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Abstract: In order to explore the failure precursors of layered slate, five groups of slate with different bedding angles (5= 0°, 30°, 45°,
60°and 90°) were carried out using uniaxial compression tests, and the failure mode, acoustic emission (AE) parameters and multifractal
characteristics are analyzed. The relationship between multifractal spectrum width (A@) and damage evolution was discussed, and the
precursor and warning time of final failure based on multifractal were determined. The results indicate that: when the bedding angle £
increases from 0° to 90°, the failure modes of slate firstly change from tension-splitting failure to splitting-shear, then to shear slip, and
finally to tension-splitting. The sudden increase of AE counts and the continuous increase in low-frequency (LF) and high-amplitude
(HA) signals can be identified as precursors for predicting the failure of rocks. The proportions of LF-HA signals in the crack coalescence
stage firstly decrease and then increase with the increase of bedding angle, f. Furthermore, the time of the sudden increase in A¢x occurs
before the damage mutation, in details, with the increase of £, the early warning time of Acrincreases first, then decreases and then increases
again, and the early warning time of slate (#= 30°) is the longest.

Keywords: slate; bedding angle; acoustic emission; multifractal; failure precursor

1 Introduction phyllite increases first and then decreases with the increase
of dip angle by using the split Hopkinson impact tests.
Li et al.®), Sun et al.’? and Chu et al.'%! found that the

variation of slate compressive strength presents an “U”

As a metamorphic rock with significant bedding
structures in many layered rock masses in underground

engineering such as roadway and tunnel, slate is susceptible N e i fbedding di o B W
. . - tht .
to different forms of failure and controls the stability of shape With The 1.ncrease of bedding dib alllg ¢h aTlg
0] .. . et al'!l systematically analyzed the mechanical properties
underground structure". Therefore, it is of great significance o i
. . of shale with different bedding angles, and concluded
to understand the failure mechanism and precursors of
. . . that with the increase of bedding angle, the elastic modulus
layered slate for underground engineering construction o
. . of shale encounters the “decrease and the following increase”
and stability control. Numerous studies have been con- )
. . . . t .
ducted on the failure mechanism and mechanical properties wiee

for different layered rocks. For example, Liu et al.?! found In practical engineering, the precursors of rock instability

. . . [12]
that coal with different layered dip angles presents obvious are the premise of disaster warning of rockburst™=. At

anisotropy characteristic. Ye et al.”) carried out Brazilian ~ Present, numerous results have been achieved to analyze

splitting test of slate and analyzed its microscopic failure the precursors of rock fracture by using the evolution

mechanism. Tavallali et al. ) emphasized the influence characteristics of acoustic emission (AE) signal. Ganne

of microscopic parameters of layered sandstone on macro- et al.l"¥l studied the correlation between microcracks and

scopic characteristics. Ning et al.”! studied the successive
failure process of layered slate through particle flow
numerical analysis and discussed its failure mechanism.
Ou et al.'¥! discussed the mechanical properties and fracture
mechanism of layered slate by using split Hopkinson
pressure bar. Wu et al.”! found that the strength of layered
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AE. Diao et al.l'"" analyzed the variation of AE ringing
count of slate with multiple bedding angles and pointed
out that the sudden increase of ringing count could be
used as a precursor of slate instability. Through uniaxial
compression test, Li et al.'% suggested that AE quiet period,

energy rate, ringing count rate and volume expansion
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can be used as precursor indicators of rock instability
failure. Through AE frequency domain characteristics
monitoring, Wang et al.'®! proposed that the increase in
the proportion of low-frequency (LF) high-amplitude (HA)
signals could be used as precursor of rock instability. Li
et al.l'”! carried out the research on rock instability
precursor identification based on the spatial-temporal
evolution of AE. Fractal theory has also been widely
applied in the analysis of AE signals in rock failure process.
For example, Yin et al''®], Cong et al.'), Xu et al.*"
proposed that the continuous decline of fractal dimension
could be regarded as precursors of rock failure. Yuan
et al.”!! analyzed the relationship between fractal dimension
and rock strength during rock failure. Xu et al.*! studied
the similarity of fractal characteristics of rock AE signals.
Kong et al.”*! calculated the fractal dimension of time series
of coal samples and found that the fractal dimension
develops from chaos to orderly state, making it an explicit
failure precursor of coal.

Because of the nonlinear and inhomogeneous rock
failure process, simple fractals cannot reflect its macro-
scopic mechanism. Therefore, the analysis of AE
multifractal characteristics enables us to understand
the law of rock fracture. Cai et al.*!! deconstructed the
characteristics of AE signals via multifractal and expounded
the complexity of rock failure. Yang et al.>! adopted the
box counting method to calculate the multifractal spectrum
of heterogeneous rock before the uniaxial loading reaches
the peak value, and found that as the load increases, the
effect of large probability subset is obvious. Zhang et al.l*!
proposed that the dynamic changes of multifractal spectrum
parameters A and Af{ @) reflect the stress and failure
states of coal samples by analyzing the multifractal charac-
teristics of AE signals. Kong et al.*” stated that multifractal
parameters could accurately represent the damage evolution
of coal. Xu et al.”®! analyzed the variation of multifractal
parameters Acrand Af{ ) at each failure stage, and sug-
gested that their variation trends at different stages can
be used as precursors of rock instability warning.

Opverall, most of the studies on the layered rock focus
on the mechanical properties and fracture mechanism.
However, the research on the influence of bedding dip
angle on the precursor of rock instability, especially

multifractal precursors, is overlooked. In this study,

https://rocksoilmech.researchcommons.org/journal/vol43/iss3/5
DOI: 10.16285/j.rsm.2021.5879

uniaxial compression tests of slates with different bedding
dip angles (0°, 30°, 45°, 60° and 90°) are carried out to
explore the failure precursors of layered slates in com-
bination with macro failure characteristics, AE parameters
and multifractal characteristics, aiming to provide theoretical
basis for the stability evaluation and monitoring of layered

rock.

2 Experiments

2.1 Rock samples

The layered slate samples were taken from the #2
inclined well of the extra long tunnel in Muzhailing,
Gansu Province. The samples were cored into standard
cylinders with bedding dip angle of 0°, 30°, 45°, 60° and
90°, respectively. Each group contains 3 specimens with
average density of 2.68 g/cm’. The X-ray diffraction
analysis manifests that the slate is mainly composed of
quartz (50.3%) and clay minerals (46.9%). The micro-
structure is shown in Fig.1(b). The main components of

clastic clay minerals are quartz, feldspar and mica, with

A

(b) The microstructures within in slate

T

Fig.1 The photograph and microstructure of slate
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a small amount of calcite. The clastic clay minerals are
mainly illite, accounting for 47%, followed by chlorite
(25%). The micropores of the samples range from
0.01 mm to 0.12 mm, and are mainly point-to-line contact.
Microcracks are 0.01 mm in width in average and are
distributed locally.
2.2 Experimental setup

The uniaxial compression test was carried out using
a2 000 kN hydraulic servo single triaxial test system (as
shown in Fig.2). The upper and lower pads (20 mm from
the end) of the samples were mounted with AE sensors,
respectively. Coupling agent was applied between the
samples and the sensors to ensure close contact. The
Nano-30 sensor from Acoustic Physics Company of
America was used in this study. The frequency response
range of the tensors is 100—400 kHz, and the sampling
rate of AE signal is set as 2 MHz. A preload of 2 kN was
applied before the test, and then the sample was loaded

at a loading rate of 0.01 mm/min until failure.

s

—

Fig.2 Experimental equipment

3 Results

3.1 Failure characteristics of layered slate
Figure 3 shows the stress-strain curves of slates with

different bedding dip angles. The peak strength first

JR—,

_— 300 100
45° 90

---60° &O

=

-1.8-1.5-1.2-0.9-0.6—0.3 0.0 02 04 0.6 0.8 1.0
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Fig.3 Stress—strain curves of layered slate
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increases and then decreases with the increase of bedding
dip angle. The maximum and minimum peak stresses are
89.93 MPa and 29.69 MPa, respectively, corresponding
to 0° and 45° dip angles. The axial strain corresponding
to peak stress varies significantly and presents obvious
anisotropy.

Figure 4 depicts the failure types of five groups of
slates. When the bedding dip angle S is 0°, the sample
exhibits tensile splitting failure cross the bedding planes.
Due to the Poisson effect, horizontal tensile stress is
produced under the action of axial stress, and several
vertical cracks cutting through the bedding appear. The
failure mode of slate with 30° dip angle are splitting and
shear failure through and along the bedding. The shear
cracks along the bedding plane occur in somewhere, and
the rest cracks cut through the bedding and develop in
multi-segmentary folds.

When the dip angle increases to 45° and 60°, the slate
exhibits shear slip failure along the bedding plane. The
occurrence of slip cracks indicate that the maximum shear
stress of the bedding plane exceeds the shear strength,
that is, the failure of slates with bedding dip angles of
45° and 60° is controlled by the bedding plane. The failure
mode of slate with 90° dip angle is tension-splitting failure
along the bedding. Under uniaxial load, tensile cracks
occur along the bedding. As the sample can still bear load
after fracturing, the sample is bent and split afterwards
during the process of continued loading, and microcracks
are connected to form macrocracks.

To sum up, as the dip angle increases from 0° to 90°,
the failure modes of slate under uniaxial load change from
tension-splitting failure through bedding to splitting and
shear fracturing through and locally along bedding, then
to shear slip along bedding, and finally to tension-splitting
along bedding. This conclusion is basically consistent
with the phenomenon described in References [29-30],
indicating that the experimental results in this study are
reliable.

3.2 Characteristics of AE parameters
3.2.1 AE activity

Figure 5 shows the relationship between AE ringing
count, cumulative ringing count and stress—time in the
loading of layered slate. The deformation process can be
divided into five stages*!2!:
(b) Elastic stage (bc); (c) Initial cracking stage (cd); (d)

(a) Compaction stage (ab);
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(d) f=60°

Split crack

(b) f=30°

() f=45°

(e) f=90°

— Shear crack

Fig.4 Typical failure patterns of layered slate

Crack transfixion stage (de); (e) Post-peak stage (ef),
where ¢, d and e correspond to the damage stress ocd,
crack initiation stress o and peak stress o, respectively.
In Fig.5, with the continuous increase of stress, the
changes of AE ring count in different stages are distinct.
In stage ab, cracks in the slate are gradually compacted,
resulting in a small quantity of microcracks. The AE ring
counts of 0°, 30°, 45° and 60° dip angle samples are low,
and the cumulative ring counts have likely hit a plateau.
The axial stress of slate with 90° dip angle follows the
bedding plane, resulting in locally developed cracks,
dense AE signals, and a significant increase in cumulative
ringing count. When entering the stage bc, the internal
microcracks are compacted continuously, without new
cracks formed in slate. The change of cumulative ringing
count is unobvious. As the stress increases to stage cd,
the microcracks in the slates with 0°, 45° and 60° dip

angles gradually develop. The AE ring count increases

https://rocksoilmech.researchcommons.org/journal/vol43/iss3/5
DOI: 10.16285/j.rsm.2021.5879

gradually, and the cumulative ring count curve steepens
accordingly. While the 30° and 90° dip angle samples
produce less AE signals. Meanwhile, a slow crack deve-
lopment and a less significant cumulative ringing count
change are observed. When entering the stage de, a large
number of microcracks occur in slate, and the original
microcracks gradually extend and coalesce, forming
macrocracks. The AE ringing count increases rapidly.
The cumulative ringing counts of slate samples increase
drastically, except for the slate with 0° bedding dip angle,
which has a quiescent stage of 35 s. As the stress approaches
to the peak stress, the AE ringing counts of samples with
different bedding dip angles present a dramatic climb,
and the cumulative ringing count increases exponentially.
Specifically speaking, about 33.5% (0°), 32.1% (30°),
38.3% (45°), 24.3% (60°) and 54.6% (90°) ring counts are
generated during less than 1% of the total time, that is,

more and more cracks propagate thoroughly and eventually
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form macrocracks. In stage ef, the stress decreases suddenly,
the slate samples tend to be completely damaged, and
the cumulative ringing counts increase progressively.
In conclusion, the cumulative ringing counts of 45°
and 60° dip angle slates experience linear upward trends
before the entire failure. The internal microcracks evolution

is relatively regular and the failure process is relatively
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stable, which is consistent with shear slip failure charac-
teristics. In contrast, the cumulative ringing counts of
0° 30° and 90° slates fluctuate distinctly with severe
failure process, according with the features of splitting
failure. The AE ringing count unnormally increases prior
to peak failure, so the sudden increase of AE ringing count

can be obtained as the precursor of slate instability failure.
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Fig.5 The variation curves of AE counts and cumulative AE counts for slate with different 8

3.2.2 Amplitude frequency characteristics
As the main parameters of AE characteristics, amplitude

and peak frequency reflect a wealth of information of

Published by Rock and Soil Mechanics, 2022

slate failure. Fig.6 illustrates the relationship between
amplitude, peak frequency and stress-time of slate samples

in failure process. The amplitude varies from 40 dB to
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60 dB, and the peak frequency varies from 50 kHz to
350 kHz, which can be divided into three categories:
low frequency (50—150 kHz), medium frequency (150—
250 kHz) and high frequency (250350 kHz). Corres-
pondingly, the amplitude range is divided into four groups:
low amplitude (40—45 dB), middle amplitude (45—50 dB),
high amplitude (50—55 dB) and ultra-high amplitude
(5560 dB).

As shown in Fig.6, the cracks in stages ab and bc are
closed, releasing a small number of high-frequency and

low-amplitude signals. With the increase of stress (cd),

—Stress —e—Ratio of LF-HA signals

the small-scale cracks gradually propagate. A small number
of low and medium frequency signals appear, the amplitude
of the signals increases at the same time. In this case,
the ratio of low-frequency and high-amplitude (LF-HA)
signals (the ratio of the number of LF-HA signals generated
by # (5—20 s) to the total number of signals) is about
1.7%—
and coalesce into macrocracks, releasing a lot of LF signals
with higher amplitudes. The ratio of LF-HA signals

increases significantly, but there still remains high-

5.8%. In stage de, the original microcracks extend

frequency components, which is resulted from the macro

——Stress —e— Ratio of LF-HA signals

Fig. 6 The amplitude—frequency characteristic curves of slate with different §
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failure of slate containing a large number of micro-meso
fractures and generating HF signalsi®*. As the stress
approaches to the peak, slate samples are broken, in the
meanwhile, the ratio of LF-HA signals reaches its maxi-
mum, ranging from 3.6% to 15.9%. In stage ef, slate
tends to be completely failed, and thus the ratio of LF-HA
signals decreases slightly (3.4%—13.2%). Therefore, the
abrupt increase in the ratio of LF-HA signals can be
treated as a precursor of instability failure of layered
slate*4],

Before the macro failure in slate, abundant LF-HA
signals are generated, mainly concentrated in the crack
transfixion stage. In general, LF-HA signals represent
relatively large-scale micro failure. By comparing the
ratio of LF-HA signals at crack transfixion stage, the crack
propagation process before macro failure of layered slate
can be further analyzed. As illustrated in Fig.7, the ratio
of LF-HA signals first decreases and then increases with
the increase of bedding dip angle. The number of mac-
rocracks produced by slate with bedding dip angle of 45°

is the least in crack transfixion stage.

16 e LF-HA
14§ —=— Mean value
&
= 12
<
£
2
& 10 [
<
0
Sosp
G
S
2 o6r
3
~
4 |
°

0 15 30 45 60 75 90
BIC)

Fig.7 Relationship curves of the proportion of
low-frequency and high-amplitude signals for slate with
different S

In addition, the relationship between the average
frequency, AF, and the ratio of rise-time to amplitude,
RA, can be used to classify the microcracks inside the
rock], where the critical slope & (AFma/RAma>%) used
to distinguish shear and tensile cracks was set as 1.12.
The proportion of shear cracks to total cracks is displayed
in Fig.8, when the dip angle increases from 0° to 90°, the
proportion of shear cracks climbs up and then declines.
The proportion of shear cracks in slate with horizontal
bedding and vertical bedding is lower than 20%, and the

Published by Rock and Soil Mechanics, 2022

failure of slate samples is dominated by tension. However,
there are more shear microcracks in 45° and 60° dip angle
slates, accounting for 40%—50%, suggesting an obvious
shear action. Therefore, the change of the relative number
of microcracks further elucidates the transformation of

failure modes of layered slate.

50 °
® Shear crack
—m— Mean value

40

30

20

Proportion of shear crack /%

Average freqiency
Tensile crack

BIC)

Fig.8 Proportion of shear cracks to total cracks
of layered slate

4 Multifractal characteristics

Multifractal describes the inhomogeneity and complexity
of natural things in more detail. Rock failure and the
resultant plenty of AE signals are nonlinear and discrete.
Hence, the analysis of AE signals using multifractal method
enables us to reveal the internal fracture mechanism of
slate.

4.1 Multifractal spectrum

In this study, the box counting method™” was used
to calculate the multifractal spectrum of AE counting time
series of layered slate. Assuming that the time series {7}
is divided into N subsets of length #, and the probability

distribution of each subset {Pi(n)} is calculated as*®!

xy(n) = 2 p(n) ~ n*® (D

where xq(7) is the function defines allocation; 7(g) is the
quality index, —co<g<too, ¢ is the weight factor, determining
the non-uniformity of multifractal®. In general, the larger
q is, the more convincing results are. However, due to
the complexity of calculation, the value of Q is limited
to a certain range. In this paper, Q is within —20 to 20.
7(¢) is calculated by transforming Eq.(1)1*":

#(q) = lim 22 (") 2)

-0 In n
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Applying Eq.(2) Legendre transform to 7(g)-¢, we

getl40l:

,_dg) _ d (Hm lnxq(n)] .
dg dg\ 0 In n

f(e)=aq-1(q) 4

where «is the singularity index, reflecting the singularity
of {P(n)} and the degree of non-uniformity of probability
subset; fle) is the fractal dimension of subset ¢, and
represents the frequency of the AE signal subset with &
singularity during the loading process. The a— f{@) curve
is the multifractal spectrum of the calculated series, showing
the inhomogeneity and randomness of the signals. The
larger the multifractal spectrum width A= Ctnax — Omin,
the more intense the signal distribution fluctuation. Subsets
corresponding t0 Omax and Omin denote the low and high
energy signals in time series respectively, while f{nax)
and flomin) mark the frequency relations of different
energy signals. f{Omax) and f{omin) are the frequencies
of low and high energy signals. The smaller Af{o) is,
the more high energy signals are, and the higher the
degree of rock fracture is, and vice versal*®!.
4.2 Multifractal evolution of layered slate

Figure 9 shows the multifractal spectrum of AE signals
of layered slate. The overall shape of multifractal spectra
of slates with different bedding dip angles remain the
same, and Af{ @) increases first and then decreases with
the increase of A¢, indicating that the fracture of layered
slate is similar, while the different multifractal spectrum

widths reveal different micro failure characteristics.
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Fig.9 Multifractal spectrum of layered slate
As shown in Fig.10, there are sizeable differences

between the relationship curves of multifractal parameters

A @) and Ao in the loading process. In initial loading

https://rocksoilmech.researchcommons.org/journal/vol43/iss3/5
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stage (ab), the internal cracks are gradually compacted,
Aais at a lower value while Af{ @) is at a higher value.
Aa and Af{e) of 0° 30° 45° and 60° dip angle slates
fluctuate slightly. Ao of 90° dip angle slate suddenly
increases from 0.92 to 1.15 during 72-95 s, with an
increase of ~25%, while Af{@) quickly goes down from
—0.43 to —0.87, with a reduction of ~102.3%, indicating
numerous microcracks and obvious multifractal charac-
teristics. In stage bc, Acrand Af{ ) of all slate samples
keep stable. In stage cd, Aarsuddenly rises while Al @)
suddenly declines, and the multifractal characteristics
are enhanced remarkably. When entering stage de, as
the stress reaches the peak, the microcracks gradually
propagate, Acrand Af{ @) of all samples rapidly fluctuate
to the maximum. A¢ of different layered slates all experi-
ence a sudden descent followed by an ascent. Specifically,
as the dip angle increases from 0° to 90°, Aa suddenly
drops to 1.28, 1.09, 1.26, 1.42 and 1.02, respectively,
and then rises to 1.63, 1.26, 1.57, 1.55 and 1.30, indicating
that the microcracks propagation within slate is unstable
with conspicuous multifractal characteristics. Moreover,
the multifractal of 0° dip angle slate has a relatively quiet
period of 35 s. The lowest decrease and increase belong
to 60° dip angle slate, accounting for only 0.6% and 9.2%.
In the post-peak stage (ef), with the rapid reduction of
stress, all samples are completely damaged, showing a
sudden drop and rise of Acr and Af{ @), which tend to be
stable eventually.

It is worth noting that the location of decrease and
increase of Aarare discrepant for slates with different dip
angles. When the bedding dip angles are 0°, 30°, 45°,
60° and 90°, the plunges of A« correspond to 88.9%,
95.1%, 95.3%, 93.5% and 97.1% of the peak stress, while
the sudden increases of A correspond to 99.1%, 94.0%,
98.3%, 98.6% and 97.8% of the peak stress respectively.
In addition, the overall variation of multifractal spectrum
width A« corresponds to the decrease of Af{) during
slate failure process. Therefore, the change of multifractal
Ao can be selected as the instability precursor of layered

slate.

5 Multifractal warning time

Figure 11 presents the damage evolution curve of

layered slate, in which the damage variable D is defined
aglé4]
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Fig.10 Variation curves of multifractal characteristic for layered slate
SC stress approaches the peak stress, damage variable D
D==—=* (5 . . . P .
C increases exponentially. Combined with Fig.10, it can

n

where Y C; is the cumulative AE count from the beginning
of loading to time #; C;, is the cumulative count when slate
is completely broken.

As illustrated in Fig.11, in the compaction stage and
elastic stage, the damage gradually intensifies, while in
the initial cracking and crack transfixion stage, the damage
follows a linear growth, and a large number of microcracks

appear and further propagate into macrocracks. As the

Published by Rock and Soil Mechanics, 2022

be seen that A experiences a slow increase followed
by a sharp increase, which is the same as the trend of
damage curve. The slow increase of A¢ corresponds to
the gentle intension of damage, while the sudden increase
of A« attributes to the exponential growth of damage
variable!?’], indicating that the change of A« can reflect
the damage evolution of slate.

The sudden damage in rocks indicates the initiation

of macroscopic failure. Table 1 lists the time difference
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Fig.11 Damage evolution curves of layered slate

Table 1 Early warning time of Aa for layered slate

Specimen Time of mutation /s Aawarning time /s

number Aa Damage variable Value Mean value
U0-1 403.3 408.5 52
U0-2 420.8 4239 3.1 438
U0-3 430.6 436.6 6.0

U30-1 315.3 3316 163

U302 339.2 359.8 20.6 18.7
U30-3 321.6 340.8 19.2

U45-1 2213 2233 2.0

U45-2 210.7 2143 3.6 2.8
U45-3 2153 218.1 2.8

U60-1 439.1 446.1 7.0

U60-2 4513 455.2 3.9 53
U60-3 425.6 430.7 5.1

U90-1 511.5 520.5 9.0

U90-2 532.0 539.9 79 94
U90-3 537.9 549.3 114

between A« surge point and damage mutation point of
slate samples. From 0° to 90° dip angle, Acris 4.8, 18.7,
2.8, 5.3 and 9.4 s earlier than the damage mutation point,
respectively. The time difference between A mutation
point and damage mutation point is defined as warning
time, as shown in Fig.12, with the increase of bedding dip
angle, warning time increases first, then decreases and

rebounds. That is, 0°, 45° and 60° dip angle slates have

https://rocksoilmech.researchcommons.org/journal/vol43/iss3/5
DOI: 10.16285/j.rsm.2021.5879

short Aa warning times, while 30° and 90° dip angle
samples have relatively longer Ar warning times. Among
them, the longest one is 30° dip angle slate due to the
small stress drop of 30° dip angle slate before damage
mutation. The internal energy of slate is released momently,
accompanied by the rapid propagation of cracks. A starts
to increase suddenly at this point, accounting for a longer

warning time than that of other dip angle slates.
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Fig.12 Variation curve of early warning time for slate with
different 8

6 Conclusions

(1) Failure modes of layered slate vary greatly with
the change of bedding dip angle. When the dip angle
increases from 0° to 90°, the failure modes change from
tension-splitting failure to splitting-shear, then to shear
slip, and finally to tension-splitting.

(2) The abrupt increase in the ring count and the
continuous increase in the ratio of LF-HA signals can
be used as precursors to the instability of slate. The ratio
of LF-HA signals decreases first and then increases with
the increase of bedding dip angle in crack transfixion stage,
and the order from high to low is 0°>30°>90° >60°>45°

(3) Multifractal spectrum width A can also be used
as a precursor to the instability of layered slate. The change
of Acrreflects the damage evolution. It is found the sudden
increase of Acris earlier than the sudden increase of damage.
With the increase of bedding dip angle, the Ac warning
time increases first, then decreases and then rebounds.
The warning time is the longest when the bedding dip
angle is 30°.
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