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Abstract
The mechanical behaviour and failure characteristics of weakly filled granite are important factors affecting the safety and 
stability of rock masses. This paper presents an experimental study on uniaxial compression of granite containing both 
planar and circular weak filling of different diameters with the aid of three-dimensional digital image correlation (3D DIC) 
and acoustic emission (AE) monitoring system. The test results show the following: (1) The contact area between the planar 
weak filling and the bedrock is in a state of severe local deformation. The annular area of the circular weak filling in contact 
with the bedrock is in a severe deformation area, with detachment from the bedrock and spalling behaviour occurring. The 
failure modes of the specimens were summarised, and the spatial morphology of the main fracture surface was quantitatively 
analysed. (2) The presence of planar and circular weak filling leads to increased AE volatility. The AE hit signal is dominated 
by the shear signal, but the presence of circular weak filling increases the splitting signal component. (3) In the presence of 
circular weak filling, the energy interval of the most dominant signal is reduced, and the duration is shortened. The differ-
ences in the correlation of AE parameters are concentrated in the low-amplitude signal region. (4) Weakly filled areas will 
first become areas of spatiotemporal accumulation of microfracture events and will gradually spread. The accumulation and 
distribution characteristics of microfracture events can be used as indicators to evaluate the propensity, severity and timing 
of the destabilisation of rock masses containing weak filling.
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Introduction

In actual construction projects and underground engineer-
ing construction activities, jointed rock masses are common 
construction objects, and the mechanical behaviour of rock 
masses is crucial to the safety and stability of rock engineer-
ing (Chen et al. 2021, 2014; Kendall 2017). However, the 
natural rock mass is a discontinuous material, which is rich 

in various geological interfaces and impurities such as joints, 
laminations and pores, among which weakly filled struc-
tural surfaces are typical discontinuous layers (Sharafisafa 
et al. 2019; Yin et al. 2022; Huang et al. 2019; Asadizadeh 
et al. 2019). The non-homogeneity and discontinuity of the 
material composition of the weakly filled rock mass itself 
lead to the complexity and non-linearity of its mechanical 
behaviour, which brings troubles to the research related to 
the mechanical behaviour of weakly filled rock masses and 
poses a threat to the safety of related rock projects (Yu et al. 
2022; Shimbo et al. 2022; Li et al. 2020; Ding et al. 2017; 
Tian et al. 2018), such as the rock mass with filling defects 
shown in Fig. 1.

A large number of studies on the mechanical behaviour 
of rock masses containing weak filling have been reported. 
The main focus has been on the geometric characteristics 
of weak filling, the type of filling material and the presence 
or absence of filling differences. In particular, experimental 
studies have shown that the inclination angle of weak filling 
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has a particularly significant effect on the mechanical behav-
iour of the rock mass (Miao et al. 2018; Srivastava and Singh 
2015; Su et al. 2021; Li and Wong 2012; Han et al. 2022). 
Wang et al. analysed the influence of different weak filling 
materials on the fracture behaviour and AE characteristics of 
rock masses through experimental studies (Wang et al. 2022; 
Zhu et al. 2019; Jahanian and Sadaghiani 2015; Yu et al. 
2016; Naghadehi 2015). The results are of great reference 
value for revealing the destabilisation mechanism of weakly 
filled rock masses. The presence of filling formed by artifi-
cial grouting or geological processes (Chai et al. 2020, 2022; 
Zhuang et al. 2014) greatly affects the mechanical proper-
ties and fracture extension behaviour of rock masses under 
static or dynamic loading. Liu et al. (2023a, b) and Zhang 
et al. (2020) analysed the factors affecting the mechanical 
properties using filled specimens with regular serrations, and 
the results showed that the peak shear strength and resid-
ual strength decreased with increasing grout water-cement 
ratio but increased with the increase in weak filling rough-
ness. Specifically, the peak shear strength first decreased 
and then increased with increasing tilt angle, while the peak 
shear strength increased with increasing sawtooth height. 
Luo et al. (2021; 2022) conducted an experimental study 
on rock-like specimens with three fissures under four fill-
ing conditions: unfilled, gypsum-filled, cement-filled and 
resin-filled, and obtained the effects of the three fillings on 
the mechanical properties and failure modes of the fissured 
specimens. The three failure modes were summarised, and 
the damage mechanism of rock masses containing weak fill-
ings was investigated.

The above studies provide a comprehensive analysis of 
the mechanical properties of weakly filled rock masses, and 
the relevant findings provide an important reference for an 
in-depth understanding of the destabilisation and damage 

mechanisms of weakly filled rock masses and enrich the 
fundamental mechanical theory of non-linear rock masses. 
In the research process, the experimental methods are gener-
ally indoor mechanical testing experiments. Among them, 
AE (acoustic emission) (Aggelis et al. 2013; Chajed and 
Singh 2024; Zhang et al. 2015; Zhang et al. 2016; Liu et al. 
2020; Ishida et al. 2017) and DIC (digital image correlation) 
(Sutton et al. 2009; Song et al. 2013; Dong and Pan 2017; 
Tang et al. 2022; Munoz et al. 2016; Zhu et al. 2022; Li et al. 
2017; Zhang et al. 2018; Niu et al. 2020) are frequently used. 
In this paper, the mechanical properties of the weakly filled 
granite will be investigated simultaneously by combining the 
3D DIC (three-dimensional digital image correlation) full-
field-nondestructive testing technique and the AE (acoustic 
emission) nondestructive testing system. 3D DIC is used 
to obtain the evolution and distribution of the deformation 
field in the surface space during the loading of the speci-
men, while AE monitoring is used to obtain the time and 
frequency domain parameters of the AE and the distribution 
of spatial microfracture events generated during the loading 
of the specimen.

It is important to note that in the above reports on the 
mechanical properties of weakly filled rock masses, planar 
weak filling and circular weak filling are researched very 
frequently. Considering the extensive, complex and disor-
derly distribution of natural rock discontinuities in practical 
engineering, weak fillings with different geometrical char-
acteristics are mostly endowed at the same time. Therefore, 
this paper aims to investigate the mechanical behaviour and 
AE characteristics of granite containing both planar and cir-
cular weak filling simultaneously. In this paper, compression 
experiments are carried out in conjunction with 3D DIC and 
AE, focusing on the spatial deformation field evolution and 
failure characteristics of the weakly filled granite containing 
different diameter circular inclusions. In addition, the fluc-
tuation characteristics of AE parameters, distribution char-
acteristics, correlation relationships and the spatial evolu-
tion and distribution characteristics of microfracture events 
within the specimens were comprehensively analysed using 
history analysis, distribution analysis, correlation analysis 
and spatial localisation of AE sources. The results of this 
paper are of certain reference value for the safe construc-
tion and stable maintenance of related weakly filled rock 
projects.

Experimental procedures

Specimen preparation

Granite was selected to prepare the specimen. As shown 
in Fig. 2, the granite specimens had an apparent size of 
50 mm × 100 mm cylinders, and the processing error control 

Fig. 1  Outcrop of jointed rock mass containing filled flaws (south 
Sydney, M31 Highway) (Sharafisafa et al. 2019)
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standard was following the specification (Brown 1981). The 
rock samples were obtained from a quarry in Yueyang City, 
Hunan Province, China. The quarrying area is a dorsal tec-
tonic structure, which is subjected to horizontal compression, 
and some bedrock leakage is obvious. Rock samples were 
obtained from the quarry site by mechanical cutting and then 
transported to the laboratory for subsequent processing. Rock 
samples were removed using a coring machine to remove cyl-
inders with a diameter of 50 mm and then cut into cylinders 
with a height slightly higher than 100 mm. The surface of the 
specimen was smoothed using a grinding machine.

Physical parameters of the rock were obtained by mechan-
ical tests: apparent density of 2570 kg/m3, Young’s modulus 

of 14.15 GPa, Poisson’s ratio of 0.24, longitudinal wave 
propagation velocity of 3300 m/s, uniaxial compressive 
strength of 101.54 MPa and tensile strength of 4.70 MPa. 
The purpose of this experiment was to investigate the effect 
of circular weak filling diameter φ on the mechanical behav-
iour of rock containing the weak filling. Therefore, the speci-
mens were designed with a planar weak filling length L of 
20 mm, a thickness b of 5 mm, an inclination angle α of 
45° and a circular weak filling distributed below the pla-
nar weak filling with d = 20 mm. For the five gradients, the 
diameters φ of the circular weak filling are 0 mm, 5 mm, 
10 mm, 15 mm and 20 mm, respectively. Where the speci-
men with φ = 0 mm, i.e. the case where only planar weak 

(a) Acquisition and preliminary preparation of rock samples

(b) Processing of weakly filled specimens and sample size

Fig. 2  Sampling and processing of granite specimens with planar and circular weak filling with various diameters φ (Note: The embedded map 
is from https:// bzdt. ch. mnr. gov. cn/)

https://bzdt.ch.mnr.gov.cn/
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filling is included. Planar and circular weak fillings run in 
the radial direction through the specimens.

The weak filling material is gypsum. The mechanical 
properties of gypsum are similar to those of weakly filled 
materials in natural rock, as reported in Miao et al. (2018), 
Janeiro and Einstein (2010) and Pan et al. (2019). Through 
testing, the basic physical parameters are an apparent den-
sity of 1750 kg/m3, Young’s modulus of 1.88 GPa, Pois-
son’s ratio of 0.21, longitudinal wave propagation velocity 
of 2200 m/s, uniaxial compressive strength of 14.33 MPa 
and tensile strength 1.33 MPa. The mixing ratio of gypsum 
to water is 1:0.35. It is important to note that the transition 
area between the plaster and the rock needs to be sanded to 
ensure that the transition area is flat.

Processing of weakly filled samples is as follows: (1) The 
non-filled structural surface was drilled on the intact sample 
using waterjet cutting. (2) Mix gypsum and water in the 
ratio of 1:0.35. (3) Gypsum in a fluid state was injected into 
the circular and planar structural planes. (4) Maintain the 
plaster for 2 h and wait for the plaster to solidify. (5) Sand 
the specimen surface.

Experimental system

The experimental system is shown in Fig. 3. The experimen-
tal setup consists of a loading subsystem, a 3D DIC subsys-
tem and an AE subsystem. During the test, these systems are 
activated simultaneously to obtain the mechanical behaviour 
of the specimen and the real-time relationship between the 
deformation field on the surface of the specimen and the 
internal AE properties.

The uniaxial compressive tests were carried out at the 
Light Measurement Mechanics Experimental Centre of 
China University of Mining and Technology (Beijing). 

Loading was carried out using an electric servo test system 
(model: E45.305, manufactured by MTS) with a maximum 
axial load capacity of 300 kN. During the test, axial forces 
were applied to both ends of the specimen at a constant 
vertical loading rate of 0.12 mm/min under displacement-
controlled conditions until failure.

The core theory of 3D DIC is the digital image correla-
tion method, which uses two cameras to obtain the spatial 
deformation field of the target object based on binocular 
vision theory. DIC is a particle tracking method that starts 
with a reference image before loading and then adds a series 
of photographs during loading to determine the displace-
ment of spots in the digital image based on the correlation 
between them (Sutton et al. 2009; Song et al. 2013; Dong 
and Pan 2017). After the experiments, the images collected 
during the tests were computationally analysed using VIC-
3D analysis software (Correlated Solutions, Inc.).

To detect the internal damage and fracture characteris-
tics of the specimens, an AE measurement device (model: 
DS-2) manufactured by Soft Island Technology, Beijing, was 
used in the experiments. Six transducers were mounted on 
the surface of each specimen. Vaseline was used as a cou-
pling agent between the specimens and the transducers. The 
maximum sampling capacity of the experimental system is 
10 MHz. The sampling frequency was set to 3 MHz. The 
AE signal measured in the transducers was amplified by a 
preamplifier with a gain of 40 dB. In addition, a threshold 
of 45 dB was set for the test to avoid the possibility of elec-
tronic or environmental noise.

Testing procedure

To perform the experiment, operate the experimental system 
and test the specimen according to the following steps, as 

Fig. 3  Schematic diagram of experimental system for the uniaxial compression test
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shown in the Fig. 4: (1) adjust the loading subsystem to the 
working state, (2) specimen placement, (3) debugging 3D 
DIC subsystem, (4) debugging AE subsystem, (5) testing, 
(6) data processing.

Mineralogical and petrographical analyses

Composition determination

XRD (X-ray diffraction) tests were carried out on granite 
and gypsum, and the results are shown in Fig. 5. The results 
show that the granite is mainly composed of quartz (34.6%), 
potassium feldspar (8.3%), sodium feldspar (50.4%) and 
biotite (6.7%). The gypsum is monomeric gypsum with a 

relatively simple composition, the main mineral component 
being  CaSO4·2H2O at 98.6% and anhydrite at 1.4%.

Microscopic morphology

The microscopic morphology of granite and gypsum was 
observed with the help of PLM (polarized light microscopy). 
The results are shown in Fig. 6. In the case of granite, com-
bining with XRD composition determination, it can be seen 
that granite contains quartz, feldspar, biotite and other major 
mineral components. Feldspar is the most widely distributed 
and is shown as a large grey area in the image. Quartz con-
tent is less compared to feldspar, and the distribution area is 
generally loaded in the grey area, which is shown as an off-
white image. In the observation field of view, there are also 

Fig. 4  Schematic diagram of equipment assembly and testing procedures

Fig. 5  XRD results of granite and gypsum. a Granite and b gypsum
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small black areas with scattered distribution, whose mineral 
composition is biotite. Biotite has an uneven surface with 
a black lustre and localised coloured light. For gypsum, it 
can be observed that the surface is a loose porous structure; 
the whole is relatively flat, with local microporous distribu-
tion. Since gypsum is mainly composed of calcium sulphate, 
the imaging characteristics under the microscope are more 
homogeneous.

Mechanical characteristics

Stress–strain relationship

As shown in Fig. 7, the stress–strain relationship and peak 
stress variation of specimens with different circular weak 
filling diameters are shown. From Fig. 7a, it can be seen 
that the overall stress–strain relationship shows a four-stage 
variation trend. Stage I is the initial compression-density 
stage, during which the original micro-fracture or micro-
pores inside the specimen are closed under the compressive 

load, thus showing a gradual increase in the slope of the 
curve. This is followed by the elastic growth phase of stage 
II, during which the deformation energy accumulates. As the 
load continues to be applied, it enters the stage III change, 
where the stress–strain enters a short plastic change phase, 
at which time the material within the specimen fails locally, 
damage accumulates, micro-cracks initiate and converge to 
form the main crack, which in turn forms the macroscopic 
fracture surface. Subsequently, the peak stress is reached, 
and the specimen enters the stage IV overall destabilisation.

The peak of the stress–strain curve is used as the static 
uniaxial compressive strength of the specimen to charac-
terise the overall load-bearing capacity of the specimen. 
As shown in Fig. 7b, the overall load-bearing capacity of 
the specimen decreases with the diameter of the circular 
weak filling and then increases. At φ = 0 mm, the average 
compressive strength of the specimen with only the circular 
weak filling is 76.43 MPa. The compressive strengths of the 
specimens are 98.88%, 62.87%, 83.41% and 94.26% of those 
at φ = 0 mm for circular weak filling diameters of 5 mm, 
10 mm, 15 mm and 20 mm, respectively. At φ = 5 mm, the 

Fig. 6  PLM observation image 
of granite and gypsum

(a) Granite micromorphology                  (b) Gypsum micromorphology

Fig. 7  Stress–strain curves and mechanical parameter of specimen containing circular weak filling with different diameters � . a Stress–strain 
curves and b mechanical parameter
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presence of the circular weak filling increases the weak area 
of the specimen and therefore leads to a weakening of the 
overall load-bearing capacity of the specimen. φ = 10 mm, 
where the overall load-bearing capacity of the specimen is 
the lowest, as well as the peak strain and modulus of elas-
ticity, has the most significant weakening effect. However, 
the compressive strength of the specimens increased as the 
circular weak filling diameter increased further. This is prob-
ably because, with larger circular weak filling diameters, the 
circular weak filling and the planar weak filling can work 
together to withstand deformation and dissipate some of the 
deformation energy within the specimen, thus relieving the 
stress concentration within the specimen and thus showing 
an increase in the compressive strength of the specimen.

Spatiotemporal evolution of deformation

For the sake of space, the spatiotemporal evolution of defor-
mation of φ = 0 mm and φ = 15 mm specimens are taken as 
example. The deformation field clouds are shown in Fig. 8. 
In the left column, Fig. 8a, c and e shows the horizontal 

strain field, vertical strain field and shear strain field of 
φ = 0 mm specimen, respectively, while Fig. 8b, d and f 
shows the horizontal strain field, vertical strain field and 
shear strain field of φ = 15 mm specimen, respectively. In 
the figures, εxx, εyy and εxy indicate the horizontal, verti-
cal and shear strain fields, respectively, with the magnitude 
of the strain shown as a gradient from red to purple in the 
strain field.

In Fig. 8a, at the beginning of loading, σ = 0.2σpeak, it can 
be observed that the horizontal strain field in the planar weak 
filling area is in an increased state. In particular, the local 
increase in the horizontal strain field in the red band at the 
contact between the upper and lower sides of the planar weak 
filling and the bedrock is extremely significant. This indicates 
that the contact area has been deformed horizontally and that 
there is a possibility of detachment between the planar weak 
filling and the bedrock. At the same time, there is a tendency 
for the locally increasing horizontal strain field to extend 
towards the bedrock at the left and right ends of the planar 
weak filling. As the loading continues, at σ = 0.5σpeak, a red 
rectangle is formed around the planar weak filling in contact 

Fig. 8  Contours of the spatiotemporal evolution of the strain field



 Bulletin of Engineering Geology and the Environment (2024) 83:217217 Page 8 of 21

with the bedrock, and the strain continues to increase. This 
predicts a detachment between the planar weak filling and the 
bedrock due to a change in stress state during loading. At the 
left and right ends of the planar weak filling, the horizontal 
strain field increase zone extends downwards and upwards, 
respectively. At σ = 0.95σpeak, the red rectangle of the hori-
zontal strain field local increase zone around the planar weak 
filling basically disappears, which indicates that the planar 
weak filling has detached from the bedrock. At the same time, 
at the left end of the planar weak filling, an inclined zone of 
increased horizontal strain field is formed, indicating that the 
main cracking fracture propagation is occurring in this area. 
At the right end of the planar weak filling, the same inclined 
zone of horizontal strain field is present. The overall horizon-
tal strain field increase in the specimen shows an approximate 
“H” shaped distribution pattern. Therefore, it can be judged 
that the area of the main fracture surface of the bedrock will 
be consistent with the local increase in the horizontal strain 
field when the specimen is damaged.

In Fig. 8b, the horizontal strain field is increased in 
the planar weak filling area at the beginning of the load-
ing period, σ = 0.2σpeak. In the circular weak filling area, 
the horizontal strain field is locally increased in the central 
part, and in the annular area where the circular weak filling 
is in contact with the bedrock, a circular zone of increased 
horizontal strain is formed, in which the left and right sides 
of the circular weak filling are more obvious. This indicates 
that the upper and lower sides of the planar weak filling are 
in a state of localised deformation increase in the contact 
area with the bedrock. At the same time, the circular weak 
filling is also in a state of increased local deformation at 
the contact with the bedrock, and there is a risk of detach-
ment from the bedrock in these areas. The overall profile of 
these areas forms a “σ”-shaped distribution pattern. As the 
loading continues, the horizontal strain increases further in 
the above-mentioned areas of increased local deformation at 
σ = 0.5σpeak. This is particularly evident at the left and right 
ends of the planar weak filling and tends to extend down-
wards and upwards, respectively. This means that not only 
does the planar weak filling detach from the bedrock, but 
the circular weak filling also detaches. At σ = 0.95σpeak, the 
horizontal strain field is in the zone of increased banding at 
the planar weak filling and extends downwards and upwards 
at the left and right ends of the planar weak filling, respec-
tively. This predicts that when the specimen is damaged, the 
crack will extend downwards at the left end of the planar 
weak filling and upwards at the right end. Furthermore, the 
horizontal strain field is also at a local increase to the left 
and right of the circular weak filling, which predicts that 
crack propagation will also occur in this region.

From Fig. 8c–f, it can be seen that the spatial evolution 
and distribution characteristics of the vertical and shear 
deformation fields are affected by the weak filling. The 

main feature is that when the diameter of the circular weak 
filling increases, the local deformation region evolves into 
a ring-shaped region where the circular weak filling is in 
contact with the bedrock. This suggests that the location of 
macroscopic failure propagation of the specimen has been 
changed, which will lead to the variability of the overall 
damage pattern of the specimen.

The horizontal strain field, vertical strain field and shear 
strain field of φ = 0 mm and φ = 15 mm specimens can be 
compared and analysed above, and it can be seen that the 
spatial evolution of deformation mainly shows the following 
characteristics: (1) The contact area between the planar weak 
filling and bedrock is in a state of severe local deformation, 
and it extends towards the bedrock at both ends as the load-
ing continues. The presence of circular weak filling does not 
significantly change the local deformation behaviour of the 
planar weak filling. (2) The annular area where the circular 
weak filling is in contact with the bedrock is in severe hori-
zontal deformation on the left and right side, severe vertical 
deformation on the upper and lower side and severe shear 
deformation on the upper left, lower right, lower left and 
upper right side.

Failure characteristics

The failure characteristics of weakly filled rock masses are 
useful references for the stability control analysis of engi-
neering rock masses. Figure. 9 shows the failure mode and 
crack distribution of the specimen.

As can be seen from the figure, the final mode of 
φ = 0 mm specimen is an integral shear failure. The main 
crack is a shear crack, which originates from the planar 
weak filling and propagates downwards and upwards at the 
left and right ends of the planar weak filling, respectively, 
and extends through to the end of the specimen. The second-
ary cracking starts at the end of the planar weak filling and 
extends into the bedrock. The planar weak filling detached 
from the bedrock and the planar weak fill itself is partially 
spalled. φ = 5 mm specimens are finally damaged in integral 
shear. The main crack initiation and extension behaviour is 
similar to that of the φ = 0 mm specimen, i.e. it originates 
in the planar weak filling and propagates downwards and 
upwards at the left and right ends of the planar weak filling, 
respectively, extending through to the end of the specimen. 
It is noteworthy that the secondary crack at the left end of 
the planar weak filling is guided by the circular weak fill-
ing as it extends into the bedrock below. φ = 10 mm speci-
men was ultimately damaged in integral shear, with similar 
failure characteristics to φ = 5 mm specimen. φ = 15 mm 
specimen ultimately failed in integral shear. The main crack 
was a mixed shearing and splitting crack, which originates 
from the planar weak filling and propagates downwards and 
upwards at the left and right ends of the planar weak filling, 
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respectively, and extends through to the end of the speci-
men. More severe spalling of the bedrock occurs at the left 
and right ends of the planar weak filling. The planar weak 
filling was detached and crumbled. The final failure mode 
of the φ = 20 mm specimen is an integral shear failure. The 
failure characteristics are similar to those of the φ = 15 mm 
specimen.

The failure characteristics of the specimens in Fig. 9 and 
the strain field distribution characteristics in Fig. 8 show that 
for specimens without circular weak filling, i.e. specimens 
with only planar weak filling, the failure mode is an integral 
shear failure. However, the presence of the circular weak 
fill leads to different failure characteristics of the bedrock 
around the circular weak filling, mainly in that the propa-
gation of the secondary cracks at the left end of the planar 
weak filling was guided by the circular weak filling. When 
the diameter of the circular weak filling increases to 15 mm 
and 20 mm, a more obvious collapse occurs on the left and 
right sides of the circular weak filling. This is probably 
because the bedrock in the path of sub-crack propagation has 
been occupied by the circular weak filling, and the elastic 
energy released by the destabilisation of the rock mass has 
not been released in the form of crack propagation, thus out-
wardly manifesting itself as the occurrence of the localised 
crumbling of the bedrock. In addition, the planar weak fill-
ing itself is detaching from the bedrock, and spalling occurs 

to some extent. However, circular weak fillings do not detach 
themselves from the bedrock and spall to some extent until 
they are larger in diameter.

Fractal characteristics of fracture surface

In the process of macroscopic failure of specimens subjected 
to static loading, the fracture surface is the dominant factor 
influencing the final macroscopic failure characteristics. Some 
studies have shown that the geometry of the fracture surface 
has fractal characteristics (Zhang and Zhao 2013; Nasseri et al. 
2009; Zhou and Xie 2008). Therefore, based on the fractal the-
ory and with the help of 3D laser scanning technology, the fine 
fractal characteristics of the fracture surface are analysed. Spe-
cifically for the calculation of the fractal dimension of the rock 
fracture surface, the 3D cube coverage method is widely used, 
convenient and accurate (Zhou and Xie 2008; Ai et al. 2014).

The calculation process is shown in Fig.  10. Three-
dimensional laser scanning was used to obtain the spatial 
morphology of the fracture surface and digitise it, extract 
the spatial coordinates of the fracture surface (x, y, z) from 
the point cloud data and carry out fractal calculations on 
the spatial coordinates to obtain the fractal dimension of 
the fracture surface.

The specific calculation principle is as follows: on 
the plane XOY, a square grid with side length δ is taken 

Fig. 9  Schematic diagram of the final failure mode and crack distribution of the specimens containing different diameter circular inclusions
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randomly, and the 4 heights h1(i, j), h2(i + 1, j), h3(i, j + 1) 
and h4(i + 1, j + 1) correspond to the 4 corners of this 
square grid (where i ≥ 1, j ≤ n − 1, and n is the number of 
grids needed to cover the plane XOY).

Cover the fracture surface with a square grid with side length 
δ. Calculate the number of cubes in the coverage area δ × δ, i.e. 
the number of cubes covering the fracture surface in the (i, j) 
grid is Ni,j (Zhou and Xie 2008; Ai et al. 2014; Yin et al. 2019):

(1)
Ni,j = INT

{

1

�

[

max
(

h, (i, j), h2(i + 1, j), h3(i, j + 1), h4(i + 1, j + 1)
)

−

min
(

h, (i, j), h2(i + 1, j), h3(i, j + 1), h4(i + 1, j + 1)
)

]

+ 1

}

where INT is the rounding function.
The total number of cubes N required to cover the entire 

fracture surface is as follows:

Change the scale of δ to cover it again and then calculate 
the total number of cubes needed to cover the entire fracture 
surface. The fracture surface has fractal features as the follow-
ing relationship between the total number of cubes N(δ) and δ:

where D is the self-similar fractal dimension of the fracture 
surface.

The spatial coordinates (x, y, z) extracted from the point 
cloud data of the fracture surface are subjected to the above 
calculation, and the results are logarithmically transformed; 
a series of data points lnN(δ) and lnδ can be obtained; fitting 

(2)N(�) =

n−1
∑

i,j=1

Ni,j

(3)N(�) ∼ �
−D

lnN(δ) and lnδ, there is a linear functional relationship 
between the two, in which the slope is the fractal dimension 
D. The mentioned mathematical relationship is as follows:

where the fractal dimension D is generally between 2.0 and 
3.0. In general, when the observation scale δ > 1.25 mm, 
the fractal dimension D → 2.0, i.e. the fractal characteristic 
tends to disappear, which can be regarded as the fracture 
surface is extremely smooth; when the observation scale 
δ < 1.25 mm, the fractal characteristic appears on the frac-
ture surface, which can be regarded as the irregularity of the 
fracture surface, and the roughness increases.

Using the above method, the spatial morphology of the 
main fracture surface of the specimen with φ = 0 mm and 
φ = 15 mm specimens is shown in Fig. 11.

From the spatial morphology of the main fracture sur-
face of the specimen in Fig. 11, it can be seen that for the 

(4)D = −lim
�→0

InN
�
(Σ)

Inδ

Fig. 10  Flowchart of 3D spatial topography data morphology of 
fracture surface and fractal calculation by cubic cover method. a 3D 
morphology of the fractured rock mass; b 3D spatial point cloud data 
materialisation of the fractured surface; c projected local schematic 

of the digitised fractured surface; d local schematic of the fractured 
surface covered by a cube with edge length δ (Zhou and Xie 2008; Ai 
et al. 2014; Yin et al. 2019)
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φ = 0 mm specimen, the main fracture surface extends to the 
upper bedrock at the upper end of the planar weak filling; 
the main fracture surface extends to the lower bedrock at 
the lower end of the planar weak filling. The main body of 
bedrock has an overall peak-like morphology. The surface 
of the fracture surface is uneven, and the overall extension 
trend is undulating in three-dimensional space. The bed-
rock is locally fractured but not dislodged. In the contact 
area between the weak filling and bedrock, gypsum powder 
was left behind, showing obvious friction traces, which con-
firmed that there was friction and slip movement between 
the weak filling and bedrock in the process of loading the 
specimen as a whole, and the weak filling thus detached 
from the bedrock.

For the φ = 15 mm specimen, above the circular weak 
filling, the main fracture surface does not continue upwards 
because the bedrock is fractured. This may be due to the 
presence of transverse tensile stresses in the bedrock above 
the circular weak filling; the bedrock is therefore suscep-
tible to fracture failure due to the tensile stresses reaching 
their limit states. Combined with the final failure result of 

the specimens, it can be seen that the bedrock at this loca-
tion is “flaked” and large chunks of the bedrock “crumbled.” 
Below the planar weak filling, the fracture surface extends 
downward with an undulating surface. It should be noted 
that the circular weak filling itself does not show significant 
fracturing. The extension of the fracture surface in space 
mainly develops in the bedrock on both sides of the circular 
weak filling.

Comparing the above analyses, it can be seen that the 
increase of the diameter of the weak filling obviously affects 
the spatial morphology of the main fracture surface of the 
specimen. To quantitatively evaluate the surface undulation 
characteristics of the main fracture surface, the results of 
fractal dimension calculation are shown in Fig. 12.

The size of the fractal dimension of the fracture sur-
face is different for different specimens: for φ = 0 mm and 
φ = 15 mm specimens, D is 2.5114 and 2.5215, respectively. 
Therefore, it can be considered that the fractal dimension 
of the main fracture surface of the specimen is affected to a 
certain extent when the diameter of circular weak filling is 
different. In combination with other reports (Yin et al. 2019), 

(a) )b(mm0= =15 mm

Fig. 11  Schematic of the spatial morphology of the fracture surface of the specimen

Fig. 12  Calculation results of fractal dimension of the main fracture surface of the specimen
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the magnitude of this variability is generally small, while the 
specific working conditions in which the rock is located and 
the type of rock are closely related. Therefore, the reason 
for the small variability of results in this experiment is most 
likely that the presence of granite mineral grains can lead to 
a random nature of microcrack propagation.

Combined with Yin et  al.’s report (Yin et  al. 2019; 
Carpinteri et al. 1999; Ma et al. 2019; Zhang and Zhao 
2013), it can be seen that the fracture surface morphology 
characteristics of the rock mass are affected by the distribu-
tion of mineral particles, strain rate, temperature and other 
factors. For example, in Yin’s report, the fractal dimension 
is 2.21/2.42/2.46 for cyclic loading 1/10/20 times at 400 °C. 
However, the results of the present experiment show that the 
fractal dimension of the fracture surface of the φ = 0 mm and 
φ = 15 mm specimens are 2.5114 and 2.5215, respectively. 
The reason for the relatively small difference is that although 
the presence of the weak filling affects the specimen’s failure 
mode, however, the effect on the fractal undulation char-
acteristics of the fracture surface is small because in this 
experiment, the weak filling did not change the mineral com-
position of the granite bedrock at the time of fracture surface 
formation and only had a macroscopic effect on the final 
failure mode. Therefore, the difference in the fractal dimen-
sion calculation results is only in the percentile.

Although the presence of circular weak filling causes the 
extension of the main fracture surface in space to be affected, 

the difference in fine morphology is not fully revealed. This 
provides an idea for quantitative evaluation of the fine-scale 
features of the fracture surface, which is still of some refer-
ence significance.

Mineralogical and petrographical characteristics

Taking φ = 0 mm and φ = 15 mm specimens as examples, 
XRD and PLM tests were carried out on the granite and 
gypsum of the post-damage specimens to analyse the com-
position and micro-morphological features of the granite and 
gypsum of the specimens with different mechanical prop-
erties. The following Fig. 13a and b shows the XRD test 
results of granite of φ = 0 mm and φ = 15 mm specimens, 
respectively; c and d show the XRD test results of gypsum 
of φ = 0 mm and φ = 15 mm specimens, respectively.

From the results, it can be seen that the mineral compo-
sitions of granite in different specimens are basically the 
same, mainly containing quartz, sodium feldspar, potassium 
feldspar and biotite. In terms of composition, for φ = 0 mm, 
quartz is 62.4%, sodium feldspar 23.1%, potassium feldspar 
5.6% and biotite 8.9% and for φ = 15 mm, quartz is 35.4%, 
sodium feldspar 33.8.1%, potassium feldspar 15.7% and 
biotite 15.1%. The composition of gypsum minerals in the 
different specimens is mainly calcium sulphate, and the per-
centage of content is very high, above 99.0%. No anhydrite 
was detected in φ = 0 mm specimen.

(a)                       (b)                       (c)                      (d)

Fig. 13  XRD results for granite and gypsum. a Granite of φ = 0 mm specimen, b granite of φ = 15 mm specimen, c gypsum of φ = 0 mm speci-
men, d gypsum of φ = 15 mm specimen

(a)                       (b)                       (c)                      (d)

Fig. 14  PLM results for granite and gypsum. a Granite of φ = 0 mm specimen, b granite of φ = 15 mm specimen, c gypsum of φ = 0 mm speci-
men, d gypsum of φ = 15 mm specimen
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The PLM identification results of granite and gypsum 
are shown in Fig. 14. As can be seen from Fig. 14a and 
b, the microforms all have typical petrographic features 
of granite minerals. Quartz, feldspar and biotite are dis-
tributed in mutual mosaic. Locally, the mineral grains 
are loosely distributed, and microcracks are occasionally 
distributed. This may be due to the change of force chain 
distribution and interaction relationship between mineral 
particles in the microscopic scale during the loading pro-
cess of the specimen. From Fig. 14c and d, it can be seen 
that the micro-morphological characteristics of gypsum 
did not show significant variability.

Combining the XRD and PLM test results, it is reason-
able that for granite and gypsum with specimens having 
different mechanical properties, the mineral compositions 
remain basically the same. This is because the reason 
for the change of different mechanical properties is that 
the specimens contain weak fillings with different diam-
eters of circular weak filling. The presence of weak fill-
ing leads to a change in the stress transfer path when the 
specimen is subjected to loading, thus revealing a differ-
ence in the macroscopic mechanical properties. Mean-
while, the micro-morphological characteristics of granite 
and gypsum are generally in high agreement. Succinctly, 
the presence of weak filling leads to changes in the mac-
roscopic mechanical properties of the specimens but does 
not significantly affect the mineralogical and petrological 
characteristics. This can be intuitively interpreted to mean 
that the mechanical properties of weakly filled granites 
are externally “macrostructure” due to the presence of 
weak fillings, rather than a change in the material proper-
ties of the rock or filler itself.

Characteristics of AE parameters

The main parameters of the AE waveform are ringing count, 
hit count, energy, amplitude, duration, etc. Its signal simplifi-
cation waveform parameters are defined as shown in Fig. 15.

The AE signals with a higher AF (average frequency) 
value and lower RA (rise angle) value mean tensile cracks 
and the inverse means shear cracks. History analysis, distri-
bution analysis, correlation analysis and localisation analy-
sis of AE parameters can be carried out to evaluate the AE 
characteristics of the sample as its mechanical behaviour 
changes.

Characteristics of AE parameters

The fluctuation histories of AE counts and cumulative AE 
counts were analysed. Figure. 16 shows the trend of stress 
history; AE counts history and cumulative AE counts history 
of φ = 0 mm and φ = 15 mm specimens.

As can be seen from Fig. 16a, the AE counts fluctuate 
at a low level at the beginning of the loading period, when 
the original microfractures and micropores inside the speci-
men are closed under the action of the compression load. At 
t = 400 s later, the AE counts start to grow at a high level, 
and correspondingly, the cumulative AE counts also start 
to grow rapidly. Of particular importance is that during the 
spatiotemporal evolution of the specimen deformation field, 
at this stage, the local increase zone of the deformation field 
in the planar weak filling area starts to extend below and 
above the bedrock at the left end and right end portions, 
respectively. This implies the convergence of micro-cracks 
and the formation of macro-cracks in the specimen and the 

Fig. 15  Definition of simplified waveform parameters for AE signals and diagrams of crack classification based on the distribution of RA-AF 
values (Shen 2015; Li et al. 2023)
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imminent failure of the specimen. After t = 600 s, the stress 
changes show plastic characteristics, indicating that the 
specimen undergoes plastic damage and starts to enter the 
plastic-yielding stage. The AE counts continue to increase 
at a high level. This means that the local failure behaviour 
of the material within the specimen continues to occur, and 
the main fracture surface is forming. Corresponding to the 
deformation field in Fig. 8a adjacent to the peak stress, it 
can be seen that at this point, a localised large deformation 
zone profile forms and the macroscopic main crack propa-
gates. As the loading continues and the stress grows to the 
peak stress, the specimen fails as a whole, and the level of 
AE counts fluctuations falls rapidly and tends to disappear, 
implying the completion of the whole loading process of 
the specimen.

The stress, AE counts and cumulative AE counts are 
shown in Fig. 16b for the circular weak filling specimen 
with diameter φ = 15 mm. As can be seen from the figure, 
the AE counts fluctuate at a low level at the beginning of the 
loading process, and after t = 300 s, there is a brief increase 
in the AE counts at a high level. Combined with the evolu-
tion of the spatial deformation field of the specimen, it can 
be seen that at this stage, the upper and lower sides of the 
planar weak filling are in a state of increased local defor-
mation in contact with the bedrock, and at the same time, 
the circular weak filling is also in a state of increased local 
deformation in contact with the bedrock. The occurrence of 
local deformation in these areas is inevitably accompanied 
by frequent AE from local material failure, resulting in a 
transient high-level increase in AE counts. It should be noted 
that for specimen with only planar weak filling (φ = 0 mm), 
there is no transient high-level increase in AE counts. It can 
be inferred that the presence of circular weak filling was 
the cause. Immediately, after t = 400 s, the AE count soon 
enters a high-level fluctuation phase, at which time local-
ised detachment and spalling of the planar weak filling and 

circular weak filling occurs, and the main crack originates 
in the planar weak filling and extends towards the bedrock 
at the left end and right end. At around t = 600 s, the stress 
growth is about to reach its peak, and the specimen is about 
to fail; the AE activity is at a high level of fluctuation, and 
the cumulative count is increasing rapidly. Subsequently, the 
specimen undergoes overall destabilisation.

AE waveform characteristics

The AE signal is mainly in the form of waves, and the wave-
form characteristics are evaluated in terms of the distribu-
tion dynamics of the angle of rise (RA) and the average 
frequency (AF) of the AE hit signal; RA is defined as the 
ratio of rise time to maximum amplitude, and AF is defined 
as the ratio of AE counts to duration. As shown in Fig. 15 
and the results in Fig. 17, the waveform of tensile crack 
mainly propagates in the form of long longitudinal wave, 
which leads to the low RA value. The waveform of shear 
crack mainly propagates in the form of shear wave, result-
ing in the low AF value. Hence, the points in the tensile 
signal area have a small RA value and large AF value, and 
the points in the shear signal area have a small AF value 
and large RA value. In addition, RA and AF value of the 
points near the critical line are approximately similar, which 
accords with the characteristics of mixed crack. Here, the 
unit of RA is in ms/V, and the unit of AF is in kHz. The RA/
AF distributions for φ = 0 mm and φ = 15 mm specimens 
are shown in Fig. 17.

As can be seen from Fig. 17a, the hit signal is mainly 
distributed in the shear signal region. The distribution 
range of RA is (0,200) ms/V. The distribution range of 
AF is (0,600) kHz and is mainly concentrated in the range 
of 0–300 kHz. The larger the RA, the smaller the distri-
bution range of AF and the lower the upper limit of the 
interval. The upper interval of the AF distribution forms 

Fig. 16  AE counts, cumulative AE counts fluctuation history: a φ = 0 mm and b φ = 15 mm
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a downward curved envelope, as shown by the black line 
in the figure. The appearance of hit signals in the figure is 
distributed throughout the loading process, and it can be 
observed that there are more hit signals in yellow, which 
indicates that more shear signals were generated during 
the pre-loading period, which may be related to the shear 
deformation generated during the frictional slip between 
the planar face weak filling and the bedrock. Combined 
with the failure pattern of the specimen in Fig. 9, it can be 
seen that shear failure occurred in the specimen as a whole 
therefore, the waveform characteristics of the hit signal are 
mainly distributed in the shear signal area.

Figure 17b shows the distribution of RA/AF for the 
φ = 15 mm specimen. As can be seen from the figure, 
the distribution of the hit signal is mainly in the shear 
signal region. As the RA varies from small to large, the 
distribution of AF gradually transitions from (0,600) to 
(0,200) kHz. The dense area in the upper zone of the AF 
distribution forms a downward curved envelope, as shown 
by the black line in the figure. However, this envelope 
shifts upwards relative to the envelope in Fig. 17a, which 
indicates that the hit signal has increased with high AF 
values. Combined with the failure pattern of the specimen 
in Fig. 9, it is clear that the main crack pattern above the 
right end of the planar weak filling is a splitting crack, 
with more severe collapsing occurring in the bedrock to 
the left of the left end of the planar weak filling and to 
the right of the right end of the planar weak filling, and 
spalling of the circular weak filling itself. The initiation of 
splitting cracks, the occurrence of collapsing, the spalling 
of weak filling itself and the local failure of the material 
all produce elastic waves dominated by tensile longitudinal 
waves, which lead to an increase in AF in the hit signal.

Distribution characteristics AE parameters

The distribution characteristics of the recorded AE param-
eters characterise the activity of the source. The distribution 
characteristics of the amplitude, energy and duration of the 
AE parameters are analysed. The statistical results are shown 
in Fig. 18.

As can be seen from Fig. 18a, for the φ = 0 mm specimen, 
the largest proportion of the hit signal amplitude distribution 
was in the interval (54,55) dB, at 13.96%, and the propor-
tion gradually decreased with higher amplitude. The mean 
value of the hit signal amplitude is 60.03 dB, with a standard 
deviation of 5.74 dB. Figure. 18b shows that for φ = 15 mm 
specimen, the largest proportion of the hit signal amplitude 
distribution was still in the interval (54,55) dB, at 14.04%, 
with the proportion decreasing with higher amplitude. The 
mean value of the hit signal amplitude was 59.97 dB with a 
standard deviation of 5.64 dB. The comparison shows that 
there is no significant difference in the amplitude distribu-
tion characteristics of the hit signals. This is because the 
overall failure mode of the specimen is a shear failure, and 
the local source energy release during the local failure of 
the internal material is mainly carried by the generation of 
low-amplitude shear waves, so the AE amplitude distribution 
is still dominated by low-amplitude signals.

As can be seen from Fig. 18c, for φ = 0 mm specimen, the 
hit signal energy distribution in the interval (2,3) mV*ms 
has the largest percentage of 12.32%, and the higher the 
energy, the percentage gradually decreases. The mean value 
of the hit signal energy is 19.11 mV*ms, and the stand-
ard deviation is 83.66 mV*ms. Figure. 18d shows that for 
φ = 15 mm specimen, the largest proportion of the hit sig-
nal energy distribution was in the interval (1,2) mV*ms, 

Fig. 17  Distribution of mean frequency and angle of rise of AE signal: a φ = 0 mm and b φ = 15 mm
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which is 16.69%, and the higher the energy, the smaller 
the proportion. The mean value of the hit signal energy is 
14.34 mV*ms, and the standard deviation is 70.06 mV*ms. 
The comparison shows that the energy distribution of the hit 
signal varies significantly.

As can be seen from Fig. 18e, for the φ = 0 mm speci-
men, the largest proportion of the hit signal duration is in 
the interval (200,300) µs (10.51%), and the longer the dura-
tion, the smaller the proportion. The mean value of the hit 
signal duration is 1421.51 µs, and the standard deviation is 
2858.76 µs. Fig. 18f shows that for the φ = 15 mm speci-
men, the largest proportion of the hit signal duration is in 
the interval (100,200) µs, which is 15.16%, and the propor-
tion decreases with higher duration. The mean value of the 
hit signal duration is 1055.07 µs, with a standard deviation 
of 2442.25 µs. The variability of the hit signal duration 

distribution is evident from the comparison. For the speci-
men with φ = 15 mm, the high-frequency signal increased in 
the hit signal because the local source energy was released 
in the form of short-term high-frequency tensile longitu-
dinal fluctuations during material splitting, collapsing and 
spalling, which led to a change in the duration of the hit 
signal distribution from (200,300) µs to (100,200) µs. This 
also reduces the standard deviation of the durations, making 
the overall dispersion of the hit signal durations less discrete 
and more concentrated towards lower duration signals.

Correlation characteristics of AE parameters

The correlation between different parameters of the AE 
waveform is an important indicator to evaluate the correla-
tion characteristics of AE parameters. Figures. 19 and 20 

Fig. 18  Distribution and statistical results of amplitude, energy and duration of AE signal: a, c and e φ = 0  mm specimen and b, d and f 
φ = 15 mm specimen

Fig. 19  Diagram of the correlation between energy-amplitude, count-amplitude and duration-amplitude of AE signal for φ = 0 mm specimen
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show the correlations between the energy-amplitude, counts-
amplitude and duration-amplitude of AE for φ = 0 mm and 
φ = 15 mm specimens, respectively.

For the φ = 0 mm specimen, it can be seen from Fig. 19a 
that the energy-amplitude correlation of the hit signal forms 
a linearly inclined purple dividing line at the lower edge of 
the energy threshold and a slightly curved downward purple 
dividing line at the upper edge of the energy threshold as 
the amplitude varies from low to high. As the amplitude 
gradually increases, the difference in energy levels decreases 
and remains essentially at the same magnitude. As can be 
seen from Fig. 19b, in the counts-amplitude correlation of 
the hit signal, as the amplitude varies from low to high, the 
lower edge of the count range forms a linearly sloping pur-
ple dividing line, and the upper edge of the count range, 
an essentially flat purple dividing line. As the amplitude 
gradually increases, the count range gradually decreases, 
remaining essentially at the same magnitude. As can be seen 
from Fig. 19c, the duration-amplitude correlation for the 
hit signal forms a curved purple dividing line at the right 
edge of the amplitude, the lower edge of the duration and 
the upper edge of the duration, forming an essentially flat 
purple dividing line. As the magnitude gradually increases, 
the difference in duration becomes smaller and remains at 
the same magnitude.

The correlation diagram for the φ = 15 mm specimen is 
shown in Fig. 20. Comparing Fig. 19, it can be seen that 
for the AE parameter correlations, the main differences are 
concentrated in the low-amplitude signal region, with more 
signals carrying high energy in the low-amplitude signal, 
more signals with high orders of magnitude of AE counts 
in the low-amplitude signal and more signals with longer 
durations in the low-amplitude signal. Combined with the 
failure results of the specimen in Fig. 9, this may be due to 
the presence of circular weak filling, which makes the planar 
weak filling and circular weak filling synergistically bear 
the load, mitigating the sudden and violent release of defor-
mation energy, prolonging the shear main crack initiation 
and propagation time and prolonging the fluctuation time of 

the elastic wave when the local source energy of the mate-
rial is released as a shear wave, resulting in low amplitude-
high energy, low amplitude-high magnitude counts and low 
amplitude-long duration of the hit signal increases.

Characteristics of the spatiotemporal 
distribution of microfracture events

The spatiotemporal evolution and distribution characteris-
tics of internal microfracture events during the damage of 
the specimen are analysed using AE 3D spatial localization 
technique. The essence of acoustic source localisation is the 
process of solving for the time of generation of the source 
and its corresponding location (Shen 2015). In combina-
tion with the previous analysis, φ = 0 mm and φ = 15 mm 
specimens were selected as representatives, and the results 
of the AE monitoring system for locating the microfracture 
events during the loading of the specimens are shown in 
Figs. 21 and 22.

In Fig. 21, at t = 200 s, the microfracture events are con-
centrated near the upper and lower ends of the specimen. At 
t = 400 s, the microfracture events accumulate at the left and 
right ends of the planar weak filling, which means that the 
left and right ends of the planar weak filling act as a stress 
concentration region, where local material failure and micro-
fracture initiation will occur first. As the loading continues, 
at t = 500 s, a large accumulation of microcracking events 
can be observed in the planar weak filling area. At the left 
end of the planar weak filling, the microfracture events start 
to spread around, with the main direction being upwards and 
downwards. At the right end of the planar weak filling, the 
microfracture events spread upwards and downwards. This 
means that microcrack initiation and propagation occur in 
the left end and right end of the planar weak filling and that 
the microcracks converge to nucleate as they continue to 
load, manifesting as an accumulation of microfracture events 
nucleating. At t = 640 s, the specimen reaches its peak stress 
and is about to be destabilised, with microfracture events 

Fig. 20  Diagram of the correlation between energy-amplitude, count-amplitude and duration-amplitude of AE signal for φ = 15 mm specimen
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accumulating and nucleating in the planar weak filling and 
surrounding bedrock. The nucleation area above and below 
the left end of the planar weakly filled is distributed in a 
“spindle” pattern. At the right end of the planar weak fill-
ing, the nucleation of the microfracture event resembles a 
“crescent” pattern. This is shown in the black dashed box 
in the figure. The spatial distribution of the main fracture 
surface is distributed in the weakly filled area, above the left 
end, below the bedrock and at the right end of the bedrock, 
as shown by the red dashed box in Fig. 21.

As can be seen in Fig. 22, there is some variability in the 
evolution of micro-fracture events in the presence of circular 
weak filling. It is mainly manifested in the late loading stage, 
the microfracture events inside the specimen accumulate and 
nucleate at the planar and circular weak filling. At the same 
time, the left bedrock at the left end of the planar weak fill-
ing and the right bedrock at the right end were distributed 

in a similar “crescent” pattern, which, when combined with 
the specimen failure results, showed a serious collapsing 
in this area. This is because when the circular weak filling 
exists, the planar weak filling and the circular weak filling 
cooperate to bear the load, the effective bearing capacity 
of the bedrock on both sides of the circular weak filling 
decreases, and when the rock body is destabilised, the main 
cracks originated from the left end and right end of the pla-
nar weak filling expand at the bedrock, resulting in the con-
vergence of micro-cracks, the propagation space becomes 
smaller, and the macroscopic formation of lamellae. In the 
bedrock above the right end of the planar weak filling, the 
microfracture events accumulate and nucleate, and the main 
fracture extends in this region when the specimen is desta-
bilised and damaged.

Combined with the above spatiotemporal evolution 
and distribution of microfracture events, it is clear that the 

Fig. 21  Spatial evolution of microfracture events and distribution characteristics of φ = 0 mm specimen

Fig. 22  Spatial evolution of microfracture events and distribution characteristics of φ = 15 mm specimen
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weakly filled area will first become the area of microfrac-
ture event accumulation and gradually spread. The presence 
of circular weak filling causes the formation of bedrock 
gneisses, leading to the nucleation of bedrock microfrac-
ture events at the corresponding locations on both sides. The 
nucleation of microfracture events in the bedrock area is 
the result of the formation of the main fracture surface. The 
accumulation and distribution characteristics of microfrac-
ture events in the weak filling areas and bedrock areas can 
be used as an indicator to predict the destabilisation of rock 
masses and to evaluate the propensity, severity and timing 
of destabilisation of rock masses containing the weak filling.

Discussion

From the analysis of the above results, it can be seen that the 
influence of the presence of weak filling on the mechanical 
behaviour and AE parameter characteristics of the rock mass 
is significant. The changes in the mechanical behaviour indi-
cate that the presence of weak filling leads to the differen-
tiation of the surface deformation evolution pattern and the 
final failure mode when the rock mass is subjected to loads. 
This is due to the fact that the presence of weak filling affects 
the load transfer path when the rock mass is subjected to 
forces. When the bedrock is loaded in concert with the weak 
filling, it is inevitably different from the intact rock mass; 
therefore, the change in the mechanical behaviour of the 
weakly filled rock mass is certain. The surface deformation 
behaviour is the apparent manifestation of the mechanical 
characteristics of the rock mass during loading, and the vari-
ability of the failure mode is the final result of the change in 
the mechanical characteristics of the rock mass.

The results of the analyses concerning the characteristics 
of the AE parameters show that the presence of weak filling 
leads to changes in the acoustic properties of the rock mass. 
In general, the change in acoustic characteristics indicates a 
change in the way the elastic energy is released and distrib-
uted during the initiation and propagation of microcracks in 
the rock mass, and therefore, the distribution and correla-
tion characteristics of the AE parameters change as a result. 
The changes in the characteristics of the AE parameters are 
the acoustic manifestation of the changes in the mechanical 
behaviour, which is the acoustic evidence of the changes 
in the physical and mechanical properties of the apparent 
rock mass.

The interconnection between the mechanical behaviour 
of the rock mass and the characteristics of the AE param-
eters should be viewed in a dialectical and unified way. For 
example, the final failure mode of specimens with differ-
ent distribution of weak fill changes accordingly. This sug-
gests that when facing the stability control of weakly filled 
rock masses, we should focus on the possibility of large 

deformation in weakly filled areas with different geometrical 
characteristics of the rock masses and the tendency of final 
failure. Combined with the spatial and temporal evolution 
and distribution of microfracture events, it can be seen that 
the weakly filled areas will first become the accumulation 
areas of microfracture events, and gradually spread. The 
accumulation and distribution of microfracture events in 
weakly filled areas and bedrock can be used as an indica-
tor to predict the destabilisation of the rock masses and to 
evaluate the destabilisation tendency, severity and timeliness 
of the weakly filled rock masses. It is due to the change of 
the mechanical behaviour of the rock mass that the final 
destabilisation of the rock mass is bound to have a certain 
degree of variability and severity. At the same time, the anal-
ysis of AE parameters is both an acoustic characterisation 
of this change in mechanical behaviour and a positive way 
to address the consequences of this change in mechanical 
behaviour. For example, the use of AE spatial microfracture 
event localisation may be useful for monitoring, and predict-
ing, the location of spatial gestation of rock mass instability.

Conclusions

In this paper, uniaxial compression experiments were carried 
out on granite with simultaneous planar weak filling and 
circular weak filling of different diameters. The experiments 
were carried out with the aid of both 3D DIC and AE moni-
toring system. The mechanical behaviour and acoustic char-
acteristics of the specimens were analysed. In addition, the 
spatial distribution characteristics of microfracture events 
within the specimens were analysed using AE spatial locali-
sation technique, and the results show that AE technique 
has excellent ability in the research on the spatial fracture 
characteristics of rock masses containing weak filling. The 
main conclusions are as follows:

(1) The contact area between the planar weak filling 
and bedrock is in a state of severe local deformation, 
extending towards the bedrock at both ends, and the 
main fracture extends in this area when the specimen is 
destabilised. The annular region of the contact between 
the circular weak filling and the bedrock is in a severe 
deformation area, where detaching from the bedrock 
and spalling behaviour occurs. The specimen is dam-
aged as a whole shear failure, and the presence of cir-
cular weak filling has a certain guiding effect on the 
propagation of secondary cracks.

(2) The presence of planar and circular weak filling leads to 
increased fluctuation of AE. The AE hit signal is domi-
nated by the shear signal, but the presence of circular 
weak filling increases the splitting signal component.
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(3) The AE signal is dominated by low-amplitude signals. In 
the presence of circular weak filling, the most dominant 
signal has a lower energy interval and a shorter duration. 
The difference in the correlation of AE parameters is 
concentrated in the low-amplitude signal region, which is 
reflected in the increase of signals carrying high energy 
in the low-amplitude signal, the increase of signals with 
high orders of magnitude and the increase of signals with 
long duration.

(4) Weakly filled areas will first become areas of spatiotempo-
ral accumulation of microfracture events and will gradually 
spread. The accumulation of microfracture nucleation in 
bedrock areas is caused by the formation of the main frac-
ture surface. The accumulation and distribution character-
istics of microfracture events in the weak filling areas and 
bedrock can be used as indicators to predict the destabilisa-
tion of rock masses and to evaluate the propensity, severity 
and timing of destabilisation of rock masses containing the 
weak filling.
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