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The objective of this study is to investigate the effect of bedding plane on
compressive strength and elastic properties of Phu Phan sandstone. Pulse velocity
measurement, uniaxial and triaxial compression tests with confinement up to 12 MPa
are performed under different bedding plane orientations. The results indicate that
wave velocity normal to bedding planes is smaller than that parallel to the beds. The
maximum compressive strength is found when the major principal stress is normal to
bedding plane and the minimum strength obtained when normal to bedding plane
makes an angle of 75 degrees with loading direction. The elastic modulus parallel to
bedding plane is always greater than that normal to bedding plane. This is true for all
confining pressures. The degree of anisotropy tends to decrease as confining pressure
increases. Coulomb criterion can describe the compressive strengths of Phu Phan
sandstone. A third-degree polynomial equation can define the cohesion under varied
bedding plane angles. Distortional strain energy at failure agrees with the Coulomb

criterion.
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CHAPTER |
INTRODUCTION

1.1  Background and Rationale

Rock engineering structures are sometimes designed and constructed in
sedimentary rocks that deposit from sediments in variant periods. The sedimentary
rocks always have layers of deposition that called bedding planes, and these planes
can cause difference of rock properties. The difference of properties in these rocks
appears in two directions that are normal to bedding plane and parallel (transverse)
to bedding plane. Such characteristic is called transversely isotropic property. It is a
factor that engineers have to face in many sites. In fact, the bedding plane of
sedimentary rocks usually has different angles of orientation (called dip angle) because
of tectonic process of earth crusts. The effects of transversely isotropy on strength and

elastic properties of rock are therefore needed to be well understood.

1.2 Research Objectives

The objective of this study is to determine the effects of transversely isotropy
of sandstone. Triaxial compression test is performed on Phu Phan sandstone with
various angles of bedding planes with the principal stress direction. Various confining

pressures are applied in this test.

1.3 Scope and Limitations
The scope and limitations of this research include as follows.
1) Phu Phan sandstone is tested.
2) Al specimens are 54x54x108 cubic millimetres in size.
3) The specimens are prepared with bedding orientations making angle of 0°,
15°, 30°, 45°, 60°, 75° and 90° with the principal direction.
4) Confining pressures are applied from 0 MPa to 12 MPa.

5) The test is performed under ambient temperature (30+1°c)



1.4  Research Methodology

The research methodology is shown in Figure 1.1 which includes literature
review, samples preparation, poly-axial compression test, determination of strength
and elastic parameters, applicant to strength and elastic criterion, discussion,

conclusion and thesis writing.

Literature Review
Samples Preparation
Poly-axial Compression Tests

v

Determination of Strength and

Elastic Parameters

v

Strength and Elastic Criteria

Discussions and Conclusions

v

Thesis Writine

Ficure 1.1 Research methodology.

1.4.1 Literature review

Literature review was collected a research about classification of
anisotropy (transversely isotropy) and effect of transversely isotropy to mechanic
properties of rock under unconfined or confined stress conditions. The sources of

information are brought from journals, technical reports and conference paper.



1.4.2 Samples preparation

The samples have been obtained from sandstone of Phu Phan
formation. Samples are prepared in the laboratory at Suranaree University of
Technology. The specimens are prepared to rectangular shape with dimensions of
54x54x108 mm? for each sample has an angle of bedding plane which various about

zero-degree to ninety-degree respect to axial loading.
1.4.3 Compression test

A poly axial load frame (Walsri et al., 2009) is used in this study under
constant confining stress from 0 MPa up to 12 MPa. The test is performed by apply
axial stress to samples until the sample collapse while the confining stress is
controlled constantly. The dial displacement gages are used to measure the
deformation of sample in axial and lateral directions. The collapsed load,
displacement and modes of failure are observed. Then, it is calculated and analyzed

for strength and elastic parameters of specimen.
1.4.4 Determination of strength and elastic parameters

The Amadei (1996) solutions are applied to evaluate the apparent
elastic moduli and Poisson’s ratios of the specimens under various orientations of

bedding planes.
1.4.5 Strength and elastic criteria

The strength results obtained from compression testing are used to
develop failure criterion. The criterion incorporates the effect of transverse isotropy

caused by various orientations of bedding planes.
1.4.6 Discussions and conclusions

Discussions describe the reliability and adequacy of the test
information. Comparison of the results and explanations of these problem is
described and offered here. To the future research needs are identified. Conclusions

from the study are created.



1.4.7 Thesis writing

All research activities and results are documented and complied in
the thesis. This research can be applied to analysis mechanism of rock mass

which be influential from their transversely isotropy property.

1.5 Thesis contents

Chapter | describes the background of problems and significance of the study.
The research objectives, methodology, scope and limitations are identified. Chapter |l
summarizes the results of the literature review. Chapter Ill describes the sample
preparations. Chapter IV describes the laboratory testing. Chapter V prefer the test
results. Chapter VI describes the transversely isotropic effect on strength and elastic
properties of Phu Phan sandstone. Chapter VII discusses and concludes the research

results and provides recommendations for future research studies.



CHAPTER Il
LITERATURE REVIEW

2.1  Introduction

Previous relevant research and information about the effect of transverse
isotropy on mechanical properties of rocks are reviewed, including strength, elastic
properties and their effects under confining pressures. The reviews results are

summarized below.

2.2  Anisotropy classification

The behavior of anisotropic material is in metamorphic and sedimentary rocks
under compressive stress conditions. The consideration is given to the effect of the
magnitude and orientation of the particular components of the complex state of stress
along with the preferential planes of bedding, foliation, lamination, schistosity, or
cleavage (Ramamurthy, 1993). The basis for this discussion is the experimental results
shown by various researchers from a number of research centers on such sedimentary
and metamorphic rocks, as shales, laminated sandstones and limestones, diatomite,
coals, crystalline schists, slates, gneisses, and phyllites.

Gholami and  Rasouli (2014) classify types of anisotropy character of
sedimentary and metamorphic rocks by nature, structures, and mechanic properties.
Types of anisotropy that are classified are following

1) Inherent anisotropy : Most metamorphic rocks such slates, gneisses, schist,
or phyllite would have an anisotropic character like foliation and schistose planes that
the weak planes are generated during the formation phase with temperature and
pressure by tectonic process (Ramamurthy, 1993). The weakened plane controls the
property of strength in different directional loads.

2) Induced anisotropy : This anisotropy is developed due to fracturing, weak
plane, or fault. This type of rock’s anisotropy has many effects on rock strength relate

to the direction of applied stress. The factors that affect to rock properties of this



anisotropy type, many studies have done to determine all of these factors but they
almost have not understood well (Ramamurthy, 1993).

3) Cleavage or planar anisotropy : This type of anisotropy plane is most found
in metamorphic rock, chemical rock, or crystalline rock, such as rock salt and
limestone. The orientation of weak plane at B = 90° occurs a greater strength than
strength at B = 0° (Ramamurthy, 1993), where B is the angle between normal to
anisotropic plane and loading direction.

4) U-shaped anisotropy : This type of anisotropy is developed in slates that
have a lot of cleavage sets. The strength of this type would differ from planar
anisotropy because strength at B = 0° is more than 3 = 90° (Ramamurthy, 1993).

5) Undulatory anisotropy : This is a kind that has a set of cleavage more than
one set, such as coal and biochemical diatomite (Ramamurthy, 1993).

6) Bedding plane anisotropy : This anisotropy type is found in most
sedimentary rocks, such as sandstone, siltstone, mudstone, and shale. The anisotropic
plane is developed from sediments that deposit with different periods, causing layers
of the same-time deposited sediments. The maximum strength of the anisotropy has
shown at B = 0° and most of them have the minimum strength between 3 = 20° and
B = 40° (Ramamurthy, 1993). The B is angle between alignment of weak plane and
axial load (Ramamurthy, 1993).

Al-Harthi(1998) study the effect of anisotropic structures on Ranyah sandstone
under uniaxial compressive strength test. Normally, the anisotropy curve under uniaxial
compressive strength condition is usually U-shaped. But the resulting curve of Rayah
sandstone is performed by a W-shaped curve (Figure 2.1). This shape curve is due to

the effects of bedding planes in two directions.
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Figure 2.1 Uniaxial compressive strength of Ranyah sandstone as a function of

orientation of discontinuity plane (Al-Harthi., 1998).

From the W-shaped curve, Al-Harthi (1998) determines the uniaxial compressive
strength of Ranyah sandstone which be developed from the two U-shaped curves
formed by the discontinuity system more than one set. This condition of sample would
have a W-shaped with two maximum strengths at B = 0° and at B = 90°. Two minimum

strengths are at B = 30° and B = 60° and a central would peak at B = 45°.

23  Effect of transverse isotropy on strength and elasticity properties in rocks
Mclamore et al. (1967) determine the strength of rock in transversely isotropic
condition as a function of confining pressure under compression test. The samples
have orientations of bedding plane or cleavage planes that vary from 0° to 90° related
to the axial load. The result shows effects of transversely isotropy on strength and
deformation property of sedimentary rock. The shear stress occurs a discontinuity
plane that be influential to slipping of sample across a bedding plane. Internal buckling
depends on the orientation of discontinuity plane and the initial stress state.

Jin et al. (2018) have studied the deformation and strength of Marcellus shale.
Uniaxial and Brazilian tests are performed on Marcellus shale. For uniaxial compression
test, five different orientations of bedding plane are prepared with the angles of 0°,
30°, 45°, 60°, and 90° with respect to applied loading direction. For the Brazilian test,

samples are prepared to dice-shape and angle of orientation consistent as uniaxial



compressive strength test. Results of uniaxial test show that the compressive elastic
modulus at maximum value is occurred at 6 = 0° and minimum at 8 = 90°. Strength
values are variant between 35 MPa and 67 MPa. When increasing the anisotropy angle,
the strength decreases at first phase until 8 > 60°. The maximum strengths are at 6 =
0° and 6 = 90° (Figure 2.2).

In Brazilian test, the study has determined the tensile strength which a
maximum value is nearly at © = 25° whereas the minimum occurring at 6 = 90° (Figure

2.3).
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Figure 2.2 Results of compressive modulus (a) and uniaxial compressive strength

(b) plotted as a function of anisotropy angle (Jin et al., 2018).
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Figure 2.3 Variation of Brazilian tensile strength (BTS) with anisotropy angle (Jin et
al., 2018).

Al-Harthi (1998) study the effect of planar structures on the anisotropy of
Ranyah sandstone under uniaxial compressive strength test with various orientations
of bedding plane at 0, 15, 30, 45, 60, 75, and 90 degrees respected to axial stress. The
results of this study, uniaxial compressive strength is plotted as a function of
orientation of bedding plane (B). The shape of the function curve is observed in W-
shaped type. A comparison between anisotropy curve and literature results is
performed. The Ranyah sandstone and Arkansas sandstone (Chenevert and Gatlin,

1965) and fractured sandstone (Horino and Ellickson, 1970) are compared in Figure 2.4.
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Figure 2.4 Strength anisotropy curve of Arkansas, Ranyah and fractured sandstone

(Al-Harthi, 1998).

Gholami and Rasouli (2014) study the effect of transversely isotropy on strength
and elasticity properties of rock. Uniaxial and triaxial compression test are performed
in this study. Core samples with variant orientation’s angles are prepared. The
researcher is done under wet and dry conditions. The results of elastic parameters and
uniaxial strength are plotted as a function to each other under dry and wet conditions
(Figures 2.5 and 2.6). Young’s modulus and UCS values minima approximately at B =
45°, maximum Young’s modulus is at B = 0° whereas maximum UCS is at B = 90°.
Under wet condition, Young’s modulus is greater than dry condition because of pore
pressure which induces more deformation. The UCS under wet condition is lower than

under dry condition due to the same reason.
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Figure 2.6 UCS test data with respect to anisotropy angle (Gholami and Rasouli.,

2014).

Sukjaroen (2021) investigate the impact of transverse isotropy on gypsum, that

is the soft rock. The samples are tested under uniaxial and triaxial compression tests

with confining pressure up to 20 MPa. Figures 2.7 shows the results from tests. Gypsum

specimens have maximum compressive strength at B = 0 degrees and lowest at B =

60 degrees for all confining pressures.
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Major principal stresses at failure (o, ¢ as a function of bedding plane

orientation () (Sukjaroen et al., 2021).

Usoltseva et al. (2017) investigate the anisotropy of artificial geomaterials, meta-

siltstone and schist which have bedding plane aligned in 0°, 15°, 30°, 45°, 60°, 75°

and 90° with respect to angle between cylinder specimen axis and the layered planes.

Uniaxial compression test and triaxial compression test are performed. The results are

similar to Gholami and Rasouli (2014) studies that the greatest ultimate strength and

elasticity modulus are at ¢y = 0° and ¢ = 90°, respectively. The lowest ones are at y

= 45° for all specimen types (Figures 2.8 through 2.10).
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(a) The strength; (b) elastic moduli of artificial geomaterials specimens

plotted with bedding angle under uniaxial compression (1); triaxial

compression test at confined stress 3 MPa (2) and 6 MPa (3) (Usoltseva

et al,, 2017).

Figure 2.9
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(a) Strength; (b) elastic moduli of meta-siltstone specimens plotted with

bedding angle under uniaxial compression (1); triaxial compression test

at confined stress 3 MPa (2) and 6 MPa (3) (Usoltseva et al., 2017).
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Figure 2.10 (a) Strength; (b) elastic moduli of schist specimens plotted with bedding
angle under uniaxial compression (1); triaxial compression test at

confined stress 3 MPa (2) and 6 MPa (3) (Usoltseva et al., 2017).

The coefficients of deformation and the side-sample strain are examined as
Young’s modulus and Poisson’s ratios. The constants of modulus of artificial
geomaterials are determined using relationship from the Salamon and Tien theoretical

model by Hoek-Brown criterion, as follows.

5 AvE

y=iy 2.1)
—T 2.1
;1—1/,2

A AE

E=(-v) X (2.2)
H

A=
=% (2.3)

where A is the fraction coefficient value (dimensionless) of the i-th layer; V; is the
dimensional fraction value; H is the layer thickness; V; and E; are Poisson’s ratios and
Young’s moduli of the i-th layer of the medium; Vv; and E are overall Poisson’s ratio
and elastic moduli. The values of Poisson’s ratio and elastic moduli are depended on
the angle of discontinuity plane with experimental and theoretical methods are shown

in Table 2.1.
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Table 2.1 Poisson’s ratios and Young’s modulus depending on the bedding

angle (y) with theoretical method.

po Ve Eoxp. MPa Vo Eq. MPa Err, % Erts, %
0 0.133 23.02 0.152 26.353 14.56 14.48
15 0.173 20.146 0.191 22.520 10.66 11.78
30 0.162 15.511 0.165 13.354 2.44 13.90
45 0.205 12.737 0.175 14.135 14.40 10.97
60 0.194 16.008 0.196 17.302 1.45 8.08
75 0.176 20.853 0.169 22.267 3.75 6.78
90 0211 22.853 0211 26.079 0.33 14.11

Colak and Unlu (2004) study the effects of discontinuity plane orientation for
the anisotropy to strength parameter. The tests are performed on sandstone (low
degree of anisotropy geomaterial) and siltstone, and claystone (medium degree of
anisotropy geomaterial). The rock samples have orientations of discontinuity plane ()
at 0°, 30°, 45°, 60° and 90° (orientated constant defined m;g)). The test is performed
according to the ISRM suggestion. It has been found out that values of mg, vary with
the degree of orientation. This statement of the anisotropic strength is considered. A
function that may be used to define the usual value of myg)is from a theoretical
method that given by Hoek and Brown (1980). Utilizing this equation, the following are

obtained.

m

4
—& - 1-Aexp [-(BB) ] (2.49)
m C+DB

i(90)

where m; gq) refers to value of m;, B is value of B (in degrees) that has mig) minima, and
A, C and D are parameters from statistic calculation that given in Table 2.2. A curve is
generalized with consideration to the sedimentary samples (Figure 2.11). When
anisotropic intact rock specimens exhibit strength anisotropy, the Hoek and Brown

strength is variable, and it is affected by the orientation angle.
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Table 2.2 Results of related to studying numbers analyses involving non-linear

least squares guess method (Colak and Unlu, 2004).

Statistical parameters Coefficient of
Rock type
A B C D determination (R?)
Sandstones 0.38 17.0 14.8 0.47 0.653
Siltstones 0.77 174 19.8 0.31 0.840
Claystone 0.61 15.3 17.6 0.40 0.998
All sedimentary rock
0.63 13.4 13.3 0.49 0.606
types considered

14 -
£ 12
g z
3 10 .
E ikl
§ 0.8
5 8l
&
= a Sandstone-A
"-’E-, 0.6 1 ¥ 4 Sandstone-B
- o Sandstone-C
8 044 ] = Claystone
g o Siltstone-A
g 0.2 | s Siltstone-B

—Eq. (9)
0

o° 15° 30° 45° 60° 75° 90°
Orientation Angle, p

Figure 2.11 m; parameter normalized by angle of bedding plane orientation for all

sedimentary rock types (Colak and Unlu, 2004).

The use of the basic strength test results which tests on bedding samples, the
values of the Hoek and Brown parameter of strength, m; are calculated from different
degrees of orientation by ordinary statistic. Then, employing the expression given by
Equation (2.4) as a model for non-linear statistical regression, the parameter mi (B) can

be defined as a function of the orientation angle (B). Finally, usual Hoek and Brown
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strength variables are determined according to Equation (2.5), and they also depend

on the orientation angles.

G1) / Gxup)= 63/ S+ (Lup)03 / Gpupy+ 1) (2.5)

In addition, it should be recognized that this approach is related to two
dimensions transverse isotropy problems perform in intact rocks. Although this
application approach is suitable only to problems of anisotropy plane only, related to
intact samples, including rock masses have not available yet.

Hu et al. (2017) study the sandstone mechanical properties with various
bedding angles (angle between bedding plane to sample loading axis ) under different
confining pressures. The results have shown that stress levels and structural anisotropy
have significantly influence to mechanical properties of sample. The elasticity modulus
of sandstone, loading angle at ° = 0° was greater than the = 90° and both of them
are clearly greater than the angle at B = 30° (Figure 2.12). Due to the plane of bedding
at B = 90° be closer under the applied loading stress and cause a large identical axis
strain, but at B = 0° the normal loading was mainly induced by the matrix and
therefore, the main axis strain was relatively less that other ones (Zhao et al. 2017).
Whereas at B = 30°, the specimens slipped by sliding behavior along bedding planes,
and the corresponding loading axis strain was absolutely greater than the another one.
therefore, under the loading in three angles, its elasticity modulus was the smallest.
The elasticity modulus variation lateral pressure and tending of value gradually be
fixed at the high lateral pressure. By the other studies of different types of bedded
rock have gotten the unity results (Ramamurthy, 1993; Nasseri et al., 2003; Zhang et
al,, 2011) .
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Figure 2.12  Variation of the Young’s elastic modulus of bedded rock under various

confining pressure conditions (Hu et al., 2017).

Walsri et al. (2009) determine strengths of three type sandstone under with
polyaxial load under compression and tension stress condition. Rectangular specimens
of sandstones were prepared that the samples have transversely isotropic plane would
been tested. The value of elastic modulus in the oblique direction to the bedding
planes is slightly greater than normal to the bedding plane. Poisson’s ratio on the
plane that obliques to the bedding planes is lower than the parallel ones. Under the
same O3, O; at failure increases with G,. Results under axial compression from the
Brazilian tension tests have shown the effects of the intermediate principal stress on
the rock tensile strength. The Coulomb and modified Wiebols and Cook failure criteria
derived from the characterization test result predicting the sandstone strengths in
terms of J21/2 as a function of J1 under true triaxial condition. The modified Wiebols
and Cook criterion describe the failure strength better than the Coulomb criterion done
when all principal stresses are in compressive condition. However, if the minimum
principal stresses are in tension, the Coulomb criterion overestimates the second order
of the stress invariant at failure about twenty percent while the modified Wiebols and

Cook failure criterion describes the rock tensile strengths.

Miller et al. (2013) investigate the effect of anisotropy on compressive strength
of mudstone. The result can describe the effect of anisotropy as a function of confining
pressure (Figure 2.13). In the function of results, strength of anisotropy is between 1.6

and 1.8 which has shown that rock be influential by anisotropic mechanic property
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whereas under higher confining pressure condition, mechanic properties of rock would

be nearly become isotropic.

Strength and Modulus Anisotropy
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Figure 2.13  Strength and elastic modulus as a function of confining pressure. (Miller

et al.,, 2013).

The anisotropy ratio is a value which can show the anisotropy effects which
depend on rock type, fabric and mineral alisnment (Ramamurthy et al., 1993; Khanlari
et al,, 2014). The ratio is defined as a ratio of any properties at the maximum strength
to the minima at the other orientation (Signh et al,, 1989; Ramamurthy et al., 1993;
Nasseri et al., 2003; Cho et al., 2012; Kim et al., 2012).



CHAPTER IlI
SAMPLE PREPARATION

3.1 Introduction

This chapter describes test specimens of Phu Phan sandstone, including rock
sample preparation with different bedding plane orientations (B), description of
specimens, and their mineral compositions obtained from X-Ray diffraction analysis

(XRD).

3.2 Rock Description

Rock samples used for testing are sandstone obtained from the Phu Phan
formation, located on the Korat Plateau in northeastern Thailand, as shown in Figure
3.1. There are distinct bedding planes shown by sequences of grayish-white sandstone
interbedded with conglomeratic sandstone. This exhibits the effect of transverse
isotropy. Phu Phan sandstone is a member of Korat group, with thickness from 80 to
140 m of nonmarine sediments in early Cretaceous. The sequence of rock deposition
in Korat group is shown in Table 3.1.

Due to the uplifting of Phu Phan range, a layer of Phu Phan sandstone was
originally deposited under the surface, lifted up, and appeared in the Korat Plateau.
The Phu Phan Range is a long and narrow trend almost in the middle portion of the
Khorat Plateau trending in the northeast-southeast direction. The range also extends
to Savannakhet and Salavan provinces in southern Lao PDR (Veeravinantanakul et al.,
2018). Generally, it is a range of hills dividing the Khorat Plateau of the Esan region into
two basins: the northern Sakhon Nakhon Basin, and the southern Khorat Basin, as

shown in Figure 3.2
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Figure 3.1 Location of Khorat Plateau in the northeast of Thailand (Wongko,
2019).
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Table 3.1 Lithologic column of Cretaceous and related rocks in Khorat Plateau
(Meesook, 2000).
Thickness
Group | Formation Description Age
(m)
Late
Phu Tok | Red sand, siltstone, claystone. 100-550 | Cretaceous-
?Early Tertiary
Maha Brick-red siltstone and sandstone, thick Late
600-1000
sarakham | beds of salt, gypsum and anhydrite. Cretaceous
Sequences of reddish-brown sandstone
Khok Early
and siltstone and siltstone with fossil of | 430-700
Kruat Cretaceous
vertebrates
Sequences of grayish-white sandstone L
Early
Phu Phan | and conglomeratic sandstone with plant | 80-140
Cretaceous
remains.
Sequences of reddish-brown sandstone, L
Early
Sao Khua | siltstone and claystone, fossil of 200-720
© Cretaceous
9 vertebrates, bivalves and palynomorphs.
%
Sequences of whitish-gray sandstone,
Phra Early
and conglomeratic sandstone, fossil of 50-140
Wihan Cretaceous
dinosaur tracks and palynomorphs.
X Sequences of claystone, siltstone,
Phu
sandstone, and conglomerate; fossil of 800-1100 Jurassic
Kradung
vervebrates, bivalves, and paynomorphs.
Nam Reddish-brown sandstone, siltstone and
100-1500 | Late Triassic
Phong claystone; fossils of dinosaurs.
Sequences of fluvio-lacustrine deposite:
Hua Hin
Dark-gray mudstone, sandstone and 100-400 | Late Triassic
Lat
occasional conglomerates.
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3.3  Rock Specimens Preparation

Several Phu Phan sandstone blocks measuring 50 x 50 x 100 cm? are collected
in northeastern Thailand. They are cut and polished to obtain prismatic specimens
with nominal dimensions of 54 x 54 x 108 mm? (Figure 3.3).

The samples are prepared with one side-face parallel to strike of the bedding
plane and perpendicular to major principal stress (o). So, the across sides of the
specimen show the cross-bedding having transverse isotropic angles () of 0, 15, 30,
45, 60, 75 and 90 degrees, as shown in Figure 3.4. A total of 28 specimens have been

prepared. Table 3.2 shows specimen dimensions and density.

Bedding Planes

108 mm.

54 mm. 54 mm.

Figure 3.3 Prismatic sandstone specimens with nominal dimensions of 54 x 54 x

108 mm?>.




108 mm

Figure 3.4
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Sandstone specimens with various bedding plane orientations prepared

for uniaxial and triaxial compression tests.

Table 3.2 Sandstone specimens used for uniaxial and triaxial compression tests.

Width (mm)
B Length Weight | Density
Sample No. Parallel Normal
(degree) (mm) (9) (g/cc)
to Strike | to Strike

SS-0M-0 0 55.0 54.9 106.68 752.23 2.33
SS-0M-15 15 52.7 53.0 106.04 698.94 2.36
SS-0M-30 30 52.9 53.6 107.48 719.91 2.36
SS-0M-45 a5 54.0 54.0 108.62 732.45 2.31
SS-0M-60 60 54.6 55.6 107.22 732.48 2.25
SS-OM-75 75 54.3 By 108.54 757.24 2.33
SS-0M-90 90 522 53.0 101.56 643.13 2.29
SS-3M-0 0 54.0 52.9 109.24 734.89 2.35
SS-3M-15 15 54.0 53.8 107.80 730.14 2.33
SS-3M-30 30 535 53.8 108.26 744.14 2.39
SS-3M-45 45 55.0 55.0 109.50 782.31 2.36
SS-3M-60 60 55.8 56.2 110.32 799.59 2.31
SS-3M-75 75 54.8 55.9 109.64 786.52 2.34
SS-3M-90 90 52.0 53.8 108.24 686.67 2.27
SS-TM-0 0 53.6 53.1 107.76 723.91 2.36
SS-TM-15 15 53.9 53.7 106.44 725.37 2.36
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Width (mm)
B Length Weight | Density
Sample No. Parallel Normal
(degree) (mm) (9) (g/cc)
to Strike | to Strike
SS-0M-0 0 55.0 54.9 106.68 752.23 2.33
SS-7TM-30 30 54.3 54.9 107.64 758.04 2.36
SS-TM-45 45 54.0 54.2 107.86 762.40 2.42
SS-7TM-60 60 50.4 51.8 106.88 666.09 2.39
SS-TM-75 75 54.0 53.7 107.70 738.45 2.37
SS-7TM-90 90 525 53.7 104.60 675.04 2.29
SS-12M-0 0 53.9 52.8 107.28 730.97 2.40
SS-12M-15 15 52.1 53.2 107.86 702.87 2.35
SS-12M-30 30 55.5 54.6 107.18 788.78 243
SS-12M-45 a5 N 54.5 107.90 745.34 2.38
SS-12M-60 60 50.0 51.5 107.98 657.97 2.37
SS-12M-75 75 54.8 50.8 108.84 729.11 2.41
SS-12M-90 90 534 51.0 107.12 702.45 2.41

X-ray diffraction analysis is performed on post-test specimen after compression

test and ultrasonic pulse velocity measurement before compression test. Sandstone

specimens are crushed to obtain rock powder with particle sizes less than 0.25 mm

(mesh #60). The X-ray diffraction (Bruker, D2 Phaser) is used.



CHAPTER IV
TEST APPARATUS AND METHODS

4.1 Introduction

The apparatus and methods of laboratory testing are described in this chapter.
Compression tests are performed under both uniaxial and triaxial stress conditions.
The ultrasonic pulse velocity measurement and X-ray diffraction (XRD) analysis are also

carried out on some specimens.

4.2 Compression tests

A compression test is performed to determine the sandstone mechanical
properties, including compressive strength, elastic modulus, Poisson’s ratio, cohesion
and friction angle. The test procedure and calculation follow the ASTM D7012-14el
(2014) standard practice. The polyaxial load frame device (Fuenkajorn et al., 2012) is
used to apply axial and lateral loads to specimens. The lateral loads are applied in
mutually perpendicular directions by two pairs of 152 cm long cantilever beams. Dead
weights on a lower steel bar connecting the two opposite beams underneath pull the
outer end of each beam down. A pin mounted between vertical bars on each side of
the frame hinges the inner end of the beam. During testing, all beams are nearly
horizontally arranged, resulting in a lateral compressive load on the specimen at the
frame's center, as shown in Figure 4.1. Fuenkajorn et al. (2012) recently published a
comprehensive review of the polyaxial load frame. After application of lateral stress,
the axial stress is applied to the sample by an electric hydraulic pump at a constant
rate of 0.1 MPa/second until failure occurs. Neoprene sheets will minimize friction at
the surface of specimens by placing them between all interfaces and loading plates

(Figure 4.2). The triaxial test uses confining (lateral) pressures of 3, 7 and 12 MPa.
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Figure 4.1 Polyaxial load frame used in uniaxial and triaxial compression testing

(Fuenkajorn et al., 2012).
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Figure 4.2 Specimens with neoprene placed between all interfaces and loading

platens in polyaxial load frame (Fuenkajorn et al., 2012).

Under triaxial compression tests, Figure 4.3 shows the principal stress directions
applied to specimens with varying bedding plane orientations. Young’s modulus (E;,
Esp, Eso) and Poisson’s ratio (vysp, V130, Vap30) are determined by modified equations

from Jaeger et al. (2007), as follows:

€1 = 61/Ey = (V13p G3)/Esp = (V130 G3)/E30 (4.1)
E3p = _(Vl,SP Gl)/El + Gg/Egp — (V3P,3O G3)/E3O (42)
€30 = _(V1,3O G1)/E1 — (V3p’3o G3)/E3p arF G3/E3o (43)

where o, is vertical stress (major principal stress), 5 is horizontal stress (minor principal
stress), €, is a strain in major axial, €sp and &;g are strains on the side that are parallel
and perpendicular to strike of the bedding plane. E; is elastic moduli along the vertical
axis, Esp and Esq are elastic moduli that are parallel and normal to strike of the bedding
plane, vy 3 and vi30 are Poisson’s ratio on the plane between the vertical axis and
two sides that are parallel and perpendicular to strike of the bedding plane, vsp 3o is
Poisson’s ratio on the plane between direction parallel and direction normal to strike

of the bedding plane.
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During the tests, displacement dial gages are used to measure axial and lateral
displacements of the specimens to the nearest 0.001 mm. Modes of failure are

investigated. Photographs are taken.

4.3  Ultrasonic pulse velocity measurement

An ultrasonic pulse velocity test is performed by using OYO Sonic Viewer 170
(Model 5338) (Figure 4.4). The test is performed to determine dynamic properties by
measuring P-wave and S-wave velocities as they propagate through the specimen. The

method is carried out in accordance with ASTM D2845-08 (2008) standard practice.

G4, E4

V130
/." O3, Exo
Vir3o
Figure 4.3 Principal stress and elastic properties directions with respect to direction

of bedding plane orientations.
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OYO Sonic viewer 170 (Model

/ 5338)
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Rock
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/

Receiver —»

Figure 4.4 Ultrasonic pulse velocity measurements using by OYO Sonic viewer 170

Model 5338.

4.4  X-ray diffraction (XRD) analysis

After the compression test, the representative specimen is crushed to obtain
rock powder with particle sizes less than 0.25 mm (mesh #60). The mineral
compositions of the specimen powder are determined using X-ray diffractormeter-D2
phaser (Figure 4.5). The method of X-ray powder diffraction is the identification of
minerals, which originally have a unique X-ray fingerprint' that is saved in databases.

The DIFFRAC.EVA software uses to identify the mineral compositions of the specimen.
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Figure 4.5 X-ray diffractometer Bruker, D2 Phaser (Center for Scientific and

Technological Equipment, Suranaree University of Technology).



CHAPTER V
TEST RESULTS

5.1 Introduction
This chapter describes results from compression testing, ultrasonic pulse

velocity measurements and X-ray diffraction analysis.

5.2 Compression tests

Uniaxial and triaxial compression tests are performed on twenty-eight
specimens with confining pressures from 0 MPa, 3, 7 to 12 MPa. All post-tested
specimens are shown in Figure 5.1. Each confinement is applied to the specimens with
varied bedding plane orientations. Under low confining pressures (o3 < 3 MPa), Mode
of failure tends to be independent of the confining pressure. Extensile fractures are
induced in the specimens with = 0°, 15° and 30°. Compressive shear failure parallel
to the bedding plane strike is found in the specimens with B = 45° and 60°. Shear
fractures along bedding planes are induced in the specimens with B = 75°. extensile
fractures along bedding planes are induced for B = 90°. Under high confining pressures,
multiple shear fractures are observed for all specimens.

The compressive strengths of all specimens in all confinements are shown in
Table 5.1. The vertical and horizontal displacements are measured during the tests.
The test results are presented in the form of stress-strain curves in Figures 5.2 through
5.8.

The diagrams show relations between axial stress and strain in three directions.
The major axis is parallel to the axial strain (gy), the strain perpendicular to strike of

bedding plane (&;0) and strain parallel to strike of bedding plane (&sp).
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G;=0MPa

3 MPa

7 MPa

12 MPa

Figure 5.1 All post-tested specimens of compression tests.
Table 5.1 Compressive strengths of test results.
Oy f (MPa)
O3 (MPa)

B 0 3 7 12
0° 57.83 70.24 88.96 115.13
15° 53.14 67.62 86.03 110.33
30° 49.27 63.80 83.56 106.57
45° 44.95 59.21 80.60 102.23
60° 35.99 54.33 73.63 94.94
75° 24.77 48.45 69.30 87.95
90° 53.69 68.74 86.65 112.29
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Figure 5.2 Axial stress (o4) and strains (&, €3p, €30) ON sandstone specimens with

B = 0°.
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Figure 5.3 Axial stress (o) and strains (€1, €3p, €30) On sandstone specimens with

B = 15°.
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Figure 5.4 Axial stress (o) and strains (€, €3p, €30) On sandstone specimens with

B = 30°.
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Figure 5.5 Axial stress (o) and strains (€1, €3p, €30) On sandstone specimens with

B = 45°,
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B = 60°.

]
o
|

o
o

O3p =030 = 12 MPa

@
o

G+ (MPa)
[@)]
o

B=75

0 rrrrjrrrrjrrrryrrrrfrrrrrgrrrrrog

-10 -5 0 5 10 15 20
milli-strains

Figure 5.7 Axial stress (o) and strains (€1, €3p, €30) On sandstone specimens with
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The Young’s modulus (Ey, Esp, Eso) and Poisson’s ratio (vysp, V130, Vapso ) for
each specimen are determined from equations that are modified from those of Jaeger

et al. (2007), as follows:

& =0o/kE; - (V1,3P G3)/Esp — (V1,3o 63)/Eso (5.1)
€sp = (V130 01)/Ey + 05/Bsp = (Vap 30 63)/Eso (5.2)
€30 = _(V1,3O G1)/E1 - (V3p730 G3)/E3p + G3/E3O (53)

where o is vertical stress (major principal stress), o3 is horizontal stress (minor principal
stress), €, is a strain in major axial, €sp and &; are strains on the side that are parallel
and perpendicular to strike of the bedding plane. E; is elastic moduli along the vertical
axis, Esp and Esp are elastic moduli that are parallel and normal to strike of the bedding
plane, v;3p and v 30 are Poisson’s ratio on the plane between the vertical axis and

two sides that are parallel and perpendicular to strike of the bedding plane, vsp 30 is
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Poisson’s ratio on the plane between direction parallel and direction normal to strike

of the bedding plane.

Under triaxial test condition, the intrinsic elastic properties of transversely
isotropic material can be determined only at B are 0° and 90°. To determine the
apparent elastic properties of specimens with a B angle between 0° and 90°, a
regression analysis is performed using SPSS code from Wendai (2000). This analysis
utilized stress and strain values within the elastic portion of the stress-strain curve at
about 20-60% of strength. The calculated elastic properties of all specimens are

summarized in Table 5.2

Table 5.2 Intrinsic and apparent Young’s moduli and Poisson’s ratios of all
specimens.
O3 = Ezp Eso
P (MPa) | (GPa) (GPa) (GPa) Y Y120 Yara0
0 4.98 - - 0.21 0.21 -
. 3 7.72 12.17 12.17 0.20 0.20 0.19
’ 7 9.58 12.62 12.62 0.19 0.19 0.19
12 11.74 13.97 13.97 0.17 0.17 0.17
0 5.36 - - 0.20 0.22 -
. 3 8.04 12.18 11.63 0.19 0.20 0.15
15 7 10.02 12.60 12.25 0.19 0.19 0.15
12 11.97 13.96 13.81 0.17 0.17 0.16
0 5.98 - - 0.20 0.23 -
. 3 8.85 12.16 10.38 0.19 0.22 0.16
% 7 10.36 12.61 11.54 0.18 0.21 0.15
12 12.36 13.97 13.32 0.16 0.17 0.16
0 7.12 - - 0.19 0.24 -
. 3 9.73 12.15 9.19 0.17 0.22 0.17
® 7 10.96 12.62 10.76 0.16 0.20 0.15
12 12.73 13.99 12.69 0.15 0.18 0.16
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O3 Ey Esp Eso
P (MPa) (GPa) (GPa) (GPa) Y1 Y120 Yara0
0 8.54 - - 0.18 0.24 -
. 3 10.82 12.17 8.39 0.16 0.21 0.19
°0 7 11.73 12.62 10.14 0.15 0.20 0.19
12 13.27 13.97 12.22 0.13 0.18 0.18
0 10.24 - - 0.16 0.22 -
. 3 11.57 12.16 7.87 0.15 0.20 0.20
" 7 12.37 12.63 9.74 0.14 0.19 0.19
12 13.78 13.98 11.88 0.12 0.17 0.19
0 11.61 - - 0.15 0.21 -
. 3 12.17 12.17 1.72 0.14 0.20 0.20
70 7 12.62 12.61 9.58 0.13 0.19 0.19
12 13.97 13.97 11.74 0.12 0.17 0.17

5.3  Ultrasonic pulse velocity measurements

Ultrasonic pulse velocity measurement is performed by using QYO Sonic

viewer 170 Model 5338. The velocity of P-wave and S- wave passing through the

specimens are obtained. Both are calculated to determine dynamic Young's modulus

and dynamic Poisson’s ratio by equations, as follows (ASTM D2845-08):

Eq = [pVs 2 (3V, 2 -4V, 2 AV, 2 -V ?)

vy = (V, 2 -2V, 2 )20V, 2 -V, 2 )]

where E4 is dynamic Young's modulus (GPa),

V4 is dynamic Poisson’s ratio,

p is specimen’s density (g/cm?),

V, is P-wave velocity (km/s),

V, is S-wave velocity (km/s).

(5.4)
(5.5)
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The ultrasonic pulse velocities are measured for all  angles and calculated
dynamic properties are given. The value of dynamic Young's modulus is greater than
static Young's modulus along major principal axis (E;) for all  angles as shown in Table

5.3.

Table 5.3 Ultrasonic pulse velocity measurement results
B Vo(m/s) V(m/s) E4(GPa) E(GPa) Vy4
0 1748.85 1016.00 6.00 4.98 0.25
15 1893.57 1104.58 7.15 5.36 0.24
30 2027.92 1194.22 8.32 5.98 0.23
a5 2129.80 1263.02 9.07 7.12 0.23
60 2233.75 1333.58 9.80 8.54 0.22
75 2349.35 1428.16 11.46 10.24 0.21
90 2418.10 1493.53 12.17 11.61 0.19

5.4  X-ray diffraction analysis

X-ray diffraction (XRD) analysis is performed to determine mineral composition
of specimens in weight percentage. The XRD results indicate that the samples contain
67.69% quartz, 11.50% oligoclase, 8.26% albite, 5.58% chlorite, 3.35% microcline, 2%

anorthite, 1.11% calcite, 0.25% kaolinite and 0.25 % muscovite.



CHAPTER VI
ANALYSIS OF TEST RESULTS

6.1 Introduction

This chapter describes analysis of compression test results, including the effects of
transverse isotropy on mechanical properties of Phu Phan sandstone and relationship
between confinement and transverse isotropic effect. Mathematical or statistical methods
are proposed to define the evolution of strength and elastic parameters as affected by

transverse isotropic behavior.

6.2 Compressive strength

The uniaxial and triaxial compression tests are performed to determine ultimate
compressive stress which result in failure of the specimens. The specimens are tested with
varying bedding plane orientations () to obtain the transverse isotropy affects strength of
specimens. The results show that the greatest strength is obtained at angle B equal to 0O
degree. It decreases and becomes lowest at B = 75°. The strength again increases when

B3 is toward 90°. This holds true for all confinements, as shown in Figure 6.1.
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Figure 6.1 Stress at failure (o14) as a function of orientation of bedding plane (B)

under different confining pressures.
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6.3 Elastic properties

Figure 6.2 shows stress-strain curves obtained from compression tests. The
elastic moduli that are parallel to bedding plane strike (Esp) are greater than the one
normal to the strike (Esp). This can be clearly observed for B = 90°. The elastic moduli
for Esq and Esp are equal for B = 0° (o is normal to bedding planes). For the specimens
with 0 < B < 90 degrees, the strains in the directions that normal to strike of bedding
plane (€50) are greater than those parallel to the bedding plane strike (€3p) because
the deformation of specimens occurs more easily for sliding along bedding plane than
for crossing bedding plane. For specimens with B = 90°, displacement in the direction
normal to strike of bedding plane is greater than that parallel to the strike. For
specimens with 3 = 0°, strains in both directions are similar, and hence the elastic
moduli in both directions are equal.

Figure 6.3 shows the evolution of elastic moduli in axial direction as a function
of angle B. The highest elastic modulus is obtained at f = 90° and the lowest is at 3
= 0°. The diagram indicates that the elastic values increase with confining pressure.
This suggest that the effect of transverse isotropy becomes smaller as the confining

pressure increases.

6.4 Amadei’s solutions

The measured (apparent) elastic parameters for 0° < B < 90° are compared
with the predicted elastic parameters from Amadei (1996) solutions. If the elastic
parameters for B equal 0° and 90° are known, he suggests sets of equations to calculate
the apparent elastic moduli and Poisson's ratios under various orientations of
transverse isotropic (bedding) planes. Comprehensive analysis and specific descriptions
of Amadei's solutions' deviations have been widely used (Amadei, 1996; Nasseri et al.,
2003; Miller et al., 2013; Gholami and Rasouli, 2014; Nejati et al. 2019; Yun et al., 2012).
Amadei introduces three variables for transverse isotropic material based on the

generalized Hooke's law:
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Figure 6.3 Elastic modulus (Ey) as a function of orientation of bedding plane (B) for

different confining pressures.

Ey = 1/a22 (61)
Vyx = 212/82 (6.2)
Vy, = 8p3/ay (6.3)

where E, is apparent Young’s modulus, vy, and vy, are apparent Poisson’s ratios in x-
y-z coordinate system, a;,, a5, and a,; are compliance components. These components

are defined as a function of transverse isotropic plane angle (B) as:

ay, = cos® B/E" + sin® B/E + sin? 2B/4 (1/G - 2v '/E)) (6.4)
ap, = (v /E)sin® B - (v /E") cos® B + (sin2B/4) (1/E+ 1/ E -1/ G) (6.5)
ay = (v '/E") cos 2B - (v /E) sin® B (6.6)

where E and E' are intrinsic elastic moduli parallel and normal to bedding plane, v
and G are Poisson's ratio and shear modulus on plane of transverse isotropy, v’ and G
are Poisson's ratio and shear modulus on plane perpendicular to transverse isotropic

plane. These variables are related as follows:
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1/G" = 1/E + 1/E" + 2V'/E’ (6.7)
1/G = 2(1+v)/E (6.8)

Note that E and E" are equivalent to E; values for B = 90° and 0°, and v and V' are
equivalent to vy 3p and vy 50 for B = 90°. Substituting these parameters into equations
(6.4) to (6.6) and subsequently into equations (6.1) to (6.3), the apparent Young’s
modulus and Poisson’s ratios under all confining pressures and bedding plane angles
can be determined.

Polar plot provided in Figure 6.4 compares the apparent Young's moduli with
the test results under all confining pressures. As the confining pressure increases to 12
MPa, the Young's moduli for all bedding plane orientations are similar. This complies
with the prediction lines from Amadei's solutions (lines in Figure 6.4b). The apparent
Poisson's ratios on the y-x plane (v,,) and y-z plane (v,,) are affected slightly by the
bedding plane orientations (B), as indicated by data point and Amadei’s prediction
lines in Figure 6.5. Their transverse isotropic effects tend to reduce as the confining

pressure increases toward to 12 MPa.
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Figure 6.4 Notations used in Amadei’s solution (a), polar plot of intrinsic and

apparent elastic moduli (E,) with various bedding plane orientations ().

Points are test results, lines are predictions from Amadei’s solutions (b).



ar

G:= 12 MPa

Figure 6.5 Polar plot of intrinsic and apparent Poisson’s ratio v,, (a) and v, (b).

Points are test results, lines are predictions from Amadei’s solutions.

The mean misfit (s) can be used as an indicator of the similarity and disparity

between the test results and Amadei's predictions. It is calculated by:

S = (1/m) (Zizl,m Si), where Sl = [(1/“)( Zj:l,n (Xj,p—Xj,t)z)P/z (69)

where X, and X;; are the predicted and measured Young’s moduli or Poisson’s ratios,
n is the number of bedding plane angles (B) and m is number of confining pressures.
The mean misfit for the Young’s moduli is calculated as 0.18 MPa, and for Poisson’s
ratios are 0.04 for vy, and 0.04 for v,,. These low misfit values show good agreement

between the Amadei's predictions and the tested elastic properties.

6.5 Degree of anisotropy
Figure 6.6 shows the relation between degree of anisotropy of sandstone in the
elastic modulus ratios (Eqy/Eo) form and confining pressure, where Eq, and E, are

measured in the directions parallel and normal to the bedding planes. The degrees of
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anisotropy of other rocks obtained elsewhere are compared in the figure. The degree
of anisotropy of sandstone reduces to isotropic behavior quicker than other rocks. This
is because sandstone is a hard rock and the effect of transverse isotropy on strength
for other hard rocks, such as sandstone is stronger than that of softer rocks. This may
be because soft rocks are more sensitive to the applied stress than hard rocks. As a
result, soft rock texture deforms easily, causing the bedding planes become tighter

and closer together more quickly.
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Figure 6.6 Degrees of rock anisotropy (Eqo/Ey) as a function of confining pressure.

@ Hornfel, @ Schist, ® Garnet hornfel (Fereidooni, et al., 2016); @
Mudstone (Miller, et al., 2013); & Quartzitic schist, (® Biotite schist
(Nasseri, et al., 2003); @ Phyllite (Xu, et al., 2018); Meta-siltstone,
(@ Schist (Usoltseva, et al., 2017 @) Sandstone (Hu, et al., 2017).



49

Figure 6.7 shows how the degree of anisotropy for sandstone decreases as the
confining pressure increases by plotting the elastic modulus obtained along the major
principal (axial) direction for different angles as a function of confining pressure. They
are defined as Ep, where 3 are O°, 15°, 300, 450, 60°, 75° and 90°. The shear moduli

on the bedding planes (G) and on the plane normal to bedding planes (G'), are also

given.
15071 B Ers  Eeo
0.0 Ll L] T T ] L L] L] L] | L T L L] | L L) T T 1
0 3 6 9 12
G;(MPa)
Figure 6.7 Elastic and shear moduli as a function of confining pressure (o).

Under uniaxial condition, Egy is the greatest, obtained when major principal
stress (o4) is parallel to the bedding planes. They increase slightly as confining pressure
is applied. When the bedding planes are perpendicular to G4, the lowest elastic moduli
are Eq. As shown by Eis, Eso, Egs, Egg, and E7s, the elastic moduli increase as the bedding
plane dips away from the axial direction. They also increase rapidly toward Egy as
confining pressures increase. The tightening and stiffening of the grain boundaries along
the bedding planes is probably responsible for the increase in these moduli. The shear

modulus shows similar behavior. The confining pressures increase G slightly, but
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significantly increase G'. As the confining pressure increases, these processes reduce

the sandstone's degree of anisotropy.

6.6  Strength criteria
The transverse isotropic effects are attempted to be incorporated into the
Coulomb criterion here. The axial stress at failure (o, ¢) as function of confining pressure

that can be expressed (o) as (Jaeger et al., 2007):

oir = (1 +sin ¢)/(1 - sin §)] + o5 + (2c * cos P/(1 - sin ) (6.10)

where c and ¢ are cohesion and internal friction angle. Figure 6.8 plots the Coulomb
criterion against the strength data for all bedding plane angles. The multiplier of o3
represents slope of the curves and the last term on the right side of equation (6.10) is
the intercept on o axis. The cohesion and friction angle can be determined by
statistical analysis (SPSS) (Wendai, 2000) of the stress data. The friction angles are
realized to be independent of the bedding plane orientation. (), where their average
value is 41 degrees. The cohesions vary with the bedding plane orientation. Their
numerical values are given in Figure 6.9. The lowest cohesions are obtained at § = 75°,
and the highest ones at B = 0°. The relationship between cohesions and angle 3 can

be best described by a third-degree polynomial equation as:
C=ce+AB+BPp°+CP° (6.11)
where ¢y is the cohesion of specimens with B = 0° and A, B and C are empirical

constants. Numerical values are determined from regression analysis are given in Figure

6.9. Good correlation is obtained (R? = 0.990).
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6.7  Strain energy density criterion

The sandstone failure under various bedding orientations can also be described
by the strain energy principle, which considers both stresses and strains at failure. The
equations are used to determine the distortional strain energy (W) and mean strain

energy (W,,,) at failure for each specimen from those of Jaeger et al. (2007), as follows:

Wy = (3/2)°Toct,f 'Yoct,f (6.12)
Wi, = (3/2)6 ¢ * € ¢ (6.13)

where Toq r and Yoq ¢ are octahedral shear stress and strain at failure, and 6, ¢ and €, ¢

are mean stress and mean strain at failure. They can be calculated by:

G ¢ = (01 ¢+ 203)/3 (6.14)

Emr= (Sl,f + Esps + 83o,f)/3 (6.15)

where €, €3p¢ and €05 are principal strains at failure. Linear equation is presented

to represent Wy as a function of W,

Wy=8-W, +a (6.16)

where & represents slope of Wg-W,, relations, and a is Wy for W,,, = 0. Figure 6.10
shows the comparison of calculated W4 and W,,, with the linear equations for all angles
B. Correlation coefficients (R?) are greater than 0.990. Numerical values for & and o
are given in the figure 6.10. The diagram indicates that the W4 -W,, relation obtained
at B = 75° shows the lowest value for these confinements but gives the steepest slope
(8 = 2.343). As a result, the higher Wy4-W,, relations for = 60°, 45°, 30°, 15° 90° and
0° would terminate on the 75° W4-W,, relation at W,, = 0.21, 0.23, 0.27, 0.31, 0.31 and
0.35 MPa, respectively. It seems that W, for B = 75° continues to increase linearly with
W,, beyond these termination points, suggesting that it would be able to describe the

sandstone to isotropic from transverse isotropic behavior.
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Figure 6.10  Distortional strain energy (W) at failure as a function of mean strain

energy (W,,).

The strain energy relations implicitly incorporate both stresses and strains, they
may be more suitable for use as a sandstone failure criterion. The W4-W,, failure
criterion has a good agreement with the Coulomb criterion proposed earlier. Both
indicate that the failure and deformability of Phu Phan sandstone obtained for B =
75°, where it has the lowest strength, can be extended to the condition where it
mechanically responds as an isotropic material under higher confinement further than

the range tested here.



CHAPTER VII
DISCUSSIONS AND CONCLUSIONS

7.1  Discussions

Compression tests are performed to determine ultimate compressive stress of
Phu Phan sandstone specimens. The specimens are tested under different bedding
plane orientations (B) to study the effect of transverse isotropy on strengths and elastic
properties of the rock. Results indicate that the greatest strength is obtained at angle
B equal to 0° (bedding planes normal to major principal axis). The polynomial curve
is applied to strength results showing that when B increases toward 71°, the lowest
strength will occur. This is true for all confinements, as shown in Figure 6.1 in Chapter
6. The results are different from many studies obtained elsewhere on sedimentary
rocks where the lowest strength is obtained at angle 3 about 60° (Thongprapha et al.,
2022; Ramamurthy, 1993; Horino and Ellickson, 1970; Usoltseva et al., 2017; Colak and
Unlu, 2004; Nasseri et al., 2003; Cho et al., 2012; Al-Harthi, 1998; Gholami and Rasouli,
2014; Chenevert, 1965; Ajalloeian, 2000). This may be due to the difference of the
transverse isotropic textures of the rocks. MclLamore and Gray (1967) nevertheless
state that the weakest strength of transverse isotropic sedimentary rock can vary from
an B angles from 65° to 85°.

The lowest elastic modulus is obtained at B = 0° for all confinements. It tends
to increase with B, as shown in Figure 6.3, Chapter 6. This is because when the
specimen is under the applied stress, the porosity between bedding planes decreases
more than that at f = 90°. This presumption agrees with the postulation by Bonnelye
et al. (2017).

Compression strength and elastic modulus increase as confining pressure
increases. Confining pressure tends to reduce the degree of anisotropy by tightening
and stiffening of the bedding plane softer layers. Under low confinement, the effects
of transverse isotropy in sandstone is therefore significant. This effect, however,

decreases rapidly when high confining pressures are applied. Compared to the test
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results obtained elsewhere, it can be noticed that the degree of anisotropy varies for
different types of sandstone. Miller (2013) and Xu (2018) perform testing on mudstone
and phyllite. They find that the confining pressure gradually reduces the effect of
transverse isotropy. The effect of transverse isotropy on strength for other hard rocks,
such as schist and siltstone is stronger than that of softer rocks. (Fereidooni et al., 2016;
Usoltseva et al.,, 2017; Hu et al,, 2017). This may be because soft rocks are more
sensitive to the applied stress than hard rocks. As a result, soft rock texture deforms
easily, causing the bedding planes become tigshter and closer together more quickly.
The results obtained here agree reasonably well with most sedimentary rocks tested
by other researchers, as shown in Figure 6.6. in chapter 6.

The apparent Young’s moduli and Poison’s ratio obtained from different
bedding plane orientations under all confining pressures coincide with the Amadei’s
prediction, as shown in Figures 6.4 and 6.5. The apparent Poisson’s ratios on y-x plane
(vy,) and y-z plane (v,,) slightly depend on the bedding plane orientations (B), as
indicated by Amadei’s prediction and the test data. The mean misfit values between
the test results and Amadei’s prediction for all confinements are calculated as 0.18,
0.04 and 0.04 for elastic moduli (E;), apparent Poisson’s ratios on y-x plane (v,,) and
y-z plane (v,,), respectively. This considerably low mean misfit suggests that the test
results and the Amadei’s predictions are very similar.

Coulomb criterion and strain energy density principle can adequately describe
the failure behavior of the specimens. The friction angle and the cohesion obtained
from Coulomb criterion are 41° and 6.43 MPa. The minimum cohesion is observed at
B = 75° which corresponds to the lowest strength of the rock described earlier. Strain
energy density diagram suggests that the minimum strain energy at failure is obtained
at B = 75°. It also shows that the sandstone specimen becomes more isotropic as the
confining pressure increases, as suggested by Figurer 6.10. the strengths and elastic
properties as affected by transverse isotropic (bedding) planes can be used to evaluate
the mechanical stability of geologic structure in the northwest of Thailand (e.c.

foundation and tunnels of railways and highways).
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7.2  Conclusions

The effect of transverse isotropy on compressive strength and elastic properties
of Phu Phan sandstone is assessed by performing compression test on specimens
having different bedding plane orientations. Conclusions can be drawn as follows.

1) Under all confining pressures, the minimum compressive strength of
Phu Phan sandstone is obtained at B = 75°. The maximum strength is found when f3
equals to 0° ( bedding plane normal to loading direction ).

2) Elastic moduli are lowest at B = 0° and the highest at B = 90°. The
apparent elastic moduli between 0° < B < 90° increase with angle B increases. These
results are observed for all confinements.

3) Increasing confining pressures can reduce the effect of transverse
isotropy, and hence the specimens tend to be more isotropic. This finding agrees well
with the results obtained elsewhere.

4) Based on the Coulomb criterion, the internal friction angle is 41° and
cohesion varies with bedding plane angles, which can be described by polynomial
equation 6.11. The lowest cohesion is found at B = 75° which corresponds to the
lowest compressive strength. This holds true for all bedding plane orientations.

5) The stress-strain energy density principle shows that the maximum
distortional strain energy density depends on the bedding plane orientation. The Wy-
W,, relation for angle B equal to 75° gives the lowest strain energy, while specimen
with angle B equal to 0° gives the highest energy. This agree with the prediction from
Coulomb criterion.

6) The apparent elastic parameters from Amadei’s solutions agree well
with the tested parameters. The mean misfits for all confining pressures are low for
both elastic moduli (E;), and apparent Poisson’s ratios on y-x plane (v,,) and y-z plane

(vy,).
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7.3 Recommendation for future studies

1) Reducing the interval between test angles may provide the evolution of
the specimen strength with the bedding plane orientation more accurately.

2.) Increasing confining pressures may confirm that Phu Phan sandstone will
eventually become isotropic under confinement higher than those used in this study.

3) The effect of pore pressures on the rock strengths and elastic properties
under transverse isotropic behavior should be studied, as most in-situ rocks are under
some degrees of water saturation.

4. The effect of intermediate principal stress should be investigated on the
transverse isotropic Phu Phan sandstone, as poly axial stress state is usually encountered
under in-situ condition.

5) Since the test performed here is under relatively high loading rate, lower
loading rate should be used to obtain the results close to engineering construction of

geological structure (tunnels, slope embankment, and rock foundation).
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ABSTRACT

The objective of this study is to experimentally investigate the effect of transverse isotropy on
mechanical response of bedded Phu Phan sandstone. Prismatic specimens are prepared to have bedding
plane angles () varying from 0 to 90 degrees with the main axis. They are tested in compression under
confining pressures from 0 to 12 MPa by Polyaxial load frame. The results indicate that the compressive
strength is lowest when angle fis 75 degrees because failure is occurred by sliding along the bedding
plane. The elastic coefficients are lowest and highest under angle £ equals 0 degrees and 90 degrees,
respectively. Due to grain particles are stiffen and tighten more easier in direction normal to bedding
plane. Confining pressures increase the elastic moduli. The Coulomb criterion can well describe the
compressive strength of the rock. Considering both stress and strain at failure, the distortional strain
energy provides the results that coincide with those obtained from the Coulomb criterion. The findings

can be used for analysis and design of engineering structure in transverse isotropic Phu Phan sandstone.

Keywords: confining pressure, bedding plane, Coulomb criterion, strain energy
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EFFECT OF TRANSVERSE ISOTROPY ON MECHANICAL
PROPERTIES OF PHU PHAN SANDSTONE
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Abstract -

Compression tests have been performed on prismatic specimens of sandstone under confining pressures up to 12 MPa. The
specimens contain different bedding plane orientations. Results indicate that transverse isotropic effect occurs under all
confinements where the strength is lowest when the normal to bedding planes makes an angle () of 75° with the major axis.
The lowest modulus is obtained at = 0°, and the highest is atf = 90°. Confining pressures rapidly increase the elastic and
shear moduli normal to bedding planestrike, toward those parallel to the beds. Coulomb criterion is capable of describing the
rock compressive strengths where the cohesion is defined as a polynomial function of bedding plane orientations.

Keywords - Confining Pressure, Bedding Plane, Coulomb Criterion

I. INTRODUCTION

The anisotropic degree of rocks has been defined as
the maximum-to-minimum elastic modulus ratio, or
the maximum-to-minimum strength ratio. These
properties are from different directions with respect
to the transverse isotropic planes (e.g., bedding planes
for sedimentary rocks, foliation planes for
metamorphic rocks, or system of micro-cracks and
fractures in rock mass)[1]. Ramamurthy [2] classifies
the rock anisotropy into six types based on the shapes
of strength ratio curve versus the transverse isotropic
plane angle.  These include inherent, induced,
cleavage, U-shaped, undulatory and bedding plane
anisotropies [3]. Several investigators have found
that the degree of anisotropy of rocks decreases with
increasing confining pressures. Nasseri et al.[4]
perform compression tests on four Himalayan schists
with confining pressures up to 100 MPa, and find that
the degree of rock anisotropy in terms of strengths
and elastic moduli decreases as the confining
pressures increase. The degrees of anisotropy of
mudstones compressive strength and static and
dynamic elastic moduli obtained by Miller et al.
[5]also decrease as the confining pressures increase.
This agrees with the experimental results obtained
byXu et al. [6] on phyllite, and by Fereidooni et al.
[7] on phyllite, slate, hornfels and schist. Test results
by Hu et al. [8] however suggest that increasing the
confining pressures up to 30 MPa does not seem to
reduce the degree of anisotropy of interbedded
sandstone from Shandong area, China.

Some knowledge gaps remain. A strength criterion
for rocks including sandstone, that exhibit transverse
isotropic behavior has never been developed for
practical use. The mechanisms controlling the
strength and elastic responses of hard rocks under
varied confinements have not been identified. These
knowledges are needed for the analysis and design of

relevant geological structures to ensure their long-
term stability.

The objective of this study is to determine the
strength and elastic properties of transverse isotropic
sandstone. The main tasks involve performing
compression tests under confining pressures up to 12
MPa, determining elastic properties for various
bedding plane orientations, and developing strength
criterion that can incorporate the transverse isotropic
effect.

II. SANDSTONE SPECIMENS

The samples are prepared from Phu Phan sandstone
formation. X-ray diffraction analysis shows that the
samples contain 67.69% quartz, 11.50% oligoclase,
8.26% albite, 5.58% chlorite, 3.35% microcline, 2%
anorthite, 1.11% calcite, 0.25% kaolinite and 0.25 %
muscovite. Several sandstone blocks with approximate
size of 50x50x100 cm’have been cut and ground to
obtain prismatic specimens with nominal dimensions
of 54x54x108 mm’. The nominal angles (/) between
the specimen main axis and the normal to bedding
planes vary from 0, 15, 30, 45, 60, 75 to 90 degrees.
For all specimens, the bedding plane strike is parallel
to one of the specimen side surfaces. This allows
measuring lateral deformations in the directions
parallel and normal to the bedding plane strike while
the specimen is under axial loading. Twenty-eight
specimens have been prepared. Their average density
is 2.35+0.04 g/cc

III.TEST APPARATUS AND METHOD

Polyaxial load frame[9]is used to apply axial and
lateral loads to the specimens. Except for the
specimen shape, the test procedure and calculation
follow the ASTM [10] standard practice. Neoprene
sheets are used to minimize friction at all interfaces
between specimen surfaces and loading platens.
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Fig. 1 Examples of stress-strain curves on sandstone specimen with f§ = 0° (a) 75° (b), and 90° (c). Notations used in Table 1 (d)

The constant confining pressures (lateral stresses)
applied by two mutually perpendicular sets of
cantilever beams range from 0 to 12 MPa. A
hydraulic load cell with electric pump applies axial
stress under constant rate of 0.1 MPa/s until failure
occurs. Axial and lateral deformations are recorded
to the nearest 0.001 mm. Modes of failure are
identified

IV. TEST RESULTS

Examples of stress-strain curves and representative
images of post-test specimens are given in Fig. 1. The
diagrams show that the specimens with = 90° (beds
are parallel to o7) show the lateral strains normal to
the strike of bedding planes (&0) notably larger than
those parallel to the bedding planes (&p). The two
lateral strains are comparable for specimens with =
0°. The specimens with f= 75° give the lowest
compressive strengths. The highest strengths are
obtained from those with = 0°. This holds true for
all confining pressures (Fig.2). The strength
discrepancies between the three angles become
smaller, as the confining pressure increases. Table 1

gives the compressive strengths (ojg) for all
specimens. Combination of shear and extensile
failures is found for the specimens with = 0°, 15°,
30°, 45°, 60° and 90°. Specimens with f=75° shows
shear failure along their bedding planes.

V. ELASTIC PROPERTIES

Assuming that the specimens are linearly elastic, the
elastic moduli along the major principal (axial)
direction (E;) and along the two minor principal
(lateral) axes normal and parallel to bedding plane
strike (F30 and F3p) can be calculated from the test
results. For the transverse isotropic material (Fig. 1d),
the strains under triaxial compression can be
presented in terms of the applied stresses and elastic
parameters as [11]:

& = o/E;— vi3p05/Esp - v 30 0¥/E30

1)
&p=-Vi3p 6/E; + 0/E3p - Vip30 04/E30

2)
&0=-V130 6/E; - v3p300¥/E3p + 0¥/E30

(3)
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where ojando; are the major and minor principal stresses, &is the major principal strain, and gpand &0 are the
strains measured parallel and normal to the strike of bedding planes. For transverse isotropic condition, three

B o3 G E, Esp Eso v v v

(MPa) (MPa) (GPa) (GPa) (GPa) 13 130 3p30

0 57.8 4.98 - - 0.21 0.21 -
" 3 70.2 772 12.17 12.17 0.20 0.20 0.19
7 89.0 9.58 12.62 12.62 0.19 0.19 0.19
12 115.1 11.74 13.97 13.97 0.17 0.17 0.17

0 53.1 5.36 - - 0.20 0.22 -
150 3 67.6 8.04 12.18 11.63 0.19 0.20 0.15
7 86.0 10.02 12.60 12.25 0.19 0.19 0.15
12 110.3 11.97 13.96 13.81 0.17 0.17 0.16

0 493 5.98 - - 0.20 0.23 -
30° 3 63.8 8.85 12.16 10.38 0.19 0.22 0.16
7 83.6 10.36 12.61 11.54 0.18 0.21 0.15
12 106.6 12.36 13.97 13.32 0.16 0.17 0.16

0 45.0 7.12 r - 0.19 0.24 -
450 3 59.2 9.73 12.15 9.19 0.17 0.22 0.17
7 80.6 10.96 12.62 10.76 0.16 0.20 0.15
12 102.2 12.73 13.99 12.69 0.15 0.18 0.16

0 36.0 8.54 - - 0.18 0.24 -
60° 3 543 10.82 12.17 8.39 0.16 0.21 0.19
7 73.6 11.73 12.62 10.14 0.15 0.20 0.19
12 94.9 13.27 13.97 12.22 0.13 0.18 0.18

0 24.8 10.24 L - 0.16 0.22 -
750 3 48.5 11.57 12.16 7.87 0.15 0.20 0.20
7 69.3 12.37 12.63 9.74 0.14 0.19 0.19
12 88.0 13.78 13.98 11.88 0.12 0.17 0.19

0 53.7 11.61 4 - 0.15 0.21 -
90° 3 68.7 12.17 12.17 772 0.14 0.20 0.20
7 86.7 12.62 12.61 9.58 0.13 0.19 0.19
12 1123 13.97 13.97 11.74 0.12 0.17 0.17

Table 1 Compression test results

120
o3 =12 MPa

100

G (IVIPa)
[}
o

I T T T A |

0 +—rrrrrrrrrreeeeee e
15 30 45 60 75 €90

o

B (Degrees)

Fig. 2 Failure stresses as a function of bedding plane angle.

Poisson’s ratios are defined on the specimens:
vispand vy 3o represent the Poisson’s ratios on the
planes between the major principal axis and the

directions that are parallel and normal to the strike of
bedding planes. Thewsp ;o represents Poisson’s ratio
between the directions that are parallel and normal to
the bedding plane strike.

For = 0° and 90°, the elastic moduli and Poisson’s
ratios under unconfined condition can be readily
calculated from equation (1) to (3). Regression
analysis using SPSS code[l12]are performed to
determine the elastic parameters of the specimens
with 0°</< 90°. The regression uses the stresses and
their corresponding strains obtained from linear
portion of the curves for each specimen. Table 1
gives the results.

Under low confining pressures, the elastic moduli
parallel to bedding planestrike (Esp) are greater than
those normal to the strike (£30) which can be clearly
observed for f = 90°. The stiffness discrepancies
decrease with the angles f. The two moduli are equal
for = 0° (oyis normal to bedding planes). Under
high confinement, the elastic moduli for all angles are
more comparable.
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VI. DEGREE OF ANISOTROPY

Fig. 3plots the degree of anisotropy of sandstone in
the form of the maximum-to-minimum elastic
modulus ratios (Egy/Ey) as a function of confining
pressure, where Egy and E, are measured parallel and
normal to the bedding plane. The degrees of modulus
anisotropy of various rocks obtained elsewhere are
also compared in the figure. Sandstone tends to show
higher degree of anisotropy, and reduces toward the
isotropic condition much slower, as compared to
other rocks.

41

w
f

el

N

Degrees of rock anisotropy

—y
f

%This study

(O e e e e L S e s

0 10 20 30
Confining pressure (MPa)

Fig. 3 Degrees of rock anisotropy (Eq/E) as a function of

confining pressure. @Hornfel, @ Schist, @ Garnet

hornfel [7]; @ Mudstone [S]; @Quartzitic schist, @

Biotite schist [4]; @ Phyllite [6]; Meta-siltstone, @
Schist [13]; Sandstone [8].

T T T T T T T T

40

To reveal how the degree of anisotropy for sandstone
reduces as the confining pressure increases, the
elastic moduli obtained along the major principal
(axial) direction for different angles S are plotted as a
function of confining pressure in Fig.4.They are
designated as Ep, where fare 0°, 15°, 30°, 45°, 60°,
75° and 90°. The shear moduli on the bedding planes
(G) and on the plane perpendicular to the beds (G),
are also given.

Under unconfined condition, Egis the highest,
obtained when o7 is parallel to the bedding planes.
They slightly increase with confining pressure. The
lowest elastic moduli are E, obtained when the
bedding planes are perpendicular to o. These elastic
moduli increase, as the beds dip away from the major
principal axis, as shown by Ejs,E3, Egs, Egpand E7s.
They also increase rapidly toward Eo as the
confining pressures increase. The increase of these
moduli is presumably due to the tightening of
interbedded boundaries parallel to the bedding planes,

and the stiffening of the particle layers by the
confinement.

VII. STRENGTH CRITERION

An attempt is made here to incorporate the transverse
isotropic effects into the Coulomb criterion. The
major principal stress at failure (oif) can be
expressed as a function of confining pressure (o3) as

[11]:

Oif =

t(l + sin @)/(1 — sin ¢)] -o3H(2¢- cos @)/(1 — sin ¢)
“4)

15.07 £y

E75 an

LUNEN B B B B BN B B B R R man man |

9 12
G5 (MPa)

Fig. 4 Elastic and shear moduli as a function of conning
pressure (c3)
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Fig. S Major principal stress at failure () as a function of
conning pressure (G3)
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where ¢ and ¢ are cohesion and internal friction
angle. Fig 5. plots the Coulomb criterion for all
bedding plane angles,

S. The multiplier of osrepresents slope of the curves
and the last term on the right side of equation (4) is
the intercept on o¢ axis. The cohesion and friction
angle can be determined by regression analysis of the
strength data. It is found that the friction angles tend
to be independent of the bedding plane orientation
(), where their average value is 41 degrees. The
cohesions, however, vary with the bedding plane
orientation. Their numerical values are given in Fig.
6. The lowest cohesions are obtained from

15 1
& 103
= ]
1) ]
c 7
K=l 4
wn .
-g _
[s] 5:
© ] 5n3 2
7 c=6x10"p" —0.0072p° +
7 0.1283B + 12.952 (MPa)
0-""I""I""I""I""I""I

0 1% 30 45 60 75 90

B (Degrees)

Fig. 6 Cohesion as a function of bedding plane orientation.

the specimens with = 75°, and the highest ones are
from those with = 0°. A third-degree polynomial
equation can best describe the relationship between
the cohesions and angle f as:

c=co+Ap+BL+CpH
®)

where cg- is the cohesion obtained from specimens
with f#=0°, and 4, B and C are empirical constants.
Their numerical values obtained from regression
analysis are given in Fig. 6. Good correlation is
obtained (R*> 0.990).

VIII. DISCUSSIONS AND CONCLUSIONS

The confining pressure significantly reduces the
transverse isotropic responses of the sandstone.
Increasing the confining pressures presumably reduce
the porosity and tighten the boundaries along the
bedding planes. This process reduces the transverse
isotropic response of the rock, as the applied load
cannot well recognize the transverse isotropic (bedding)
planes.

Within the range of confinements used here,
sandstone specimens give the highest elastic moduli
when the normal to bedding planes makes an angle
(P) of 90° with the major principal axis, the lowest
values are obtained when = 0° (beds are normal to
o1). The sandstone compressive strengths are highest
at f = 0° and lowest at § = 75° The Phu Phan
sandstone specimens with S = 75° allow shear
fractures to propagate more easily along the
boundaries of the bedding planes, leading to the
lowest compressive strengths. The test results are
similar to those of other transverse isotropic rocks
(e.g. [14], [15], [16]).

The confining pressures reduces the degree of rock
anisotropy by stiffening and tightening the boundaries
along the bedding planes. The confinement rapidly
increases the elastic and shear moduli normal to
bedding plane strike and approaches those parallel to
the bedding planes.

Coulomb criterion implicitly incorporates the
transverse isotropic effect by defining the cohesion as
a polynomial function of bedding plane angles. It
agrees well with the test results.
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