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ABSTRACT

Physical model tests are performed using a trap door apparatus to simulate surface subsidence as affected by size and shape of
salt-solution caverns created at the interface between salt and overlying soil formations. Fine sand (2 mm) is used as
overburden material. The maximum subsidence and trough width are measured using 3-D laser scanner. Numerical simulations
using PFC code are performed to compare with the model results and to correlate the cavern geometries under a variety of
cohesions and friction angles of the overburden. The results indicate that the surface subsidence and trough width increase with
increasing cavern width and height. Under the same cavern height, the maximum subsidence slightly decreases with increasing
the overburden thickness. The computer model results agree well with those obtained from the physical model results. Set of
empirical equations is derived to fit with the physical model results, which can be used to estimate the cavern height and width
from the subsidence trough configurations and overburden mechanical properties.

KEYWORDS: Subsidence, Cavern, Salt, Physical Model
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1.  Introduction

Salt and associated minerals in the Khorat and Sakon Nakhon basins, northeast of Thailand have become important
resources for mineral exploitation and for use as host rock for product storage. For over five decades, local people have
extracted the salt near ground surface by using an old-fashioned technique, called here the ‘brine pumping’ method. A shallow
borehole is drilled into the rock unit directly above the salt. Brine (saline groundwater) is pumped through the borehole and left
to evaporate on the ground surface. This simple and low-cost method can, however, cause an environmental impact in the form
of unpredictable ground subsidence, sinkholes, and surface contamination [1]. The subsidence or sinkhole is caused by
deformation or collapse of the cavern roof at the interface between the salt and overburden. This usually occurs during dry
season where the cavities loss the support from the groundwater. Exploratory drilling and geophysical methods (e.g., resistivity
and seismic surveys) have normally been employed to determine the size, depth, and location of the underground cavities in the
problem areas in an attempt to backfill the underground voids, and hence minimize the damage to the engineering structures and
farmland on the surface [2-4]. The geophysical and drilling investigations for such a widespread area are costly and time-
consuming. This calls for a quick and low-cost method to determine the size, and shape of the solution caverns. The method
may be used as an early warning tool so that mitigation can be implemented before the uncontrollable and severe subsiding of the
ground surface occurs.

Numerical methods have also been widely employed for the subsidence analysis, primarily to predict the maximum
subsidence, and size and shape of the subsidence trough. The extent of subsidence area is predominantly controlled by
geological conditions of the overburden strata. A variety of numerical codes have been used ranging from non-linear, linearly
elastic, plastic, to visco-elastic plastic models [5-9]. The main drawback of the numerical approaches is that they require
representative material parameters and accurate boundary and loading conditions of the simulated domains. This means that
extensive laboratory and field testing and measurements are required to obtain the representative input parameters.

Physical modelling has long been a research tool for understanding of the subsidence mechanisms [10-12]. Several
modeling techniques has been developed worldwide to study the ground responses to the underground excavations. These
techniques range from two-dimensional trap door tests to miniature tunnel boring machines that can simulate the process of
tunnel excavation and lining installation in a centrifuge [13-14]. The primary advantage of the physical or scaled-down model
test is that the boundaries and material properties can be well controlled, and hence provides the results that are isolated from the
effects of material inhomogeneity and the complex shape of the underground caverns.

This study is focused on the estimation of the solutioned cavern height and width at the interface between salt bed and
overlying soil formation. Series of physical model simulations and numerical analyses are performed under a variety of cavern
sizes, shapes and depths. Mathematical relationships are proposed to link the cavern geometries with the subsidence trough

configurations and overburden properties.
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2.  Testing Material and Apparatus

Fine sand with nominal sizes of 2 mm is used as the test material. Efforts are made to determine the grain size distribution
and shearing resistance. The grain size analysis and calculation follow the ASTM D422-63 [15] standard practice. The
uniformity coefficient (Cu) is 1.29 and the coefficient of curvature (Cc) is 1.07. The sand is classified as poorly graded in
accordance with ASTM D2487-06 [16]. Based on Power [17] classification system, the sphericity of the sand is high and the
roundness is subangular. The direct shear test is performed to determine the cohesion and friction angle of the sand using ASTM
D5607-08 [18] standard practice. Based on the Colomb criterion the cohesion of material is 15.61 kPa, and friction angle is 22.7
degrees. The normal and shear stiffness of the sand are 44.54 and 0.73 GPa/m.

A trap door apparatus [19] is used in the physical model simulations, as shown in Figure 1(a). For each test series, the
sample container is filled with the sand to a pre-defined thickness which represents thickness of overburden. The sand is lightly
packed and the top surface is flattened before starting the test. The underground opening is simulated by carefully pulling down
the plastic blocks underneath the sample container. The opening is created at the center of the sand container to ensure that the
induced subsidence is clear from the container edges.

The opening width (W) is varied from 10 mm to 50 mm. The opening length (L) is 200 mm. The opening height (H) is
varied from 25, 50, 75 to 100 mm. The overburden thickness or opening depth (Z) is from 100 to 300 mm with 50 mm interval.
Figure 1(b) shows the test parameters and variables defined in the simulations. After the underground opening is created, the
settlement of the top surface occurs. The laser scanner measures the surface profile of the sand before and after the subsidence is
induced. The measurements are made to the nearest 0.01 mm. An example of a scanned image is shown in Figure 2. Each

opening configuration is simulated at least 3 times to verify the repeatability of the results.

3.  Test Results
The measurement results are presented in terms of the maximum subsidence (S ) and trough width (B). Examples of the

maximum subsidence measurements (S ) as a function of the opening height (H) for each opening width (W) are shown in
Figure 3(a). The trough widths (B) as a function of opening width are given in Figure 3(b). The results indicate clearly that the
maximum subsidence and trough width increases with increasing opening height and opening width. This is simply because
under super-critical conditions, the material can collapse (flow) into the opening more easily, and hence induces larger trough
width. The maximum subsidence tends to decrease as the overburden thickness (Z) increases due to the inter-locking of the

particles above the opening [15,20]. Note that the S values are more sensitive to the opening height for the wide openings than

for the narrow ones (Figure 3(a)). More discussions on the test results are given in the following sections.
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Figure 1  Trap door apparatus [19] (a), and the variables used in physical model simulations (b).
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Figure2  Example of three-dimensional laser scanned image of subsidence of sand overburden.
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Figure 3 (a) Example of maximum subsidence (S_ ) as a function of opening height (H), and (b) trough width (B) as a

function opening width (W).
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4. Numerical Simulations

Discrete element analyses using prC” [21] are performed to compare the results with those of the physical models. The
primary objectives are to verify the physical model results and to allow extrapolating the numerical model results to the
conditions beyond those used in the physical modeling. The parameters used in the PFC™ model are identical to those of the
physical model tests. The properties of the sand overburden are given in section 2. The particle radius is 1 mm, friction angle =
22.7 degree, bulk density = 1,455 kN/m3, friction coefficient = 0.46, normal stiffness (K ) = 44.54 GPa/m, and shear stiffness
(K)) =0.73 GPa/m. Several friction angles are assumed varying from 20, 25, 30 to 35 degrees. The cohesion is taken as zero for
all cases (cohesionless material). The assumption of zero cohesion used here is also supported by the experimental results of
Barton [22], Crosby [23] and Greneng et al. [24] who found that the cohesion of rock mass comprising claystone, mudstone and
siltstone is zero or negligible. The boundary conditions defined in the PFCZD, are similar to those used in the physical models.
After the particles are at rest and the model equilibrium at the predefined overburden thickness, the wall above the opening is
deleted to simulate the solutioned cavern. No lateral pressure is applied. The particles are continuously flowed in to the opening
until the opening is filled, and subsequently the surface subsidence is induced. Figure 4 compares the physical model results
with the PFC™ simulations for some example cases. The PF C” simulations agree well with those observed from the physical

model testing.
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Figure 4 Comparisons between physical model results (solid lines) and PFC model simulations (dash lines) for depths of
100 and 300 mm.
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5.  Mathematical Relationship

An attempt is made to derive mathematical relationships between the measured subsidence components and the test
variables. The opening height (H), opening width (W), maximum subsidence (S__ ) and opening depth (Z) are first equivalented
by the size of test particle (2 mm). This approach can isolate the particle size effect, and hence allows as to correlate with the
modeling results actual field condition where the particle sizes of the overburden may be as larger as 5 cm. And the cavern
widths and heights may exceed 10 m. Figure 5(a) plots the equivalent opening height (H,) as a function of equivalent subsidence

which is normalized by the equivalent opening depth (S /Z ). Empirical equation is proposed to represent the equivalent opening

height as a function of normalized subsidence, as follows:
H =A'S/Z’ (1

where A and B are empirical constants. Based on linear regression analyses of the results from the physical models in Figure
5(a) it is found that the parameter A tends to be constant at 1600, and the B values can be defined as a function of equivalent

trough width and opening depth, as follows:
B=-a-(B/Z)-p ()

where & and [ are constants equal to 0.6 and 0.41. They probably depend on the properties of the sand overburden.
Figure 5(b) shows the equivalent opening width (W ) as a function of equivalent maximum subsidence that is normalized
by the equivalent opening depth (S /Z ). Similar to the equivalent height equation (1) above an empirical equation is proposed to

represent the opening width as a function of normalized subsidence obtained from the physical model results, as follows:
W =C-S/z” ®3)
D=-AIn(B/Z)- K 4)

where C, A and K are empirical constants, which are equal to 2.03, 0.70 and 0.35. Again these constants would depend on the
properties of the overburden.

To find the relationship between the constants above and the overburden properties, series of numerical simulations are
performed using the friction angles varying from 20, 25, 30 to 35 degrees. Figure 6 compares the numerical model results with
the predictions given by equations (1) and (2). The equivalent opening height (H ) as a function of normalized maximum
subsidence (S/Z) for various normalized opening widths (B/Z ) obtained from the equations agree well with the computer
simulations. For each width, the opening height increases with the maximum subsidence S /Z , which can be described by the
power equation. It is found that the empirical constants A and B depend on the friction angles of the overburden which can be

described by a linear equation:
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Figure 5 (a) Equivalent opening height (H ) as a function of normalize maximum subsidence (S /Z ), and (b) equivalent

opening width (W ) as a function of normalize trough width (B /Z).
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Figure 6  Curve fits for equivalent opening height (H,) compared with the computer simulations.
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A=-328-¢+11.5x10° Q)
B=-0.08"¢+3.02 (6)

where @ used in the computer simulations are 20, 25, 30, and 35 degrees

The equivalent opening width increases with increasing normalized trough width, as shown in Figure 7. Similar to the
equivalent opening height equations above, the equivalent opening width can be expressed as a function of S /Z _ as:
-A'ln (Be/Ze) - K
W_=C-S/Z, (7
where C, 4 and K are obtained from the regression analysis equal to 2.03, 0.70 and 0.35. These parameters are independent of
the friction angle of the overburden.

It should be noted that the maximum subsidence and trough width in the equations above are normalized by the equivalent
opening depth. The depth of the solutioned cavities are usually known from the depth of the pumping wells used to draw the

brine directly above the salt bed.

6.  Discussions and Conclusions

The close agreement between the numerical simulations and the physical model measurements suggests that the procedure
and results of the physical modelling are accurate and reliable (Figure 4). Both approaches indicate that the increase of the
maximum subsidence closely relates to the increase of opening height, while the increase of trough widths is related to the
increase of opening width. The S__ values tend to be independent of the opening depths or overburden thickness. The trough
width however is more sensitive to the overburden thickness. This agrees with the postulation given by Singh [25] that under
super-critical subsidence condition the maximum subsidence tends to be constant, while the trough width tends to increase with
the opening width. Equations in Figures 6 and 7 can be used individually to estimate the opening height (H ) and opening width
(W,). This is primarily because H_is largely governed by S__, while W_is controlled by trough width, B, as suggested by the
physical model results presented in section 3. The proposed mathematical equations may be used as a predictive tool to estimate
the cavern height and width based on the subsidence trough size and shape and the friction angle of the overburden materials.
Subsequently, remedial measure may be implemented to minimize the impact from the cavern development before severe

subsidence or sinkhole occurs.
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