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Deformation of Rock Salt in Openings Mined for the Disposal of Radioactive Wastes.  
With the storage of high-level radioaetive waste in salt struetures,  unique mine stabil i ty 
problems will oeeur as a resul t  of the elevated temperatures.  To prediet  flow in rock salt, 
seale models of salt pi l lars and their  sur rounding rooms were fabrieated from eores taken 
in the Carey salt mine, Lyons, Kansas.  Tests were eondueted at temperatures of 22.5 e, 
60 o , 100 °, and 200°C for axial loads of 2000, 4000, 6000, 8000, and 10000  psi at ca& 
temperature. These tests showed that  marked inereases oceur in the rates of deformation 
of salt pi l lars at high loads and especially at elevated temperatures.  For all eombinations 
of axial loads and temperatures,  it was observed that  there is init ial ly a high rate of 
deformation that  diminishes with time. Creep rates were found to eontinue to deerease 
even after more than 3 years of testing. An empirieM relat ionship between pi l lar  defor- 
marion, stress, temperature,  and time was developed from the tests and is expressed as 

= 0 .39 .10  -aT T 9'5 o "%0 t -0"70, 

e = 1.30- :10 -37 T 9"5 a3.0 to.30 

where » = s t ra in  rate ( in. / in. /hr) ,  « = eumulative deformation (im/in.), T = absolute temper- 
ature (°K), o = average pil lar  stress (psi), and t = time (hr). 

For eomparative purposes,  model pi l lar  tests were eonducted on samples of bedded 
salt, as welI as deine salt from six different mines in the United States and from the 
antielinM strueture  of the Asse II salt mine in Northeast  Germany. In general, the defor- 
mational  behavior  for the various types of salt was similar at room temperature as well as 
at elevated temperature  even though seine var iat ions in the rates of deformation were ob- 
served. 

From model tests it was also observed that  greatly aeeelerated rates of deformation 
will oeeur in exeavated eavities where th in  shale beds oeeur in the pil lars at the roof and 
floor interfaees. Sinee the sha!cs serve as frietion redueers, effeetive eonfining stresses in 
the roof and floor are not t ransmit ted into the pil lars;  thus the pil lars under  these eon- 
ditions are weaker than where shale par t ings  are not present  at the tops and bottoms of 
the pillars.  

Verformung von Steinsalz in Schäehten zur Beseitigung radioaktiver Abfälle. Bei der 
Lagerung s tark  radioakt iver  AbfSlle in Salzbergwerken treten wegen der erhöhten Tempera- 
turen neuartige Stabi l i tä tsprobleme auf. Um das Fließen im Steinsalz vorauszusagen, wurden 
maßstabgetreue Modelle von Salzträgern und ihrer  umgebenden Räume aus Bohrkernen 

* Resear& sponsored by the U.S .  Atomic Energy Commission under  contract  with 
the Union Carbide Corporation. 
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des Carey-Salzbergwerkes in Lyons, Kansas, hergestellt. Die Versuche wurden bei Tempe- 
raturen von 22,5 °, 60 °, 100 ° und 200°C und bei Achsenbelastungen von 2000, 4000, 6000, 
8000 und 10000 Pfund per Quadratinch (psi) durchgeführt. Sie zeigten, daß bei hohen 
Belastungen und besonders bei erhöhten Temperaturen die Verformung der Salzträger merk- 
lich zunimmt. Bei allen Achsenbelastungs- und Temperaturkombinationen wurde beobachtet, 
da[~ die Verformungsgeschwindigkeit nach einem hohen Anfangswert mit der Zeit abnimmt. 
Die Kriechgeschwindigkeiten nahmen noch nach mehr als drei Jahren ab. Eine empirische 
Abhängigkeit zwischen Trägerverformung, Spannung, Temperatur und Zeit wurde aus den 
Tests gewonnen: 

~ 0.39.10 -aT T 9"5 a 3'0 t -0"7°, 

= 1.30.10 -37 T 9'5 0`8.o to..~0, 

mit ~ = Verformungsgeschwindigkeit (in./in./hr), ~ = kumulative Verformuug (in./in.), 
T ~ absolute Temperatur (°K), o----mittlere Trägerspannung (psi) und t ~ Zeit (hr). 

Verg]eichshalber wurden Modellversuche an Proben von Salzlagern sowie an Kuppel- 
salz aus sechs verschiedenen Bergwerken in den Vereinigten Staaten und aus dem anti- 
klinalen Salz des Bergwerkes Asse II im nordöstlichen Teil Deutschlands durchgeführt. 
Im allgemeinen war das Verformnngsverhalten der verschiedenen Salzarten bei Zimmer- 
temperatur wie bei erhöhter Temperatur ähnlich, obwohl einige Abweichungen der Ver- 
formungsgeschwindigkeiten beobachtet wurden. 

In weiteren Versuchen wurde beobachtet, daß die Verformungen in Hohlräumen, wo 
dünne Schieferschichten an den Dach- und Bodenzwischenflächen der Träger auftraten, we- 
sentlich beschleunigt waren. Da die Schieferstücke als Reibungsreduktionsmittel fungieren, 
werden wirksame beschränkende Spannungen auf die Träger nicht übertragen; daher sind die 
Träger unter diesen Umständen schwächer als in Fällen in denen keine Schiefertrennungen 
an den oberen und unteren Enden der Träger vorhanden sind. 

Déformation du sei gemme dans des eavités minières pour des déchets radioaetifs. 
Lots du stockage des déchets de haute radioactivité dans les formations géologiques de se] 
gemme los températures élevées causent des problèmes spéciaux de stabilité. Pour prévoir 
l'écoulement dans los formations d e  sel gemme on a construit des modèles réduits de 
pi]iers de sel ~ part ir  de carottes obtenues dans la mine de sel Carey ä Lyons, Kansas. 
On a fait des essais ä des températures de 22,50 60 °, 100 ° et 200°C, pour des charges 
axiales de 2000, 4000, 6000, 8000, 10000 psi ä chaque température. Ces essais ont 
montré que les hautes charges augmentent sensiblement les vitesses de déformation, en 
particulier aux températures élevées. Pour toutes los combinaisons de charges axiales et 
de températures, on a observé qu' i l  y a au début une vitesse de déformation élevée qui 
diminue avec le temps. On a trouvé que ]es vitesses de fluage continuent ~ diminuer même 
après plus de trois ans d'essais. On a obtenu une relation empirique entre la déformation 
des piliers, la contrainte, la température et le temps, qui s'exprime ainsi: 

= 0.39.10 -aT T 9'5 a 3"° t -°'7°, 

~' = 1.30.10 -37 T 9'5 0 ̀3.0 t 0"30, 

avee e -~  vitesse de ddformation (im/im/h), e----déformation eumulée (im/in.), T ~ tempéra- 
tute absolue (°K), o ~ contrainte moyenne clans le pilier (psi), t ~ temps (h). 

A titre de comparaison, on a fait des essais sur modèles réduits avec des échantillons 
de sei gemme stratifié et de sel de dSme, provenant de six raines des États Unis, et de 
la structure anticlinale de la mine de sel Asse II dans le nord-est de 1'Allemagne. En 
général, la déformation des différents types de sel ä la température ambiante et aux 
températures élevées était similaire bien que l 'on ait observé des variations des vitesses 
de déformation. 

On a observó aussi par des essais sur modèles réduits que los vitesses de déformation 
sont augmentés considérablement lorsque les cavités contiennent des lits minces de schistes 
aux contacts du tour et du toit. Los schistes 'réduisent le frottement; les contraintes de 
confinement effectives dans le toit et le tour ne sont pas transmises dans ]es piliers; ainsi, 
dans ces conditions, les piliers sont moins résistants qu'en l 'absence d'intercalation de 
schiste au sommet et ä la base des piliors. 
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I. Introduction 

1. Ultimate Disposal of High-Level Radioaetive Wastes in Salt Deposits 

Chemieai reprocessing of power reactor fuel produees a chemically eomplex 
and hazardous effluent whieh cannot be handled by eonventional waste-disposal 
methods. Speeial methods of disposal are required to eontain these wastes for 
millenniums, thus preventing the e seape of fission products to the biologieal environ- 
ment. The most promising method of disposal of high-level, heat-generating, power 
reactor wastes is the conversion of liquid wastes to solids, followed by the ultimate 
disposal of the solids in a salt mine 1,~,8. There are several reasons for preferring 
rock salt for the disposal of radioaetive waste, including its avNlability, geographie 
distribution, thermal eonduetivity, and low eost of mining4; however, its prineipal 
advantage is its charaeteristie nature of deforming plastically under relatively low 
stresses and temperatures, which, in turn, aecounts for its impermeability. Rock 
salt deposits, thus, are essentially free of the myriad of fraetures that are present 
in most other rocks and which generally are the prineipal paths of eireulating 
groundwater. Ironieally, this same eharaeteristie of plastieity may also ereate strue- 
turm integrity problems in salt raines, espeeially at elevated temperamres. 

It  is a well-known faet that salt under eertain eonditions deforms plastieally. 
The salt dome deposits in the Gulf Coastal area are examples of the natural plastie 
deformation of hallte. Here, enormous quantities of salt have been foreed u p  to- 
ward the surfaee in the form of eylindrieal plugs from deep underlying horizontal 
beds. Flowage of ro& salt is also visibly demonstrated in salt raines. Almost eom- 
plete elosure of some of the older drifts and tunnels has oecurred in a number of 
European salt raines that have been worked for severM hundred years 5. At Lyons, 
Kansas, D e l l w i g  6 has reported measurable and even visible flowage as early as 
30 days after opening new rooms in a salt mine. Heat generated through the deeay 
of fission produets will result in a temperature rise in the salt adjaeent to eavities 
used for radioaetive waste storage. This greatly affeets mine stability, sinee heat- 
ing eauses a marked inerease in the rate of flow of salt. It is, therefore, evident 
that, in order to properly design exeavation eavities in natural salt deposits that 
will be mined primarily for radioaetive waste storage and/or to determine the 
amounts and loeations of wastes that may be stored in abandoned salt raines, 
it is neeessary to be able to prediet the effeet on mine stability of (I) the snp- 
porting-pillar stresses that a r e a  result of the superineumbent earth strata and (2) 
elevated temperatures that are produeed by radioaetive decay of the fission produets 
in the waste. 

2. Demonstration Disposal of High-Level Radioaetive Solids in Salt 

The work discussed in this report is an integral part  of Project Salt Vanlt, 
a demonstration to test the practicallity of high-level radioactive solids disposal in 
a salt mine. This program, whieh was initiated in 1962 and is currently nearing 
completion, has as its principal engineering and s•ientific objectives (1) the deter- 
mination of the effeets of temperature on the deformation of rock salt, (2) the 
demonstration of waste-handling equipment and techniques on the land surfaee as 
well as in the mine, (3) the determination of the gross effects, if any, of radiation 
up to 109 rad on salt that is heated up to 200°C, and (4) the determination of 
any radiolytie produetion of chlorine 7,s,9,10. 

Project Salt Vault has been funded by the Division of Reactor Development of 
the Atomie Energy Commission. Both the laboratory and field studies that are 
assoeiated with the projeet are being carried out under the direction of the Radio- 
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active Waste Disposal Section of the Health Physics Division at the Oak Ridge 
National Laboratory. The site of the field demonstration is the Carey salt mine, 
Lyons, Kansas. Significant quantities of high-level radioactive wastes that would 
be suitable for storage in salt were not available for this study; thus, irradiated 
fuel elements were used to simulate solidified high-level wastes. Fourteen irradiated 
fuel assemblies that were contained in seven cans from the Engineering Test Reactor 
(ETR) at the Reactor Test Station in Idaho eomprised the simulated waste load. 
In general, the demonstration tests consisted of placing these seven cans in a circu- 
lar array of holes (one center hole with six peripherally located ones on 5-ft centers) 
in the floor of a specially excavated portion of the mine. By exchanging the fuel 
assemblies at the mine for newly irradiated ones at intervals of about 6 months 
during the period of November 1965 to June  1967, the desired radiation dose and 
temperature of the salt were attained. In addition to this, an identical array but 
without fuel assemblies and containing electrical heaters for raising the temper- 
ature of the salt was employed to differentiate the effect of heat on the salt from 
the combined effect of radiation and heat that was evaluated in the fuel assembly 
array. A second radioactive array was located in the original mine floor where the 
salt section contains more shale and anhydrite than in the newly mined area. Final- 
ly, a single rib-type pillar was heated to provide additional data on the deformation 
of salt under actual mine conditions at elevated temperatures 7. 

A generalized and simplified sketch of the waste-disposM operation at the mine 
is shown in Fig. 1. The fuel assemblies, which are canned at the Reactor Test Station 
in Idaho, are shipped via truck to the mine in a specially designed cask. At the 
charging shaft, the cask containing the cans is raised to a vertical position and the 
cans are lowered approximately 1000 ft through the cased vertical shaft to the 
mine excavation below. A specially designed transporter is then used to hanl the 
cans to the test rooms and to place them in the storage holes in the floor. In order 
to place the fuel assemblies in the purest section of salt, the new mining level was 
made 14 1/2 ft above the existing mine floor (see Fig. 1). 

The Lyons Mine of The Carey Salt Company is located in Rice County, Kansas, 
near the city of Lyons. The mine was opened in 1890 and closed in 1948. During 
this period, approximately 100 acres were mined out. The salt was mined by the 
room-and-pillar method, with salt extraction varying from about 60 to 650/0. The 
floor of the mine lies a little over 1000 ft below the land surface, which is about 
1700 ft above sea level. 

The Hutchinson Salt Member of the Wellington Formation underlies eentral 
and southcentral Kansas (including Rice County) and extends southward into OMa- 
homa. The member is an integral part  of the gently westward-dipping Permian- 
Pennsylvanian sedimentary rocks that underlie rauch of Kansas and crop out in 
the eastern one-third of the state. The salt is not present along this outcrop, prob- 
ably because it has been dissolved by groundwater and surface water; however, 
it is present down the dip to the west. The eastern edge of the salt body lies 
approximately 400 ft below the land surface, but near its western edge in Kansas it 
is found at a depth of more than 1500 it. Thickness of the unit range up to as much 
as 400 ft in Kansas. In general, the Hutchinson consists of a complex mixture 
of salt, anhydrite, and shale, with salt being the predominant fraction throughout 
most of its extent in Kansas TM~2. 

At the Lyons Mine, the Hutchinson Salt Member consists of about 300 ft of 
nearly flat-lying beds of salt, shale, and anhydrite, with salt comprising about 
600/0 of the sequence. The mine was operated in the lower part  of the member. 
Within the mined unit, 1- to 6-in. layers of relatively pure sodium chloride are 
separated by clay and shale laminae that are usually less than 1 mm in thickness. 
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These laminae eonsti tute the major  impur i ty  in the sal t  and are eharaeterist ie  of 
most bedded salt  deposits.  Shale beds,  several in&es  in thickness and separa ted  
by  about 15 to 18 ft of salt,  lie above and belõw the mined unit  and thus l imit  the 
vert ieal  extent of mining. The mine floor was usua l ly  eut within a few inehes of 
the under ly ing  shale bed, while the roof is normal ly  several feet below the over- 

Fig. 1. Demonstration of radioaetive solids disposal in salt 

1 hoist and work platform; 2 surfaee waste earrier; 3 waste eharging shaft; 4 waste disposal 
earrier; 5 hoist house; 6 headframe; 7 main shaft; 8 non-radioaetive array; 9 pillar heaters; 
10 fuel assembly array; 11 new mining level 14 1/2 ft above existing mine floor; 12 ramp 

to new mine level; 13 existing mine level 1024 It 

Bloekbild einer Anlage zur Beseitigung radioaktiver Abfälle in Salz 

1 Fõrderanlage und Arbeitsplattform; 2 obertägiger Abfallbehälter; 3 Ladesehaeht; 4 Abfall- 
behälter; 5 Förderhaus; 6 Sehaehtgerüst; 7 Hauptsehaeht; 8 nicht radioaktives Material; 
9 Pfeiler-Erhitzer; IO Treibstoffvorrat; 11 neue Grubensohle, 5 m über der vorhandenen 

Abbausohle; 12 Rampe zur neuen Grubensohle; 13 bestehende Abbausohle 3,3 m 

Illustration du rejeet des d6ehets solides dans le sel 

ly ing  shale bed. The least  eontaminated salt,  and thus the source of most  of the 
produet ion  in the mine, lies in a 9-ft-thick seetion that  extends from the top of 
the shale below the f loor upwards  to a thin shale par t ing,  approximate ly  1/16 in. 
thiek. Another  prominent  shale pa r t ing  lies about 3 1/2 ft above the 9-ft  roof. 

The newly mined demonst ra t ion  test area lies at a level of about  14 1/2 ft 
above the pre-exis t ing mine floor and extends upward  a distänee of about 15 1/2 ft 
to a thin shale pa r t i ng  at the roof (see Fig. 1). The floor of the newly mined area 
is eomprised p redominan t ly  of rock salt ,  while a thin shale pa r t ing  marks  the 
roof. A prominent  shale bed that  varies from a few inehes to more than 1 ft in 
thickness lies approximate ly  2 1/2 ft above the floor. Two easi ly  d is t inguishable  
shale beds that  are about 1/8 in. to 1/4 in. in thickness are also observed in the 
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test area at distances of abou~ 12 ft and 12 1/2 ft above the floor. The salt in the 
exeavation area eontains numerous blebs of polyhalite that are commonly concen- 
trated along bedding, giving the salt a banded appearance. 

Il. Preliminary Investigations 

1. Sample Preparation and Test Proeedure 

To simulate pillar, roof, and floor conditions that would exist in mined cavities 
in rock salt, sample speeimens were fabricated to represent scale models of salt 
pillars and their surrounding rooms. The test speeimens used in this work ware 
eylindrical in shape, with a portion of the center ground out to form the pillär and 
surrounding rooms. By "epoxying" steel rings around the ends of the samples, 
effective confining pressure was applied to the roof and floor portions of the models 
when they were loaded. Constant uniaxial loads were applied to the models by 

hydranlic eompression testers having 
capacities up to 300000 lb. Cavity 
closure was measured by mounting two 
dial ganges 1800 apart on the rings 
(sec Fig. 2). All tests were condueted 
in a contro]led-temperature room, 
equipped with automatic dehumidi- 
tiers to prevent condensation on the 
samples during extremely damp peri- 
ods. Elevated temperature tests were 
performed with the specimens inside 
a cylindrieal heating ]acket and with 
barrier  heaters on top and bottom 
between the specimen and the platens. 

Fig. 2. Pillar model in compression machine Most tests were performed on 
model pillars fabricated from 5-11-/16- 

Pfeilermodell in der Materialpresse in.-diam eores of rock salt taken in 
Modèle d'un pilier dans la machine de com- the mine of The Carey Salt Company, 

pression Lyons, Kansas. Similar cores for model 
tests were reeovered from sample 

cubes of salt, measuring 1 to 2 ft on a side, taken from rock salt mines at Hut- 
ehinson, Kansas; Retsof, New York; Detroit, Michigan; Grand Saline, Texas; Cote 
Blanche, Louisiana; and Asse, Germany. In addition, a few rectangular-shaped 
models were eut from some of the sample blocks, and, in one case, a l l -1/2- in . -  
diam eore was taken for model testing. Sheet Teflon greased with a mixture of 
silicon grease and graphite was inserted between the tops and bottoms of the 
samples and the p]atens of the compression machines to reduce the friction be- 
tween the salt and the platens to an insignifieant amount. The importance of elim- 
inating the friction between the salt specimens and the test machine platens in 
ascertaining a true measnre of the laboratory deformation of rock salt ha s been 
investigated by others 13,14. 

Most tests were condueted at temperatures of 22.5 °, 60 °, 100 °, and 200°C 
for axial loads of 2000, 4000, 6000, 8000, and 10000 psi. In addition, a few 
speeial tests were conducted on salt samples at loads as high as 15 000 psi. Duration 
of the tests varied from a few minutes for those specimens where the deformation 
rate was exceedingly fast to a single case where the sample was allowed to deform 
over a period of about 3 1/3 years. The most common test time duration varied 
between about 500 and 1000 hr. For certain temperature and load combinations, 
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duplicate er  triplieate tests were tun  in order to obtain an approximate measure 
of variat ion from sample to sarnple. About  110 pi l lar  models were tested in these 
studies. 

2. Simulation of Mine Pillars in Seale Models 

The deformation characteristics of rock are an extremely important  consider- 
arien in the simulation of mine conditions in scale-model tests. For example, to 
determine the stabil i ty of mine pil lars composed of plastic materials  like rock salt, 
it is absolutely necessary to simulate in the models, not only the mine pi l lar  but  
also the roof and floor eonditions. 
However, for brit t le rocks like dol- 80 - -  I ] ~;'[ ~ ' 
omite, the roof and floor appar-  ~o - /"11 
ently de not affec.t great ly the ~ I 
deformation of the pillar.  I P ~ , ' "  

This has been i l lustrated in . . , - " l  
uniaxial tests of model mine pil lars .4 " " -  I 
of rock salt and dolomite. In both "" 
cases, the models were fabricated . 4 ~ ' ~  ~~ 
from 5-11/16-in . -diam eores. After  i ù 
cutting the cores to aleng.I~f o f 5 i n . ,  . i . ! q  ~ ~ ~  
a port ion of the eenter of~the spec- r - ' ~ - ~ ~ ~ ~ ~ 7 -  ~ - ~ ~ - ~  
imens was ground out as described o 2 , ~ 8 ,o ,2 ,« ,6 ,8 2o ~x,o~) 

13 
earlier to form the pi l lar  (1 in. high 
by  4 in. in diameter) and the sur-  Fig. 3. Radial stress in roek salt and dolomite 
rounding roof and floor. Steel rings pillar models 
were then "epoxied" to the top and A Radial stress (expressed as percent of axial 
bot tom port ion of the samples to stress); B axial stress (psi); S salt (stress rate 
restrain lateral ly the rock in the 33 psi/min); D dolomite (stressrate 1000psi/min) 
roof and floor (as would be the ease Radialspannung in Steinsalz- und Dolomit- 
in aetual mine workings). Wire Pfeilermodellen 
strain gauges were used to determine A Radialspannung (dargestellt in Prozent der 
radial stress on the rings. As seen Aehsialspannung); B Aehsialspannung (psi); S 
in Fig. 2, three wire gauges are Salz (Belastungsgesehwindigkeit 33 psi/min); D 
attached at equidistant  locations to Dolomit (Belastungsgesehwindigkeit 1000 psi/min) 
the outside port ion of each ring. Contrainte radiale dans le sel gemme et dans des 
Upon the applieation of axial stress, modèles de pilier en dolomie 
the deformatiõn of the steel rings is 
measured by  the strain indieator. For rock salt samples tested at room temperatures,  
it was found that  the radial stress exerted on the rings inereased with increasing 
axial loads up to approximately  75 °/0 (11 250 psi) of the axial load at 15000 psi 
(see Fig. 3). However, for the dolomite samples, it was observed that  the radial stress 
did not exeeed about 5°/o of the axial stress of the pi l lar  load, even at loads as 
high as 23 000 psi. These data indieate that, for materials  that  deform plastically 
like rock salt, actnal mine eonditions are simulated best  when the roof and floor 
portions of the models are eonstrained laterally. This allows confining stress in the 
roof and floor to be t ransmit ted into t he  pi l lar  (at least for  samples having a 
width-to-height ratio of 4), thereby making the pi l lar  strenger.  For dolomite, the 
relatively small values of radial stress measured on the eonfining rings of the models 
indicate that  the roof and floor have less influence on the strength of the pil lars;  
and, thus, the simulation of the roof and floor in modets used to define mine pi l lar  
deformation in rocks of this type are not as critieal as for rocks that deform 
plast ical ly under  the same conditions. 
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3. Size of Model Specimens 

The scaling of mine works to a convenient size for laboratory testing is a 
matter of great concern in model studies of rock deformation, since all geologic 
features may not be adequately represented in scaled-down laboratory specimens. 
Perhaps the most important scaling considerations in regard to the salt mine struc- 
tures are the size of the test specimens with respect to the grain size of the rock 
salt and the amount of salt above and below the mine pillars. 

To evaluate the effects of various salt thicknesses in the roof and floor of 
test models, several samples were tested having the same pillar dimensions of 4 in. 
in diameter by 1 in. in height, but  with different thicknesses of salt (7/8, 2, 3, and 
4 in.) above and below the pillar. In Fig. 4, which shows pillar deformation with 

0.44 

OA2 i 

0.40 - -  

0.06 / 4"~6-ir- in 
0.04 5 - ir 

o.o~ ~ - ~  

o 
0 200 E 400 600 800 ~OOO 4200 1400 

B 

Fig. 4. Deformation of pillar models at 22.5 °C and 6000 psi with 7/8, 2, 3, and 4 in. of 
salt in the roof and floor 

A Vertical shortening of pillars (in./in.); B time (hr); 7/8-in., 4-in., 3-in., 2 - in .=  thick- 
ness of roof and floor 

Verformung yon Pfeilermodellen bei 22,5°C und 6000 psi mit 7/8, 2, 3 und 4 Zoll 
Salz in Firste and Sohle 

A Vertikale Verkfirzung der Pfeiler (in./in.); B Zeit (h); 7/8-in. 4-in., 3-in., 2-in. ~ Dicke 
yon Firste und Sohle in Zoll 

D6formation de modules de pilier ~ 22,5 °C et 6000 psi avee 7/8, 2, 3 et 4 in. 5paisseur du 
sel sur le tour et sur le toit 

time, it is observed that there is little difference in the deformation curves for the 
samples with 2 in. or more of salt above and below the pillar; however, for the 
specimen having only a 7/8-in. layer of salt in the roof and floor, the amount and 
rate of deformation is markedly greater. I t  is concluded from these data, along with 
the measured values of radial stress in the roof and floor of model salt pillars as 
discussed above, that  about two times as much or more thickness of salt should lie 
above and below any given pillar height to approximate the true strength of actual 
mine pillars. 
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In addition to the tests diseussed above, one speeimen having dimensions twiee 
that of the "standard model speeimen", that is, an 8-in.-diam pillar having a 2-in. 
height and a roof and floor thiekness of 4 in., was tested at a load of 4000 psi at 
22.5°C. The deformation eurve for this sample is essentially the same as that for 
the smaller "standard model" for the same type of rock salt. It is thus eoneluded 
that a 5-11/16-in.-diam eore of rock salt, that is 5 in. in length, and whieh is 
ground out in the eenter for a 4-in.-diam and 1-im-high pillar, and, therefore, 
contains 2 in. of salt in the roof and floor above and below the pillar, adequately 
simulates mine eonditions where the pillar, roof, and floor are essentially all rock 
salt. 

IIl. Results  of Model Pillar Tests 

1. General 

In order to obtain data on the deformation of rock salt under temperature 
and pressure conditions that would be expected in an actual disposäl operation, 
a series of model pillars, fabricated from rock salt in the Lyons, Kansas, Mine, 
were tested at all combinations of axial loads of 2000, 4000, 6000, 8000, and 
10000 psi and temperatures of 22.5 °, 60 °, 100 °, and 200°C. In addition, data on 
the effects of shale partings and pillar shapes on the deformation of rock salt, 
w hich taust also be considered in an actual disposal operation, have been obtained 
from model tests. These data along with field data from the Lyons Mine form the 
basis for predicting pillar behavior in salt cavities used for the disposal of radio- 
aetive wastes. Since the occurrenee of rock salt in the United States is rather wide- 
spread, it is conceivable that many sites eould be used for waste-disposal opera- 
tions. In order to make gross comparisons of the deformation of salt from one mine 
to another, model pillars, fabricated from rock salt from five other raines in the 
United States and one German mine, were tested at temperatures of 22.5 ° and 
100°C and for axial load of 4000 psi. For the following tests, the observed defor- 
mations are for salt samples from the Lyons, Kansas, Mine unless otherwise stated. 

2. Effect of Load 

Fig. 5 shows deformation curves for model pillars of rock salt that have 
been tested at various temperamres and stresses. These curves all show some simi- 
larities even though the stress for each eurve is different. For each curve there is 
initially a high rate of deformation that decreases with time. This decrease in de- 
formation rates is shown to continue out to 300 hr. However, in longer duration 
model tests, it has been observed that rates continue to decrease even after more 
than 29 000 hr or 3 1/3 years. It should be added here, too, that this is in agreement 
with measurements that have been made in salt mines which show that deformation 
rates are still decreasing with time in openings up to 12 yeaxs old ~5. In the figure 
it is also observed that the deformation of the pillars inereased markedly with 
higher stresses. For the 4000-psi and 22.5°C model the total deformation was 
about 0.025 in. after 300 hr. Sinee the pillar was only 1 in. high before defor- 
mation, the pillar deformation is about 2 1/2°/o. It is also noted that for the 
sample tested at 6000 psi and 22.5°C the deformation is approximately 0.065 of 
an ineh or 6 1/2 °/o. 

3. Effect of Temperature 

Perhaps even more signifieant than the inereased pillar deformation with higher 
stress is the greatly aeeelerated deformation at elevated temperatures. In all eases, 
it is noted that, in general, there is initially a high creep rate that deereases with 
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time, as in the case with models tested at room temperature. For the tests at 
6000 psi it is observed that the effect on pillar shortening by raising the tempera- 
ture to 60°C is not nearly so pronounced as at 100°C. At the latter temperature 
the pillar had deformed 35 °/0 after about 230 hr, whilk the deformation at 60 o C 
was less than 20°/0 during the same period of time. In general, eavity closure is 
complete after about 0.5 to 0.6 in. (50 to 60° /0 )o f  pillar shortening in models 
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Fig. 5. Deformation of pillar models at various temperatures and prcssures 
A Vertical shortening of pillars (im/in.); B time (hr) 

Verformung von Pfeflermodellen bei verschiedenen Temperaturen und Drücken 
A Vertikale Verkürzung der Pfeiler (in./in.); B Zeit (tl) 

Déformation de modèles de pilicr ä différcntes températures et pressions 

deformed at elevated temperatures. This is due to the lateral flowage of salt into 
the room opening from the pillar, as well as more or less vertikal movement into 
the opening from the roof and floor, and will be discussed in more detail later. 

Salt pillars subjketed to elevated temperatures apparently behave like pfllars 
under higher stresses. I t  is of interest that the deformational behavior of the salt 
pillar tested at 4000 psi at 60°C is approximately the same as the behavior of 
the sample tested at 6000 psi and 22.5 °C. Also the kurve for the 4000 psi modkl 
at 100°C is similar to the behavior of the 6000-psi sample at 60°C. This strongly 
suggests that the net effect of elevating the temperature is essentially the same as 
that of increasing the pillar stress. 

4. Effeet of Temperature Elevation After Initial Loading 

The general effect of heat on the deformation of rock salt has been discussed 
above. In these tests, which were carried out to establish empirical relations be- 
tween temperature, pressure, and time, the samples were first heated and then 
loaded. However, under actual disposal conditions, the mine pillar would be loaded 
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first and then the salt would be heated as the rooms are filled with waste. To define 
pillar deformation under the latter conditions, a model specimen was loaded to 
4000 psi at room temperature of 22.5°C for about 800 hr, and then the tempera- 
ture was increased to 100°C. In the case of both the initial loading and the ele- 
vation of the temperature, it is observed in Fig. 6 that the deformation curve rises 
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Fig. 6. Deformation of pillar model at 4000 psi and 22.5°C and 100°C 
A Vertical shortening of pillars (in./in.); B time (hr); 1 temperature at 22.5°C; 2 temper- 

ature increased to 100°C 

Verformung eines Pfeilermodells bei 4000 psi und 22,5°C 
A VertikMe Verk/irzung der Pfeiler (in./in.); B Zeit (h); 1 Temperatur 22,5°C; 2 Tempe- 

raturzunahme auf 100°C 

D~formation d'un mod~le de pilier ~ 4000 psi et £ 22,5°C et 100°C 

sharply initially and then proceeds to rise but at a decreasing rate; however, in 
the latter ease, the total deformation is significantly greater. It is also of interest 
that, upon the application of heat (the temperature of the salt was raised from 
22.50 to 100°C over a period of about 4 hr), there was a corresponding increase 
in the load on the sample. This increase of load, which was due undoubtedly to 
the thermal expansion of the salt, attained a peak value of 4640 psi (a 16 °/0 in- 
crease) after the salt had reached a temperature of about 80 ° C or approximately 2 hr 
after the initial temperature rise. The linear coefficient of the thermal expansion_ 
of salt is about 40 X 10 -6 . Thus, for a temperature rise of about 77.5°C, the 
linear expansion for a 5-in.-high salt cylinder would be about 0.0155 in. Further- 
more, since four-fifths of the length of the model salt cylinder was confined by 
steel rings, which reduced the expansion in a radial direction, it is apparent that 
the vertical expansion of the salt specimen would be somewhat greater than the 
linear expansion value. (The volumetric or cubic expansion of salt is approximately 
three times the linear expansion, since sodium chloride is isometric.) It is not likely 
that the increase in load was due to any increase in the temperature of the hydraulic 
fluid which drives the ram in the test machine, since 2-in.-thick blocks of a solid 
insulation material (Transite) were placed between the heated specimen and the 
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platens of the test device. Thus, no significant amouut of heat would be expected 
to reach the hydranlic fluid for the 4-hr period of the temperature rise. It is also 
significant that at the time the salt temperature had reached its maximum value of 
100°C the load had decreased to the static value of 4000 psi. This test shows that 
some inerease in the load on salt pillars will occur with a significant rist in temper- 
ature; however, because of the accelerated flow of salt at elevated temperatures, 
the load is rather quickly relieved. Since the temperature rise in the salt in an ae- 
tual mine disposal faeility will rise very slowly (probably over periods of many 
months to years), it is diffieult to state preeisely, based on lahoratory test of pillar 
models that are uniformly heated within a few hours, the nature of the inerease 
in pillar loading and the relieving of this excess load through salt flow. 

5. Effeet of Shale Partings 

Even though some salt deposits, such as salt dornes, are essentially free of 
other intercalated rocks, most bedded deposits contain lithologic discontinuities 
of dolomite, shale, anhydrite, and other materials. For instance, the 300-ft-thick 
salt sequence at Lyons, Kansas, is only ahout 60o/0 NaC1 with the other 400/0 
being mostly shale and anhydrite. In many cases these "other" materials may 
form a part of the roof, floor, or even the pillars in a mine and thus enter into 
the deformation of the openings. In Fig. 7 the occurrence of thin shale beds in salt 
raines is depicted. In the one case, thin shales are shown at the top and bottom of a 
mine pillar as separating the pillar from the floor and ceiling. Shale beds such as 
this are common in bedded salt, and in many cases the salt is mined or falls to these 
partings, since they serve as effective friction reducers. In the second case, a single 

shale bed occurs in the center of the pillar, 
with salt continuing uninterrupted from the 
pillar into the area above and below. The 
presence of these partings, eren though they 
are quite thin, can have a significant effect 

Jf on the rate of cavity deformation, depending 
on whether the sha]e is at the top and bottom 
of the pillar or in the center of it. This is 
shown in Fig. 8, where deformation curves 
are presented for model salt pillars that 

Fig. 7. Sketch showing lithologic disem» have been deformed (a) without any simulat- 
tinuities in salt raines ed shale partings, (b) with simulated shale 

S salt; SP shale partings partings as the top and bottom of a pillar, 
Skizze lithologischer Diskontinuitäten in and (c )wi th  a simulated shale parting in 

Salzbergwerken the center of the pillar. Thin sheets of Teflon 
S Salz; SP Schieferton-Ablösungen lubrieated with grease and graphite serve as 

frietion reducers and thus simulate shale 
Schéma des interealations schisteuses partings. Analysis of data and observations 

dans les raines de sei 
from the Kansas raines indicates that the 
shale partings do have lubricating effect, 

but it does not appear that they have so marked an effeet as do the Teflon sheets. 
Therefore, the actual effects to be expected in a mine would lie somewhere between 
the two extremes, shown in Fig. 8. For the model having no simulated shale part- 
ings, and for the model where the shale parting is in the center of the pillar, the 
deformational curves are almost identical, both showing about 0.03 in. or 3 °/0 
deformation after 140 hr of testing. However, for the model with friction redueers 
at the top and bottom of the pillar, the deformation proeeeds initially at a very 
fast rate before beginning to decrease with time. The modet appears to then deform 
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at a eonstant rate for a short time and then at an increasing rate that results in 
sudden failure after ]ess that 130 hr. It is also of interest that for models with no 
simulated shale partings, sudden or catastrophic pillar failure could not be induced 
even under stresses as high as 150000 psi. 

Excavations in bedded salt deposits may sometimes eontain shale beds at only 
the top or at only the bottom of pillars. In Fig. 9 the behavior of model pillars with 
natural shale beds at the tops of the pillars is compared to the deformation of a mod- 
el having a simulated shale part ing and a model without shale partings. All of the 
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Fig. 8. Deformation of pillar models at 4000 psi and 22.5 °C and with and without simu- 
lated shale partings 

A Vertical shortening of pillars (in./in.); B time (hr); / with frietion reducer at floor and 
ceiling; 2 without friction reducer; 3 with frietion reducer at center of pillar 

Verformung von Pfeilermodellen bei 4000 psi und 22,5°C mit und ohne nachgebildeten 
Schieferablösungen 

A Vertikale Verkürzung der Pfeiler (in./in.); B Zeit (h); I mit Reibungsverminderung an 
Firste und Sohle; 2 ohne Reibungsverminderung; 3 mit Reibungsverminderung in der Mitte 

des Trägers 

Déformation de modèles de pilier ä 4000 psi et 22,50 C avee et sans intercalation de schistes 

Fig. 9. Deformation of pillar models at 4000 psi and 22.50 C and with natural and simu- 
lated shale partings and without shale partings. 

A Vertical shortening of pillars (im/in.); B time (hr); 1 natural shMe roof; 2 simulated 
shale parting; 3 natural shale parting; 4 without shale parting 

Verformungen von Pfeilermodellen bei 4000 psi und 22,5°C mit natürlichen und nachge- 
bildeten Schieferablösungen sowie ohne Schieferablösungen 

A Vertikale Verkürzung der Pfeiler (im/in.); B Zeit (h); 1 natürliche Schiefertonfirste; 
2 nachgebildete Schieferablösung; 3 natürliche Schieferablösung; 4 ohne Schieferablösung 

Déformation de modèles de pilier ä 4000 psi avec intercalations schisteuses naturelles et 
simulées et sans intercalations 

specimens with shale par t ings  show, as expeeted, greater  deformat ion than the 
sample without shale. For  the sample with the Teflon s imulated shale par t ing,  the 
defonnat ion  rate is in i t ia l ly  slower than the models with the naturM shales, but  
the deformat ion rates for the la t te r  samples decrease at a more rap id  rate than 
does the sample with the s imulated shale. The thickness of the shale pa r t ing  is 

R o c k  M e c h a n i c s ,  Vo l .  I/1 2 
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approximately 1/8 in. in the model showing the lower deformation curve, while the 
remaining one is composed essentially of a shale roof and a rock salt pillar and 
floor. This differenee in thickness of the shale section in the models probably  ae- 
counts for the variation in deformational behavior. 

The aecelerated deformation rate of the models, when simulated shale partings 
occur at the top and bottom of the pillars, apparently results from the more or 
less independent deformation of the pillar from the roof and floor under these 
conditions. When there are no partings at the top and bottom of the pillar, or even 
if the parting is in the center of the pillar, there is an interlocking effect of salt 
erystals from the pillar to the roof and floor which serves to allow the pillar, roof, 
and floor to deform more or less as a single unit. However, when partings exist 
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Fig. i0. Deformation of pillar models at 4000 psi 
and 22.50 C and with width-to-height ratios of 

2, 3, and 4 
A Vertical shortening of pillars (im/in.); B time 

(hr) 

Verformung von Pfeilermodellen bei 4000 psi 
und 9.2,50 C und Breiten- und Höhen-Verh~lt- 

nissen von 2, 3 und 4 
A Vertikale Verkürzung der Pfeiler (im/in.); 

B Zeit (h) 

Déformation de modèles de pilier £ 4000 psi et 
22,õ ° C et avee rapports largeur-hauteur de 2, 3 

et 4 

between the pillar and the roof and 
floor, they serve as effective frietion 
reducers, which consequently allow 
the pillar to deform more inde- 
pendently of the roof and floor, and 
horizontal confining pressures in 
the roof and floor are not trans- 
mitted into the pillar. 

6. Effeet of Pillar Shapes 

The width-to-height ratio of 
salt pillars is an important  con- 
sideration in predicting mine clo- 
sure .  This is illustrated in Fig. 10 
which shows pillar deformation with 
time for models having width-(diam- 
eter-)to-height ratios of 2, 3, and 
4. All pillars were originally 1 in. 
in height, while their widths were 
2, 3, and 4 in. From the eurves it 
is seen that pillar shortening pro- 
ceeds at a faster rate with the 
smaller diameter-to-height models. 
Thus pillar strength increases with 
increasing width-to-height (w/h) 
ratios. For  instance, after 800 hr  of 
testing, it is observed that the 

w/h = 3 sample had deformed about 0.0435 in. or approximately 43 °/0 more than 
the w/h ~ 4 specimen which had deformed only about 0.0305 in. The w/h = 2 pillar 
showed an even greater deformation of 0.0525 in. or 73°/0 more pillar shortening 
than the w/h = 4 sample after the same period of testing. 

In addition to these tests, a few models having rectangular-shaped pillars were 
deformed. (All previously deformed model pillars were cylindrieal in shape.) Tests 
were eonducted on models having overall dimensions of 6.45 by 3.94 in. and with 
pillar dimensions of 5.01 and 2.51 in. The lengths of the pillars were, therefore, 
approximately twice their widths, and the salt extraetion was about 50 °/0 or roughly 
the same as that for the cylindrical samples. Under these conditions, signifieant 
differences in pillar deforrnation are apparent when the rectangular-shaped speci- 
mens are eompared to the cylindrical-shaped specimens with the same horizontal 
cross-seetion areas. For a rectangular-shaped specimen and a cylindrieal-shaped 
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specimen tested at 4000 psi and 22.5 °C, the rectangular-shaped pillar was found, 
after 1000 hr, to have deformed about 400/0 more than its cylindrical eounterpart. 

The greater strength of cylindrical pillars to their rectangular counterparts 
may be explained, in part, by the apparently high eoncentrations of stress at the 
corners of the rectangles which lead to spalling of the salt at these locations and, 
thus, to reductions in the eross-sectional area over which the loads are distributed. 
Also, it would appear that, as the lengths of rectangular-shaped pillars increase 
in relation to their widths (for the same cross-sectional area), the pillars will be 
eorrespondingly weaker. This is due, presumably, to reductions in the transmission 
of eonfining stresses from the roof and floor portions of the specimens to the pillars 
as would be also the case for round pillars having width-to-height ratios less than 4. 
I t  was shown earlier, in the ease of specimens having shale partings at the tops and 
bottoms of the pillars, that when confining stresses are not transmitted into the 
pillars from the roofs and floors, the p i l la rs  are considerably weaker than when 
confining stresses are effeetively transferred into the pillars. 

7. Comparisons of Salt from Various Localities 

In order to make a general comparison of the deformational behavior of 
rock salt from various loealities in the United States, as well as from European 
deposits, tests were eonducted at 4000 psi and at temperatures of 22.50 and 100°C 
on model pillars fabricated from salt sa.mples taken in raines at Lyons and Hut- 
chinson, Kansas; Retsof, New York; Detroit, Michigan; Grand Saline, Texas; Cote 
Blanehe, Louisiana; and Asse, Northeast Germany. The Kansas salt is from a bedded 
deposit of Permian age, while the New York and Michigan salts are bedded and 
of Silurian age. The Grand Saline and Cote Blanche raines are situated in dome- 
type deposits. The Asse salt is mined from an anticlinal strueture. 

For the tests at 22.5°C, shown in Fig. 11, it is observed that the deformation 
curves for the Lyons, Hutchinson, Miehigan, Cote Blanehe, and Asse I I  mine depo- 
sits are strikingly similär; however, the Grand Saline mine salt deforms at a slightly 
greater rate, and the salt from the Retsof mine deforn'ls, at least initially, at an 
even more accelerated rate. 

As seen in Fig. 12 for the 100õC tests, there is a rather wide spread in the 
deformation associated with the various types of salt. The Lyons, Hutchinson, Cote 
Blanehe, and Grand Saline curves are similar and show the largest amounts of 
pillar shortening after about 800 hr. The Retsof sample is observed to def0rm at 
a markedly slower rate. The eurve for the Detrait salt is distinctly different from the 
others in that the deformation rate is initially slower, but it does not decrease as 
rapidly with time. Thus it appears from these tests that the total deformation for 
the Detroit salt will eventually exeeed that of the other deposits. The Asse II salt, 
under these conditions, appears to be strenger than the others. 

The reasons for the differenees in the behavior of the salts from the various 
]oealities as shown in these tests are not fully understood. The depths of the raines 
de not vary greatly, most being about 1000 ft deep; thus the overburden loads 
that the salts have been subjeeted to in Reeent geologic time and the resulting 
prestrained conditions (before laboratory testing) of the samples would appear to 
be roughly the same. All of the salts are relatively low in insolubles, varying from 
0.780/0 (Detroit) to 2.270/0 by weight (Hutehinson); therefore, the differenees in 
deformation behavior would not appear to be explained by the presenee of at 
least large quantities of impurities in seine deposits. However, the Retsof and Asse II  
salts, which appear to deform after the initial deformation at a slower rate than 
the other salts, contain about twice the quantity of water insolubles than de the 

2* 
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samples from the other localities with the exception of the Hutchinson salt. Using 
X-ray diffraction techniques, it was found that anhydrite was the principal watet 
insoluble impuri ty for all samples except the Asse II salt which contained poly- 
hallte as its major impurity. 

There do not appear to be any consistent differences in behavior related 
solely to the three structural types of deposits; namely, domal, anticlinal, or bedded. 
Differences in grain size may account for some of the variations in deformation; 
however, all samples are extremely coarse grained with the exception of the Retsof 
and Asse II salts. The Retsof salt is unique in that there is a pronounced lack of 
grain intergrowth and the grains are apparently not f irmly cemented together; thus 
the texture of the salt is somewhat friable. This may account for the high initial 
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Fig. l l .  Deformation of pillar models from various loealities at 4000 psi and 22.5°C 

A Vertical shortening of pillar (im/in.); B time (hr) 

Verformung von Pfeilermodellen von verschiedenen Örtlichkeiten bei 4000 psi und 22,5 o C 

A Vertikale Verkürzung der Pfeiler (im/in.); B Zeit (h) 

Déformation de modèles de pilier de différentes localités ~ 4000 psi et 22,5°C 

Fig. 12. Deformation of pillar models from various localities at 4000 psi and 100°C 
A Vertical shortening of pillars (im/in.); B time (hr) 

Verformung von Pfeilermodellen von verschiedenen Örtlichkeiten bei 4000 psi und 100°C 
A Vertikale Verkürzung der Pfeiler (im/in.); B Zeit (h) 

Déformation de modèles de pilier de différentes localités ä 4000 psi et 100°C 

deformation rate of the Retsof salt, since some compaction and reorientation of 
grains would be expected to occur when the salt is loaded initially. Perhaps the 
thermal expansion of the salt was instrumental in reducing the intergranular voids 
for the 100°C test, which did not experience the extremely rapid initial deformation 
as did the sample tested at 22.5 « C. 
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8. Ultimate Strength 

The ultimate strength of support  systems is of fundamental  importanee in 
all underground openings. To determine the ultimate er  breaking strength of mine 
pillars in salt, two models, ehe having a width-to-height ratio of 3 and the other a 
width-to-height ratio of 4, were loaded ~t rates of 33 psi per minute until failure 
er extensive deformation oeeurred. The deformation curves for these samples are 
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Fig. 13. Ultimate strength of pillar models at 22.5°C and with width-to-height ratios 
of 3 and 4 

A Vertical shortening of pillars (in./in.); B axial stress (psi) 

Tragkr~ft von Pfeilermodellen bei 22,50 C und bei Breiten-Höhen-Verhättnissen von 3 und 4 
A Vertikale Verkürzung der Pfeiler (im/in.); B Achsialspannung (psi) 

Résistance ä la rupture de modèles de pilier ä 22,5°C et avec rapports largeur-hauteur 
de 3 et 4 

shown in Fig. 13. In both cases it is seen that sudden er  brittle pillar failure did 
not occur even for loads as high as 14 000 psi; however, eonsiderably more defor- 
mation did oceur for the smaller diameter pillar than for the larger one. This veri- 
fies the conclusion drawn from other tests, described above, that  pillars having 
a width-to-height ratio of 4 are strenger than these having a width-to-height ratio 
of 3. Although 100°/0 pillar shortening was not attained for either sample, both 
were deformed to the extent that accumulation of spall er small pieces of broken 
salt from the pillars had filled a par t  of the cavity opening. Thus, the effective 
pfllar diameter for the smaller diameter pillar had inereased to the point that it 
extended almost the entire width of the excavated cavity. The combined effects of 
pillar shortening and pillar spall in cavity closure are discussed in more detail later; 
however, it is eoneluded that the smaller the width-to-height ratio of the pillars 
(assuming a greater excavation ratio), the greater the amount of pillar shortening 
prior to eomplete cavity closure. The results of these tests also suggest that sudden 
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or brittle pillar failure will not occur in salt pillars having width-to-height ratlos 
of 3 and 4, at loads up to 14 000 psi and perhaps eren at any higher loads, although 
it is recognized that deformation of the pillars through creep of the salt would 
occur at a very high rate. The ultimate strength or breaking strength of these type 
pillars thus eannot be determined, since the salt under these conditions will flow 
very rapidly hut will not fall in a brittle manner regardless of the load. 

9. Mechanisms of Deformation 

Although the exact mechanisms of the deformation within salt pillars are not 
fu]ly understood, some generalizations as to movement have been formulated through 
observations of deformed speeimens. Fig. 14 shows cross-sectional views of two 
model pillars that have been cut vertical]y in half after deformation. Before de- 
formation, the pillars were 4 in. in diameter and 1 in. high. In these speeimens an 
attempt was made to define the principal movement through observing the relation 
of the pillar and the material above and below it after deformation. The dark hori- 
zontal lines seen in the salt speeimens are 1/16-in.-diam holes that were bored 

horizontally through the tops and 
bottoms of the pillars and filled 
with colored salt before the speei- 
mens were deformed. In  the model 
pillar deformed at 22.50 C, it is 
seen that the pillar is only slightly 
more than 4 in. in diameter. How- 
ever, a eonsiderable amount of loose 
salt from the outermost portion of 
the pillar had aceumulated in the 
surrounding eavity opening but was 
subsequently removed. The eross- 
sectional view shows that the pillar 
did not deform independent]y of the 
roof and floor but that all three 
parts of the model entered into the 
elosure of the cavity. Note espeeial]y 

Fig. 14. Photograph of pillar models showing how the roof and floor have flowed 
vertical deformation at 22.5 o C and 100 ° C 

into the eavity opening. The most 
Pfeilermodelle mit den vertikalen Deformationen resistance to deformation in the 

bei 22,50 C und 100 °C model is believed to be found in 
Photo de modèles de pilier montrant la défor- the center portion of the pillar (due 

marion verticale ~ 22,50 C et 100 ° C to confining pressure) and imme- 
diately above and below the pillar 

in the roof and floor. Thus, movement here is at a minimum. This is shown in the 
photograph by the greater distance between the lines in the center portion of the 
pillar than at the edge of the pillar. Toward the ouside of the pillar, there is less 
resistanee to deformation; thus, salt from the pillar tends to move horizontally into 
the opening, while material from above and below also moves in to fill the cavity. 

In the model pillar deformed at 100°C, the overall deformational pattern is 
similar to that for the sample tested at room temperature; hut, instead of the 
outermost portion of the pillar deforming through spalling, it stayed intaet and 
deformed more plastically. The pillar diameter in this case increased from 4 in. 
to 4 1/2 in. as a result of the deformation. 

In the preeeding figure it is observed that eavity closure is due to the lateral 
flowage of salt from the pillar into the opening, as well as to the more-or-less ver- 
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ticaI movement of salt into the eavity from the roof and floor. In general, this type 
of deformation prevails at ambient temperature, as well as at elevated temperatures; 
however, in the case of the former, the effective width of the pillar remains about 
constant, since the amount of pillar spall approximates the lateral flow of salt from 
the pillar, while at elevated temperatures there is a progressive increasing of the 
pillar width with deformation since there is little or no pillar spall and the salt 
flows en masse. This increase in pillar width, which results in a lower pillar stress, 
undoubtedly accounts, in part, for the marked decrease in the rate of cavity closure 
with time, especially when the total deformation exceeds about 50o/o. Thus, when 
the salt is heated, it is apparent that initially there will be a rapid increase in pillar 
shortening, the rate being dependent, of course, on the temperamre and load. Then, 
as the pillar width increases and the cavity becomes filled, there is another pro- 
nounced decrease in the rate of cavity c]osure which continues until all of the void 
spaee is filled with salt from the pillar or from the roof and floor. For the model 
salt pillars tested at 22.5°C and even for those tested at temperatures of 60°C 
and at loads no greater than 4000 psi, the deformation proceeds at such a slow 
rate that it was not possible to observe total cavity closure for the duration of the 
tests in the laboratory. However, it is presumed that, since there is no effeetive 
increase in the pillar width due to pillar spall at ambient temperatures, there would 
be no decrease in the axial load on the pillar and, thus, no flattening of the defor- 
mation curve until the aceumulation of salt in the eavity from the pillar spall is 
sufficient to fill essentially the entire cavity. Pillar spall commonly occurs as thin 
and somewhat elongated fragments that separate along nearly vertical tension cracks 
that develop on the pillar walls as a result of the outward flow of salt. 

IV. Discussion 

1. Relationship of Load, Temperature, and Time 

In order to be able to predict the effects of load, temperature, and time on 
underground openings in salt deposits, empirical equations have been developed 
that fit the results of the model pillar tests of rock salt from the Lyons, Kansas, 
Mine having a pi]lar width-to-height ratio of 4. These equations are expressed as 

~ 0.39 • 10-37 Tg.» ~3.0 t-0.7o, 

~ 1.30.10-37 T9.5 ~~.0 to.ao, 
where 

= strain rate or vertical shortening of pillars (in./in./hr), 

~- eumulative deformation (in./in.) (after 2 min of test time), 

T ~ absolute temperature (°K), 

(5 ~ average pillar stress (psi), and 

t ~ time (hr). 

To determine the time component in the equation, the etunulative deformation 
of the eomplete series of samples tested at temperatures of 22.5°C, 60°C, 100°C, 
and 200°C, at loads ranging from 2000 to 10 000 psi, were plotted, logarithmically, 
against time. The data were then fitted by a series of straight line plots after 1 hr, 
having the slope 0.30. In general, the straight line plots fit the data remarkably 
well over most of the range of the tests. In these plots cumulative deformation is 
taken after 2 min of test time. This method of expression eliminates most of the 
effects of extraneous variation in the rates of deformation from sample to sarnple. 
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In an actual mine operation, it is not possible to measure the early deformation 
phase; thus, the rate of deformation, whieh is the time derivative of eumulative deforL 
marion, is a more important  variable than perhaps an extremely preeise measure of 
the total cumulative deformation. Data on cumulative deformation in exeess of 
0.30 in. per inch were not included, since, at these high values the effeets of lateral 
pillar expansion due to plastie flow, and perhaps even pillar spall, which ean only be 
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Fig. 15. Comparisons of deformation from tests of pillar models at 22.5°C and from em- 
pirical equation 

A Vertical shortening of pillars (in./in.) minus first two minutes; B time (hr); points are 
test data; - - - -  data from empirieal equation 

Vergleich der Verformung nach Versuchen mit Pfeilermodellen bei 22,5°C und nach em- 
pirischen Formeln 

A Vertikale Verkürzung der Pfeiler (in./in.) abzüglich der ersten zwei Minuten; B Zeit (h); 
ù • Versuchsdaten; - - - - - -  empirische Formeln 

Comparaisons des déformations entre ]es essais sur modè]es de pilier ä 22,5«C et eelles 
ealculées par l'équation empirique 

measured qualitatively, influence markedly the deformational behavior of the mod- 
els. Thus, the deformational behavior of mine pillars above about 30 •/0 of pillar 
shortening is not predictable with the equations above. In an aetual disposal opera- 
tion, it is planned to baekfill the rooms with crushed salt exeavated from other 
parts  of the mine as eontainers of waste are disposed in the mine floors. Under 
these conditions, it is unlikely that deformation eould exceed about 30°/0 anyway. 

The stress function in the equation above was determined by  plotting, Ioga- 
rithmieally, eumulative deformation for various stresses at a seleeted period of 
time. The resulting points for a selected time were then fitted with a straight line 
having a slope of 3.0. Plots of the several stresses and eumulative deformation at 
elevated temperatures show about the same average value as that at ambient temper- 
ature for the effect of stress on pillar deformation. 
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To determine the temperature eomponent in the equation, logarithmie plots of 
eumulative deformation versus temperature for various sample speeimens were made 
and then fitted with a straight line having a slope of 9.5. This steep slope or high 
value for the exponent of temperature indieates that temperature is the single most 
important parameter that affeets eavity elosure in salt mines. 

Fig. i5 shows eomparisons of the aetual deformation eurves for model 
speeimens and caleulated eurves for the same eonditions of temperature, time, and 
load, using the equations given above, at a temperature of 22.5°C. It is observed 
that the ealeulated eurves are similar to the aetual ones at 2000, 4000, and 
6000 psi; and, eren at the higher loads, there is good agreement between the two 
plots. In general, the ealculated eurves show a eloser similarity to the aetual ones 
at the lower stresses and at the lower temperatures than at the higher loads and 
temperatures, espeeially at the upper ends of the eurves where deformation is great- 
est. These deviations at the higher loads and temperatures are believed to be due 
to the effeets of pillar spall and laterM pillar expansion in the heated samples 
whieh undoubtedly affeet deformation under high load and temperature eonditions 
and whieh have not been taken into aceount in the equation. 

2. Relationship to Actual Mine Conditions 

Since the model pillar speeimens of salt from Lyons, Kansas, that were used 
in the test to develop the equation were essentially all salt and did not eontain 
shale beds or other rocks in the roof, floor, and/or pillars, predietions using the 
equations are valid, striekly speaking, only for that type salt. However, the closure 
rates of excavations in bedded, as woll as dõme, salt deposits that do not eontain 
shale partings or other rock types in eritical areas could also be approximated by 
these equations. The expressions would be expected to be least effeetive in predict- 
ing deformation in mine openings where shale beds oecur at both the top and 
bottom of the pillars. Since the shales serve as effective frietion reducers, eon- 
fining stresses in the roof and floor portions of the mines are not transmitted into 
the pillars; thus mine pillars under these eonditions will deform as if they were 
simply squeezed between two rigid plates. The strength of aetual mine pillars 
based on the model study would be expected to be perhaps several times less for 
eonditions where shale partings occur at the tops and bottoms of the pillars than 
where salt eontinues uninterrupted from the pillars into the roõf and floor. Also, 
the effect on deformation would not be expeeted to be nearly so pronounced where 
the shale oeeurs only at the top or bottom of the pillar. If  salt deposits do eontain 
shale partings that eannot be avoided in mining, it is hetter that the openings be 
made so that the shales are loeated in the center part  of the pillar. The eenter of 
the pillar apparently is a more-or-less neutral plane, and, therefore, shale partings 
at this location will not influenee the rate of deformation; however, as the löeation 
of the shales approaeh the top or bottom of the pillar, they eause an inereasingly 
greater increase in the rate of eavity elosure. In general, a similar pattern of defor- 
mation oeeurs for shale beds in the floor and eeiling of salt raines. The nearer 
the shale parting in the eeiling and/or floor to the pillar, the weaker is the pillar. 
This is due to the fact that as the thickness of the uninterrupted salt section that 
lies in the roof and floor above and below the pillar is redueed, there is a eorre- 
sponding reduction in the confining stress in the roof and floor which ean be traas- 
mitted into the pillar. When shale partings lie only a few in&es above and/or 
below the pillars in raines, it is eommon for buekling of the roof and/of heaving 
of the floor to oceur. This type of deformation not only results in a more rapid 
elosure of the mined opening but ereates mine safety problems, since ceiling slabs 
commonly sag to a considerable extent and then fail and fall suddenly. 
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Even though there are seine variations in the ereep rates of salt from ehe 
mine to another and eren within a single mine where such things as impurities, 
grain size, texture, etc., may canse slight differences in behavior, it seems apparent 
that the general ereep behavior of salt is the same regardless of the origin and/er 
loeation of the deposit. The principal differenee then is one of the magnitude of 
the ereep rate. (The rate of creep was found to deerease with time in the model 
tests, and this has also been verified in mine openings that are up to 12 years old.) 
Furthermore, it is apparent that the most important parameters that effeet cavity 
elosure in salt deposits that might be used for the disposal of high-level wastes 
are not these of loeation and genetie type of deposit, grain size, impurity eontent, 
texture, etc., but inelude the presenee of shale partings at er near the pillar-floor 
and/er pillar-eeiling contaets, the width-to-height ratlos of the pillars, and the 
effeets of temperature, load, and time. 

Based on the results of model tests, mine pillars having width-to-height ratlos 
of 2 and 3 will deform approximately 75 to 45 °/0 fastet, respectively, than pillars 
having a width-to-height ratio of 4. For pillars with width-to-height ratlos less 
than 2, it would appear that the rate of deformation will be even greater. It is 
also apparent that for mine pillars having width-to-height ratios of 3 er 4. 
eatastrophie pillar •ailure will not occur at ambient temperature, eren at loads as 
high as 14 000 psi, which is well beyond the upper limit of loading that would be 
expeeted in any salt mine that would be used for the disposal of wastes. Pillars 
having widths about four times their heights appear to be most eommon type in 
the Carey salt raines at Lyons and Hutchinson, Kansas. Also, the widths of the 
rooms between the pillars at these raines appear to be about one-half the width 
of the pillars. 

It is apparent that the greater the pereentage of extraction of salt from under- 
ground workings the greater the superincumbent load ort the salt remaining in 
the pillars. Also, in general, the higher the pereent of salt extraetion, the smaller 
the width-to-height raffe of the supporting pillars. For these larger cavity openings 
and slimmer pillars, eorrespondingly greater floor-to-eeiling eonvergenees will oecur 
in raines prior to eomplete eavity closure. 

Cylindrieal-shaped model pillars were used for the tests to develop the empirical 
equations given above; however, in actuality, mine pillars may be nearly eylindri- 
cal to reetangular. For rectangular-shaped pillars in raines having lengths about 
twice their widths and eontaining the same eross-seetional area and height as pillars 
with width-to-height ratlos of 4, it is assumed, from model tests, that they will 
deform about 40°/o faster than their eylindrical eounterparts. Reetangular-shaped 
pillars with lengths several times their widths may be used for specially mined ex- 
cavations in salt used for the disposal of high-level radioaetive wastes. However, 
it is assumed thät width-to-height ratlos less than 2 would not be used. 

3. Relationship to Field Experiments in Project Salt Vault 

The prineipal objeetives of the field er mine tests associated with Project Salt 
Vanlt were to demonstrate the overall feasibility and safety of disposing high-level 
wastes in rock salt deposits and to demonstrate the use of waste-handling techniques 
and equipment. These two objeetives were achieved in the recent tests condueted 
at the Carey salt mine, Lyons, Kansas 16. In addition, extremely useful data were 
obtained from the field investigations on the effeets of radiation, overburden Ioad, 
temperature, and shale partings on the behavior of salt •nder actual operating 
eonditions. Briefly, the principal mine experiments of interest consisted of three 
separate array tests and a heated pillar test. As seen in Fig. 1 a seven-can fuel 
assembly array and its nonradioactive counterpart are loeated in the specially 



Deformation et Rock Salt in Openings Mined 27 

mined experimental test area. (The two arrays are identical, exeept the nonradio- 
aetive one uses only electrieal heat to raise the temperature of the salt, while the 
radioactive one contains irradiated fuel assemblies to emit radiation and provide 
deeay heat supp]emented by electrieal heaters.) A seeond radioaetive array (not 
shown in Fig. 1) is located in the floor of the former mine level in Entry 5 where 
the salt section contains considerably more shale and anhydrite than in the newly 
mined experimental area. 

The maximum radiation dose to the salt adjaeent to the seven-can radioactive 
fuel assembly array exceeded 5 X l0 s rads, and there were no discernible effects 
observed that might be detrimental to waste disposal operations 16. (The deformation 
of salt in and around the nonradioaetive array was essentially the same as that 
of the radioaetive one.) Due to the shielding properties of rock salt, the area 
affeeted by the radiation is small. For example, the radiation dose drops about 
2 orders of magnitude in the first foot of salt around the cans. Furthermore, the 
dose is reduced essentially to zero at the edge of the pillars in the test rooms which 
are about 15 ft from the array. Thus, even if detrimental effects, such as a reduetion 
in the strength of rock salt, should oeeur at even higher doses than those achieved 
in the field tests, it would have little effect on the salt in the supporting pillars. 

As was antieipated from the model tests, the effeet of heat on the salt in the 
array tests, as well as the heated pillar test, caused marked aceelerations in the 
rates of deformation. In the array tests, it was observed that as heat was applied 
to the salt (peak temperatures of 200°C were attained in the salt in the centers 
of the arrays) no tieeable uplifts oceurred in the floors, being greatest at the eenter 
points of the arrays. This expansion of the salt in the floors was observed to extend 
outward and into the edges of the pillars almost immediately after startup hut 
before any temperature rises were recorded in or beneath the pillars. The expansion 
of salt under the pillars undoubtedly eaused higher effeetive loads on the pillars, 
since signifieant increases in the rates of deformation of the pillars were also 
measured. 

In general, the heated pillar tests eonsisted of heating the floor around the 
20-ft-wide by  60-ft-long pillar, with a total of 22 heaters, each having an electrical 
output of 1.5 kw (see Fig. 1). The peak temperature of the salt under the eenter 
of the pillar was about 70°C. Highest temperatures, of eourse, oeeurred under 
the edges of the pillar, near the heaters. As expeeted, the greatest inerease in the 
rate of deformation oecnrred where the temperature rise was greatest and the least 
where the temperature rise was least. Initially, the overall rate of pillar shortening 
was increased from about 0.2 in. per year to about 2.0 in. per year er by about 
a faotor of 10 as a result of the thermal stress in the salt 16. 

Within the demonstration test area, prominent shale partings oc•ur at the 
eeiling, in the roof at a distanee of 2 ft, and within the exeavated portions of the 
experimental area. at distanees of about 12 ft and 12 1/2 ft above the floor. Also, 
a thiek shale bed oceurs about 2 1/2 ft above the floor. As was expeeted from the 
model tests, the thick shale bed, as well as the shale partings, at distances of 12 ft 
and 12 1/2 ft above the floor had no signifieant effeet on the deformation of the 
pillars; however, the shale partings at the eeiling and in the roof eaused some 
inerease in the rate of deformation of the salt. The lateral expansions of the top 
parts of the pillars (before the start  of heating) in the experimental area were ob- 
served to be greater than the bottom portions where there is no shale parting be- 
tween the floor and pillar. Thus, it is eoncluded that the shale parting at the ceiling 
served effeetively as a frietion reducer and thereby caused the upper part  of the 
pillar to deform somewhat independently of the roof. This same phenomenon has 
been demonstrated in the model tests. Due to the separation of the salt eolumn at 
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the shale part ing lying 2 ft above the ceiling, the vertical convergence of the roof 
and floor in the experimental area was greater than that observed in the array 
test area in Ent ry  5 where shale partings are abseht up to distances at least 5 ft 
above the ceiling. The effect of shale partings that occur in the roof in increasing 
the rates of deformation in excavations in salt has also been observed in model 
tests. 

V. Conclusions 

The most promising geologic environment for the disposal of large quantities 
of heat-generating, high-level, radioactive waste is subterranean rock salt deposits. 
To investigate the deformational behavior of rock salt in mined openings, scale 
models of salt pillars and their Surrounding rooms were fabricated and tested under 
conditions that might be expected in actual operations. Laboratory tests of samples 
from the Lyons Mine were conducted at temperatures of 22.5 °, 60 °, 100 °, and 
2000 C for axial loads of 2000, 4000, 6000, 8000, and 10 000 psi at each temper- 
ature. From these tests, it was observed that the deformation of the pillars in- 
creases markedly with increasing loads. However, even more significant is the greatly 
accelerated creep rates of the salt at elevated temperatures. An empirical relation- 
ship between creep, stress, temperature, and time has been developed from the tests. 
Model tests, verified by measurements in salt raines, show that thin shale beds, 
which commonly occur with bedded salt deposits, cause greatly accelerated rates 
of deformation in excavated cavities when they occur in the pillars at the roof and 
floor interfaces. In comparing the deformational behavior of salt from raines at 
Lyons and Hutchinson, Kansas; Retsof, New York; Detroit, Michigan; Crand Saline, 
Texas; Cote Blanche, Louisiana; and Asse, Germany, it was found that the general 
deformational behavior is the same; however, seine variations in the rates of de- 
formation were observed. Creep rates were also found to vary with the width-to- 
height ratlos of pillars as well as with pillar shapes. 
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