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Abstract

In solution mining of salt formations, unreasonable salt cavities formed may lead to surface collapse hazards. In this paper,
a mathematical model was proposed to analyze the collapse mechanism of the overlying strata above a salt cavern induced
by solution mining with double-well convection. In the proposed model, the collapses of the overlying strata were supposed
to occur layer by layer, and a thin plate with four edges clamped was introduced to calculate the critical collapse span of
each layer. The limit breaking distance of the thin plate can be solved by setting the corresponding surrounding condition.
According to the solution, the limit breaking distance is related to the dimensions, the mechanical properties of the rock, the
buried depth, and the force status. For the convenience of calculation, a span criterion was introduced to distinguish the limit
breaking distance. To keep the immediate roof more stable, the span criterion should be larger. As a case study, the collapse
incidents at Dongxing Salt Mine were analyzed by the proposed model, and the collapses were verified to be inevitable
under its mining and geological conditions. Discussions were finally carried out to study the influences of the thickness of
the immediate roof, tension strength, Poisson ratio, and buried depth on the collapses. Above all, the collapses will occur
more easily with the decrease of the thickness, tension strength, and Poisson ratio of each stratum. Especially, the collapse
depth will not increase linearly with the buried depth, because of the bulking effect of the overlying strata.

Keywords Collapse of the overlying strata - Solution mining - Double-well convection - Thin plate model - Limit breaking
distance

Introduction

Solution mining is the process of extracting soluble miner-
als (Johnson 1998, 2005, 2008), such as salt or potash. The
method includes single-well convection and double-well
convection. Thereinto, double-well convection (Fig. 1) is
used widely because of its large production capacity and
improvement of the recovery rate, especially in bedded salt

P< Guimin Zhang
zhangguimin08 @mails.ucas.ac.cn

State Key Laboratory for Geomechanics and Deep
Underground Engineering, School of Mechanics and Civil
Engineering, China University of Mining and Technology,
Xuzhou 221116, Jiangsu, China

Geological Exploration Technology Institute of Anhui
Province, Hefei 233031, Anhui, China

State Key Laboratory of Geomechanics and Geotechnical
Engineering, Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences, Wuhan 430071, Hubei, China

formations. Solution mining of bedded salt formations or
salt domes typically entails creating one or several large
underground cavities that are filled with brine (Shi et al.
2015). The dimensions of cavities are based largely on the
thickness of the salt and the buried depth of the cavity. At
some sites, the cavity becomes unreasonable, and the over-
lying strata above the cavity collapse unfortunately. In the
USA, four well-documented collapses that resulted from
solution mining are Cargill sink (Kansas), Grand Saline
sink (Texas), Grosse Ile (Michigan), and Tully Valley (New
York) (Johnson 2005, 2008). In France, surface subsidence
above salt caverns were reported at Cerville—Buissoncourt
(Karimi-Jafari et al. 2008; Contrucci et al. 2011), the SG4-5
collapse at Gellenoncourt (Buffet 1998) and the LR51 col-
lapse at La Rape (Jeanneau 2005). In Italy, catastrophic sink-
holes, with serious environmental consequences, occurred in
the 1980s during salt mining in Calabria (Iovine and Parise
2008), and more recently in Piedmont (Vigna et al. 2010).
Similar situations have been also registered in other Euro-
pean countries, as at Tuzla, Bosnia Herzegovina (Mancini
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Fig.1 Solution mining with double-well convection

et al. 2009), and in Romania (Mesescu 2011). Surface col-
lapse hazards induced by solution mining have happened
in many places of China, such as Dongxing (Anhui) (Qiu
2011), Huichang (Jiangxi) (Long and Lin 2011), Yingcheng
(Hubei) (Yu 1998a, b), and Xinli (Hunan) (Fan and Li 2008;
Li et al. 2008, 2009). In these places of China, the salt for-
mations are mostly bedded salt formations (Li et al. 2014;
Zhang et al. 2014, 2015a). The surface collapse may destroy
houses, roads and other infrastructures, and pollute the land
and water, which has become one of the important factors
affecting the safe mining of salt formations.

Surface collapse can develop within days and with little
advance warning (Dahm et al. 2011; Gutierrez et al. 2014).
For developing early-warning systems and/or remediation
schemes from such information, it is important to under-
stand the structural development of gravitational overburden
collapses. An intrinsic problem is that this mostly occurs
underground and so cannot be directly observed (Parise and
Lollino 2011; Parise 2015). Consequently, many research-
ers have turned to analytical, analog and numerical col-
lapse simulations. Analog models (Poppe et al. 2014; Ge
and Jackson 1998) readily simulate such large discontinu-
ous strains in a three-dimensionally complete way. Most
analog modeling studies have explored the general struc-
tural geometry and kinematics of collapse. However, specific
collapse dimensions and conditions still cannot be obtained
or inferred because of the similarity of the analog models.
Two analytical models (Bérest 2016) have been promoted to
explain the creation of sinkholes above salt caverns: “piston”
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model and “hour glass” model. However, it is not accurate
that the collapse rocks are treated as a whole vertical cylin-
der and shear failure happens along the cylinder edge in the
mechanical interpretation of the “piston” model, because the
overlying strata or caprock should collapse layer by layer.
Numerical simulation and theoretical analysis was carried
out by Li et al. (2008, 2009) and Fan and Li (2008), and the
stability of the immediate roof was considered to be one of
the key factors to prevent the surface collapse. The ground
movement law of the roof in solution mining of rock salt
was studied by Liu et al. (1999), and a probability integral
prediction formula for calculating subsidence anywhere in
the overburden layer was deduced. Considering the sedi-
mentary characteristics of bedded salt formations, the col-
lapse of overlying strata and the surface subsidence would
exhibit strongly stratified characteristics (Ren 2005; Ren
et al. 2007), and thus a new 3D probability integral method
was developed (Ren et al. 2009). However, the probability
integral method was only suitable for the slow subsidence
but not suitable for surface collapse accidents.

In view that the surface subsidence and collapse are
related to the roof above a salt cavern, the stability of roof
has been analyzed through beam model (Bauer et al. 1998;
Michael and Maurice 2002; Liu et al. 2007) and circular
plate model (Jiang et al. 2005; Bekendam and Paar 2002).
For example, Bauer et al. (1998) studied the roof stabil-
ity of long horizontal leached caverns in bedded rock salt
formations and built a cantilever beam model to calculate
the stresses in an interlayer. They thought shear and ten-
sile failure were the main reasons causing roof instability.
Michael and Maurice (2002) simplified the interlayer at
the cavern roof as a composite beam structure to deter-
mine the minimum operating pressure, and also studied the
deformation and stress of the composite beam structure.
Based on the catastrophe theory and simply supported
beam model, dynamic balance process and instability pro-
cess of cavern roof were studied by Liu et al. (2007), and
the influencing factor was also analyzed. The stability of
single cavern roof was studied by Jiang et al. (2005) with
cusp catastrophe model of large deformation circular plate
with fixed supports. The necessary conditions of instabil-
ity are deduced. Considering the level stress contributed
under the weight of strata and geological construction, the
cusp catastrophe of the connected well roof is analyzed
with the cusp catastrophe model of beam model. Beken-
dam and Paar (2002) researched the mechanism of roof
collapse by circular plate theory, listed several possible
collapse modes, discussed the influences of brine removal
on the ground subsidence, and listed several failure modes
of interlayers serving as the cavern roof, such as tensile
failure, shear failure, crushing rupture, and plastic yield.
As a matter of fact, the circular plate model is only suitable
for the salt cavities by single-well convection. Moreover,
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the beam model is not so in conformity with the plate
shape of the immediate roof by double-well convection.

In this paper, a new mathematical model was proposed
to analyze the collapse mechanism of the overlying strata
above a salt cavern induced by solution mining with dou-
ble-well convection. In the model, the collapse of overly-
ing strata was supposed to have happened layer by layer,
and a thin plate with four edges clamped was introduced to
calculate the critical collapse span of the current immedi-
ate roof. The limit breaking distance of the thin plate was
solved by setting the corresponding surrounding condition.
As a case study, the surface collapses at Dongxing Salt
Mine were introduced to verify the proposed model under
its mining and geological conditions. Using the proposed
model, discussions were also carried out to study the
influences of the thickness of the immediate roof, tension
strength, Poisson ratio, and buried depth on the collapse
of the overlying strata.

Methodology

Generally, the overlying strata are sedimentary strata and
deposited layer by layer. Under the action of brine and
crustal stress, the current immediate roof may produce
fractures and collapse during or after the solution mining.
As the collapsed roof drops to the bottom of the cavity,
the brine is squeezed into the upper newly formed space,
and then the adjacent upper stratum becomes the immedi-
ate roof (Fig. 2). In turn, each layer of the overlying strata
may become the immediate roof and ultimately collapse
under the influence of brine and crustal stress. When the
top stratum collapses, surface subsidence or collapse acci-
dent happens, and the brine may reach the ground surface
and even form a lake (Johnson 2005, 2008; Gutiérrez et al.
2008). Therefore, it is especially necessary to propose a

Fig.2 Evolution of the immediate roof

mechanical model to research the collapse mechanism of
the immediate roof.

Mechanical model

For solution mining with double-well convection, the dimen-
sion of the immediate roof is determined by two mining
parameters. One parameter is the solution radius of single
well and the other is the well spacing between injection well
and recovery well. With the progress of solution mining, the
exposed area of cavern roof continues to expand. When the
roof reaches a certain dimension, it starts to collapse due to
lack of stability. Supposing that the collapse dimension of a
specific roof is an inherent attribute, if the length of the roof
is known, the limit breaking width should be calculated; if
the width is known, the limit breaking length should also be
calculated. In this paper, the thin plate model is introduced to
calculate the limit breaking distance (length or width) for the
immediate roof.

Thin plate model for the immediate roof

Assuming that the current immediate roof is a thin plate with
four edges clamped, as shown in Fig. 3. In the figure, a indi-
cates the length of the salt cavern, while b indicates the width.
The length a and width b can be calculated as follows:

a=d+2r, (1)

b =2r, @

(a) Vetical view

,,,,,,,,,,,,,,,,,,,,,,,, |

z
(b) Side view

Fig. 3 Mechanical model of the cavern roof
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where d is the well spacing between the injection well and
the recovery well, m; and r is the solution radius of single
well, m.

In the vertical direction, the roof is affected by the uni-
formly distributed load ¢, which is the difference between
the vertical crustal stress g, and the brine pressure g, as
shown in Fig. 3b. The vertical crustal stress g, is caused by
the overlying strata and its own gravity, and its direction
is perpendicular to the horizontal plane and points to the
center of the earth. The pressure of brine g, is imposed on
the bottom surface of the immediate roof, and the direction
is perpendicular to the immediate roof. The uniformly dis-
tributed load ¢ can be calculated as follows:

9= 40— qw = (ra — r)H, A3)
where y, indicates the average unit weight of the overlying
strata, 2.3 x 10° kg/m? (Zhang et al. 2015a, b, 2017); y,, indi-
cates the unit weight of the brine, 1.2 x 10° kg/m® (Zhang
et al. 2015b); and H indicates the buried depth of the current
immediate roof, m.

In particular, Eq. (3) is based on the following condi-
tion: the cavity is full when the collapse of immediate roof
occurs. Undeniably, there may be other situations. For exam-
ple, as the immediate roof collapses, the brine enters in the
newly formed fissures, pores or holes, which may induce
the cavity to be not completely filled. As a result, voids may
develop between the current roof and brine. Under this con-
dition, the bottom of the current roof will lack the support
of brine, namely the g, in Eq. (3) no longer exists. In short,
Eq. (3) cannot summarize the collapse of immediate roof
without brine support. However, if the current roof is shal-
low enough, the groundwater may flow into the upward cav-
ity and mix with the brine, and then Eq. (3) becomes valid
again. According to the site record (Qiu 2011), during the
collapse process of Dingyuan Salt Mine, a column of brine
came out from the wellhead. The column was primarily a
few meters in height and slowly decreased with time until it
was difficult to be observed. This indirectly explains that the
brine was always filled inside the cavity during the surface
collapses of Dingyuan Salt Mine, namely brine pressure (q,,)
was not equal to zero. Therefore, Eq. (3) meets the situation
of Dingyuan Salt Mine and can be used to solve the collapse
problems at Dingyuan and similar cases, such as Hutchin-
son, Kansas (Waltham et al. 2005) and Wink Sink 1#, Texas
(Johnson 2008).

Solution of the thin plate model

According to Marcus reduction algorithm (Qian et al. 2010),
a thin plate with four edges clamped can be divided into a
series of beams. In the center, the plate is treated as the cross
beams. When the immediate roof is at the limit suspended
state, the bending moment is negative at the four clamped
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Fig.5 “O-X” failure mode of the immediate roof (the red lines indi-
cate the fractures at the top of the roof, while the blue ones are at the
bottom)

edges and positive at the center of the plate (Fig. 4). The
maximum negative bending moment (#,) is at the center
of the long side, while the maximum positive () is at the
center of the plate.

The values of M, and M, can be calculated according to
the Marcus modified solution:

_A=@U+pb/a)

M, = b,
12[1 + (b/a)"] @

a

(a- M2)<§>2[M + 4
12[1 + (9)4]

where u is the Poisson ratio.

For sedimentary rock, the tension strength is gener-
ally 1/4-1/25 times as much as the uniaxial compressive
strength, with an average of 1/10 (Cai et al. 2002). In view
that the tension strength of sedimentary rock is very low, it is
necessary to avoid it from experiencing tension stress. Once
the rock reaches its tension strength, the failure will occur.
According to the thin plate theory, the maximum value of
the absolute value of the bending moment locates at the mid-
point of the upper long edges, and thus tensile fractures will

M, =

C

xqa’, )
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first occur here (Fig. 5a). Then tensile fractures will occur
at the midpoint of the upper short sides (Fig. 5b). Once the
upper fractures link to each other and form an “O” shape, the
bending moment at the center of the plate’s bottom reaches
the maximum (Fig. 5¢). The tension stress at the plate’s
bottom may exceed the tension strength. Then cracks will
generate gradually, link to each other, and finally form an
“X” shape failure zones, as shown in Fig. 5d. Moreover, the
profile of the tensile cracks at the top looks like a “V,” while
that at the bottom looks like a “A”. In China, it is famously
known as “O-X fracture” and verified by site observation
and model material tests of coal roof by longwall mining
(Wang and Qian 1989; Qian and He 1991; Qian and Xu
1998; Qian et al. 2010; Liu et al. 2015). In the collapse cases
of Dingyuan Salt Mine, the shape and force characteristics
of the immediate roof formed by solution mining with dou-
ble-well convection are similar to the coal roof by longwall
mining, so the “O-X fracture” is introduced to analyze the
Dingyuan collapse hazards.

According to the maximum tensile stress strength crite-
rion (Eq. 6), local tensile failure will happen, if the abso-
lute value of maximum principal stress o, reaches tension
strength o,.

o) =0y (6)
where o, indicates the maximum principal stress, MPa; and
o, indicates the tension strength, MPa.

As to a beam with unit width in the immediate roof, local
tensile failure will occur if the bending moment M, reaches
the tension strength, as shown in the following equation:

h%o,
M, = —, )
where h indicates the thickness of the immediate roof, m.

Substituting Eq. (7) into Eq. (4), a relationship between
the width () and length (a) can be obtained when the roof
is suffered from local tensile failure. As mentioned above,
if the length of the roof is known, a limit breaking width of
the roof can be calculated. In this paper, the width of the
roof (b) is defined as the limit breaking distance (b). It can
be obtained from the following equation:

QS
S——
o~

w e 1+(

1= 42 N2
M q 1+”<§)

According to Eq. (8), the limit breaking distance of the
thin plate is related to the dimensions (the length a and the
thickness /), the mechanical properties of the rock (the ten-
sion strength o, and the Poisson ratio u), the buried depth (H,
which affects the distributed load ¢) and the force status (the

b= ®)

distributed load ¢g). In addition, a span criterion [, is intro-
duced as Eq. (9). Especially, when a— o0, the limit breaking
distance b is equal to the span criterion /,,. Namely, [, is the
limit distance of infinite strip with four sides clamped:

h 20
m= T —, ©
l—p q

l

where [ is the span criterion of the limit breaking distance,
which is only related to the properties (o, i, u and g) of the
immediate roof, m.

Correspondingly, a new symbol @ is introduced to represent
the remaining part of the limit breaking distance b, shown as
follows:

10)

For the convenience of calculation, the limit breaking dis-

tance b can be obtained as follows, where u ( S) is ignored.

ay/ 2 (U <a< V2L,
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Fig.6 The changing trend of limit breaking distance b along with the
length a
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Equation (11) can be figured out using the mathemati-
cal software MATLAB, as shown in Fig. 6. In the figure,
the shaded region figures out the necessary condition for
a roof to remain stable. Some laws can also be obtained
as follows:

1. if li > 4/2, the limit breaking distance b will be tending

to the span criterion /,,. Under this condition, as long as
the cavern width b is less than limit breaking distance b,
the roof will remain stable. In view that the cavern width
b is smaller than length a, the condition in which the
immediate roof keeps stable is as follows:

a* —y/a* —4lm4, and li > \/5;

i (12)
2. if li = lﬂ = 4/2, the length a is equal to the width b,

m

b<b=

21

namely the well spacing d is zero. As a matter of fact,
this condition belongs to the single—well convection, and
the shape of roof is not a rectangle but a circle. The
condition in which the roof does not break is as follows:

b<b=a=12, (13)
3. ifli < V2, thenlé > \/5 Under this condition, the limit

breaking distance b is larger than the cavern length a.
Because the width b is throughout no more than the
length a, the cavern roof will remain stable and does not
break.

Based on the above analysis, the whole limit breaking
condition for the roof to keep stable can be calculated as
Eqgs. (12 and 13). It can be easily inferred that the bigger
the length a is, the easier the stratum will collapse. From
Eq. (1), the length a is the sum of the solution radius r
and the well spacing d, and the width b is two times of
the radius r. Because the solution radius r is believed to
be a constant (40 m) due to the limitation of technical
level in China, the length of the roof « is related to the
well spacing d linearly, while the width b can be regarded
as a constant. Therefore, to keep the roof stable, the well
spacing between the injection well and the recovery well
d should not be larger than the threshold value inferred
from the above equations.

In addition, the limit breaking distance (b) is in direct
proportion to the span criterion [, from Eqgs. (8) and (9).
To keep the immediate roof more stable, the limit break-
ing distance (b) should be larger, namely the span crite-
rion [, should be larger.

@ Springer

Mechanical properties of the overlying strata

To apply the above mechanical model, the geological
and mechanical properties (the thickness /4, the depth H,
the Poisson ratio u, and the tension strength o,) should
be obtained in advance. Respectively, the thickness 4 and
the depth H can be obtained from the drilling data, the
Poisson ratio u can be obtained by uniaxial compressive
tests, and the tension strength o, can be got by Brazilian
splitting tests.

The uniaxial compressive and Brazilian splitting tests
should comply with the ISRM-suggested methods for rock
characterization, testing and monitoring (Ulusay 2014).
According to the suggested methods, five samples are
needed for each test. To ensure the similarity of the rock
samples as much as possible, samples with almost the
same content of impurity and without cracks need to be
selected. Under uniaxial compressive test, u is a constant
in the elastic deformation phase and can be calculated as
follows:

€3
&

, 14)

where & is the axial strain; &5 is the radial strain.

In Brazilian splitting test, a concentrated load is applied
along the diameter of the specimen, and the specimen may
be cracked along the diameter direction. The formula for
determining the tensile strength of rock is as follows (Cai
et al. 2002):

2P
%= P’ (15)
where o, indicates the tensile strength of rock, MPa; P is the
maximum force applied on the specimen when the splitting
failure occurs, N; D is the diameter of the rock specimen, m;
L is the thickness of the specimen, m.

Overall view of the research

In the following text, three surface collapses at Dongx-
ing Salt Mine are introduced as a case study to verify the
proposed model. First, some necessary conditions are
presented, including the geology and mining method, the
detailed collapsed process and related geophysical sur-
vey. Second, the limit breaking distance b and the span
criterion /[, for each layer of the overlying strata will be
calculated by the proposed model to analyze the collapse
incidents. Finally, discussions will be also carried out to
study the influences of the thickness of the immediate roof,
tension strength, Poisson ratio, and buried depth on the
collapse of the overlying strata.
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Dongxing salt mine
Location, geology and mining method

Rich resources of rock salt and Glauber’s salt are buried in
the underground of Dingyuan County, China. China Salt
Dongxing Salt Chemical Co., Ltd (CNSIC) is one of the
biggest salt miners in Dingyuan, which is located at the
Dingyuan-Luqgiao sub-depression. The geologic ages of
strata distributed are mainly Cenozoic Eogene System (E)
and Quaternary System (Q). The north and south sides
of the basin are both EW faults. Dongxing Salt Mine is
located at the graben structure formed, as shown in Fig. 7.
From the geological ichnography of Dingyuan Salt Mine,
the overlying strata of the mining area should be intact,
although there may be some primary cracks. The whole

shape of ore bodies is an irregular oval, whose long axial
direction strikes from east to west with a length of about
8500 m and a width of about 2390 m, as shown in Fig. 7a.
The total area reaches about 14.4 km?. The widely distrib-
uted outcropping stratum belongs to Qiju Group of Late
Pleistocene Series (Qp3q). The lithologies of Qp3q are
mainly silty clay and sandy clay, with an average thickness
of about 20-30 m. Below the Qp3q is the thick Eogene
Tujinshan Group (E,t). The main lithologies of E,t are
sandstone, mudstone, salt formations and gypsum mud-
stone, with a total thickness up to 1100 m, as shown in
Figs. 7b and 8.

According to Fig. 7b, the sedimentary region of rock salts
is a basin or trough. The buried depth is deep at the middle,
while the side is shallow. In the whole basin, the rock salts
are buried continuously at depth 300—600 m. The total thick-
ness is generally 60—160 m and the maximum thickness is up
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Fig.7 Geological sketch of rock salt in Dingyuan Salt Mine
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Fig.8 Stratigraphic column of Dongxing Salt Mine

to 200 m at the center of the basin. Generally, the thickness
of a single salt layer is 1-5 m and the thickest (at the middle
of the basin) is about 10 m.

The mining of Dongxing Salt Mine lasted for 30 years.
The original mining method was the single-well convection.
Because of low recovery rate and low production capacity,
the single-well convection has more and more limitations.
To improve the efficiency of mining, solution mining with
double-well convection was adopted to replace the single-
well convection.

The three collapse incidents
On 10 April 2012, the third collapse sinkhole happened at
Dongxing Salt Mine (Zhang et al. 2015c), following the first

one which occurred on 14 December 2005, and the second
one that took place on 25 March 2006 (Zhang and Wang
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2010). Three mining wells (#7, #34 and #8) fell into the
sinkhole in the first collapse, while, respectively, two mining
wells (#3 and #24 in the second one, #z1 and #x1 in the third
one) fell into each of the other two sinkholes. The three col-
lapse sinkholes in Dongxing Salt Mine are hazards induced
by human activities. The outline of the first sinkhole in the
overlying strata is shown in Fig. 9. From the figure, the col-
lapsed body is almost a vertical cylinder, and the collapses
wall is steep.

In fact, immediately after the first collapse, geophysical
explorations were carried out by the Geological Explora-
tion Technology Institute of Anhui Province to provide
temporary safety forecasts for the nearby villagers (Zhang
and Wang 2010). The high-density resistivity method was
first used to detect whether there was a cavity in the under-
ground within — 100 m at the whole salt mine. Second, the
integrity of the anhydrite roof was used to identify whether
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Fig. 12 Result interpretation of the second sinkhole

there could be a risk of collapse or not. Once the anhydrite
roof is destroyed, the cavity may reach a larger scale, and the
possibility of failures will increase. Third, the four-dimen-
sional seismic exploration (3D +time) was further carried
out to monitor whether the cavities are abnormal or not in
the entire mining area (Fig. 10). If a cavity develops con-
tinuously upward, the implemented “+” or “#” monitoring
should be carried out to track its development.

Through the analysis of the seismic exploration data,
an abnormal cavity (Figs. 11, 12) was found on 12 Janu-
ary 2006. Then, an extensive tracking and monitoring

@ Springer

Fig. 13 Collapse of the overlying strata layer by layer

was implemented, and after 73 days the second collapse
occurred. Another abnormal cavity was found on Novem-
ber 2011 (Zhang et al. 2015¢c). After 97 days’ tracking and
monitoring, the third collapse happened at 14:00 on 10 April
2012. According to the tracking and monitoring data, the
whole collapse was inferred to have happened step by step,
namely the overlying strata should be dropped down layer
by layer (Fig. 13).
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Results and discussion
Collapse analysis of Dongxing Salt Mine

In Dongxing Salt Mine, the thickness of each stratum above
salt formations is generally 4—15 m (Fig. 8). In view of the
technical level of solution mining in China, the maximum
solution radius is 40 m for a single well. Supposing that the
solution radius r is 40 m, the width of the immediate roof
will be a constant 80 m. In addition, the length of the imme-
diate roof is approximately 120-340 m by double-well con-
vection. For each overlying stratum, the ratio of the thickness
and the width lies mostly between 1/5-1/20. Therefore, no
matter which one of the overlying strata becomes the cur-
rent immediate roof, it can be seen as a thin plate with four
edges clamped.

According to Egs. (8) and (9), to keep an overlying stra-
tum more stable, the span criterion /, should be larger. In
other words, the smaller the span criterion [, the worse
the stability of the immediate roof. To calculate the span
criterion [, the thickness 4 and the depth H, the Poisson
ratio i, and the tension strength o, were obtained from the
previous geological and mechanical data (Fig. 14) by the
China Salt Dongxing Salt Chemical Co., Ltd (CNSIC) and
the Geological Exploration Technology Institute of Anhui
Province (Zhang and Wang 2010, 2015c).

Table 1 lists the calculated collapse parameters, akin to
the span criterion [, the ratio zi and the limit breaking dis-

tance b. If the finally calculated limit breaking distance p is
lower than the width of the immediate roof (80 m), the
immediate roof can be believed to be collapsed inevitably.
From Table 1, most of the limit breaking distances of the
overlying stratum are far shorter than 80 m, except the upper

Stress (MPa)

—— Axial strain
—=— Radial strain
Mudstone
&
-3 2 -1 0 1 2 3

Strain (%)

Fig. 14 Typical stress—strain curve under the uniaxial compressive
test

grit stone and sandy Conglomerate in Member 5 of Dingy-
uan Formation. It means that most of the overlying stratum
will be collapsed according to the proposed model when
they are exposed as the immediate roof. However, the above
analysis is based on the knowledge that the mechanical
parameters of the strata are constant. As a matter of fact, the
mechanical parameters of the rock will become weaker and
weaker under the action of brine, which will finally result in
the instability of the roof. In addition, there may be some
primary fractures in the stratum. These primary fractures
may also result in the instability of the roof. However, the
exact distributions and dimensions of these fractures are dif-
ficult to be obtained, and then the weakness effect of the
primary fractures on the strata is also difficult to quantify at
present. So the influence of the primary fractures was not
considered in the present study. The weakness of the above
two strata under the immersion of brine will be explained in
the following text.

As a special case, the upper grit stone has the biggest the
span criterion /,,, which is up to 119.03. Correspondingly,
the ratio li lies in the range li < \/E Under this condition,

the limit breaking distance b is far larger than the cavern
length (a). In view that the width b is throughout less than
the length a, the limit breaking distance b is certainly larger
than the cavern width (b). According to the above analysis,
the upper grit stone will remain stable when it is exposed as
the cavern roof. In addition, the limit breaking distance bof
the sandy Conglomerate is equal to 96.39, which is also
larger than the width of the salt cavern. It means that the
sandy Conglomerate will also remain stable and does not
collapse under normal circumstances.

Actually, all of the overlying strata were collapsed in
the three incidents, including both the upper grit stone and
the sandy Conglomerate in Member 5 of Dingyuan For-
mation. The reason may be that the mechanical properties
of the above two strata became weaker and weaker under
the immersion of the brine. Generally, the saturation brine
is only saturated with halite (NaCl). As regards the other
soluble salt, they can still be dissolved in halite-saturated
brine. Therefore, under the immersion of brine, the soluble
components in the immediate roof are first dissolved. After
a long time of immersion in brine, the strong stratum will
become weaker and weaker. Finally, the overall structure
of the stratum will lose its integrity and lead to its collapse
inevitably. According to the above analysis, the immersion
of brine will introduce huge impact on the adjacent strata,
especially on those directly above the cavity. Therefore, cer-
tain salt formations above salt cavity should not be mined in
engineering practice. As a protection, this layer can be used
for preventing upward movement of brine.

To analyze when the grit stone will produce tensile
crack under the immersion of brine, the tension strength
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Table 1 Geological and

. Lithology H(m) h(m) o,(MPa) pu [y(m) £ b (m)
mechanical parameters of I
::t;.el:c(l)l\l/szl:)(/l ifclilﬁrata and the 1 Sandy clay 150 30 0.10 027 3563 337 3577
PSC PATAMELETS 5 Grit stone 375 15 1000 035 11903 101 /
3 Silty mudstone 520 14 5.00 0.30 64.33 1.87 6747
4 Calcareous mudstone 645 11 6.00 0.27 48.80 246 4950
5 Sandy conglomerate 710 14 10.00 0.40 80.99 1.48  96.39
6 Mudstone 895 11 2.00 0.25 23.65 5.07 23.67
7 Calcareous mudstone 100.5 11 6.00 0.27 39.09 3.07 3932
8 Grit stone 110.5 9 10.00 0.35 41.60 2.88 4192
9 Gypsiferous mudstone 120.0 10 4.00 0.29 26.88 446  26.92
10 Grit stone 127.5 5 10.00 0.35 21.52 558 21.53
11 Silty mudstone 1345 5.00 0.30 25.71 4.67 25.74
12 Mudstone 1440 10 2.00 0.25 16.95 7.08 16.96
13 Silty mudstone 1540 10 5.00 0.30 26.70 449 26.74
14 Siltstone 163.0 8 8.00 0.32 26.62 451  26.66
15 Silty mudstone 1735 13 5.00 0.30 32.70 3.67 32.80
16 Siltstone 1870 14 8.00 0.32 43.50 276 43.89
17 Mudstone 198.0 8 2.00 0.25 11.56 1038 11.57
18 Siltstone 206.0 8 8.00 0.32 23.68 5.07 2370
19 Mudstone 214.5 9 2.00 0.25 12.50 9.60 12.50
20 Grit stone 223.0 8 10.00 0.35 26.03 4.61 26.06
21 Silty mudstone 231.0 8 5.00 0.30 17.44 6.88 17.45
22 Calcareous mudstone 2425 15 6.00 0.27 34.32 350 34.44
23 Silty mudstone 254.5 9 5.00 0.30 18.69 6.42 18.70
24 Argillaceous sandstone 263.5 9 6 0.28 19.87 6.04 19.88
25 Calcareous mudstone 272.5 9 6.00 0.27 19.42 6.18 19.43
26  Mudstone 2840 14 2.00 0.25 16.90 7.10 16.90
27 Silty mudstone 296.0 10 5.00 0.30 19.26 6.23 19.27
28 Sandy conglomerate 305.0 8 10.00 0.40 23.25 5.16 2327
29  Gypsiferous mudstone 3155 13 4.00 0.29 21.55 557 21.56
30 Gypsiferous mudstone with sand ~ 328.5 13 6.00 0.31 26.21 458 26.24
31 Gypsiferous mudstone 339.0 4.00 0.29 12.79 9.38 12.80
32 Silty mudstone 347.0 5.00 0.30 14.23 843 14.23
33 Mudstone 3535 2.00 0.25 541 2218 541
34 Argillaceous sandstone 358.0 4 6 0.28 7.58 15.84 7.58
35 Gypsiferous mudstone 365.0 10 4.00 0.29 1541 7.79 1542
36 Argillaceous Glauber’s salt 3770 14 6 0.34 26.93 446 2697

was supposed to be gradually decreased from 10 to 1 MPa.
With all other parameters as in Table 1, the influence of
tension strength o, on the span criterion /, was analyzed.
Substituting the specific values of the tension strength into
Eq. 9, a curve (Fig. 15) can be drawn about the influence of
the tension strength o, on the dimensionless number /. As
shown in Fig. 15, the span criterion [, decreases gradually
from 119.03 to 37.64 m, as the tension strength o, decreases.

The influence of tension strength o, on the limit break-
ing distance b is shown in Table 2. From the table, the limit
breaking distance b decreases with the decrease of the tension
strength o,. Especially, when the tension strength o, is equal to
4.0 MPa, the limit breaking distance b reaches 83.74 m. That

@ Springer

is, the immediate roof will produce tension fracture and finally
collapse. Above all, the weakness of tension strength o, will
finally result in the collapse of the strong stratum.

According to the above analysis, under the double-well
convection, the surface collapse of Dongxing Salt Mine is
inevitable because of its specific geological condition and the
immersion of brine.
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Table 2 Influence of tension strength on the limit breaking distance

Tension Dimensionless ~ Ratio £  Limit breaking
strength o, number [ (m) distance b (m)
(MPa)

1 10.00 119.03 1.01 /

2 8.00 106.46 1.13 /

3 6.00 92.20 1.30 /

4 4.00 75.28 1.59 83.74

5 2.00 53.23 2.25 54.35

6 1.00 37.64 3.19 37.83

Discussion

The span criterion |,

From the proposed model, the collapse of the immediate
roof is related to the span criterion /. To keep the immedi-
ate roof more stable, its span criterion [, should be larger.
Especially, some important conclusions and meaningful sug-
gestions inferred from Eq. 9 are drawn as follows:

1. The span criterion [/, is linear to the thickness & of
the immediate roof. In detail, if the immediate roof
is thicker, the span criterion [, will be bigger, which
means that the collapse of the roof will be harder. In
other words, if there are many thin layers in the overly-
ing strata, the surface collapse would occur much easily.
Therefore, reasonable position of the solution mining
should be selected to avoid the presence of many thin
layers directly above the cavity.

2. The span criterion [, is in direct proportion to the square
root of the tension strength o,. If the tension strength o,

of the immediate roof is higher, the span criterion /, will
be bigger correspondingly, and then the roof will col-
lapse harder. Conversely, the smaller the tension strength
o, is, the easier the collapse of the overlying strata will
be. However, there are more or less soluble components
in each stratum. Under the immersion of brine, the solu-
tion of the soluble components will lead to the reduc-
tion of the tension strength of the stratum, which finally
enlarged the collapse possibility.

As regards the protection, a certain thickness of salt
formations above the salt cavity should not be mined to
prevent the dissolution upward. Especially, for a rock salt
protection in the shape of plate in Dongxing Salt Mine,
the thickness should be more than 30 m according to the
above calculation model, if the tensile strength of integral
rock salt is 6 MPa and the Poisson ratio is 0.40. How-
ever, the real lower surface of the salt protection is not
a plane but an arch, which can greatly enhance its own
stability. Therefore, the actual thickness of the salt protec-
tion needed is much thinner than 30 m. Besides, specific
issues still need to be specifically analyzed because the
limit breaking distance is not only related to the mechani-
cal properties of the rock but also related to the dimen-
sions, the buried depth, and the force status.

As further assistance in preventing any undesirable
upward solution of the salt formation, an oil pad or blan-
ket should be introduced and maintained to float on top of
the brine throughout the operation. For this purpose, oil
can be simply added in proper proportion to the solvating
liquid as the latter is furnished.

3. As the Poisson ratio u increases, the span criterion /
will increase gradually. Considering that the Poisson
ratio u only changes in a small range, its influence on
the span criterion is not so obvious as the thickness &
and the tension strength o,.

In addition, combined with Egs. (9) and (3), if the bur-
ied depth H is larger, the span criterion /,, will be smaller
conversely. It means that the deeper the immediate roof
is buried, the easier it collapses. In another way, to keep
it more stable, the roof should be buried not too deep.
However, the real collapsed Salt Mines are mostly buried
above 600 m, such as Dongxing Salt Mine (400-600 m)
(Qiu 2011), Huichang Salt Mine (500 m) (Long and Lin
2011), and Yingcheng Salt Mine (500 m) (Yu 1998a, b).
That is, the surface collapse incidents might not occur
when the salt caverns are buried deep enough, which will
be discussed in the following text.
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The buried depth

In fact, after collapsing, the crushing overlying strata will
occupy a larger volume than their original. If the whole
overlying strata collapse, the final surface subsidence
depth A can be simply calculated as follows:

hy=hy,—h.=h,—(a=1)-H, h >0, (16)
where A indicates the final subsidence depth, m; &, indi-
cates the height of a salt cavern or the mining height, m;
h, indicates the expended height of the collapsed overlying
strata, m; « indicates the broken expansion ratio, which is
the final height of the expanded strata with unit thickness

after broken, by supposing that the broken strata are limited
in horizontal direction but free in the vertical; and H is the

@ Springer

buried depth of the salt cavern, namely the thickness of the
overlying strata, m.

Supposing that the buried depth H is 400 m and the
mining depth is 60 m, the relationship between the broken
expansion ratio a and the expanded thickness 7, is shown
in Fig. 16. From the figure, as the broken expansion ratio
a increases, the expanded height of the collapsed overly-
ing strata &, increases until it reaches the mining height £,
Correspondingly, the subsidence depth i, becomes smaller.

Supposing that the mining depth is 60 m and the thick-
nesses of overlying strata are 200, 400 and 600 m, respec-
tively, the relationships between the broken expansion ratio
a and the subsidence height kg are shown in Fig. 17. From
the figure, the larger the broken expansion ratio a is, the
smaller the subsidence height i will be. Under the same
broken expansion ratio a and the same mining depth, it can
be inferred that (1) if the buried depth H is shallower, the
subsidence height A, will be larger, namely the collapse of
the overlying strata will develop more easily toward the
ground surface and form a surface sinkhole; (2) conversely,
if the buried depth H is deeper, the broken part of the over-
lying strata will find it harder to develop toward the ground
surface. In addition, if the broken expansion ratio a is 1.1
and the buried depth H is 600 m, the expanded depth &, of
the overlying strata will be 60 m when the whole overlying
strata collapse. In view that the mining height A is also
60 m, the expanded height %, is just equal to the height of
salt cavern A,,. In this condition, no surface collapse will
occur.

Therefore, considering the bulking effect of the overlying
strata, the collapse depth A will not increase linearly with
the buried depth H. If the buried depth is rather deeper, the
collapse would have stopped before it develops towards the
surface. It succeeds to explain why most of the surface col-
lapse happened above 600 m.

Conclusion

In salt mining, the unreasonable salt caverns formed may
lead to surface subsidence disasters; it is an urgent techni-
cal problem to forecast and even control the collapse of
the overlying strata to avoid the surface subsidence. In this
paper, a mathematical model was proposed to analyze the
collapse mechanism of the overlying strata above a salt
cavern by double-well convection. In the proposed model,
the collapse of overlying strata was supposed to occur
layer by layer, and a thin plate with four edges clamped
was introduced to calculate the critical collapse span of
each layer. A span criterion /,, was introduced to distin-
guish the limit breaking distance. As a case study, the sur-
face collapses at Dongxing Salt Mine were analyzed by the
proposed model. Using the proposed model, discussions
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were also carried out to study the influence factors of the
collapse. Some conclusions are drawn as follows:

1. The limit breaking distance of the thin plate p is related
to the dimensions (the length a and the thickness %), the
mechanical properties of the rock (the tension strength
o, and the Poisson ratio u), the buried depth (H, which
affects the distributed load ¢) and the force status (the
distributed load ¢g). To keep the immediate roof more
stable, the span criterion [, should be larger. In addition,
the well spacing should not be too large to maintain the
stability of the roof.

2. According to the geophysical exploration, the whole col-
lapse of Dongxing Salt Mine should have happened step
by step, namely the overlying strata should be dropped
down layer by layer. Once the lowest stratum collapses,
the secondary lowest stratum would become the imme-
diate roof of the time and then be suffered from the risk
of collapse. By model solution and case study, the sur-
face collapse at Dongxing Salt Mine was verified to be
inevitable under its mining and geological conditions.
As a protection, a certain thickness of salt formations
should be kept above the salt cavity to prevent the dis-
solution upward. In addition, oil pad or blanket method
should be adopted throughout the operation.

3. From the proposed model, the collapse of the overlying
strata will happen more easily with the decrease of the
thickness, tension strength, and Poisson ratio of each
stratum. However, considering the bulking effect of the
overlying strata, the collapse depth will not increase
linearly with the buried depth. If the buried depth is
rather deeper, the collapse would have stopped before it
develops to the surface. It succeeds to explain why most
of the surface subsidence happened above 600 m.

The above analyses were carried out without consider-
ing the regional/local fractures. As a matter of fact, there
may be some primary fractures in the strata. The frac-
tures may have an influence on the limit breaking distance
in two ways: diminution of the rock mass integrity and
changing the mechanical properties. However, it is difficult
to obtain the exact distributions and dimensions of these
fractures, which makes it hard to quantitatively research
the weakness effect of these primary fractures on the strata
at present. Therefore, an inadequacy of this study is that
the influence of the primary fractures was not considered.
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