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The objectives of this research are to simulate the impacts of brine pumping process
using a scaled-down or physical test model in laboratory, and to assess the effects of
location of the well, overburden thickness, pumping rate, and groundwater flow direction
on the magnitude and location of the leached caverns and their corresponding subsidence.
Sorted sand (0.6-0.8 mm) is used to simulate the overburden. Pure crushed salt (0.6 mm)
simulates the underlying salt bed. Salinity of the pumped brine is continuously monitored
during the flow test. All tests are performed under room temperature. The results suggest
that deeper pumping tubes (closer to the salt surface) induce greater magnitude of surface
and formation subsidence than does the shallower tube. The subsidence magnitude induced
closer to the salt surface is greater than that for away from salt surface. Under the same
pumping rate The extent of the surface subsidence over the shallow salt bed is smaller than
that over the deeper salt bed. The deeper groundwater level tends to show greater
magnitude of surface and formation subsidence. The groundwater level however has no
impact on the extent of the subsidence area. The higher rate of brine pumping, the greater
magnitude and the lesser extent of the subsidence is obtained. The location of subsidence is

mainly controlled by the positions of the fresh water sources and of the pumping well.
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CHAPTER1

INTRODUCTION

1.1  Rationale and Background

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 four decades, local people have extracted the salt
by using an old fashioned technique, called here as 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. Relatively pure
halite with slight amounts of associated soluble minerals is obtained. This simple and
low-cost method can however cause an environmental impact in the form of
unpredictable ground subsidence, sinkholes and surface contamination. Even though the
brine pumping industry has been limited to strictly controlled areas, isolated from
agricultural areas and farmlands, severe surface subsidence and sinkholes have
commonly found outside the controlled areas, particularly on the upstream side of the
groundwater flow. The subsidence is caused by deformation or collapse of the cavern
roof at the interface between the salt and overburden. Due to the complexity of
groundwater circulation, infiltration of fresh surface water, salt solubility, brine
pumping rates, and number and intensity of the pumping wells, the location and
magnitude of the subsidence are very unpredictable. Even though the subsidence

problems have long been recognized, theoretical and experimental studies on the issues



have been rare. In particular, no attempt has been made to obtain a true understanding

of the formation and surface subsidence caused by the brine pumping process.

1.2  Research Objectives

The objectives of this research are to simulate the impacts of brine pumping
process using a scaled-down or physical test model in laboratory, and to assess the
effects of overburden thickness, well depth, pumping rate, and groundwater flow
direction on the magnitude and location of the leached caverns and their corresponding
subsidence. The efforts primarily involve as follows.

1. Designing and fabricating a scaled-down vertical test frame to simulate a
two-dimensional cross-section of the pumping well and surrounding
formations.

2. Preparing test samples to simulate overburden rocks and underlying salt.

3. Conducting series of flow testing under a variety of overburden
configurations and pumping parameters.

4. Developing relationships between the cavern and subsidence characteristics

and the flow parameters.

1.3  Scope and Limitations

1. The study area is limited to Khorat and Sakon Nakhon basins

2. Scaled-down physical models are used to simulate the salt leaching in two
dimensions

3. Fine sand with nominal diameter of 0.6-1.2 mm. is used to simulate the

overburden formations.



4. The overburden thickness above the salt rock = 10-50 cm,
the groundwater = 10-20 cm, the depth of pumping = 5-35 mm

5. Periodic and continuous withdrawal rates will be performed

6. Two flow directions will be simulated.

7. SALT SUBSID is used to simulate the subsidence profiles and compared
with the model test results.

8. No field testing will be preformed

1.4 Research Methodology

Figure 1.1 depicts the research plan.
1.4.1 Literature Review
Literature review will be carried out to improve an understanding of surface
subsidence knowledge. The sources of information are from journals, technical reports, and
conference papers. A summary of the literature review is given in the thesis.
1.4.2 Construction of The Physical Model
The test platform for physical model test will be constructed in
Geomechanical Laboratory in Suranaree University of Technology. The testing space
(area) is about 1.6x1 m. Shown in Figure 8 and 9 show the test platform. .
1.4.3 Model Testing
The subsidence is caused by deformation or collapse of the rock salt at
the interface between the salt and overburden. Photo of the surface movement in the
model will be recorded the test parameters (variables) include as follows;
1. Sources of fresh water

- Vertical infiltration



- Horizontal flow
2. Withdrawal rate (20-100 cc/min)
- Periodic withdrawal
- Continuous withdrawal
3. Depth of pumping (5-35 mm)
4. Overburden thickness (10-50 cm)
5. Groundwater level (5-20 cm)
1.4.4 Numerical Simulation
A computer software SALT SUBSID will be used to simulate the
subsidence measured from the model testing. Results obtained from computer program
will be compared with the physical model from the testing.
1.4.5 Comparisons
Results obtained from testing will be compared with the solutions from
the with the computer program results. Similarity and discrepancies will be discussed
1.4.6 Thesis Writing and Presentation
All research activities, methods, and results will be documented and
compiled in the thesis. The contents or findings will be published in the conference,
proceedings or journals.
1.4.7 Expected Results
The results from this research will be applicable to the analysis and
design of salt leaching by brine pumping method. The physical model can be used as
teaching and research tools to reveal the two-dimensional salt leaching process from this
research will be useful in predicting the location, depth and size of the solution caverns that

are developed by the brine pumping activity.
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1.5 Thesis Contents

Chapter I states the objectives, rationale, and methodology of the research.
Chapter II summarizes results of the literature review on surface subsidence knowledge.
Chapter III Construction of the Physical Model. Chapter IV describes Model testing
Chapter V describes the profiles of surface subsidence are simulated using a profile
function. Chapter VI describes the profiles of surface subsidence are simulated using a
Salt SUBSID program. Chapter VII describes the profiles of surface subsidence are
simulated using a finite difference flow program (FEFLOW). Describes develop
mathematic relationships, Model testing and Numerical Simulation Conclusions and

recommendations for future research needs are given in Chapter VIII.



CHAPTER 11

LITERATURE REVIEW

2.1 Introduction

Topics relevant to this research are reviewed to improve an understanding of
surface subsidence knowledge. These include rock salt in the northeast of Thailand,
calculation of surface subsidence profiles (profile function), and SALT Subsid program,

physical model simulation. Results from the review are summarized as follows.

2.2 Rock Salt in Northeast Region of Thailand

Rock salt formation in Thailand is located in the Khorat plateau as shown in
Figure 2.1. The Khorat plateau covers 150,000 square kilometers, from 14° to 19°
northern latitude and 101° to 106° eastern longitude. The northern and eastern edges of

the plateau lie close to Laos and the southern one close to Cambodia (Utha-aroon, 1993).

Rock salt is separated into 2 basins: Sakon Nakhon Basin and Khorat Basin.
The Sakon Nakhon Basin in the north has an area about 17,000 square kilometers.
It covers the area of Nong Khai, Udon Thani, Sakon Nakhon, Nakhon Phanom, and
Mukdahan provinces and extends to some part of Laos. The Khorat Basin is in the
south, which has about 33,000 square kilometers. The basin covers the area of
Nakhon Ratchasima, Chaiyaphum, Khon Kaen, Maha Sarakham, Roi Et, Kalasin,
Yasothon, Ubon Ratchathani provinces and the north of Burirum, Surin, and Sisaket

provinces (Suwanich, 1986).
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The Department of Mineral Resources had drilled 194 drilled holes between
1976 and 1977 for the exploration of potash (Japakasetr, 1985; Japakasetr and
Workman, 1981; Sattayarak, 1983, 1985; Japakasetr, 1992; Japakasetr and Suwanich,
1982). Some holes were drilled through rock salt layers to the Khok Kruat Formation
(Yumuang et al., 1986; Supajanya et al., 1992; Utha-aroon, 1993; Warren, 1999).
The sequences of rock layers from the bottom of this formation up to the top of the
Maha Sarakham Formation are as follows.

1) Red bed sandstone or dense greenish gray siltstone sometime intercalated
with reddish-brown shale.

2) Basal anhydrite with white to gray color, dense, lies beneath the lower
rock salt and lies on the underlying Khok Kruat Formation.

3) Lower rock salt, the thickest and cleanest rock salt layer, except in the
lower part which contains organic substance. The thickness exceeds 400 meters in
some areas and formed salt domes with the thickness up to 1,000 meters, with the
average thickness of 134 meters.

4) Potash, 3 types were found; carnallite (KC1.MgCl,.6H,0O) with orange,
red and pink color, sylvinite (KCI) rarely found, white and pale orange color, an
alteration of carnallite around salt domes, and techydrite (CaCl,.2MgCl,.12H,0)
often found and mixed with carnallite, orange to yellow color caused by magnesium,
the dissolved mineral occurred in place.

5) Rock salt, thin layers with average thickness of 3 meters, red, orange,
brown, gray and clear white colors.

6) Lower clastic, clay and shale, relatively pale reddish-brown color and

mixed with salt ore and carnallite ore.



10

7) Middle salt, argillaceous salt, pale brown to smoky color, thicker than the
upper salt layer with average thickness of 70 meters, carnallite and sylvite may be
found at the bottom part.

8) Middle clastic, clay and shale, relatively pale reddish brown color and
intercalated with white gypsum.

9) Upper salt, dirty, mixed with carbon sediment, pale brown to smoky
color or orange color when mixed with clay and 3 to 65 meters thick.

10) Upper anhydrite, thin layer and white to gray color.

11) Clay and claystone, reddish brown color, occurrence of siltstone and
sandstone in some places, and

12) Upper sediment, brownish gray clay and soil in the upper part, and sandy
soil and clay mixed with brown, pink and orange sandy soil in the lower part.

Cross-sections from seismic survey across the Khorat-Ubon and Udon-Sakon
Nakhon Basins (Sattayarak and Polachan, 1990) reveal that rock salt can be
categorized into 3 types according to their appearances namely, rock salt beds, rock
salt fold and salt domes. The Maha Sarakham and Phu Tok Formations fold in
harmony with the Khorat megasequence. A part of the cross section through the

Khorat Basin is illustrated in Figure 2.2.

2.3  Site Conditions

Figure 2.3 also shows the areas where the brine pumping have been practices.
Depths of the shallowest salt in those areas vary from 40 m to 200 m. It belongs to the
Middle or Lower member, depending on locations. Most of the brine pumping

practices is however in the arecas where the topography is flat, groundwater table
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in near the surface, and the salt depth is less than 50 m in the Sakon Nakhon basin,
and about 100 m in the Khorat basin (Jenkunawat, 2005; Wannakao et al., 2005).
Based on field investigation, Jenkunawat (2007) states that the surface subsidence
normally occurs in the areas where depth of the shallowest salt is less than 50 m. The
overburden consists mainly of mudstone siltstone and sandstone of the Middle
Clastic, and claystone and mudstone of the Lower Clastic, with fractures typically
dipping less than 30 degrees, and rarely at 70 degrees (Crosby, 2007). The members
are characterized by abundant halite and anhydrite-filled fractures and bands with
typical thickness of 2 cm to 5 cm.

Direct shear tests performed in this research yield the cohesion and friction
angle of 0.30 MPa and 27° for the smooth saw-cut surfaces prepared from the Middle
Clastic siltstone. More mechanical properties for these clastic members are

summarized by Wannakao et al. (2004) and Crosby (2007).

2.4 Brine Pumping

Wannakao and Walsri (2007) state that one third of the northeast is generally
underlain by sedimentary rocks of Maha Sarakham Formation, sequences of rock salt
and clastic rocks. The deposits are divided into the Khorat and Sakon Nakhon basins.
Salt productions from brine groundwater are common in both basins. A brine
groundwater well is 4 in diameter with 2 in air pumping line at about 60-100 meters
depth. The brine is pumped to salt storage bin, then conveyed to salt paddy field for
solar evaporation. There are many surface subsidence reported in salt production area

in Ban Non Sabaeng, Sakon Nakhon province
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Fuenkajorn (2002) give a general guideline developed for the design of salt
solution-mined cavern in Sako Nakorn and Khorat basins. Laboratory testing calibrates
the mechanical and rheological properties of the salt formation. Via a series of
numerical analysis, conservative configurations of the solution mine caverns are
determined. It is recommend that the caverns be arranged in an array of single well
system and should have the maximum diameter and height of 80 m and 60 m,
respectively The minimum spacing is estimated to be 240 m. the cavern field would
yield an extraction ratio of 1.96 x 10° m’ of rock salt per one square kilometer. The salt
roof and floor should be greater than 200 m to prevent excessive movement of the
cavern ground.

Jenkunawat (2007) studies the occurrence of salt cavities induced by brine
pumping. The main purpose is to delineate disaster area and monitor land subsidence.
Drill holes were totally 12 with depth ranged 100-200 m. A number of holes were cased
them with PVC pipes. Drilling results showed claystone at top, salt dome located under
the salt production area at depth of 40-50 m. Rock salt was located at depth 40-200 m.
Anhydrite and gypsum were observed in holes around the salt dome. Sinkholes are
circular in shape, with diameter of 50-100 m. Land usually starts subsiding at pumping
well and moves in a series of subsidence which can be traced in a line. They occur in
only on a salt dome, where there are fractures, brine zone and dissolution of salt. Areas

out of the salt dome are not under risk of salt subsidence.

2.5 Salt Solubility

Potter et al. (1981) show that the solubility of sodium chloride in water has been

the subject of several investigations. The earlier measurements were subject to an error
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of 0.1 weight percent of salt below 373 K and 0.3weight percent salt above 373 K.
Undertook a redetermination of the solubility using a specially designed bomb lined
with platinum and attained a precision of 0.01 or 0.1 weight percent of salt over the
entire temperature range. A comparison of the solubility obtained by various

investigators is shown in Figure 2.4
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Figure 2.4 A comparison of the solubilities of sodium chloride in water.

(from Potter et al 1981)

Gil et al. (2006) perform computer simulations of salt solubility to provide an
animated, visual interpretation of the different solubilities of related salts based on
simple entropy changes associated with dissolution: configurational disorder and

thermal disorder. This animation can also help improve students’ conceptual
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understanding of chemical equilibrium before any quantitative interpretation of

equilibrium constants is attempted.

2.6 Calculation of Surface Subsidence

2.6.1 Theory and Criterion

Singh (1992) states that subsidence is an inevitable consequence of
underground mining — it may be small and localized or extend over large areas, it may
be immediate or delayed for many years. During recent years, with the expansion of
urbanization and increased concern for the environment, it is no longer possible to
ignore its aftermath.

The major objectives of subsidence engineering are (1) Prediction of
ground movement, (2) Determining the effects of such movements on structures and
renewable resource and (3) Minimizing damage due to subsidence.

Whenever a cavity is created underground, due to the mining of
minerals or for any other reason, the stress field in the surrounding strata is disturbed.
These stress changes produce deformations and displacements of the strata, the extent
of which depends on the magnitude of the stresses and the cavity dimensions.
With time, supporting structures deteriorate and the cavity enlarges, resulting in
instability. This is induces the superjacent strata to move into the void. Gradually,
these movements work up to the surface, manifesting them selves as a depression. This
is commonly referred to as subsidence. Thus mine subsidence may be defined as
ground movements that occur due to the collapse of overlying strata into mine voids.

Surface subsidence generally entails both vertical and lateral movements.
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Surface subsidence manifests itself in three major ways: (1) cracks,
fissures, or step fractures, (2) pits or sinkholes and (3) troughs or saga. Surface fractures
may be in the form of open cracks, stepped slips, or cave - in pits and reflect tension or
shear stresses in the ground surface. Subsidence consists of five major components,
which influence damage to surface structures and renewable resources are vertical
displacement, horizontal displacement, slope, vertical strain, and vertical curvature.

Calculation by profile function;

Subsidence:
1 cX
S(x)==S |l1—tanh| — 2.1
w=3s _[1-m(3) e
Slope:
1 c [ X
G(x)=S'(x)=—=S —sech”| — 2.2
®) ® 2 mx B ( B j (2:2)
Curvature:
c? cx cx
p(x) =S"(x) =S ?{sechz(gjtanh(gﬂ (2.3)

Horizontal displacement:

max

u(x) = —%S %sech2 [%} (2.4)
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Horizontal strain:
be? NE cx
e(x)=S _——|sech”| — [tanh| — 2.5

where Sp.x is the maximum subsidence, D is depth of cavern, y is angle
of draw, x is horizontal distance, ¢ is arbitrary constant, b is constant, and B is
maximum radius of cavern area.

2.6.2 Calculation with SALT_SUBSID Program

SALT_SUBSID code developed by RE/SPEC Inc. (Nieland, 1991) has
been used to predict the three-dimensional surface subsidence for predicting
configurations of solution cavern on top of salt bed. SALT SUBSID is designed to
calculate the subsidence profile induced by dry mining (underground openings) and
solution mining (brine caverns). The key parameters used in SALT SUBSID including
Ys, Yo, B and N have been calibrated using the subsidence results computed by the
finite element analysis. This makes the predicted subsidence profile over the cavern

field more site-specific. Definition of these parameters is described in details by

Nieland (1991).
Z (x,y,0) = Zu(x,y).G(b) (2.6)
G(t) = Y.t +Yo[1-exp(-BE™)], and (2.7)

G(t) = 1; if Yoot +Yo[1-exp(-BE™t)]> 1 (2.8)
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where Y, Yo, B, N are model parameters, t is time since excavation, E is
extraction ratio of the mine, and Z, is ultimate surface displacement at any location.

The condition that G(t) = 1 is applied when a cavity is completely closed.
The parameter Y represents the steady-state closure rate and Y, represents the ultimate
transient closure. The parameters 3 and N are empirical constants used to model the
transient closure rate. In the case of dry mining, the parameter Y is set to zero.

Aracheeploha et al. (2009).An analytical method has been developed to
predict the location, depth and size of caverns created at the interface between salt and
overlying formations. A governing hyperbolic equation is used in a statistical analysis
of the ground survey data to determine the cavern location, maximum subsidence,
maximum surface slope and surface curvature under the sub-critical and critical
conditions. A computer program is developed to perform the regression and produce a
set of subsidence components and a representative profile of the surface subsidence
under sub-critical and critical conditions. Finite difference analyses using FLAC code
correlate the subsidence components with the cavern size and depth under a variety of
strengths and deformation moduli of the overburden. Set of empirical equations
correlates these subsidence components with the cavern configurations and overburden
properties. For the super-critical condition a discrete element method (using UDEC
code) is used to demonstrate the uncertainties of the ground movement and sinkhole
development resulting from the complexity of the post-failure deformation and joint
movements in the overburden. The correlations of the subsidence components with the
overburden mechanical properties and cavern geometry are applicable to the range of
site conditions specifically imposed here (e.g., half oval-shaped cavern created at the

overburden-salt interface, horizontal rock units, flat ground surface, and saturated
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condition). These relations may not be applicable to subsidence induced under different
rock characteristics or different configurations of the caverns. The proposed method is
not applicable under super-critical conditions where post-failure behavior of the
overburden rock mass is not only unpredictable but also complicated by the system of
joints, as demonstrated by the results of the discrete element analyses. The proposed
and the corresponding subsidence components induced by the brine pumping practices

are shown in Figure 2.5

Figure 2.5 Variables used study (by Aracheeploha, 2009).

2.7 Physical Model

Physical modeling of structures formed by salt withdrawal; implications for
deformation caused by salt dissolution by creating 15 physical models, they
investigated deformation above subsiding tabular salt, salt walls, and salt stocks. Dry
quartz sand simulated a brittle sedimentary roof above viscous silicone representing

salt. The modeled diapiric walls had linear planforms and rectangular, semicircular,
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triangular, or leaning cross sectional shapes; the stock was cylindrical. In models where
the source layer (or allochthonous salt sheet) was initially tabular, a gentle, flat-
bottomed syncline bounded by monoclinal flexures formed above a linear zone where
the silicone was locally removed. Above all subsiding diapirs, the deformed roof was
bounded by an inner zone of steep, convex-upward reverse faults and an outer zone of
normal faults. Above subsiding diapiric walls, extensional and contractional zones were
balanced. Above the subsiding salt stock, conical, concentric fault zones comprised
inner reverse faults and outer normal faults by Ge et al, (1998).

Asadi et al. (2005) state that increasing world demand for energy and mineral
resources has resulted in much mechanization and rapid excavation techniques by
modern mining operations. Exploitation of minerals using caving methods such as the
longwall mining method will result in surface subsidence. This phenomenon can cause
environmental problems and damage to surface and subsurface structures. In order to
protect the environment and structures from these damages, precise subsidence prediction
is essential. When a horizontal seam is mined, the subsidence trough has symmetric
shape, whereas in inclined seams it is non-symmetric and complicates the prediction of
the surface subsidence profile. In some countries, large volumes of coal reserves of high
quality are classified as inclined and steep strata. For economic reasons, these deposits
have to be extracted and, consequently, the problems of surface subsidence of these
types of deposits are still highly relevant. During the last decades, several new models
of subsidence prediction for level, inclined, and steep seams have been developed
worldwide (Figure 2.6). Still, there are some complexities in the prediction of

subsidence profiles in inclined and steep seam mining.
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Figure 2.6 A physical model for prediction of subsidence (from Asadi et al, 2005)

Lourenco et al. (2006) show that implications for rainfall-induced landslides. It
mentions Field observations and theoretical analysis have been used in the literature to
assess slope instability caused by permeability variations. This investigation aims to
study the influence of permeability variations on slope behaviour by experimental
means. It focuses particularly on the pore water pressure generation in the vicinity of
soils with different permeabilities, and the corresponding failure mode. A series of
generated failures in a model with 2 soil layers was performed by means of a flume
device. The soil layers were made of a medium-sized sand and a fine sand, placed in
horizontal layers. A combination of photography and pore water pressure measurements
was used to examine the relationship between the pore water pressure generation and

failure modes. Experiments were conducted for different arrangements of soil layers by
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changing the soil layer position (Figure 2.7). the bottom of the lower layer (b) for tests
performed by upward infiltration. Testing procedure comprises on alternating the

layers’ position and the infiltration direction.

165cm

flume device

100cm

Figure 2.7 Experimental arrangement. The arrangement illustrated corresponds to the
right triangle configuration. Two transducers were always placed near
the layers surface contact (ml and m2). The third was placed at the
uppermost part of the upper layer (t) for tests performed by

downward infiltration (from Lourenco et al, 2006).



CHAPTER III

TEST FRAME

3.1 Introduction

This chapter describes the design and development of the test frame used in this
research. It is intended to simulate the impacts of brine pumping process using a scaled-
down or physical test model in laboratory, and to assess the effects of overburden
thickness, well depth, pumping rate, and groundwater flow direction on the magnitude
and location of the leached caverns and their corresponding subsidence. All tests are

performed in the laboratory under ambient temperature.

3.2 Design of Test Frame

A test frame is constructed in Geomechanics Laboratory at Suranaree
University of Technology. It is developed to represent a vertical cross section of
surface subsidence caused by brine pumping. To allow visual inspection during the test
two 1.6 m x1.2 m wide with 1.5 cm thick clear acrylic plates are secured in vertical
position. This provides the testing area of about 1 square-meter. They are set 1.2 cm
apart using steel frames. The left, right and bottom edges are sealed with rubber plates
with water-tight silicone. Figure 3.1 shows test frame used in the model simulations.

This test frame consists of two parts, testing kit and stand. The first part of this
frame model is consisted of two acrylic plates to prevent sand and water from leaking
from the front and back of the model. The acrylic plates are transparent and allow to

monitor the salt solubility and the surface subsidence. The water tube is attached to the
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rear acrylic plate which is used for water pumping. There are three rubber strips secured
on both sides and the bottom. These three rubber strips are used for sealing the water
and other materials from leaking out of the frame. A steel bar and two pieces of brass
mesh are used to block the sand from flowing from side to side and to allow water to
flow through. Eight steel beams are used for bearing the sides of the acrylic plates. The
C-shape steel is used to support the bottom of the test frame, having the same length
with the acrylic plates. Four 0.6 mm thick flat bars are placed at the corners. The four
flat bars secure the footing at the sides of the test frame. Figures 3.2 through 3.7 show

specifications and dimensions of the test frame.

3.3 Testing Materials and Layout

Pure crushed salt is used to simulate the rock salt bed, and sorted sand to
simulate the overburden. The pure crushed salt is from Pimai salt factory. The size of
the salt grains is 0.02 mm. It can be tightly packed after being compressed which given
a low permeability salt layer. This salt does not mix with iodine. The iodine may have
an effect on the results of the testing by making an error on the salinity measurements.

The 0.8 mm sorted sand is used to simulate the overburden. The color of the
sand is white as it’s originally color from the milling rock. In this study the white and
green color sand is used. The white sand was dyed to get green colors and the dye does

not dissolve in the water.

3.4 Permeability Testing of Sand

The permeability of sand lager is determined by performing a constant head

test. The test set up is show in Figure 3.8.
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From Equation (3.1) The flow rate Q equals to 5.2 cc/min., H is the head
difference equal to 70 cm, d is the diameter of the specimen equal to 5 cm, L is the
length of the specimen equal to 30 cm. and £ is the coefficient of permeability, which to
calculate through the equation (3.1). The hydraulic gradient i and the Area A were

calculated through the equation (3.2) and (3.3) respectively.

O = kAi (3.1)

i=H/L (3-2)

A= Tt /4 (3.3)
Where: QO = flow rate (volume/time)

i = hydraulic gradient (unitless)
A = cross-sectional area of flow (area)
k = coefficient of permeability (length/time)

The coefficient of permeability &, from the calculated value was 0.11 cm / min.
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Figure 3.1 Test frame used in the model simulations.
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Figure 3.3 Perspective view of test frame used to simulate salt leaching.
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Figure 3.8 Flow of fine sand used in this study
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CHAPTER 1V

MODEL TESTING

4.1 Introduction

This chapter describes the test method and results of the physical model testing.
The series of physical model are simulated under vertical and horizontal infiltration.

The subsidence is measured under various conditions, as follows

Groundwater level (hy,)

Flowing rate and pressure of groundwater

Groundwater flow direction use in salt solubility

Withdrawal rate (pumping rate)

Location of well pumps (hy) and

Overburden thickness (ds).

4.2  Testing Method

Four series of physical model testing are performed to study the behavior of the
solubility and subsidence. These four series are;

1) Testing the effect of the pumping well position. The fixed parameters are the
flow direction of fresh water as vertical infiltration, the thickness of rock salt (ts) = 12.5,
11.0 and 10.5 cm, the thickness of overburden (ds) = 25 cm, the height of groundwater
levels (hw) = 24 cm, and the pumping rate (Q) = 100 cubic centimeters per minute (cc/min)

as shown in Figure 4.1 and Table 4.1.
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2) Testing the effect of the overburden thickness. The fixed parameters are the
direction of flowing fresh water. (Permeable from the top), thickness of rock salt (ts) =
11 cm, distance between the end of pumping tube to the salt surface (hp) =2 c¢m and the
rate of groundwater pumping (Q) = 100 cubic centimeters per minute, as shown in
Figure 4.1 and Table 4.1.

3) Testing the effect of the groundwater level. The fixed parameters are;
thickness of rock salt (ts) = 11 c¢m, distance between the end of pumping tube to the salt
surface (hp) = 2 cm and thickness of overburden (ds) = 25 cm, as shown in Figure 4.1.
and Table 4.1.

4) Testing the effect of the withdrawal rate. The fixed parameters are; the
direction of inflow of fresh water from the top, thickness of rock salt (ts) = 11 cm,
distance between the end of pumping tube to the salt surface (hp) =2 cm and thickness of
overburden (ds) = 11 cm, the height of groundwater levels (hw) = 10 cm, as shown in
Figure 4.1, Figure 4.2 and Table 4.1

Purified salt is used to simulate the salt layer. The salt layer is pressed to get
desired compaction and level. The dyed sand approximately 1-2 cm is put into the test
frame to see the boundary of the salt layer. Saturated brine is poured into the test frame
until the overburden is sunk. Left for 12 hours to settle the sand and salt layer under the
natural water flow condition. The pumping well is installed at the desired high. Salt
water is pumped out with defined rate while the water level is keeping constant by
filling. The amount of subsidence at specified location is measured when every 2 liters
of salt water is pumped out until 120-130 liters of salt water is obtained. In this way the

amount of subsidence is monitored.
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Figure 4.2 Positions and variations used in the subsidence measurement under

horizontal flow direction
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Parameters variables
Testing series Withdrawal h, ds hy ts Pumping Flow
(cm) | (cm) | (cm) | (cm) rate
(cc/min)
o 0.56 12.5
| Periodic 551 11 | 10 [ 10.5
(Series 1). Pumping
3.5 9.5
Depth of 0.5 G 100 -
pumping Cﬁ;ﬁ“‘;ﬁ“g’ 2 | 25 | 24 [ 11 g
Ple 1735 95 g
(Series 2) : 11 10 E'v
Overburden Csllllflllmilrolus 2 25 24 11 100 E,’T
Thickness ping 50 54 g
=
6
12.5 11 100
18
_ 6
(Series 3). Continuous 12.5 am
Groundwater Pumpin 2 25 125 | (new) e
Level ping : 100 §
18 11 =1
18 | (new) =
12,5 | 1a (27 z
27) 100 <
12.5 | 1, (67)
(Series 4) Continuous ) 1 10 11 20 §
Pumping rate. Pumping 100 g

Remarks:  dg= Overburden thickness,

h,, = Water level highs,

r, = Size of recharge area

new = new pumping well

h, = Vertical Distance between pumping well and salt surface

4.3 Results of Simulation

Series of physical model testing have been performed under various conditions

that have given different results of the surface subsidence. The subsidence measurements

have been conducted in the different positions under the vertical infiltration direction (see
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Figure 4.1) and the horizontal flow direction (see Figure 4.2). Figure 4.3 shows variables

used to monitor the subsidence and Table 4.2 shown the results of simulation. Under the

various conditions, the results are summarized as follows:

Table 4.2 Results of simulation

Test Parameters Results

. . . hS Smax B RS W
Testing series | Withdrawal (cm) (cm) Flow | (cm) | (cm) | (cm) | (cm)
Period 0.56 403 | 60 | 403 | 60
Serics | Pe“o.“’ 2.5 ds =11 317 | 70 [3.17 | 70
(De“fﬁ % umpmg 375 276 | 100 | 2.76 | 100

pliflpiﬁg Conti 0.5 . [326 353
;’31;“‘111‘1’“5 2 ds =25 g [2.07 ] 160 | 2.83 | 100

Y 5 234 2.49
(Series 2) Contino ds =11 5 2.34 | 100 | 2.34 | 100
Overburden . 2 ds =25 = 044 | 160 | 259 | 100

Thickness Pumping 2.

ds =50 | 044 | 160 | 7.5 | 160

hy, = 6 0.65 2.53
hy = 12.5 1.94 | 160 | 2.56 | 160

h, =18 2.1 2.61
hy = 6 286 | o [341]

(Series 3). | tinuous ho=125 | = |286 3.61

Groundwater Pumpin 2 — 5

Level ping (new)hy, =12.5 4 552 ] 100 | 5.83 | 120
hy, = 18 = ]335 g0 | 42 | 80
(new)hy, = 18 o; 557 | 120 | 6.02 | 120

2y =125 | % | 6.49 6.63
80 80

r,(6)hy = 12.5 3.12 4.24
(Series 4) Continuous | ds (11),Q=20 &s 035 | 160 | 1.18 | 160
Pumping rate. | Pumping ds (11),Q=100 | & |2.34 [ 100 | 2.34 | 100

Remarks: dg = Overburden thickness,

Rg = formation subsidence,

h,, = Water level highs,

Siax = Maximum subsidence,

B =Extent of the surface subsidence

W = Extent of the formation subsidence

h, = Vertical Distance between pumping well and salt surface
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Figure 4.3 Variables used to monitor the subsidence

4.3.1 Results of The Effect of The Pumping Well Position (Depth of Pumping)

Two kinds of physical model testing (continuous pumping and periodic

pumping) are carried out under vertical infiltration of fresh water conditions. The

amount of subsidence and the concentration of salt are measured in continuous and

periodic pumping cases. The subsidence is also measured continuously when every 2
liters of salt water is pumped out in continuous pumping.

4.3.1.1 Continuous Pumping

Three physical models (h, = 0.5 cm and t; = 12.5 cm, h, = 2

cmand t;=11 cm, h, = 3.5 and t; = 9.5 cm) are simulated to understand the effect of

the pumping well position under continuous pumping condition. When the pumping

well is installed near to the salt layer (h, = 0.5 cm), the subsidence occurs around the

pumping area (Figure 4.4a). When the pumping well position is far from the salt layer

(hp, = 2 cm), the behavior of subsidence is similar but the area of subsidence becomes
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larger (Figure 4.4b). When the pumping well is moved to further distance from salt layer
(hp = 3.5 cm), the subsidence around the pumping area is very small (Figure 4.4c). The
subsidence and salinity are measurement as a function of time (Figures A-1 though A-3
in Appendix A). The subsidence extent does not the pumping well position.
4.3.1.2 Periodic Pumping

Three physical models (h, = 0.5 cm and t;= 12.5 cm, h, = 2
cmand t;=11 cm, hy = 3.5 and t;= 9.5 cm) are simulated to understand the effect of the
pumping well position under periodic pumping condition. When the pumping well is
installed near to the salt layer (hp = 0.5 cm), the subsidence occurs around the pumping
area in a large (Figure 4.5a). When the pumping well position is far from the salt layer
(hp = 2 cm), the behavior are area of becomes small (Figure 4.5b). When the pumping
well is moved to further distance from salt layer (hp = 3.5 cm), the subsidence around
the pumping area was very small (Figure 4.5¢). The subsidence and salinity are
measurement as a function of time (Figures A-4 though A-6 in Appendix A).

From the observation the subsidence occurred and the salinity
is significantly increased when the pumping is off and the extent of subsidence is more
than in the continuous pumping test. The actual figure of these can be seen in Table 4.3

and Table 4.4
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Figure 4.4 Photos of the salt solubility as affected by the depth of pumping for

continuous pumping at overburden thickness = 25 cm,

withdrawal rate = 100 cc/min., well depth = (a)

0.5 cm, (b) 2 cm and (¢) 3.5 cm
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Figure 4.5 Photos of the salt solubility as affected by the depth of pumping for
continuous pumping at overburden thickness = 11 cm, withdrawal rate

=100 cc/min., well depth = (a) 0.5 cm, (b) 2 cm and (c) 3.5 cm.
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Table 4.3 Results of the subsidence measurements under various position and time with the continuous pumping.

Testing the effects of depth of pumping in vertical infiltration of fresh water

Height Time Subsidence R3 R2 R1 C3 2 c1 L1 L2 L3
(cm.) (hrs) (mm.)

10 surface 8.62 11.93 14.88 9.16 0 9.12 14.29 13 8.78

0.5 formation 10.35 15.54 14.51 10.12 10.03 10.66 13.01 15.75 10.28
20 surface 23.23 30.23 36.48 28.59 11.22 23.45 37.45 32.58 | 23.07

formation 25.4 353 26.02 22.67 23.7 23.66 28.48 34.35 24.5

10 surface 5.95 8.39 10.25 8.81 4.78 8.64 8.44 7.8 4.51

) formation 8.89 11.85 11.84 12.01 9.79 11.87 13.07 13.58 8.20
20 surface 17.14 20.64 25.56 20.47 13.67 20.61 23.86 20.85 13.71
formation 21.27 27.33 22.48 22.3 21.3 22.65 24.34 29.32 17.84

10 surface 5.82 8.53 4.86 1.14 3.8 0.94 3.62 3.89 5.17

35 formation 12.01 15.8 7.86 2.68 0 0.96 6.69 4.34 9.2
' 20 surface 18.49 27.97 15.49 13.26 12.59 11.9 14.02 24.9 17.24
formation 2091 27.37 16.6 6.96 343 6.4 11.58 22.6 17.85




Table 4.4 Results of the subsidence measurements under various positions and time with the periodic pumping

Testing the effects of depth of pumping in vertical infiltration of fresh water

Height Time Subsidence R3 R2 R1 C3 2 c1 L1 L2 L3
(cm.) (hrs) (mm.)
10 surface - 16 24.12 24 .97 9.15 24 .97 24.12 16 -
0.5 formation - 16 24.12 24.97 9.15 24.97 24.12 16 -
20 surface - 28.24 40.29 40.03 22.32 40.03 40.29 28.24 -
formation - 28.24 40.29 40.03 22.32 40.03 40.29 28.24 -
10 surface - 17.23 21.37 18.33 9.48 18.33 21.37 17.23 -
) formation - 17.23 21.37 18.33 9.48 18.33 21.37 17.23 -
20 surface - 24.95 31.73 29.84 18.72 29.84 31.73 24.95 -
formation - 24.95 31.73 29.84 18.72 29.84 31.73 24.95 -
10 surface 1.54 6.77 16.26 1.85 2.66 11.85 16.26 6.77 1.54
35 formation 1.54 6.77 16.26 1.85 2.66 11.85 16.26 6.77 1.54
20 surface 10.22 19.3 27.61 21.17 11.55 21.17 27.61 19.3 10.22
formation 10.22 19.3 27.61 21.17 11.55 21.17 27.61 19.3 10.22
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Figure 4.8 Salinity of the pumped brine measured through the test duration and the
depth of pumping of (a) the salinity of continuous pumping (b)

the salinity of periodic pumping

4.3.2 Result of The Effect of The Overburden Thickness
This physical model testing is carried out under continuous pumping and

vertical infiltration of fresh water condition. Three physical models (ds= 11 ¢m, 25 cm
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and 50 cm) are simulated to understand the effect of the overburden thickness. The
surface and formation subsidence obtains from different overburden thickness. When
the thickness is small (ds = 11 cm), the subsidence occurs around the pumping area
(Figure 4.9a). When the overburden thickness is increased (ds= 25 c¢m), the behavior of
subsidence is small but the area of subsidence becomes large (Figure 4.9b).When the
overburden thickness is increased to some (ds = 50 cm), the subsidence is very small
(Figure 4.9¢). Therefore, the results show that the thicker the overburden can give the
lower the magnitudes of the surface and formation subsidence (Table 4.5). The
overburden thickness also influences the salinity as the thicker overburden can give the
lower percentage of the salinity (Figures 4.11). The subsidence and salinity are

measurement as a function of time (Figures A-7 though A-9 in Appendix A).

4.3.3 Result of The Effect of The Groundwater Level

Two types of fresh water flow directions (vertical and horizontal
infiltration) testing are conducted under continuous pumping.

4.3.3.1 Vertical Infiltration

Three physical models (hy, = 6 cm, 12.5 cm and 18 cm) are

simulated to understand the effect of the groundwater level. For vertical infiltration,
Table 4.2 shows the formation subsidence increases from 2.53 c¢cm for groundwater
level of 6 cm to 2.61 cm for groundwater level of 18 cm. The subsidence extent tends to
be the same for these cases (Figures, 4.12 and 4.14). The subsidence and salinity are

measurement as a function of time (Figures A-10 though A-12 in Appendix A).
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Figure 4.9 Photos of is salt solubility testing for various overburden thickness at well
depth =2 cm, withdrawal rate = 100 cc/min and overburden

thickness = (a) 11 cm, (b) 25cm and (c) 50 cm.
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Figure 4.10 Salt solubility testing from as the affected by overburden thickness at well
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Table 4.5 Results of the subsidence measurements under various positions, time and the overburden thickness

Testing the effects of depth of pumping in vertical infiltration of fresh water

Height

Time

Subsidence

(cm.) (hrs) (mm.) R3 R2 R1 C3 C2 C1 L1 L2 L3
10 surface 1.94 1.3 2.04 3.27 1.72 6.24 6.73 1.53 1.45
1 formation 2.4 4.05 1.39 2.45 2.36 6.91 7.28 3.81 0.13
20 surface 6.1 12.34 25.62 14.73 18.08 15.83 21.21 14.69 8.04
formation 5.89 17.48 24 .87 10.1 17.56 17.55 21.96 17.94 6.27

10 surface 0 0 0 0 0 0 0 0 0
25 formation 4.13 5.9 11.94 1.49 9.23 8.08 9.97 5.98 2.65
20 surface 0 433 2.77 0 0 0 3.39 4.54 0.28
formation 10.92 21.97 28.04 3.98 20.67 13.63 23.79 14.29 19.76

10 surface 1.08 1.58 0.69 1.96 1.88 1.04 2.36 0.86 0.7
50 formation 1.58 2.66 2.06 1.64 1.48 1.36 1.74 1.78 2.36
20 surface 4.65 49 34 3.7 4.4 35 4.8 4 3.55

formation 7.3 7.4 4.65 4.9 3.65 5 4.4 7.6 7.7
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Figure 4.11 The salinity of the pumped water as a function of time

for various overburden thickness

4.3.3.2 Horizontal Infiltration
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Seven physical models (hy, = 6 cm, 12.5 cm, new12.5 cm, 18 cm, new 18 cm, 1, =

2 and hy, = 12.5 cm, r, = 6 and hy, = 12.5 cm) are simulated to understand the effect of the

groundwater level and the recharge area. For horizontal infiltration, table 4.2 shows the

formation subsidence (rs) increases from 3.41 cm for groundwater level of 6 cm to 4.2 cm

for groundwater level of 18 cm. This result means the horizontal flow direction has more

influence on the subsidence than the vertical infiltration under the same groundwater level.

The extent of the formation subsidence rises from 70 cm to 120 cm and from 80 cm to 120

cm when having a new well for groundwater level 12.5 cm and 18 cm respectively

(Figures 4.13b though 4.13¢). The subsidence and salinity are measurement as a function

of time (Figures A-13 though A-17 in Appendix A) In addition, the formation subsidence

decreases from 6.63 cm for 2 inch recharge area to 4.24 cm for 6 inch recharge area at
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ground water level of 12.5 cm (Figure 4.18). The subsidence and salinity are
measurement as a function of time (Figures A-18 though A-19 in Appendix A).
4.3.4 Result of The Effect of The withdrawal Rate

This physical model testing is carried out under continuous pumping and
vertical infiltration of fresh water conditions. Table 4.2 shows the formation subsidence
increases from 1.18 cm for the pumping rate of 20 cc/min to 2.34 cm for pumping rate of
100 cc/min (Figure 4.21). The extent of the formation subsidence decreases from 160 cm to
100 cm for the pumping rate 20 cc/min. and 100 cc/min. respectively. It means that when
the pumping rate is low (Q = 20 cc/min), the extent of subsidence extent occurs around the
pumping area is large (Figure 4.20a). When the pumping rate is high (Q = 100 cc/min), the
extent of subsidence becomes small (Figure 4.20b). The subsidence and salinity are

measurement as a function of time (Figure A-20 in Appendix A).



54

é

Original Contact

Groundwater

2

l‘.'

Groundwater

Original Contact

Figure 4.12 Salt solubility testing as the affected by various groundwater levels with

continuous pumping in vertical infiltration direction at overburden

thickness = 25 cm, withdrawal rate = 100 cc/min, groundwater

level = (a) 6 cm, (b)12.5cm and (¢) 18 cm.
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Figure 4.13 Salt solubility testing as the affected by various groundwater levels with

continuous pumping in horizontal flow direction at overburden
thickness = 25 cm, withdrawal rate = 100 cc/min, groundwater
level = (a) 6 cm, (b) 12.5 cm, (¢) 12.5 cm in the new well

(d) 18 cm and (e) 18 cm with a new well
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Figure 4.13 Salt solubility testing as the affected by various groundwater levels with
continuous pumping in horizontal flow direction at overburden
thickness = 25 cm, withdrawal rate = 100 cc/min, groundwater
level = (a) 6 cm, (b) 12.5 c¢cm, (¢) 12.5 cm in the new well

(d) 18 cm and (e) 18 cm with a new well (Continue).
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Figure 4.15 Salt solubility testing as the affected by various groundwater levels with
continuous pumping in horizontal flow direction at overburden
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Table 4.6 Results of the subsidence measurements under various positions, the time and the groundwater level

Testing the effect of the groundwater level in vertical infiltration of fresh water

Time

Subsidence

Height

(cm.) (hrs) (mm.) R3 R2 R1 C3 C2 C1 L1 L2 L3
10 surface 3.82 5.6 3.32 0.9 0 0.9 3.32 5.6 3.82

6 formation 9.07 10.82 7.46 1.84 0 1.84 7.46 10.82 9.07
20 surface 242 6.46 4.19 2.14 0 2.14 4.19 6.46 2.42

formation 8.5 13.11 18.44 253 22.97 253 18.44 13.11 8.5

10 surfage 7.48 10.44 11.8 9.77 8.92 9.77 11.8 10.44 7.48

12.5 formation 8.01 11.99 10.68 7.52 8.55 7.52 10.68 11.99 8.01
20 surface 13.21 19.37 15.02 12.5 10.22 12.5 15.02 19.37 13.21

formation 20.5 25.63 17.69 11.81 10.83 11.81 17.69 25.63 20.5
10 surface 13.38 14.98 13.72 10.7 9.84 11.28 10.43 11.25 12.16

18 formation 11.35 11.65 12.52 8.77 3.51 9.75 9.58 11.51 12.5
20 surface 25.98 27.58 21.7 15.01 12.5 16.31 17.22 28.8 27.65
formation 23.99 22.35 21.81 17.09 13.22 12.12 17.6 2991 32.36




Table 4.7 Results of the subsidence measurements under various positions, the time and the groundwater level in horizontal flow

Testing the effect of the groundwater level in horizontal flow of fresh water

Height | Time | Subsidence | ., Gl R3 R2 R1 C3 2 C1 L1 L2
(cm.) (hrs) (mm.)

-0 surface 0 0 3.76 0 10.92 0 0 0 0 0
6 formation | 15.11 | 1034 | 1729 | 20.61 | 1542 | 593 | 3.92 | 0.66 0 0
40 surface 3.5 | 11.03 | 1348 | 2864 | 2243 | 24 0.83 0 0 0
formation | 304 | 2581 | 3146 | 34.14 | 255 | 13.19 | 623 | 1.66 0 0
-0 surface 0 0 261 | 1337 | 1541 | 538 | 253 | 132 0 0

125 formation 0 13.02 | 2362 | 9432 | 4559 | 1932 | 985 | 884 | 6.73 1.85
40 surface 0 377 | 982 | 69.72 | 2859 | 826 | 3.96 | 251 | 037 0

formation | 1123 | 13.56 | 285 | 3446 | 36.11 | 2247 | 107 | 941 1.89 | 029
20 surface 0 396 | 175 | 3405 | 84l 2.6 1.12 0 0 0
8 formation | 4.53 | 497 | 152 | 1927 | 23.19 | 17.79 | 9.19 | L72 0 0
40 surface 0 13.92 | 102 | 8579 | 3351 | 961 | 2.19 0 0 0
formation | 7.34 | 1341 | 29.77 | 3644 | 4203 | 3177 | 22.16 | 6.14 | 1.49 0
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Figure 4.16 The salinity of the pumped brine measured through the test time, the

groundwater lever and the flow direction, (a) the salinity of

vertical infiltration, (b) the salinity of horizontal flow
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Figure 4.17 Salt solubility testing units varies the entrance width of fresh water. The
overburden thickness and the groundwater level at 25 cm and 12.5
cm does not alter respectively, but the widths of the entrance

to freshwater are (a) 6 inches and (b) 2 inches.
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Table 4.8 Results of the subsidence measurements under various positions and time of the sources of freshwater

Testing the effect of the Recharge area

Recharge Time Subsidence G2 G1 R3 R2 R1 3 2 c1 L1 L2
area (hrs) (mm.)

. 40 surface 6411 | 6493 | 43.04 | 3026 | 1426 | 7.75 | 476 | 345 | 423 0

n 40 formation | 6635 | 55.8 | 49.15 | 4629 | 4124 | 2977 | 112 0 0 0

. 20 surface 0 007 | 017 | 042 | 005 0 0 0 0 0

n 20 formation | 4224 | 4123 | 342 | 2983 | 2791 | 2267 | 626 | 1.08 | 0.17 0
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Figure 4.19 Salinity of the pumped measured under the time and variation

of the recharge Area.
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Figure 4.20 Salt solubility testing as the affected by groundwater pumping rates. The
constant variable is the overburden thickness = 11 cm and well depth

= 2 c¢m, but pumping rate = (a) 20 cc / min and (b) 100 cc / min
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Figure 4.21 Salt solubility testing as the affected by groundwater pumping rates.
The constant variable is the overburden thickness = 11 cm
and well depth = 2 cm, but pumping rate = (a) 20

cc / min and (b) 100 cc / min.



Table 4.9 Results of the subsidence measurements under various positions and the time of variable pumping rate

Testing the effect of the pumping rate in vertical infiltration of fresh water

Time

Subsidence

Pumping

rate(ce/min) (hrs) (mm.) R3 R2 R1 C3 C2 C1 L1 L2 L3
30 surface 0 0 0 0 0 0 1.7 2.73 0.58

20 formation 0.85 1.45 1.37 1.65 1.38 1.76 1.06 0.85 1.14

60 surface 0 0.5 0 0.05 0.05 0.12 2.12 3.26 0.96

formation 1.13 2.94 3.76 2.39 2.03 2.32 3.05 1.86 1.81

10 surface 1.94 1.3 2.04 3.27 1.72 6.24 6.73 1.53 1.45

100 formation 2.4 4.05 1.39 2.45 2.36 6.91 7.28 3.81 0.13

20 surface 6.1 12.34 25.62 14.73 18.08 15.83 21.21 14.69 8.04

formation 5.89 17.48 24.87 10.1 17.56 17.55 21.96 17.94 6.27
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Figure 4.22 The salinity of the pumped brine measured under the time

and variation pumping rate



CHAPTER V

PROFILE FUNCTION

5.1 Objectives

The objective of this chapter is to calculate subsidence components by using
profile function. Comparison between the calculated results and the physical model

simulation is made in order to verify the simulation results.

5.2 Input Parameters

There are four cases in the calculation to assess the effects of; depths of
pumping, overburden thickness, groundwater level and pumping rate. It can be
concluded that the profiles of the subsidence from the two methods are different in the
form of the cavern profiles. As the results of the physical model which show the up cone
in the middle of the well pump does not conform to cavern in the profile function
calculation. This equation has been used for calculating in order to find the boundary of
the slope of the subsidence toward the deepest part of the cavern. In the calculation,
the form of the cavern is like basin and the deepest part would be in the middle of the well
pump and there is no up cone like in the physical model. As the calculation had to use the
results from the physical model such as the maximum of the subsidence and the
overburden thickness and the positions used for calculating is that from the deepest point
to the no subsidence point. The deepest point is given as zero to approximately two times
of the boundary of the extent of the subsidence. This is to make the values s(x) in the

equation 5.1 in chapter 2 (profile function) at zero and this means there is no subsidence
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in that position. As such position is the boundary of the subsidence from the calculation

by using Profile function. See the test parameter and results of calculation in table 5-1.

5.3 Results of Calculation

In this research, the comparison between the results of the computing and the
results of the physical model simulation is mentioned in the chapter IV.
The results of finding the position and boundary of the cavern by using profile

function is regardless the relevance of the feature of the cavern. There is a variance value

with 10-15% of the extent of the subsidence between the calculation and the physical
model. From calculation, we find an agreement when comparing with simulation direction
of vertical infiltration. Result of calculation from effect of depth of pumping by continuous
pumping has conformity (shown in a Figures B-1 though B-3 in Appendix B). Results of
subsidence extent of periodic pumping from calculation are less than physical model
(shown in a Figures B-4 though B-6 in Appendix B). Results of overburden thickness from
calculation are less than physical model (show in a Figures B-7 though B-9 in Appendix B).
Result effect of groundwater level from calculation less than physical model (shown in a
Figures B-10 though B-12 in Appendix B). Result of effect of groundwater level with
simulation flow direction of horizontal flow has unconformity because subsidence of the
two sides is unequal. The subsidence occurs most in the direction of pumping well. The
results of extend from calculation are less than physical model (shown in a Figures B-13
though B-17 in Appendix B).The results of effect size of Richard area with simulation flow
direction of horizontal flow from calculation are less than physical model (shown in a
Figures B-18 though B-19 in Appendix B). The result of effect pumping rate from

calculation less is than physical model (show in a Figure B-20 in Appendix B).
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Input Parameters Results
Test series Case variables | Smax | D | C | Y | B G(x) | ux) e(x)
hy =05 |326]25 3127 | 11.57 | 173.10
hy =2 2.07 | 25 19.85 | 7.34 | 109.91
Case 1 hy =35 |234]25 Ll s | oan 2244 | 830 | 124.25
Depth of hy =05 [403[11] " [66.88 | 24.74 | 807.27
pumping
hy =25 | 3.17 11 52.60 | 19.46 | 635.00
hy =35 [2.76 |11 45.80 | 16.94 | 552.87
ds =11 |234]11 24.10 | 891 | 143.01
Case 2
Overburden ds =25 | 044]25|14 15037 [ 437 | 1.61 | 25.14
thickness ds =50 | 0.44 50 213 | 0.78 | 5.90
hy =6 0.65 | 25 642 | 237 | 36.89
hy=125 |1.94]25 19.16 | 7.09 | 110.10
hy =18 |2.10]25 27.76 | 1027 | 159.48
hy =6 2.86 | 25 27.47 [ 10.16 | 152.07
hy=12.5 |2.86 25 2742 [10.14 | 151.81
Case 3 h 14 | 15037
new )Ny, . .
Gm‘lmdwater (new) 5.52 | 25 52.94 [ 19.59 | 293.10
evel =12.5
hy =18 [3.35]25 31.04 | 11.48 | 180.79
(new)hy =18 | 5.57 | 25 51.61 | 19.09 | 300.60
n2)hy =12.5 | 6.49 | 25 6522 | 24.13 | 361.07
r(6)hy = 12.5 | 3.12] 25 29.92 [ 11.07 | 165.67
Case 4 ds (11,Q=20 | 03511 335 | 124 | 18.58
Pumping rate 23411 141151037
ping ds (11,Q=100 | = 24.10 | 891 | 143.01

Remark: Smax = maximum subsidence (cm),

B = *constant (Horizontal coefficient),

G(x) = Slope,

D = Depth of cavern (cm),

v = angle of draw (degrees),

e(x) =Horizontal strain, u(x) = Horizontal displacement,

C = *constant (1.8 for critical and supercritical widths/1.4 for subcritical widths)



CHAPTER VI

CALCULATION BY SALT_SUBSID PROGARM

6.1 Objectives

The objective of this chapter is to perform the surface subsidence calculation
using Salt SUBSID program to verify the results which has mentioned in the previous

chapter four.

6.2 Salt_SUBSID Program Calculation

Four cases of calculation are performed as follows;
Case 1 is the effect of the pumping well position
Case 2 is the effect of the overburden thickness
Case 3 is the effect of the groundwater level
Case 4 is the effect of the pumping rate
The results from Salt SUBSID program shows the subsidence contour in the
testing set as in Figures 6-2 though 6-21. The results show the extent of the subsidence
in the caver, and also the depth of the maximum subsidence and vertical cross section of
subsidence extent. As consequences, the subsidence value by using Salt SUBSID is not
conformed to the results of the physical model. These may be caused by the feature of
the cavern used in this computing which is the basin in the centre cavern. In this
program the 3D simulation is simulated in cylinder shapes with various diameters
overlapping. And this causes the feature the cavern in the vertical cross section which is

used in calculation. The result of the physical model simulation has shown that there is
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up cone within the cavern which is in the centre under the well pump. In this regard, the
researcher could not simulate in the computing by having up cone under the well pump,
Figure 6.1 (result subsidence profile for calculation of computer program and result

subsidence measurement for physical model).

6.3 Result Salt SUBSID Program

Result of calculation with program has inconsistency due to patter the feature of
cavern model. Result of calculation for impact of well pump position layer with the
flow direction from the vertical infiltration and continuous pumping has shown in
Figures 6.2 though 6.4. Result of calculation for impact of the pumping well position
layer with the flow direction from the horizontal flow and periodic pumping has shown
in Figures 6.5 though 6.7. Result of calculation for impact of the overburden thickness
with the flow direction from the vertical infiltration and continuous pumping has shown
in Figures 6.8 though 6.10. Result of calculation for impact of groundwater levels with
the flow direction from the vertical infiltration and continuous pumping has shown in
Figures 6.11 though 6.13. Result of calculation for impact of groundwater levels with
the flow direction from the horizontal flow and continuous pumping has shown in
Figures 6.14 though 6.18. Result of calculation for impact of size of richard area with
the flow direction from horizontal flow and continuous pumping has shown in Figures
6.19 though 6.20. Result of calculation for impact of pumping rate with the flow
direction from the vertical infiltration and continuous pumping has shown in Figure
6.21. Therefore, the results of the computing give a higher value on the extent of the

subsidence, so this program can not be used for calculating or comparing.
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Figure 6.1 Comparison between .result subsidence in physical model

and program calculation.
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Figure 6.2 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h, = 0.5 cm, dg= 25 c¢m, continuous pumping.
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Figure 6.3 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h, =2.0 cm, dy= 25 c¢m, continuous pumping.
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Figure 6.4 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h, = 3.5 cm, ds= 25 cm, continuous pumping.
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Figure 6.5 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h, =0.5 cm, ds= 11 cm, periodic pumping.
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Figure 6.6 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h, =2.0 cm, ds= 11 cm, periodic pumping.
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Figure 6.7 Results of Salt SUBSID calculation (case 1) for vertical infiltration,

h,=3.5cm, d;= 11 cm, periodic pumping.
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Figure 6.8 Results of Salt SUBSID calculation (case 2) for vertical infiltration,

ds=11 cm, h, =2 cm, hy= 10 cm, and the continuous pumping.
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Figure 6.9 Results of Salt SUBSID calculation (case 2) for vertical infiltration,

ds=25 cm, h, =2 cm, hy,= 24 cm, and the continuous pumping.
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Figure 6.10 Results of Salt SUBSID calculation (case 2) for vertical infiltration,

ds=50 cm, h, =2 cm, hy,= 49 cm, and the continuous pumping.
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Figure 6.11 Results of Salt SUBSID calculation (case 3) for vertical infiltration,

hy= 6 cm, hy =2 cm, dy=25 cm and the continuous pumping.
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Figure 6.12 Results of Salt SUBSID calculation (case 3) for vertical infiltration,

hy= 12.5 cm, hy =2 cm, dy= 25 cm and the continuous pumping.
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Figure 6.13 Results of Salt SUBSID for calculation (case 3) for vertical infiltration,

hy= 18 cm, h, =2 cm, dy=25 cm and the continuous pumping.
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Figure 6.14 Results of Salt SUBSID calculation (case 3) for horizontal flow,

hy= 6 cm, h, =2 cm, d;=25 cm and the continuous pumping.
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Figure 6.15 Results of Salt SUBSID calculation (case 3) for horizontal flow,

hy= 12.5 cm, h, =2 cm, d;= 25 cm and the continuous pumping.
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Figure 6.16 Results of Salt SUBSID calculation (case 3) for horizontal flow,h,,=12.5

cm, h, =2 cm, d;=25 cm and the continuous pumping in a new well.
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Figure 6.17 Results of Salt SUBSID calculation (case 3) for horizontal flow,

hy= 18 cm, h, =2 cm, d;= 25 cm and the continuous pumping.
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Figure 6.18 Results of Salt SUBSID calculation (case 3) for horizontal flow,
hy=18 cm, h, =2 cm, d;=25 cm and the continuous

pumping in a new well.
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Figure 6.19 Results of Salt  SUBSID calculation (case 3) for horizontal flow, 2 in
recharge area, hy,= 12.5 cm, h, =2 cm, dy=25 cm and

the continuous pumping.
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Figure 6.20 Results of Salt  SUBSID calculation (case 3) for horizontal flow, 6 in
recharge area, hy,=12.5 cm, h, =2 cm, dy= 25 cm and

the continuous pumping.
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Figure 6.21 Results of Salt SUBSID calculation (case 4) for vertical infiltration,
ds=11 cm, h, =2 c¢m, hy= 10 cm and the continuous

pumping Q =20 cc/min and Q =100 cc/min.



CHAPTER VII

COMPUTER SIMULATION

7.1 Introduction

This research simulated the flowing of underground water by using the
computer simulation to study the characteristics of the water flow through the
overburden feature. It describes the parameters and the flowing form in the
simulation including results from computing. Results from the computer simulation
(Finite Element Subsurface & Transport Simulation System) will be used to create
the ratio of the flowing in overburden to the pumping rate and the permeability by
using the FEFlow program (Wasy, 2006) In the simulation, there is various rate of the
water flow underneath the surface which depends on the area either in two or three
dimensions. The parameters in calculating are the area the water has flow through, the
rate of permeability, the rate of flowing and the transportations of sediment. The
parameters are the overburden thickness, the water pressure, the water level and the
position of the pumping, the water flowing in from the top and flow out on the side.
The results of this simulation will be compared with the physical model results and
the solubility, focusing on the water flow direction from formation surface leaching

the salt layer to pumping well.

7.2 Results of The Computer Simulation

The result of the simulation is shown in the groundwater flowing in overburden

thickness and pumping rate which is used in this simulation was the same rate as in the
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physical model. It observed the water flowing through formation surface or the water
has dissolved the salt. The results of each testing show in Figures C-1 though C-11. It
shows that the depth of pumping or the distance of the tube to the salt surface has
influenced to the solubility salt. This mean the salt will be dissolved more if the
pumping tube is near the salt surface. (Figure C-1 in Appendix C) If the tube was
moved further, then the pumping would make salt soluble into a large area which
conforms to the results from the physical model. When the pumping well is installed
near to the salt layer (h, = 0.5 cm), the permeability of fresh water is near to the salt
surface is small (Figure C-1 in Appendix C). When the pumping well position is far
from the salt layer (h, = 2 cm), the permeability of fresh water is far to the salt surface
(Figure C-2 in Appendix C). When the pumping well is moved to further distance from
salt layer (hp = 3.5 cm), the permeability of fresh water is moved to further the salt
surface is large (Figure C-3 in Appendix C). The computer simulation can be made for
continuous pumping only. The results of the groundwater flowing has been affected
from the overburden thickness. The extent of water flowing was followed the
overburden thickness. The thicker the overburden is, the less the water permeability to
dissolve the salt is affected from the pumping. These were in the line with the physical
model results. When the thickness is small (ds= 11 cm), the permeability of fresh water
occurs around the pumping area (Figure C-4 in Appendix C). When the overburden
thickness has increased (ds = 25 cm), the permeability of fresh water becomes large
((Figure C-5 in Appendix C). When the overburden thickness has increased a lot more
(ds = 50 cm), the permeability of fresh water becomes larger (Figure C-6 in Appendix
C). The flow direction of the brine in the vertical infiltration in the computer simulation

has been in the line with the results of the physical model. The result shows the flow
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direction of groundwater into pumping well, the most of water flows from the
horizontal infiltration. The results of physical model, the small amount of salt dissolved
were surrounding under the tube because the water in that area has moved in a small
amount. So it creates up cone in the centre under the tube in vertical infiltration. For
results of horizontal flow, the groundwater flow from the sources. Which conforms to
the physical model result, that means the salinity is in only the area that the water flows
through from the vertical flow in the tube. As the physical model results show that the
most salinity is in the area that water has flown in (Figures C-7 though C-11 in
Appendix C). And the computer results shows that salts will be dissolved from the

water flowing in. These can be seen as the results in the chapter IV.



CHAPTER VIII
DISCUSSIONS, CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE STUDIES

8.1 Discussions

Four series of tests were performed by using a physical model. These four test
series are to assess the effects of depth of pumping, overburden thickness, groundwater
level and withdrawal rate. The results obtained from the periodic and continuous pumping
under vertical and horizontal water flow directions are given in chapter IV. The results of
each series described the effect of various test parameters on the test. The formation and
surface subsidence have been caused from those parameters. For the flow direction,
it seems that the horizontal flow direction has more influenced on the subsidence than the
vertical infiltration under the same groundwater level. The pumping rate results indicate
that the formation subsidence increases with increasing of pumping rate, but it seems to
be opposite with the extent of formation subsidence. When the pumping rate is high, the
subsidence area becomes smaller.

Overall results seem similar among each other as the subsidence occurs around
the pumping area. The subsidence happens outside the pumping area in reality under the
horizontal flow of fresh water. More tests should be conducted on this research topic.
Cone underneath the pump well was observed in vertical infiltration condition.
The cone was occurred from the effects of flowing rate of water movement into

pumping pipe. The middle pipe flows were slower than those around the pipe.
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Moreover, the water that comes into pumping pipe has dissolved the salt from the salt
layer around the pumping area. The pumping pipe position that made the solubility

decreased in area near to the pipe causing the cavern under the pipe.

8.2 Conclusions

Physical scaled-down 2-dimensional models have been used to simulate the
surface and formation subsidence induced in the salt basin by brine pumping practice.
Sorted sand (0.6-0.8 mm) is used to simulate the overburden. Pure crushed salt (0.6 mm)
simulates the underlying salt bed. The effects of well depth (distance between pumping
tube and top salt), overburden thickness, groundwater level, pumping rate and flow
direction are assessed. The results suggest that deeper pumping tube (closer to the salt
surface) induces greater magnitudes of surface and formation subsidence than does the
shallower tube. The subsidence magnitude induced over shallow salt bed is greater than
that over the deeper salt bed. The extent of the surface subsidence over the shallow salt
bed is smaller than that over the deeper salt bed. The deeper groundwater level tends to
show greater magnitude of surface and formation subsidence. The groundwater level
however has no impact on the extent of the subsidence area. The higher rate of brine
pumping, the greater magnitude and the lesser extent of the subsidence is obtained.
The location of subsidence is mainly controlled by the positions of the fresh water
sources and of the pumping well. The results provide an understanding of the
magnitude and severity of the surface and formation subsidence in the brine pumping
areas, and hence practical guideline can be drawn, and mitigation plan can be
implemented. Comparison between the profile function results of the computing and

physical model is made. Results from the Salt SUBSID can be concluded that this
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program should not calculate the subsidence of the physical model testing. The
subsidence in the program is in 3-dimensional which can not be related to the subsidence
in the physical model. Results from computer simulation show how the groundwater

flows into the overburden to dissolve the salt layer.

8.3 Recommendations for Future Studies

The scope of this research is relatively narrow, emphasizing on the correlations
between the surface profile and the cavern configurations. This leads to the following
research needs.

- The test should be performed on the simulated overburden with various
permeability values to access the impacts of the overburden characteristics.

- The effect of the pumping rate should be studied under a broader range. In
addition the knowledge of the effect of multiple brine wells on the subsidence
characteristics is desirable.

- The test should be conducted under a much slower pumping rate to study
the change of the pumped water salinity.

- The overburden rock with different stiffness values should be tested to study

their relation with the surface subsidence.
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APPENDIX C

RESULT OF COMPUTER SIMULATION (FEFlow)
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Figure C-1 Computer simulation results of 25 ¢cm overburden thickness, 0.5 cm depth of pumping and 100 cc/min pumping rate
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Figure C-2 Computer simulation results of 25 ¢cm overburden thickness, 2 cm depth of pumping and 100 cc/min pumping rate




Velocity Arrow (cm/d)

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
I | | | (SPR | N  F P| | [ | I 25
L N | l £ & o g w —_ 20

= u 1% ] l i. I ' o o o -
"I 15

PR RS T l Ui v # v i
WS M s \‘ \. / / ¢ o v & ox __10

LI B B g .l e =5

i i L . i

Hydraulic head (cm) Pumping well

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
| | | | | [ | | | | | | I | | 25

25 L
—20
—15
22 10

= -5

Qi -

16

Figure C-3 Computer simulation results of 25 cm overburden thickness, 3.5 cm depth of pumping and 100 cc/min pumping rate
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Figure C-4 Computer simulation results of 11 cm overburden thickness, 2 cm depth of pumping and 100 cc/min pumping rate
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Figure C-5 Computer simulation results of 25 cm overburden thickness, 2 ¢cm depth of pumping and 100 cc/min pumping rate
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Figure C-6 Computer simulation results of 50 cm overburden thickness, 2 cm depth of pumping (distance from pumping well to

formation surface) and 100 cc/min pumping rate
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Figure C-6 Computer simulation results of 50 cm overburden thickness, 2 cm depth of pumping (distance from pumping well to

formation surface) and 100 cc/min pumping rate.(continue )
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Figure C-7 Computer simulation results of 25 cm overburden thickness, 6cm groundwater level and 100 cc/min pumping rate

under horizontal flow direction.




Velocity Arrow (cm/d)

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
I | | | | l | l | | | [ | I 25
# L = T e e — e __20
« = M e . — e |
-4({-’((/.:} ..-44-*""_F_,,_._‘___4.__ _—15
— —— ] 10
PR T l / e = T — e 4+ -
W T \\l _.’/ ._‘___.--"4-—-' — b e = o W __5
i,
7
Pumping well
Hydraulic head (cm)
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
N | | i L s
—20
\ , 18 17 20 i
10 22 N
7 p— B 15
3 ~10
2 25 5
&) [

Figure C-8 Computer simulation results of 25 cm overburden thickness, 12.5 cm groundwater level and 100 cc/min pumping rate

under the horizontal flow direction.
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Figure C-9 Computer simulation results of 25 cm overburden thickness, 18 cm groundwater level and 100 cc/min pumping rate

under the horizontal flow direction.
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Figure C-10 Computer simulation results of 25 cm overburden thickness, 2 inch in recharge area, 12.5 cm groundwater level and

100 cc/min pumping rate under horizontal infiltration.
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Figure C-11 Computer simulation results of 25 cm overburden thickness, 6 inch in recharge area, 12.5 cm groundwater level and 100

cc/min pumping rate under horizontal flow direction.





