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To investigate the possibility of quantitativemonitoring of the fracture process zone (FPZ) at the shotcrete-rock interface, the acoustic
emission (AE) and digital image correlation (DIC) are used to monitor the three-point bending test of shotcrete-rock specimens.
Firstly, the AE intensity signal characteristics during damage to the shotcrete-rock interface are analyzed.Ten, the spatial b-value of
AE is used to visually characterize the shotcrete-rock interface damage, and the interface damage characteristics of two specimens,
shotcrete-granite and shotcrete-sandstone, are analyzed using this analysis method. Te analysis reveals that not only the AE spatial
b-value can determine the location of microdamage within the interface but it can also characterize the degree of damage. Finally,
a new parameter, Tb-value, is constructed based on the AE spatial b-value to quantitatively characterize the FPZ, and the newly
established characterization method is validated with the FPZmonitored by DIC.Te results show that the Tb-value not only locates
and visually characterizes the location of the FPZwithin the specimen but also enables the quantitative determination of the FPZ.Tis
provides a new idea for localizing and quantitatively monitoring cracks and FPZs inside structures using AE techniques.

1. Introduction

Many tunnels have been built in central and western China,
some of which are deep and cut through earthquake zones.
Te deep underground tunnel will deform and collapse under
the disturbance of external forces such as ground stress and
geological disaster [1]. Accident investigation shows that
many engineering disasters are related to interface damage
[2]. Tus, the fracture characteristics of the shotcrete-rock
interface under various stress felds have been investigated,
making useful progress in understanding fracture toughness
[3], energy release rate, and cracking modes [4]. It has also
been shown that the interfacial roughness, cohesion, and
aggregate occlusion afect the interface’s fracture character-
istics [5, 6]. Based on experimental results, scholars have
summarized the theoretical criterion of interface fracture
from diferent perspectives, namely, pressure theory [7],
energy theory [8], and stress intensity factor theory [9].

However, most analyses of fracture properties for the
concrete-rock interface have relied on linear elastic fracture
mechanics (LEFM) [10, 11]. Te shotcrete-rock interface is
made up of quasi-brittle material, and the presence of the
fracture process zone (FPZ) leads to changes in the stress feld
at the crack tip, which can signifcantly afect the interface’s
fracture behavior and path [12]. Terefore, it is essential to
study the characteristics of the FPZ at the shotcrete-rock
interface to better understand its nonlinear fracture proper-
ties. Currently, the FPZ of single materials has been studied
more frequently, and the dimensional evolution characteristics
of the FPZ in concrete are supported by relevant theoretical
explanations [13, 14]. Various studies on the FPZ of concrete
or rock show mutual corroboration [15–17], and the DIC
technique is critical in measuring the FPZ. Many successful
studies have utilized theDIC technique to characterize fracture
evolution on material surfaces [18–21], and its accuracy is
adequate formeasuring the FPZ [22, 23]. Studies byMoazzami
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et al. [24] on barite and sandstone separately found that the
length of the FPZwas related not only tomaterial type and size
but also to fracture mode, with the length increasing when the
loading mode changed from type I to type II. Zhang et al. [25]
studied the size efect of the FPZ of rocks and found that the
length and width of the FPZ increased with specimen size, and
the specimen’s thickness had a signifcant efect on the width
of the FPZ.With accumulated experimental experience, recent
studies on single materials have developed numerical models
that account for FPZ efects [26–29]. However, in the case of
the shotcrete-rock interface, the evolutionary characteristics of
the FPZ are jointly infuenced by thematerials on both sides of
the interface, which difer from those of a single material.
Dong et al. [9, 22] conducted substantial experimental and
theoretical work on the FPZ at the concrete-rock interface.
Tey summarized the evolution characteristics of the FPZ
under diferent fracture modes and proposed a numerical
method for the crack extension at the shotcrete-rock interface.
Monitoring the shotcrete-rock interface structures using DIC
techniques and equipment is difcult due to deep sub-
mergence and the internal extension of cracks. AE techniques
have been widely used in material damage evaluation [30, 31],
can monitor underwater, locate microdamage inside the
material, and become a feasible way to quantify the FPZ.
However, to the authors’ knowledge, no studies have reported
onmeasuring the FPZ at the shotcrete-rock interface using AE
techniques.

Te aim of this study is to investigate the infuence of rock
type on the FPZ of the shotcrete-rock interface. Initially, the
DIC technique was used to analyze the evolutionary char-
acteristics of the FPZ of shotcrete-rock specimens subjected to
three-point bending loads. Ten, based on the AE spatial b-
value damage visualization characterization method, a new
parameter, Tb-value, was constructed to quantitatively
characterize the FPZ, and the newly established character-
ization method was validated using the FPZ monitored by
DIC.Te results demonstrate that the Tb-value parameter not
only locates and visually characterizes the location of the FPZ
within the specimen but also enables quantitative de-
termination of the FPZ.Tis provides a new idea for localizing
and quantitatively monitoring cracks and FPZs inside
structures using AE techniques.

2. Experimental Program

2.1. Specimen Preparation. Te cementitious material used
in this experiment was P·O 42.5 Portland cement, with river
sand (fneness modulus 2.6) as the fne aggregate and basalt
gravel (particle size 5–10mm) as the coarse aggregate.
Laboratory tap water was used, along with a high-
performance polycarboxylic acid water reducer. Te mix
proportions are presented in Table 1.

Each shotcrete-rock specimen prepared for this test
measured 100mm× 100mm× 400mm, with a crack height
ratio of 0.3 at the interface prenotch. A mutually perpen-
dicular grid interface was created by cutting horizontal and
vertical groove lines at the rock interface, with a groove line
width and depth of 5mm. Te spacing of the slot lines can
form a grid interface with diferent roughness levels. In this

experiment, three interfaces with diferent roughness levels
(B, C, and D) were produced by using slot line spacing of
35mm, 21mm, and 15mm, respectively. Te 3D scanning
schematic of the interface is shown in Figure 1. Shotcrete-
granite specimens were made with granite having three
interface roughness levels (B, C, and D). Additionally,
shotcrete-sandstone specimens with an interfacial roughness
of D were made to compare the efect of rock type on in-
terfacial fracture damage. Te compressive strengths of
granite, sandstone, and shotcrete are 154.50MPa,
49.07MPa, and 54.67MPa, respectively. Table 2 presents the
basic information of the shotcrete-rock specimens used in
the experiment.

2.2. Test Setup. Te closed-loop servo-controlled material
testing system (MTS 322) with a capacity of 500 kN was used
to perform tests on the specimens. A clip extensometer
installed at the prenotch mouth at the bottom of the
specimen controlled the load application rate, with the crack
mouth opening displacement (CMOD) rate set at 0.001mm/
s. Each roughness of the specimens underwent three sets of
loading tests. Te data acquisition system for acoustic
emission used the all-weather structural health monitoring
system manufactured by MISTRAS, USA, with a model
number Sensor Highway III. Six PK6I AE sensors with
a built-in 26 dB low-power amplifer were placed on the
surface of the specimen, and the AE signal acquisition
threshold was set at 40 dB. Te peak defnition time (PDT),
the hit defnition time (HDT), and the hit lockout time
(HLT) were set to 50, 150, and 300 μs, respectively. Te 3D
DIC data acquisition system used ARAMIS Professional,
produced by GOM, Germany. Two high-speed cameras with
a model number ARAMIS Adjustable Base captured digital
images. To meet the shooting measurement requirements of
the DIC software system, white primer and black random
scattering spots were sprayed on the span-center region of
the specimen using matte spray paint.Te location of the AE
sensors and scattering areas are shown in Figure 2.

3. Methodology

3.1. Intensity Signal Analysis Method. Intensity signal anal-
ysis (ISA) is a technique for evaluating damage character-
istics based on AE signal intensity. Te signal intensity can
be correlated with the integral of the rectifed voltage signal
over the duration of the AE signal and is an efective means
of assessing the degree of damage within materials [32]. Te
method has two parameters: the history index (HI) and the
severity index (Sr). HI characterizes the slope of the cu-
mulative signal intensity over time by comparing the signal
intensity of all hits, which can be obtained by the following
equation [33]:

Table 1: Mix proportion of concrete specimens (kg/m3).

Cement Fine aggregate Coarse aggregate Water Water
reducer

450 971 795 180 2.25
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where HI (t) is the historical index at moment t; Nhit is the
number of hits up to moment t; Soi is the signal intensity of
the ith hit; K is an empirical constant, and the K-parameter
of rock and concrete materials is defned in Table 3.

Te severity index can be calculated by the following
equation [34]:

Sr �
1
J

􏽘
J

i�1Som􏼒 􏼓, (2)

where Sr is the severity index; Som is the signal intensity of the
mth hit; J is an empirical constant; and the J-parameter of
rock and concrete materials is defned in Table 4.

3.2. Spatial b-Value Analysis Method. Te b-value is a term
used in seismology to describe the magnitude-frequency
relationship of earthquakes. Te magnitude is linearly re-
lated to the logarithm of the cumulative frequency, with its
slope referred to as the b-value [35]. Tis b-value

relationship also exists for the amplitude-cumulative fre-
quency of AE.Tere is a close connection between the AE b-
value and the development of microcracks inside the ma-
terial in response to the applied load. As the b-value de-
creases, the microcracks within the material develop into
macroscopic cracks [36]. Spatial b-values are utilized in
seismic activity studies to determine anomalous activity at
fault locations in seismic fault zones [37]. To assess the
relationship between damage at the shotcrete-rock interface
and the AE b-value, a 100×120mm grid model was
established within the span of the shotcrete-rock specimens.

B C D

Figure 1: 3D scanning diagram of rock interface.

Table 2: Basic information of shotcrete-rock specimens.

Specimens Interface roughness levels Rock types Strength
of concrete (MPa)

HB B Granite 54.67
HC C Granite 54.67
HD D Granite 54.67
SD D Sandstone 54.67

Clamp extensometer

120 9090 5050

Side view

100

5050

30

AE sensors

ShotcreteRock

Speckle area

20
20

60

CCD Camera
of DIC

Figure 2: Schematic diagram of AE sensors position and speckle area (unit: mm).

Table 3: K-parameter of rock and concrete materials [34].

Hits ≤50 51–200 201–500 ≥501
K — Nhit − 30 0.85Nhit Nhit − 75

Table 4: J-parameter of rock and concrete materials.

Hits < 50 ≥51
J — 50
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Te spatial b-value of AE was calculated based on spatial
coordinate information of AE events from the fracture
damage process at the shotcrete-rock interface. Te sche-
matic diagram of the grid point array used for calculating the
spatial b-value is shown in Figure 3, with the location of the
100×120mm grid area being the region between the AE
sensors in Figure 2. Te calculation fow is demonstrated in
Figure 4, with key details described as follows:

(a) Datum points for calculating spatial b-value spaced
at L intervals within a 100×120mm area in the span
of the shotcrete-rock specimen were generated.

(b) Te initial cylinder that picks up AE event data has
the datum points as the center of the circle, r as the
radius, and H as the height. Te threshold value of
the number of AE events required to calculate the
spatial b-value is set to N. r increases based on the
pickup threshold until the number of AE events
picked up within the cylinder range meets the
threshold requirement. H can be adjusted by bal-
ancing the total number of AE events and the
program’s computational efciency. Te maximum
value of r is set to R to prevent nonconvergence of r
at the edge position.

(c) Te Aki method is used to calculate the spatial
b-value with the following equation [38]:

b �
20 log10 e

a − ac

, (3)

where a is the average amplitude; ac is the threshold
amplitude, the threshold amplitude set for this test is
40 dB; e is the Euler number.

(d) If a b-value of 0 occurs at an individual location, the
b-value of that point is replaced with the average of
its neighboring benchmark points. Lastly, a heat map
displaying the spatial b-value matrix is created for
visual representation.

3.3. Digital Image Correlation Analysis Method. DIC can
accomplish measuring the surface deformation of an object
without contact, unlike traditional testing methods. During
the three-point bending loading process, local deformation
on the shotcrete-rock specimen surface leads to changes in
the deformation of black random scattered spots and relative
positioning. Te high-speed camera of the DIC system re-
cords this change in the local strain or displacement feld,
allowing for accurate surface measurement of the dis-
placement or strain feld by comparing changes in the black
scattered spots’ digital image across various loading stages.
Once the surface displacement feld has been determined,
crack size measurements are made possible.Temodeling of
crack extension measurement is depicted in Figure 5. Since
crack extensions zigzag upward rather than strictly verti-
cally, determining crack width by directly approaching the
crack edge presents a challenge. Equidistant points are
chosen to establish a pair of vertical directions within
a narrow width on both sides of the crack trajectory, with
their connecting lines forming horizontal line segments such

as U1V1, U2V2, . . ., UnVn. Ten, the horizontal displacement
on each line segment is extracted. When the crack forms, the
horizontal displacement curve will have a turning point, as
shown in Figure 6, and the distance between these turning
points represents the crack width. Terefore, DIC can
monitor the opening displacement at any height on the
surface of shotcrete-rock specimens, allowing for the
characterization of the evolutionary features of the FPZ.

4. Results and Discussion

4.1. AE Intensity Signal Analysis. To analyze the signal in-
tensity characteristics of acoustic emission (AE) at diferent
loading stages, AE signal intensity indices of shotcrete-rock
specimens are compared with corresponding load-time
curves as shown in Figure 7. At the start of loading, lg
(Sr) for all four specimens is at a low level and increased
rapidly with increasing load. In Figures 7(a)–7(c), lg (Sr) for
granite reached a high level when the loading curve entered
the nonlinear section and remained high during peak and
postpeak loading. In contrast, lg (Sr) for the fourth specimen
continued to grow after the load curve entered the nonlinear
phase until it peaked at 0.2Fmax after which it remained at its
highest value for the residual phase of the load.Tis indicates
that lg (Sr) is more sensitive to damage in brittle shotcrete-
granite specimens, reaching high values just before peak
load. Roughness increased slightly with peak values of lg (Sr),
which are 6.74, 7.12, and 7.16 for B, C, and D roughness
specimens, respectively. For shotcrete-sandstone specimens,
since the strength and elastic modulus of sandstone are less
than those of shotcrete, fracture occurred on the sandstone
side. Terefore, sandstone’s plastic damage prevented lg (Sr)
from reaching an extreme value before reaching the
destabilizing load. Once the load profle hits the destabilizing
load, macroscopic crack expansion dominated, and severe
damage caused lg (Sr) to increase again. HI curves in
Figures 7(a)–7(d) showed that HI is more sensitive to
transient damage, exhibiting extremely sharp peaks at the
moment of sudden brittle cracking. For the four types of
shotcrete-rock specimens, signifcant fuctuations in the
instantaneous HI mostly occur after reaching the destabi-
lizing load, signifying the progression of damage.

Te HI and lg (Sr) parameters reveal the damage
characteristics of shotcrete-rock specimens during three-
point bending fracture, each refecting its own set of fea-
tures. Hence, the correlation between these two parameters
is signifcantly linked to damage properties across the
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Figure 3: Schematic diagram of grid lattice.
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Figure 4: Flowchart of calculation of spatial b-value.
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diferent loading stages. Based on the load curve charac-
teristics, the loading stages are divided into four segments:
0∼Fmax, Fmax∼0.5Fmax, 0.5Fmax∼0.2Fmax, and 0.2Fmax∼, and
the results are illustrated in Figure 8. Analysis indicates that
the HI-lg (Sr) relationship experiences greater fuctuations
during the initial stage from 0 to Fmax, primarily due to the
brittleness of granite. Tis causes the history index-log se-
verity index relationship of shotcrete-granite specimens to
almost reach the maximum range of both values at this
point. However, there is lesser fuctuation in the subsequent
three stages, devoid of any obvious phasing characteristics.
Conversely, shotcrete-sandstone specimens portray appar-
ent phasing characteristics in all four loading stages, making
it easier to determine the loading stages of the loads, similar
to the phasing characteristics of three-point bending fracture
of pure concrete materials [32].

4.2. Analysis of FPZ. Te FPZ is considered as the fracturing
region with partial cohesion, and the demarcation point
between the FPZ and the macroscopic fracture is defned as
the critical fracture opening displacement (w0). To calculate
the w0, the empirical equation w0 � 6Gf/ft is used here with
reference to the study of Dong et al. [5]. Furthermore, the
fracture energy is calculated using the empirical formula
from the literature [39]. Te specifc results of w0 are dis-
played in Table 5. Ten typical loading stages, as shown in
Figure 9, are chosen to analyze the crack width of each
shotcrete-rock specimen after determining w0. Te length of
the FPZ is schematized according to w0, and the fndings are
presented in Figure 10.

From Figures 10(a) to 10(c), it is apparent that as
roughness increases, crack width increases for shotcrete-
granite specimens with varying roughness interfaces at the
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Figure 7: Signal intensity index characteristics of shotcrete-rock specimen. (a) Specimen HB. (b) Specimen HC. (c) Specimen HD.
(d) Specimen SD.
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same loading stage. Te residual bond stress at the rough
interface is higher for the same crack width due to the
shotcrete aggregate and rock interface’s tectonic joints
playing a more pronounced occlusal role postcracking as
roughness rises. When specimens with diferent roughness
achieve the same load level, larger interfacial roughness
specimens have signifcantly greater crack widths. When the
crack width exceeds w0, the crack is in a stress-free state, and
the end of the FPZ begins to rise. From Figures 10(a)–10(c),
it is apparent that when loaded to postpeak 0.1Fmax, the
CTOD of the prenotch of the HB specimen does not reach
the critical value, and the FPZ tips of HC and HD rose,
respectively, to 45.3mm and 52.7mm of the specimen
height, while the diferent roughness specimens’ FPZ tips at

this loading stage had difering positions and were slightly
lower as roughness increased. Comparing Figures 10(a) and
10(d), the CTOD at both specimens almost reaches their
respective critical values when loaded to slightly above

7.0

6.5

6.0

5.5

5.0

4.5

3.5

4.0

lg
 (S

r)

0 2 4 6 8
HI

0~Fmax

Fmax~0.5Fmax

0.5Fmax~0.2Fmax

0.2Fmax~

(a)

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

lg
 (S

r)

0 2 4 6 8
HI

0~Fmax

Fmax~0.5Fmax

0.5Fmax~0.2Fmax

0.2Fmax~

(b)

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

lg
 (S

r)

0 2 4 6 8
HI

0~Fmax

Fmax~0.5Fmax

0.5Fmax~0.2Fmax

0.2Fmax~

(c)

7.0

6.5

6.0

5.5

5.0

4.5

4.0

lg
 (S

r)

0 2 4 6 8
HI

0~ Fmax

Fmax~0.5Fmax

0.5Fmax~0.2Fmax

0.2Fmax~

(d)

Figure 8: Signal intensity index of shotcrete-rock specimen at diferent loading stages. (a) Specimen HB. (b) Specimen HC. (c) Specimen
HD. (d) Specimen SD.

Table 5: Calculation results of critical crack opening displacement.

Specimen ft (MPa) Gf (N/m) w0 (mm)

HB 2.11 35.48 0.132
HC 2.70 53.98 0.153
HD 2.92 84.12 0.173
SD 2.26 95.59 0.254
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Figure 9: Schematic diagram of typical loading stage.
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postpeak 0.2Fmax, although their rock types difer and the
length of the FPZ in the shotcrete-sandstone specimen is
somewhat longer than that in the shotcrete-granite speci-
men. To quantitatively compare the development of FPZ in
diferent specimens, the length variations of FPZ with crack
extension were calculated for four shotcrete-rock specimen
types, as shown in Figure 11.Te horizontal axis in Figure 11
represents the ratio of efective crack length to specimen
height minus prenotch depth. Results show that FPZ de-
velops similarly across diferent specimens regardless of

their roughness and rock type. As the fracture expands, FPZ
length continues to grow until it reaches its maximum peak.
Te peak FPZ lengths are 66.8mm for both HB and HC
specimens, 59.7mm for HD, and 62.3mm for SD, with
corresponding percentages of efective fractures of 0.95, 0.95,
0.85, and 0.89, respectively. Subsequently, the length of the
unstressed crack increases while the length of the FPZ de-
creases rapidly. Te rapid reduction of the FPZ is attributed
to the boundary efect of the specimen, as observed in
Figure 10, where the expansion rate decreases signifcantly
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Figure 10: Schematic diagram of crack width in specimen height direction at diferent loading stages. (a) Specimen HB. (b) Specimen HC.
(c) Specimen HD. (d) Specimen SD.
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near the specimen’s boundary. Additionally, stress-free
cracks are generated at a high rate causing a rapid rise at
the end of the FPZ and a consequent decrease in the length of
the FPZ.

4.3. AE-Based Damage Visualization Analysis. Te crack
propagation path in shotcrete-rock materials is dependent
on the properties of the materials on both sides of the in-
terface. Due to diferences in material characteristics, cracks
may propagate along the interface or on the weaker material
side. Figure 12 shows typical crack patterns of HD and SD
specimens; the crack in shotcrete-granite specimens expands
vertically upward along the interface, whereas the crack in
shotcrete-sandstone specimens is biased toward the sand-
stone side due to its lower tensile strength and elastic
modulus compared to shotcrete. Te loose structure and
high porosity of sandstone allow cement slurry to penetrate
into it during shotcrete casting at the interface, making it
stronger than the sandstone interior. Consequently, cracks
are more likely to spread inward rather than along the in-
terface in this case.

Damage processes in shotcrete-rock materials often
occur in weak areas but not exclusively at cracks. For in-
terfaces of diferent rock types, whose internal damage
characteristics are unknown, DIC techniques efectively
monitor surface deformation and cracking. AE techniques
detect elastic wave signals released during material damage
and localize the signal source, albeit characterizing the AE
source as discrete points without enabling the determination
of the degree of damage at various locations inside the
interface. Te AE spatial b-value can provide information
about damage sites inside the material, while its magnitude
can refect the degree of local damage within the material.
Calculation parameters must be defned, and N is typically
set to 50 to attain stable b-value calculation results [40].
Other running parameters are determined based on factors
such as data volume, computational efciency, and image
resolution. Testing revealed that R, L, and H settings of

15mm, 1mm, and 100mm are appropriate for granite, and
8mm, 1mm, and 50mm for sandstone. Te incremental
gradient of r is set at 0.01mm in accordance with the ac-
curacy of AE signal acquisition during testing. Using these
parameters, the spatial b-values of HD and SD specimens are
calculated. Schematic diagrams of the spatial b-values of HD
and SD specimens are generated for diferent loading stages,
illustrated in Figures 13 and 14.

Figure 12 shows that the shotcrete-granite specimen
consists of concrete on the left and granite on the right.
Figure 13(a) reveals that when this specimen is loaded to the
P3 stage, the damage has already occurred throughout al-
most the entire height range of the interface, and the spatial
b-value on the concrete side is signifcantly smaller than that
on the granite side, indicating that the damage on the
concrete side is greater at the P3 stage. As loading continues
to the P5 stage, the development of the FPZ above the
prenotch tip persists, causing further accumulation of
damage at that location, represented by the small spatial b-
value above the prenotch tip in Figure 13(b). With further
loading, the FPZ located at the shotcrete-granite interface
continues to develop, and damages are concentrated at the
interface location. Te smallest spatial b-value in the in-
terface region can be seen in Figures 13(c) and 13(d). After
loading to stage P9, the end position of the FPZ shifts up-
ward, and the damage accumulates mainly in the middle-
upper part of the specimen cross section. Te spatial b-value
cloud plot region in Figure 13(e) corresponds to this trend.

As shown in Figure 12, the shotcrete-sandstone specimen
is composed of sandstone on the left side and concrete on the
right side. Figure 14(a) reveals that when loaded to the P3
stage, the damage range is distributed within 20mm on both
sides of the interface, implying that the microdamage depth
ranges on either side of it are similar. As the load increases to
stage P5, the FPZ above the prenotch tip continues to develop
in the sandstone. Te spatial b-value cloud in Figure 14(b)
indicates that most of the damaged area shifts to the sand-
stone side. Subsequent cracks continue to expand in the
sandstone, leading the damage to be concentrated in that
specifc area, and the smallest spatial b-value in the sandstone
region is seen in Figures 14(c) and 14(d). Once the load
reaches stage P9, the end position of the FPZ in the sandstone
shifts upward. Te spatial b-value cloud in Figure 14(e) il-
lustrates that the damage site also moves upwards and away
from the prenotch tip, indicating that new damage signals are
almost no longer generated at the stress-free fracture site.
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Figure 11: Comparison of the length of the fracture process zone.

HD

SD

Figure 12: Fracture morphology of HD and SD specimens.
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4.4. FPZ Analysis Based on Parameter Tb. Damage to
shotcrete-rock specimens involves not only the extension of
macroscopic cracks but also a signifcant accumulation of
microdamage within the fracture zone area before the
formation of macroscopic cracks. Figures 13 and 14 illustrate
that processing the AE source data, which contains some
marginal areas of minor damage, generates an AE spatial b-
value heat map covering the entire damaged area. Further
processing of these data is necessary to distinguish severely
damaged regions frommicrodamaged ones and improve the
visualization of the damage characteristics. Locations with

intense damage typically have more localized AE sources,
and localization intensity is positively correlated with the
level of damage. When calculating the spatial b-value, R, the
parameter for the datum points with dense AE source lo-
calization data, should be small. Terefore, the Hadamard
product [T] of the spatial b-value matrix [B] and the cor-
responding radius matrix [R] is calculated frst. Next, the
resulting [T] matrix is element-normalized by dividing all
elements by the maximum element value of this matrix. Tis
process generates the newmatrix [Tb], which is calculated as
follows:
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Figure 13: Schematic diagram of spatial b-value of HD specimen at diferent loading stages. (a) 0∼P3 stage. (b) P3∼P5 stage. (c) P5∼P7 stage.
(d) P7∼P9 stage. (e) P9∼end stage.
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[Tb] �
[T]

max tij􏽨 􏽩
,

[T] � [B]⊙ [R].

(4)

Te Tb values for the HD and SD specimens are calculated,
and the cracks monitored by DIC are set to black in combi-
nation with the Tb heat map to compare the relative position
relationship between the two. Te crack morphology is ob-
tained by binarization of digital image postprocessing results.
Te crack positions and Tb heat maps of the HD and SD
specimens at diferent loading stages are plotted separately, and

the comparison results are shown in Figures 15 and 16. Smaller
Tb values indicate areas of severe damage, as the parameter is
positively correlated with the spatial b-value.

As demonstrated in Figure 15(a), the height range of the
area with smaller Tb values extends from above the prenotch
tip to a height of about 80mm. Tis corresponds closely to
the location of the FPZ tip monitored by DIC. Moreover, the
Tb values reveal that the damage on the concrete side is more
signifcant than that on the granite side, indicating greater
damage severity on the concrete side when loaded up to
stage P3. When the loading continues to P5, the Tb value in
the interface region above the prenotch tip remains
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Figure 14: Schematic diagram of spatial b-value of SD specimen at diferent loading stages. (a) 0∼P3 stage. (b) P3∼P5 stage. (c) P5∼P7 stage.
(d) P7∼P9 stage. (e) P9∼end stage.
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consistently low across the domain due to the continued
development of the FPZ and accumulated damage at the
interface. As loading proceeds, the area with smaller Tb
values gradually moves upward at the shotcrete-granite
interface location. Combined with the characteristics of
crack extension monitored by DIC, these Tb values can be
used to characterize the gradual migration of the main
damage sites in the FPZ. After full development of the FPZ
(Figure 15(e)), the region with smaller Tb values migrates
synchronously with the movement of the end position of the
FPZ, and this feature illustrates the high sensitivity of Tb
values to the localization of the primary damage site.

As depicted in Figure 16(a), the crack in the shotcrete-
sandstone specimen defects directly left from the initiation
point and extends into the sandstone. Te Tb value is
smaller on the sandstone side, and the high sensitivity of
the Tb value can efectively capture signifcant damage on
this side that is consistent with crack orientation. At stage
P5 and each subsequent stage, the area of smaller Tb values
is only present on the sandstone side and corresponds
closely to the expansion path of the crack. As the FPZ
develops and gradually migrates upward, the area with
smaller Tb values also moves upward consistently with this
trend. Tis characteristic highlights the high consistency
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Figure 15: Schematic diagram of Tb of HD specimen at diferent loading stages. (a) 0∼P3 stage. (b) P3∼P5 stage. (c) P5∼P7 stage. (d) P7∼P9
stage. (e) P9∼end stage.
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between the migration of the FPZ and the changes in the Tb
values.

Te above analysis demonstrates that the Tb values can
provide a refned characterization of the location and se-
verity of fracture damage in shotcrete-rock specimens, and
their migration characteristics are consistent with the de-
velopment pattern of the FPZ monitored by DIC. Tis
suggests that AE can potentially be used to monitor the
development pattern of the FPZ inside the shotcrete-rock
specimen. It should be noted, however, that while the heat
map areas of Tb agree well with the fracture extension path,
they only provide a rough estimate of the FPZ development.

Terefore, it is necessary to explore diferent threshold
values for Tb in conjunction with the dimensions of the FPZ
monitored by DIC to better characterize the FPZ of
shotcrete-rock specimens using the Tb parameter.

Given that the ends of the FPZ of HD and SD specimens
migrate upward after stage P9, the correspondence between
the Tb values and the FPZ at diferent threshold values is
analyzed for the P9-end stages. Te results are shown in
Figures 17 and 18, respectively. Te threshold value rep-
resents the rejection of Tb values greater than the threshold
value, while retaining the ones below it. When the threshold
value is 0.50, the tip of the HD specimen’s FPZ clearly
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Figure 16: Schematic diagram of Tb of SD specimen at diferent loading stages. (a) 0∼P3 stage. (b) P3∼P5 stage. (c) P5∼P7 stage. (d) P7∼P9
stage. (e) P9∼end stage.
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Figure 17: Te Tb threshold analysis of HD specimen. (a) Te Tb threshold: 0.50. (b) Te Tb threshold: 0.56. (c) Te Tb threshold: 0.60.
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Figure 18: Continued.
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exceeds the Tb value region, and the bottom region of the SD
specimen’s Tb value is also higher than the end of its FPZ,
indicating that the threshold value of 0.50 is too small. By
adjusting the threshold value from 0.60 to 0.56 to account for
the degree of matching between the region of the Tb value
and the end-tip positions of the FPZ, the Tb value heat map
can accurately locate and characterize the size of the FPZ in
granite and sandstone, showing that the infuence of rock
type on Tb values is not signifcant. Tis is important for
structural safety monitoring as traditional DIC devices can
only monitor surface cracks and FPZ, while Tb values can
potentially be used to locate andmeasure the development of
cracks and FPZ within a structure.

Although the method established in this study has been
verifed by using the materials in this study, whether it is
suitable for the measurement of FPZ in the fracture process
of other materials needs to be verifed by further studies.
When the specimen size or material type is diferent, the
setting of some parameters in this method may also need to
be further adjusted, which will be the focus of further
research.

5. Conclusions

Te study examines the FPZ properties of shotcrete-rock
specimens under three-point bending loads with diferent
interfacial roughness using DIC and AE techniques, leading
to the following main fndings:

(1) Te lg (Sr) value is more sensitive in brittle shotcrete-
granite specimens and reaches high values before peak
load, with the peak value slightly increasing for rougher
interfaces. Shotcrete-sandstone specimens display clear
phasing characteristics at diferent loading stages.

(2) AE spatial b-value analysis enables visualization and
quantifcation of the extent and location of damage
at the shotcrete-rock interface for both types of
specimens.

(3) A new parameter, Tb-value, is derived from AE
spatial b-value to quantitatively characterize the FPZ.
Verifcation through DIC suggests that the Tb-value
can locate and quantify the size of the FPZ inside
specimens.
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