Solution Mining Operations in the
Presence of Vertical Fracture Systems

ABSTRACT

Data is presented on experimental models in-
volving the use of bath vertical and horizontal frac-
tures in two-well sysiems in which the fraciures
may exist mitally adjacent to an insoluble or inert
bed or localed with massive salt above the fracture.
Results of mathematical simulation and expen-
mental model data are presented, Different solu-
tion patterns gre developed depending on the made
of fracture system. Shape of cavities formed in
massive selt sections are affected more by solutinn
at the raof surface while cavities formed in which
insoluble beds appear as roaf members take on the
sppearance which is expected from vertical surface
exposure.

Introduction and purpose.

Though fracturing operations are frequently car-
ried out in making .connections between wells
which are to be used in developing brine produc-
tion, rather limited mformation is available on the
effect of orientation of the fracture plane. Numer-
ous authors (Bays, Peters and Puallen, 1960; Shock,
1965; Shock and Davis, 1969} have presented data
on fracturing techniques for use m salt solution
mining operations, and recently Davis and Shock
(1969) reported resuks of mining thin bedded pot-
ash salt beds exposcd by horizontal fracture planes,
With the advent of decper and deeper exploration
for minerals which may be recovered through solu-
tion mining, the probahility of utilizing induced
fractures becomes greater. This study was under-
taken because formailon of vertical fractures
occurs at greater frequency with depth, and be-
cause no direci experimental evidence is available
regarding the solution of salt in such fractures.
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Experimentnl work,

The experimental work involved use of solid salt
blocks obtained from the Grand Saline, Texas,
mine of Morton Salt Company and from the
United Sale mine at Hockley, Texas. In the case of
the test in which an insoluble bed zbove the frac-
ture was simulated, a cut approximately 1-2 mm in
thickness was made with a saw into a previously
smoonthed face. Depth of the simulated fracture
was 2 1/2 inches, and its length was 14 1/2 inches.
Afier sealing a 1f4-nch Lucite sheet to the salt
surface with Ilysol, the whole block was sealed,
with the same material, in 2 wooden frame so as 1o
assure no leakage during the test period. Inlet and
outlet wells were drilled through the Hysol seal and
Luciie plate. Al cuttings, including a small amount
of salt, were removed by jetting with high pressure
air.

The washing svstern was comprised of two
needle valves and a pressure regulator to control
the rate of flow of water, a calibrated rotameier to
measure the volume of inlet water, and several
large cvlinders to measure the volume of effluent.
Specific gravity of the brine was determined with
hydrometers,

In order to climinate air from the sysiem an
inveried Tee was placed in the feed water line at
the highest elevation, Thus, any air which might be
trapped in the salt cavity being formed during
washing could be removed by turning the whole
salt block over and allowing air to rise through the
flexible nylon wash tubing and be expelled.

The washing procedure was started by filling the
fracture with water while the salt block was ori-
ented in an upright position. The air present was
removed. Next, the block was placed in 2 flat posi-
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tion with the inlet and outlet tubes at the top.
Then, if no air bubbles could be seen in the flow
stream, the block was inverted. Water now entered
the bottam of the fracture and was produced from
the bottom, Washing was continued in this manner,
and readings were made cvery 15 mmutes of the
volume, rate, specific gravity of effluent, and
amount of sclids. The solids, consisting of fine
anhydrite crystals, were removed when it appeared
flow was impeded. This occurred only once with
this particular salt block which contained only 1-2
percent insoluble material. Some small amounts of
water from the cavity were lost during such an
operation, but since these volumes were small in
comparison with the total volume of water
measured or salt removed was introduced.

Data for this test are shown in Table 1. A cavity
with a total volume of 3835 ¢c was formed. Time
of washing was 717 minutes {approximately 12
hours). The rate of flow was decreased from an
initial value of 200 cc per minute to an average of
45-50 cc per minute after the first 45 minutes of
circulation, The specific gravity ol the effluent in-
creased from 1.082 to 1.164 after about 1 hour
and 15 minutes and remained at near this satura-
tion for the next 3 hours and 45 minutes. The
saturation of the effluent then decreased and the
specific gravity remaining fairly constant al 1,115
during the last 4 hours and 45 minutes. The aver-
age {low rate during this rime was 50 ¢c per minute
whereas that during the previous 5 hour 45 min-
utes leaching was 44 cc per minute. There appears
to be a direct relationship between the circulation
rate and the saturation of effluent, indicating con-
trot of the development of the cavity was related
to the rate of flow, since at no time was the effln-
ent brine saturated. In other words, though there
was an ever-increasing surface exposed te attack,
which should have provided greater solution of salt
based on previous studies of sclution rates in single
well systems, (Durie and Jessen, 1964) the flow
mechanistn was such that a lesser efliciency of salt
removal resulted. Thus a maximum width to depth
(or heigth of fracture) ratic probably exists for
commercial utilization in mining rather thin beds
by solution technigues,

The final cavity shape is shown in Figure 1
whercas the progression with time is indicated in
Figure 2. From a consideration of Figure 1 the
volume may be expressed as

Ve 2/3yah~2/3ax (h-h)

or

<
i

2/3ab{x+y) (1)

Salution Mining Operations

Figure 1. insoluble bed above the frackure.

PROJECTED PROGRESSION OF GAVITY
GROWTH WITH INSCLUBLE BED
ABOVE FRACTURE

Figure 2,

Substituting the corresponding values of a, b, %,
and y at the end of the test mto Equation 1 resolts
in a value of

Vo= 2/3X21/2X16153/8+41/8)
V = 261.28 cubic inches, or
V = 4281 cubic pentimatars,
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Tabie 1. Washing Data For Vertical Fracture |mpermeable
Bed Above Fracture

Source of Salt: Grand Saling Mine
Morton Salt, Co., Grand Satine, Texas

13 inches
Imm
2 /2 inches

Initia! Fracture Length
Initial Fracture Width
{nitia} Fracture Depth

B4 W

Time {nterva) Volume of Water Cumulative

WMinutes [ Fiow Rate  Specific Gravity  Salt Bemoved Yolume
Per Time Interval  Cumulative  cc/Minute Effluent or/Stage of Cavity
c
8.5 1,700 1,700 200. 1.082 914 81.4
4.0 800 2,560 200 11 57.6 149.0
50 640 3,140 128 1.167 30.2 178.2
5.0 840 3,780 128 1.121 32.5 2117
5.0 640 4,420 128 1.128 324 244.1
5.0 670 5,080 134 1.178 349 279.0
5.0 640 6,730 128 1.126 34.8 3138
13.0 1,750 8.480 134 1.122 138.0 4518
7.8 394 8,870 50 1121 30.2 482.0
8.0 400 9,200 50 1.130 32.1 514.1 ¢
8.0 345 9,545 43 1.144 31.7 545.8 i
12.0 440 10,035 40 1.160 48.1 534.9 £
5.0 180 10,285 36 1.170 19,38 6043
10.0 445 10,730 445 1.173 415 B51.8 1
10.0 350 11,120 35.0 1.172 422 634.0 o
13.0 425 1,645 323 1.176 46.7 740.7 o
10.0 480 12,038 49.0 1.178 53.7 794.4 i
10.0 420 12,455 42.0 1.170 4499 839.3 o
10.0 465 12,920 46,5 1.165 4211 887.0
1.0 380 13,280 36.0 1.170 385 925.5 i
12, 380 3,640 30.0 1.176 383 560.8 i
15.0 650 14,290 43.0 1.172 89.2 1,030.0
15.8 600 14,890 40 1.170 64.0 1,094,0 ’
15.0 780 15,870 54 1,162 83.0 1,171.0 R
5.0 180 16,450 h4 1.156 76.8 1,253.8 ;
15.9 00 17,100 48 1.158 100 13238 g
15.0 180 17,880 52 1.155 78.5 1,480.3
15.0 730 18,610 48.5 1,154 71.0 1.471.3 :
15.0 685 19,285 45.7 1.154 66.8 1,538.1 3
16.0 650 18,945 43.3 1158 §4.0 1,602.1 :
15.8 600 20,645 40.0 1.188 59,75 1,661.85
15.0 700 21,245 46.7 1.168 £8.2 1.730.0
15.0 650 21,885 43.3 1.148 84.0 1,794.0
5.0 200 22,095 40.0 1.188 237 1,811.7
32 1,640.0 23,735 51.8 1.170 1745 1,892.2
13.0 640.0 24,375 50.0 1144 58.35 2.050.5
15.8 570.0 24,545 380 1.14 515 2,102.0
74 780.0 25,705 116.0 1.118 58.5 2,160.5
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Voplume of Water Flow Rate Specific Gravity SaltRemoved  Cumulati

Time knterval s ce/Minute Effluent ee/Stage Volume
Minutes Par Time |ntarval Cumulative of Cavity
£
8.0 860.0 26,265 700 1.125 45.7 2,204.7
15.0 550.0 28518 4340 1.138 578 2,263.2
15.0 770 27,685 1.0 1.142 78.0 2.333.2
148.0 640 28,325 42.0 1.144 h8.b 23817
15.0 855 29,180 57.0 1.136 76.3 2467.0
15.0 1,420 30,600 94, 1.12 1105 2805
15.0 885 31,585 B65.6 1.107 58.5 2,148.0
15.0 810 32,455 58.0 1110 81.5 28075
15.0 835 33,280 55.8 1.113 60.7 2,888.2
148.0 798 34,080 h2.B 1.118 58.7 29268
15.0 178 34,850 51.3 1.114 57.0 29834
158.0 185 35,635 52.2 1.113 51.5 30414
148.0 660 35,235 444 1.116 45.8 30304
14.0 640 35,035 425 1.114 414 31318
15.0 505 37,540 40.3 1.122 47.7 31855
15.0 620 38,180 413 1.123 48.5 3,234.9
15.0 685 38,845 45.5 1.123 54,2 3,290.2
15.0 635 39,480 42.3 1.123 8.5 3,340.7
15.0 545 40,125 43.0 1.123 55.0 3.395.7
f saturated brine; specific gravity =
Remaoved 4050 ce of saturated brine; spucific gravity 1198 1490
Tatal 31,8377

The total volume recovered through washing was
4050 cc, representing a difference of 231 ¢, or an
ervor of 5 peveent in calculated and observed vol-
umes. The fact that the model assumes solution to
take place on the slanting side to the very bottom
of the fracture depth should result in a somewhat
higher volume. As may be seen tfrom Figure 3, final

INITIAL FRAGTURE DEPTH =2+
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Figere 3, Finud vivity shape,

shape of the washed cavity reveals the lower po
tion of the inftial vertical {racture siill in existenc
In view of this, agreement of the calculated an
ohserved volumes is excelent.,

For the case in which a vertical fracture
formed in massive sall, resalting In a syste
wherein soluble material exists above the top ¢
the fracture plane, the salt block was sawed,
Luciie 1/4” thick plate sealed to the cut surfac
and again the entire block sealed into a woode
box with Hysol. The particular salt specimen we
12 inches wide, 24 inches long by 10 inches high
The cut was made 3 inches deep and the well spa
ing was 18 1/2 inches. Preparation for leachin
operations was identical with that previously de
scribed except that provision was made 10 remaod
aceumujated solid material by installing a glass Te
section just below the entrance of the waler to th
injection well. By iaverting the entire block, {lw
entry and production were at the bottom of th
fracture,

The washing of this salt fracture system was cot
tinued for 18 1/2 hours during which a total ¢
75,582 ce of water was circalated and a cavity hae
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Spiution Mining Operations

ing a fotal volume of 9160 cc was formed. Solids
{anhydrite} withdrawn during the experiment and
ar the end of the mun amounted to 812 cc.

This volume is included in the total cavity vol-
ume. Rate of flow was adjusted so that only par-
tially saturated brine was produced. The specific
gravity ol the effluent during the [irst 6 hours und
40 minuies averaged L.125 {67-70 percent satura-
tion} while during the remainder of the test the
corresponding values averaged 1.1865, i.e., 87 per-
cent saturation. Nearly saturated brine was pro-
duced at the end of the run. The data are tabulated
in Table 2.

Projected progression of the cavity shape is
shown in Figare 4 while the final configuration
obtained is represenied in Figure 5. It is immedi-

PROJECTED PROGRESSION OF CAVITY
GROWTH-NO INSOLUBLE BED
ABOVE FRAGTURE

Figure 4.

ately apparent that the two shapes developed, Fig
ure 1 and Fignre 5, are similax only to the degree
that both have a triangular section. Figure b shows
the growth of the cavity also in the exposed “roof”
areaz while this growth is denied the cavity wherein
an impermeable layer overlies the vertical fracture,
i.c., where the fracture terminates in an insoluble
bed.

Using the same analyucal approach to caleulate
the volume of cavity formed, the simplifving
assumption is made that the progression is defined
by twe sections, the upper one that of a rectangle,
the lower part that of a triangle, This leads to the
geometric representation of Figare 6. In this case,
the volume may be expressed as,

wlm

abix +y)+3 [2

RV 21
EEM 4y (hlwh} : el

Figure 5. With soluble bed zhove the fracture.

V=Zabtxay)+ 200, v, - th-b) 1, 0
I, can be derived, since
v z 2
12+4x _(h 1)
— "
"1§+4y2 :
or
1%‘*4\;‘
h b

V‘I§+4y"' -\/1§+4x2
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Table 2, Washing Data For Vertical Fracture Ending

in Massive Saly

Source of Salt: United Salt Company Mine
Hackley, Texas

Enitial Fracture Length

=18 1/2 inghes

Solution Mining Cperatio,

initial Fracture Width = 3 mm
Initial Fracture Depth = 3 inches

Valume of Water Cumulativi
Time interval oC Flow Rate Specific Gravity  Salt Removed Velume
Minutas Per Time Intarvat Cumulative cc/Minute Efftuent ce/Stage of Cavity

cC

150 1,400 1,400 93.33 1.10 915 a1.5
15.8 1,315 2,715 §7.86 1.105 81.4 182.9
15.0 1,120 3,835 16.88 1.166 845 2674
15.0 875 4,310 §5.0 1.126 79.1 346.5
15.0 1,020 5,830 58.0 1126 83.1 4795
15.0 1,015 5,845 67.7 1.125 20 B11.5
15.0 1,010 7,865 87.3 1.125 820 £93.5
15.0 1,000 8,853 BE.7 1.126 81.5 876.0
16.0 977 8,832 5.1 1.127 78.7 154.7
15.0 940 10,772 §2.50 1.170 100.6 855.3
15.0 1,018 11,787 §7.68 1.133 86.4 8413

15.0 1,090 12,877 72.68 1.126 48.5 1,030.8

30.0 1,920 14,799 B4.0 1.126 156.0 1,186.2
15.0 1,060 16,847 70.0 1.125 84.9 1,271.8
15.0 1,050 16,887 70.0 1.1256 849 1,358.0
15.0 855 17,852 63.66 1.125 16.5 1,432.5
15.0 830 18,732 h3.66 1.180 57.7 1,490.2
15.0 880 18,612 ~ 58.66 1.060 3545 15266
15.0 1,020 20,632 B3.0 1.125 82.3 1,607.9
15.0 880 21,612 5.3 1.127 81.0 1,688.3
36.0 2,270 23,880 75.6 1.134 195.2 1,884.1
15.0 1,630 24912 £8.33 1.137 80.6 19747
16.0 930 25,842 62.0 1,137 g2.0 2,066.7
15.0 1,030 26,872 69.5 1.137 97.0 2,153.7
10.0 720 27,582 720 1.260 86.8 22405
15.0 1.420 29,012 94.65 1.156 140.0 2,380.5
8.0 1,460 30,482 §7.30 1.173 1540 25345
15.0 1,200 31,662 80.0 1.154 123.0 2,658.3
15.0 830.0 32,482 §6.3 1.144 76.2 21345
15.0 1,180 33,672 78.8 1.139 106.9 2,840.5
15.0 1,000 34,672 66.5 1.134 86.5 292716
15.0 1,200 35,872 80.0 1.154 1165 3.0435
18.0 1,440 32,312 86.0 1.152 138.5 3,182.0
15.0 1,380 38,672 90,8 1.144 1215 3,305
15.0 1,175 39,847 78.3 1.142 106.2 3,400.7
16.6 1,350 41,197 80.0 1.188 153.3 3,5649.0
16.0 1,440 42 B37 96.0 1172 135.3 3,704.3
15.0 1,230 43,362 8z2.0 1.153 114.8 38191
15.0 1,180 45,047 18.5 1.154 109.3 30284
15.0 1,030 48,0677 B8.6 1.146 82.0 40854

T

0 g VR g i e L BB 3 g e




Soiution Mining Operations 389

e L N

Velume of Water Sumulative

Time {nterval [ Flow Rate Specific Gravity Salt Removed ~ Volums }
Minutes Per Tima intarval Cumulative cefbtinute Efflgent oo/ Stage of Cavity
(4 :
15.8 820 46,997 613 1.147 85.8 4,110.2
15.0 840 48,037 62.8 1.147 875 4,197.7 Z
15.0 835 49,072 62.3 1.147 87.0 42847 :
15.0 895 49 967 59.6 1.158 85,3 4,320.0 3
5.0 1,280 51,247 gr3 - 1.184 148.3 4,516.3
15.0 1,360 52 607 80.6 1.1654 1405 4,656.8 ;
15.0 1,025 53,432 B8.3 1.160 415 4,754.3 A
15.0 1,050 54,482 10.0 1.150° 1085 48548 i
15.0 1,058 55,537 70.3 1.146 985 4,953.3
15.0 1,005 56,642 B7.0 1.146 . 83.2 b,046.5 £
15.0 1,010 57,582 §7.3 1.14% 9345 §,148.0
1380 830 57,432 §5.3 1.145 B1.0 §,2314
18.0 1,035 58,467 69.0 1.144 83.n0 5,324.0
15.0 960 59,427 54.0 1.144 88 54121
16.0 970 80,397 64.5 1.144 89.0 54011
15.0 1,000 §1,357 B86.5 1.144 41.6 55927
15.0 1,005 62,4082 §7.0 1.144 92.2 5,684.9
1540 1,300 63,702 86.6 1.152 1175 57024
15.8 180 54,442 52.0 1.184 88,5 5,790.9
15.0 850 £5,332 58.6 1.184 945 5,885.4
15.0 850 86,192 57.3 1.18 86.7 5982.1
15.0 820 67,012 54.6 1177 B5.2 6,068.3
16.0 805 67,817 53.8 1.176 Ba.7 6,157.0
15.0 810 68,627 B4.0 1.178 835 8,246.5 :
15.0 820 83,447 54,58 1.174 84.2 6,335.7
18.0 830 70,2717 §4.33 1.173 an.o 6,425.7
15.0 820 71,097 54.56 1.170 87,5 6,513.2 :
16.0 319 71,807 54.00 1.170 88.5 6,559.7 i
15,0 1,890 73,797 126, 1.132 145.5 6,745.2 i
15.0 615 74 412 41.8 1,192 721 6,817.9
15.0 560 748712 34.3 1.180 B3.5 688135
15.0 610 75,582 40.66 1.187 71.0 £,952.4

Removed 9160 cc of saturated brine; Specific gravity = 1.2

Soiids obtained during washing and at time of fina! evacuation of cavity = 812 ¢
Tatal 8928.4

Then, substituting values for the conditions at V= Z-Jic 773.4158

the end of the test, 3
V = 515,81 cubic inches,

h, =51765inches 1, =3.0inches a=14375inches
y =4.875 inches 1 = 2.5 inches V =8443.3 cc.

b =210 inthes x =2.8125 inches _ o _

The measured volume of the cavity, including the
insoluble anhvdrite was 9160 cc. The difference in
volume, readiby seen to ocour because of the sim-
plifying assumption of straight slant sides, 1s 711

V=%[3x4875x 51785 — 30.765 x 2.5 x 2.8128

2z
3
+1.4375 x 21 x 7.6875]
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INITIAL FRACTURE DEPTH = 3"

Figure fi. Final cavity shape.

cc, or 717 percent. A somewhat more rounded side
results when no insoluble material is present in 2
salt. The photographs showing the end views of the
model illusirate this point remarkably well.

To relate the chanpge in velume with time, the
data were analyzed and a curve-fit computer pro-
gram, by L.N. [ohnson {1969} available from the
Computation Center of The University of Texas at
Austin, was utilized. The general form of the equa-
tion for the volume V, as a function of time is

¢
19 .
V=p=+6, +CTHET +C, TP +C. T,

For the case in which an impermeable bed exists
immediately above the vertical fracture, the con-
stants yield the following equation:

+48.75+133.4T - 15.877% + 2.42T" - O.11T".

v
{t}

Similarly, for the case where the fracture ends in
massive salt,

-33
= T+

v 133.4+ 23.8T + 17.677* - 0,957 + .018°

where Vi, is the volume in ft* X 107
T is time i howrs,

The increase in volume with time of cavities of
the types formed in these experiments is shown in
Figure 7. A first approximation, using only the

Selurion Mining Uperations

first order term of time (T) gives a linear velation-
ship in both instances.

801 VoL UME GF CAVITY | .
f . vs TIME | ves8.87
initio! vertical
50 fracture Va3 77
@Impermeabie bed
1 } on top
- 40T :@Solubtes obove
% froctyure
o ]
;30T
[
o 2
o
20}
>

APPROX: V=(52+ 24312 T)x(G "

APPROX:V={B04+32844 T »i0"%

o
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TIME, DAYS —+

Figure 7.

Summary.

Laboratory model studies of progression of cav.
ities in salt formed by sclution in vertical fracture
between two  wells are reported. A triangula
shaped cavity results when the solution takes place
in 2 {racture bounded by an impermeable bed or
top. There appears to be a limiting width to deptk
of salt bed even when litile insoluble matertal i
present. Action forms a cavily with expanding rool
area and solution on the sides ag solution prog
resses in a vertical fraciure ending in massive salt. A
definite Hmiting slope of 34 degrees of the side:
results when as much as 10 percent anhydrite &
present as insoluble material. Prediction of the vol
ume of cavity formed is possible through the use of
equations developed which describe the volume
changes as a function of time. Proper scaling
should permit utilization for developing field cav
ities.
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