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The forming of micro or mesocracks on rock surfaces is a symptom and precursor of the degradation of deep surrounding rocks
under excavation. However, the direct detection or observation of these tiny developed cracks is not practical due to the
limitation of current instruments which can only capture and recognize macrocracks. Therefore, many indirect detection ways
are proposed to acquire some precautional signals and hereby forestall damage and failure of surrounding rocks. Infrared
radiation (IRR) monitoring is one of the frequently used technologies. Current thermography derived from IRR can capture all
temperature changes including the surrounding environment; this may influence the on-site judgement due to uncertainty or
blur of generated temperature images. This paper proposes the “pseudothermography” under the true triaxial compressive test
by combining the infrared radiation data and the heat diffusion theory. Our method evenly selects 25 small regions on the
observed rock surface and uses the data obtained from these regions to derive the global temperature field which contains no
uncertainty. By comparing our method with the real temperature field, the deduced diffusion model proposed in this paper can
relatively reflect the real crack initiation under increasing loading. The experiment result proves that the attempt for the
application of heat diffusion law is feasible to indirectly reflect the formation of micro and mesocracks and, ultimately, foresee
the failure of the surrounding rock.

1. Introduction the abnormal temperature changes and obtain a temperature

distribution on the rock surface. Thus, the law of surface

Deep surrounding rocks are usually subjected to complex,
nonisobaric, triaxial stress. Following the formation of new
surrounding rocks under excavation, the horizontal stress
concentration caused by horizontal unloading usually leads
to rockburst, caving, and other destructive phenomena [1],
which endangers the safety of construction. In the deep rock
fracture study, Luong introduced an infrared monitoring
method in 1990 to detect abnormal infrared radiation when
cracks occurred [2]. Nowadays, infrared radiation detection,
as a kind of noncontact monitoring means, has been widely
applied to the study of rock fragmentation mechanism [3-
5]. By acquiring the continuous variation of the infrared
images obtained from an infrared camera, we can analyze

damage accumulation and crack development of rock mass
can be known in advance to avoid such disasters.

In recent years, many researchers have used infrared
technology to quantify the loading stage by dividing the
infrared plots into several stages [6-8]. These research results
provide robust evidence for the infrared detection of rock
fractures. Researcher Wu and his leading team compared
three forewarning methods of rock failure and concluded
that infrared signals could be used to predict the failure of
coal rocks and sandstones [9], the results also indicated that
infrared forewarning came after the warning signals of acous-
tic emission and electrical resistance detection, which pro-
vided more reliable indicator to rock failure. Sun et al. also
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confirmed this in 2019 by performing experiments on a
hard-rock pillar model and received the same outcome as
the infrared radiation thermal survey might tell the fractur-
ing of rock in the light of high stress [10]. As a result, infra-
red thermography has been shown to be a forewarning of
rock failure. In 2002, scholar Lixin Wu and his team used
infrared instruments to find out that shear failure and ten-
sile failure of rocks were reflected as rising and falling,
respectively, in the infrared temperature field [11]. Lixin
Wu believed that if shear friction between cracks occurred
in the course of rock mass collapse, the infrared radiation
temperature was bound to increase; on the contrary, if the
surface of the rock mass had tension-induced cracks or sur-
face spallation, it would allow the temperature of infrared
radiation to decrease. Therefore, the infrared monitoring
method has good reliability in the study of the failure law
of rocks.

The infrared will, however, not only measure the temper-
ature change of the rock before failure due to the detection
mechanisms of infrared instruments but also track the tem-
perature changes for the environment. Therefore, there is
normally a significant amount of noise on the edge of the ini-
tial infrared shot, which influences the engineering decision.
In the past two years, scholars have made decent progress in
the research of infrared monitoring technology [8, 12, 13].
However, limited by the instrument, infrared monitoring is
inherited with several problems such as unclear images and
local blurring around cracks; therefore, some researchers do
not directly use infrared images but use the original image
matrix data for image reconstruction [14-16]. Nevertheless,
the reprocessing of the image matrix is usually followed by
issues such as poor processing accuracy, resulting in obvious
stratified temperature distribution and making it difficult to
obtain the subtle variation of temperature.

A triaxial compression test of the fractured rock sample
was performed in this paper based on the above issues to
simulate the actual stress level of the underlying rocks after
excavations through the release of unilateral horizontal axial
stress, and infrared monitoring has been applied to observe
the stress-unloading surface of the fractured rock samples
during failure process. Influenced by the stress and the frac-
turing, the temperature of the rock surface will fluctuate
spontaneously up and down. Changes in temperature within
any dielectric substance will induce differences in tempera-
ture in the form of thermal diffusion (conduction) [17];
thus, to reduce ambient noise and local blurry issues with
infrared thermography, this paper uniformly selects 25 clear
regions without noise around the prefabricated fissure and
generates an Average Infrared Radiation Temperature
(AIRT) map based on the real observed temperature on
these 25 selected regions. By introducing the heat diffusion
equation, we deduce the change in the surrounding temper-
ature dependent on 25 groups of actual temperature
observed and obtain a clear global temperature distribution
without blurring across the prefabricated fissure. Mean-
while, traditional infrared measurement instruments can
barely capture sensitive changes in thermal diffusion, but
by choosing a particular temperature shift step, the thermal
diffusion equation can deduce minor temperature variance,
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FiGURE 1: Natural cracks on the tunnel face onsite.

which can compensate for local fuzzy problems and reflect
rock fragmentation reliably.

Therefore, the specific setting of the test and the basic
principle of thermal diffusion will be described in detail in
Section 2. In Section 3, the relationship between rock fracture
and AIRT increment will be explored by analyzing the
changes of 25 selected regions under three different confining
stress. Section 4 will deduce the global surface temperature
changes based on heat diffusion law and further analyze the
relationship between rock fracture and temperature. The last
section is a summary of the whole paper.

2. The Introduction of Research

2.1. Experimental Setting. This paper is aimed at studying the
correlation between the failure law of the fracture surround-
ing rocks after excavation in a deep roadway and the infrared
thermography data. Many scholars has studied a number of
fracture rock samples with different precast fissures. Adams
and Sines conducted experiments on brittle materials made
from polymethylmethacrylate with embedded cracks at an
angle of 20° to 70° [18]. In 1994, scholar Germanovich
researched on the mechanisms of brittle rocks with preexist-
ing cracks inclined to the compression axis under 30° and 45°
[19]. Dyskin et al. conducted similar experiments on crack-
embedded rocks with 30° and 45° prefabricated cracks in
2003 [20]. Additionally, according to onsite investigation in
Shanshan Island Gold Mine in Shandong, China, most natu-
ral cracks captured and synthesized by the ShapedMetrix 3D
system on the tunnel face are at an angle of around 45° (see
Figure 1). Therefore, a standard cubic red sandstone sample
of 150 mm is selected, and a “chord-shaped” prefabricated
fissure crack is machined at an angle into a face of the block
with a length of about 82mm and a maximum depth of
around 21 mm using a cutter shown in Figure 2. Besides, pre-
fabricated fissure at an angle of 45° ensures the same projec-
tion length of the prefabricated crack in the direction of o;.
For the convenience of research, the two tips of the prefabri-
cated crack are named tip No. 1 and tip No. 2. To focus on
the study of the fracture characteristics of the key areas
around the prefabricated crack and avoid the noise problem
at the edge of the thermography, the infrared monitoring
range of this paper is the red area (regions of interest) in
Figure 2(b). Within the infrared monitoring area, 25 small
regions are uniformly selected as the base point of the subse-
quent temperature diffusion research. The region location
diagram is shown in Figure 2(c).



Geofluids

Cutter

22 mm

150 mm

=
=

Monitoring 1|6
I
area layout

FIGURE 2: Distribution diagram of the prefabricated fissure and selected monitoring regions on red sandstones specimen.

At the beginning of the compression test, a 3000 N/s
loading rate is applied in three directions to load oy, 0,,
and o5 to the hydrostatic pressure state (0, =0,= 0;5=
2.5MPa). Then, o5 ceases to be loaded, while o, and o, are
continuously loaded to the preset surrounding pressure
(14 MPa, 22 MPa, and 30 MPa, respectively). At this time,
0, has reached its preset geostress while o;’ is unloaded
immediately to simulate the excavation of the tunnel. Finally,
the machine continues to load o, at a rate of 0.12 mm/min,
and the infrared monitoring instrument starts to work and
record the temperature change during loading until the rock
sample fails.

2.2. Law of Heat Conduction. The heat diffusion (conduc-
tion) equation was first proposed by Fourier in 1822 [21].
The equation is written as follows:

aC
=, =A(DC), (1)

where C(x,y,z,t) represents the temperature at a certain
point in space at a certain time; 0C/0t represents the temper-
ature gradient at a certain point in space; A is the Laplace
Operator; D is the thermal coeflicient which depends on the
thermal diffusion coeflicient, density, and heat capacity of
the material. According to the research of Sun et al. in 2016
[22], the thermal coefficient of red sandstones ranges
between 0.5 and 2.5 mm?/s; thus, this paper chooses D = 1.2
mm?/s in Section 4 to do further research on the deduction
of thermal diffusion.

The research object of thermal diffusion in this paper is
the tunnel face formed by roadway excavation, and only the
temperature change of the unloading surface of the fractured
rock is observed in the experiment. Therefore, Equation (1)

can be written in the following two-dimensional form:

aC(x, y, t) 0*C(x, y, t)
— 2 =D (x,y,t) ———Z 2
ot 50 ) 5 Q)
azC(x,y, )
+D,(x, 1) T

{ C|x,y,0 = (P(x,}/, t)’ (3)

ac|x,y,0 = C(x,y, t)’

Clixyyen =0 (4)

where D, and D, are the thermal coeflicient in x and y direc-

tions, respectively. Equation (2) is a second-order linear par-
tial differential equation, and Equations (3) and (4) are the
initial conditions and the boundary condition. The analytical
solution for Equation (2) is [23]:

e ((x?+y*)14Dr)

Clx,y,t) = —Dr (5)

Known by Equation (5), the temperature will decrease as
the diffusion distance and time increase, which obeys the
common sense in real life.

The solution is an exponential equation which is not a
conventional polynomial equation, so it is difficult to com-
pute, especially in the need of thousands of times of iterative
calculation by computers, because the exponential-form
solution can greatly slow down the computation speed.
Therefore, for partial differential equations, scholars usually
use the finite difference algorithm to calculate the approxi-
mate numerical solution to replace the analytical solution
and proceed to the intensive iterative calculation in com-
puters. In this paper, the explicit difference algorithm is
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FIGURE 3: Layout of monitoring regions.

selected to solve Equation (2), and the finite-difference
numerical solution can be written as follows [24]:

t+1 _ ~t t t t
Gt =G+ rx(Clayy =261, + Cly )

(6)

+ry (c,{ﬂ1 ~2C+ C! H),

where rx = D dt/dx*, ry = Dydt/dyz, rx, and ry are the mesh
ratio in x and y directions, respectively. Normally, the explicit
difference equation can converge stably if the mesh ratio is
less than 0.5. Thus, this paper selects 0.1 as the mesh ratio
to ensure enough precision in the calculation of Equation
(2). In our research, MATLAB R2020a is selected to do the
heavy computing task of heat transferring deduction. Based
on the temperature changes of 25 discrete regions, the tem-
perature changes around 25 regions are calculated and
deduced, and then, the accumulation of the global damage
and cracks on the rock surface is analyzed according to the
deduced temperature changes.

3. Analysis on Average Infrared Radiation
Temperature (AIRT)

Rock will deform and crack under triaxial compression, and
the rock deformation and fracture are usually accompanied
by the emission in energy, leading to the change in tempera-
ture which can be captured by infrared monitoring instru-
ment. The occurrence of cracks and damage is represented
as the abnormal temperature rise and drop on the real-time
thermography; thus, through these abnormal temperatures,
the law of crack propagation, deformation, and failure of rock
can be intuitively observed. By obtaining the temperature
data of 25 discrete regions in the real-time infrared tempera-
ture matrix, the AIRT increment can be obtained, and the
AIRT-by-time and AIRT histogram can be plotted therewith.
Therefore, the analysis of the crack regions and crack devel-
opment trend is possible.

3.1. Analysis of AIRT Increment under 14 MPa Confining
Stress. As indicated in Figure 3, the 25 regions of interest
are evenly distributed around the prefabricated fissure. C1

and C5 are selected as represented to be analyzed because
these two regions are very close to the two tips of the prefab-
ricated fissure where stress concentration may occur, former
research has proved that “primary cracks” normally extended
from the initial flaw due to stress concentration and intrinsic
weakness [18-20]. Therefore, the two tips are more prone to
fracture and accumulating energy and damage, which could
lead to conspicuous temperature. Besides, to be representa-
tive, C7, C21, C17, and C11 are selected as the west end, east
end, north end, and south end of the regions of interest. The
selection of these four regions indicates no favor of any spe-
cific regions except the two tips as mentioned above, which
can provide more general information to the analysis. There-
fore, only these six specific monitoring regions are selected to
demonstrate the plot of AIRT increment/stress-time under
14 MPa in Figure 4. In addition, all strength and thermogra-
phy data are attached in the supplemental file which provides
all AIRT increment/stress-time curves under 3 kinds of con-
fining stress.

Figure 4 plots the AIRT incremental changes over time
and the stress-by-time curve of fractured rock samples under
14 MPa confining stress at 6 specific monitoring regions (Cl1
C5 C7 C11 C17, and C21). According to the trend of the
AIRT increment curve of six groups, there appear different
levels of temperature drop and surge before reaching the ulti-
mate stress (indicated as blue circles) except C17. This proves
that large-scale fractures occur in different regions (only
region C17 is an exception) of the rock surface before reach-
ing the ultimate compression capacity, and this also foresees
the impending failure of the rock.

Figure 5 is a three-dimensional histogram of temperature
change before rock failure by importing AIRT increment
data of 25 monitoring regions around the crack into
MATLAB under 14 MPa confining stress. The black line in
each subfigure shows the approximate location of the prefab-
ricated crack. By observing the increment change of AIRT
before approaching the ultimate stress, it can be found that
the temperature distribution near the crack is generally bal-
anced and stable at t = 928.50 s, and the highest temperature
is at tip No. 2. Subsequently, the temperature fluctuates in a
small range and gradually forms a step-like temperature dis-
tribution pattern around the crack (f =931.51s). There is a
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FiGure 4: AIRT increment/stress-time under 14 MPa.

large degree of temperature rise in the region of C5 and C22,
indicating that a significant local stress concentration phe-
nomenon is formed at tip No. 2. After maintaining for 27 sec-
onds, a shear fracture occurred at tip No. 2, resulting in a
sudden increase in temperature at region C5 (f =958.805s).
In few seconds of heat releasing at tip No. 2, presented as
temperature decrease locally (t =960.91s), the temperature
in the whole rock surface emerges a uniform distribution
(t=971.115). Before approaching the peak stress, the tem-
perature field presents a certain degree of irregular distribu-
tion (t =1014.32's) due to the influence of the nonuniform
stress field around the prefabricated crack.

By comparing Figure 4 with Figure 5, Figure 4 can pres-
ent more intuitive variation characteristics of the tempera-
ture field before the verge of failure. Figure 5 shows that the
region near tip No. 2 is a “fracture-prone area”, presented
as “slow undulated rising, sudden increase, sudden drop,
and gradual climb-up”. Figure 5 clearly shows that, with the
gradual increase of external load, the shear stress field is grad-

ually forming at the two sides of tip No. 2, and the energy
gradually accumulates accompanied by temperature rise.
Until the occurrence of shear fracture at tip No. 2, a large
amount of elastic strain accumulated in the early stage is
released rapidly, and “shear-type temperature” increases
sharply at tip No. 2 (region C5), resulting in cracking and
partial spalling of the rock surface.

3.2. Analysis of AIRT Increment under 22 MPa Confining
Stress. Figure 6 shows the AIRT increment change adjacent
to failure around the prefabricated fissure under 22 MPa con-
fining stress. The temperature of the whole rock surface is
generally higher on the left and lower on the right before fail-
ure. Especially, on the left-wing of the prefabricated fissure,
because the two sides of the weak tip are prone to accumulate
damage and generate cracks, the shear stress field firstly
forms at tip No. 1 at t = 1053.30 s. With the increase of exter-
nal load, the shear stress field at tip No. 1 gradually expands
downward along the weak joints and fissures of the rock
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block (¢ = 1074.61 s), resulting in the temperature field on the
left side of the prefabricated fissure alternately rising from the
top to bottom (#=1083.01s—1106.40s). The heat further
radiates to the center of the rock (t =1125.32s —1144.51s)
and finally forms a “shear-type” rising temperature field. This
indicates that the cracks in the rock block are mainly caused
by a shear failure on the left side of the prefabricated fissure,
which leads to the constant growth of the temperature field.
The temperature field measured on the right side of the rock
also shows a trend of rising, but the increasing rate and
amplitude are relatively lower than that on the left side.
Moreover, the temperature field does not show an obvious
surge or dive, which indicates that the new cracks on the
right side develop slowly, and no trend of forming a macro-
fracture surface can be found. By observation, a local abnor-
mal temperature field appears when the rock is approaching
the peak stress (i.e., overall rising on the left side). The tem-
perature field of this area tends to experience rapid fluctua-
tion; at the same time, this kind of change appears a
certain degree of regularity or synchronicity (such as the
temperature alternately rising from top to bottom on the left
side of the prefabricated fissure). Therefore, these abnormal
temperature changes can be used to judge in advance
whether the rock is approaching the ultimate stress or the
critical point of failure.

3.3. Analysis of AIRT Increment under 30 MPa Confining
Stress. Figure 7 shows the temperature change of 25 monitor-
ing regions near the prefabricated fissure under 30 MPa con-
fining stress before approaching the ultimate stress. At
t=773.14s, the temperature of the whole rock surface pre-

sents a step-like distribution with a prefabricated fissure as
the boundary line. After maintaining a very short time,
because of the weakness of the tip wings, it is easy to accumu-
late energy and damage and form cracks. The temperature at
the left side of tip No. 1 suddenly surges (t =789.55s) and
then drives the dramatical growth of temperature at region
C1 (t=902.765s). This indicates the rapid formation of the
shear stress field, and it is the development of shear cracks
that cause the temperature to rise. Immediately after the for-
mation of the shear fracture at the tip No. 1 (f =931.94s), the
temperature drops slightly after energy releasing but still
remains at a higher temperature. At the same time, the
lower-left area of the prefabricated fissure experiences a tran-
sient temperature dive and rise (¢t = 902.76s), indicating that
the tensional stress field is formed in this area, and the energy
dissipation brought by the fracture results in the temperature
drop. Subsequently, due to the downward expansion of the
shear stress field at the tip of No. 1, the shear crack dominates
the failure mode on the left side of the rock surface and leads
to the temperature rising slowly again (t = 931.94s). Mean-
while, a new shear stress field (t =948.745s) is formed in
region C5, leading to a gradual increase in the temperature
field. In this process, the original ladder distribution gradu-
ally transits to a distribution pattern with lower temperature
in the middle and high temperature at two tips (t = 965.14s).

4. Diffusion Deduction Model of
AIRT Increment

AIRT increment change histogram can intuitively show the
change of temperature field before the rock reaching the peak
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Line Pseudo-code

t =0: dt : trange; % range of time

NN U W N

e e e = \O
B W= o

—
(93]

end
end
end
end
compute €, (x, y, f)
end
compute C(x, y, t)

[ S S T e e e N ]
— O O 0N

% T is the length of time set recorded by the infrared thermal instrument
load 25 selected regional AIRT data as a [T,25] matrix from the directory;
% set up the spatial and temporal mesh partition

x=0: dx : xrange; % range of x axial
y =0: dy : yrange; % range of y axial
% perform the cyclic computation of each region at each time
for u from 1 to 25% loop of 25 selected regions
for k in T % loop of discrete time set generated from infrared thermal data
set up the boundary conditions and initial conditions
for t in trange % loop of diffusion time
for i in xrange % loop of spatial x index
for j in y range % loop of spatial y index
compute Cj ; :(x, y, )

Pseupocopk 1: MATLAB Pseudocode.

stress and then obtain the law of damage accumulation and
crack diftusion in discrete regions of the rock surface. How-
ever, the AIRT incremental histogram cannot well reflect
the temperature transition between discrete regions, and it
is difficult to intuitively obtain the distribution rule of tem-
perature between regions with large temperature differences.
Therefore, this paper introduces the temperature diffusion
equation and deduces the real global temperature change.
From Figure 5 to Figure 7, the obtained AIRT is a value
that changes by time randomly; thus, ¢(x, y, t) in Equation
(3) is a set of random number but not a clear constant or a
function. Additionally, we choose an appropriate “effective
coefficient” D, to replace D, and D, in Equation (3) and
{(x,y,t) in Equation (4) to do the calculation. Therefore,
the form of the heat diffusion equation can be rewritten as

oGy t) _ O*Cy(x 31 1)
ot D. 0x2
PG, (o, @)
Lp LGlort) .
e a)/z > >
|}C 0= P keT,
7 (8)
aC|xy0
Cl(x,y)ea = 0’ (9)

where ¢, refers to each discrete temperature at a certain
time k, T is the time dataset, and Equation (7) represents
the heat diffusion equation of each discrete temperature.
Thus, each set of heat diffusion equation will have an

explicit difference numerical solution in the form of Equa-
tion (6) as follows:

t+1 _ ot t ot t
Chij= Chjj + 1%, (Ck,i+1,j 2C;; + Ck,i—l,j)

(10)
1y, (Cltc,i,j+1 - 2C§c,i,j + Cltc,i,j—l)’ keT,

where rx, = D,dt/dx* and ry,=D,dt/dy’* are the “effective
mesh ratio” in x and y direction. After the temperature
field Cy;;(x, y, t) is obtained by calculating each set of heat
diffusion equations, the global continuous temperature
field €(x,y,t) of one region can be obtained by summing
up each set of discrete temperatures field:

T
xy’ chz] x’y’ . (11)

Through Equations (10) and (11), AIRT diftusion of one
selected region is deduced with the discrete temperature
changes. Subsequently, by accumulating the AIRT diffusion
results of 25 selected regions, the global AIRT diffusion deduc-
tion map C(x, y, t) can be derived as follows:

25

Cloyt)= Y €,(x1). (12)

u=1

The pseudocode for computing the AIRT diffusion deduc-
tion model is listed in Pseudocode 1.

4.1. Analysis of AIRT Increment Conduction under 14 MPa
Confining Stress. Figure 8 is the AIRT incremental change
diffusion extrapolation map calculated by heat diffusion
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Ficure 8: Diffusion deduction model of AIRT increment under 14 MPa before peak stress (black line indicates the prefabricated crack),

reading from left to right and then up to the bottom.

law. Through the diffusion principle, the temperature around
25 discrete monitoring regions can be simulated and roughly
deduced, so as to obtain the global continuous tempera-
ture field around the prefabricated fissure. By comparing
Figures 5 and 8, it can be found that the temperature change
of the two is basically consistent, and the following rules can
be summarized from Figure 8. Firstly, when ¢ = 928.50s, the
temperature around the prefabricated fissure is relatively bal-
anced, and the highest temperature is concentrated at tip No.
2. Subsequently, the temperature in the middle of the crack
rises (t=931.51s), forming a ladder temperature pattern
with lower on the left and higher on the right; this indicates
that the shear stress field gradually developed along the pre-
fabricated fissure from tip No. 2. After a short time, the tem-
perature at tip No. 2 experiences a sudden soar and fall
(t=958.80s —960.91s), indicating that the rapid develop-
ment of cracks and the occurrence of tensile fracture happen
near tip No. 2 and highlighting the obvious temperature
anomaly. At the same time, the development direction of ten-
sile fracture changes from the bottom to the top, which leads
to the decrease of temperature in the upper region of tip
No. 2 (t=960.91s—971.11s). After this local temperature
anomaly, the temperature of tip No. 2 rises steadily again,
which leads to a gradual rise of temperature on the right
side of the prefabricated fissure (t=1014.325s). However,
the temperature in the lower left of the rock decreases
gradually, and finally, a step-like temperature layout with
lower left and higher right is formed before failure. The max-
imum temperature is still concentrated near the precast frac-
ture and at tip No. 2, indicating that the tensile stress field
developed here gradually changes into a shear stress field.
Based on the information obtained in Figure 5, the tempera-
ture variation around the monitored area can be further
understood through the temperature diffusion extrapolation

in Figure 8. This kind of deduction will be more accurate with
the extension of the deduction time, and the transition
between the deduced temperature and the observed temper-
ature will be smoother.

4.2. Analysis of AIRT Increment Conduction under 22 MPa
Confining Stress. Figure 9 shows the diffusion deduction
model of AIRT increment change before peak stress under
22 MPa confining stress. It is easy to know from observation
that the temperature change law of Figure 6 coincides with
that of Figure 9. Through the deduction of Figure 9, it can
be found that when t=1053.30s, the high temperature is
mainly concentrated at tip No. 1, and the global tempera-
ture is relatively low. Subsequently, the temperature near
tip No. 1 gradually increases (¢=1074.61s) and gradually
spreads to the left side of the precast crack (#=1083.015s),
pulling up the temperature on the left side. The temperature
on the left side gradually rises alternately from top to bottom
(t =1106.40's). In this process, the overall temperature rises
steadily (except for the lower left where there is a temperature
surge when t=1125.32s) and finally formed a temperature
layout with high temperature on the left and low temperature
on the right (t = 1144.51 s). The highest temperature appears
on the bottom left of the rock surface before failure. Accord-
ing to the temperature deduction results, it can be found that
the rock sample firstly forms a shear stress field at tip No. 1,
with the increase of external load, the shear stress field grad-
ually develops to the bottom and the middle of the rock sur-
face. The overall temperature gradually rises, and the shear
stress field finally dominates the left side of the whole rock
surface. During this process, there is no significant tempera-
ture anomaly, and the overall failure law is presented as the
steady development and expansion of shear stress field, indi-
cating that the rock sample has not undergone significant
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FiGure 9: Diffusion deduction model of AIRT increment under 22 MPa before peak stress (black line indicates the prefabricated crack),

reading from left to right and then up to the bottom.

fracture, and the microshear cracks do not form macroscopic
fault zone. This is related to the increase of confining stress
that leads to an increase in the overall strain energy capacity
of the rock sample. The deduction result agrees with the
information provided by the real temperature monitoring
data in Figure 6, which also indicates the feasibility of this
deduction method.

4.3. Analysis of AIRT Increment Conduction under 30 MPa
Confining Stress. Figure 10 is the AIRT increment change
diagram of the rock sample under 30 MPa confining stress.
According to the deduced results, it can be found that when
t =773.14s, the overall temperature near the precast crack
is low, and the temperature at tip No. 1 shows the tendency
to rise. Subsequently, a sudden increase in temperature
(t=789.555) occurs at the left of tip No. 1, which gradually
leads to a continuous temperature rise around tip No. 1
(t=902.76s) and a gradual heat diffusion to the middle
and lower part of the fissure (t =931.94s — 948.74s). At the
same time, a temperature surge (f =931.94s) occurs at tip
No. 2, which leads to a gradual rise of the temperature near
tip No. 2 and spreads to the middle of the rock. Finally,
before the rock reaches its peak strength, the overall temper-
ature near the prefabricated fissure forms a ladder pattern
which is presented as the higher at the tips and the lower in
the middle (¢t = 965.14 s), and the highest temperature is con-
centrated near two crack tips. From the above phenomenon,
it is not difficult to see that with the increase of confining
stress, the storage capacity of elastic energy increases gradu-
ally. Before reaching the peak stress, there is no obvious tem-
perature anomaly (except for the left side of tip No. 1 when
t=789.55s), and the overall temperature shows a rising
trend, indicating the stable development and expansion of
the shear stress field. This law is also highly consistent with

the temperature change law in Figure 7, which indicates that
the diffusion model proposed in this paper is also applicable
under high confining stress.

Through the analysis of triaxial compression experimen-
tal data under three groups of different confining stress, it can
be found that the AIRT/stress-time curve diagram can be
used to observe and analyze the temperature anomaly of
some key points, while the temperature analysis of the rest
regions is barely feasible. At this point, combined with AIRT
increment histogram, the global temperature field changes
can be roughly analyzed, and then, the crack initiation, clo-
sure, development, propagation rule, as well as the energy
accumulation, loss, and dissipation mechanism can be ana-
lyzed. After the introduction of the AIRT diffusion deduction
model, the temperature change around the monitoring
region can be further derived. By deducing the global contin-
uous temperature field, the temperature evolution law before
rock fracture can be analyzed in a more detailed and accurate
way, and then, the development and propagation law of
cracks can be further inferred. From the observation of the
thermography, cracks normally evolve from the tips of the
fissure firstly and propagate along the direction of the loading
orientation; this agrees with the 3D preembedded crack
experiment results from several researchers that the “pri-
mary cracks” extended from the initial flaw to the edge of
block perpendicular to the compressive load [18-20]; along-
side the “primary crack,” there exist many petal type cracks
caused by shear friction and tensile stress [25, 26]. Anderson
also support this conclusion from the view of fracture
mechanics, that is, the sharp tips can greatly enlarge the
stress concentration effect due to larger length/width ratio
of the prefabricated fissure [27]. Compared with our ther-
mography analysis, during the compression, high AIRT
anomaly begins at the tips and ends up as locally abnormal
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FiGure 10: Diffusion deduction model of AIRT increment under 30 MPa before peak stress (black line indicates the prefabricated crack),

reading from left to right and then up to the bottom.

Original thermography

Diffusion deduced model

Figure 11: Comparison of original infrared map and the diffusion deduced model at peak stress (t = 1014.32's) under 14 MPa.

temperature along the prefabricated fissure. These AIRT
anomaly can be explained by the formation of wing cracks
ready to penetrate the block or the petal cracks concentrated
around the tips [28-31].

Furthermore, it can be seen from the observation that
under lower confining stress, if the rock block has local tem-
perature abrupt change (sudden increase or sudden drop), it
means that the rock block will soon reach the peak stress and
undergo macroscopic failure. Under the medium confining
stress, if the local temperature of the rock block continues
to rise and forms an obvious temperature gap among regions,
the rock block is likely to reach the peak stress due to steady
accumulation of strain energy and damage, but the macro-
scopic failure will not occur immediately. When under the
high confining stress, the rock block has high strain energy
storage capacity and high postpeak stress, so the failure and
instability of the rock block usually lag behind the arrival of
the peak stress. The diffusion deduction model may not be
applicable to accurately foresee the failure of the rock block
under high confining stress.

4.4. Comparison of the Original Thermography and the
Diffusion Deduced Model. Since the conformity between the
AIRT increment histograms obtained by the real selected
data and the diffusion deduced models has been verified,
the next step is to clarify the difference between the original
infrared image obtained by the infrared instrument and the
deduction model derived from the diffusion law. Figure 11
provides the comparison at peak stress under 14 MPa confin-
ing stress, the original infrared thermography can be barely
recognized due to lower resolution and precision. Hence, this
paper uses MATLAB to generate the reproduced cloud map of
the original map to highlight the temperature difference. The
diffusion deduction model accords with the original thermog-
raphy to some extent as they all present a step-like distribution
with lower left-side and higher right-side. Additionally, unlike
the reproduced cloud map with obvious layer distribution, the
deduction model can present subtle temperature transition as
the minor conduction and transition within the observed
region are demonstrated clearly. Meanwhile, the reproduced
cloud map may be influenced by the environment noise in
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the original data, but the diffusion deduction results can elim-
inate the problem of noise and blur. The diffusion deduced
model with “zero-noise and blur” property prevails over the
original data and the regenerated cloud map.

5. Conclusions

(1) Before the rock sample reaches the ultimate stress
under the true triaxial compression test, the AIRT
increment at different spots around the prefabricated
fissure presents a sudden “drop and surge” phenom-
enon, indicating that the region around the fissure or
cracks is in complex deformation and stress concen-
tration state

(2) The thermal diffusion results of the temperature field
on the rock surface show that the abnormal changes
of the temperature field (the sudden increase or
decrease of the selected regions) usually occur earlier
than the peak stress of the rock under low confining
pressure, which can better predict the macroscopic
failure of the rock in advance. However, under higher
confining pressures, the abnormal changes of tem-
perature field are not conspicuous and obvious tem-
perature anomaly may be lag behind the arrival of
peak stress

(3) Compared with the temperature variation of the
selected regions in the infrared field, the introduction
of the heat diffusion deduction model can clearly and
effectively display the initiation, development, and
propagation process of the crack as well as the corre-
sponding energy dissipation law, which can further
promote the application of thermal infrared monitor-
ing method in the prediction of surrounding rock
deformation and fracture
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