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Abstract By means of digital image correlation
(DIC) technology, the displacements and strains on
the fracture ligaments of rock specimens were meas-
ured during loading. By analyzing the displacement
distribution of each fracture ligament at different
loading stages, the displacement fluctuation coeffi-
cient method was proposed to describe the develop-
ment of fracture process zone (FPZ). The method
can amplify the variation of displacement and clearly
show the length of FPZ.The results show that: (1) the
initiation of FPZ occurred at 77-89% of the peak load
and the fluctuation coefficient of horizontal displace-
ment around the crack tip reached the order of 107
(2) The initial length of FPZ was about 1.0-3.1 mm,
which is 2 to 6 times the largest grain sizes. As the
peak load was approached, the length of FPZ sud-
denly increased to 4.6-6.1 mm. (3) When a fracture
process zone was initiated, the strain at the front end
of the FPZ was about 3000—4000 pe. After the load
approached the peak value, the strain at the rear end
of the FPZ finally reached a peak value of 8000—
11000 pe in all specimens.
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Abbreviations

CNB Center notch beam

CZM Cohesive zone model

DIC Digital image correlation
technology

FPZ Fracture process zone

List of symbols

u Horizontal displacement

v Vertical displacement

w Middle deflection of the
beam

A Fluctuation coefficient

1 Introduction

Fracture process zone (FPZ) is an irreversible defor-
mation and damage zone in the front of a crack tip in
rock, where the constitutive stress—strain relationship
is nonlinear. This nonlinear zone was first proposed in
metallic materials by Orowan to resolve the contradic-
tion between critical energy release rate G, and sur-
face energy y, in Griffith theory (Orowan 1949). Dug-
dale (1960) and Barenblatt (1962) developed a model
to describe the internal development mechanism of a
damage zone near a crack tip. This model was called
D-B model (or cohesive zone model) which explained
that the damage zone was a region with cohesion,
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and traction force acted on the microscopically sepa-
rated surfaces surrounding the crack tip. Inspired by
the D-B model, Hillerborg et al. (1976) proposed the
fictitious crack model (FCM) and introduced the con-
cept of fracture process zone for concrete. For rocks,
FPZ was defined as a non-linear region and it was
characterized by micro-cracking around the crack tip
and interlocking along a portion of mineral grains
(Labuz et al. 1985; Brooks et al. 2013).

Maji and Wang (1992) found that grain size was
an important factor affecting the formation and size
of FPZ, and “crack bridging” phenomenon was the
main feature of FPZ formation. According to fracture
experiments (Kaminsky et al. 2004a,b), “crack bridg-
ing” phenomenon indicated that the tip of (main)
crack, although microcracks existed in the region,
could continue to resist the propagation of the crack
due to the contact friction of mineral grains, aggregate
interlock, unbroken fiber, and so on. By scanning the
distribution of mineral grains and micro-damages in
the fracture ligament of loaded specimens, Ghamgosar
and Erarslan (2016) found that mineral grains would
be deboned and loosen as the FPZ developed under
cyclic loading. They confirmed that the "crack bridg-
ing" phenomenon was the main feature of the FPZ
formation. Besides, the displacement in the FPZ was
discontinuous (Wu et al. 2020; Zhang et al. 2021a, b).

According to the deformation characteristics and
mechanical properties of FPZ, there are two ways to
determine FPZ sizes: experiment method and theoretical
analysis. In terms of theoretical analysis, Ouchterlony
(1982), Schmidt (1980), Schmidt and Lutz (1979) deter-
mined the shape of FPZ using the maximum principal
stress criterion based on previous experiments. Whit-
taker et al. (1992) further gave the calculation formula.
Then the theory of critical distances was developed to
calculate the length of FPZ (Justo et al. 2017). In the
theory, the length of FPZ can be calculated by using the
fracture toughness and tensile strength of rock. Another
theory, the cohesive zone model mentioned earlier, cor-
related the cohesive forces and the tensional displace-
ments within the FPZ and it was found to be an effec-
tive tool for analysing FPZ (Dong et al. 2019; Garg et al.
2021).

In the experimental study, Fakhimi and Tarokh
(2013, 2017), Fakhimi et al. (2017) determined
the length and width of FPZ by acoustic emission
(Tarokh et al. 2017), and the length and width of FPZ
were found to increase with increasing specimen size.
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Lin and Labuz (2013), Lin et al. (2014) obtained the
full-field displacement of rock specimens by the DIC,
determined the length of FPZ according to the defor-
mation characteristics in the FPZ, and measured the
length of FPZ under the Model I and II. Using com-
putation tomography (CT), Willett et al. (2017) exam-
ined the three-dimensional image of FPZ by dip-coat-
ing the three-point bending beam with barium sulfate
solution, and measured the sizes of FPZ. Qiao and
Zhang (2020) determined the sizes of FPZ by the dis-
placement fluctuation coefficient method. Zhang et al.
(2021a, b) identify the length and width of the FPZ
according to the variations of the displacement field
at the crack tip.

On the basis of the experimental studies on the sizes
of FPZ, many researchers investigated the size develop-
ment and evolution of FPZ. For example, Vavro et al.
(2017) used X-ray technology to observe the overall
shape and evolution of FPZ during loading. Regretta-
bly, Vavro did not quantitatively analyze the size varia-
tion of FPZ. According to the deformation and mechan-
ical properties of FPZ, Vesely and Frantik (2014)
designed a program to calculate the range of FPZ in
different loading periods. Their results showed that
the shape of FPZ was approximately elliptical. Zhang
et al. (2021a, b) found that the FPZ begins to develop
as the load reaches around 65% pre-peak. The range of
the FPZ reaches the maximum at the peak load. The
closer to the peak load, the faster the development of
the FPZ. A large number of experiments with scanning
electronic microscope (SEM) revealed that microcracks
and branching cracks appeared at or near the tip of a
main crack in rock fracture under dynamic loads (Bie-
niawski 1968; Zhang et al. 2000, 2001) and layer cracks
occurred close to the fracture surfaces of a main crack
under quasi-static loading (Zhang et al. 2000).

Many previous studies have investigated the defor-
mation characteristics and size determination of FPZ,
but only a few of them experimentally focused the
size development of FPZ during loading process.
Some previous studies have shown that: (1) FPZ
development is one of main reasons for creep dam-
age in rocks (Evans and Fuller 1974; Ghamgosar
and Erarslan 2016). (2) The study about the devel-
opment of FPZ can construct suitable cohesive law
(strain softening law) which is necessary in cohesive
zone model and relevant numerical simulations (Rice
1964; Turon et al. 2007). (3) FPZ development leads
to size effects of fracture toughness (Bazant 1976; Hu
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and Duan 2008). (4) The true energy release rate G
can be estimated by studying the energy consumed
during FPZ development, since FPZ contains a large
number of micro-cracks that consume considerable
elastic energy (Friedman et al. 1972; Labuz et al.
1987; Zhang and Ouchterlony 2022). In brief, it is
necessary to investigate the development of FPZ by
experimental methods.

In this study, the DIC was used to monitor the ini-
tiation and development of FPZ in three-point bend-
ing rock beams during loading, and the length of FPZ
was determined by the fluctuation coefficient method.
The variation of displacement and strain in FPZ was
included and revealed during loading.

2 Experimental Methods
2.1 Digital Image Correlation (DIC) Technology

The DIC technology, based on photometric mechan-
ics and modern digital image processing methods,
was invented in the 1980s. This is a non-contact,
high-precision full-field observation technology. The
technology can be used to obtain accurate displace-
ment based on image sub-region matching algorithm
by selecting shape function, which can accurately
describe the true deformation inside deformation
sub-area. The DIC-related software can calculate
other deformation parameters based on displacement
data. The DIC technology is not only widely used in
static rock experiments, but also successfully tested in
dynamic rock experiments, such as Split Hopkinson
Pressure Bar and blasting tests (Chi et al. 2019; Man-
sour and Luming 2020; Sharafisafa and Shen 2020).
To obtain the surface displacement of a specimen,
it is necessary to obtain a series of speckle images
before and after the deformation in the specimen by
high-speed camera. After the experiment is com-
pleted, the displacement of any deformed stage is cal-
culated by using DIC software by comparing with an
undeformed speckle image. The undeformed speckle
image is generally referred to as Reference Image,
and the deformed speckle image is referred to as Tar-
get Image. Assuming that the position coordinates of
a pixel is (x, y) in the Reference Image, and the posi-
tion of the point after the deformation is moved to
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Fig. 1 The calculation process by DIC

(x* y*), as shown in Fig. 1, the relative displacement
of the two points can be expressed by the horizontal
displacement component u(x, y) and the vertical dis-
placement component v(x, y), as in Eq. 1. A square
area around (x, y) is selected as the reference sub-
set, while the area of the same size around (x, y¥) is
selected as the target subset in the deformed speckle
image. The shape function of the image before and
after the deformation is divided into f (x, y) and g (x*,
y*), since the target subset and the reference subset
have certain correlation that can be expressed by the
correlation coefficient S in Eq. 2.

X =x+ u(x,y)

1
Y =y +vx,y) M

_ D fy) - X gty
S=1- @)
VI y) - X g2, y*)

As shown in Fig. 1, the image subset matching
algorithm is used to find a target subset centered at
(x* y*), and S is given the minimum value. Then it is
considered that the point (x, y) moves to (x* y*) after
deformation occurs, and the coordinate difference
between the two points is the displacement of the point
(x, ¥). The strain data on the surface of the test piece
can be calculated on the basis of the displacement.

@ Springer



1890

Geotech Geol Eng (2024) 42:1887-1904

Table 1 Physical-mechanical parameter of the tested sand-
stone

Physical-mechanical parameter Value
Uniaxial compressive strength 58.53 MPa
Tensile strength 3.53 MPa
Young’s modulus 8.45 GPa
Poisson’s ratio 0.245
Density 2200 kg/m®

2.2 Three-point Bending Beam Experiment

Three-point bending beams were manufactured from
the sandstone in a quarry in Sichuan, China. Physi-
cal-mechanical parameters of the tested sandstone are
shown in Table 1. Based on the polarizing and trans-
mission micrographs in Fig. 2, the grain size range
of the sandstone is shown in Table 2. The sandstone
specimens mainly contain quartz, feldspar and cal-
cite. Further analysis by XRD indicates that the pro-
portion of each mineral is 75.34% for SiO,, 13.84%
for Al,05, 3.54% for Fe,0;, 2.54% for Na,O, 2.08%
for K,O, and 0.99% for MgO.

The specimens had a rectangular cross section and
a prefabricated central crack, as shown in Fig. 3. The
fracture ligament through which the macroscopic
crack propagates refers to a specific region between
the pre-crack tip and the loading point. The sizes of
the specimens are given in Table 3. The load span of

(a)

Fig. 2 aTransmission micrograph and b polarizing micrograph
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Table 2 Grain size range of the tested sandstone

Grain size (um) Quantity Proportion (%)
100-150 23 9.2
150-200 65 26
200-250 67 26.8
250-300 53 21.2
300-350 27 10.8
350400 9 3.6
400450 2 0.8
450-500 1 0.4
500-550 3 1.2
Total 250 100
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-
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Fig. 3 Loading geometry and three-point bending specimen
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Table 3 Dimensions of CNB-1 CNB-2 CNB-3 CNB-4 CNB-5
specimens
Length L (mm) 300 299 300 300 299
Height H (mm) 70 70 69 70 69
Thickness B (mm) 35 35 35 35 30
Pre-crack length a (mm) 22 21 22 23 26

e
.
3
4

2%

Fig. 4 Speckle pattern

each specimen was S=280 mm. The pre-crack was
cut by a diamond wire with a diameter of 0.2 mm,
resulting in around 0.3 mm crack width.

When speckles were made, watercolor powder was
used to make white base film on the specimen surface
that was observed during the experiment. Compared
with the white paint, the watercolor is non-adhesive
and weakly reflective, which improves the quality of
images. After the base film was dried, the ink-coated
printing plate was pressed to the white base film, and
pressed in different directions until the scattered spot
area occupied about 50% of the entire base film area.
Each of the pure black area and the pure white area
should account for 50% of the made speckle pattern.
The speckle pattern should have high contrast, non-
repetition, and anisotropy, and the gray area should
be minimized. The speckle pattern produced in this
experiment is shown in Fig. 4.

A high-speed camera named Zeiss was used to
acquire the images with 2048 %2048 pixels. The

+

4
Steel bars
and gaskets

Displacement sensor

Fig. 5 Loading system for the rock specimen

camera had a 100 mm fixed-focus lens. A image
was taken for each 0.001 mm variation in the center
deflection of the specimen. Four LED lights were
placed on two sides of the camera. The experimen-
tal loading system was RMT-150B. To control the
whole loading process, the intermediate deflection
of the beam was used as a servo feedback signal, and
the loading rate was 0.0002 mm/s. The sensor passed
through the fixture and directly contacted the speci-
men. The loading system is shown in Fig. 5.

3 Results and Analysis

3.1 Experimental Results

3.1.1 Load-Central Displacement Curve
of Specimens

The load—deflection (P-w) curves for the specimens are
presented in Fig. 6. Notice that in this study the loading
process was controlled by the deflection w, i.e. each
w value corresponded to one loading stage. As shown
in Fig. 6, the load in each specimen increases with an
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Fig. 6 Load-deflection in 0.5 -
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increasing displacement until the peak load is reached,
then it gradually decreases with an increasing displace-
ment, meaning that the fracture ligament of each speci-
men might be damaged and the elastic modulus weak-
ened. When the load reaches the peak, there is a rough
plateau, i.e. the load remains basically unchanged but
the displacement continues to increase, and non-linear
behavior appears. Although the damage in the liga-
ment may destroy the integrity of the pre-crack’s tip,
no macro cracks can be seen at the crack tip, because
the displacement direction on both sides of the pre-
crack does not suddenly change (Fig. 7). Meanwhile,
the rock grains still contact and interlock one another
which proves the existence of FPZ.

3.1.2 Horizontal Displacement and Strain Contours
of the Crack Tip

The collected images from all specimens were pro-
cessed by software (VIC-2D) to obtain the horizontal
displacements and the horizontal strains on the speci-
mens. The software can automatically establish coor-
dinates for the observation area (45 mm X 45 mm).
When the software processes the speckleimages,
the subset and the step are set after considering the
image’s quality and the data’s precision. The subset
size is closely related to the accuracy of the data. As
the displacement of a pixel is calculated as a data
point, the software matches the unloaded subset
with the subset after loading to obtain the relevant

@ Springer
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point. The more the relevant points are, the better the
matching and the displacement accuracy. Therefore,
the subset size should be set as large as possible so
that more relevant points can be matched to improve
the displacement accuracy. In our case, the subset was
set to 27 pixels. The step is closely related to the data
density and is the number of pixels between two data
points. In this study, the step was 4 pixels. The aver-
age accuracy allowed was set to 0.05 pixels.

Figure 7 shows the horizontal displacement con-
tours, horizontal strain contours, and horizontal dis-
placements (u) of the ligament at different loading
stages. The displacement in the test are reliable, since
the error of the displacement in the crack tip region
is 0.003-0.008, and crack tip displacement distribu-
tion has good repeatability in specimens, as shown
in Fig. 7. Each set of tests has five specimens. The
results for all specimens are not shown in the manu-
script, however, conclusions are drawn based on the
results of all specimens. The horizontal direction is
the x-axis, the displacement to the right is positive
and vice versa. The vertical direction is the y-axis.
On the same contour line, thehorizontal displace-
ment or strain values is in the same level, and dif-
ference between two adjacent contour lines is equal.
Therefore, the density of contours reflects the gradi-
ent of horizontal displacement and strain. The hori-
zontal displacement contours near the crack tip are
dense and diverge around the crack tip. The displace-
ment difference on both sides of crack tip is 28 um
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Fig. 7 Horizontal displacement and strain contours, and horizontal displacements of the ligament at different loading stages

for CNB-1, 44 um for CNB-2, and 32 um for CNB-4
at the peak. The strain variation within 7 mm in the
y-axis direction close to crack tip is 6x 10~ for CNB-
1, 5% 107 for CNB-2, and 7.6x 10~ for CNB-4. The
strain of crack tip is 25% of the total deformation of
the entire ligament, but the length of the crack tip is
only 12.5% of the entire ligament length. Through
the horizontal strain contours, the deformation of the

specimen can be intuitively observed. In brief, the
crack tip has relatively serious deformation.

3.2 Initiation and Development of FPZ
According to the characteristics of displacement jump
in CZM (Yang and Cox 2005; Sarris and Papanasta-

siou 2011), a fluctuation coefficient is proposed to
determine the boundary of the FPZ. The fluctuation

@ Springer
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Fig. 7 (continued)

coefficient is defined as a function of the horizontal Eq. 3. This is the first step to identify the threshold
displacement of five adjacent data points, as shown in value.
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Fig. 7 (continued)

3)

where 4; is the fluctuation coefficient of the data
point i, u, is the horizontal displacement value of
the n-th data point, u is the average of five consec-
utive horizontal displacement values, and 7n is the
horizontal displacement sequence number of the
data point.

Horizontal displacement 2/ [mm]

® 5010
0005 /Sty S w=0.08mm, P=P,,,,
0.000 1 =

w=0.06mm, P=0.90P,,,.

-0.005 ]
-0.010 ] w=0.04mm, P=0.69P,,,,
-0.015 A w=0.02mm, P=0.43P,,,,,
-0.020

0 5 10 15 20 25 30 35
Distance to the crack tip along the fracture ligament [mm]. (c) CNB-4

40

Second step: suitable loading moments are
selected (in this paper, five loading moments are
chosen) and the distribution curve of the fluctua-
tion coefficient is plotted along the fracture liga-
ment from the crack tip. One may observe a sharp
increase of the fluctuation coefficient near the tip
at a moment, and the fluctuation coefficient in the
crack tip region is larger than that in other regions

@ Springer



1896

Geotech Geol Eng (2024) 42:1887-1904

7
4 x10
(a) w=0.01 mm, P=0.26Pp, |
< 08
o ]
2
3] X
0.6
v
8 |
]
k) 04| A \ N
g | ) ¥
g |
g2
= |
\ | v LI |
0 5 10 15 20 25 30 35 40
Distance to crack tip along the fracture ligament [mm)]
-7
5 10
|
(c) w=10.05 mm, P = 0.80P .
2 |
=15
g
2 I
g l 107
g ! A
g
Xl
= \ [ [
8 054 I
151 | o : |
= | |
[ \
o I U o J V4 Al )
0 5 10 15 20 25 30 35 40
Distance to crack tip along the fracture ligament [mm]
6
35 X10
] (e)w=0.09 mm, P="Py,
< 3
-]
.9 25
2 .|
g 2
(=]
o
o
§ 151
=1
<
2 1
2 fFPZ
= Length o
i@ 05 A ° .
\ 7 ) 107
of e e e s
0 5 10 15 20 2 30 35 40

5
Distance to crack tip along the fracture ligament [mm]

Fluctuation coefficient A

Fluctuation coefficient A

Fluctuation coefficient A

14 [ (b) w=0.03 mm, P = 0.56Pp,ax

0.8
0.6
0.4

0.2 ) A 4 | U\

0 5 10 15 20 25 30 35
Distance to crack tip along the fracture ligament [mm]

40

-6
;x40
(d)w=0.07 mm, P=0.95P s
08
0.6
0.4+
\ Length of FPZ
024 | V]l S .
A/ 107
F===== L TS Sy n | Py 4
] 1
0 h W O, T o w A ]
0 5 10 15 20 25 30 35 40
Distance to crack tip along the fracture ligament [mm]
-7
3510 '
34 () w=10.055 mm, P= 0.85P 5
[
254
2
1.5
107
1
0.5 |
0+ e .
0 5 10 15 20 25 30 35 40

Distance to crack tip along the fracture ligament [mm)]

Fig. 8 Fluctuation coefficient distribution along fracture ligament at different loading stages

of the fracture ligament. Then one can choose the
least fluctuation coefficient as the threshold value.

Last step: According to the actual situation, the
threshold value can be fine-tuned. The principle
of fine-tuning is to ensure that the threshold value
is greater than the fluctuation coefficients of most
regions away from the crack tip.

In this study, a coordinate is established taking the
crack tip as the origin, and the distance to the crack
tip along the fracture ligament is consistent with the
corresponding coordinate values. Figure 8a—c indi-
cates that the fluctuation coefficient of the fracture
ligament is below the order of 107 before 0.8 P,
(w=0.05 mm). When the load is up to 0.95 P
(Fig. 8d), the fluctuation coefficient near the crack
tip suddenly exceeds 1077 and even reaches 107°.

@ Springer

However, the fluctuation coefficient in the other
regions of the fracture ligament is still below the
order of 1077, Thus, 107 was taken as the critical value
to determine FPZ initiation. The FPZ was initiated in
the 0.80-0.95 P, for CNB-2.

The advantage of the fluctuation coefficient
method is that it clearly shows the length boundary
of FPZ, as shown in Fig. 8d. In addition, the displace-
ment fluctuation coefficient method can amplify the
variation of displacement, as shown in the compari-
son of the original displacement (Fig. 7d) with the
fluctuation coefficients (Fig. 8d).

The above description indicates that the FPZ was
initiated at P=0.80-0.95 P,,.. In order to determine
the initiation stage of FPZ more accurately, the fluc-
tuation coefficient along the fracture ligament for
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Fig. 8 (continued)

CBN-2 is calculated at w=0.0550 mm (0.85 P_,,),
w=0.0600 mm (0.89 P_,,,), and w=0.0650 mm (0.93
P,..), as shown in Fig. 8f-h.

Although Fig. 8f indicates that the fluctuation
coefficient at 0-0.7 mm and 2.2-3.1 mm reaches the
order of 107" at w=0.0550 mm (0.85 P,,,), the two
regions are separate and their total length is 1.6 mm
which is almost equal to the length of the region
(0.7-2.2 mm) between the two separated regions.
The fluctuation coefficient at 0.7-2.2 mm is below
the order of 107". Therefore, the FPZ does not initiate
at w=0.055 mm (0.85 P,,,,). When the load reaches
0.89 P, (Fig. 8g), the region where the fluctuation
coefficient is above the order 107" is around 3 mm
in the ligament. Although 0.5 mm ligament does not
reach the order 1077 in the region, considering that
the average fluctuation coefficient of this 0.5 mm liga-
ment is 0.9%x 1077, it can be determined that the FPZ
was initiated at w=0.060 mm (0.89 P,,,) for CNB-2.
Similarly, the FPZ was initiated at P=0.77-0.94 P,
for CNB-1 and at P=0.69-0.90 P_,,, for CBN-4.

To confirm the determined initiation stage of
FPZ, the fluctuation coefficient close to this initia-
tion stage (0.89 P, w=0.060 mm) is calculated at
w=0.0575 mm (0.88 P_,.), w=0.0625 mm (0.91

40
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P,..0)> as shown in Fig. 8i, j. The distribution of fluc-
tuation coefficient along the ligament at 0.88 P
(Fig. 8i) is similar to that at 0.85 P, (Fig. 8f). The
regions where the coefficient reaches the order of
1077 are discontinuous. The distribution of fluctuation
coefficient along the ligament at 0.91 P, (Fig. 8j) is
almost the same as that at 0.89 P, (Fig. 8g). The
region where the fluctuation coefficient was above the
order 1077 is also around 3 mm. Compared with 0.88
P ax, the region below the order of 107 decreased.
Therefore, it can be concluded that the FPZ was initi-
ated at 0.89 P, (w=0.060 mm) for CNB-2.

In brief, as an FPZ is initiated, the fluctuation of
the horizontal displacement near the crack tip is sig-
nificantly greater than that in other regions of the
fractured ligament. When the fluctuation coefficient
reaches the order of 1077 near the crack tip, the FPZ
is initiated. The initiation stage of FPZ is between
w=0.0575 mm (0.88 P,,,,) and w=0.060 mm (0.89
P..) for CNB-2, between w=0.040 mm (0.77
P..0 and w=0.045 mm (0.83 P,,,,) for CNB-1, and
between w=0.050 mm (0.81 P_,,) and w=0.055 mm
(0.86 P,,,,) for CNB-4, respectively.
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Fig. 9 Fluctuation coefficient distribution along fracture ligament at different loading stages

3.3 Size Development of FPZ and Deformation
Analysis of Fracture Ligament

The sizes of FPZ include two parameters, length and
width in 2D condition. The length variation of FPZ
is of great significance for evaluating the damage
near the crack tip. Four-loading stages are selected to
study the FPZ development: w=0.06 mm (0.89 P
w=0.07 mm (0.95 P_,,), w=0.08 mm (0.98 P,,)
and w=0.09 mm (P,,,). The calculated fluctuation
coefficient along the fracture ligament is shown in
Fig. 9a—d for CNB-2.

Figure 9a—c shows the length of FPZ is main-
tained at about 3.2 mm before w=0.08 mm
(098 P,,) for CNB-2. The fluctuation coeffi-
cient in the FPZ increases from 4.4x 107 at 0.89
P, to 1.8x107% at 0.98 P, for CNB-2. How-
ever, the fluctuation coefficient varies in a small
range outside the FPZ along the fracture ligament
(Fig. 9a—c). When the load reaches the peak value
(Fig. 9d), the fluctuation coefficient increases to
1.2%107°, 4 times greater than the fluctuation coef-
ficient 3x 107 at 0.98 P, . (Fig. 9c) at a distance of
5.5 mm from the crack tip, making the FPZ length
rapidly increase from 3.4 to 6.1 mm. Figure 10

max)’

max
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Fig. 10 Development trend of FPZ’s length with increasing
load

shows that the development of FPZ have similar
trends inother specimens.

To present the deformation along the fracture liga-
ment quantitatively during FPZ development, the hor-
izontal strain values along the fracture ligament are
shown in Fig. 11 at different loading stages. Figure 11
indicates that the horizontal strain values increase
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Fig. 11 Horizontal strain distribution along fracture ligament

rapidly with a decreasing distance (from 10 to O mm)
to the crack tip.

Figure 11 shows that the strains along the liga-
ment increase rapidly as the distance to the crack tip
decreases. The main reason is that more microcracks
might be induced near the crack tip with the increas-
ing load, and the microcrack-caused damage is accu-
mulated. In Fig. 11, it can be found that the strain at
the front end of FPZ is about 3000-4000 pe, and the
strain at the rear end of FPZ is about 8000—11000 pe.

The strain variation Ae per unit length of fracture
ligament AL, %, is used to show the changes of strain
in the fracture ligament at different loading stages for
specimen CNB-2, as shown in Fig. 12.

Figure 12 shows that the horizontal-strain
variation per unit length of fracture ligament is
close to zero in the ligament 40-13 mm away
from the crack tip. This region is defined as low-
stress elastic zone. The stress state of the frac-
tured ligament gradually changes from compres-
sive stress to tensile stress in low-stress elastic
zone (Fig. 12). The horizontal-strain variation
curve starts to rise sharply at one point which is

defined as the rising point of the curve, but when
the curve enters the FPZ, it goes downward, i.e.
the horizontal-strain gradient value decreased
(Fig. 12). The region from the rising point to
the FPZ can be defined as stress concentration
zone where most of the elastic energy is stored.
In summary, the entire fracture ligament can be
divided into low-stress elastic zone, stress con-
centration zone and FPZ.

4 Discussion
4.1 On FPZ

In this study, the initiation of FPZ was directly deter-
mined by the displacement values, and the initia-
tion of FPZ occurred at 77-89% peak load, which is
within the range of 70-90% peak load obtained by
Dutler et al. (2018) and Nathan et al. (2018). The
length of FPZ is 4.6-6.1 mm at the peak load in
the study. This result is consistent with the previ-
ous experiment results by Lin and Labuz (2013),
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Fig. 12 Horizontal strain variation per unit length along the fracture ligament of CNB-2

Lin et al. (2014) who found that the length of FPZ
was 5-7 mm for sandstone. Zhang et al. (2021a, b)
used SCB specimens with diameters of 50 100 150
200 mm to measure the corresponding FPZ lengths
with mean values of 4.05, 7.59, 10.62 and 12.87 mm.
They also found that the range of the FPZ reaches
the maximum at the peak. The closer to the peak, the
faster the development of the FPZ, and the length of
the FPZ that increases from 90% pre-peak to peak
accounts for 50% of the total FPZ length. The FPZ
length of specimens of different sizes at the peak is
about 2-2.5 times the width (Zhang et al. 2021a, b).
In order to validate the experimental results for the
sizes of FPZ, the horizontal displacement from the
numerical simulations is compared with the experi-
mental results (Fig. 13). The distribution trend and
magnitude of displacement in this experiment is con-
sistent with in the PFC.

This study on FPZ is limited to quasi-static loading
conditions. It is necessary to investigate FPZ under
dynamic loading conditions in which crack branching
and layer cracks are found (Zhang et al. 2000, 2001).
Such crack branching or layer cracks might be one
of the sources of the fine materials or particles from
rock blasting (Zhang et al. 2020a,b; Fourney 2015;

@ Springer

Ouchterlony and Moser 2012). Therefore, it is inter-
esting to investigate the FPZ under dynamic loading
conditions in the future.

4.2 Applications

(1) Study on mechanism of rock bursts.

Experiments in this study showed that the FPZ
rapidly grew as the load approached the peak load,
as shown in Fig. 10, and then one macrocrack was
generated (based on the DIC result) and the load
decreased. Since the strains in the FPZ of a rock
specimen are extremely higher than other areas in
the specimen, see Figs. 7 and 11, the FPZ must store
much energy. When a rock burst occurs, part or most
of the stored energy might be released as kinetic
energy to eject fractured rock. Such a process may be
studied by more laboratory tests with more rock types
using a similar experiment method as in this study.

(2) Fines in rock blasting.

Since ultra-fine mineral particles are usually dif-
ficult to recovered by most mineral processing tech-
niques (Wills and Finch 2015 and Schimek et al.
2012), a vast amount of minerals resources, including
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Fig. 13 The displacement comparison between the PFC and experiment

such fines, are lost every year (Zhang et al. 2021a, b).
At the same time, the worldwide production of fines
wastes a vast amount of energy (Zhang and Ouchter-
lony 2022). Fines come from not only the crushed
zone but also crack branching during rock fracture
by blasting or stress wave loading (Reichholf 2003;
Zhang et al. 2021a, b; Fourney 2015; Schimek et al.
2012). The measurement by Reichholf (2003) showed
that around 50% weight of the material smaller 1 mm
was generated within the crushed zone of blasthole,
meaning that other 50% fine particles were not from
the crushed zone. A possible source of the fine par-
ticles is the FPZs at the tips of the cracks produced
by blasting. Thus, it will be useful to investigate the

relationship between the FPZ and the fine particle
production in rock fracture in the future.

5 Conclusions

The loading stage when an FPZ is initiated is between
77 and 89% peak load. As the FPZ is initiated, the
fluctuation coefficient of horizontal displacement
reaches the order of 10~ around the crack tip.

The initial length of the FPZ is about 1.0-3.1 mm,
and the length of the FPZ is 4.6-6.1 mm at the peak
load. The FPZ does not gradually increase from zero,
and its initial length is about 21.7-51.7% of the length
at the peak load. The fluctuation coefficient increases
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gradually in the FPZ, but it remains nearly a constant
in the region far from the FPZ. As the peak load is
approached, the length of FPZ suddenly increases.

The entire fracture ligament can be divided into
low-stress elastic zone, stress concentration elas-
tic zone and FPZ. The strain value is maintained
between — 1000 and — 500 pe in the low-stress elas-
tic zone and between 500 and 3000 pe in the stress
concentration elastic zone. The strain at the front
end of the FPZ is maintained at about 3000—4000
ue during the FPZ development, but the strain at the
rear end of the FPZ increases with increasing load
and reaches 8000—11000 pe at the peak load.
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