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Abstract: Low pore sedimentary rocks (from Guangxi, China) were subjected to uniaxial compression loading
experiment under different initial stresses. The rock samples were investigated by nuclear magnetic resonance before
and after the loading. The relationships between the mesoscopic rock damage and macroscopic mechanical parameters
were established, and the initial damage stress of the low-porosity sedimentary rock was determined. The results
showed that this type of rock has the initial stress of damage. When the initial loading stress is lower than the initial
stress of damage, the 7, spectrum area of the rock sample gradually decreases, and the primary pores of the rock are
further closed under the stress. The range of the initial stress of damage for this type of rock is 8—16 MPa. When the
loading stress exceeds the initial stress of damage, the 7, spectrum area gradually increases, indicating that the porosity
of the rock increases and microscopic damage of the rock appears. The rock damage degree is defined, and the

nonlinear function between the rock damage degree and the initial loading stress is established.
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1 Introduction

Rocks are regarded as heterogeneous porous
materials with a large number of randomly
distributed natural defects including micro-pores,
cracks, and discontinuities [1]. Under the action of
external loading, the micro-pores in the rock
constantly change, which may lead to fractures in
some areas and the formation of macroscopic
cracks, leading to instability failure of the rock [2].
The process of rock damage evolution and the
damage law had been extensively researched by
physical experiments and numerical simulations.
LUONG [3] used infrared imaging technology to
investigate the thermal phenomena accompanying
the process of rock fracture. The thermal energy
released from the internal damage was taken as the
research parameter, and the damage process and
failure mechanism based on the force—thermal

coupling process were analyzed. BAGDE and
PETROS [4] used the MTS816 rock mechanics test
system to study the effect of static and dynamic
cyclic uniaxial loads on the mechanical properties
and damage of the sandstone. The results showed
that the fatigue strength of rock was positively
correlated with the dynamic loading frequency and
negatively correlated with the dynamic loading
amplitude. MARTIN and CHANDLER [5,6]
studied the crack evolution process of granite based
on the stress—strain characteristics. The results
showed that with the cyclic loading and unloading
of granite, the initial stress of the damage was not
related to the increase in the damage and the
damage stress gradually decreased until finally
approaching  the crack initiation  stress.
DIEDERICHS [7] argued that the sharp decrease in
rock stiffness was due to the reduction in damage
stress. Similarly, the irreversible volume strain
inside the rock is also believed to be closely related
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to the development of the damage in rock [8].
BAGDE and PETROS [9] studied the effects of the
amplitude and frequency of uniaxial cyclic loading
on the strength degradation and deformation
behavior of rocks. Meanwhile, the effects of
microstructure, structure and quartz content in rock
samples on the fatigue strength and cyclic dynamic
response studied, indicating that
micro-fracture was the main cause of fatigue failure.
BASTIAN et al [10] conducted uniaxial and triaxial
cyclic compression tests on Hawkesbury sandstone
and studied its mechanical properties under cyclic
loading. YIN et al [11] carried out static mechanical
experiments on granite at different temperatures and
the results showed that the failure modes of granite
before and after the high temperature treatment
significantly different. SENGUN [12]
investigated the effect of thermal damage on the
physical and mechanical properties of carbonate
rocks, suggesting that at 600 °C, the bulk density,
uniaxial compressive strength, elastic modulus and
the shore hardness were all reduced but the apparent
porosity increased. TAHERI et al [13] studied the
changes in the mechanical properties of
Hawkesbury sandstone under different cyclic
loading conditions using uniaxial and triaxial
compression tests, revealing that the unstable crack
growth appeared at about 65% of the accumulated
axial strain. ZHAO et al [14] used physical models
and acoustic emission technology to study the
fracture evolution process of brittle rocks with
prefabricated pores under
compression and they proposed that the tensile and
compressive stresses were the key factors causing
the fracture of samples with circular pores.
DRAGON et al [15] developed a continuous
damage model and studied the coupling problem
between the plasticity and damage caused by crack
friction. CHANG and LEE [16] studied the
mechanism of rock fracture damage by acoustic
emission moment tensor analysis under triaxial
compression and discussed the effect of
micro-crack accumulation on rock micro-damage.
LEMAITRE [17] and CHABOCHE [18] derived
the damage variable from the stress—strain
characteristics of the damaged material. They
believed that the effective damage variable could be
understood as the variable obtained from the
undamaged part under the action of the same stress
on the damaged part. LI et al [19] studied the
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damage evolution characteristics of the pore
structure of sandstone after 180 freeze—thaw cycles
by nuclear magnetic resonance (NMR). Concrete
failure has been significantly emphasized in
literatures for brittle, or quasi-brittle materials such
as rock; however, these results fail to reflect the
evolution process of initiation, propagation and
transfixion of internal cracks during rock fracture
and instability. In addition, the effect of rock
porosity changes on mesoscopic damage is rarely
studied.

Conventional uniaxial rock experiments under
different initial loading stresses were carried out.
The porosity and 7, spectrum area of rock samples
before and after loading were measured by NMR.
Quantitative parameters of rock pore change were
obtained. The degree of the rock damage caused by
different initial loading stresses was investigated by
the residual peak strength of the rock samples, and
a theoretical model of meso-damage evolution of
rock under uniaxial compression was established.

2 Experimental

2.1 Sample preparation

The rock used in this study was siliceous
limestone with a diameter of 54 mm and a length of
approximately in the range of 150—400 mm. The
samples conformed to the requirement of the
2.0-2.5 ratio recommended by the International
Society for Rock Mechanics. To reduce the
difference between the rock samples and the effect
of rock anisotropy on the experiment, cores were
selected from the same core box for the sample
preparation [20]. Figure 1 shows the representative
rock samples used in this study.

Fig. 1 Representative rock samples used in this study

2.2 Experimental facility
The main test instruments used in this
experiment were a servo-controlled testing machine
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system (Instron 1342, with 2000 kN capacity), a
rotary vane vacuum saturation device, and a nuclear
magnetic  resonance  instrument  (Shanghai
Newmark Technology Co. Ltd.).

2.3 Experimental method

In this experiment, six groups (A, B, C, D, E,
and F) were formed, with three rock samples of
siliceous limestone in each group. The main steps
of the experiment were as follows:

(1) The six sets of rock samples were
vacuumed and saturated using a rock vacuuming
device. Dry vacuum pumping was done for 240 min,
followed by wet pumping for 120 min to ensure
complete water saturation in each of the rock
samples.

(2) The initial porosity and initial 7, spectrum
area of the saturated rock were measured by NMR,
as shown in Fig. 2.
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Fig. 2 Pore distributions of Group A rock samples

(3) Group A samples were tested using an
Instron 1342-2000 kN type electro-hydraulic servo
testing machine. The specimens were subjected to
uniaxial loading, followed by measuring the
uniaxial compressive strength of the Group A.
Figure 3 shows the complete stress—strain curves.
Other groups of rock specimens B, C, D, E and F
were subjected to loading of 10%, 20%, 40%, 60%,
and 80% of the initial uniaxial compressive stresses
(o), respectively, which did not cause failure of
rock.

(4) Steps 1 and 2 were repeated to carry out
saturated water experiments on the rock samples in
Groups B, C, D, E and F and measure the porosity
and T, spectrum of the loaded samples.

(5) Finally, the rock samples in Groups B, C, D,

E and F were subjected to the secondary uniaxial
loading test to obtain the residual peak strength of
the rock and study the relationship between the
microscopic rock damage and porosity.
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Fig. 3 Stress—strain curves of Group A rock samples
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3 Results and discussion

3.1 Effects of different initial loading stresses on
porosity

The uniaxial peak compressive strength of
Group A rock samples is 76.4, 87.9 and 77.4 MPa,
with an average of 80.6 MPa. For the convenience
of calculation, the uniaxial peak compressive
strength of rock is considered to be 80 MPa. The
changes in the initial loading stress and porosity are
given in Table 1, where the initial loading stress of
the rock samples in Groups B and C is 10%a0;
(8 MPa) and 20%o0. (16 MPa), respectively. Based
on the individual differences, the rock samples
show compressibility on the whole. The porosities
of Groups D, E, and F increase when the initial
loading stress is 40%ag., 60%0., and 80%c.,
respectively. The rock is in the stage of fracture
generation and propagation, and porosity increases
with increasing of initial loading stress.

Figure 4 shows the porosity change curves of
samples with different initial loading stresses. The
whole curve can be divided into three stages: initial
slow growth, rapid growth, and slow growth. When
the initial loading stress increases to 32 MPa, the
curve is a straight line, and the slope remains
basically unchanged, showing initial slow growth
stage of rock porosity. From 32 to 48 MPa, the
slope of the curve increases, which represents the
rapid growth stage of porosity in the rock. When
the loading stress exceeds 48 MPa, the slope of the
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Table 1 Changes in porosity under different initial
loading stresses

Specimen Initial Init.ial Post—l?aded
stress/MPa  porosity/% porosity/%

B-1 8 0.24 0.22
B-2 8 0.23 0.23
B-3 8 0.17 0.13
C-1 16 0.36 0.39
C-2 16 0.16 0.24
C-3 16 0.18 0.14
D-1 32 0.27 0.35
D-2 32 0.40 0.43
D-3 32 0.28 0.39
E-1 48 0.31 0.68
E-2 48 0.19 0.72
E-3 48 0.41 0.83
F-1 64 0.30 0.87
F-2 64 0.24 -
F-3 64 0.25 0.86

0.9

o I K245

0.7 +

= — Initial porosity

061 o— Post-loaded porosity

Porosity/%
=)
Wi

04F......AZL 23 ;
031 '

02F
0.1}

30 40 50 60 70
Stress/MPa

Fig. 4 Porosity variation curves of siliceous limestone
with different initial loading stresses

curve remains essentially unchanged, which means
the curve mainly is in the slow growth stage and the
fracture shifts into the penetrating stage. In order to
quantitatively study the relationship between the
initial loading conditions and porosity, the porosity
ratio is defined as the evaluation standard:

_P
2,

K (1
where @, is the average porosity before loading,
and @, is the average porosity after loading. When

K<1, the rock sample is in the stage of

microfracture compaction; when K=1, the rock
sample is in the critical state of microfracture
compaction and occurrence; when K>1, the rock
sample is in the stage of fracture occurrence and
expansion until failure.

A comparative analysis of the experimental
porosity data obtained from uniaxial loading of
such rocks indicates that (1) When K=1, i.e., when
the initial stress is in the range 8—16 MPa, the rock
is in the critical state of microfracture compaction.
This is to say, the critical state of fracture expansion
is when the compressive strength reaches
(10%—20%)0.. (2) When the initial loading stress
reaches (40%—60%)o. of the uniaxial compressive
strength of the rock, i.e., 1.23<K<2.45, the rock
fracture growth rate reaches the maximum, which is
the stage of rapid fracture expansion. (3) When the
loading stress exceeds 60%o0. and K>2.45, i.e., the
stress exceeds 48 MPa, the micro-cracks gradually
break through to form macroscopic cracks until
rock failure.

The initial stress of the rock critical crack
expansion is determined to be (10%—20%)o. of the
uniaxial compressive strength, and the initial stress
value of rock damage is in the range of 8—16 MPa.

Figure 5 shows the relationship between the
porosity increment ratio and external loading stress
of siliceous limestone. The relation between the
external loading stress and pore increment ratio can
be obtained by exponential function fitting. As
shown in Fig. 5, when the external loading stress
is in the range of 50-70 MPa, the internal
porosity of the siliceous limestone slightly changes,
which means that the rock is basically destroyed
after this.
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Fig. 5 Relationship between porosity increment ratio and
external loading stress of siliceous limestone
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3.2 Degree of rock damage

As the initial loading stress increases, the
secondary peak strength of the rock continues to
decrease, which means that the rock damage degree
continues to increase [21]. This process can be
defined by

D: GC_Gi

- @

where D is the damage degree, and o; is the second
peak strength.

After each group of samples was loaded with
different initial loading stresses, the changes in the
secondary peak strength obtained from rock
samples and their damage degrees are given in
Table 2.

Table 2 Secondary peak strength and damage degree of
rock samples with different initial loading stresses

Specimen Initial loading o Damage
stress/MPa MPa degree
B-1 8 72.9 0.09
B-2 8 68.4 0.15
B-3 8 76.4 0.05
C-1 16 54.3 0.32
C-2 16 45.6 0.43
C-3 16 454 0.43
D-1 32 313 0.61
D-2 32 32.8 0.59
D-3 32 48.0 0.40
E-1 48 36.8 0.54
E-2 48 21.3 0.73
E-3 48 28.0 0.65
F-1 64 11.9 0.85
F-2 64 - -
F-3 64 17.5 0.78

Figure 6 shows the relationship between the

initial loading stress and the average damage degree.

With increasing initial loading stress, the average
damage degree of the rock increases. When the
initial loading stress changes in the range of 8—16,
16—32, 32—48 and 48—64 MPa, the increment in the
average damage degree is 0.3, 0.14, 0.11 and 0.17,
respectively. Therefore, the increase rate of average
damage degree is the largest when the initial
loading stress is less than 16 MPa, and it becomes
small when the initial loading stress is in the range
of 16—48 MPa and large when the initial loading

stress is more than 48 MPa. The damage degree of
rock caused by different initial loading stresses can
be calculated by fitting the data in Fig. 6.
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Fig. 6 Relationship between initial loading stress and
average damage degree

Figure 7 shows the fitting relationship between
the average damage degree of rock samples and
porosity increment ratio. It is shown that the
increment in porosity is negative at the initial stage,
which means that the original pores of rock are
closed to varying degrees due to the rock
compressed, and the external force is not enough to
generate new pores. However, there is a low-stress
microscopic damage in the rock. When the rock is
subjected to the initial loading stress, its
compressive strength decreases with the increasing
trend of porosity; when the porosity increment ratio
increases to approximately 0.8, the damage degree
of the rock begins to increase slowly while the rock
is in the elastic deformation stage, and the porosity
increment ratio continues to increase until the rock
is destroyed.
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Fig. 7 Relationship between rock damage degree and
porosity increment ratio
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3.3 Relationship between initial loading stress

and 7, spectrum area

The relationship between initial loading stress
and 7 spectrum area is established from the data, as
listed in Table 3. When the initial loading stress is
8 MPa, the increase rate of the 7, spectrum area
after loading is negative, and the rock is in the
compaction stage. When the initial loading stress is
16 MPa, the increase rate of the 7, spectrum area
after loading is positive and negative, which
indicates that the rock is in the stage of continuous
compaction and new fractures form at the same
time. When the initial loading stress is 32, 48 and
64 MPa, the increase rates of the 7, spectrum area
after loading are positive. The change in 7
spectrum area is basically consistent with the
change in porosity, indicating that the T, spectrum
area is a reliable parameter for characterizing the
rock damage.

Table 3 Effect of different loading stresses on T7;

spectrum area

Initial Initial Post-loaded Spectrum
Specimen loading spectrum spectrum area
stress/MPa  area area  increment/%
B-1 8 2516 2310 —0.080
B-2 8 2459 2436 —0.001
B-3 8 1021 775 —0.240
C-1 16 3589 3890 0.084
C-2 16 962 1443 0.500
C-3 16 1405 1083 —-0.229
D-1 32 2945 3789 0.287
D-2 32 3821 4408 0.101
D-3 32 3054 4356 0.426
E-1 48 3456 7610 1.202
E-2 48 1589 6150 2.870
E-3 48 3845 7853 1.042
F-1 64 3359 9745 1.901
F-2 64 - - -
F-3 64 2545 9045 2.554

Figure 8 shows the relationship between
different initial loading stress and the increment of
the 75 spectrum area. As shown in Fig. 8, when the
stress is up to about 15 MPa, the increment of 7,
spectrum area is 0. The pores inside the rock will be
compacted when the stress is smaller than 15 MPa;
as the stress gradually increases beyond 15 MPa,

the new micro-cracks begin to expand, and the
porosity gradually increases. The relationship
between the 7, spectrum area and loading stress is
consistent with the relationship between the
porosity increment and loading stress.
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Fig. 8 Relationship between initial loading stress and 7,

spectrum area increment
4 Conclusions

(1) Low-porosity sedimentary rocks have an
initial stress of damage. When the loading stress is
lower than the initial damage stress, the 7, spectrum
area of the rock gradually decreases, which
indicates that the natural pore is further compacted.
It is shown that the initial damage stress of
low-porosity sedimentary rock is in the range of
8—16 MPa.

(2) For this type of siliceous limestone, when
the external load exceeds the initial damage stress,
the porosity of the rock gradually increases and the
meso-damage of the rock begins to develop.
However, with the initial stress increasing, the
process of porosity change has three stages, namely
the slow growth stage, the rapid growth stage and
the sluggish growth stage.

(3) The degree of rock damage shows a
non-linear relationship with the initial loading stress.
In addition, the relationship between the increment
of porosity and the initial loading stress is in an
exponential form.
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