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Abstract

The research was performed to assess the effects of cyclic loading on deformation behavior of saturated Phu Kradung
sandstone of the Khorat Group under confining pressure and rock anisotropy. The cylindrical specimens were prepared
for two orthogonal directions, normal and parallel (0 and 90 degree) to laminations to enable the anisotropic observation.
Monotonic and cyclic loading tests were conducted under unconfined and confining pressures of 6, 12, 20 and 30 MPa. The
results from both types of loading tests indicate that the level of confining pressure had a significant influence on the cyclic
deformation of the saturated samples tested. The residual axial strains of samples obtained at a confining stress state can be
described as three deformational stages, namely, the initial phase, uniform phase and final phase. The direction of loading
in relation to its lamination demonstrates large difference in number of cycle reaching failure at unconfined stress condition,

but insignificant effect under confined stress condition.
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1. Introduction

The mechanical behavior of rock mass under
saturating and loading conditions are significance for the
design and construction of roads, railways, highways, tunnel
walls, rock fill dams, reservoirs, etc. The behavior of rock
under static loading has been widely investigated. However,
it is clear that the mechanical properties of rock under
dynamic loads differ dramatically from those under static
loads, the nature of dynamic failure in rock remains unclear,
especially in cyclic loading condition (Xiao et al., 2010). It is
known that different materials show different responses
under cyclic loading conditions. Some of these materials
become stronger and more ductile, while others may become
weaker and more brittle (Bagde & Petros, 2005a; 2005b). The
mechanical behaviors of rock subjected to cyclic loading
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have been investigated extensively. Many researchers have
carried out studies on different rock types to examine the
loading effects and loading strain rates on their strength and
deformation characteristics (Cho et al., 2003; Liang ef al.,
2011; Mahmutoglu, 2006; Ray et al., 1999; Wang et al.,
2009; Zhao, 2000). Some researchers (e.g., Fuenkajorn &
Phueakphum, 2010; Li et al., 2001; Singh, 1989; Tien et al.,
1990) extensive work on cyclic loading was performed in order
to determine whether rocks are subject to fatigue weakening.
Furthermore, the correlation between the mechanical
properties of dry and saturated rock samples have investi-
gated (Li et al., 2003; Kahraman, 2007; Winkler & McGowan,
2004). Anisotropy of construction materials can dictate their
mechanical properties which are also crucial in design of
engineering structures (Oliveira et al., 2006). Rock masses
are not exception their anisotropic behaviors can affect their
mechanical properties tremendously (Amadei, 1996).

The studies cited above primarily focus on
determining mechanical properties of dry rock samples
condition, but a few studies have determined the mechanical
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properties of saturated rock samples. Because, rock masses in
the nature are both dry and saturated conditions. Therefore,
this research investigated the mechanical behaviors on
saturated specimens and their anisotropies under confining
stresses as to provide more understanding on the saturated
rock mechanical properties.

2. Rock Samples

The rock specimens in this investigation were taken
from Phu Kradung Formation which is part of the Khorat
Group that consists of continental red-beds which form most
ofthe Khorat Plateau, Northeast Thailand. This Group is sub-
divided into nine formations, namely from older to younger
sequences as, Huai Hin Lat, Nam Phong, Phu Kradung, Phra
Wihan, Sao Khua, Phu Phan, Khok Kruat, Mahasarakarm
and Phu Thok Formations. The Khorat Group was dated as
Upper Triassic to Cretaceous-Lower Tertiary as determined
by fossil assemblage of vertebrates, bivalves and palyno-
morphs (Stokes & Raksaskulwong, 2014). Rocks in the
Khorat Group generally are sandstone, siltstone, and
mudstone in each formation and exposed by folding
structures as anticline and syncline on the Khorat plateau and
its vicinity except in the southwestern part of the plateau,
with overlying thick soil. The Phu Kradung Formation was
generally formed through coarsening upwards succession in
alluvial and fluvial floodplain of meandered river environment
(Booth & Sattayarak, 2011) which its outcrops spread all over
the borders of Khorat - Sakon Nakorn Basin. It has been
involved in construction of several kinds such as the turbine
tunnel of Lam Ta Khong Pumped Storage Project (Gurung &
Iwao, 1998; Kaewkongkaew ef al., 2015). Mouret ef al. (1993)
divided the formation into two units. The lower unit consists
of red-brown to grey-brown claystones and siltstones with
thin bedded, fine-grained sandstone. The upper unit is
typically thicker bedded, medium-grained sandstone (5-10
m. thick) and generally changes from reddish-brown to grey
and white. The upper Phu Kradung sandstone is investigated
in this research.

The sandstone specimens were core drilled from the
in situ rock blocks at Nong Bualumpoo province, northeast
Thailand, where this Phu Kradung sandstone Formation
outcrop and transition contact to the younger Phra Wihan
sandstones Formation. The core specimens of 54.50 mm in
diameter were drilled in two orthogonal directions, normal
and parallel (0 and 90 degree) to lamination (Figures 1 and 2).
Specimens were cut, and lapped as specified by the ASTM D
4543-08 standard practice (American Society for Testing and
Materials [ASTM] International, 2008). Twenty specimens
were obtained for the basic properties and mechanical testing.
All specimens were systematically labeled as to their rock
formation (PK), orientation (SO or S90), type of test (M,
monotonic or C, cyclic), and their applied confining stress
(0,6, 12,20, 30 MPa). The representative thin sections of the
samples were also be prepared for petrographic examination.
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2.1 Basic properties

Physical properties and mineral composition of the
samples were determined in this study. Two physical
properties i.e. density and porosity were evaluated for the
specimens to be used for loading examinations. These
properties were tested by water replacement method (ASTM
International, 2015; International Society for Rock Mechanics
[ISRM], 1981) and their values are shown along with the
loading test results in Tables 1 and 2 the ranges of density
and porosity values are 2.41 to 2.50 g/cm’ and 5.75 t0 9.83%,
respectively.

The representative thin sections of the samples were
also be prepared and used for petrographic examination. The
mineral compositions of the rock samples were evaluated by
two methods i.e. polarize microscope and X-ray diffraction.

0 ¢ (MNormal)

i

§ 90°
(Parallel)

Figure 1. Coring orientation of the rock specimen.

Figure 2. Cylindrical specimens with two orthogonal directions.

Table 1. Basic properties of sample for monotonic loading

test.
Sample no. Wet density(g/cm’) Porosity(%)
PK-S0-0M 247 9.83
PK-S0-6M 249 575
PK-S0-12M 246 7.79
PK-S0-20M 246 8.90
PK-S0-30M 247 8.88
PK-S90-0M 249 7.82
PK-S90-6M 2.50 6.14
PK-S90-12M 2.50 5.89
PK-S90-20M 2.50 5.95
PK-S90-30M 246 6.73
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Table 2. Basic properties of sample for cyclic loading test.

Sample no. Wet density(g/cm’) Porosity(%)
PK-S0-0C 248 9.14
PK-S0-6C 246 9.20
PK-S0-12C 246 9.18
PK-S0-20C 247 8.98
PK-S0-30C 248 9.22
PK-S90-0C 246 6.86
PK-S90-6C 248 7.93
PK-S90-12C 2.50 8.15
PK-S90-20C 248 7.34
PK-S90-30C 241 8.46

The results are shown in Table 3 which indicates a high
percentages of quartz, plagioclase feldspar and cemented
with siliceous. Thus the rock was classified by used the
Pettijohn classification of sandstone (Pettijohn, 1975) as
arkosic sandstone.

Table 3. Mineral composition of the rock.
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3. Experimental Procedures

First of all, the core specimens were oven dried, and
then soaked in the water for 24 hrs. After that, the experi-
mental procedure was divided into two steps. First, the
physical properties of specimens were determined, and then
tested under monotonic and cyclic loading conditions.
Saturated specimens were separated into two sets; the first
set was monotonic tested to determine maximum strength of
the rock at the confining stresses of 0, 6, 12, 20 and 30 MPa.
Another set of core specimens were tested under cyclic
loading at 70-80% of maximum stress level with the same
confining stresses as the first set. The type and condition of
loading tests are listed in Table 4. Detail testing procedures
are as follows.

A 1,500 kN capacity, rock and concrete motorized
compression test machine was used for both monotonic and
cyclic loading tests. For monotonic testing, an unconfined
compressive strength test follows the testing standard ASTM
D7012-14(ASTM International, 2014). A Hoek cell was

Optical microscope method

X-ray diffraction method

Minerals (%) Minerals (%)
Quartz Plagioclase =~ Weathered feldspar Quartz Albite  Dickite
70 2324 67 60.63 19.70 19.67

Table4. Type and condition of loading tests.

Sampleno.  Confining pressure Loading type Loading condition
(MPa)

PK-S0-0M 0 Monotonic Uniaxial, compression

PK-S0-0C 0 Cyclic Uniaxial, 0.002 Hz, axial cyclic loading 0-35 kN
PK-S0-6M 6 Monotonic Triaxial, compression

PK-S0-6C 6 Cyclic Triaxial, 0.005 Hz, axial cyclic loading 14-100 kN
PK-S0-12M 12 Monotonic Triaxial, compression

PK-S0-12C 12 Cyclic Triaxial, 0.005 Hz, axial cyclic loading 28-136 kN
PK-S0-20M 20 Monotonic Triaxial, compression

PK-S0-20C 20 Cyclic Triaxial, 0.004 Hz, axial cyclic loading 44-216 kN
PK-S0-30M 30 Monotonic Triaxial, compression

PK-S0-30C 30 Cyclic Triaxial, 0.004 Hz, axial cyclic loading 68-280 kN
PK-S90-0M 0 Monotonic Uniaxial, compression

PK-S90-0C 0 Cyclic Uniaxial, 0.007 Hz, axial cyclic loading 0-32 kN
PK-S90-6M 6 Monotonic Triaxial, compression

PK-S90-6C 6 Cyclic Triaxial, 0.005 Hz, axial cyclic loading 14-152 kN
PK-S90-12M 12 Monotonic Triaxial, compression

PK-S90-12C 12 Cyclic Triaxial, 0.005 Hz, axial cyclic loading 28-200 kN
PK-S90-20M 20 Monotonic Triaxial, compression

PK-S90-20C 20 Cyclic Triaxial, 0.004 Hz, axial cyclic loading 44-260 kN
PK-S90-30M 30 Monotonic Triaxial, compression

PK-S90-30C 30 Cyclic Triaxial, 0.004 Hz, axial cyclic loading 68-320 kN
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used for the triaxial compression test. A hydraulic jack with a
maximum pressure of 70 MPa was used for applied confining
pressure. Each specimen was placed in the Hoek cell and a
confining stress applied and constantly controlled. The axial
load was continuously applied until the specimen failed. The
maximum axial stress () of a certain confining stress was
then determined; therefore, the applied cyclic stress could be
estimated. Axial and lateral deformations were measured
using electrical strain gauges for the uniaxial test. However,
a mechanical gauge and oil volume change were used to
record the axial and lateral deformations for the triaxial test.

All cyclic loading tests were carried out in the strain
control mode. The test procedure follows the ASTM D7012-
14 standard. The series of cyclic loading tests were performed
at 70-80% of the predetermined uniaxial compressive strength
(UCS) or confined compressive strength from monotonic
tests; while, the minimum stress was maintained at hydro-
static stress level for triaxial test 6, 12, 20 and 30 MPa),
A cyclic under uniaxial minimum applied load was at 0.4 kN -
just enough to keep the platen in contact with the specimen.
The axial and lateral strains were measured in each cycle until
the specimen fails.

4. Results and Discussion
4.1 Monotonic loading tests

Uniaxial and triaxial compression tests were conducted
to determine the rock’s maximum strength at specified
confining pressure; thus, the test parameters for subsequent
cyclic loading tests could be predetermined. A summary of
each specimen’s confining stress and its strength are
tabulated in Table 5 and, axial, lateral, and volumetric
deformation behavior are illustrated in Figure 3. The stress-
strain curves reveal that saturated sandstone samples exhibit
brittle behavior for all the tests, especially under an
unconfined compression test and at low confining pressure
for the triaxial test. All of the specimens show axial
contraction during loading and turn into dilation when
loading is close to their strength.

4.2 Cyclic loading tests

The relationship between deviatory stress, volumetric
strain, lateral strain and axial strain are plotted for uniaxial
(Figure 4) and triaxial cyclic loading (Figures 5 and 6). The
specimen’s cyclic stress and number of cycles to failure are
tabulated in Table 6. Results indicate that the number of cycles
(N) increase with the increasing of the confining pressures.
Loading in the direction of 0° to specimen lamination
provides significantly higher N cycles than loading to the
direction 90° at unconfined pressure. However, as confined
pressures increases, the numbers of cycles are getting closer
to each other; thus, indicating independency to the direction
of loading (Figure 7). Deformation behaviors are observed
when the axial cyclic load changes from the peak value (the
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maximal value in a cycle) to the valley value (the minimal
value in a cycle). Axial deformation at the beginning of the
loading cycle, the specimens exhibit elastic behavior; and, the
deformation becomes more elastic — plastic as the loading
cycle increases (Liu & He, 2012). As the confining pressure
increases, larger axial strains are observed; especially when
the failure cycle is reached. Axial, volumetric, and residual
strains at failure are listed in Table 7. Other highlights noted
are that the higher the confining pressure, specimens behave
the more the ductility and the rock anisotropy also have
influence on cyclic deformations. Axial strain and volumetric
strain of the specimen’s cyclic loading at 0° direction are
larger than the 90° direction.

4.3 Effects of confining stresses on residual strain

Residual strain is defined as the strain (including axial,
volumetric and lateral strains) at which the axial load reaches
the valley value during the process of cyclic loading. When
the axial cyclic load reduces to the minimal value in a cycle,
some strain will be reversible and some remain irreversible
this is the residual strain. Figure 8a-e present the relationship
curves of the residual axial strain and the number of cycles
(N) for 0° directional samples under unconfined and confined

Table 5. Basic properties and the stress state at failure.

Sample no. Maximumstrength ~ Confining stress
(MPa) (MPa)
PK-S0-0M 10.52 0
PK-S0-6M 60.71 6
PK-S0-12M 74.04 12
PK-S0-20M 94.31 20
PK-S0-30M 128.69 30
PK-S90-0M 15.78 0
PK-S90-6M 83.49 6
PK-S90-12M 105.77 12
PK-S90-20M 119.39 20
PK-S90-30M 143.32 30

Table 6. Basic properties and number of cycles to failure.

Sample no. Cyclic stress (MPa) Cycles (N)
PK-S0-0C 15.78 11
PK-S0-6C 37.83 )
PK-S0-12C 47.60 124
PK-S0-20C 75.66 150
PK-S0-30C 93.43 185
PK-S90-0C 14.08 62
PK-S90-6C 5544 86
PK-S90-12C 75.72 117
PK-S90-20C 95.02 142
PK-S90-30C 106.65 165
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Figure 3. Stress-strain curves from uniaxial and triaxial compressive testing with monotonic loading of (a) PK-S0-O0M, (b) PK-S0-6M,
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stress (b and e) lateral strain and (¢ and f) volumetric strain.

050

Confining pressure: 0 MPa
Failured at 11 cycles
Frequency: 0.002 Hz

(2?5 00 o Confiningpressure: 6 MPa
Failured at 92 cycles
40.00 { Frequency: 0.005 Hz
7 35.00
o
= 2000
8 2500
& 20.00
2 -
5 15.00
-2 10.00
H
Q5004
0.00
-5.00
0.00 050 1.00 1.50 200 2.50
Axial Strains (%)
“’3 Axial Strain (%)
50
0.00 0.50 1.00 1.50 2.00 250
0.00
S .
£-050
g
&
E-1.00
5
®
3
-1.50
Confining pressure: 6 MPa
-2.00 4 Failured at 92 cycles
Frequency: 0.005 Hz
250
© Axial Strain (%)
0.50 T T T y
0.p0 0.50 1.00 1.50 2.00 250
0.00+——
£
£
£ 050
@
L
£ 100 4
El
°
=
-1.50 - Confining pressure: 6 MPa
Failured at 92 cycles
Frequency: 0.006 Hz
200 4

Figure 5. Triaxial tests under cyclic loading (PK-S0-6C and PK-S90-6C) showing the relationships of axial strain to (a and d) deviatoric
stress (b and e) lateral strain and (¢ and f) volumetric strain.

@
16.00 Confining pressure: 0 MPa
14.00 | Failured at 62 cycles
= Frequency: 0.007 Hz
a 12.00
2
@10.00
]
i 800 .
2 600 e
= /
3 400 /S
a ~
2004{
000 + -
0.00 050 100 150 200
Axial Strains (%)
O] jal Strai
050 Axial Strain (%)
0. 050 1.00 1.50 200
go 00 -
= -
s —
& —
=
5050 \
®
3
1.00 _
Confining pressure: 0 MPa
Failured at 62 cycles
Frequency: 0.007 Hz
-150
(l)(150 Auxial Strain (%)
0 050 1.00 150 200
1T
g 0.00
<
s
7]
£-050
3
£
2
2 40
B Confining pressure: 0 MPa
Failured at 62 cycles
Frequency: 0.007 Hz
150 4

d
( s)n 00
Confining pressure: 6 MPa )
5000 7 Failured at 86 cycles Z
o Frequency: 0.005 Hz
=400
°
£30.00
&
-£20.00 o
H .
_E ~
31000 4
2 .
0.00
-10.00 + T T T T T . T T T )
000 020 040 060 080 100 120 140 160 180 200
Axial Strains (%)
(e) Axial Strain (%)
050
0p0 020 040 060 080 100 120 140 160 180 200
0.00
g —
= -050
s
B
s -1.00
2
=
3
150
00 | Confiningpressure:6 MPa
. Failured at 86 cycles
Frequency: 0.005 Hz
250
® Axial Strain (%)
0.50 T T T T T T )
0p0 020 040 060 080 100 120 140 160 180 200
000 - ———
g %7 —
£
£ -050
w
2
£ -1.00
£ —=
°
>
-1.50 1 Confining pressure: 6 MPa
Failured at 86 cycles
Frequency: 0.005 Hz
200




W. Sukplum & L. Wannakao/ Songklanakarin J. Sci. Technol. 39 (4), 451-461, 2017

457

(32 @
120.00 7 confining pressure: 30 MPa 120,00 1 Confining pressure: 30 MPa
Failured at 185 cycles Frequoncy: ooocaynz
__100.00 { Frequency: 0.004 Hz 100.00 quency: 0.
£ g
= 50,00 o £ 8000
Py £
£ ]
£ 60.00 - 60.00
H B
2 @
S 40.00 £40.00 .
E s -
> =
H E
& 2000 = 2000
~ a
0.00 0.00 1
-20.00000 0.50 1.00 150 2.00 250 300 350 -20.00000 0.50 100 150 200 250
Axial Strains (%) Axial Strains (%)
f Axial Strain (%) (€ Axial Strain (%)
Moo — ———— : ;,uu
0:po 050 1.00 150 =200 300 350 0.0 050 1.00 1.50 2,00 250
0.00
g €
£-500 200
8 3
T T400
£ o}
& g
5 5
-10.00 6.00
Confining pressure: 30 MPa
Failured at 185 cycles N 8.00 { Confining pressure: 30 MPa
Frequency: 0.004 Hz Failured at 165 cycles
1500 1000 J Frequency:0.004 Hz

'
@
o
o
=)
8

s & e
o o o
8 8 8

-15.00

Volumetric Strain (%)

-20.00

-2500

-30.00

o

Axial Strain (%)

0 050 1.00 1.50 200 250 3.00 350

Confining pressure: 30 MPa
Failured at 185 cycles
Frequeney: 0.004 Hz

( Axial Strain (%)

(%)

10.00 4

Volumetric Strain|

-15.00 4
Confining pressure: 30 MPa
Failured at 165 cycles
Frequency: 0.004 Hz

-20.00 4

Figure 6. Triaxial tests under cyclic loading (PK-S0-30C and PK-S90-30C) showing the relationships of axial strain to (a and d) deviatoric

200
180
160
140
120
100
80
60 4
40
20

Number of cycle (N)

stress (b and e) lateral strain and (¢ and f) volumetric strain.

—&— Normal(0)

——Parallel(90)

5 10

15 20 25 30 35
Confining Pressure (MPa)

Figure 7. Relationships of confining pressure to number of cycle.

pressures at 6, 12, 20 and 30 MPa, respectively. Figure 81
also presents the relationship between the residual axial strain
and the number of cycles (V) for 90° directional samples
under unconfined and confined pressures at 6, 12, 20 and 30
MPa, respectively. Residual axial strain slowly increased at
the beginning of loading cycles and then rapidly increased as
the cycle got closer to the failure. Increasing of residual axial
strain with number of loading cycles can be divided in three
phases i.e. the initial phase, the uniform phase, and the final
phase. The increments of residual axial strains are decreasing
with number of cycles for initial phase. They are constant for
the uniform velocity phase and increasing with acceleration

Table 7. Axial strain and volumetric strain at failure.

Axial strain (%) Volumetric strain (%)

Sampleno.
Maximum Residual Maximum Residual

PK-S0-0C 3.125 1.930 -2.871 -2.559
PK-S0-6C 2283 1.576 -1.253 -1.232
PK-S0-12C 2.749 2.100 -1.754 -1.625
PK-S0-20C 3274 2238 -2.281 -2.164
PK-S0-30C 3.658 2735 -2.492 2274
PK-S90-0C 1.428 1.270 -1.217 -1.243
PK-S90-6C 1.748 1.065 -1.123 -1.118
PK-S90-12C 2.169 1.445 -1.590 -1.571
PK-S90-20C 2514 1.717 -1.899 -1.804
PK-S90-30C 2.821 1.869 -2.064 -1.954
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manner for the final phase until failure. This phenomenal is
compatible with the study of Liu and He (2012), Momeni ef al.
(2015), Sukplum and Wannakao (2016). Both the initial and
final phases are short lives when compare to the uniform
velocity phase (Figure 8). All the stages are completely found
in the higher confining pressures. Figure 9a-e show the
relationship between residual volumetric strain and the
number of cycles (N) for 0° directional samples under
unconfined and confined pressures at 6, 12, 20 and 30 MPa,
respectively, Figure 9f-j illustrate the same relationship for
the specimen orientation at 90° direction. Residual volumetric
strains under uniaxial testing show influence of the lamination
providing differing deformation behaviors. Significant
additional contraction is demonstrated by specimens in the
0° direction. Under triaxial cyclic loading, small contraction
occurs and then gradually expands as the volume changes.
Similarly, the higher the confining pressures, the higher the
volume changes.

5. Conclusions

This paper reports on a cyclic loading experiments
investigation on the mechanical deformation properties of
saturated sandstone under uniaxial and triaxial compression.
Influence of the rock anisotropy is also investigated. The rock
can be classified as arkosic sandstone according to mineral
compositions. The following conclusions can be drawn: (1)
the rock exhibits brittle deformation at lower cycles that turn
into elastic-plastic deformation as indicated by larger axial
and volumetric strains at higher cycles; (2) Three stages of
deformation (initial, uniform and final phase) are established
especially on triaxial cyclic loading; (3) Confining pressure
has significant effect on deformation since the accelerated
stage was easily detected with larger strains; and, (4) The
orientation of lamination to direction of loading demonstrates
a higher difference in the number of cycles to reach failure
at uniaxial and low confining stresses. Additionally, the
numbers of cycles are greater for loading parallel to lami-
nation (specimens 90 ° direction). However, this effect shows
very low or no influence on the number of cycles at greater
confining stresses.
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