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CONSOLIDATION AND PERMEABILITY OF SALT (N BRINE

A. J. Shor, C. F. Baes, Jr., and C. M. Canonico

ABSTRACT

The consolidatica and ioss of permeability of salt crystal aggregates, importa_it in
assessing the effects of water in salt repositories, has been studied as a function of
several variables. The kinetic behavior was simiiar to that often observed in sinter-
ing and suggested the following expression for the time dependence of the void
fraction:

®(t) = #(0) - (4/B)n(1 + B /2(0)°),

where A and B are rate constants and Z(C) is initlal average particle 3ize. With brina
present, A and #(0) varied linearly with stress. The initial void fraction was also
dependent to some extent on the particla size distribution. The rate of consolidation
was most rapld in brine and least rapid in the presence >f only air as the fiuld. A
brine containing 6 m MgCl, showed an intermediate rate, presumably becaise of the
greatly reduced <olubliity of NaCi. A substantiai wall effect was indicated by an
cbserved increase In the void fraction of consolidated columns with distance from
the top where the strass was appiled and by a dependence of consolidation rate on
the column aeight and radius. The distance through which the stress fell by a factor
of @ was estinated to change inversely as the fourth power of the column diameter.
With increasing temperature (to 85°C), consolidation procesded somewhat more
rapidly and the wall effect was reduced. The permeabliity of the columns dropped
rapidly with consolidation, decroasing with about the sixth power of the void fraction.
in general, extrapolation of tne results to repository conditions confirms the seif-
sealing properties of bedded salt as a storage medium for radicactive waste.
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1. NTRODUCTION

Although the very presence of a subterranean salt deposit signifies isolation
from flowing water over geologic time, somewhat lronically perhaps the sultability of
bedded salt for the storage of radioactive waste remains questionable because the
consequences of the presence of water (as brine) have not been fully assessed.
Water is inovitably present in saft repositories as brine inclusions within sailt crystais
or as hydrate water In minerals such as gypsum. Water may gain access during the
operational period when the repository Is open to the surface, during the period of
consalidation of backfillad salt, or concelvably during the period of long-term storage.
in the temperature gradient around a waste canister, hydrute water covld be
released and brine could migrate up the thermal gradient.

To assess the consequences of water in # radioacuve waste repository, investi-
gators are measuring' and modefing® movement of orine in a thermal gradient and
studying the mechanical properties of sait® We nave been studying the consolica-
tion and permeabiiity of granulated sait as a function of the composition of the liquid
In which it Is immersed, the stress applied, and the tenporature.‘

It has long been known that when the relative humidity is high enough (>76%) to
produce water condensation on granulated sailt, the crystals cake or stick together
and remain caked aftor the water Is removed by evaporation. A mechanism is easlly
imagined involving dissolution in and reprecipitation from the brine to produce crystals
that fit together better and stick together. The driving forces include the enhanced
solubiMty of salt at points >f contact between crystals that are under stress from
the weight of overlying salt and the energy reieased from reduction of the Iinterfacial
area betwaen crystals and brine.

During deposition and consolidation of sait from evaporating seas o form halite
deposits, the crystals quite obviously were not only reshaped to fit more perfectly,
but probably grew in size. This suggests processes like those that produce grain
growth in the sintering of metal and ceramic powders at temperatures well beiow
helr meiting points. The mechaniam is thought to invoive the transfer of lons along or
across grain boundaries between adjacent crystals. Here the driving force Is reduc-
tion of the total area of the grain boundaries.

The consolidation of other mineral crystails has long been of interest to geolo-
gists concerned with the processes invcived in the formation of rocks. Alithough the
solubfiities are lower, the same mechanisms of dissolution and praocipitation are
thought to be lnporunt.' The most slegart model appears to be that o! wal,‘
whe/ein the rate-determining step ls assumed to be the diffusion of exceas dis-
solved material within the film of Hquid between the stressed surfaces. This model
and simiiar treatments by Kingery’ and Rutter® iead to the conclusion that, for a
given stress, the vold fraction should dere id on the ratio of the time to the cube of
the particie size (t/z"). Unfortunately, the exper'mentai study of the consolidation
of various crystaliine materials has not progressed far enough to test properly these




models. Our attempts to apply such a model to the present resuits on the contolida-
ﬁmofadthbthemmtvcryauccmﬂl.‘

The process of sintering Is of great technological importance and has rocelved
extensive study both experimentally and theoretically. Unfortunately, sintering is
too complicated to be trsated quantitatively by present theories. Coble® conciuded
from a highly idealized model that the rate at which the vold fraction & decreased
with time should be inversely proportional to the cube of the particle size 2:

e
m:~A/Z’. 18D

The constant A contains the volume, surface tension, and diffusion coefficient of the
crystal vacancies assumed to be responsible for the change in crystal shape. Cob'e
also observed that the cube of the average particle size Z grew finearly with time
during much of the sintering process:'°

(e = 7(0)® + Bt. (2)

Assuming that z in Eq. (1) can be replaced by the average particle size Z, these
equations can be combined and integrated to give

o(t) = @(0) - (4/B)In[1 + Bt /%(0)%]. 3)

There Is a conceptual difficulty, however, in that Eq. (1) was derived for a lat-
tice of crystals of identical size and shape whilea Eq. (2) must apply to crystals of
varying size since it is not possible for some crystals to grow unless others decrease
in size. Equation (3) must therefore be regarded as an approximation at best.
Experimenta! studies,’' however, have indicated that the forms of Egs. (1) and (2)
are approximately correct, with the exponent of Z ranging from 2 to 3, and equations
of the form of Eq. (3) have been found to be quite useful in representing the depen-
dence of sintering rates on time anc particie size. Equation (3) has aiso proved very
useful In treating the present resut.s.




2. EXPERIMENTAL

The apparatus used tc measure the consolidation and permeability of beds of
sait crystals in shown in Fig. 1. The beds were contained in a vertical giass or Monel
tube (1.27 or 2.64 cm ID, respactively) and stressed by a pertorated piston driven
by a Bimba air-actuated ram. Liquid, usually presaturated brine, filled the tube and
flowed slowly thro-wgh the bed during the measurements. The hydrostatic pressure
drop across the sait bed was transmitted to a Validyne differential-pressure sensor
isolated from the brine by a hydrocarbon Hquid to protect the sensor. The height of
the bed (determined from the movement of the piston) and the flow rate (determined
gravimetrically) were measured as = ‘unction of time. The void fraction was calcu-
lated from the weight of salt in the bed and the volume It occupied; the permeability
was calculated from the hydraufic pressure drop and the flow rats.

Crystals of sodium chioride (CP grade) were sized (usually in the ranges of 76 to
160, 160 to 177, 177 to 260, and 250 to 420 am) with standard copper sieves and
were thoroughly dispersed in the liquid to be used before forming the settied beds.
Grinding was used before sleving in prefiminary runs, but this was found o produce
fmes that ware not removed completely by sieving. Photomicrographs of samples in
oach size range were u3ed to determine the size distribution. The material consisted
aimost entirely of well-formed cubic crystals.

Artur most runs “he sait columns were sampled and the brine content determined
by heating to constant weight at 200°C. Samples were taken from the 1.27-cm
glass tubes by excavation with a spatula, a tedious and time-consuming procedwre
for extensively consolidated salt. In the Monel tubes, consolidated columns could be
removed Intact by ejection with the piston and sampled oy sectioning. A number of
sections were polished and etched for examination with optical an? scanning elec-
tron microscopes.
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Fig. 1. Apparatus for study of salt consollidation and permeabliity under a uniax-
ial stress in brine and other fiuilds.




3. RESULTS

3.1 Consolidation Kinetics

Under constant stress, beds of salt crystals lost volume with the passage of
time 2t a rate that approached linearity with the logarithm of time (Figs. 2 to 4). This
dependence was cbserved to continue to void fractions as low as 0.02. Examination
of compacted columns revealed that the void fraction remaining was not vniformly
distributed throughout (Fig. 5) but increased with the distance from the top of the
specimen where the stress was applied. This indicated a substantial wall effect,
causing the stress on the salt to decrease with distance down the column. The
affect was confirmed when it was found that under the same conditions consolidation
proceuded more rapidly for short columns of sait than for longer ones (Fig. 3a), and
more rapidly in the larger (2.64 cm) tubes than in the smaller (1.27 cm) ones (Fig.
8b). There was alsc some svidence that the consolidation rate depended on the
smoothmess of the tube wall and the material of which it was made (Fig. 3c).

The principal variadles that affected the rate of consolidation in brine were the
applied stress and average particle sice (Figs. 2a and b)—the smuller the particles
and the greater the applied stress, the more rapid the consolidation. Under a given
set of conditions, the consolidation incressed with temperature (Fig. 4), but the
effect was not large. The extent of consolidation was affected by the particle size
distrbution (Fig. 6). When the tiuid medium was varied (Fig. 7), consoli’ation pro--
ceeded most rapidly in brine, less rapidly with MgCl, dissolved in the brin«: (reducing
the solubiiity of NaCl), and least rapidly when only air was present. Two runs In
dodecane revealed that the consolidation rate was markedly increased by the pres-
snce of a small amount of water, wet dodecane being even more effactive a medium
for consolidation than a brine containing 56 m MgCl.,,.
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Fig. 2. Consolidation of sait columns (2.64 cm diam) In brine: (a) for various
applied stresses and an initlal average particle size of 178.8 gm; () for va.icus ini-
tal average particle sizes at an applied stress of 165 dars.
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Fig. 3. ~onsolidation of sait !n brine: (a) for various weights of salt in 2.64-cm-
ID Monei tubes at an applied stress of 165 bars and initial average particle size of
110.2 pm; (b) for two tube diameters (the larger of Mone! end the smaller of glass)
with columns of similar height and appiied stresses; (c) for Monel and glass tubes of
2.64 om 1D with a stress of 20 bars and an initlai average particle size of 110.2 gm.
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Fig. 4. Consolidation of sait columns (2.64 cm diam) In brine at various tempera-
tures, with I56 ba"s spplied stress and an initial average pa.ticle size of 322.2 am.

The decrmase in the cbaserved vold fraction & during the isothermal consolidation
of salt can be represanted quite well by an equation of the form

(t)=a-bin(c+t), (4)

which is strikingly simiiar to the one suggested by Coble [Eq.(3)). When the parame-
ters o, b, and c were adjusted by least squares to obtain the best fit to each run
(Table 1), the agreement between the observed and calculated void frection was
usually within experimental ermor, as may be seen from the curves in Figs. 2 to 4, 6,
and 7, generated by use of Eq. (4). While the valuss of &, b, and ¢ obviously reflect
the effect of such variables as particle size, stress, and temperature, they are so
strongly ocovarient with one another that it is not possible to assign these dependei-
cles with much certainty.
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Fig. 8. Consolid.tion of salt columns (2.64 cm diam) in brine with various initial
average particle sizas and distributions, at an applied stress of 1565 bars.
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Table 1
KINETICS OF CONSO_IDATION OF SALT UNDER VARIOUS CONDITIONS

¢(t) =a-bln (c + t)?

Crystal
:zn Size Appl. Wt. of Std. Err.
* z(O)b Stress Salt a b c of FitC
cm bar 4 nin
In NaCl Brine, 1.27 cm ID Glass Tubes, ~20°C
25 0.0100 57.4 7.00 0.4877 0.02960 9.0 0.0031
15 " 57.4 17 .4 0.5394 0.02815 5.1 0.0035
21 " 57.4 17.4 0.6732 0.04725 133 4 0.0064
18 " 96.5 17.8 0.4704 0.02961 0.6 0.0020
12 0.0165 20.1 17.8 0.5030 0.01930 7.1 0.0012
17 " 96.5 17.8 0.4947 0.02709 17.8 0.0026
20 0.0333 20.1 17.3 0.4866 0.01336 48.7 0.0014
24 " 57.4 7.06 0.4732 0.02017 67.9 0.0028
16 " 57.4 17.4 0.4694 0.01132 27.6 0.0021
13 " 57.4 17 .4 0.5314 0.02620 97.7 0.0084
19 " 57.4 17.8 0.4883 0.01714 51.3 0.0034

2,54 cm ID Monel Tutes, ~20°C

115 0.01102 20 38 0.4745 0.025741 3.7 0.001
102 " 20 75 0.4965 0.034934 10.2 0.009
119 " 20 75 0.5047 0.032051 11.0 0.003
111 " 155 38 0.4039 0.043011 2.0 0.005
104 '’ 155 75 0.4501  0.044408 5.4 0.009
109 " 155 75 0.4386 0.044613 3.9 0.008
110 " 155 150 0.5010 0.048093 10.2 0.002
122 0.01192 155 75 0.3889 0.029485 8.8 0.002
108 0.01788 20 75 0.5126 0.031142 56.7 0.004
118 " 30 38 0.4868 0.035266 12.4 0.002
117 " 50 75 0.5039 0.035119 16.1 0.002
107 " 100 75 0.5226 0.045306 21.6 0.002
106 " 155 75 0.4978 0.046460 17.0 0.003
121 0.01877 50 75 0.4924 0.034544 41.4 0.003
120 " 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 v 155 38 0.4151 0.331918 18.5 0.002
105 " 155 75 0.5037 0.040568 44.2 0.005
1014 0.01102 20 75 0.5082 9.040780 9.2 0.000
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

30

K|
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Table 1 (contd.)

Run Crystal

¥o Size Appl. Wt. of Std. Err.
’ z(0)P Stress Salt a b c of Fit€
cm bar £ ain
S0°C
127 0.01102 155 75 0.3950 0.043555 0.8 0.007
128 " 155 15¢ 0.4676 0.04°2057 4.4 0.005
129 0.03222 155 75 0.4402 0.042143 12.1 0.008
85°C
131, 0.01102 155 75 0.3720 0.043760 0.2 0.010
130 " 155 75 0.3896 0.036913 3.4 0.003

In Other Fluids at 120°C®

124 0.01102 155 75 0.5480 0.037301 113.7 0.004
125 " 155 74 0.7173 0.068266 263.2 0.011
126 " 155 75 0.3798 0.011706 1luv.4 0.003
113 0.01788 155 75 0.4025 0.023010 -—-- 0.001

a ¢(t) 1s the void fraction at time t (min).
b The average crystal size: Information about the size distribution is
given in Table 3.

Standard deviation of the calculated from the observed void fractiom.

These runs were carried out in 2.54 cm 1.d. glags rather than monel
tutes and were not included in determination of the parameters in
Table 2.

Run 113, in air; run 124, in a brine 6 m in MgCly; run 125, undried
salt in dodecane; run 126, dried salt in dodecane (see Table 4).
These runs were not included in determinat’.z 5f the parameters in
Table 2.



3.2 Consolidation Model

Accordingly, we turn to the model suggested by Coble.®'® A comparisun of Eqs.
(3) and (4) show thai they are equivalent if

®(0)=a-bhnc, /Ga)
A=p3{0)/C, (e)
8=3#00)/c. (Ec)

We then examined the effect of conditions on the values of 8 (0), A4, and 8 given
by these relationships. As might be expected, the initial void fraction & (0) seemed
to der ase with increasing applied stress. A linear decrease with stress seemed to
be an adequate approximation, though ®(0) was obviously affected by particle size
and size distribution as well. Wa will consider these effects presently. The quantity
A was found to increase approximately linaarly with incrsasing a_plied stress.

These correlations were cbscured by the wall atfict, which causes the local
stress ¢ In a column to be iess than the appliad stress ¢(0) and the local void frac-
tion to differ from ths observed or integrated void fraction. These correlations did
suggest, however that for the consclidation of sait in brine, a good reptasentation of
the time dependunce of the loccal vold fraction would be given py Eq. (3) if we
assume that the local void fraction and 4 vary iinearly with the local strass:

®(w,0)=P,—P,r, (Ge)

A= Ay+ A, (6b)

Here we assume the local void fraction to be a function of the distance down the
ocolumn expressed in terms of the weight cf salt w as well as the time. ‘In view of
the limited information we have on the wall effect, it was desmed appropriate not to
considor explicitly the dependence of tha local void fraction on the distance from
the wall.) The wall effect was dealt with by assuming that the stress dacreased

sxponentialy with w:
o(w) = ¢(0)oxp(~w,/C), @

where C is the weight of salt through which the stress fulis Ly s factor of ¢. An
exprassion for the observed void fraction is then derived by performing the integra-
ton

s = () § om0 ®
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where W is the total weight of sait in the column. The resulting expressior for the
cbeerved void fraction is

o(t) = (Py - P&) - [(A + A7) /B]n[1 + B /2(0)°], (9)

In which ¢ is given by

51/ .n-.(o)%[1-w(-w/c)]. (Se)

gl

3.3 Consolidation in Brine at Room Temperature

Al the consolidation dats on rocm-temperature brine from the 2.54-cm Monel
tube wers fitted by least squares to Eq. (9). inckided wers the profiles of void frac-
tion vs w from direct sectioning of consolidated columns (Fig. 6). The latter data
were fitted by replacing 7 In Eq. (9) with ¢(w) from Eq. (7). In making these fits,
values of Ay, A;, B, and C were adjusted for all the data simuiteneously. The parame-
ters P, and P, presentsd a probiem because, as noted above, these were not the
only quantities that datermined the initial void fraction #(0); therefore, P, was
adjusted for sach run g2 that It could include the effects being neglected in Eqs.(8).
Even so, the overall fit to the data was 80 insensitive to the choice of P, that this
parameter could not be freely adjusted simuitaneously with A, A, 8, and C. By
inspection, P, seemed to be in the range 0.0007 to 0.0015 bar— '. The parameter
vaiues obtained are summarized in Teble 2. Values of P, were in the range 0.41 to
0.61, and the average deviation caliculated from cbserved void fraction was 0.011.

The more imited data from 1.27-cm ID tubes for consoidation in brine were
insufficient to provice an independent set of P, 4, A;, and 2 values, but they were
oconsivtent with the above vaiues. With these values fixed, the parameter C, which
is the measurs of the wall effect, was adjusted for alf the smaller tube data (Tabie
2). Ageain Py was adjusted for each run. The values were in the same range as for
the 2.64-cm columns. the average deviatio calculated from observed vold fraction
in this case was 0.014,

The much smallec value of C for the 1.27-cm-diam colutns suggests that the
wall effect decreaser rapidly with increasing diameater. If there were no effect of
diameter, we would uxpect C for the smaller columns to be onu-fourth of the vatue
for the larger columns. In fact, the ratio sesms to be about 1 to 38, suggesting that
C increases with about the sixth power of the dlametsr. Thus, when viewed in term:
of the distance down the column through which the appiied stress is reduced by a
factor of ¢, thy wall effect appears to decreass as about the fourth power of the
column dicaster.

The magnitude of 8 should be the rate of growth in volume of the average sait
perticis during consolidation. Thus, after a week (10,000 min) the average sixe
should e about 0.10 cm, which is much greater than any value that might be
estimated from a section of a consolidated column shown in Fig. 8 It may be more
appmpriate, however, to take the effective pearticle size as that of an aggregate
fron; which the brine has been exciuded. As may be seen from the figure, such
aggregates ere roughly of this size.



Table 2
AN EXPRESSION FOR THE CONSOLIDATION OF SALT IN BRINEa

() = ¢(0) - (A/B) 1n [1 + Bt/z(0)’]

$(0) =P, - 0.00% o

A(293 K) = (5.63 + 0.59) x 107> + (3.93 +6.29) x 10 11 3

B(293 K) = (3.18 + 0.23) x 10/
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

o = o(0) (C/W) [1 - exp (-W/C)]

C =213 + 22 (in 2.54 cm ID columms)

C=3.1+C.8 (in 1.27 cm ID colums)

Run Uo., Po
12 0.461L 21 0.476 107 0.447 116 0.415 1z3 0.465
13 0.433 24 0.424 108 0.425 117 0.435 127 0.524
15 0.5728 26 0.467 109 0.501 118 n.427 128 0.521
17 0.447 102 0.434 110 0.509 119 0.457 129 0.445
18 0.451 104 0.510 111 0.495 120 0.462 130 0.486
19 0.440 105 0.460 114 0.448 121 0.417 131 0.524
20 0.461 106 0.485 115 0.472 122 0.468 132 0.409

Fitted by least squares to the consolidation runs in NaCl brine summa-
rized in Table 1, and to the data showing the wall effect in Fig. 5 (see
text): ¢(t) 1is the void fraction a: time t (min); o(0) is the applied
stress (bars); z(0) is the initial mean particle size (cm); W 18 the
weight of salt in the column (g); o is the stress after correction for
the wall effect. In the absence of a wall effect, 0(0) replaces o in
the expressions for ¢(0) end A.
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Fig. 8. Section of salt cohmn (2.54 om diam) consolidated at an applied stress
of I66 bars and an Initial average particle size of 322.2 sm.

3.4 Effect of Temperature

The resuits at 50 and 85°C oould be adequatlaly accounted for by assuming that

Ay Ay, and B in Eq. (9) all had the same exponential dependence on the absolute
temperature 7, for example,

B(T) = B(293) exp[D(1,/T ~ 1,/202)] . (10)

The parametur D was assumed to be the same for all three quantitieas (Table 2)
because (1) the coefficient of the log term in Eo. (R)—(A,+A,7s,/B—was found %O
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havs an inappreciable temperature dependence and (2) the temperature depen-
dence of A, and A, cou'd not be distinguished because the applied stress was not
variod In these runs. Tha average deviation of the calculated from the observes
void fraction In the five runs at elevated temperature was 0.012. Since one of the
runs (128) involved twice the usual amount of salt, it was possible to test for a tem-
perature dependence of the parameter C, related to the wall effect. It appeared
that the wall effect decreases (C increases) rapidly with temperature, but the data
are insufficient to define the magnitude of this dependence.

3.8 initia!l Void Fraction

As already noted, while the initial void fraction seemed to decrease about
lnearly with the stress, it wes also dependent on the particle size and size distribu-
tion. This effect is Indicated by seven runs, all with the 3ame amount of salt in brine
under the same applied stress (Table 3). In four of thesa, the usual narrow size dis-
tributions (cuts) were used. The average crystal size Increased from 0.0110 to
0.0322 cm, whereas ¢ (0) decreased from 0.38 to 0.33. In three runs, mixtures of
cuts gave #(0) values less than 0.34. Of this series, the run (132) that gave the
lowest value of #(0) (0.28) iavolved a mixture with a fairly uniform distribution of
pari.iv sizes across the full range from 75 to 420 gm. A mixture (Run 122) of a
large number of the smaliest particles with a smali number of the largest particies
and a mxtuic (Run 123) of aqual numbers of the smallest and the largest particles
gave higher # (0) values (0.34 and 0.33). Such behavior is not surprising: for parti-
cles with a riarrow size distribution, the initial void fraction should he relatively high.
For a wider size distribution, the void fraction should be less because of fore effi-
clent packing; but if the size distribution is wide and bimodal (a: in Run 123), the
packing will be determined by the larger particlas and the void frection will be higher.
The results in Table 3 suggest that the average fractional deviation from the mean
particie size might be a better measure of this effect than the fractional root-mean-

square deviation.

3.6 Effect of the Fluld Phase

Values of the parameters #(0), A, and B calcuiated from Eqs. (4) and (5) are
compared in Tahie 4 for a series of runs in which the fiuld phase was varied. The
vaiue of #(0) Is in the range 0.34 to 0.38 for all fluids except sir which gave a
value of 0.41. The parameters A and B are highest for pure NaZl brine, vnd both
decrease in the same order (NaCl brine > dry dodecane > NaC!-MgCl, brse > wet
dodecane); however, B shows a wider variation than 4. The resuiting consolldation
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Table 3

PARTICLE SIZE DISTRIEUTION IN SALT BATCREES AND EFFECT ON
INITIAL VOID FRACTION

Cryst. Ave. Part. Standard Ave. Fractional Run :’::ct:ti::éd
Batch® Size (cm) Dev. (cm)® Dev. (cm) Diviutio7l No.
olz alz
2(0) o/z alz O 70) 4(0)

- ; , ] 106 0.379
Cut 1 0.0110z 0.00290 0.03246 L.263 0.223 109 0.370

Mix 1 0.01192 0.00523 0.00320 0.639 0.269 122 0.337
Cut 2 0.01788 0.00195 0.00166 0.109 0.093 106 0.354
Cut 3 n.01877 0.00256 €.G0220 0.137 0.117

Mix 2 0.02016 0.00832 0.0G750 0.413 0.372 132 0.278
Mix 3 0.02195 0.01149 0.010¢7 0.523 0.486 123 0.334

Cut 4 0.03222 0.00553 9.0046¢ 0.172 0.145 105 0.329

%/he meninal size ranges were: cut 1, 75-15Cum; cut 2, 150-177um; cut 3
177-250um; cut 4, 250-420um. The mixtures were made as follovs: mix-
ture 1, 37.5 g each of cut 1 and cut 4; mixture 2, 2.12 g, 8.98 g, 10.74
g, and 53.16 g of cuts 1, 2, 3, and 4, respectively; mixture 3, 3 g of

cut 1 and 73 g of cut 4.
cm {.d. wmonel tube.
used were:

were not determined

bThe root mean square deviatfion frcm the mean particle size.

These batches wcre used in i1uns in the 2.54
in the 1.27 ¢m {.d. g'sss tubes, the size ranges

75-125um, 150-180um, and 250-425um. The size distributions

With 75 g of salt in NaCl brine at about 20°C, in the 2.54 cm monel tub:,
and under an applied stress of 155 bars:
parameters in Table 2.

EFPLCT OF FLUID PHASE

Tabl

e 4

ON CONSOLIDATION®

¢(0) 1is calculated from the

Run Std. Err.

No. Fluid Phase a b ¢ of Fit 4(0) A B
{min) (cm™ /sec)

106 6.1 m NaCl 0.4501 0.044408 5.4 0.009 J.375 1.1C 25

109 6.1 m NaCl 0.4386 0.044613 1.9 0.008 0.378 1.53 3%

1246 0.14 = NaCl 0.5480 0.037301 113.7 0.004 0.371 0.044 1.18

Sm H3C12

125 Wet Dofecane 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 Alr 0.4025 0.023010 0 0.001

% All runs vere made with 75 g of salt cut 1 (¢cf. Table 3) in the 2.54 ca
i.d. monel tube, with an appl.ed stress of 155 bars, and at +20°C. The
parameters a,b,c (Eq. 4) were fitted by least squares with the indicaced

standard deviation.

from a,b, and ¢ using Eq. 5.

The parsmeters ¢(0), A and B (Fq. 3) are derived
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<urves in Fig. 7 have the order NaCl > we® dodecane > 6 m MgCl, > dry dodecane >
alr. This rasult is the expected one with the exception of wet dr decane, thct is,
dodecane k! contact with undried s»it. The small amount of NaCl brine present evi-
dently greatly enhances the rate of consolidation. Tha 5 m MgCl, brine, involving
much lower NaCl concentrations, considerably retards consclidation. The low consoll-
dation rate in alr indicates that mechanical deformation does not play a large role in
consolidation.

3.7 Permeabliity of Consofdating Sait

The permeability Pm of a consolicating column oY salt varied spproximctely as
the square of the cverage particle size and decreased rapidly as consolidation pro-
ceeded. The resu’ts are summarized in Fig. 9, where the log of the ratio Pm_/Z(0)*
is plotted vs. the log of the void fraction. Though there is considerable scatter, a
good correlation is obtained with a straight fine corsesponding to the expression

inPm(t) /Z2(0Y =21 +68mé(t), (11)

where the permeabifity is defined as the brine flow (g/min) through & 1-cm? area
under a hydrostatic pressure gradient of 1 bar/cm; that is, tho units are g-cm™'
min~"' bar—". The right-hand scale in Fig. 8 shows the specific permeabliity Ps In
darcy units, which is the flow (cm®/s) of a liquid with a viscosity of 1 cP through 1-
am? area under a hydrostatic pressure gradient of 1 atm/cm. Ths epecific permea-
bily predicted from the Blake-Kozeny equation,'? a good empirical correlation for
porous media, is given by

Ps(darcy) = 6.76-10°7e% /(1 - @ )2. (12)

mmmmnmmnm,m-w.wyofmzosua’mda
viscosity of 1.27 cP, ‘he predicted permeabiiity is

Pm(gcm™ 'min~'bar~ ') = 27210723 /(1 -9 ). (13)

This equation was used to construct the dashed curve In Fig. 0.

The Blako~Kozeny equation gives a good estimate cf the initial permeabMity of an
unconeolidated bed of sait crystals. Ae consolidation proceeds, the e=pacied
dependence of e meability on the square of the initial particie size rema’ns a good!
spproximation; howvever, the permeabliity falis nuch more rapidly with the void frac-
tion than this equation predicts, showing about a sixth power dependence. If this
dspendence continues below & =0.06 (the lower imit of our measurements), then at
void ractions of 0.02 in a bed of consolidated 100- sm crystals (which couid be
reached after on'y one week under some of our expsrimental conditions), the
specific permeabliity would be about 0.2 sdarcy. Thus, consolidation of salt crystals
may uitimately permit achiavement of a permeability comparable to that of intact salt.
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4. SUMMARY AND CONCLUSIONS

Beds of salt crystals in brine and nther fivids subjected to a constant applied
stress consolidated in an approximately linear fas.ion with the logarithm of time. The
rate increased with increasing stress and decreased with increasing particle size.
The decrease of the void fraction & with time ¢ cuuld usually be described aimost
within experimental error (Figs. 2-8, 7, Table 1) by a simple three-parameter equa-
tion [Eq. (4)]-

This equation can be transformed [Egs. (6)] into one [Eq. (3)] suggested by
Cobie™'® to describe the kinetics of sintering in terms of three parameters—the ini-
tial average particle size Z(0), a rats constant A for the loss of void volume, and 2
rats constant 8 for the growth of the average particle size. It was found that the
fnitial void fraction #(0) and A varied approximately linearly with the applled stress
o.

A substantial wall effect was indicated by an cbserved decrease of the void
fraction with distance from the top of the consolidating column where the utress was
applied (Fig. 5) and by the observation that shorter columns consolidatad faster than
taller ones of the same diameter (Fig. 3a). This effect was represented by an
exponential decrease in the local stress with distance from the top of the column
expressed as the weight of intervening salt w [Eq. (7))

This correction for the wall effect and an assumed Nnear dependence of & (0)
and A on the local stress gave a general expression [Eq. (9) and Table 2] that could
be fitted %0 all the consolidation data obtained in NaCl brine for both 2.64-cm-diam
columns in Monel tvbes and 1.27-cm columns in glass tubes ard at temperatures from
20 to 85°C. The parameter C, the weight of sait through which the local stress is
assumed to drop by a factor of @, was found to increase as about the sixth power of
the column dlameter. Thus, the distance down the coiumn through which the local
stress decreases by a given amount due to the wall effect appears to Increase az
about tho fourth power of the diameter. The Kmited data at elevated temperatures
(to 85°C) suggested that A and B increased with about the same exponential depen-
dence on the absolute temperature (Table 3) and that the wall effect decreased
with increasing temperature.

in fitting the data, it was necessary to idjust the initial void fraction & (0) for
each run (Table 2), evidently because this quantity depended to some axtent on the
particie size and the size ‘distribution (Table 3) as well as the stress.

The rate of consolidation was found to decrease markedly when large amounts of

were added to the brine (Fig. 7), presumabls because ol the resulting
decrease In the solubliity of NaC! (Table 4). Even undred salt in dodecane consoli-
dated more rapidly than sait in the magnesium-rich brine, suggesting that the con-
centration of NeCl in the brine is more important than the amount in determining the
rate of consolidation. Dried sait in air showed the lowest consolidation rate, sug-
gesting that mechanical deformation was not an important mechanism in consolidation.

The permeabifity of salt columns decreased with the second power of the Initial
particle size [Eq. (12)], as expected from the Blake-Kozeny equation;'2 but as con-
solidution proceeded the permeabliity decreased with the sixth power of the void
fragtion [Eq. (11)], much more rapidly than would be expected from the Bilake-
Kozeny correlation (Fig. ©).

Several important implications may be drawn from these studies regarding the
sultabllity of bedded halite as & storage medium for radiocactive waste. Perhaps most
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important are (1) the rapidity with which consolidation can take place and (2) the low
permeabilities that can resuit. Thus, from the general expression fitted to our data in
NaCl brine, at a lithostatic stress of about 100 bars and a temperature of 30°C, we
have

#(t) = 8(0) —0.04 In (1 . o.a:/z(m’] : (14)

when ¢t ls expressed in years and z(0) in centimeters. Extrapolating this expression
to larger crystals and longer times suggests that a medium of 1-cm crystals would
consolidate and, from Eq. (11), lose its permeability to flowing NaCl brine about as
follows:

Time (y)
o 10 100 1000 10,000 27,000 34,700
® 037 0.31 023 0.14 005 001 0.00
Pm (darcy) 86,000 30,000 5000 260 0.5 3x10~8

If the initial size of the crystals were recuced to 1 mm, these times would be
reduced a thousand-fold; that is, consolidation would Le complete in about 36 years.
The permeability at a given vold fraction would be reduced a factor of 100 and at 27
yoars would have fallen to 0.3 sdarcy. Thus, the seif-sealing properties of beddad
salt which originally attracted attention to this material as a storage medium are sup-
ported by the present measuramants.

Another important implication Is the fact that the present consolidation resuits
can be rationalized in terms of an expression developed to treat sintering kinetics.
H, as appears to be the case, salt consolidation is indeed analogous to sintering,
then It involves the growth of crystais by the movement of grain boundaries. This
would provide a means of including foreign ions Myﬂn crystals. While NaCl is a poor
sorber for all radionuclide ions except possibly Cs and | in very small amounts, it is
quito possible that other minerals and Larrier materials could consolidate by a similar
mechanism and thus provide a possibly important mechanism for the immobitization of
radionuciide io-;s.
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