
 
 

 

 
Remote Sens. 2021, 13, 1191. https://doi.org/10.3390/rs13061191 www.mdpi.com/journal/remotesensing 

Article 

Experimental Study on the Thermal Infrared Spectral Variation 
of Fractured Rock 
Jianwei Huang 1, Shanjun Liu 2,*, Wenfang Liu 2, Chunju Zhang 1, Shuiping Li 1, Min Yu 1 and Lixin Wu 3 

1 School of Civil Engineering, Hefei University of Technology, Hefei 230009, China;  
hjw1028@hfut.edu.cn (J.H.); zhangspring@hfut.edu.cn (C.Z.); lishuiping@hfut.edu.cn (S.L.); 
yumin@hfut.edu.cn (M.Y.) 

2 College of Resource and Civil Engineering, Northeastern University, Shenyang 110819, China; 
1810398@stu.neu.edu.cn 

3 School of Geoscience and Info-Physics, Central South University, Changsha 410083, China; 
wulx66@csu.edu.cn 

* Correspondence: liushanjun@mail.neu.edu.cn; Tel.: +86-24-8368-3612 

Abstract: Previous studies have shown that thermal infrared radiation (TIR) anomalies occur in the 
vicinity of fractures that form when a rock is loaded to failure. Different types of fracturing modes 
correspond to different TIR anomaly trends. However, the spectral features and the mechanisms 
responsible for the TIR changes in the fracturing stage remain poorly understood. In this paper, 
experiments involving observations of the thermal infrared spectrum (8.0–13.0 μm) of loaded sand-
stone during the fracturing stage were conducted under outdoor conditions. The experiment 
yielded the following results: (1) Different fracturing modes can lead to different trends in the spec-
tral radiance variation; (2) when an extensional fissure appeared on the rock surface, the radiance 
increased with a local peak in the 8.0–9.7 μm range; 3) when local bulging formed at the surface, the 
radiance decreased, with a local valley in the 8.0–9.7 μm range. The radiance variation caused by 
morphologic changes is the combined result of changes in both the temperature and the emissivity. 
The characteristic waveband corresponding to the reststrahlen features (RF) of quartz was mainly 
related to the emissivity change. This study provides a preliminary experimental foundation for the 
detection of crustal surface fractures via satellite-based remote sensing technology. 
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1. Introduction 
Rocks are the main constituent of the crust, and surface rocks experience dynamic 

crustal stress. The increase and accumulation of crustal stress can lead to deformation and 
fracturing of rocks, resulting in rock failure and geological disasters, such as earthquakes, 
landslides, rock bursts, and crustal ruptures. Rock failure can result in different types of 
surface fracturing modes, including extensional fissures, local bulging, and subsidence, 
along active faults [1–3]. Hence, basic information on crustal activity, including the de-
formation mode, motion state of a fault and the fracture process, can be reflected by the 
movement characteristics of surface rupture [4–6]. 

Presently, studies on the correlation between crustal movement and fault activity 
have rapidly progressed with the development of satellite-based remote sensing technol-
ogy, such as GPS [7], InSAR, and gravimetry systems [8,9]. Furthermore, satellites have 
detected thermal infrared radiation (TIR) anomalies in faulted regions before and after 
strong earthquakes [10–12]. Studies have shown that the analysis of the correlation be-
tween the TIR features and the seismic activity in an active fault area is helpful for im-
proving the accuracy of seismic TIR recognition [13,14]. 
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To determine the internal mechanisms of the TIR anomalies related to earthquakes, 
a series of experiments involving TIR imaging observations of loaded rock was performed 
[15–17]. The results showed that the TIR intensity increases as the stress increases [18,19] 
and that anomalies occur in the fracturing stage [20]. Tensile fracture and shear failure can 
lead to different trends of TIR change. The frictional heating effect is the main factor lead-
ing to TIR anomalies on the rock surface [21–24]. Thus, the temporal-spatial features of 
the TIR anomalies can indicate the fracture properties of the rock [25,26] and identify the 
instability of active faults [27]. 

However, according to TIR theory, the radiation received by the satellite sensor is 
influenced by multiple factors, and the radiative transfer is complex. Compared to satellite 
observations, the radiance is related to not only the physical temperature but also the sur-
face emissivity and background radiation under lab conditions [28–30]. Previous studies 
have focused on the variation in the total radiation energy in a certain wavelength range 
based on thermal infrared thermography, without considering the spectral radiance and 
the emissivity. The wavelength features of the TIR change were not considered. 

Therefore, further studies can be divided into two aspects. First, to investigate the 
emissivity regulation of different types of rocks and minerals, thermal infrared spectrum 
observation experiments in different lithologies [31–33], incline angles [34,35], and rough-
nesses [36,37] were performed and analyzed. Because of the relatively strong background 
radiation, emissivity under indoor conditions is easily submerged by the relatively strong 
background radiation [38,39]. The change in the roughness and observation angle can lead 
to a change in emissivity by observing the heated rock samples under lab conditions, 
thereby leading to radiance variation [40]. The morphology of the rock surface changed 
significantly when the fracturing behavior appeared and developed in the loading process. 
Therefore, we can infer that the radiance variation in fractured rock is related to not only 
the change in temperature but also the change in emissivity caused by morphological 
changes. 

Additionally, experiments on the spectral radiance variation in loaded rock were con-
ducted to reveal the wavelength features. The results showed that the radiance increases 
as the stress increases and that there are wavelength differences associated with the spec-
tral radiance variation [41,42]. The quantitative analysis results under laboratory condi-
tions showed that there are stress-sensitive wavebands of the radiance variation for 
loaded rock and that the sensitive waveband corresponds to the reststrahlen features (RF) 
waveband of the mineral components of the rock [43,44]. To reveal the mechanism of the 
sensitive waveband of the thermal infrared radiance change in the rock loading process, 
a series of meaningful work on TIR observation experiments for loaded rock was per-
formed by Freund and some scholars. The infrared radiation of the anorthosite exhibits 
clear changes because of excitation of the Si-O stretching modes before failure with the 
“P-hole” hypothesis [45]. The broad emission bands at 1170 cm−1 and 1030 cm−1 (8.7 and 
9.7 μm) also increase slightly in intensity before failure [46]. The mechanism of the energy 
deposited into the surface through p-hole recombination was explained in further studies 
[47,48]. Additionally, it has been proven that the radiance variation is easily counteracted 
under indoor conditions [49]. A thermal infrared spectrum observation experiment under 
outdoor conditions was performed, and it can be confirmed that the stress change could 
lead to not only a temperature change but also a spectral emissivity change. The thermal 
infrared spectral radiance change in the elastic stage was the comprehensive result caused 
by both the temperature and spectral emissivity change [50]. However, there remains a 
lack of studies focused on the waveband features and the mechanisms responsible for the 
spectral radiance variation of rock in the fracturing stage. 

Therefore, analysis of differences in the spectral radiance caused by different types 
of fracturing modes and the correlation between the radiance variation features and the 
fracturing mode will be helpful in exploring the mechanism responsible for the TIR 
changes in the fracturing stage. To reduce the influence of indoor background radiation 
and to be consistent with satellite-based observation conditions, observations of the TIR 
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spectrum focusing on spectral radiance changes during the fracturing stage of a horizon-
tally loaded sandstone sample were conducted under cold-sky background conditions 
[51,52]. The waveband features of the spectral radiance variation related to different frac-
turing modes and the correlation between the waveband features and the fracturing mode 
were analyzed. Then, the mechanism linking the radiance variation and the surface frac-
turing is explored. The results could provide a preliminary experimental foundation and 
advantageous wavebands for monitoring the surface fracturing modes of earthquakes via 
remote sensing technology. 

2. Materials and Methods 
2.1. Experimental System 

The experimental measuring system comprised a horizontal load-testing machine, a 
Fourier transform infrared (FT-IR) thermal infrared spectrometer, a temperature-testing 
system, and a small video camera. The establishment of the experimental system, the pa-
rameters of the instrument, and the calibration of the environment and instrument have 
been described in detail in [50]. The experiment was conducted at night from 18:00 to 21:00 
in September to avoid the influence of solar radiation. Additionally, two sheets of 1-mm-
thick polytetrafluoroethylene (PTFE) pads were placed between both of the loading ends 
and the sample. The ambient temperature change was less than 0.1 °C during the designed 
10 mins, indicating that the environment was stable and that the heat conduction could 
be ignored. 

Apart from the aforementioned instruments, to detect the generation and develop-
ment of fractures in the rock loading process accurately, the AE (acoustic emission) mon-
itoring system of PCI-2 with the R6α sensor was used [40]. Its detection frequency range 
was from 1 kHz to 3 MHz. The gain value of the preamplifier was 40 dB, and the threshold 
value of the AE sampling signal was 45 dB. To record the rock surface morphology 
changes during the loading process, one small visible-light video camera with a 960×600-
pixel resolution was positioned near the sample. 

2.2. Experimental Method 
Eight quartz sandstone samples were selected for the experiment. All the samples 

were cut into rectangles with dimensions of 10 cm×10 cm×20 cm. The top and bottom faces 
of each sample were parallel within an error of 0.1 mm. The sandstone samples were la-
beled “sy20–1” to “sy20–8”, where “sy” represents quartz sandstone [50]. 

Each sample was loaded to failure at a constant rate of 1.5 kN/s. The spectrometer 
with an observation view angle of 2.4° was placed perpendicular to the sample at a dis-
tance of 80 cm, and this distance produced a circular observation area, 4.0 cm in diameter, 
on the sample surface (the red circle in Figure 1(b)). The radiance data from the center of 
the sample surface were recorded by the spectrometer. The measured radiance under 
outdoor conditions is influenced by instrumental noise and water vapor, which could lead 
to fluctuations in the radiance data. According to the calibration results [50], radiance data 
in the wavelength range of 8.0–13.0 μm (corresponding to the atmospheric window of 
TIR and the RF waveband in the emissivity spectrum of sandstone) were selected and 
analyzed [53,54]. 

With adhesive material, the temperature probes were attached to the rock surface 
outside of the spectrometer observation area to record temperature data during the load-
ing process. The sampling rates of both the spectrometer and the temperature tester were 
set to 1 fps. The acoustic emission probe was placed on the side of the sample. A photo of 
the temperature probe and the AE probe arrangement is shown in Figure 1 (b). A period 
of static observation before the formal experiment (more than 5 min) was conducted to 
ensure that all the instruments were working consistently and that the environment was 
stable. The outdoor experimental scene and a schematic diagram of the instrument ar-
rangement are shown in Figure 1. 
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(a) (b) 

Figure 1. (a) Schematic diagram of the experimental system; (b) arrangement of the probes on the loading sandstone sam-
ple in the outdoor conditions. 

3. Results 
3.1. Fracturing Mode 

The features of earthquake-induced surface ruptures mainly include extensional fis-
sures, local uplift, bulging, and subsidence [4–6,51]. In this experiment, there are two mac-
roscopic fracturing modes: extensional fissures and local bulging. 

3.1.1. Extensional fissures 
The direction of the rupture surface is parallel to the loading direction and forms a 

“V” shape in the cross section. This rupture feature represents a tensile fracture in terms 
of mechanical properties. Six samples exhibited this type of fracturing, and Figure 2(a) 
shows a photograph of a typical sample (sy20–3). The black circle in Figure 2 represents 
the observation area of the spectrometer. 

3.1.2. Local bulging 
The second fracturing mode is local bulging of the observation surface. One side of 

the crack bulges upward, blocking the spectrometer’s view of the other side because of 
the different heights of the two sides and the resulting shadow effect and shelter effect. 
This fracturing mode was similar to the layered fracture in [51]. Two samples exhibited 
this type of fracturing, and a photograph of sy20–1 is shown in Figure 2(b). 

 
(a) (b) 

Figure 2. (a) Photographs of sample sy20–3 with fracturing mode of extensional fissures; (b) photographs of sample sy20–
1 with fracturing mode of local bulging. 
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3.2. Preprocessing Method for Radiance 
To reduce the impact of noise and to extract information related to the variation in 

radiance more accurately, a wavelet denoising method was performed. The sym5 wavelet 
basis function was selected to reduce the noise in the original radiance curve. If the stand-
ard deviation between the original radiance and the denoised radiance is less than 0.01 
W·m−2·μm−1·sr−1. Then, the difference in data processing method was performed [43,44,50]. 
The initial radiance in the loading process, L(t0,λ), was selected as the reference and sub-
tracted from the measured radiance at moment ti in the fracturing stage, L(ti,λ). The rela-
tive radiance difference between moments t0 and ti, ΔL(ti,λ), can be defined as follows: 

),(),(),( 0 λλλ tLtLtL ii −=Δ  (1)

where λ is the wavelength. ΔL(ti,λ) can be calculated and used to analyze the character-
istics of the radiance variation at different wavelengths. 

3.3. Stages Division 
Figure 3(a) shows both the sample temperature curve and the stress curve during 

the loading process. Figure 3(b) shows the spectral radiance variation curve at 9.1 μm and 
the AE energy curve. The whole loading process can be divided into three stages, i.e., 
initial stage I, elastic loading stage II and fracture development stage III. 

The sample temperature increases as the stress increases during stages I and II, re-
sulting in an overall increase of approximately 0.2 K. The increase is related to the ther-
moelastic effect and is in keeping with the results of previous studies [23–26]. The exper-
imental results for the loading sandstone in the elastic stage were analyzed in [50]. The 
increase in thermal infrared radiation in stage II was the comprehensive result of both the 
temperature and emissivity changes. The change in emissivity was the main reason lead-
ing to the waveband features of the spectral radiance change. 

However, when the stress reaches the peak value, there is an obvious peak on the AE 
curve at 429 s and rock fractures in the observation area. The extensional fissures result in 
stress relaxation and increases the contact area between rock surface and air, leading to a 
temperature decrease, as shown in Figure 3(a). A large area of decreasing temperatures in 
wall rocks and increasing temperatures in sporadic sections of the fault indicate entrance 
into the meta-instability stage [20]. However, there is a significant increase in the spectral 
radiance curve in Figure 3(b) at 429 s. There are opposite trends on the temperature vari-
ation curves and the spectral radiance variation curve. Then, with the development of 
rock fractures, the fissure expanded, and the spectral radiance increased slightly. 

 
(a) (b) 

Figure 3. (a) Temperature variation curve and stress curve of sample sy20–3; (b) spectral radiance variation curve at 9.1 
μm and AE energy curve of sample sy20–3 with the fracture mode of extensional fissures. 
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According to the previous results, the friction effect can result in a significant tem-
perature change in the microfracture development stage and fracture stage. Additionally, 
morphologic changes can lead to changes in surface roughness, inclined angle, radiation 
propagation and so on [34–37,40]. Combined with the results in the elastic stage, we can 
infer that the thermal infrared radiance change in the fracture stage is the combined result 
of both the temperature and emissivity change as well. The emissivity change with mor-
phological changes on the sample surface could be the main factor leading to spectral ra-
diance variation. 

3.4. Analysis of the Spectral Radiance Variation 
The experimental results show that the two fracturing modes result in different radi-

ance variation patterns. These two radiance variation patterns are analyzed below. 

3.4.1. Extensional Fissures 
Six samples exhibited extensional fissures, and the six curves of the radiance changes 

with wavelength are plotted in Figure 4. Figure 4 shows that the amplitudes and the local 
trends of these six curves are discrete. However, the overall trends of all the curves are 
similar, with upward trends in the range of 8.0–9.7 μm and downward trends in the range 
of 9.7–13.0 μm. 

 
Figure 4. Six radiance increment spectra of sandstone samples and the average spectrum with the 
extensional fissure mode. 

To quantitatively assess the similarity of these six radiance increment spectra, the 
average radiance spectrum for these six samples, which is defined as ΔLz(λ), was cal-
culated first. Then, the similarity coefficients between the six spectra and the ΔLz(λ) 
spectrum were calculated. The similarity coefficient results are listed in Table 1, and 
all the coefficients are larger than 0.9. The shape and wavelength features of these six 
spectra is almost in accordance with ΔLz(λ). Therefore, the ΔLz(λ) spectrum (the 
dashed curve in Figure 4) can be used to analyze the radiance variation characteristics 
of the sandstone samples with extensional fissures. 

Table 1. The similarity coefficients of the radiance increment spectra of six sandstone samples and 
the average spectrum with extensional fissures. 

Specimen Similarity Coefficient 
sy20–2 0.99 
sy20–3 0.91 
sy20–4 0.96 
sy20–6 0.99 
sy20–7 0.98 
sy20–8 0.96 
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Figure 4 shows that the amplitude of ΔLz(λ) is relatively large in the 8.0–9.7 μm range 
with an “M” shape. And the curve exhibits a decreasing–increasing–decreasing trend in 
the 9.7–13.0 μm range. There are three local peaks at 8.4 μm, 9.1 μm, and 12.7 μm and two 
local valleys at 8.6 μm and 12.2 μm in the ΔLz(λ) curve. The curve reaches a global maxi-
mum value at 9.1 μm. 

Then, a comparative analysis of ΔLz(λ) and the ε(λ) curve of for sandstone was con-
ducted. ε(λ) is the emissivity spectrum of sandstone surface in the static condition. Figure 
5 shows that the trends of these two curves are opposite throughout the entire wavelength 
range. The two local valleys at 8.0–9.7 μm and 12.2–13.0 μm on the ε(λ) curve correspond 
to two peaks on the ΔLz(λ) curve. Based on the spectral emissivity features of the sand-
stone samples, these two wavelength ranges correspond to the RF waveband of ε(λ). It 
can be inferred that a correlation exists between the radiance variation and emissivity. 

 
Figure 5. Comparison results between the average spectrum of radiance increment with the exten-
sional fissure mode and the static emissivity spectrum of sandstone. 

3.4.2. Local Bulging 
When local bulging appears at the sample surface, the radiance decreases compared 

to that of the previous moment prior to fracturing (the end of the elastic stage). The 
changes in radiance between the moments after and before the rupture for these two sam-
ples were calculated, and the curves are plotted in Figure 6 as the solid line. The trends of 
the curves are similar, and the average curve, ΔLF(λ), is also plotted in Figure 6 as a dashed 
line. 

Figure 6 shows that 1) the ΔLF(λ) curve is negative over the entire wavelength range, 
indicating that the radiance decreases when local bulging appears; 2) there are two local 
valleys at 8.0–9.7 μm and 12.2–13.0 μm, with the former featuring a greater depth that 
reaches a minimum at 9.1 μm; and 3) the trend of ΔLF(λ) is similar to that of ε(λ) in Figure 
5. The radiance variation caused by local bulging is therefore also related to the emissivity. 

 
Figure 6. The radiance difference spectra after and before for the sandstone samples of local bulg-
ing. 
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4. Discussion 
The experimental results of these two fracture modes indicated that there is an effec-

tive temporal–spatial corresponding relationship between the spectral radiance variation 
and the fracture mode. Compared to the results of the radiance variation and temperature 
change, it can be inferred that the radiance variation patterns caused by different fractur-
ing modes are both related to ε(λ) in addition to the temperature change. Therefore, the 
radiance components received by the sensor are analyzed first. Then, the factors and the 
mechanism responsible for the radiance variations associated with the two fracturing 
modes are analyzed. 

4.1. Theoretical Analysis of the Energy Components Reaching the Spectrometer 
According to the working principle of the spectrometer, the atmospheric effects can 

be minimized by taking measurements close to the target surface. The spectral radiance 
field reaching the sensor in the static condition, L0(h,θ,λ), can be defined as follows [29,30]: 

)()],(1[),(),(),,(0 λλθελλθελθ dwrtsbbt LTLhL −+=  (2)

where Ts is the temperature of the sample surface (K), λ is the wavelength (μm); h is the 
height of the instrument above the sample (m); θ is the zenith angle of the sensor with 
respect to the earth normal; θt is the zenith angle of the sensor with respect to the target 
normal; ε(θt,λ) is the static spectral emissivity at a zenith angle of θt. Ldwr(λ) is the down-
welling radiance under the experimental conditions (W·m−2·μm−1·sr−1), which was meas-
ured with an InfraGold standard reflecting plate; and Lbb(Ts,λ) is the spectral blackbody 
radiance at a temperature of Ts (W·m−2·μm−1·sr−1), which can be calculated via Planck’s 
law. The observation angles θ and θt and the height h can be regarded as constants during 
the loading process. Based on these assumptions, Equation (2) reduces to the following: 

)()](1[),()()(0 λλελλελ dwrsbb LTLL −+=  (3)

Equation (3) shows that the static radiance reaching the sensor is related to three 
factors: the temperature of the target surface, Ts; the surface emissivity, ε(λ); and the 
downwelling radiance, Ldwr(λ), which can be regarded as constant during the relatively 
short loading period (which is less than 10 min). The temperature of the sample changes 
because of the frictional heating effect and the stress relaxation in the fracturing stage 
[22,23]. Additionally, changes in the surface morphology can lead to changes in emissiv-
ity. Hence, the radiance variation is mainly caused by the temperature variation, ΔTs, and 
emissivity variation, Δε(λ). The radiance in the fracturing stage can be expressed as fol-
lows: 

)()]()(1[),()]()([)(1 λλελελλελελ dwrssbb LTTLL Δ−−+Δ+Δ+=  (4)

The change in the radiance during the fracturing stage compared to the radiance at 
the initial moment, ΔL1(λ), can be expressed as follows: 

)](),()[()],(),()[(
)()()( 011

λλλελλλε
λλλ

dwrssbbsbbssbb LTTLTLTTL
LLL

−Δ+Δ+−Δ+=
−=Δ  (5)

Equation (5) shows that the radiance variation is affected by both the temperature 
and the emissivity variation. The first part is the radiance variation related only to tem-
perature change, ΔLT(λ) = ε(λ)[Lbb(Ts + ΔTs,λ) - Lbb(Ts,λ)]. The waveband feature of ΔLT(λ) 
have been discussed in [50]; the second part is the radiance variation related to both the 
temperature and emissivity changes, ΔLε(λ) = Δε(λ)[Lbb(Ts + ΔTs,λ) - Ldwr(λ)]. The trends of 
ΔTs and Δε(λ) differ between the two fracturing modes, leading to different trends in the 
radiance variation. Therefore, the mechanisms of the radiance variation for the two frac-
turing modes are analyzed separately in the followings paragraphs. 
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4.2. The Mechanism of Radiance Variation for Extensional Fissures 
When extensional fissures appear on the surface, the fracture region can be re-

garded as a cavity with a “V”–shaped cross section. Osterloo classified the cavity ef-
fect into high reflection cavities (HRCs) and low reflection cavities (LRCs), and the multi-
ple reflections of HRCs can result in shallowing of spectral features [37]. The schematic 
for the radiation transmission is plotted in Figure 7, which is similar to the HRC. More 
than one reflection of the radiation occurs before it exits the cavity. Hence, the radi-
ance received by the spectrometer can be divided into two parts: 1) the radiation in 

①the intact region that travels directly to the sensor, labeled  in Figure 7, and 2) the 
radiation in the fractured region repeatedly reflected by the interior of the fracture 
before traveling to the sensor, labeled ②  and ③ in Figure 7. Because of the complex 
directionality of multiple reflections, the radiation at a relative large zenith angle can-
not be received by the radiometer. The radiation in the certain angle range received 
by the instrument represents a comprehensive product from the cavity’s surface. 

 
Figure 7. Schematic for the entire observation area with the radiation transmission model of the 
cavity effect. 

Therefore, an extensional fissure will lead to a radiance change. Farden showed that 
the cavity effect will change the effective emissivity, which can be defined as follows [55]: 

1)](1[1)( +−−= n
e λελε  (6)

where εe(λ) is the effective emissivity, n is the number of reflections, and ε(λ) is the 
emissivity of the intact region and the interior walls. The difference in emissivity val-
ues between the fractured region and the original intact surface, Δε(λ), can be defined 
as follows: 

})](1[1)]{(1[)( nλελελε −−−=Δ  (7)

Equation (7) shows that 1) the values of ε(λ) are different at different wavelengths in 
the range of 0–1 (plotted in Figure 5), leading to different positive values on the Δε(λ) 
curve. Thus, εe(λ) increases when a tensile fissure appears, and Δε(λ) is a function of the 
wavelength. 2) Because n is affected by the depth and width of the cavity, an increase in 
n could lead to a larger variation in emissivity. Hence, different types of extensional fis-
sures could result in different changes in emissivity. 

To verify that Δε(λ) is caused by the cavity effect, this study assumed n = 1 and then 
calculated the ε(λ), εe(λ) and Δε(λ) curves, which are plotted as the dot-dashed line, the 
solid line and the dashed line, respectively, in Figure 8. The following conclusions were 
reached. 1) There are still local valleys at 8.0–9.7 μm and 12.2–13.0 μm in the εe(λ) curve 
after 1 reflection, but the depths of the valleys are significantly less than those of ε(λ). 2) 
There are two peaks on the Δε(λ) curve, which indicates that Δε(λ) is relatively large in the 
RF wavelength range. 3) The magnitude of Δε(λ) caused by the cavity effect is 10−1. 
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Figure 8. Simulation of the effective emissivity spectra caused by the cavity effect for quartz sand-
stone. 

Considering that the Δε(λ) curve cannot be measured directly in the experiment, the 
variation in the emissivity should be analyzed based on the radiance variation data. Fig-
ure 2 shows that the observation area is composed of intact and fractured regions. As the 
Δε(λ) and ΔTs values are different in these two regions, the measured radiance is the 
weighted average value of the radiance from both the intact region, LW(λ), and the frac-
tured region, LP(λ). The radiance in these two regions can be calculated as follows: 

)()]()(1[),()]()([)( λλελελλελελ dwrPPSbbPP LTTLL Δ−−+Δ+Δ+=  (8)

)()]()(1[),()]()([)( λλελελλελελ dwrWWSbbWW LTTLL Δ−−+Δ+Δ+=  (9)

where ΔεP(λ) is the emissivity variation in the fractured region caused by the cavity effect, 
which is calculated with Equation (7); ΔεW(λ) is the emissivity variation in the intact re-
gion, which is equal to the emissivity variation related to the stress variation at the end of 
the elastic stage [50]; ΔTP and ΔTW are the temperature variations in the fractured and 
intact regions, respectively; and Ldwr(λ) was considered stable during the loading process. 
Figure 2 shows that the gray information of the two regions is different, and the areas of 
the two regions and the observation area can be calculated by the image binarization pro-
cess based on the photograph. Therefore, the total radiance received by the sensor after 
an extensional fissure appeared, L2(λ), can be expressed as follows: 

)()1()()(2 λλλ WP LppLL −+=  (10)

where p is the ratio of the fractured region to the whole circular observation region. The 
radiance variation compared to the initial moment, ΔL2(λ), can be expressed as follows: 

)()()1()()()()( 0022 λλλλλλ LLppLLLL WP −−+=−=Δ  (11)

Based on the measured data and the photograph of sample sy20–3, the results show 
that the ratio of the fractured region p = 0.1. The ΔTW decreases by −0.13 K from 288.81 K 
to 288.68 K in stage III. LP(λ) is the combined result of the reflections in the cavity region, 
while ΔεP(λ) and ΔTP cannot be measured directly. Both the reflections and ΔTP are ad-
justed step-by-step to obtain a result that closely matches the measured radiance spectra 
(the solid line in Figure 9). The best fitting calculated radiance spectra, where n = 2.2 and 
ΔTP = 0.52 °C, is plotted in Figure 9 as the dashed line. The comparison shows that the 
trends of these two curves are similar, with a relatively large local peak at 8.0–9.7 μm and 
a smaller local peak at 12.3–13.0 μm. 
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Figure 9. Measured and calculated ΔL spectrum of the cavity effect for sample sy20–3. 

Additionally, irregularities in the cross sections and fissures could lead to differences 
between the calculated and measured results for each sample. Furthermore, differences in 
the aspects of the fissures, such as the length, depth, width, and path, among the six sam-
ples could lead to differences in amplitude among the six curves. However, the similarity 
between the overall trend of the six measured radiance curves and the simulated results 
shows that the radiance variation associated with extensional fissures is caused by the 
combined effects of temperature and emissivity changes. The increase in εe(λ) caused by 
the cavity effect is the main factor leading to an increase in radiance and peaks in the RF 
wavelength range. 

4.3. The Mechanism of Radiance Variation for Local Bulging 
Figure 6 shows that the radiance following the formation of local bulging on the ob-

servation surface is less than that prior to the formation of local bulging. The trend of the 
ΔLF(λ) curve is similar to that of the ε(λ) curve. Compared to the spectral radiance de-
crease result in this paper, the microwave brightness temperature decreases when layered 
fractures appear on the observation surface with a similar layered fracturing mode in [51]. 
According to the fracturing mode and the surface morphology of local bulging, the 
schematic for the radiation transmission was plotted in Figure 10. Based on the theo-
retical analysis, the emissivity and temperature variation can be analyzed as follows: 

 
Figure 10. Schematic for the radiation transmission of local bulging. 

1. The radiance received at the initial moment travels perpendicularly to the sample 
surface, which is ①labeled  in Figure 10. 

2. Compared to the perpendicular radiation, the local bulging could lead to a change 
in the observation angle θt on the flat inclined surface and raised surface, which is 
labeled ② and ③ in Figure 10, respectively. The raised surface can be regarded 
as multiple continuous smooth facets with different inclined angles. The change in θt 
lead to a decrease in ε(λ) [34,35], resulting in a decrease in radiance. 
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3. There could be multiple fracture layers leading to different heights, resulting in the 
interaction. The change in radiance propagation can decrease the received radiance. 
The shadow and shelter effect [55] by the interaction between the fractured and in-
tact regions can affect the received radiance, which is labeled ④ in Figure 10. It is 
noted that the cavity effect can also result by the interaction of multiple inclined sur-
faces. The enhanced radiance emitted at a large angle cannot be received by the 
sensor. 

4. According to the thermoelastic effect, the stress relaxation in the fractured region 
causes a decrease in temperature. The contact area between the sample and the envi-
ronment increased when local bulging appeared. The improvement of the heat dissi-
pation area can lead to a decrease in the temperature as well. 
Therefore, the radiance variation for local bulging exhibits complex relationships 

with the changes in the temperature and emissivity. An analysis was performed to simu-
late the radiance variation. The radiance variation caused by local bulging, ΔL3(λ), can be 
defined as follows: 

)](),()[()],(),()[()( 3333333 λλλελλλελ dwrssbbsbbssbb LTTLTLTTLL −Δ+Δ+−Δ+=Δ  (12)

where ε3(λ) and Ts3 are the emissivity and the temperature of the sample surface at the 
end of the elastic stage, which are equal to εW(λ) + ΔεW(λ) and TS + ΔTW in Equation (9), 
respectively, and Δε3(λ) and ΔTs3 are the effective emissivity and temperature variations 
of the entire observation area, respectively, in the fracturing stage. Δε3(λ) can be calculated 
based on the radiance variation results as follows: 
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ε3(λ) and Ldwr(λ) can be measured under static conditions, and ΔL3(λ) and ΔTs3 were 
measured in the fracturing stage. The Δε3(λ) curves of the two samples (the solid lines) 
and the average curve (the dashed line) are plotted in Figure 10. 

Figure 11 reveals the following points. 1) The Δε3(λ) curve is negative for the entire 
wavelength range, and there is a local valley in the RF wavelength range. Therefore, the 
effective emissivity decreases for this fracturing mode. 2) The magnitude of Δε3(λ) is 10−3, 
which is much lower than that of the extensional fissures. 3) The Δε3(λ) curve fluctuates 
in the 9.7–12.0 μm range. 

 
Figure 11. The emissivity variation spectrum of sandstone samples after and before bulging out-
wards. 

The complexity of the morphology changes could result in the diversity of the radi-
ance changes associated with the local bulging mode because of the following reasons: (a) 
the diversity of the changes in the morphology, angle, and temperature decrease; (b) the 
area and the angle of the bulging could lead to diverse changes in the interaction and 
shadow effects; and (c) some particles appeared on the fractured surface, and the change 
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in surface roughness can result in surface scattering and volume scattering [36,37], thereby 
affecting the emissivity in the 9.7–12.0 μm range (corresponding to the transparency fea-
ture (TF) waveband of sandstone). 

4.4. The Potential Significance of Emissivity Changes in the Fracturing Stage For the Experi-
mental Condition 
4.4.1. The Contribution of the Emissivity Change 

This work confirms that the radiance variation is related to not only the temperature 
change but also the emissivity change after rock fracture in the outdoor condition. How-
ever, the radiance variation in the fracturing stage was not further analyzed in the previ-
ous studies under lab conditions [42–45]. Based on the theoretical analysis in this manu-
script, the radiance variation can be discussed as follows. First, the lab (indoor) condition 
can be regarded as enclosed, and the downwelling radiance in the indoor condition, 
Ldwrin(λ), can be confirmed as the radiance of the blackbody [38,39]. Then, the ambient tem-
perature in the indoor condition is close to the sample temperature; therefore, Ldwrin(λ) ≈ 
Lbb(TS,λ), so Equation (3) can be transformed as: 

),()()](1[),()()(0 λλλελλελ sbbdwrinsbb TLLTLL ≈−+=  (14)

Equation (14) indicates that the radiance change caused by Δε(λ) related to the frac-
turing mode is offset by the reflection from Ldwrin(λ). The significant variation in Δε(λ) 
caused by the cavity effect and the roughness change in stage III is ignored, and Δε(λ) 
cannot be extracted by the radiance variation. 

Compared to the results during the elastic stage, the stress change of 35 MPa can 
result in a change in the magnitude of the instantaneous dipole moment of the molecules 
in the mineral at the microscale, thereby leading to a change in emissivity with a magni-
tude of 10−3 [50]. However, the morphological changes on the sample surface could change 
the emissivity on the macroscale, which is much more significant than that in the elastic 
stage. The contribution of the emissivity change to the radiance change can be discussed 
as follows: 

Figure 8 and Figure 9 show that differences in the emissivity change can lead to dif-
ferences in the radiance variation. ε(12.3) ≈ 1 and ΔεP(12.3) can be neglected. Therefore, 
the ΔL2(12.3), with a value of 0.05 W·m−2·μm−1·sr−1, is mainly caused by the temperature 
change. In contrast, ΔεP(9.1) ≈ 0.23, which indicates that ΔL2(9.1), with a value of 0.19 
W·m−2·μm−1·sr−1, is related to changes in both the temperature and the emissivity. The the-
oretical results according to Planck’s law show that the value of the radiance variation 
related only to a slight temperature change at 9.1 μm is approximately equal to the radi-
ance value at 12.3 μm [50]. Thus, ΔLT(12.3) ≈ ΔLT(9.1) = 0.05 W·m−2·μm−1·sr−1. Therefore, the 
radiance variation related to the emissivity change is ΔLε(9.1) = 0.14 W·m−2·μm−1·sr−1. Con-
sidering the ratio of the fractured region p = 0.1, the true value of the radiance variation 
related to the emissivity change in the fractured region is much larger than that of the 
temperature change. Additionally, Figure 11 shows that a change in the effective emissiv-
ity (representing the whole circular observation region) with a magnitude of 10−3 could 
lead to a change in radiance with a magnitude of 10−2. Hence, a slight change in emissivity 
can result in a relatively large change in radiance in a certain waveband. 

4.4.2. Sensitive Waveband Selection for Satellite Observation Conditions 
To date, most researchers studying TIR anomalies have focused on those occurring 

before earthquakes. However, positive thermal anomalies have also been observed after 
earthquakes in some cases. The case of the Kunlun earthquake (Ms 8.1, 2001) was analyzed 
on the basis of NOAA satellite TIR data. The image of the anomaly belt clearly shows the 
450-km-long seismogenic fault one day after the earthquake, which is consistent with the 
surface rupture area identified by the field investigation [56]. Additionally, the brightness 
temperatures before and after the Yushu earthquake (Ms 7.1, 2010) were analyzed using 
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MODIS data to obtain TIR variation information for the active fault related to the earth-
quake. The results show that a TIR anomaly appeared not only before the earthquake but 
also after the earthquake [57]. An obvious increase in brightness temperature was ob-
served during the 7–16 days after the earthquake, and surface rupture was found in the 
anomaly area during the field investigation [58]. The mechanism responsible for the TIR 
anomalies was inferred to be some relationship between the frictional heating effect and 
the degassing of vapor and CO2 along the faults during the earthquake. Spatial relation-
ships exist between TIR anomalies and surface fractures after earthquakes [13].  

Because of the diversity of mineral composition, the RF wavebands of the static emis-
sivity spectrum for the different rocks are different. Apart from sandstone, more types of 
rocks can be selected as experimental samples. If it can be confirmed that the feature wave-
band of spectral radiance variation for different loading rocks corresponds to the RF 
waveband of the static emissivity spectrum, the experimental result can be used as an 
indication for waveband selection for rock stress conditions and fracturing behavior mon-
itoring via thermal infrared spectrum technology [59]. Combined with the waveband fea-
tures, the temporal-spatial characteristics of thermal infrared anomalies before middle-
strong earthquakes can be extracted more accurately. 

Therefore, in addition to the temperature changes and the degassing of underground 
gas, the emissivity changes caused by surface rupture should also be taken into account 
in the analysis of TIR anomalies after earthquakes. Although the changes related to sur-
face ruptures are relatively small at the satellite observation scale, the changes in radiance 
related to changes in emissivity cannot be ignored. 

4.5. The Difficulty for Further Application 
However, it remains difficult to extend the experimental results for remote sensing 

observations, and the following aspects should be considered. 
First, there is no significant precursor on the spectral radiance curve for fracture mon-

itoring. The spectral radiance changed obviously when macroscale fracture appeared in 
the observation area with obvious AE energy. The radiance change could not be sensitive 
to micro-fractures in this study. Therefore, the samples with different lithology and fault 
structures can be selected for further studies to reveal the relationship between the ther-
mal infrared spectrum results and the identification of the fracturing mode. 

Second, the observation distance in the experimental condition is at the level of me-
ters, and the diameter of the observation area is at the level of centimeters. However, the 
orbit height of satellite observations is approximately several hundred kilometers, leading 
to a large spatial resolution. The spatial resolution of TIRS for Landsat 8 is 100 meters. The 
inhomogeneity in geological structure and lithology can result in the complexity of the 
fracturing mode. And changes in the morphology, roughness, angular effect [60,61], and 
coverage [62] have an important effect on the thermal infrared radiance as well as the 
emissivity. Additionally, the spectral radiance variation could be counteracted when these 
two fracturing modes exist simultaneously in the fracturing stage because of the opposite 
spectral radiance variation trend. 

5. Conclusions 
Previous studies have shown that TIR anomalies are mainly related to temperature 

changes caused by the frictional heating effect and stress relaxation in the fracturing stage. 
However, the influence of the morphology change during the fracturing stage was taken 
into consideration in this study, and observations of the thermal infrared spectrum for 
loaded rock were conducted under outdoor conditions. The variation patterns in the spec-
tral radiance associated with different fracturing modes were analyzed, and the following 
conclusions were reached: 
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1. Different fracturing modes can lead to different patterns of radiance change. The 
fracturing mode has an important influence on the characteristics of the radiance var-
iation. 

2. The radiance increased considerably, with peaks in the range of 8.0–9.7 μm on the 
radiance variation curve, when extensional fissures appeared on the sample surface. 
The emissivity change caused by the cavity effect is the main factor leading to the 
radiance variation. 

3. When local bulging appeared on the sample surface, the radiance decreased, with 
local valleys in the range of 8.0–9.7 μm. The diverse morphological changes related 
to bulging can lead to complex radiance variation. 

4. The radiance variation is the combined effect of changes in both temperature and 
emissivity. The different types of emissivity changes during the fracturing stage are 
the main causes of the differences in the radiance change. 
Note that these experimental results can provide a foundation for monitoring surface 

ruptures at the satellite observation scale via TIR data. Considering the diversity of lithol-
ogy and the complexity of geological structure, the rock samples with different mineral 
compositions should be concerned to confirm the wavelength features firstly for the fur-
ther studies. Then, the rock samples with fault structures can be designed to simulate ge-
ological structure. However, the TIR information for rocks on the ground is affected by 
multiple factors, and the fracturing forms are much more complex in actual geological 
disasters. Hence, detecting the surface rupture and fracturing from via satellite-based TIR 
remote sensing methods remains challenging. 
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