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ABSTRACT

Long-term healing test under constant hydrostatic stresses (3-20 MPa) has been performed to assess the healing effectiveness of
tension-induced fractures in rock salt and potash specimens. Gas flow testing has been conducted to monitor the changes of
fracture permeability under constant stresses for up to 21 days. Line-loading on the healed fractures has been performed to assess

the healing effectiveness. The results show that hydrostatic stresses and durations can decrease fracture permeability and increase
healing effectiveness. Healing mechanism of rock salt fractures involves covalent bonding of cleavage planes, while that of potash

fractures is related to recrystallization processes. The permeability and healing effectiveness of salt and potash fractures have
been derived as a function of the applied mean strain energy, primarily to allow predicting their healing behavior under in - situ
conditions (confining stresses). The findings imply that permeability of fractures at greater depths may be reduced quicker than

those at shallower depths. Under the same mean strain energy, salt fractures can be healed better than potash fractures. This is
because the bulk modulus of potash is much lower than that of rock salt, and hence it can absorb higher mean strain energy.
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1.  Introduction

Micro-cracks or factures induced by excavation in salt formation can alter the structural stability and permeability of salt,
affecting the integrity of openings [1]. Self-healing of the fractures may occur when subjected to sufficient stresses. When cracks
are closed, permeability can be reduced by several orders of magnitude [2-3]. The healing behavior has been experimentally studied
on crushed salt [4-5] and directly on fractures in salt [6-7] as affected by confinement, temperature, duration and humidity. Many
techniques have been used to examine the healing of fractures: measuring the reduction of hydraulic conductivity, recovery of
strength, and change of ultrasonic wave characteristics [8-9].

Fuenkajorn and Phueakphum [10] suggest that the primary factors governing the healing of salt fractures are the origin and
purity of the fracture surface, and the magnitude and duration of the fracture pressurization. Inclusions or impurities significantly
reduce the healing effectiveness. The hydraulic conductivity of fractures in pure salt can be reduced permanently by more than 4
orders of magnitude under the applied stress of 20 MPa for a relatively short period. For most cases the reduction of salt fracture
permeability is due to the fracture closure which does not always lead to fracture healing. Charoenpiew [11] states that the fractures
formed by separation of inter-crystalline boundaries or saw-cut fractures may remain unhealed. The fracture healing is more
effective under hydrostatic stresses than under axial stresses. Elevated temperatures (up to 100 °C) slightly increase the healing
effectiveness. Even though the effects of stresses and time on healing effectiveness and hydraulic behavior of salt fracture have
been recognized and studied, long-term healing experiment is rare. This information is important in order to predict the healing
behavior under in-situ condition. In addition, the healing characteristics of fracture in potash (carnallite) have never been
investigated.

The objective of this study is to assess experimentally the healing effectiveness of fractures in salt and potash as affected by
confinements for up to 21 days. The work involves healing test under various hydrostatic stresses, and gas flow permeability tests
to monitor the behavior of the salt fractures. Line loading test is performed on the healed fractures to assess their mechanical
performance after healing. The healing effectiveness is determined as a function of time and applied mean strain energy, and hence

allows predicting the healing behavior of salt and potash fractures under in-situ conditions.

2. Sample Preparation
Salt and potash specimens used here are obtained from the Lower member of the Maha Sarakham formation in the Khorat
basin, northeast of Thailand. Warren [12] gives detailed descriptions of the salt and geology of the basin. The nominal dimensions

of rock specimens are 50x50x100 mm’. Salt specimens are vitality pure halite. The carnallite content (C,,) in potash specimens

%

vary from 80 to 90%. These values are determined by the density correlation function [13]. The sample is drilled at the center to
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its mid-length. This pre-drilled hole (5-mm in diameter) is prepared for gas flow testing. The sample is subjected to line loading

at the mid- length to create a tension-induced fracture (Figure 1). A total of six specimens are prepared form rock salt, and four
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specimens form potash.
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Figure 1 Tension-induced fracture for healing test (a). An access hole with diameter of 5 mm in top section of specimen (b).

3.  Test Apparatus and Methods

A true triaxial loading device [14] is used to apply the constant and uniform axial and lateral stresses to the specimen (Figure
2a). Three pairs of 100-tons hydraulic pressure cylinders are set in three mutually perpendicular directions. The measurement
system comprises pressure gages and displacement gages. The device can accommodate the cubic or rectangular specimens of
different sizes by adjusting the distances between the opposite steel loading platens. Neoprene sheets are placed at all interfaces
between the loading platens and specimen surfaces, except for near the fracture in order to allow the nitrogen gas to flow out freely
from the fracture. All tests are conducted at ambient temperature (27 °C). The hydrostatic stresses range from 3, 5, 7, 10, 15 to 20
MPa for salt specimens, and from 5, 7, 10 to 15 MPa for potash specimens. The deformation along the axis perpendicular to the
facture plane is monitored for every 2 hours, which is used to calculate the physical aperture of the fracture.

The nitrogen gas flow test is performed to measure the flow reduction of the fracture. The flow test system comprises
nitrogen gas tank, flow meters and pressure regulator. Three gas flow meters used here are floating element type, which can
measure the flow rates ranging from 10- 100, 100- 1000, and 1000- 10,000 cm’/minute. Nitrogen gas is injected under a constant
pressure of 69 kPa through a high-pressure tube connected to the injection hole at the center of the loading platen (Figure 2b). Gas

flow tests have been performed for every 12 hours throughout 21 days. The results are used to calculate the hydraulic aperture and
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intrinsic permeability of the fracture during healing. At the end of flow testing, the healed fracture is subjected to line-loading to
assess the healing effectiveness.
The intrinsic fracture permeability (k) is calculated by [15]:

k=e, /12 (1)

The equivalent hydraulic aperture (e,) for the radial flow path is calculated by [15]:
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Figure 2  True triaxial load device (a) and test specimen with pre-drilled hole connected to nitrogen gas tank via high pressure tube (b).
e, = [6260-In(r,, /r,)/ AAAH)]" )

where ¥ is unit weight of nitrogen gas (11.428 N/m’), 4 is dynamic viscosity of nitrogen gas (1.759x10” N-s/m’), O is measured
flow rate (m’/s), AH is difference hydraulic head at the upstream and downstream points (m), r,, radius of the injection hole, and

7. 1S equivalent in the outflow boundary.

4.  Test Result
4.1 Hydraulic Properties

Figure 3 shows the intrinsic fracture permeability obtained from fractures in salt and potash specimens. The permeability
decreases with increasing hydrostatic stress and time. It rapidly decreases during the first few day and tends to steadily drop
through the end of the test. Under the same stress, fractures in potash show lower permeability than those in rock salt. Under 15

MPa stress, the flow reaches the measurement limit within 13 days for salt fractures, and within 4 days for potash fractures.
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4.2 Healing Effectiveness

The line load test results for intact and healed fractures are compared to assess the healing ability of the fractures. Here the
healing effectiveness represents the percentage of the failure load of healed fracture (F,) to failure load of intact specimen (F)). It
is found that healing has occurred in all fractures in salt and potash specimens after 21 days of pressurization. The fractures surface

before and after the healing test has been observed by visual analysis. Recrystallization can be found only on the fractures in potash

while the recrystallization in salt fracture is not noticeable.

stresses can be represented by:

10°

10°

The relationship between the healing effectiveness and hydrostatic

1070 £5 1070
E
=z
1073 10™"
] 20 MPa Limit of Measurement ] 15MPa 10 MPa Limit of Measurement
107 107
— T —— T
0 7 14 21 0 7 14 21
Days Days
(a) (b)
Figure 3 Intrinsic permeability (k;) obtained for healing fractures in salt (a) and potash (b) specimens.
H, = tanh [P#+(/100)] 3)

where H, is the healing effectiveness (%), P is the hydrostatic stress (MPa), and & and £ are empirical constants, which is equal to
4.94 for salt and 7.21 for potash, and £ is equal to 1.13. Figure 4 shows the healing effectiveness as a function of hydrostatic
stress. The results indicate that the healing increases with increasing stress. Under the same stresses fractures in potash specimens
can heal quicker than those in salt specimens. This suggests that healing by recrystallization process maybe more effective than
by covalent bonding between the two surfaces. The healing effectiveness of fractures in salt and potash can approach 100% after
21 days under the stresses of 19.9 and 15.3 MPa, respectively.

The healing effectiveness of fractures of salt obtained here and those obtained by Fuenkajorn and Phueakphum [ 10] can be

used to establish an empirical equation:

H, = tanh [P# ("] (%) @)
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Figure 4 Healing effectiveness (H,) as a function of applied hydrostatic stress (P) obtained for potash (O) and salt (@).

Dash line is healing results of salt fractures for 5 days obtained by Fuenkajorn and Phueakphum (2011).

where k;, A and @ are empirical constants, which are equal to 0.010, 0.264 and 0.311. The regression analysis with IBM SPSS
Statistics 19 [ 16] is performed to determine the constant parameters. Figure 5 shows the healing effectiveness as a function of
applied stress and time. The equation proposed above can be used to predict the mechanical properties of healed fracture around

the salt openings under various stresses and durations.

5.  Strain Energy Density Principle
The strain energy density principle is applied here to determine the energy required to heal the salt and potash fractures under
different stresses and durations. It is postulated that the fractures can be healed by applying the mean strain energy (W, ). It can be

calculating from the applied mean stresses (o;) [17]: W = O'mz/ 2K, where o, = (0,+ 0,+ 0;)/3, and K is the bulk modulus of the

material. The bulk moduli of the rock salt and potash are obtained from Luangthip et al. [13], as shown in Table 1.
An attempt is made here to develop an empirical equation between the intrinsic permeability (k,) as a function of the applied

mean strain energy. The relation can be described by a power equation:

K=z W7 )
where y and 77 are empirical constants, which are equal to 8.94x10"* (m’/kPa) and -0.852 for rock salt and 1.33x10""' (m’/kPa) and -
0.467 for potash. The constants are obtained by regression analyses using SPSS code. Good correlations are obtained (R*>0.8).
Figure 6 plots curve fits comparing with the test data.

An empirical equation is also proposed to represent the healing effectiveness as a function of mean strain energy, as follows:

H, = tanh [P”. { yP/1002K)"}] % (6)
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Hs = tanh[P1'13-O_0'] t(g_zepﬂm)]
(R*=0.732)
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Figure 5 Healing effectiveness (H,) as a function of applied hydrostatic stress (P) and time obtained for fracture in salt specimen.

Table 1 Strain energy applied to salt and potash specimens

Wy (kPa)

Specimens K (GPa) o, (MPa) W, (kPa)
3 0.129
5 0.358
7 0.701
Salt 349
10 1.431
15 3.220
20 5.724
4.682
9.176
Potash 2.7
10 18.727
15 42.135
107 3 Salt (@)
Je ki = 8.94x107°W,, %% (m?)
] Rz =0.974
. Potash (O)
] ki = 1.33x107 "W, 245" (m?)
~ R2=0.853
E 107" 5
] Ton
7 ® o™~ 0
10712 T T TTTTTIY T T TTTTTTg T T TTTTIT]
0.1 1 10 100

Figure 6 Intrinsic permeability (k) as a function of mean strain energy (W) calculated for fractures in salt and potash after

21 days of healing.
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where ¥ is empirical constants, which is equal to 52.5 for rock salt and 6.05 for potash (Figure 7). The correlation coefficients
are greater than 0.8. The relations can be used to predict the hydraulic properties of rock salt and potash fractures around an

opening under various external pressures. Note the pressures (P) is equal to mean stresses (o) under isotropic stress conditions.

6.  Discussions and Conclusions

True- triaxial load frame is used to apply constant hydrostatic stresses on fractures in salt and potash specimens to assess
healing effectiveness for up to 21 days. These stresses conditions are equivalent to in-situ stresses at depths ranging from 100 to
740 m. Gas flow permeability tests are measured to determine the reduction of hydraulic properties of fractures as a function of
time. The intrinsic permeability tends to decrease rapidly during the early state of the test as power functions with time, and slowly
decrease after 7 days. The mechanical property of intact specimens and of healed fractures are compared to assess the healing

effectiveness. All tests are conducted under ambient temperature.

100 —
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80 - el
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] 52 5P
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R . /
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Figure 7 Healing effectiveness (H,) as a function mean strain energy (W) calculated for salt and potash fractures after 21 days

of healing.

The healing pressures and durations are important factors for the healing process of fracture in salt and potash. The intrinsic
permeability of tension-induced fracture decreases with increasing stresses and healing durations. They can be used as index of
fracture healing behavior. The healing effectiveness of tension-induced fractures also increases with increasing hydrostatic
stresses. It is postulated that the fracture healing increases with increasing aperture closure, and hence promoting recrystallization
within the boundaries of fractures. The results obtained here agree well with those of Fuenkajorn and Phueakphum [10].

The healing of rock salt and potash fractures depends on healing mechanisms ( covalent bonding and recrystallation
processes), pressurization and duration. The healing effectiveness of fractures in potash (recrystallation process) is higher than the

fractures in salt (covalent bonding).
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Fracture permeability obtained from the flow testing can be derived as a function of the applied mean strain energy. This
allows predicting of the salt and potash fractures around openings, providing that the mean stress and bulk modulus of the materials
are known. The mean stress is related to the depth where the fractures are developed. This suggests that fractures at greater depth
may have lower permeability quicker than those at shallower depth. Similarly, the healing effectiveness also increases with mean
strain energy, as suggested by the diagram in Figure 7. Under the same mean strain energy, the salt fractures tend to be healed
better than the potash fractures. This is because intact potash poses much lower bulk modulus than does intact rock salt, and hence
it can absorb higher strain energy. This means that under the same depth the strain energy contributes to rock salt fractures is

higher than that of the potash fractures.
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