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Abstract: In this paper, an experiment is carried out to acquire the dynamic mechanical properties
of a simulated sandstone tunnel by a dual DIC system. The sandstone tunnel is simulated by large
sandstone with a prefabricated hole in the center. The speckle size required by DIC system was
evaluated, and the results showed that for large specimens a marker pen could be used to spot
speckles and make sure that the diameters of speckle points in an image should be ranged from
three to five pixels. The dual DIC system is composed of a low-speed camera and a high-speed
camera. The low-speed camera is used to record the speckle patterns of the sandstone in one side
during the whole process of compression load, and the high-speed camera is placed in the other side
to record speckle patterns for 11.5 seconds before and after failure. It is realized that monitoring
whole process of deformation and instantaneous failure in two directions is required. Measurement
results are effectively analyzed. The results are shown as follows: At the initial stage of loading
the sandstone is in an elastic stage without macroscopic cracks. With the increase in compression
load the sandstone has several small stress releases and several obvious macroscopic cracks. In the
final stage of loading, the distribution of normal stress and shear stress are almost the same, and
cracks are subjected to the coupling effect of normal stress and shear stress. The two ends of the
prefabricated hole perpendicular to the applied load direction are prone to cracks parallel to the
applied load direction.

Keywords: digital image correlation; sandstone tunnel mechanics; crack extension; global strain field;
mechanical properties

1. Introduction

Many scholars have worked on the destructive mechanism of circular tunnels [1–3].
Many collapse disasters in tunnel engineering are caused by rock deformation and failure.
The essence of rock failure is the dynamic evolution process of crack initiation, expansion
and interpenetration under the action of load [4–6]. Scholars have used CT scanning, acous-
tic emission, scanning electron microscopy and other measurement methods to research
the evolution of rock cracks. Among them, Huang [7] conducted triaxial compression ex-
periments on granite samples with two coplanar three-dimensional defects. He found that
shear cracks and anti-wing cracks are dominant under high confining pressures. Duan [8]
carried out CT scanning on the long maxi shale in the uniaxial compression test and found
that the distribution of fine and dispersed minerals has little effect on the final fracture
morphology, and the increase in pore ratio is related to fracture volume and failure con-
nectivity mode. Dai [9] used acoustic emission and scanning electron microscopy to study
the development of various rock micro-cracks quantitatively. He found that micro-cracks
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distribution changes from diffusion to localization as stress increases. Zhao [10] used
acoustic emission and scanning electron microscopy in the true triaxial compression tests
of the Jinping marble. The results show that the magnitude of the intermediate principal
stress and the minimum principal stress affect the brittle ductile transition and failure
mechanism of Jinping marble. Gao [11] conducted true triaxial compression tests on
50 mm × 50 mm × 100 mm hard rock (granite, marble and sandstone) and found by scan-
ning electron microscopy that the influence of intermediate principal stress on the strength,
deformation and failure was significant. Compared with the above methods, Digital Image
Correlation (DIC) has many advantages in deformation observation, such as lower require-
ment to measurement environment and conditions, high degree of automation, ease of
operation, non-contact measurement, full-field information obtained, and high measure-
ment accuracy. In the 1980s, Yamaguchi [12] in Japan and Peters and Ranson [13] in the
United States proposed the basic idea of a digital image correlation measurement method
for the first time. Due to its full-field, non-contact, high-precision and convenient operation
characteristics it has been widely used in many fields [14]. In recent years, scholars have
applied this method to the analysis on rock damage and deformation [15,16].

At present, in the selection of tunnel test material size, most scholars choose to use
small-size simulation material, and further research is needed on the tunnel simulation
test of large-size real rock mass. Based on the similar model test of large sandstone tunnels
and the DIC method, it is studied for the evolution law of crack initiation, extension and
penetration in rock specimens with prefabricated holes under uniaxial compression in
this paper. Under different stress states the strain localization characteristics of specimens
are analyzed from the perspective of global strain field. The research results can not
only deepen the understanding on rock crack extension mechanism, but also provide a
theoretical and data support for design, construction and operation of similar projects.

2. Specimen Preparation and Compression Experimentation

In this paper sandstone, which is a brittle rock, is used as a specimen. The selected
standard cylindrical sandstone sample has a uniaxial compressive strength of 43 MPa,
elastic modulus of 10.1 GPa, and density of 2120 kg/m3. The sandstone sample is processed
into cuboid specimens of 500 mm × 500 mm × 100 mm (length × width × thickness), and
a prefabricated hole with the diameter of 100 mm through the thickness direction is cut by
a water knife in the center of the sandstone, as shown in Figure 1.
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A low-speed camera is put on one side of the sandstone to record the surface changes
in the sandstone during the experiment, which will be triggered when the experimental
equipment starts working. A high-speed camera is put on the other side of the sandstone
to record the surface deformations of the sandstone before and after the moment of failure.
The optical axes of the two cameras are placed perpendicular to the surface of the specimen
at the same time. When the sandstone is damaged the high-speed camera will be triggered,
and 5750 images will be saved in total. The high-speed camera will save the specimen de-
formation images 7.5 s before and 4 s after the damage occurred; that is, 3750 frames before
the damage and 2000 frames after the damage occurred. The placement of experimental
instruments is shown in Figure 2.
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2.1. Speckle Preparation and Assessment

The basic process of DIC is described as follows: The camera records two speckle
images before and after deformation of a measured object, and the corresponding two
digital speckle gray fields are obtained by A/D conversion. A/D conversion is a way of
converting an analog signal to a digital signal. Here, A/D conversion refers to the image
of the visual signal into a digital signal, which is a gray-scale value. Correlation scanning
and operations are performed on the two digital speckle images to find the point with a
maximum the correlation coefficient, to obtain the relevant displacement information [16].
Generally, for an ideal speckle pattern, diameters of speckle points in an image should be
ranged from 3 pixels to 5 pixels. The low-speed camera used in this experiment is TRUST
DC 1600 with image resolution of 1626 pixels × 1236 pixels and focal length of camera
lens is 12.5 mm. The high-speed camera used in this experiment was IX Cameras i-speed
221 with image resolution of 1616 pixels × 1706 pixels, and focal length of its lens is 25 mm.
The sandstone sample size was 500 mm × 500 mm. In this paper, random black spot-like
speckles with a diameter of 1–2 mm are made by a marker pen with the sandstone’s primary
color as the background. The speckle pattern is shown in Figure 3.
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Among the current speckle evaluation parameters, the Mean Intensity Gradient (MIG)
proposed by Pan [17], the Mean Intensity of the Second Derivative (MISD) proposed by
Yu [18], and the Shannon Entropy (SE) proposed by Liu [19] are the three most widely used
evaluation criteria. The formula of the MIG (represented by δf) is shown in Equation (1):

δ f =

W
∑

i=1

H
∑

j=1

∣∣∇ f
(
xij
)∣∣

W × H
(1)

In Equation (1), W and H are the width and height of the image (in pixels);∣∣∇ f
(

xij
)∣∣ = √ fx

(
xij
)2

+ fy
(
xij
)2 is the modulus of gray gradient vector at pixel xij; fx(xij),

and fy(xij) are the gray-scale derivatives of pixel xij in x and y directions, respectively. We
adopted Roberts cross gradient operator to replace gray-scale derivatives in two directions,
and its formula is Equation (2):

fx
(
xij
)
= f (i, j)− f (i + 1, j + 1)

fy
(
xij
)
= f (i, j + 1)− f (i + 1, j)

(2)

Pan [17] proposed that a larger MIG of speckle images has a smaller the mean bias error
(ue) and standard deviation (σu). Two error calculation formulas are Equations (3) and (4):

ue = umean − uimp (3)

σu =

√√√√ 1
n− 1

n

∑
i=1

(
umean − uimp

)2

(4)

In Equations (3) and (4), umean = 1
n

n
∑

i=1
ui is the arithmetic mean value of n point

displacement calculation results; uimp is pre-added real sub-pixel displacement. Yu [18]
proposed that the MISD (represented by ωf) can be used to compare the speckle quality
when the MIG is not different enough to intuitively reflect the quality of two speckle
patterns. For speckle patterns with almost the same MIG, the smaller MISD it has, the
smaller the displacement measurement error. The formula of MISD is Equation (5):

ω f =

W
∑

i=1

H
∑

j=1

∣∣∇2 f
(
xij
)∣∣

W × H
(5)

In this equation,
∣∣∇2 f

(
xij
)∣∣ = √ fxx

(
xij
)2

+ fyy
(
xij
)2 is the vector mode of the second

derivative of the gray level of each pixel; fxx(xij) and fyy(xij) are the second derivative of
the gray-scale value of pixel xij in the x and y directions, which can be used to substitute
calculation by second order difference shown in Equation (6):

fxx
(
xij
)
= f (i, j− 1)− 2 f (i, j) + f (i, j + 1)

fyy
(
xij
)
= f (i− 1, j)− 2 f (i, j) + f (i + 1, j)

(6)

SE (Shannon entropy), proposed by Shannon in 1948, is an indicator to measure the
uncertainty related to random variables in information theory. According to the basic
concept, Liu [19] used it in the DIC field to evaluate the quality of speckle pattern. For a
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speckle pattern, the larger the SE (represented by δs) it has, the smaller the measurement
error. SE formula is shown by Equation (7):

δs =
2β−1

∑
i=0

p(ai) log(p(ai)) (7)

In this equation, β is the pixel gray-scale depth of the image (8-bit images are used in
practical operation, so i ranges from 0 to 255, which can be regarded as gray-scale values);
p(ai) is the probability of occurrence of each gray-scale level.

The first picture from the low-speed camera in this experiment (shown in Figure 4A),
and the first picture from the high-speed camera (see Figure 4B) are used to assess the
speckles’ quality. Meanwhile, the surface of a standard sample is randomly sprayed with
black and white paint. Altogether, 1000 images from a low-speed camera (TRUST DC
1600) are used in this experiment, and their average (see Figure 4C) and one random
image (see Figure 4D) are taken for comparison. Cut these three images into the same size
(1566 pixel × 1166 pixel), and then perform relevant operations on their gray-scale values
according to the above Equations (1), (5) and (7). MIG, MISD and SE are shown in Table 1.

Table 1. MIG, MISD and SE of four speckle patterns.

Speckle Pattern MIG MISD SE

A 17.2696 15.3053 9.8501
B 19.9866 16.4400 7.1012
C 23.2605 21.7038 11.4230
D 22.1941 20.6816 11.3406

As shown in Table 1, the MIG of speckle pattern A and B in this experiment is smaller
than that of speckle pattern C and D, which is randomly sprayed and averaged. The causes
are concluded as follows: (1) speckle patterns C and D are taken in the laboratory statically,
while speckle patterns A and B are taken in the experiment site; there is more noise in
pattern A and B than C and D; (2) there are no speckles on the prefabricated hole in the
center of speckle pattern A and B; (3) speckles in this experiment are randomly painted by
marker pen, and the gray-scale values of the speckles were all close to 0. Speckles in speckle
patterns C and D are made by spraying, and their gray-scale values did not appear in the
above situation. That is the reason why the gray-scale values of speckle pattern A and B are
small in the above numerical calculation. Because the size of the specimen is large in this
experiment, it is too difficult to make suitable spots by spraying because speckle spots are
bound to be too small. Therefore, a 1 mm marker pen is used to randomly paint speckle on
the surface of the specimen (500 mm × 500 mm). In the case of a low-speed camera with
image resolution of 1626 pixel × 1236 pixel and a high-speed camera with image resolution
of 1616 pixel × 1706 pixel, the diameter of speckle spots could be 3–5 pixels.

2.2. Compression Experiment

The experiment system is shown in Figure 5. The sandstone was placed on the
experimental equipment. To ensure the uniform force of the specimen, two steel plates
are placed on the top and bottom of the sandstone. The length, width and thickness of
the steel plate are 800 mm × 300 mm × 30 mm. The upper and lower surfaces of the
sandstone are evenly coated with petroleum jelly to reduce the influence of friction. The
center of the vertical compression column and the center of the specimen are adjusted
to a vertical line to prevent eccentric compression. The confining pressure of 3 MPa is
added on the left and right sides of the sandstone; on the one hand, to simulate a more
realistic cavern environment, and on the other hand, to prevent the sandstone from being
damaged too quickly. Although, it is well known that the stress state in the real tunnel is
close to a triaxial state. In fact, from the experimental point of view, the failure forms of
the sandstone under the action of triaxial state and biaxial state are not different [20]. At
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the same time, considering that DIC equipment is required in this experiment, therefore,
we finally chose to carry out this biaxial loading mode in this experiment. Two cameras
are fixed on the front and rear sides of the sandstone, and the position, focal length and
lighting equipment (white light source) of the two cameras are adjusted according to the
experimental environment.
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After that, multistage velocity loading is used to compress the specimen. At the start
of loading, both cameras started recording speckle patterns simultaneously. The low-speed
camera records images at the rate of 1 frame/s, and the high-speed camera gets images
at the rate of 500 frames/s (at this time, those images collected by the high-speed camera
are not saved). The low-speed camera uses the VIC-Snap acquisition system, while the
high-speed camera uses the IX-2 series acquisition system. The experimental equipment
and two cameras are stopped simultaneously when the specimen is damaged. At this point,
the low-speed camera stopped completely, and the images were saved to the computer. The
high-speed camera saved the images taken in the last 11.5 s (determined by the selected
high-speed camera). We selected the images taken 7.5 s before and 4 s after the failure to
observe the instantaneous changes in the sandstone surface when the failure appears. It
can also record the change in the location and depth of the crack, peel and other failure
parameters. Finally, DIC analysis software VIC-2D (produced by the American company
Correlated Solutions, Irmo, SC, USA) was used to analyze and calculate the collected
speckle pattern, to obtain the displacement field and strain field of the sandstone during
the experiment.

The stress–strain curve in Figure 6 is drawn to reflect the loading mode of the sand-
stone. The stress and strain data are calculated from the data obtained by the experimental
equipment’s sensor.
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To save on the experiment time and collect more data at each level of compression, the
multi-level speed compression method was used in the experiment. Firstly, load control
was used to increase the pressure of the experimental equipment to 550 kN (axial strain
11 MPa) at the rate of 500 N/s and keep the load for 300 s. According to the previous
experiment results, the ultimate compression that the specimen could bear is about 1100 kN,
so 550 kN was selected to load about 50% of the peak compression at the first stage.

The compression speed is 0.02 mm/min. The compression increment of each stage
is about 10% of the peak compression (110 kN). After loading at each stage, the load
is kept for 300 s until the test was stopped after the failure of sandstone. The relevant
sparse curve is shown in Figure 6. When the pressure of the experimental equipment is
loaded to 550 kN (axial stress 11 MPa), the points on the stress–strain curve are dense due
to changes in the loading mode, because the speed of successive loading is slower than
that of the first stage. After the completion of primary loading there will be a section of
more dense area, namely the load retaining area. At the same time, it is not difficult to
find from the stress–strain curve during the experiment that during the first five stages
of loading the stress and strain are almost proportional; that is, the sandstone is in the
elastic stage. There are no obvious macroscopic cracks on the specimen surface at the elastic
stage. When the experimental equipment was loaded to 1001 kN (axial strain was about
20 MPa, 82.8% of the peak compression), a small range of stress release occurred in the
sandstone, and obvious macroscopic cracks appeared on the sandstone surface. However,
as the loading continued these cracks did not continue to expand but were compacted with
the increase in pressure. The stress–strain curve reflects a break point, followed by a point
dense compaction area (at this time, the experimental equipment loading pressure is about
1035 kN, and the axial strain is about 20.7 MPa). After a period of compaction, a small
range of stress release occurred again because the experimental equipment kept pressing
down at a speed of 0.02 mm/min. Soon after the failure, the sixth load protection area (the
experimental equipment loading pressure is about 1100 kN) is entered, and the compaction
area of those cracks overlapped with the load retaining area. Due to the peak axial load,
this sandstone reached 24.18 MPa (the experimental equipment loading peak pressure is
about 1209 kN). After the sixth load protection area the experimental equipment continued
to be pressurized until the sandstone was failed completely.

3. Results Analyses

A total of 11,940 pictures were taken in this group, of which 6190 were taken by
low-speed camera to record the whole process of the experiment. The high-speed camera
took 5750 images and records the changes in the specimen 7.5 s before and 4 s after the
final failure.

3.1. Analysis on the Images Taken by Low-Speed Camera

During the experiment, the digital image acquisition system recorded the speckle
patterns on the sandstone surface. In this paper, the VIC-2D software of Correlated Solu-
tions was used for image processing. The analysis on the images taken by the low-speed
camera was as follows: DIC analysis software took the first image as the reference image
during calculation to obtain the displacement field of the whole destruct process firstly.
Then, the VIC-2D software can finally obtain the Lagrange finite strain by calculating the
deformation gradient tensor. Eight typical moments in the whole experiment process were
selected as follows: In the 1100 s, the first load stage was complete and the sandstone has
just entered the first load retaining area; in the 2000 s, the second-level loading was finished
and the sandstone entered the second load retaining area; in the 2800 s, the third-level
loading was finished and the sandstone entered the third load retaining area; in the 3700 s,
the fourth-level loading was finished and the sandstone entered the fourth load retaining
area; in the 4500 s, the fifth-level loading was finished and the sandstone entered the fifth
load retaining area; in the 5015 s, the first small range of stress release just ended, and
the sandstone entered the first compaction area; in the 5400 s, the second small range of
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stress release just ended and the sandstone entered the last load retaining area, namely
the second compaction area. In the 6179 s the experimental equipment reached the peak
pressure (1209 kN), and the sandstone was about to be destroyed. The evolution diagram
of displacement field and strain field at eight moments is shown in Figures 7 and 8.
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According to the result of displacement analysis, before the final failure, some macro-
scopic cracks appeared on the sandstone surface due to the stress release in two small
ranges of stress release. Among all cracks, there are two most obvious cracks that appeared
on the left and right sides above the prefabricated hole (crack I and II shown in Figure 8).
In the middle of two cracks, that is, just above the prefabricated hole, the displacement was
obviously smaller than the other positions. There was an obvious displacement difference
on both sides of the crack I and crack II. As shown in Figure 7, the displacement on the left
side of crack I was almost parallel to the crack I, while the displacement on the right side of
crack I had a certain angle with that of crack I. Therefore, crack I was not a simple opening
mode crack or sliding mode crack, but rather a coupling of the two. The displacements
on both sides of crack II were almost in the same direction and there was a certain angle
with crack II, so crack II was more like an opening mode crack. As shown in Figure 7,
the displacement distribution on the left and right sides of the prefabricated hole shows
a certain symmetry, which indicates that the specimen was well prepared and uniformly
loaded and met the expected results. In addition, it can also be seen that there was no
obvious deformation on the sandstone surface before 5000 seconds (that is, before two
small ranges of stress release). Therefore, the analysis of the strain before 5000 seconds is
not performed anymore.
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Obvious stress concentration around cracks I and II is as shown in Figure 7h. The
y-directional stress σy around the two cracks is not obvious. We know that new stress
equilibrium will be sought after a crack occurs. If a new equilibrium point is found, the
crack remains at a “plateau” for some time. After the new stress equilibrium is broken
again, the crack will spread further. If the stress equilibrium point is not found or the
equilibrium is broken again, the crack will continue to expand. At the same time, even
stripping, fragmentation, rock ejection and other damage will appear. Therefore, the stress
around crack I does not change significantly from t = 5015 s to t = 5400 s. However, crack II
appeared at about t = 5315 s and rapidly expanded within a few seconds. When t = 5400 s,
crack II stopped expanding. According to the strain diagram, the x-directional stress σx on
both sides of crack II increased from t = 5015 s to t = 5400 s, but not significantly. However,
when t = 5015 s there was no significant shear stress τxy on both sides of the crack II, while
when t = 5400 s there was already a significantly larger shear stress τxy on both sides of the
crack II. Therefore, crack II was mainly caused by normal stress, which is consistent with
the characteristics of opening mode crack.

3.2. Analysis on the Images Taken by High-Speed Camera

Due to a large quantity image recorded by high-speed cameras per second (1 s can
save 500 frames), the high-speed camera cannot be used to record the whole experiment
process (about 2 h). The high-speed camera can only be used to record the changes in the
sandstone surface before and after the failure. In this experiment, the high-speed camera
was used to record the surface state of the sandstone 7.5 seconds before and 4 seconds
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after the failure. However, when processing the images taken by high-speed cameras, it is
impossible to take the surface state of sandstone before the experiment. When processing
images taken by the high-speed camera (t = 6171.8 s) it is impossible to take the surface state
of specimen before the experiment as the reference for DIC analysis of subsequent images.
Therefore, the early displacement and strain of the images recorded by the high-speed
camera are small. We selected two cracks, III and IV, that appear in two small ranges of
stress release for analysis, as shown in Figure 9. (Note: Crack III and crack I were two
cracks, rather than the same through-crack).
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As shown in Figure 10, when t = 6175.3 s the strain around cracks III and IV did not
change compared with the strain around cracks at t = 6171.8 s. However, when t = 6178.9 s,
crack III and IV on both sides of the strain increased greater than t = 6171.8 s. In fact,
stress concentration has appeared around the crack III and IV at t = 6171.8 s. With the
continuous pressure of the testing machine, both the stress and stress intensity factor K
around the crack III and IV increased. When t = 6179 s the crack IV firstly broke the original
equilibrium and began to expand. Within 0.02 seconds, the crack IV rapidly expanded
to about twice the original length and the direction changed from the original transverse
to longitudinal. However, crack III did not expand further until the end. It shows that
not all the macroscopic cracks or microcosmic cracks which appeared before will expand
when the final failure occurs. When t = 6179 s a strip stress concentration area appeared
above the right end of the prefabricated hole. If the sandstone is not damaged soon and
the stress is released in other areas, a crack should also appear in this area. Thus, it can be
seen that the cracks parallel to the direction of the applied load are easy to appear when
the prefabricated holes are perpendicular to both ends of the direction of the applied load.

According to comprehensive analysis result of strain changes on both sides of the
sandstone, it is not difficult to discover that the distribution of normal stress concentration
area and shear stress concentration area were almost the same at the late compression stage
(t > 5400 s). This indicates that both the macroscopic cracks and the crack-prone areas were
subjected to the normal stress–shear stress coupling effect at the late stage of compression.
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at time t = 6179 s, when F = 1208.9 kN, (j–l) are at time t = 6179.02 s, when F = 1208.87 kN.

Comparing the development of cracks in multiple groups sandstone when they were
finally destroyed is shown in Figure 11. We can find that there is an obvious gap in
the displacement above the prefabricated hole, and cracks are easy to occur where the
displacement difference is too large. The concentration of shear stress and x-direction stress
also appears in these areas, which is consistent with the displacement change rules and the
conclusions of the previously analyzed specimens.
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Figure 11. Displacement, x-directional strain (εx) and shear strain (γxy) of multiple groups sandstone
specimens. When these groups specimens G1, G2, G3, G4 were destroyed, they were captured by the
low-speed camera. The results of each group displacement, εx and γxy are given. Where (a–c) belongs
to group G1, which is destroyed at t = 6275 s and F = 1198 kN, (d–f) belongs to group G2, which is
destroyed at t = 5503 s and F = 1105 kN, (g–i) belongs to group G3, which is destroyed at t = 6105 s
and F = 1210 kN, (j–l) belongs to group G4, which is destroyed at t = 5905 s and F = 1111 kN.

4. Conclusions

We studied the compression process of large sandstone with a prefabricated hole by a
dual DIC system and assessed the quality of the fabrication of speckle on specimen surface.
The conclusions are listed as follows:

(1) To get suitable speckles on the surface of the large rock specimen, we used marker
pen dots to create speckles, to keep the size of the individual speckle point diameter
between 3 and 5 pixels. The multi-angle monitoring of the whole process of deformation
and instantaneous failure is realized, and the measurement results are effectively analyzed;

(2) In the compression process of the sandstone with a prefabricated hole, the specimen
was always in the elastic stage before and during the middle stage of compression (before
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the pressure of the experimental equipment reached about 80% of the peak pressure), and no
obvious macroscopic cracks appeared on its surface. As the load increased, the sandstone
had several small stress releases and several obvious macroscopic cracks. However, if
the whole sandstone does not reach the yield limit, there will be no final failure. In
addition, the macroscopic cracks that appeared before will stabilize after finding a new
“equilibrium point”;

(3) At the late stage of loading, the distribution of normal stress concentration area
and shear stress concentration area were almost coincident, and the macroscopic cracks
and crack-prone area were affected by the normal stress–shear stress coupling effect;

(4) It is easy to appear I (opening mode crack) or II (sliding mode crack) type cracks
parallel to the direction of the applied load when the prefabricated holes are perpendicular
to both ends of the direction of the applied load. This area was the “Frequent area” of
cracks. The deformation rock burst features such as stripping, fragmentation and rock
ejection appeared around the prefabricated hole when the final failure occurred.
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