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ABSTRACT

Constant head flow test has been performed on twenty-four cylindrical rock specimens obtained from Phu Phan and Sao Khua
formations, representing ones of the aquifers in northeast of Thailand. The specimens are prepared with nominal diameters of 54
mm and length-to-diameter ratio of 1.5. The flow direction is normal and parallel to bedding planes. The test procedure is in
accordance with the ASTM standard practice. The permeability of Sao Khua sandstone is lower than that of Phu Phan
sandstone. It decreases with increasing confining pressures. The flow rates in the direction normal to the bedding planes are
lower than those parallel to the bedding planes. The permeability anisotropy tends to be independent of the confining pressure. It
is about 10 for Phu Phan sandstone, and 12 for Sao Khua sandstone. The effective porosity of Phu Phan sandstone is higher than
that of Sao Khua sandstone, particularly under high confining pressures. They range from 4.5% to 7.3% for Phu Phan sandstone
and 1.9% to 4.3% for Sao Khua sandstone.
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1. Introduction

For intact rock without any fractures, the fluid will flow through the small pores, which are randomly distributed in its
matrix. The hydraulic and mechanical behaviors for the intact rock can be described by continuum mechanics like soil, which are
relatively straightforward. Permeability is a measurement of the ability of a porous media to transmit fluids. It is an important
controlling parameter of fluid flow systems in the rocks. This parameter is particularly important in sandstones since they
generally are either groundwater or petroleum reservoirs. At greater depths, the permeability of the rocks tends to reduce due to
higher stresses [1]. The mechanical behavior and structural expression of deformation in a porous sandstone may be influenced
by many competing factors, including porosity, mineralogy, pore fluid and confining pressure [2,3]. It has been commonly
found that the confining pressure can notably reduce the effective porosity of rocks, and subsequently decreases their
permeability [4-6]. This finding has been concluded from many flow tests conducted in the laboratory under controlled
hydrostatic pressures.

Most of the previous researchers have been concentrated on the effects of confining pressure and pore pressure on the
permeability of rock. Wannakao et al. [7] estimate the coefficient of permeability of Phra Wihan, Phu Phan and Nam Phong
formations under confining pressures by using flowing water with different pressures at inlet and outlet positions. The results
indicate that the permeability reduces as the confining pressure increases. The equation used to estimate permeability based on

1.899

porosity is proposed as k = 9.68n ", where k is permeability (mD) and n is fractional porosity. The significant variables
affecting the permeability of rock are porosity, mineral compositions and thickness of cross bedding [8]. The permeability
increases with effective grain size and porosity increase. Sukplum et al. [9] study the permeability by flowing gas and water
under confining pressures from 4 to 16 MPa, using specimens from the Nam Phong formation. The anisotropy of rock
permeability is measured in two directions (parallel and perpendicular with lamination or cross bedding of specimens). The
results indicate that the permeabilities of rocks sample are very low. The water permeability ranges from less than 1 to 340
uDarcy, while the gas permeability ranges from less than 1 to 59.25 pDarcy. The anisotropic water permeability (k,,/k, /) range
from 0.30-18.54, and anisotropy infinite permeability (kop,/k_/) ranges from 0.19-2.26 (Table 1). Several models used to describe
the relation between confining pressure and permeability have been proposed by several previous researchers, including
exponential, power and polynomial relations [10-12].

The objective of this study is to assess experimentally the permeability and effective porosity of Phu Phan and Sao Khua
sandstone formations under different depths. The work involves constant head flow test under various confining pressures with
flow direction normal and parallel to the bedding planes. Anisotropic permeability is determined. Since the fracture permeability
is not considered here, the findings can be useful for a conservative prediction the yield pumping rate of the two sandstone

formations.

104 | Sawarin Champanoi ', Supattra Khamrat?, Thanittha Thongprapha® and Kittitep Fuenkajorn®



AAINTTUAITAVUIFYBASTWRIUN 4 30 atiuft 1 unsrAu-Tuau 2562

Engineering Journal of Research and Development Volume 30 Issue 1 January-March 2019

2.  Sample Preparation

The rock specimens belong to Phu Phan and Sao Khao formations. The Phu Phan sandstone is fine-grained comprising
80% quartz, 2.5% fledspar, 5.5% rock fragment, 1.5% mica and 10.5% other. Sao Khua sandstone is very fine-grained
comprising 58% quartz, 5.5% fledspar, 7.5% rock fragment, 3% mica and 26% other [13].

The specimen density of Phu Phan sandstone is averaged as 2.4 £ 0.1 g/cc and 2.37% 0.1 g/cc for Sao Khua sandstone. The
sample preparation follows the ASTM standard practice [14] with nominal dimensions of 54 mm in diameter and 81 mm in

length. A total of 12 specimens are prepared for each rock type.

3.  Test Apparatus and Method

Figure 1 shows the test arrangement. Before testing, the specimens are dried at 100 °C in an oven, and saturated in a
vacuum-chamber at a negative pressure of 0.1 MPa for 48 hours. The specimen is then placed in a triaxial cell which is used to
inject water pressure under constant confining pressures. The confining pressures are from 10 to 50 MPa. The injected water
pressure is about 0.69 MPa which is controlled by a regulating valve connected on the nitrogen gas tank. The outlet pressure is
taken as the atmospheric pressure, and is assumed to be 1 atm. Pipette with precision of 0.1 cc and 0.01 cc is used to collect the
outflow of water. The flow rates under each confining pressure are measured to calculate the rock permeability and porosity.

Testing durations are up to 19 to 46 days.

Regulating valve

Constant diameter Pipette high—p
water pump precision

inflow

FH—1» Porous stones

Hoek cell

» Specimen

P
B0

Hydraulic pump
with pressure gage

Figure 1 Laboratory arrangement for constant head flow test under high confining pressures
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Table 1 Permeability of associated rock formations obtained elsewhere [1, 7-9]

Permeability
Confining R
Rock Formations Flow Directions | Permeability (m’) | Porosity (%) Anisotropy
Pressures (MPa)
(k/k,)
Parallel 3.41X10™° 438
4 19.73
Normal 1.73X10™"7 448
Parallel 2.74X10™"° 3.94
8 18.82
Namphong Formation Normal 1.45%10" 4.06
(Khon Kaen Province) Parallel 2.37X10™" 3.55
12 17.74
Normal 1.33x107" 3.55
Parallel 2.02X10" 3.69
16 16.07
Normal 1.26%10" 3.34
Parallel 3.55X10™ 2.66
4 1.29
Normal 2.75%10™"® 2.71
Parallel 2.30%X10™" 2.15
8 1.15
Namphong Formation Normal 2.00%10™ 224
(Loei Province) Parallel 1.81X10™® 1.74
12 1.23
Normal 1.47X10™"® 1.86
Parallel 1.13%x10™"® 1.33
16 1.25
Normal 8.98X10™" 1.47
Parallel 1.02%10" 2.82
4 439
Normal 2.33%10™"® 3.59
Parallel 6.72X10™* 2.41
8 4.93
Namphong Formation Normal 1.36X10™ 3.15
(Chaiyaphum Province) Parallel 5.13X10™" 2.07
12 5.15
Normal 9.97X10™" 2.81
Parallel 4.02X10" 1.71
16 433
Normal 9.28X10™" 2.46
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4.  Test Results
The flow rates as a function of times for Phu Phan and Sao Khua sandstones are shown in Figure 2 and Table 2. The curves

show inflow and outflow with the flow directions parallel and normal to bedding planes. The flow rates are measured as a
function of time until the inflow and outflow rates are equal. This is to ensure that the specimens are under saturated condition.
The results indicate that the outflow rate increases with times, and decreases with increasing confining pressures. The time at
which the inflow and outflow rates are balanced increases with increasing confining pressures. The flow rates normal to the
bedding plane are lower than those parallel to the bedding plane. The Phu Phan sandstone gives the flow rate higher than that of

Sao Khua sandstone for both normal and parallel to the bedding planes. This is probably controlled by the porosity and pore

space arrangement of the specimens.
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Figure 2  Examples of flow rates as a function of time for Phu Phan and Sao Khua sandstone specimens in directions normal

(a),(c) and parallel (b),(d) to bedding planes for various confining pressures (o)
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Table2  Summary of test results

. . Confining pressures Testing time Flow rates
Rock types Flow Directions (MPa) (Days) (ccls)
10 19 0.00807
20 24 0.00272
Parallel (/) 30 26 0.00160
40 30 0.00128
Phu Phan sandstone 50 35 0.00078
10 24 0.00096
. 20 27 0.00046
Perpendicular (L) 30 30 0.00016
40 34 0.00012
50 37 0.00006
10 22 0.00400
20 27 0.00139
Parallel (/) 30 30 0.00078
40 34 0.00044
Sao Khua sandstone 50 37 0.00018
10 24 0.00019
. 20 26 0.00011
Perpendicular (1) 30 29 0.00004
40 35 0.00002
50 46 0.00001

5.  Permeability Calculation
The hydraulic conductivity (K) can be calculated from the test results. Based on the Darcy’s law [15] the conductivity can

be calculated from:

K=0/A(AWL) (1)

where K is hydraulic conductivity (m/s), Q is flow rate (mj/s), A is a cross-section area of flow (mz), %, is unit weight of water
(9,789 N/m’), and Ah/L is hydraulic head gradient. The hydraulic conductivity can be used to calculate the intrinsic permeability

(k) as:

k= (Kwy,) @

where g is dynamic viscosity of water (1.005x 10" N*s/m’). The intrinsic permeability values parallel and normal to the bedding
planes are plotted as a function of confining pressure in Figure 3. The results show that the intrinsic permeability decreases
when confining pressures increase from 10 to 50 MPa. The permeability of Phu Phan sandstone is higher than that of Sao Khua

sandstone for all test conditions. The permeability of rock specimens with flow direction parallel to the bedding planes are
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always greater than those normal to the bedding planes. Table 3 shows the empirical equation and parameters used to fit the

curve in Figure 3. The parameter &, represents the rock permeability under zero confinement.

1075
qPhu Phan
1Sao Khua
1079
Phu Phan
ST
:E; 10 ESao Khua o
10"8;
1 O Perpendicular
1 0O Parallel
10'4—r—r-—r—-r-r-rr-r-rrrr-rrrrr-r—-rrrr-r-m—
0 10 20 30 40 50

63 (MPa)

Figure 3 Intrinsic permeability as function of confining pressures

Table3  Summary of empirical constants

k=k, exp™
Rock types Flow directions
k, n R

Parallel 4x10™° -0.078 0.988

Sao Khua sandstone )
Perpendicular 2x10™" -0.064 0.967
Parallel 1x10™ -0.089 0.989

Phu Phan sandstone )
Perpendicular 9x10"7 -0.078 0.988

The effective porosity of the two sandstones can also be determined from the specimens tested under each confining
pressure. This can be done by weighting the specimens before and after placing in an oven for 24 hours after flow testing. The

weight differences represent the weight of water. The effective porosity can then be calculated by [16]:

n,= [(W-d)/p,J/V) x 100 (3)
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where W is saturated weight of specimen (g), d is dry weight of specimen (g), p, is density of water (g/em’) and V is total bulk
volume of specimen (cm’). The results indicate that the effective porosity of sandstones in the flow direction normal and parallel
to the bedding plane are equal, and decrease with increasing confining pressures (Figure 4). The porosity of Phu Phan sandstone

is higher than that of Sao Khua sandstone, particularly under high confining pressures. They are ranging from 4.5% to 7.3% for

Phu Phan sandstone and 1.9% to 4.3% for Sao Khua sandstone.

Effective porosity (%)
o~

3_
2-
1 _ -------- Parallel 0O Sao Khua sandstone
4 —— Normal O Phu Phan sandstone
0+r—r—r—rrrr T
0 10 20 30 40 50 60
o3 (MPa)

Figure4  Effective porosity in directions normal and parallel to bedding plane as a function of confining pressures

The volumetric changes or reductions of the sandstone specimens have been measured after they are removed from the
confining chamber. It is found that the specimen volume reduces as increasing the confining pressure. The volumetric changes
are calculated by dividing the volumetric changes by the original volume of the specimen. The results are shown in Table 4, and
are plotted as a function of confining pressure in Figure 5. This suggests that permanent closure of the pore spaces has occurred

after the specimens have been subjected to the confining pressures. The greater confinement is applied, the more permanent

pores closure is obtained.
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Table4  Volumetric change of specimens under each confinement

Dry density (g/cc) Volumetric change (%)
Confining pressures (o)
Sao Khua Phu Phan Sao Khua Phu Phan
(MPa)
sandstone sandstone sandstone sandstone
0 2.365 2.409 0 0
10 2.387 2.421 0.950 0.520
20 2.394 2.437 1.220 1.170
30 2.406 2.446 1.730 1.530
40 2.417 2.461 2.220 2.160
50 2.423 2.468 2.470 2.470
3

0 Sao Khua sandstone
O Phu Phan sandstone

Volumetric Change (%)

o Y————1rrr—r—rrr—r—r—rrrrrrrrrrr——

0 10 20 30 40 50 60
G3 (MPa)

Figure 5  Volumetric change as a function of confining pressure

6.  Discussions and Conclusions

Permeability and porosity of sandstones are measured under different confining pressures ranging from 10 to 50 MPa. The
results clearly indicate that the permeability of Phu Phan sandstone is higher than that of Sao Khua sandstone. Both sandstones
show the anisotropic permeability. The permeability parallel to the bedding planes is about 10 times higher than that normal to
the bedding planes. This permeability anisotropy tends to be independent of the confining pressure. The confining pressures
within the range used here affect equally on the permeability in both flow directions. Increasing the confining pressure from 10
to 50 MPa can reduce the sandstone permeability by about one order of magnitude. The results suggest that the closure of the
pore space after subjecting to high confining pressures tends to be permanent. This is evidenced from the measurements of the

specimen diameters before and after testing.

Sawarin Champanoi !, Supattra Khamrat?, Thanittha Thongprapha® and Kittitep Fuenkajorn® | 111



AAINTTUAITAVUIFYBASTWRIUN 4 30 atiuft 1 unsrAu-Tuau 2562

Engineering Journal of Research and Development Volume 30 Issue 1 January-March 2019

Acknowledgements
This study is funded by Suranaree University of Technology and by the Higher Education Promotion and National

Research University of Thailand. Permission to publish this paper is gratefully acknowledged.

References

[1] Sukplum, W. et al. Experimental assessment of the anisotropic permeability of sandstone, Nam Phong formation Loei-Phetchabun fold belt by
gas flowing under confining pressures. Rock Mechanics Proceedings of the Fourth Thailand Symposium, Im Poo Hill Resort, Nakhon
Ratchasima, 2013.

[2] Wong, T. F. et al. The transition from brittle faulting to cataclastic flow in porous sandstones: mechanical deformation. Journal of Geophysical
Research: Solid Earth, 1997, 102 (B2), pp. 3009-3025.

[3] Baud, P. ef al. Failure mode and weakening effect of water on sandstone. Journal of Geophysical Research: Solid Earth, 2000, 105 (B7),
pp.16371-16389.

[4]  Ghabezloo, S. et al. Effective stress law for the permeability of a limestone. International Journal of Rock Mechanical Mining Sciences, 2009,
46 (2), pp. 297-306.

[5]1  Dong, J. J. et al. Stress-dependence of the permeability and porosity of sandstone and shale from TCDP Hole-A. International Journal of Rock
Mechanical Mining Sciences, 2010, 47 (7), pp.1141-1157.

[6]  Huiyuan, B. ef al. Pressure sensitivity research on porosity, permeability and acoustic slowness in tight sandstone reservoir. Electronic Journal
of Geotechnical Engineering, 2016, 21 (24), pp. 7719-7727.

[71  Wannakao, L. et al. The use of ultrasonic in evaluating engineering properties: Phra Wihan, Phu Phan, Nam Phong sandstones and Permian
limestone. Khon Kaen, Department of Geotechnology, Faculty of Technology, Khon Kaen Unversity, 2010.

[8]  Wannakao, L. et al. Correlation between gas and water permeabilities of the Nam Phong Formation Sandstones and their factors affecting. In:
ISRM International Symposium 8th Asian Rock Mechanics Symposium, Sapporo, Japan, 2014.

[9] Sukplum, W. Experimental assessment of the sandstone anisotropic permeability, the Nam Phong formation, Loei-Phetchabun fold belt by gas
and water flowing measurements under confining pressures. M.S. thesis, Khon Kaen University, 2012.

[10] Meyer, R. Anisotropy of sandstone permeability. CREWES Research Report, 14: 1-12, 2002.

[11] Zisser, N., and Nover, G. Anisotropy of permeability and complex resistivity of tight sandstones subjected to hydrostatic pressure. Journal of
Applied Geophysics, 2009, 68 (3), pp. 356-370.

[12] Dong, J. J. et al. Stress-dependence of the permeability and porosity of sandstone and shale from TCDP Hole-A. International Journal of Rock
Mechanical Mining Sciences, 2010, 47 (7), pp. 1141-1157.

[13] Racey, A. et al. Stratigraphy and reservoir potential of the Mesozoic Khorat group, NE Thailand. Part Stratigraphy and Sedimentary Evolution.
Journal of Petroleum Geology, 1996, 19 (1), pp. 5-39.

[14]  American Society for Testing and Materials. D 4543: 2008. Standard practices for preparing rock core as cylindrical test specimens and
verifying conformance to dimensional and shape tolerances. Pennsylvania: ASTM, 2008.

[15] Indraratna, B., and Ranjith, P. Hydromechanical Aspects and Unsaturated Flow in Joints Rock, AA Balkema publishers: Lisse,2001.

[16] American Society for Testing and Materials. C 830: 2000. Standard test methods for apparent porosity, liquid absorption, apparent specific

gravity, and bulk density of refractory shapes by vacuum pressure. Pennsylvania: ASTM, 2000.

112 | Sawarin Champanoi ', Supattra Khamrat?, Thanittha Thongprapha® and Kittitep Fuenkajorn®


https://en.wikipedia.org/wiki/List_of_cities_in_Pennsylvania
https://en.wikipedia.org/wiki/List_of_cities_in_Pennsylvania

