremental displacements. 
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i=n At 
6n " c .e7 /t7 1=1 i 

where C is a proportionality coefficient. In the limit as At •*• 0 and 

n -*• 00 

&(t) = C 
t 

dt 

o yr = C 2 /t~ 

To evaluate C, let t - t^, then 

and 

6(t ) = 62 = C 2 

C = 
2 /t^ 

Therefore, 

6(t) •hJl 

and the displacement at any time, $(t) , may he predicted utilizing the 

displacement at time t^ from the finite element method results. 

The above discussed method was followed using the axially symmetric 

r-z finite element model SALT-10A shown in Figure 4.1. SALT-10A 

models the area around the drillhole and below the floor of the room. 

Body forces were neglected and radial pressures equivalent to the pre-

mining horizontal stress (1324 psi) and lithostatic stress (2000 psi) 

were applied to the outer boundary. The resulting viscous displacements 

from this model were then used to predict the drillhole closures at 
advanced time periods. 

The premining horizontal stress resulted in an inward displacement 
-4 -6 of approximately 3 x 10 inches at 2.5 x 10 years, which projects an ' 

inward displacement of 0.95 inches at twenty-five years for a total . 

diametrical drillhole closure of 1.9 iru 'ies. The lithostatic loading 
-3 * ' 

resulted m an inward displacement of approximately 1 x 10 inches at 
-6 

2.5 x 10 years which projects an inward displacement of 3.2 inches at 

twenty-five years, for a total diametrical drillhole closure of 6.4 inches. 
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The actual radial loading which would be perceived about an under-

ground opening is probably somewhere between the premining and the 

lithostatic stress states. Therefore, an average of the two loading 

conditions or 4 inches of diametrical closure would probably be a good 

upper bound estimate. < 

;?h±s method of viscous closure prediction must be viewed as an 
upper bound since a constant stress state is specified and only time 

hardening is considered. 
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S A L T - 1 Q R 
£ 

Figure 4.1. Finite Element Mesh Used for Creep Closure Predictions 
Under Constant Stress Conditions. 
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APPENDIX A 

T, WEAR AND NONLINEAR CREEP 

A.I. INTRODUCTION 

Viscoeiasticity is an idealization of real material behavior that 

combines aspects of the behavior of elastic solids and viscous fluids. 

Creep is considered under the general topic of viscoelasticity. A 

fundamental concept in viscoelastl'iity is the memory hypothesis that 

assumss the current value of stress is determined by the current value 

of strain and the complete past history of strain ( 4 ). 

The response of viscoelastic materials is often separated into 

volumetric (or bulk) behavior and deviatoric (or shear) behavior. This 

separation is convenient since experimental results on many materials, 

including salt, indicate that the volumetric response remains essentially 

elastic at moderate hydrostatic pressures while deviatoric response is 

viscoelastic. 

Viscoelastic response may be either linear or nonlinear in nature. 

Nonlinear visooelasticity implies that the current value of stress is 

nonlinearly related to the current value of strain and the strain history. 

Creep in salt, as well as metal, has been shown experimentally to be 

nonlinear,. while creep in amorphous polymers is generally observed to be 

linear. 

Creep response is generally observed in thres phases: primary, 

secondary, and tertiary. Primary creep is characterized by a decreasing 

strain rate under constant stress, while secondary or steady-state creep 

occurs at constant strain rate. Tertiary creep is recognized by an 

increasing strain rate under constant stress and generally precedes 

fracture. 

Creep properties are often highly sensitive to temperature changes, 

in the discussion that follows, we assume that the material properties 

nay be temperature dependent, but -the temperature field is assumed to be 

uncoupled from the stress field. 

f 
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A.2.- MATHEMATICAL STATEMENTS OF CREEP LAWS 

Constitutive laws for viscoelastic materials may be stated in 

operator form, as heredity integrals or in empirical forms taken 

directly from experimental'results. 

A.2.1. Operator and Heredity Integral Form 
i 

The operator form is convenient in linear viscoelasticity where 

the Laplace transform and the correspondence principle are often used 

to establish closed form solutions (5). An equivalent approach for 

linear problems is the heredity integral approach which emphasizes the 

hypothesis that a viscoelastic material remembers its previous stress 

history. 

Simple rheological models, composed of>springs and dashpots, are 

commonly used in linear viscoelasticity. Two basic building blocks 

of these models, the Maxwell model and the Kelvin-Voigt model, are 

shown in Figure A-l, along with their constitutive equations in operator 

form and in heredity integral form. 

Constitutive equations for nonlinear creep may be stated in the 

heredity integral form, at least for simple materials that satisfy 

time translation invariance and are in accord with the fading memory 

hypothesis (4). In terms of a fundamental creep test, the fading 

memory hypothesis suggests that the current value of strain depends more 

heavily on the recent history of stress than it does upon the distant 

past history. The dependence of strain on the previous values of stress 

is through a weighting function (the creep compliance function), that 

assigns a continuously decreasing dependence on past events. For the 

one dimensional creep test, Christen.~en developed the following form 
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t t t da/ t.J £?o/T j doftj 
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 t~'r2/ dT JdT 2dT J 
-00 - CO - to dx. dT_ dT, 

1 2 3 

where C and O are strain and stress respectively, and ) are the 

creep compliance functions that characterize the material. Only the 

odd order terms are present in the above expansion to insure the non-

negative character of the stored energy function. If the series is 

truncated after the linear term, the resulting heredity integral form 

of the constitutive law is identical to that used in linear viscoelasti-

city where the priniciple of superposition applies. 

In the case of a single step creep test, equation (A-l) becomes; 

eft; = J2(t) Q0 + J3 (t, t, t) o'0 (A—2) 

where o(t) ~ O^H(t) 

and H(t) - { J %°Q 

have been used. 

A.2.2. Empirical Form 

Creep tests on salt have indicated that creep strain depends on 

stress cubed in the following manner (2, 3): 

3 
c 

e 1 
S1 

16,200 

where S = axial component of deviatoric stress (psi) 

t - time (hrs.) 

c . . . e ̂  — axial component of deviatonc creep strain 

To date we have not attempted to develop a more general form for 

the creep function 3y e.g., J
3(t~^1* tf ^ ' J3^t~tl' t~t\' etc-' as 

indicated in the heredity integral in equation (A-l). Nevertheless, 

the results for a single step creep test, that is, the dependence of 

creep strain on stress cubed, is encouraging. 

Empirical creep laws are frequently used, particularly in modeling 

nonlinear behavior (6). A state variable approach is often taken, where it 

is assumed that the increment of creep strain in any small time increment 
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GENERAL LINEAR CREEP LAW 
OPERATOR FORM £(D)S.. = 2 g(D) e.. (Deviatoric) 

13 3 i,j = 1,2,3 

fi(D)S = 3 gi(D)e (Volumetric) 

where 3.. and e.. are deviatoric stress and ij xj 
strain components 
e = mean normal strain 
S = mean normal stress 

dt 
n ni i 

£(D) = Z a r D ; fi(D) = Z a D r 

r=o r=o 

g(D) = Z b D1 ; gi(D) = Z b]. Dr 

r=o r=o l l 
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HEREDITY INTEGRAL 
FORM 
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where J( ) and ) are creep compliances for 
deviatoric and bulk behavior 
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r-AWV-^ e.. 
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eep) 

"t 
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k n 
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V t k 1 J n 
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t 
e.. = J J(t-TjdS.. d T ; J C t_ T D . 

-00 dT 

=i(expC-(t-T)/t*)) where t*=n/k 
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INCREMENT 
OF CREEP 
STRAIN 
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Fig. A-l. Linear viscoe3astic models. 



(RSI-0020) 
A-

depends only on the present values of stress and temperature (the 

state variables), and time. The state variable approach cannot be 

rigorously developed using modern continuum theory since it appears 

to ignore the heredity hypothesis. The heredity hypothesis is neces-

sary since a dissipative process such as creep is certainly path 

dependent and, consequently, it is not possible for strain to depend 

only on the current values of stress and temperature. However, the state 

variable approach is in accord with the hypothesis of fading memory 

that assigns more weight to current values of stress. Furthermore, when 

using an incremental/computational approach, only the change in strain 

is required. Apparently, an increment in strain may, in some cases, 

depend only on stress and temperature; for example, in the simple 

Maxwell model, the change in strain over a time increment At is pro-
portions 1 to the present value of stress: 

Aec » de.c At = 1 o At 
dt n 

where the stress is assumed to be constant over the time interval. 

A. 3, FINITE ELEMENT SOLUTION PROCEDURE 

A. 3.1, Solution Procedure 

The thermo/viscoelastic finite-element computer code TEVCO uses 

the fundamental solution procedure outlined in Appendix B of Summary 

Progress Report RSl-0005 (2)7 i.e., an incremental procedure with 

possible iteration within each increment. This is a general approach 

to solving nonlinear problems and appears to be widely accepted at 

this point in time. 

A.3.2* Assumptions 

Assumptions inherent in the present formulation are given as 

follows: 

(1) The material is assumed to be isotropic with identical 

properties in tension and compression; 

(2) Plastic flow and fracture are not considered; 

(3) The solution at t = 0 is entirely elastic; 

(4) Changes in strain due to temperature fluctuation are considered 

(5) Large displacements are possible; 

(6) It is possible to compute At for each element in each time 

increment using previously calculated stresses, strains, and 

temperatures. 
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A.3.3. Verification of Solution Procedure and Assumptions 

The validity of the incremental approach used in the code has 

been established by. comparison with known results. In order for the 

code to be valid, it must: 

(a) reproduce the strain versus time results from the statically 

determinate creep tests from vrhich the constitutive law 

has been developed; and 

(b) approach a closed form solution in a statically indeter-

minate problem where stress components vary with time. 

These conditions are necessary for the validity of the code, 

but not sufficient to demonstrate applicability under all circumstan-

ces. 

Tne requirement (a) above is satisfied exactly for the linear Maxwell 

model. In order to check requirement (b), the problem of a linear 

Maxwellian half-space creeping from an initial elastic state toward a 

final lithostatic state has been chosen. The closed form three-

dimensional solution is available (see Jaeger and Cook (5 ), p. 309). 

After altering the published solution for consistency of notation, the 

solution is: 

O^ = vertical stress <= S = constant (for a particular depth) 

. a„ = horizontal stress = {I - s H 3K + 2k 

^ • 3K + 2k where t, = ^ 1 

K = bulk modulus 

k. = elastic spring constant 

such that the following constitutive equations are followed 

de . . 7 dS . . 

dt k dt n i j 

a = kE e I 7 m kk 

where e^. and S^. . are respectively the components of the deviatoric 

strain and stress tensors, and a i s the mean normal stress. 
m 

The above closed form solution is compared with the axially 

symmetric finite-element code solution as shown in Figure A-2. 
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Fig. A-2. Linear Maxwellian half-space creeping from an initial elastic 
state toward lithostatic state. 
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It can be shown that the above solution holds in the plane strain 

case, where we have 0^ = O^. The comparison for the plane strain case 

is also shown in Figure A-2 again assuming a linear Maxwell model for the 
constitutive law. 

The above comparisons illustrate the validity of the incremental ap-

proach in linear viscoelasticity pi-oblems assuming a' Maxwell model, since 

no solution is readily available for the empirical nonlinear creep law, the 

only readily available check is to reproduce the laboratory creep experi-
ments^ The curve in Figure A-3 demonstrates that the code will reproduce 

the average laboratory behavior. 

A,4. LIMITATIONS AND DIRECTION OF FUTURE WORK 

A.4.1. Limitations 

Limitations of the present creep type modeling stem from the inhe-

rent assumptions discussed above, as well as from the state variable 

approach used to define the crcep increment in any time step. From the 

point of view of realistic modeling of 'the behavior, the most severe 

limitations are presently the lack of plastic flow and fracture considera-

tions in the creep code. Some work has been published where a visco-

elastic-viscoplastic material model is used for salt (7); however, the 

model employed in this work utilized linear springs and dashpots that 

are not capable of modeling the nonlinear creep observed in our labo-

ratory studies. 

The state variable approach for computing strain increments is com-

putationally convenient, but is not generally capable of accounting for 

the history of deformation. At this point in time, we are not able to 

establish the relative importance of accounting for stress history in 

modeling the behavior of openings in salt layers. The state variable 

approach is presently being used by other investigators such as Suther-

land (8} and Zienkiewicz (6). 

A.4.2. Direction of Future Work 

Future efforts in creep modeling should be directed toward overcoming 

the limitations discussed above by incorporating plasticity and fracture 

into the creep code. In addition, experimental creep data should be used 

to attempt to establish a creep law in the form of heredity integrals. 

If such a formulation is possible, it may be necessary to store the entire 



T 
1,230 psi 

i i l i 

Empirical Creep Law 

Finite Element Analysis 

ELASTIC PROPERTIES ARE GIVEN IN TABLE 1.1 

10 20 30 40 50 60 70 80 

Time (HRS.) 
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stress history in order to be able to calculate the strain increments. 

This is a formidable task, but may be necessary to establish the relative 

importance of stress history to the behavior. 

(Appendix A was prepared by James E. 
Russell for inclusion in Technical 
Memorandum Report RSI-0020) 
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APPENDIX B 

THERMAL STRESS IN A CYLINDER WITH A 

CONCENTRIC CIRCULAR. HOLE 

B.l. Introduction 

In order to provide an indication of the thermal stresses generated 

about the waste canister, several analytical solutions are presented herein 

(after Timoshenko and Goodier (1)) for cylinders having dimensions consis-

te.it with the repository model. The section of the repository considered 

is the general area below the room as shown in Figure B.l. 

Figure B-l. Representation of the Repository for consideration 
as a hollow cylinder 

Bm2. Analytical Solutions 

The inner radius of the hole in the cylinder is taken to be the radius 

of the drillhole, 0.875 feet. The outer boundary of the cylinder was taken 

at the edge of the room as a 9 foot radius. The temperature distribution 

is assumed to be steady state with the inner surface temperature, 2 \ , 

greater than the outer boundary temperaturer T , which is at zero degrees 
o 

Fahrenheit» As long as the temperature difference (T. - T ) is the same, 
i o 

the stress results will bt= Identical in the' steady flow case. The results 
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presented in Figures B.2 through B.4 are for temperature differences of 

100, 150, and 200 degrees Fahrenheit, respectively. Material properties 

utilized are the same as those presented in Section 1. The radial stress 

is compressive at all points and is zero at the inner and outer boundaries. 

The other two stress components (o and Cq) are compressive and identical 

at the inner boundary,and tensile and identical at the outer boundary. 

B.3. Finite Element Solutions 

The model section shown in Figure B.l is illustrated as a finite element 

discretization (SALT-10) in Figure B.5. The SALT-10 model is a refinement 

of the area below the room and around the drillhole. A temperature field 
equivalent to the 0.027 year temperature field utilized in the thermo/ 

viscoelastic results presented in Section 2 was used to determine the 

thermoelastic results around the drillhole. A comparison of the 0.027 year 

temperature field - across the model at the midpoint of the waste container -

and the steady state field assuming the same inner boundary temperature is 

illustrated in Figure B.6. The transient 0.027 year field exhibits larger _ 

Thermal gradients and, consequently, larger stresses (Figure B.7) than 

those arising from the steady flow situation. The results in Figure B.7 

were derived with both the inner and outer boundaries unrestricted. Figure 

B.8 illustrates the effect of restricting the boundaries against radiail move-

ment. Little change in 0 and crQ is observed for the cases shown in Figure z o 
B.8, that is, assuming the drillhole free and the outer boundary fixed; and 

assuming lxtth the inner and outer boundaries fixed against radial movement. 

The most noticeable change in comparing the three cases illustrated in Figures 

B.7 and B.8 is in the magnitude of the radial stress. 

B.4. Conclusions 

Cylindrical configurations with concentric holes heated from the inside 

develop stress fields of the form previously shown. In particular, the O^ 

and CTg components are compressive at the inner boundary and tensile at the 

outer t>oundary. The radial ccmponent, O^, is compressive at all points and 

zero at the inner and outer boundaries only if these boundaries are free of 

tractions and displacement boundary conditions. The radial components increase 

in magnitude from the inner to the outer boundary with the location of the 

maximum value depending on the ratio of the inner surface radius to the outer 

surface radius. Thus, in thermally dominated problems of this type, the a 
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and Oq stress components will he large and compressive near the drillhole 

with the radial stress reaching its maximum value away from drillhole surface. 

Figure B.9 illustrates the radius, r, where the magnitude of the radial 

stress component is largest for different inner and outer hollow cylinder 

radii, given by the following equation. 

where 

a = radius of the inner surface 

b = radius of the outer surface 



CYLINDER,CONCENTRIC HOLE 
S H t O O K> O 

Figure B-2. Thermoelastic (Steady Heat Flow) Stresses Developed in a Cylinder.with a 
Concentric Circular Hole for a 100 F Temperature Difference (+ Tensile). to i 
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Figure b-5, Finite Element Model Utilized for Thermoelastic 
Analyses of the Drillhole Area. 
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DISTANCE FROM CENTERLINE OF DRILLHOLE (FT.) 

Figure B-6% Comparison of Temperature Distributions 
for Thermoelastic Analyses of a Cylinder with 
a Concentric Circular Hole. 
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OUTER BOUNDARY RADIUS (b) 

Radius of the Maximum Compressive Radial Stress as a Function of inner and Outer 
Radius for a Cylinder with a Concentric Circular Hole under Conditions of 
Steady Heat Flow. 


