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CONSOLIDATION AND PERMEABIUTY OF SALT IN BRINE 

A. J. Shor, c. F. Baea, Jr., and c. M. Canonico 

ABSTRACT 

The consolldatl0;.1 and lou of permeability of salt crystal aggregates, lntporta.lt In 
•••••Ina the effects of water In salt repoattnries, hu bean studied u a function of 
aeveral varlablea. 'The klnetl.: behavior was sh!tlar to that often observed In alnter­
lng and suggested the following expreulon for the time dependence of the void 
fraction: 

•<t> • •<o>- (A/B)In(1 + Bt/z(0)3
), 

where A and Bare rate constants and z(O) Ia Initial average partlclea .Jize. wtth brine 
prennt, A and • (0) varied llr.early with t'treaa. T!'le Initial void fraction was ai80 
dependent to ao111e extent on the particle size distributiOn. The rate of consolidation 
wu IMMit rapid In brine and least rapid In the presence ~ only air u the fluid. A 
brine containing 6 • MgC12 ahowed an lntennedlate rate, prea.,..bty becaJJSe of the 
greatly reducec:t -dublltty uf NaCt A substantial Mall effect was lndlca~d by an 
obaerved lncreue In the vollj fraction of conaolida~ed coiUIIna with distance front 
the top where the atr ... wu applied and by a dependence of consolidation r•te on 
the coluwln ~ and radius. 1M dletance through which the str ... fell by a factor 
of e wu utll!ated tD change lnve;oaely as the fourth power of the cokrfttn dlan~eter. 
Witt. Increasing t8111Perature (to sec). consolidation proceeded aontewhat ..,e 
rapidly and the wall effect was reduced. n .. permeabWity of the columna dropped 
rapidly with can8011datlon, decreutng with abcwt the ab;th power of the void fraction. 
In general, extrapolation of tile ruutta to repoaltory conditions conflraa the aelf­
...ang properties of bedded salt u a storage medlu111 for radioactive waste. 

http://importa.it
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1. INTRODUCTION 

Although the very presence of a subterranean salt deposit signifies Isolation 
tro. ftow:."lg water over geolog!c tlnle, son•ewhat Ironically perhaps the suitability of 
bedded salt for the storage of radioactive waste remains questionable because the 
cana....,ces of the presence of water (as brine) have not been fully asaesaed. 
Water Is Inevitably present In aatt repositories as brine Inclusions within salt crystals 
or u hydrate water In tafnerals such aa gypsum. Water ~~ay gain access during the 
operational period when the repository Ia open to the su~ace, during the period of 
consolidation of backfilled aatt. or conceivably during the period of long-tenn storage. 
In the tealperature graclent around a waste canister, hydratte water COI1Jd be 
released and brine could Migrate up the thermal gradient. 

To ...... the consequences of water In ~ radloarWe wute repository, lnvestl­
gator8 are 1Masurlng1 and IIIOdellncf movement of orlne In a thennal gradient and 
etuclytng the .. chanlcal properties of salt.1 We "ave been studying the consolk4a­
tlon and penneablllty of granulated salt as a function of the composition of the liquid 
In which It Ia 1-eraed, the atreaa applied, and the temperature.• 

It hu long been known that when the relative humidity Ia high enough (>76~) to 
produce water condenaatlan on granulated salt, the crystals cake or stick together 
and r..aln caked after the water Ia r81110Ved by evaporation. A mechanla• Ia easily 
... glned Involving dlaaolutlon In and repreclpttation from the brine to produce crystals 
that 1tt together better and attck togethet. The driving forces Include the enhanced 
801ub~ of aatt at polntu ?f contact between crystals that are under atreaa froM 
the welfiJht of overlying salt and the energy releaaed from reduction of the InterfAcial 
area between cry8tal8 and brine. 

o..tng depoettlon and conddatlon of aalt from evaporating seas to form halite 
clepoelt.s, the crystals quite obviously were not only reshaped to fit IIIOI"e perfectly, 
but probably grew In alze. Thla auggeata processes like those that produce grain 
growth In the aJnterlng of 11etal and cerU~Ic powders at temperatures wen below 
1helr ..atlng polnta. The •echanlanlla thought to Involve the transfer of Ions along or 
acroa grain boundaries between adjacent cryatala. Here the driving force Is reduc­
tion of the total area of 1he grain boundaries. 

The COIIIeOIIdatlon of other Mineral crJ8ta"- has long been of Interest to geolo­
glna concerned wtth the proceaaea lnvc.Ned In the fonnatlon of rocks. Although the 
~ are loWer, the ..,.. .. chanluaa of dissolution and precipitation are 
tiiO'.IQirt to be llllportant. 1 The .,.t elegot model appears to be that a1 Weyt,8 

wheleln the rate-detenalning atep It'• ... UIHd to be the diffusion of excess dla­
ealved .. ter~a~ within the f*t of lk'4Uid between the atr .... d surfaces. Thla model 
Md lllllllar treatMenU by KinGerY and Rutte,a lead to the conclualon that, for a 
Q1v8ft e-, the void fraction anould de~•- ld on the ratio at the time to the cube of 
the partlcC. alze (t/~. Urrfortllnately, the expe~mental study of the consolidation 
of vwtaua cryatalllne 111aterlala ~ .. not progr ... ed far enough to test property these 
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lnd1l1. 0.. att.-pta to apply such a lftOdel to the present reault8 on the conaolcla­
tlan of Mit In brine were not very aucceaful. 4 

The~ of e1ntertng Ia of great tr.:t.doglcal llllportance and has rocelvecl 
ext.neive etudy both experi~Mntaly and theoretically. Unfortunately t atnterlng Ia 
tao OCNIItlcated to be treat.d quantitatively by preaent theories. Coble8 concluded 
Ira. a highly Idealized .ode~ that the rate at which the void fraction • decreaaed 
with U.. 8hould be Inversely proportional to the cube of the particle alze z: 

dl 
dt a -A/zl. (1) 

The constant A contains the vohae, swface tensiOn, and dlffuaJon coeftlclent of the 
cryatal vacandea aaau.ed to be responsible fol' the change In crystal shape. Cob!e 
eiiiO abaerved that the cube of the average particle alze z grew llnearty with U.. 
during IIIUCh of the alnterlng proceaa: 10 

(2) 

Aal..tng that z In Eq. (1) car. be replaced by the a"erage particle size z, these 
.cau-tions can be contblned and Integrated to give 

•(t) :c .(0)- (A/B)In(1 + Br/Z(0)3]. (3) 

There Ia a conceptual dlffk:ulty. however. In that Eq. ( 1) was derived for a lat­
tiCe of cryatala of Identical size and shape while Eq. (2) IIKJSt apply to crystals of 
varying 81ze since it Ia not poulble for some crystals to grow unleaa others decrease 
In elze. Equation (3) -..at therefore be regarded u an approx&.atlon at beat. 
EXperilaental atudlea,11 however, have Indicated that the fonM of Eqe. (1) and (2) 
ate approxlaately correct, with the exponent of z ranging from 2 to a, and equation& 
of the fann of Eq. (3) have been fo•nd to be quite useful In representing the ct.pen­
ct.tce of alntertng rat .. on tlnle ant particle alze. Equation (3) haa also proved v.,ry 
.-.fulln treating the present reallt.:s. 

-
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2. EXPERIMENTAL 

The apparatus used tn measure the consolidation and peraaeabmty of beds of 
Nit crystals In shown In Fig. 1. The bed6 were contained In a vertical glass or Monel 
tube (1.27 or 2.64 em 10, respecttvety) and stressed by a perforated piston drlv.t 
by a Bllnba air-actuated raftll. Liquid, usuaRy presaturated brine, filed the tube and 
f'lowecl slowly thr~tgh the bed dwlng the measureaaents. The hydrostatiC p~ 
drop across the salt bed was tranalltted to a VaHdyne differential-pressure seneor 
Isolated froal the brine by a hydrocarbon liquid to protect the sensor. The height of 
the bed (dete"'*'-d from the llkJVeatent of the piston) and the flow rate (determined 
gravlltetrlcaly) were ..... ured aa Q !'ulctlan of tiiM. The void traction was co:u­
leted fro. the weight of salt In the bed and the \lOUie It occupied; the perwseablltt 
wu calculated fro. the hydraulc pressure drop and the flow rata. 

Cry8tals of aodkn chloride (CP gude) were sized (usually In the ruges of 76 to 
160, 160 to 177, 177 to 260, and 260 to 420 ..->with standard coppttr sieves and 
were thoroughly dispersed In the liquid to be used before forming the settled beds. 
Grinding was uaed before sieving In pralllnlnary runs, but this waa found to produce 
r ..... that wsre not rei80Yed completely by sieving. Photolnlcrographs of .....,._ fn 
Bach size range were wad to det.,.... the size dlstr!butlon. The .. tertal conalsted 
aiiDo8t entirely of well-fon.ed cubic crystals. 

Ata.r III08t n.na ~.he aalt columns were Sillllpled and the brine content deta,..,.ed 
by heating to constant weight at 2oo•c. Santples were taken from the 1.27-aa 
glaas tubes by excavation with a spatula, a tedious and tlme-consullllng procedwe 
far extensively consolidated salt. In the Monel tubes, consolidated coiUIMS could be 
re.oved Intact by ejection with the piston and SU~Pied oy sectioning. A number of 
-.ctlons were polished and etched for examination with optical an~ scanning elec­
t:ron~ea. 

.,.,., 
PHAS.,( -~f""-i;!::::f=:€tJ 

Fig. 1. Apparatuo for study of salt consolidation e'1d permeabiHty urrder a uniax­
Ial atreaa In brine and other fluids. 



a. RESULTS 

a. 1 ConaoHdatton Kinetic. 

Under constant strea, beds of aalt crystals lost \101.-e with the passage of 
u.e eta rata that approached lneartty with the logarlthll of tllae (Figs. 2 to 4). This 
ctepenctanca wu obaerved to continue to void fractions aa lOw aa 0.02. Examination 
of ~cted ~ revealed that the vokl fraction r..aalnlng was not 1.-nlfonDiy 
dllltrlbutad throughout (Fig. 6) but Increased with the distance trona the top of the 
..-.a.en where the strMa was applied. Thla ln~ated a substantial wal effect, 
caU8Ing the stress on the salt tD decreae with clatance down the cokan. The 
effect wu canflnNd _when It was fculd that under the HIM condltlona consoldatlan 
proea•decl .we rapidly far 8hort cull-.. of salt than for lOnger onea (Fig. 3a), and 
.,. r.pldly In the larger (2.64 c.~) tubes than In the....., (1.27 c.) ones (Fla. 
8b). There wu .._. .,.. evidence that the consollclatlon rate depended on the 
iiMODtt•-- of the tube ... and the -terlal of .... Jh It ...... {Fig. 3c). 

The principal varta:IJiea that affected the rate of cotiSOIIdatlon In brine were the 
applied etreee and average particle aL-e (Figs.~ Vld b)-the ••cler the partldes 
and the greater the applied stresa, the .,e rapid the consolidation. Under a given 
aet of candttlans, the CUIISOidatlon lncreuecl with tMiperaue (Fig. 4), but the 
effect was nat large. The extent of consoldatlan was affected by the partlde ala 
cllstriMitlan {Fig. 8). When the tAIId IMdlunt was varied (Fig. 7), consoiMatlan pro-· 
ceeded IIMt rapidly In brtne, less rapidly with UgCiz clasolved In the brlnt1 (redlk."ing 
the ealubllty of NaCI), and least rapidly when only air was prt'sent. Two runs In 
dadacane revealed that the carwoldatlon rate wu IIWkecly Increased by the pres­
ence of a .... UIOUnt of water, wet dadecane beinG even 1110re effective a dledlulll 
tw canaollclatlan than a brtne containing 6 m MgCI2" 

I I I I II lllj I I ' 

o.t 

I I I !lUI 

td eol 
TiM£ (IIIiA) 

Flp. ?.. Conaolldatlon af salt colutllna (2.64 em ctlam) In brine: (a) for various 

apphd etr ..... and an Initial average particle size of 178.8 ""'' (b) fCK v~a. :~u• Ini­
tial average parttcle alz• at an apptted stra" at 166 bars. 
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flo. a. ~tlon of aatt ln brine: (e) for vartnua welghta of aatt In 2.64-Cit-
10 Monel tubea at an applied n ... of 166 ban and Initial av••oe partlcM atze of 
110.2 ,.., (b) for two tube clatNt.,. (the larger at Monel end the •INlier of glaa) 
w~u.--. of....., height and applied mesae~t; (c) for Monel and glue tuba of 

2.64 • 10 with a *- of 20 barw and an Initial average parUcle abe of 110.2 ,.... 
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Fig. 4. Caneolldatlon of Hit ~ (2.64 Cl8 cR .. ) In brine at varloua tempera­
tuNa, wtth 186 b&.-a appled atr ... and an Initial average pa•tlcle alza of 322.2 ,.m. 

The ~ In the abaerved vald fraction • during the laothenlal conaolfdatlon 
Gf aa1t can be repreaent8d quite wei by .n equation of the fan~ 

•ct> • a- b rncc + t> • (4) 

whlah • atrlldngly ....., to the OM ..._..ucl by Coble (Eq.(3)]. When the paraiH­
tera e, b, and c were adju.ted by lent • ...,_ to obtain the beat ttt to each run 
(T..,.. 1 ), the •••••nt between the obMrved and calculated vald fraction wa 
.....ay ,....... ~ emw, aa -Y be ..., froll the curv .. In flga. 2 to 4, 8, 
Mel 7, oenerawct by UN of Eq. (4). While the values of a. b, .net o abvloualy reflect 

tiNt effect of aucb v ...... - particle ......... and ---·-·· they are 80 
allaJII}f aovartant with one MOtllar that It • not poealble to ualgn these depanden-
alea with IIUCh certMrty. 
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Table 1 

KINETICS OF COHSO:...IDATIOH OF SALT UNDER VARIOUS CONDITIONS 

+(t} • a - b ln (c + t) 8 

Run Crystal 
Size Appl. Wt. of Std. Err. 

No. z(O)b Stress Salt a b c of Fitc 
em bar f nrl.n 

In NaC1 lrine 1 1.27 em ID Glass Tubes 1 ~2o•c 

2S 0.0100 57.4 7.00 0.4877 0.02960 9.0 0.0031 
15 II 57.4 17.4 0.5394 0.02815 5.1 0.0035 
21 II 57.4 17.4 0.6732 0.04725 1334 0.0064 
18 II 96.5 17.8 0.4704 0.02~61 0.6 0.0020 
12 0.0165 20.~ 17.8 0.5030 0.01930 7.1 0.0012 
17 " 96.5 17.8 0.4947 0.02709 1?.8 0.0026 
~0 0.0333 20.1 17.3 0.4866 0.01336 48.7 0.0014 
24 II 57.4 7 .1)6 0.4732 0.02017 67.9 0.0028 
16 II 57.4 17.4 0.4694 0.01132 27.6 o.oo·n 
13 " 57.4 17.4 0.5314 0.02620 9;.7 0.0084 
19 " 57.4 17.8 0.4883 0.01714 51.3 0.0034 

~54 em ID Monel Tutes 1 ~2o•c 

115 0.01102 20 38 0.4745 0.025741 3.7 0.001 
102 " 20 75 0.4965 0.034934 10.2 0. ,')09 
119 II 20 75 o. 5047 0.032051 11.0 0.003 
111 II 155 38 0.4039 0.043011 2.0 0.005 
104 II 155 75 0.4501 O.tJ44408 5.4 0.009 
109 II 155 75 0.4386 0.044613 3.9 0.008 
110 II 155 150 0. 5010 0.048093 10.2 0.002 
122 O.Oh92 155 75 0.3889 0.0.:9485 8.8 0.002 
108 0.01788 ~:o 75 0.5126 0.031142 56.7 0.004 
118 II j0 38 0.4868 0.035266 12.4 0.002 
117 II 50 75 0.5039 0.035119 16.1 0.002 
107 II 100 75 0.5226 0.045306 21.6 0.002 
106 II 155 75 0.4978 0.046460 17.0 0.003 
121 0.01877 50 75 0.4924 0.034544 41.4 0.003 
120 II 100 75 0.4808 0.036193 22.5 0.002 
132 0.02016 155 75 0. 3643 0.035421 15.3 0.004 
123 0.02195 155 75 0.4686 0.040131 43.2 0.004 
116 0.03222 20 38 0.4740 0.021195 51.1 0.002 
114 " 155 36 0.4151 O.J31918 18.5 0.002 
105 II 155 75 0.5037 0.040568 44.2 0.005 
101: 0.01102 20 75 0.50!>2 0.0110780 9.2 0.0\)6 
103d 0.01788 20 75 0.5006 0.034101 22.7 0.002 
100 0.03222 20 75 0.4304 0.020305 38.4 0.003 
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Table 1 (contd.) 

Run Crystal 

No. S:f.ze Appl. Wt. of Std. Err. 
z(O)b Stress Salt a b c of Fitc 

em bar g wig 

5o•c 

127 0.01102 155 75 0.391)0 0.043555 0.8 0.007 
128 II 155 150 0.4676 0.04~057 4.4 0.005 
129 0.03222 155 75 0.4402 0.042143 12.1 0.008 

85•c 

Bl 0.01102 155 75 0.3720 0.043760 0.2 0.010 
BO II 155 75 0.3896 0.036913 3.4 0.003 

124 
125 
126 
113 

a 

b 

c 

d 

e 

In Other Fluids at ~2o•ce 

0.01102 155 75 0.5480 0.037301 113.7 0.004 
II 155 74 0. 7173 0.068266 261.2 0.011 
II 155 75 0.3798 0.011706 lu.4 0.003 

0.01788 155 75 0.4025 0.023010 0.001 

+(t) is the void fraction at t~e t (min). 

The average crystal size: Information about the size distribution is 
given in Table 3. 

Standard deviation of the calculated from the observed void fraction. 

These runs were carried out in 2.54 ca i.d. glass rather than lDOnel 
tu~es and were not included in determination of the parameters in 
Table 2. 

Run 113, in air; run 124, in a brine 6 m in HgCl2; run 125, undried 
salt in dodecane; run 126, dried salt in dodecane (see Table 4). 
These runs wer~ not included in deterainar{~~ vf the para.eters in 
Table 2. 
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Accordingly, we tum tD the IMMJel auggated by Coble.1.'0 A co.partson of EC18-
(a).,.. <•> a11ow that u.y are equivalent If 

•co>••-blnc. '&a) 

A • bZ\0~ /C, 
(&) 

B•zco,S/c. (&:) 

Wa then exualned the effect of conditions on the valuu C'f I (0 ), A, and B glwn 
by thae relationahlpa. Aa IIIIQht be expected, the Initial void fraction • (0) •-d 
to der - ·.ae wttlt ln-:reaaing applied atreaa. A linear decreue with atr ... ae....S to 
be an adequate approxl.,.tlan. though •<o> wu obvloualy affected by particle olze 
...t 8lze dlatrlbutlon •• well. W• will consider these effects pruently. The quantity 
A wu found to lncteue approxllnately llneerty with lncrwaalng •~d str .... 

lbeae correlations were abacured by the wd •UIC't. which e«uafla the local 
atr888 , In a cokan to be 1 ... than the apphd atraa .. co) and the local void frac­
tion to differ ~ the observed or Integrated void fraction. TheM correlatlona did 
._.oat. how.,.•Jer that for U1e consdldatlon of salt ~n brine, a good repr"sentatlan of 
the tiiM ~nee of U. local voleS fi&ctlo.l would be given Dy Eq. (3) If we 
•••• that the local 'Wid fractlort and A vary ilnearty with the local atrftsa: 

(8a) 

A • Ao +A1 ... (eb) 

Here we ....,... the local void fraction to be a function of the dlatance down tM 
..._. •xpr--d In ter.a o1 ~ weight cf salt w u wei aa ttt• u.e. ~In view CJf 
U.. llllltted lnfonftatlon we have on the waH effect. It wu deetned appropriate not to 
ooneldcW upllcttly the dependence of tho local va6d fraction on the cHatance fnMI 
tile wd.) The wd effect waa dealt with b/ aa.-.MIIng that the 8treaa cbcreaMd 
~wtthw: 

•<•> • .. (o)exp(-w/C). (7) 

where C .. the Weight of Mit through 'Jihk:h the atr ... fda try 8 factor of e. An 
_,. ... aon f« the obMrved void fraction Ia then derived by perfondng the Integra­
tim 

•Ct) • (i) 'ow l(w,t)dW (I) 
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where W Ia the total weight of aalt In the cc*nn. The reauttlno expreaslol\ to. the 
GbMrved vakl fraction Ia 

.(t) • (P0 - Pi)- [tAg~ A,i)/B)In[1 + Br/i(Ott], (8) 

In wlllcm i .. ....,.., by 

i • .! lw ~- • ~(0)~ [1- exp(-W/C)]. wo w 

a.a Can8olldatlan 1111 1r1ne at "-- Te..-ature 

AI the coneolldatlan data on roc.-t..,..ature brtne m. the 2.64-Ctft Monel 
tube.,.,. fitted by 1eut....,... to Eq. (8). Included ware the profiles of ~Did frac­
tion V8 • tro. direct HCtlalllltO of COIII8GIIdated ~ (Fig. 6). The latter data 
..,. ftttM by ~cfng i In Eq. (G) with ~c•> "'- Eq. (7). In IMklnG tflue m.. 
V8luee of Aoo A1• B. and C were adjufted ford the data aiiMJttaneoualy. The parUMt­
tera P0 and P 1 pr.....u.d a proble• bee ..... u noted aboVe, these were not tbe 
only quMtltta that ct.tel'lllrted the Initial void fraction • ( o ); therefore, P 0 wu 
M,Jueted far each run C43 that It could Include the effects being neglected In Ecp.(8). 
EVMI -. tho owerd tit to the data wu ., lnaefwmve to the choice of P 1 that thla 
...,..._ could not be frtNiy adjueted at.ultaneouaty with AcJ. A1• B. and C. By 
IMpectian. P1 --• to be In tile range 0.0007 to 0.0016 bar-'. The par01.ter 
wluee abt.lned are .......rtzed In Table 2. Valuea of P0 were In the range 0.41 to 
0.61, and the av•-.. deviation calc:datecl frola obeerved void fraction wu 0.011. 

De .are IIIMted data tro. 1.27-c. ID tubes for COMOildatlon In brine were 
IMufftclent to provk"e an ~ndent aet of P1• Ac,. A1, and I! values. but they vtere 
~ wtth the above valuu. With thMe valuu fixed, the par .. eter c. which 
Ia tiM .. ...,. of the wd eff•ct, waa adjuated toraH the ••aler tube data (Table 
2). Again P0 was adjusted for each run. The valuea were In the ..... range u for 
the 2.64--c:. co~u~Mta. lhe average devlatlol calculated fronl observed void fraction 
In .,. caM ... 0.014. 

The ..- 8llaller value of C for the 1 .27-clft-dltatn colucns auggeata that the 
w.l effect deer...-. rapidly with Increasing dla .. ter. If there were no effect of 
...... we would t~xpect c for the ••.._ cok-.\8 to be on\1-fourth of the value 
far the ..,..., ooluate. In fact, the r•Uo ..... to be .tJout 1 to aa • ..,...tlng that 
C lnoNaMe with about the ~ ~ of the dluleter. Thua. when viewed In terM.' 
01 the dlatltnce down the callan through which the applied atr ... Ia r.dueed by a 
faatlar of e, ...., wd effect appears tD decrMIM u about the fourth power of the .............. 

The MQIIItUde of B IJhauld be the rate of growth In vot.,.. of the average Mit 
...,aale during 00118011cMtlon. Thus, 41Wr a \Nek ( 1 0,000 .an) the average ala 
llbauld H a11aut 0.1 CS 011, which Ia GIUCh greater than any vlllue that lftlght be 
•U 1ted "- a NCtJan of a OCJMaiiMtecl -.,. ehown In Fig. 8 tt MY be IIIOI'e 
.. ,mpr~me, ho~WVW, to tMe the effective pcrtlcle alze aa the~ of an aggregate 
ftoiJ which tile briM hu Hen excluded. Ita GIY be ...,. front the fiQWe, auch 
............ ~oftiWetz.. 
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Table 2 

AN EXPRESSION FOR THE CONSOLIDATION OF SALT IH BRINEa 

t(t) • +(O) - (A/B) ln (1 + Bt/z(0)3] 

+{O) = P0 - 0.001 a 
A(2S3 K) • (6.63 + 0.59) X 10-9 + (3.93 + 0.29) x 10-ll a 
8(293 K) • (3.18 ± 0.23) x 10-7 

A(T K) • A(293 K) exp [D (1/T - 1/293)] 

B(T K) = B(293 K) exp [D (1/T- 1/293)] 

D • - 5130 + 320 

c • cr(O) (C/W) [1 - exp (-W/C)] 

C • 213 + 22 (in 2.54 em ID colwms) 

C • 3.1 + C-8 (in 1.27 em ID columns) 

Run :~o., PO 

12 0.461 21 0.476 107 
13 0.433 24 0.424 108 
15 0.5')8 26 0.467 109 
17 0.447 102 0.434 110 
18 0.451 104 0.510 111 
19 0.440 lOS 0.460 114 
20 0.461 106 0.485 115 

0.447 
0.425 
0.501 
0.509 
0.495 
0.448 
0.472 

116 0.415 
117 0.435 
118 ().427 
119 0.457 
120 0.462 
121 0.417 
122 0.468 

U3 0.465 
127 0.524 
128 0.521 
129 0.445 
130 0.486 
131 0.524 
132 0.409 

Fitted by least a~quares to the consolidation runs 1.n NaCl brine SUDIIUl-

rized in Table 1, and to the data showing the wall effect in Fig. 5 (see 
text): •(t) is the void fraction at timet (min); a(O) is the applied 
stress (bars); z(O) is the initial mean particle size (em); W is the 
weight of salt in the c~lumn (g); a is the stress after correction for 
the wall effect. In the absence of a wall effect, a(O) replaces a in 
the expressions for •(0) end A. 
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flo. 8. 8ectlan of Mit .-... (2.54 a. clall) conealdated at an applied atr ... 
fllf 1M bara and an lnltla' average partfcfe alze of 322.2 ~~& 

8A Effect of T•--ature 

TM r....ata at eo and a&-c OOUid a,. act.quauty a~d tor fJy asa&MIIng tflat 

Ac,. A1• and BIn Eq. (8) d had the .... exp.."'ft...u.J cfapttndMce on the~ 

t.....,•tur• r. for exaiiP ... 

IJ(T) • B(2aa)exp[D(1/7-1/~)]. (10) 

The PatUetQf' D wu ...._.d tD H tM M1H for al thrM quantmu (TO.. 2) 

Hoa8e (1) tM CMfftcl&nt of th• log ann In Eo.. (Q)-(Ag+A1i)/8-wu found !D 

---~ 
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hllve an Inappreciable temperature dependence and (2) t11e ten~perature depen­
dence of Ao and ~1 cou!d not be cDstlnguished because the appiJed stress was not 
uNiod In these runs. The averape deviation of the calculated from the observP'.' 
void fraction In the five runs at eleveted tenJperature was 0.012. Since one of the 
,... (128) Involved twice the usual atnOUnt of salt, It was possible to teat for at-­
perature dependence of the parameter C, relatod to the wall effect. It appeared 
that the wall effect decreases (C Increases) rapidly with temperature, but ttle data 
are Insufficient to define the tnagnltude of this dependence. 

lA Initial Void Fraction 

As already noted, while the Initial vol~ fraction aeen~ed to decrease about 
linearly with the atreae, It w&a also dependent on the particle aae and size distribu­
tion. Thla effect Ia Indicated by seven runs, aJI with tha .Janie a111011nt of salt In brine 
under the HIH appled stress (Table 3). In four of theali, the ueual narrow size dla­
Mbutiona (.:uta) were used. The average crystal size Increased from 0.0110 to 
0.0322 em, whereas 0 (0) decreased from 0.38 to 0.33. In three runs, nJixturea of 
cuts gav• •<o) values leas than 0.34. Of this sarles, the run (132) that gave the 
lowest value of •<o> (0.28) 'avolved a mixture with a falrty uniform distribution of 
p.,-~ .. i.t sizes acroaa the full ran~ from 75 to 420 ,.m. A mixture (Run 122) of a 
large number of the smaHeat particles with a small nu-wber of the largest particles 
and a mUciuic (Run 123) of ~qual numt_\era of the smallest and the largest particles 
gave higher ~t (0) values (0.34 and 0.33). Such behavior Ia not surprising: for partl­
cl&~~ with a r1arrow size distribution, the Initial void fraction should be relatively high. 
For a wider size distribution, the void fraction should be leas because of ruore effi­
cient pacldr11g; but If the size distribution Ia wide llnd bimodal (a:. In Run 123), the 
pacLJng wtn be determined by the larger partlclas and the void frllctlon wtn be higher. 
The results In Table 3 suggest that the averag~ fractional deviation from the mean 
particle size might be a better measure of this effect than the fractional root-mean­
square deviation. 

a.e Effect of tt.la Fluid Phue 

Valuea of the paran~etera 1(0), A, and 8 calc.,lated from Eqs. (4) and (5) are 
COiftPared In Table 4 for a sarles of runs In which ~a fluid phue was varied. The 
value of • (0) Ia In the range 0.34 to 0.38 for aU fluids except elr which gave a 
value of 0.41. The parameters A and 8 are highest for pure NaCI brine, r•:1d both 
decraua In the aan~e order (NaCI brine > dry dodecane > NaCH,gCI2 br.t a > wet 
dodecane); however, B ahowa a wider variation than A. The resulting co.1aolldatlon 
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Table 3 

PAltTICLE SllE DISTRIF.t.ITIOII IN SALT BATCliES AND EFFECT Olll 
INITIAL VOID FRACTION 

Cryst. Ave. Part. Standard Ave. Fractional Run lnit. Void 

Batch8 Size (ca) Dev. (c-}b Dev. (a~) ~iatio?s No. 
Fractiooc 

z(O) o/z a/z z 4 z HO) i"{U) "i'{tJ) 

Cut 1 0.0110~ 0.00290 0.00246 i..26J 0.223 104 0.379 
109 0.370 

Mix 0.01192 0.00523 0.00320 0.439 0.269 122 0.337 

Cut 2 0.01788 0.00195 0.00166 0.109 0.093 106 0.354 

Cut 3 1).01877 0.00256 C.00220 0.137 0.117 

Mix 2 0.02016 0.00832 O.OG!SO 0.413 0.372 132 0.278 

Mix 3 0.02195 O.Cll49 0.01~7 0.523 0.486 123 0.334 

Cut 4 0.03222 0.00553 9.0046~· 0.172 0.145 105 0.329 

a.lhe _.ninal size ranges vere: cut 1. 75-150,.•; cut 2, 150-177,.a; cut 3 
177-25~•; cut 4, 25G-42~•· The •ixtures were aade as foll~~= aix­
ture 1, 37.5 g eaeh of cut 1 and cut 4; aixture 2, 2.12 g, 8.98 g, 10.74 
g, and 53.16 1 of cuts 1, 2, 3, and 4, respectiv~ly; aixture 3, 3 1 of 
cut 1 anc! 73 g of cut 4. These batches vcre used in 1·uns in the 2.54 
ca i.d. aonel tube. rn the 1.27 c• i.d. ~~~ss tubes, the size ranges 
used -'t're: 75-12~•. lSG-1~•. and 25G-42S,.a. The size distributioas 
wer~ not deteralned 

bThe root •ean S'juare deviation frc~ the ••·.m p;uticle size. 

cWith 75 g of salt in NaCl brine at about 20"C, in the 2.54 ca aonel tub~, 
and under an applied stress of 155 bars: •CO) is calculated froa the 
paraaeters in Tabl~ 2. 

7able 4 

EFFDCT OF FLUID PHASE ON CONSOLIDATION8 

Run Std. Err. 
No. Fluid Phase a b c of Fit HO) A 

3 
I 

\ .. in) (ca /sec) 

104 6.1 • NaCl 0.4501 0.044408 5.4 0.009 :>.375 l.lC ~5 

109 6.1 • NaCl 0.4386 0.044613 J.9 0.008 0.37S 1.53 34 

124 0.14 • NaCl 0.5480 0.037301 113.7 0.004 0.371 0.044 1.18 
5 "' KgC1 2 

125 Wet Dot!ecane 0. 7173 0.068266 263.2 0.011 0.337 0.035 0.508 

126 Dry Dodecane 0.3798 0.011706 10.4 0.003 0.352 0.151 :2.9 

113 Air 0.4025 0.02l010 0 0.001 

a All runs were made with 75 g of salt cut 1 (cf. Table 3) in the 2.54 c• 
i.d. monel tube, with an Appl.ed stress of 155 bar1, and at ~2o•c. The 
parameters a,b,c (Eq. 4) were fitted by least squares with the indicated 
standard deviation. The parsaeters •CO), A and 8 (Fq. 3) are derived 
from a,b, and c using Eq. 5. 
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..::urvea In Fig. 7 have the order NaCI > __, dodecane > 6 ,. MgC1z > dry dodecane > 
•· Thla raault Is the expected one with the exception of wet ~ decane, thl.t Ia. 
~.,. k1 cont..II!Ct with W'ldrted 8l"ft. n. .... ..aunt ot •~a brine ..,...m w­
dently grMtly enbMcea the rate of caneolldatlon. Th!J 5 • ~ brine. Involving 
....:1'1 -- fCeCI COI.C..tratlana, CGn8lclenlbly retarda COl......,.. The law CGI.al­
datlan rate in • lnclcatea that ..chanlc:al defcnlatlan doe8 not play ...... rale In 
canealdatlan. 

a.7 ..........-y o1 CoMalld8tlll8 s.tt 

The .,...Milly Pttl of a conealldatlnG ~ ar Mit wried IIPP'OXIII&tely u 
the aqo..,. of the&,.,.... particle size Md clacreaed f'llltldly U CGII8GIIdatlan ~ 
caeded. The nl8ltta .. -mec~ 1n Ra. a, ....... the 1og ot the rat1o ,.rzco~ 
18 plottM va. the lag of the wid fraction. 1baugh u..a Ia COl.....,.... acau.. a 
gaoc1 carralatlan 18 abUined with a atralght Ina car.eapandlng to the upraa8lan 

(11) 

....,. the ,.. •• abllty .. detli.- .. the .,.... 11aw w•> through • 1-cw.2 .,... 

under • ~tic ,...... gradient of 1 bar/c.; that ... the unlta .,. g-c:.-1 

llln-1 w-1• The right-hand -=-18 In Fig. 9 llhow8 t11a ..anc pa.....a.ty PaIn 
dar_cy unlta, wNch le the flow (cm3 /a) of a lqukl with a vlacoalty of 1 cP thraugh 1-
~ .,.. under a hydtQitatlc ..,....... graclant of 1 atla/ca Tha epaclftc penaaa­
~ pradlctM fro. the Blake-Kozeny aquatlan, 12 • good 8IIPirfcal correlation far 

~ -- .. given by 

{12) 

For saturated brine at roo. ta...,.tura. with a del'~~ of 1.206 g/~a and a 
~of 1.27 cP, the pradlctad ~ .. 

(18) 

'll* equation wu UMdl to c:an.truct the duhed curve In Fig. 8. 
Tile~ equation.,... good ...... cf the Initial~ of .... 

unoonealdatacl bad of Nit cryatale. u conealdatlan procaacla, the ·~ 
d.,Mdance of ,a~aablllty on the square of the lnlu.l partJcla 8lza ,_,,. a gaod 
.....,...._., holwevar, the ~ fda IIUCh ..,. rapidly with the void frac­
tion than thla aquatlan praclcta, allowing ebOut • sixth power dapenHnce. If ... 
depandance conttnuaa below ••o.oe (tba lower 1111t: of our .. aacr....m.), than at 
void 1ractlana of 0.02 In • bad of conaalldatad 1 oo- - cryatala {which could be 
reached after ody one week WKiar 80IM of our·~ conditions), the 
.-clflc peeweabllty would be about 0.2 -darcy. Thua, Gon801datlan of aatt: cryata1e 
uy ultllutaly p..at ~ at • ,.,..ability co.~PUable tD that of Intact Mit. 

• 
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fig. a. Peraaabllty of Hit ooliJMne In which the void fractton Ia reduced by cor..­
ealdetlole. The vartoe. ~ denote cltfarant ruM. The eolld line hu bean drawn 

' wHit a a~ape of e, and the duhad 11na rapraaanu ~ pradlctad by the 
' llake-l(ozany equation. 



20 

4. SUIIIURY Aim COKLUSIOIIS 

Beda of salt crystals In brine and '1ther fluids subjected to a constant applied 
stress CGI1801dated In an approxMtely linear faa:lkJn with the logarlu. of tiiM. The 
rate lncreaMd with Increasing atress and decreased with Increasing particle size. 
The decreUe of the YOid fraction • with u.e t ccdd usualy be descri:Mid alllloat 
within experlllantal error (Figs. 2-e, 7, Table 1) by a et.p~e three-parlliHter equa­
tion [Eq. c•>J. 

Thill ....,.tlan can be tranafonaecl (Eqs. (6)] Into one [Eq. (3)] auooestect by 
ec.e-'10 tD describe the kinetics of alntemg In tenls of three parHiet..-ttle lnl­
... awraae ,...ucle lllze z(O), a rat. conatant A for the loa of void "'*-• and a 
,.... canaant B fur the •owth of the av«age particle size. It was faint that the 
....._. va111 fractlan •co> and A varied approxMtely ~nur~y with the app11ec1 stress 

•• 
A aubatantllll wd effect wu Indicated by an ab..-vecl decreue of the vald 

fraction wfttl ~ frail the tap of the canaalldetlng oallan where tiNt "''tre&a was 
-..led (Fig. 6) and by the abaervatlan tho.t ehorter ~ consalclatad faster than 
t:llller anea of the HIM ._.er (Fig. 3a). Thla effect was represented by an 
exponential decreue In the loCal etr ... with dl8tance troll the top of the ~ 
expreaed u the weight of lnterverq salt w [Eq. (7)]. 

Thll carrectlan for the wall effect and an ....-.cl lnear dependence of • (0) 
and A an tile loCal atr ... gave a general expreaaion [Eq. (9) and Table 2] that cauld 
be fitted !D d the caneolldatlon data obtained In NaCI brine far bath 2.~ 
~ In Monel tubn and 1.27-c:. ~ In glaaa tubes ucl at t8111P8faturea frail 
20 tD 8S'C. The par...ter c. the weight of salt through which the local atr ..... •--•d to drop by a factor of e, was found to lncreaae aa about the sixth power of 
the ca..n dlaJMter. 'f'llua. the dlatance dawn the colulnn through which the local 
.._ deer...- by a given .-aunt due tD tM wal effect appeara ta lncreue u 
.a.aut tho fourth power of the dluleter. The llllttecl data at elevated te.,eraturea 
(to 86'C) auggeated that A and B Increased with abOut the aaaae expooentl•l depen­
dence an the abaalute tewtperature (Table 3) and that the wan effect decreued 
with lncreulno te-.perature. 

In fitting the data, It wa• neceaary to ,ldjuat the Initial void fraction • (0) for 
eaclt run (Table 2), evidently becauae this quantity depended to ao~~e axtent on the 
pwtkAe at..-. and the aiD 1latrlbutlon (Table 3) aa wen u the atr .... 

The rate of CICftiCIIIclatlon wu found ta decreue llarkedly when large amaunta of 
MgCiz ..,. added to tile brine (Fig. 7), pr~, becauae o1 the reaultlng 
dec:rNH In the ealubllty of NaC1 (Table 4). Even unctred aalt In dodecane canaoll­
deted 1101'8 rapidly than Hit In the .. gnealuln-rlch brine, augge&tlng that the can­
CMfltratlan of llaCI In the brine .. IIIOre lalportant than the OIOUnt In deterntlnfng the 
rate of oonaalldatlan. Drted Hit Itt air showed the loweat conaolldatlon rate, aug­
_.... that MChanlcal defor~~atlon wu not an IRiportant mechanlatn In conaolldatlan. 

1lie ~ of Nit col.-.. decteaaad wtth the .. cond power of the Initial 
,.,.,. alze [Eq. (12)], u expected tro. the Blake-Kozeny equation; 12 but u can­
ealclfAian prac•ded the ~ decreued wtth the alxth power of the void 
fr'otlon (£q. (11)]. IIUCh 110re rapidly than WOUld be expected fraft the Blake­
Kazeny oorrelatlan (fig. 8). lever., lllportant llllpllcatlana .. y be drawn froM theM atudln rt~gardlng the 
Rtabllty of bedcSed halite u :• atarage .. dlull for radioactive wute. Perhaps -.1: 

• 

• 

• 

.. 
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IRiportant are (1) the rapidity with~ consoldatlon can take place and (2) the law 
pen~eabAitles that can result. Thus. frolll the general expression fitted to our data In 
NaCI brine. at a lfthostattc stress of about 100 bera and a t..,.,abre of ao-c. we 
have 

(14) 

~ t Ia expressed In years and z(O) In centlllletera. Extrapolating this exprealon 
to larger crystals and longer tlnles sllft88la that a •eclluat of 1-CII crystals would 
consolidate and, from Eq. ( 11 ), Jose Its .,._ablity to flowing NaCI brine about as 
followa: 

n.e(y) 

0 10 100 1000 10,000 27.000 34,700 

• 0.3 7 0.31 0.23 0.14 0.06 0.01 0.00 
Pm (darcy) 88,000 30,000 6000 260 0.6 3x10-6 

If the Initial size of the crystals were rec!uced to 1 mm, these times would be 
reduced a thousand-fold; that Is, consolidation would ce complet., in about 36 years. 
The perwaeablltty at a given void fraction would be reduced a factor of 100 and at 27 
years would have faJJen to 0.3 ,darcy. Thus. the self-Haling properties of bedd-ad 
salt which originally attracted attention to thla material ae a storage IIMMIIum are sup­
ported by the present 11teaaura.ents. 

Another IMportant llnplcation Ia the fact that the present consolidation results 
can be rat!onallzed In terms of an expression developed to treat slntering kinetics. 
If, as appears to be the case, salt consolidation Is Indeed analogous to slnterlng, 
then It Involves the growth of cryatala by the movement of grain boundaries. This 
would pr'O\.ide a means of Including foreign lona within crystals. While NaCIIs a poor . -INWber for aft radlonucllde Ions except posalbly Cs and I In very aman amounts, It ls 
quito possible that other minerals and llarrter materials could consolidate by a similar 
.. chanlslll and thus provide a possibly important ~Rechanlsm for the lmlnoblllzatlon of 
raclonucAde Ions. 
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