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Effect of brine flux on damage and dissolving characteristics of rock salt under
the condition of complex stress unloading

ZHANG Jun-wei'?, JANG De-yi', CHEN Jie"*, ZHAO Yun-feng', CHENG Yan-fei*

(1. State Key Laboratory for the Coal Mine Disaster Dynamics and Controls, Chongging University, Chongging 400044, China; 2. Chongging Construction
Engineering Municipa Traffic Engineering Co., Ltd., 430021; 3. Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, Hubei 430071, China)

Abstract: To understand the dissolution damage mechanism of the salt cavity surrounding rock in the process of water-soluble
cavitation, the high-temperature triaxial dissolution testing machine is applied to conduct tests on salt rock specimens under complex
unloading conditions (i.e. unloading confining pressure, increasing axial compression) with different brine flux. It is found that the
stress and dissolution influence on each other, and the damage and dissolving characteristics of salt specimens are mutually decide in
the process of unloading tests. It is shown that the higher the deviatoric stressis, the greater the amount of dissolved salt rock per unit
time is. The outlet concentration of brine exhibits a significant quadratic function relation with the dissolving time. The mechanical
strength of salt rock is constantly reduced and its capability of deformation is enhanced under the effect of dissolving. The greater the
flux is, the more obvious change trend is. Then, amodel of effective dissolving area under the coupled action of stress unloading and
water dissolving is set up based on the analysis of effective dissolved area in unloading and dissolution of salt rock. The variation
equations of the effective dissolution area with the dissolving time and stress level are obtained respectively. An unloading and
dissolving damage evolution equation is established based on the effective dissolving area. The results can provide an important
theoretical and experimental basis for further analysis of damage and dissolving mechanism of salt rock.

Keywords: salt rock dissolution; stress unloading; brine flux; effective dissolving area; damage evolution

1

[1-3]

2015-03-26
N0.106112016CDJZR245518 N0.51574048 No0.41672292 No0.51604044
This work was supported by the Fundamental Research Funds for the Central Universities (106112016CDJZR245518) and the National Natura Science
Foundation of China (51574048, 41672292, 51604044).
1986 E-mail: cqu_zjw@163.com



641

(4

Durie

—
o
o2}
<
1
—
AN ol
=)
)
<
t
- z
O
m
£l
)
Mam
g

(9
71

30 MPa

400 kN

+0.8%

+0.8%

LZB-4

16 16L/h

SA287

[13-15]

04L/h

0.1 ppt

0 100 ppt

/

[11, 16]

[17]

‘ /////////// RN

f I/i/

=)
=

;11

;10

(19]

;15
;18

;14

;13

12
16

217

[20]

Fig.1 Schematic diagram of testing machine used for salt

rock dissolution under triaxial stressconditions
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2.338 g/cm?® 0MPa
1 50 mm
100 mm
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+1 mm
2
1 ( %)

Tablel Componentsof salt rock specimen (unit: %)

NaCl K 2S03
99.4 0.4 0.2

2
Fig.2 Testing specimens

2.3

0MPa
3
5
3
26
2
1
5 MPa
9.6 kN
2
3 2 0.005 MPals
0.2 mm/min
1 min

20 ml

Fig.3 Schematic diagram of salt rock dissolution principle

2
Table2 Testing scheme of salt rock dissolution under the
triaxial unloading condition

A B c D
1 (L/h) 4 6 8 10 0
3
31
4
0O 4 6 8
10 L/h
4

Fig.4 Water pore size of specimensat the end of test
changes along with different flux
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Table3 Outlet brine concentration in processtests
07}
4L/h 6L/h 8L/h 10L/h
4 M 4 M 4 M 4 M 06
/min /oot /(g/min) /ppt /(g/min) /ppt /(g/min) /ppt / (g/min) 05k
1 61 041 53 053 47 063 42 070 o
2 68 046 60 060 51 068 46 077 e
3 73 049 66 066 53 071 47 079 0 2 4 6 8 1/0 12 14 16 18
4 73 049 68 068 54 072 48 080 mn
5 76 051 71 072 56 075 49 082 5
6 79 053 71 072 57 07 51 085 Fig.5 Dissolving characteristics of salt rock
7 83 05 73 074 59 079 52 087 with different flux
8 87 05 73 074 62 08 53 089
9 89 060 76 077 64 08 54 090
10 91 o061 79 08 65 08 55 092 .
11 94 063 79 08 67 09 57 09 10min
12 97 065 80 08 69 093 59 099 6 4L/h
13 100 067 83 08 70 094 60 101 06122 g 6 L/h
14 102 069 83 08 72 097 62 104
15 104 070 87 08 74 099 63 106 0.796 39
16 107 072 87 08 75 101 64 107 30.1% 6L/
17 110 074 89 090 77 103 65 109 8L/h 9.6%
1 8 L/h 10 L/h
5.7%
M
1000 50p O
60 3
. 0951
M g/mn Q = o%0f
E 085f
L/h ? 0.80 |
3 075}
0.70
0.65
0.60 |
055
050 1 1 1 1 1 1 1 J
3 4 5 6 7 8 9 10 1
/(L)
6
Fig.6 Changetrend of dissolved amount of testing
specimens per unit timein the same period with
different flux
[21]
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Fig.7 Curveof outlet brine concentration along dissolution
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Table4 Fitting functions of outlet brine concentration

and dissolution timefor different flux

/(L/h) rX0) I R?
4 p,() =—4x10"°+* +0.000 4 +0.006 0 0.994 4
6 p,(¢) =—7x10°¢* +0.000 3¢ +0.005 5 0.9632
8 (1) = =1x10°#2 +0.000 2¢ +0.004 6 0.996 1
10 p.(f) =—3x107¢* +0.000 1t +0.004 2 0.9915
3.2
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Fig.8 Dissolution characteristics of salt rock

in different stress states
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Fig.9 Stress-strain characteristicsof salt rock
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Fig.11 Schematic diagram of rock salt’s dissolving
depth with unit volume
Az
r(t) = Lt + 1 8
st
Ay Al(t)=21t(Lt+ro)(H—at) 9
Pt
A(t) = A, (1) + A,(2) 3
dm
Alt)=— 10

A(t) vdt



646 2017
5.48+ 0.641 38EX P(M) —p, |0
dm =[p,(t) — p,]0dt 11 4= 13.646 92 )
2 0.583 2EXP(0.003 10)
P P,
0gm 0 {0.583 2nEXP(0.003 )0
30
10 1 ~0.683 2+1.149 64EXP| -1~ %5 ||| o L.
10.836 84
[p.(1) = p,]0
A(t) ="——"—"== 12 _
“ v H +0.683 22 —1.149 644EXP| 1~
10.836 84
9 12
18
A(I):[pl(t)—pZ]Q_ZE( v tHOJ(H_m) 0 o MPa
v Psat Per = 2.338g/cm
13
(22 16
141
_ 0.003 10 12r
v=0.583 2¢ 14 c
E 101
13 8t
4,() = er
_ 0.003 10 ar
[p.(2) %0]3% ~ 27t(0.583 2¢ - ’”oj (H —at) |
0.583 2e pgt 0 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
15 4 6 8 10 12 14 16 18 20 22 24 26 28 30
/ MPa
15
12 A3
Fig.12 Curveof dissolving time - deviatoric stress of
specimen A3 in the process of unloading dissolving test
01705 0011 g n
t flo,—03,1) —
0010}
Pr — R?=0.992 28
flo,—03, 0) 15 é 0.009
0.008
4L/h A3 0007y
Origin 0.006 |
f(o-l - 631 l) f(o-l - 63! pl) EXpDeCl 0.005 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
12 13 ' 4 6 8 10 12 14 16 18 20 22 24 26 28 30
/ MPa
13 A3

t=-0.683 2+1.149 6EXP| 21— %
10.836 84

p, =0.005 48+ 6.413 8x10“EXP| - 21~ %3_
13.646 92

17
16 17 15

Fig.13 Curve of outlet brine concentration-deviatoric
stress of specimen A3 in unloading dissolving test process

O=4Lh p,=0 r,=03cm a=

0.02 cm/min 18

A3 A 0,— 0,
14



647

A>

Ao

551

50

Aol cm?

30r

251

201

14
Ay

Fig.14 Reationship between effective solution area A2 and

10 15 20
/ MPa

A3

25

30

deviation stress of specimen A3 during the unloading test

Ao

12

A0 -4,
4, 4
As
14 17

19

19

D=

(1

(2

as

0.583 2”2 (4, - 4,)

{al-i-az exp[al_%]— pZ}Q—O.583 260%B 10 4

20

20

P-

20

WAWERSIK W R, STONE C M. A Characterization of
pressure records in inelastic rock demonstrated by
hydraulic ~ fracturing  measurements in  sdt[J].
International Journal of Rock M echanics and Mining
Science & Geomechanics Abstracts, 1989, 26(6): 613
627.
CHAN K S, MUNSON D E, BODNER SR F. Cleavage
and creep fracture of rock sdt[J]. Acta Material, 1996,
44(9): 3553  3565.

[J. , 2005, 24(24): 4409 4417.
YANG Chun-he, LIANG Wei-guo. Investigation on
possibility of energy storage in salt rock in ChinalJ].



648

2017

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

Chinese Journal of Rock Mechanics and Engineering,
2005, 24(24): 4409 4417.
[M].
, 2003.
WANG Qing-ming. Solution mining in salt depositgM].
Beijing: Chemical Industry Press, 2003.
DURIE R W, JESSEN F W. The influence of surface
features in the salt dissolution processJ]. Society of
Petroleum EngineersJournal, 1964, 4(3): 275 281
SABERIAN A. Cavity development in a three layer
bedded salt model. Solution mining Research Institute
file[R]. [S. 1.]: [s. n], 1977.
[J. ,1993, 16(2): 51 57.
XIAO Chang-fu, YANG You-kui, WU Gang, et a. The

dissolution characteristics of rock sat and mass

transmission processJ]. Journal of Chongging
Univerdity, 1993, 16(2): 51 57.
[J. , 2005, 36(6): 253 255.

XU Su-guo, LIANG Wei-guo, ZHAO Yang-sheng.
Experimental study on dissolution characteristics of
glauberite of rock salt[J]. Journal of Taiyuan University
of Technology, 2005, 36(6): 253 255.
: : [J.
, 2003, 34(3): 329 312.

LI Zhi-ping, ZHAO Yang-sheng. The experimental
research of the dissolution characteristics of rock salt[J].
Journal of Taiyuan University of Technology, 2003,
34(3): 329 312.

[J. , 2012, 35(9): 126  130.
JANG Devyi, WANG Chun-rong, REN Song, et a.
Experiments of the influencing factors on dissolution rate
of rock salt[J]. Journal of Chongqing University, 2012,
35(9): 126 130.

[J. , 2010, 29(4): 757

764.
QIAN Hai-tao, TAN Zhao-shuang, LI Shou-ding, et al.
Analysis of effect of stress on dissolution mechanism of
sdt rock[J]. Chinese Journal of Rock Mechanics and
Engineering, 2010, 29(4): 757 764.
BOSWORTH W. Strain-induced preferential dissolution
of halite[J]. Tectonophysics, 1981, 78: 509 525.

(13]

(14]

(19]

(16]

[17]

(18]

— [J.
, 2008, 27(2): 294 302.

TANG Yan-chun, ZHOU Hui, FENG Xiating, et a.
Anaysis of mesomechanical test of rock salt considering
coupled stress dissolving effects under uniaxial
compression[J]. Chinese Journal of Rock Mechanics
and Engineering, 2008, 27(2): 294 302.

[J. , 2008, 29(2): 296  302.
TANG Yan-chun, ZHOU Hui, FENG Xiating, et al.
Study of dissolving model under effect of stress for rock
sdt[J]. Rock and Soil Mechanics, 2008, 29(2): 296
302.

[J. , 2012, 33(6): 1601  1607.

TANG Yan-chun, FANG Jing-nian, ZHOU Hui.
Experimental study of rock salt dissolving characteristics
under triaxial stresg[J]. Rock and Soil Mechanics, 2012,
33(6): 1601  1607.

[J. (
39(7): 896  904.
QIAN Hai-tao, SUN Qiang, WANG Si-jing. Effects of

), 2014,

geo-stress on carbonate dissolution and karst evolution[J].
Journal of China University of Geosciences (Earth
Science), 2014, 39(7): 896  904.
: : [J.
, 2009, 30(12): 3569 3573.
JANG Devyi, CHEN Je. Experimental research on
acoustic and dissolved properties of stress damaged salt
rock[J]. Rock and Soil Mechanics, 2009, 30(12): 3569
3573.
[J. , 2011, 30(2):
289 295
REN Song, YANG Chun-he, JANG De-yi. Development
of a new triaxial testing machine with high temperature
for dissolution characteristics of sat rock and its
application[J]. Chinese Journal of Rock M echanics and
Engineering, 2011, 30(2): 289 295.

655



655

(6]

(7]

(8]

(9]

SU Hui, YANG Shi-fei, GU Guo-rong. Analysis of an
elastoplastic constitutive model of soil based on pressure
meter test[J]. Rock and Soil Mechanics, 2015, (Supp.1):
131 136.

: : [J.
,1977,5(12): 39 42
SHEN Guo-fu, SU Li-fan. The elasto-plastic computation
of frozen sidewall thicknesgJ]. Coal Science and

Technology, 1977, 5(12): 39 42.

[D].

, 2008.
WANG Jian-zhou. Research on the mechanical properties
of inhomogeneous thick frozen wall in deep alluvium[D].
Xuzhou: China University of Mining and Technology,
2008.
. [J.

, 1980, (2): 23 32
LIANG Hui-sheng. Analysis of elasto-plasticity of frozen
wall in shaft sinking[J]. Journal of China Coal Society,
1980, (2): 23 32

[J. , 2005, 35(10): 40
42,
WANG Ren-he, LI Dong-wei, WANG Xiu-xi. Calculating
frozen wall stress and displacement fields by Mohr-
Coulomb strength criterion[J]. Industrial Construction,
2005, 35(10): 40 42.

(19]

[20]

[J. , 2013, 34(4): 1025

1030.
JANG De-yi, SONG Shu-yi, REN Song, et a. Anaysis
of factors influencing rock salt dissolution rate under
triaxial stress effect[J]. Rock and Soil M echanics, 2013,
34(4): 1025 1030.

[J. , 2013, 36(9): 14 20.
SONG Shu-yi, JANG Deyi, REN Song, et 4.
Experiment analysis on dissolution characteristics of rock
sdt on the effect of triaxia stresgJ. Journal of
Chongqing University, 2013, 36(9): 14 20.

(10]

(11]

(12]

(13]

(21]

(22]

[J]. , 2001, 26(5): 507 511.

HU Xiang-dong. A mechanical model of interaction of
frozen soil wall and surrounding earth mass in unload
state]J]. Journal of China Coal Society, 2001, 26(5):
507 511.

[J. ,2013,1: 175 180.
YANG Wei-hao, YANG Zhi-jiang, BO Dong-liang. Elastic-
plastic design theory of frozen soil wall based on
interaction between frozen wall and surrounding rock[J].
Chinese Journal of Geotechnical Engineering, 2013, 1:
175 180.

[J. , 2013, 34( 1): 247
251,

ZHOU Xiao-Min, GUAN Huadong, LUO Xiao-qing,

et al. Comparative study of elastic design theories of

of shaft[J]. Rock and Soil

M echanics, 2013, 34(Supp.1): 247 251

circular frozen wal

[J. , 2009, 34(9): 1174
1178.
ZHOU Xiao-min, CHEN Jan-hua, LUO Xiao-qing.
Research on the preliminary thickness design of shaft
lining in porous aquifer[J]. Journal of China Coal
Society, 2009, 34(9): 1174 1178.

[D].
, 2003.

ZHAO Zhi-cheng. Theory of fluid transportation and
configuration development in solution mining cavern for
underground gas storage[D]. Hebei: Institute of Porous
Flow and Fluid Mechanics, Chinese Academy of Sciences,
2003.

[D].

,2009: 35 39.

WANG  Chun-rong.
influencing factors on dissolution rate of rock sat[D].
Chongging: Chongging University, 2009: 35  39.

Experimental study of the



