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Experimental study on loading rate effects of sandstone deformation localization
based on 3D-DIC technology
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Abstract: The characteristics of sandstone localized deformation have been studied by visual triaxial compression servo control test
system under different loading rates. By the use of the 3D-DIC (3 dimensional digital image correlation) test system, we obtain the
axial and radial strain field nephogram, as well as the crack evolution process of sandstone under triaxial stress. The influence of
loading rate on the localized deformation of sandstone has been analyzed. The results show that: before the peak strength, the surface
deformation of sandstone is relatively uniform. The strain concentration phenomenon occurs at the peak strength, and it expands
rapidly in the post-peak stage, and finally forms a deformation localized zone that penetrates the sample surface. As the load rate
increases, the peak strength, elastic modulus, Poisson's ratio, peak axial strain and peak radial strain of sandstone all increase. When
the loading rate increases from 1x10-% s to 1x10-3 s71, the starting stress of localization of deformation also increases. Besides, the
ratios o, /o, and oy /o, , Which describe the levels of the starting stress of axial and radial deformation localization, have
changed from 92.00% and 93.75% after the peak to 97.17% and 96.00% before the peak, respectively, indicating that the deformation
localization of sandstone has relatively obvious loading rate effects.

Keywords: sandstone; 3D-DIC; strain field nephogram; deformation localization; rate effect

1 Introduction

When the stress on the mine rock exceeds the capacity
of the surrounding rock itself, it will cause the instability
and destruction of the surrounding rock mass, which
then affects the safety of the underground stope. In most
cases, the instability and destruction of rocks are caused
by the development of deformation localization 331,
Therefore, it is important to study the instable and
destructive process of rocks from the perspective of
deformation localization, which can open up great
potential in order to improve the stability of under-
ground spatial structures.

Deformation localization of materials such as rocks
has been extensively studied by researchers around the
world. Song et al. “ carried out the uniaxial compression
test of red sandstone under different loading rates. Based
on the digital speckle correlation method, they showed
that the starting stress of rock deformation localization
increased with loading rate and gradually approached
the peak strength. Dong et al. ® used the GCTS electro-
hydraulic servo control triaxial testing system to serve
the temperature and pressure control. They conducted
the triaxial tests of constant axial pressure and unloading
confining pressure under freezing (10 ‘C) conditions,
in order to simulate the stress change of surrounding
rock during wellbore excavation and therefore investigate
the deformation characteristics of frozen sandstone. Yin
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et al. 1 employed numerical tests of uniaxial compression
to study the effect of loading rate on the failure of rock
surface, and found that with the increase of loading rate,
the extent of destructed rock also increased, and the
destruction has been developing gradually from local to
global. Wang [l used FLAC to simulate the shear zone
and deformation characteristics of rocks at different
loading rates, and showed that as the loading rate
increases, the rock sample changed gradually from
single shear failure to X-shaped shear failure. Wang et
al.l® applied the white-light digital speckle correlation
method to obtain the data describing the time evolution
of rock deformation localization during the entire
loading process, and found that the localized zone on
the rock surface developed along the direction of the
maximum principal strain. Sun et al. ® performed
uniaxial compression tests of marble, and by using the
digital speckle correlation method, they investigated
the localization process of the surface deformation of
the rock after freeze-thaw corrosion. Li et al. % developed
a rock mechanics program that can construct mesh-free
numerical models, and by using the Mohr-Coulomb
criterion they showed the localized evolution process
of the deformation of defected rocks. Tuong et al. [
and Zhao et al. [l showed the study of the displacement
field, global strain field and crack evolution of rock
specimens with pre-fabricated cracks during loading
process. Dewers et al. ¥l applied symmetric compression
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on porous sandstone, and analyzed the strain localiza-
tion during deformation. Bésuelle et al. [** examined
the effects of confining pressure on the properties of
\Vosges sandstone, as well as its local deformation
characteristics during failure.

Digital image correlation (DIC) method has been
applied extensively to the study of rock deformation
and failure. Munoz et al. 3 used the 3D-DIC method
to monitor the entire evolution of the stress—strain
variation as well as the shear strain field of rock under
uniaxial compression. Dautria et al. % and Yang et al. (']
applied the DIC technique to the study of non-uniform
deformation and tensile strain of carbonates and granites.
Aliabadian et al. % and Sharafifisafa et al. ¥ used
the DIC method to respectively study the crack initia-
tion and propagation process of sandstone disc and 3D
printed rock samples by applying Brazil split test.
Huang et al.”% used the DIC technique to study the
shear deformation of five types of reinforced concrete.
Tang et al.?Y! carried out uniaxial and triaxial com-
pression tests on the testing rocks, and by using the
DIC technique they obtained the cloud diagram of the
principal strain field of the rock as well as the evolution
of cracks in 3D. Zhou et al. 22 applied the DIC method
to studying the fracture behavior of brittle and ductile
rocks under uniaxial loading. Xing et al.[®1 used high-
speed, 3D-DIC technique to study the full-field strain
of rock materials under dynamic loading conditions.
The results showed that the strain localization initiated
from the surface of the sample, and evolved following
the tension, shear and perpendicular direction in order.
Yang et al.?lused the DIC technique to study the dis-
placement evolution of rock deformation localization
under a constant-amplitude, cyclic loading condition.

Conventional pressure chambers are mostly made
of metal materials in order to meet the requirements of
triaxial tests under high confining pressure. They often
cannot be used to achieve visual monitoring of the defor-
mation and failure process of rocks. As a result, most
of the studies on rock deformation localization are based
on uniaxial compressional condition. There are still
limited studies on the evolution of rock surface defor-
mation localization under triaxial compression. It is
still not fully clear how the localization of rock defor-
mation changes with different loading rates. This study
was based on a visual triaxial compression servo testing
system, as well as a 3D-DIC testing system to carry
out triaxial compression tests on sandstone samples
under different loading rates. By monitoring the whole
process of rock deformation and failure using the 3D-
DIC system, we analyzed the evolution process of the
rock deformation on the surface of samples, and discussed
the effects of loading rate on the rock mechanical pro-
perties, as well as the threshold of the starting stress
for a deformation localization.

https://rocksoilmech.researchcommons.org/journal/vol41/iss11/4
DOI: 10.16285/j.rsm.2020.5144

2 Experiments

2.1 Sample collection and preparation

The sandstone samples used in the test are collected
from the Xujiahe Formation of the Upper Triassic in
Jingkou Town, Chongging, China, and they belong to
terrigenous fine-grained clastic sedimentary rocks. The
particle size is between 0.1 and 0.5 mm, and the minerals
mainly consist of quartz, feldspar, dolomite and flint.
All the rock samples are collected by taking cores from
the rock blocks in the direction perpendicular to the
bedding. According to the standards by International
Society for Rock Mechanics and Rock Engineering
(ISRM), the surfaces of the samples are polished to
ensure the flatness of the end surfaces, and all the samples
are processed into a uniform cylindrical shape with a
diameter of 25 mm and a height of 50 mm. By spraying
white and black paints on the surface, we obtained
speckle sandstone specimens as shown in Fig. 1. The
resultant sandstone sample has a uniaxial compressive
strength of 48.30 MPa, an elastic modulus of 10.57 GPa,
a Poisson’s ratio of 0.45 and a density of 2.40 g/cm?.

(a) Sandstone specimens

(b) Speckled sandstone specimens

Fig.1 Speckled sandstone specimens

2.2 Experimental device

The device used in the experiment was a visual
triaxial compression servo control test system 281, with
the maximum axial load of 500 kN, the maximum axial
displacement of 10 mm, the maximum confining
pressure of 10 MPa, and a rigidity of the test bench of 5
GN/m. The displacement speed can be controlled from
0.00001-300 mm/min. There are three methods of
loading: displacement load, force load, and a combina-
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tion of displacement and force load. Figure 2 shows a
photo of the transparent pressure chamber. The key part
is the middle-part, transparent cylinder made of acrylic
resin polymer material, which can be used to achieve
the visual observation of deformation and failure pro-
cess of the rock samples during the experiments.

Fig.2 Transparent pressure chamber

The 3D-DIC system 271 used in this experiment
mainly consists of a hardware system for image acquisi-
tion and a software system for image processing. There
are in total 6 cameras in the hardware system, which are
divided into 3 groups in order to acquire images in 3D,
namely L1, L2, and L3, and they surround the transparent
pressure chamber evenly. Figure 3 gives a schematic
diagram of the camera layout.

L3 L2
Sample
Bolt Transparent

pressure chamber

Fig.3 Schematic diagram of camera layout

The 3D-DIC can achieve the visual monitoring of
the full-field deformation, local deformation and the
evolution of the deformation localization of the sand-
stone surface under triaxial compression condition.
Nevertheless, due to the limitation of the cavity space
of the triaxial pressure chamber, it is still not capable to
obtain a full 360° view of the crack propagation process
on the surface of rock samples. Figure 4 shows the
visual triaxial compression servo control test system
and the 3D-DIC test system.

Published by Rock and Soil Mechanics, 2020
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Fig.4 Visual triaxial compression servo control testing
system and 3D-DIC observation system

2.3 Design and parameters

We carried out the triaxial compression test with
the specified sandstone samples. During the test, the
confining pressure was fixed to 3 MPa, and the loading
rates are 107, 10~°, 10~ and 10=3 s%, respectively. The
tests were repeated 3 times for each testing condition.
The specific design and parameters are listed in Table 1.

Table 1 Experiments and parameters

Water  Confining
Lithology bearing pressure Loading rate /s
state / MPa

Number of samples

Test 3 samples
repeatedly at each rate
Test 3 samples
repeatedly at each rate
Test 3 samples
repeatedly at each rate
Test 3 samples
repeatedly at each rate

Sandstone Saturation 3

Sandstone Saturation 3 1x10°6, 1x10°5,

4 -3
Sandstone Saturation 3 1x107, 1x10

Sandstone Saturation 3

3 Results and analysis

3.1 Effects of loading rate on the evolution of surface
strain field

Due to the length of the paper, we show only one
example to analyze the evolution process of the rock
surface strain field under a loading rate of 107° s,

Figure 5 shows the full stress-strain plots of the rock
sample under triaxial compression with a loading rate
of 10 s™%. The symbols o, and o, denote axial and
radial stresses, respectively, and & denotes the axial
strain. For the analysis shown later, we select 7 charac-
teristic points on the plot with respect to o, , Where
Cpeac 1S the peak stress, that is: 0.80 o, (point a)
before the peak, which corresponds to the threshold of
the expansion stress damage of the rock 8; we also
choose the point at the peak stress (point b), as well as
the a series of factors 0.90, 0.76, 0.50, 0.40, 0.21 of
O after the peak arrival, corresponding to points c,
d, e, f, and g, respectively.

Under the loading rate of 107 s, Figure 6 shows
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the 3D snapshots of the axial strain field from three
planar views L1, L2 and L3, collected at the seven
characteristic time points that listed above.

As shown in Fig. 6(a), before the peak arrival, the
strength of the axial strain field is relatively consistent,
which means that the rock surface deformation is rela-

tively uniform. This indicates that no penetrating cracks

or have formed on the rock surface before the peak stress.
60 | : As shown in Fig. 6(b), when the stress reaches the
e 5Oor a Z peak, the sample show a mild strain concentration on
§ 40 the two observation surfaces L1 and L2. It indicates that
g 80 ¢ ; the cracks inside the rock have started to connect and
T2y 9 gradually developed to the surface of the specimen. At
0r the time of post-peak 0.90 o, , the range and amp-
o, " P % 10 1% litude of the strain on the surfaces L1 and L2 both

increase, whereas a mild strain concentration also
appears in the upper section of surface L3, as shown in
Fig. 6(c).

& 1107

Fig.5 Typical stress—strain plot and the characteristic
marking points

Strain /% Strain /%
0.80 0.80
0.34 0.34

-0.12 -0.12

—-0.58 -0.58

-1.04 -1.04

-1.50 - -1.50
(b) Opeax

Strain /% Strain /%
0.80 0.80
0.34 0.34

-0.12 -0.12
-0.58 -0.58
-1.04 -1.04
-1.50 -1.50
Strain /% Strain /%
0.80 0.80
0.34 0.34
-0.12 -0.12
-0.58 -0.58
-1.04 -1.04
-1.50 - -1.50
(f) 0.40 opea

Strain /%

0.80

0.34 Front of Back of

012 sample

-058

-1.04

-1.50

9) 0-210'peak

Fig.6 Evolution of axial strain field of sandstone under different stress levels

https://rocksoilmech.researchcommons.org/journal/vol41/iss11/4
DOI: 10.16285/j.rsm.2020.5144



PENG et al.: Experimental study on loading rate effects of sandstone deformati

3595

PENG Shou-jian et al. / Rock and Soil Mechanics, 2020, 41(11): 35913603

At time positions of post-peak 0.76 7, , 0.50 7 ,
0.40 0, , and 0.21 o, , localized deformation zones
can be clearly observed in the lower-left section of L1,
the entire section of L2 and the upper-right section of
L3. The appearance of localized deformation indicates
that the rock sample has developed macroscopic
fractures, as shown in Fig. 6(g).

As observed from the 3D snapshots, under the triaxial
compressional condition, the rock sample presents a
shear failure process, and the shear cracks are developed
and distributed symmetrically on the three observation
surfaces L1, L2, and L3.

Figure 7 gives the snapshots of the evolution of the
radial strain field of the sandstone sample at the selected 7
characteristic time points. As shown from the snapshots,

() 0.80 Gpeak

2.50
1.83
1.16
0.49
-0.17

-0.84

2.50
1.83
1.16
0.49
-0.17

-0.84

(€) 0.90Gea

2.50
1.83
1.16
0.49
-0.17
-0.84

2.50
1.83
1.16
0.49
-0.17
-0.84

(0) 021 0penc
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Strain /%

Strain /%

Strain /%

Strain /%

before the peak arrival (Fig. 7(a)), the strength of the
radial strain field is relatively consistent, which indicates
the surface deformation of the rock sample is relatively
uniform on the L1, L2, and L3 observation area. When
the peak amplitude is reached (as shown in Figure 7(b)),
there is a mild strain concentration observed in L1 and
L2. At the post-peak time positions 0.90 o, and
0.76 0o, (as shown in Figs. 7(c) and 7(d)), the strain
concentration observed in L1 and L2 further develops,
and a strain concentration also appears in the upper-
right corner of L3. After the post-peak time 0.76 o,
(as shown in Figs. 7(e), 7(f) and 7(g)), the strain concen-
tration on the surface of the rock sample continues to
develop, and finally forms macroscopic fracture zones
on the observation surfaces L1, L2, and L3.

Strain /%

2.50
1.83
1.16
0.49
-0.17
-0.84

(b) Opeak

Strain /%
2.50

1.83
1.16
0.49
-0.17
-0.84

Strain /%
2.50

1.83
1.16
0.49
-0.17

-0.84

() 0.40pcak

Fig. 7 Evolution of radial strain field of sandstone under different stress levels.
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Figure 8 shows that under different loading rates,
the snapshots of the axial and radial strain fields of the
sandstone sample collected at time point c. Note that
the colorbar is consistent for the snapshots under diffe-
rent loading rates. The symbol &, denotes radial
strain. As shown from Fig. 8, the rock samples all
present shear failure under the four different loading
rates. This is because that under triaxial compression,
due to the presence of confining pressure, the failure
of rock is mainly dominated by shear cracks??!. At the
same time, with the increase of loading rate, the defor-
mation localization shown by the stress shapshots
becomes more obvious on the surface of rocks, and
therefore the non-uniform deformation of the rock
surface becomes more significant.

Strain /%

0.80
0.34
-0.12
-0.58
-1.04
-1.50

0.80
0.34
-0.12
-0.58
-1.04
-1.50

2.80
2.06
1.32
0.58
-0.16
—-0.90

2.80
2.06
1.32
0.58
-0.16
-0.90

(9) &under 1x10-*s™ condition

Strain /%

Strain /%

Strain /%

In addition, as seen in Fig. 8, the width of the localized
deformation zone shows an increasing trend with the
increase of the loading rate. It indicates that the greater
the loading rate, the more severe the failure of the rock
sample. This is consistent with the observation discussed
in recent work ™, that with the increase of loading rate,
the overall sample shows an increasing trend of the extent
of fragmentation and failure. This is mainly because
the accumulation of energy in the pre-peak stage and
the release of energy in the post-peak stage both increase
with the increase of loading rate, which can lead to more
thoroughly developed micro cracks near the fracture
surface, as well as a more significant simultaneous
sliding of multiple micro cracks through the failure
process.

Strain /%

0.80
0.34
-0.12
—0.58
-1.04
-1.50

Strain /%
0.80

0.34
-0.12
-0.58
-1.04

-1.50
(d) & under 1x10-3s7* condition

Strain /%

2.80
2.06
1.32
0.58
-0.16
-0.90

(f) g under 1x10-°s7* condition

Strain /%
2.80

2.06
1.32
0.58
-0.16
-0.90

(h) & under 1x10-3s* condition

Fig.8 Comparison of snapshots of sandstone surface deformation under different loading rates (c moment)
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3.2 Effects of loading rate on mechanical parameters

Figure 9 shows the stress—strain plots and the varia-
tions of mechanical parameters under different loading
rates.

As shown from Fig. 9(a), the stress—strain plot is
concave up at the beginning of loading, which results
from the initial compaction of the original pores and
joints of the sample. Subsequently, because of the initial
compaction, the rock exhibits linear elastic properties,
and the stress—strain plot is approximately straight at
this time. As the axial stress increases, the rock shows
plastic deformation, and the stress—strain plot shows a
convex shape. When the axial stress exceeds its maximum
loading threshold, the sample starts to break and the
plot shows a downward trend. The stress rises again
after the sample breaks, which is due to the collapse of
the pores during the failure of the sample, causing some
of the cracks to close again %, With the increase of
loading rate, the slope of the straight-line section of the
stress—strain plot also increases. The peak amplitude

or 1073/
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increases as well.

It can be observed directly from Figs. 9(b) to 9(f)
that the peak strength, elastic modulus, Poisson’s ratio
and axial strain at the peak strength of the sandstone
sample all increase with the increase of loading rate,
whereas the radial strain at the peak strength decreases
with the increase of loading rate. It is because the greater
the loading rate, the shorter the time required for rock
failure occurs, so that the internal original pores and
cracks do not have sufficient time to develop, which
improves the ability of the rock to resist external defor-
mation and leads to the increase of peak strength and
elastic modulus. At the same time, with the increase of
loading rate, there is less sufficient time between the
particles in the rock to adjust their relative spatial position,
which leads to the increase of anisotropy: the transverse
deformation and the axial deformation show a greater
difference, resulting in an increase of the Poisson’s ratio
of the rock.
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Fig.9 Stress—strain plots and the variations of mechanical parameters with respect to the loading rate
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In addition, when the loading rate is low, the slip
and dislocation inside the rock sample converge to the
main cracking area, and the time is sufficient for crack
propagation. The rock sample does not need to be defor-
med too much until the failure by a few (or just one)
dominant macroscopic cracks. In contrast, when the
loading rate is high, the internal connections (bonding,
etc.) of the rock are forced to fail under the external
force. The cracks rapidly develop in all possible directions
under the stress, and the micro cracks do not have
sufficient time to converge to the main cracking area.
Therefore, it requires greater deformation to cause an
overall failure of the rock sample. The corresponding
macroscopic observation is that the greater the loading
rate, the greater the absolute values of the axial strain
and the radial strain at the peak point.

3.3 Effects of loading rate on the starting stress of
deformation localization

Conventional measurement devices such as strain
gauges and extensometers have certain limitations in
studying the localization of rock deformation. The
application of the 3D-DIC system can properly solve
this problem. One advantage of the 3D-DIC system is
that virtual strain gauges can be placed at any position on
the observation surface. In order to obtain the stress at
which the sandstone sample changes from uniform
deformation to non-uniform deformation, we have
arranged virtual strain gauges inside and outside the
localized deformation zone as observed in the snapshots
of the principle strain field. The layout of the virtual
strain gauges is shown in Fig. 10.

= f . - - %
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Fig.10 Location of virtual strain gauges
in observation area

+ -+

In order to measure the axial strain, we arranged a
virtual strain gauge E; along the central axis of the
specimen, the length of which was the height of the
observation area. We placed 5 virtual strain gauges
that were uniformly spaced inside the deformation
localization zone, denoted as Ez1, Eza, E2s, E24, and Exs
(mean value is denoted as E»). We also arranged a
virtual strain gauge E; outside the deformation localiza-
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tion zone, and its length equals the gauges inside the
zone.

In order to measure the radial strain, we arranged a
virtual strain gauge E4 along the radial direction in the
middle of the specimen, the length of which was the
width of the observation area. We placed 5 virtual
strain gauges along the radial direction that were
uniformly spaced inside the deformation localization
zone, denoted as Esy, Esp, Ess, Ess, and Ess (mean value
is denoted as Es). We also placed a virtual strain gauge
Es outside the zone with the same length as the gauges
inside the zone.

According to the spatial arrangement of the virtual
strain gauges, the strain at each gauge position can be
derived by the 3D-DIC software, that is, the axial and
radial strains can be obtained respectively, as shown in
Figs. 11 and 12.
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Fig.11 Plots of deviator stress versus axial strain measured
at virtual extensometers (E1, E2, E3) inside and outside the
localization zone under different loading rates
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80 axis, the axial strain of plot E; that located inside the
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Fig.12 Plots of deviator stress versus lateral strain
measured at virtual extensometers (Es, Es, Es) inside and
outside the localization zone under different loading rates

Figure 11 plots the deviator stress versus the axial
strain, where data are collected from the virtual strain
gauges at three different positions under different loading
rates. According to the change of volumetric strain of
rock during loading®’, we have marked the crack
initiation point, the expansion point and the peak point
on the plot. As shown by the figure, before the peak
strength, the axial strains of E; and Ez under different
loading rates increase approximately linearly with the
increase of stress. It indicates that the rock is still in
the elastic stage and no obvious macroscopic cracks
appear on the surface. This is consistent with the fact
that observed in the snapshots of the strain field.

After the peak arrival, the axial strains of E; and E>
both increase. However, by observing the horizontal
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mation localization zone are very different, and the strain
inside the zone is much greater than that outside the
zone.

Under the triaxial compression condition, the final
failure form of the sample is shear slip. Therefore, in the
post-peak stage, the difference between strains inside
and outside the deformation localization zone gradually
increases with the decrease of stress.

Figure 12 plots the deviator stress versus the radial
strain, where the data were collected from the same three
different gauges under different loading rates. We used
the same criterion to mark each threshold point on the
plot. As shown in the figure, similar to the evolution of
axial strain, plot Es inside the deformation localization
zone indicates a sharp increase in radial strain, whereas
plot Es outside the zone indicates an appearance of
inelastic unloading in the radial strain field.

Based on the axial and radial strain shown in Figures
13 and 14, we analyzed the differential results using
the axial strains collected by Ei, Ez, and Es and the
radial strains collected by Ea, Es, and Es, respectively.
We analyzed the impact of different loading rates on
the differentiated axial and radial strain fields.

Figure 13 shows the axial strain difference plot based
on the measurements from the three virtual strain gauges
at different positions under different loading rates. As
shown in Fig. 13, the axial strain difference remains
almost constant from the beginning of loading until the
peak arrival under different loading rates. Subsequently,
the strain differences of E;—E; and Es—E; both increase
in the negative direction, whereas the strain difference
of Ex—E3 increases in the positive direction.

Figure 14 shows the radial strain difference plot
based on the measurements from the three virtual strain
gauges at different positions under different loading
rates. Similar to the axial strain difference plot, under
different loading rates, the radial strain difference remains
almost constant from the beginning of loading until the
peak arrival. After that, the radial strain differences of
Es+—Es and Es—E4 both increase in the positive direction,
whereas the difference of Es—Es increases in the negative
direction.

We plotted the axial and radial strain differences
under the same loading rate in order to determine the
starting stress to initialize the axial and radial defor-
mation localization. At the beginning of loading, each
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difference value is approximately zero. As the loading
continues, the curves begin to diverge. The stress
corresponding to the jointing point is then the starting
stress for deformation localization. During the triaxial
compression, if the difference between the three is
almost zero or constant at a certain stage, it indicates
that the surface deformation of the sample is relatively
uniform at that stage. In contrast, if there is a significant
difference between the three, it means that the specimen
has undergone non-uniform deformation, that is, defor-
mation localization has occurred.

Figures 15 and 16 plot the axial and radial strain
differences between the measurements inside and
outside the deformation localization zone under a
loading rate of 10°s™. The horizontal axes show the
measured average axial strain from E;, E2, and Egz, as
well as the measured average radial strain from Ea, Es,
and Eg, respectively.
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Fig. 13 Plots of axial strain difference inside
and outside the localized belt
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Fig. 14 Plots of radial strain difference inside
and outside the localized belt

As shown by Figs. 15 and 16, the differences between
the three are almost constantly zero from the beginning
of loading until the peak arrival. Subsequently, the diffe-
rences show an obvious divergence, which indicate that
the sample has started a non-uniform deformation.

According to the critical point where the divergence
starts, the starting stress of the deformation localization
can be determined, as well as the ratio between the
starting stress and the peak stress to describe a relative
level of the starting stress. The results are listed in
Table 2. As shown by Table 2, with the increase of
loading rate, all the stress thresholds (o,, oy, and

Opea ) @Nd both the ratios (o, / oy aNd o / 0y )

increase, and the deformation localization starts earlier.

In addition, by comparing the axial and radial strains,
the starting time of radial deformation localization is
earlier than that of the axial one.

10
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Fig. 15 Plots of axial strain difference inside and outside
the deformation localization zone

Table 2 Stress thresholds at different loading rates
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Fig. 16 Plots of radial strain difference inside and
outside the deformation localization zone.

Loadi/ng_ lrate C Axial starting stress o,  Radial starting stress o Peak stress o, Opl O level o [ 0,0 Stress stage
s / MPa / MPa / MPa /% /%
1x1076 53.21 54.18 57.81 92.00 93.75 Post-peak
1x105 57.51 58.18 61.52 93.53 94.50 Post-peak
1x10™ 65.37 65.79 67.93 96.33 97.00 Post-peak
1x10-3 69.04 68.22 71.04 97.17 96.00 Prior-peak

In order to analyze the effect of loading rate more
quantitatively, we use linear regression to fit the data
in Table 2, and show the results in Table 3. As shown
by the fitting results, the thresholds of starting stress to
initialize the deformation localization show a well-
fitted linear relationship with the loading rate. In addition,
the axial starting stress and its relative stress level are
more sensitive to the effects of loading rate compared
to the radial ones.

Table 3 Fitting results between the stress threshold and the
loading rate

Fitting formula R?
o, =5.54C +86.19 0.98
o, =4.97C +83.97 0.97
G = 4.61C +85.32 0.98
ol o, =0.02C +1.03 0.96
oy /o,y =0.01C +0.99 0.67

4 Conclusion

(1) The snapshots of strain fields of the sandstone
sample show that the surface deformation is relatively
uniform before the peak arrival. When the peak stress
is reached, the surface starts to have strain concentration,
which rapidly expands after the peak and finally forms
a localized deformation zone with an oblique shear
distribution.

(2) With the increase of loading rate, the peak
strength, elastic modulus, Poisson’s ratio, peak axial
strain and peak radial strain of the sandstone sample
all increase.

(3) The starting stresses to trigger the axial and
radial deformation localization (o, and o) both
increase with the increase of loading rate. When the

Published by Rock and Soil Mechanics, 2020

loading rate increases from 1x107° s to 1x107% s77,
the axial and radial ratios between the starting stress
and the peak stress (o,/ 0O, aNd o /Oy )
change from 92.00 % and 93.75% after the peak, to
97.17% and 96.00% before the peak, respectively. The
stress thresholds of deformation localization show a
well-fitted linear relationship with the loading rate.
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