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Abstract
This paper presents acoustic integrated uniaxial compression tests on 11 types of rock specimens to investigate their acoustic 
behavior and brittleness properties. Thin section analysis was used to characterize the mineral composition and structural 
characteristics of the rocks, and their grain uniformity was quantified using the weighted variable coefficient. The acoustic 
signals of the 11 types of rock specimens during uniaxial compression were monitored and recorded in real time using ultra-
sonic and acoustic emission (AE) testing technologies. The relationships between grain characteristics, mineral composition, 
and acoustic behaviors were investigated. The results showed that the centroid frequency (Fcf) and transmission coefficient 
(Tcf) of the rocks were generally positively correlated with grain uniformity, and mineral grain size had different effects on 
igneous and sedimentary rocks. The ultrasonic (Vp,, Fcf, Tcf) and damage (D3) characteristics were significantly influenced by 
the three main mineral compositions (quartz, plagioclase, and k-feldspar). Additionally, differences in the percentage growth 
of Fcf and Tcf in igneous, sedimentary, and metamorphic rocks were explored and attributed to differences in the structural 
construction and abundance of initial microcracks. A novel brittleness index for rocks was established based on the ultrasonic 
characteristic parameters and mineral composition, and the existing brittleness index based on AE parameters was improved.

Keywords  Ultrasonic · Lithology · Wave velocity · Mineral composition · Particle size · Brittleness index

Introduction

Rocks, as the foundation of underground engineering, are 
characterized by varying degrees of porosity and micro-
cracks that result from differences in lithology and stress 
state. Under external loads and environmental conditions, 
these microdefects can propagate and coalesce, resulting in 
macroscopic rock deformation (Liu et al. 2019; Zhou et al. 
2022). The progressive failure of rocks due to crack propa-
gation is a crucial factor in determining the stability and 
sustainable utilization of rock structures. Therefore, it is 

essential to study the microcracking and deformation behav-
ior of rocks from a microscopic perspective.

In the past decades, numerous scholars have studied  
the microscopic characteristics and microcrack extension 
behavior of rocks by microscopic observation techniques 
such as acoustic measurements (AE technology and ultra-
sonic testing technology), scanning electron microscopy (Li 
et al. 2011; Zhou et al. 2023), X-ray computed tomography 
(CT) (Bam et al. 2020), and nuclear magnetic resonance 
imaging (Gingras et al. 2002; Zhang et al. 2022). Acoustic 
measurements have the advantages of convenient operation, 
real-time monitoring, and nondestructive measurement, so 
they are widely used in laboratory tests. In terms of AE tech-
nology, the progressive damage process of rocks has been  
studied using characteristic parameters, such as AE ring-
ing counts (Wang et al. 2022), AE energy (Du et al. 2021), 
AE counts, and the damage differences of different rocks 
have been found (Tang et al. 2021; Zhao et al. 2021, 2023). 
In terms of ultrasonic testing technology, the propagation 
characteristics of ultrasonic waves in rocks under uniaxial 
compression have been studied extensively (Lian et  al. 
2019; Greenfield and Graham 1996; Wu et al. 2021), and 
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the evolution of elastic wave velocity has been investigated 
mainly by changing cyclic loading conditions (Yang et al. 
2020a), loading methods (Sayers 1995), and rock types 
(Atici 2010; Shirole et al. 2018). Furthermore, in order to 
study the influence of rock joints, fillers, seepage (Yang 
et al. 2019, 2020b) on elastic wave propagation and attenu-
ation, some scholars have performed quantitative analysis 
by using the anisotropy coefficient, attenuation coefficient, 
quality factor, and other parameters. The above results indi-
cate that the acoustic characteristic parameters of rocks are 
closely related to the internal microstructure of rocks.

Due to differences in diagenesis and tectonics, the inter-
nal microstructure of rocks changes significantly during 
their formation (Meng et al. 2002), such as mineral com-
position, textural characteristics (i.e., grain size, distribu-
tion and shape), structural construction, microcracks, and 
porosity (Ozcelik et al. 2013; Wang et al. 2020). Many 
scholars have studied the mechanical properties and ultra-
sonic characteristics of rocks from a microscopic perspec-
tive. Yao et al. (2020) studied the microstructure, mineral 
composition, and cementation type of 16 sandstones, and 
found that strength, modulus, cohesion, and friction coef-
ficient increased with increasing quartz content and grain 
contact, while decreased with increasing plagioclase and 
clay mineral content. Wong et al. (2018) investigated the 
effect of quartz content in igneous rocks on rock strength 
and related microcracking behavior using PFC2D software, 
and discussed the effect of mineral distribution on mechani-
cal properties. Ajalloeian et al. (2020) measured ultrasonic 
pulse velocity and dynamic elastic constants in 10 granites 
with different lithological characteristics and found that 
wave velocity and elastic modulus were negatively corre-
lated with grain size, but positively correlated with quartz 
content. Additionally, Mayr and Burkhardt (2006) and Li 
et al. (2018) studied the influence of porosity on ultrasonic 
characteristics and concluded that the wave velocity of 
rocks decreased with increasing porosity.

Researchers have noted that structural characteristics 
have a greater impact on rock performance than mineral 
composition. Merriam et al. (1970) discovered that the ten-
sile strength of California granites is inversely proportional 
to quartz content, and this phenomenon was attributed to 
structural differences. Skurtveit et al. (2013) conducted 
compression tests on poorly lithified sandstones with vary-
ing grain sizes, and they attributed the increase in P-wave 
velocity during the compaction stage to grain rearrangement. 
Di Martino et al. (2021) characterized the volcanic samples 
in terms of texture and mineralogy, and established their 
relationship with coda attenuation measurements. Liu et al. 
(2020a, b) determined the small strain shear modulus (Gmax) 
using shear wave velocity and investigated the relationship 
between grains uniformity and Gmax. From these studies, it 
is evident that intrinsic factors, such as mineral composition, 

grain size, and structural connection and distribution char-
acteristics, contribute to differences in the acoustic signal 
characteristics of rocks.

While a multitude of studies have investigated the propa-
gation characteristics of acoustic signals in rocks, few have 
examined the impact of lithology on acoustic properties 
from a microscopic perspective, particularly with regard 
to ultrasonic spectral characteristics. In this study, uniaxial 
compression tests, ultrasonic propagation tests, and acoustic 
emission tests were performed on 11 different types of rock 
specimens. Fast Fourier variation (FFT) of ultrasonic wave-
forms was performed and the relationship between damage 
properties, acoustic spectral characteristics and mineral 
composition, grains uniformity, and grain size was analyzed. 
Based on the ultrasonic characteristic parameters and min-
eral composition, a novel brittleness evaluation index which 
can evaluate different lithology rocks was established.

Experimental methodology

Specimen preparation

In this study, eleven kinds of rock specimens including sand-
stone, marble, limestone, andesite, and granite were adopted 
to prepare the ISRM recommended standard rock specimens 
for uniaxial compressive test, as shown in Fig. 1. The nomi-
nal dimensions of rock specimens were 50 mm in diameter 
and 100 mm in length. Prior to testing, all rock specimens 
were ground and polished to ensure a surface roughness of 
less than 0.02 mm. Table 1 presents the geometric param-
eters and physical properties of all rock specimens.

Petrographic descriptions

In order to better understand the lithological differences 
between different rocks, mineral compositions and grain size 
dimensions of 11 types of rocks were obtained by experi-
ment of rock thin section identification. In the rock thin 
section identification test, 4 thin sections are selected from 
different parts of each rock, i.e., 2 perpendicular to the core 
plane (VCP) and 2 parallel to the core plane (PCP). Figure 2 
presents the percentages of rock mineral compositions.

From Fig. 2, it can be observed that with the exception 
of N-M and N-L, which are primarily composed of calcite 
(accounting for 98% and 70%, respectively), the other rocks 
consist mainly of plagioclase, quartz, and K-feldspar. The 
total percentages of these three minerals are 49% for N-A, 
81% for N-G, 72% for N-G, 64% for S-R, 78% for S-W, 89% 
for S-Y, 53% for S-G, 77% for S-B, and 63% for S-P.

The microstructural images of four typical rocks are pre-
sented in Fig. 3. The structural characteristics, mineralogi-
cal composition, and rock types of 11 different rocks were 
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summarized by observing their lithofacies. The grain uni-
formity of each rock type was quantified using the weighted 
variable coefficient of Eqs. (1)–(3), as presented in Table 2.

(1)WCV =
∑

i

Wi ⋅ CVi

Fig. 1   Rock specimens used in 
this study

Table 1   Geometrical, physical, and mechanical properties of different rock specimens

H Length, D diameter, ρ density, E elasticity modulus, v Poisson ratio, VP P-wave velocity, UCS uniaxial compression strength, “—” represents 
data loss

Rock type Categories lithology Specimen no. VP (m/s) ρ
(g/cm3)

E
(GPa)

v UCS
(MPa)

Altai mountains · andesite Igneous N-A-1 6373.36 2.83 24.05 0.21 193.44
N-A-2 6392.77 2.85 36.22 0.22 222.17

MiLuo · granite N-G-1 4107.58 2.64 18.20 0.25 110.54
N-G-2 4337.18 2.30 22.26 0.22 118.25

LeiZhou · granite N-C-1 5265.93 2.79 24.70 0.17 124.69
N-C-2 5548.90 2.57 60.14 0.22 160.27

LeiYang · marble Metamorphic N-M-1 4028.14 2.69 15.67 0.16 64.71
N-M-2 4201.49 2.75 20.53 0.19 57.75

HeZhou · limestone N-L-1 5396.17 2.69 12.61 0.46 44.74
Sedimentary N-L-2 6037.95 2.68 37.62 — 115.72

WuDing · red sandstone S-R-1 3003.55 2.40 10.89 0.19 74.97
S-R-2 3293.89 2.38 8.96 0.23 80.05

ZiGong · white sandstone S-W-1 2668.22 2.33 7.27 0.19 36.87
S-W-2 2640.84 2.34 7.84 0.24 40.21

YunNan · yellow sandstone S-Y-1 1705.4 2.08 8.05 0.32 46.59
S-Y-2 1679.53 2.11 8.73 0.46 44.96

ZiGong · gray sandstone S-G-1 3849.56 2.58 12.11 0.12 76.75
S-G-2 3834.35 2.60 18.19 0.21 74.00

LongChang · blue sandstone S-B-1 3286.11 2.31 10.89 0.20 69.14
S-B-2 3297.71 2.32 12.36 0.23 64.97

JuNan · purple sandstone S-P-1 3264.39 2.41 14.98 0.13 92.80
S-P-2 3293.89 2.42 16.96 0.21 93.98
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(2)CVi =

√

√

√

√

4
∑

j=1

W
j

i
⋅ (Sj − xi)

2∕Wi

/

xi

(3)xi =

4
∑

j=1

SjW
j

i
∕Wi

where WCV is the weighted variable coefficient of grain 
size, Wi is the content of “mineral i,” and CVi is the variable 
coefficient of the size of “mineral i.” By identifying thin 
sections of rocks, 4 groups of mineral grain sizes are sum-
marized, i.e., coarse grains (2.0–0.5 mm), medium grains 
(0.5–0.25 mm), fine grains (0.25–0.05 mm), and silty sand 
(0.05–0.005 mm). Wj

i
 is the mineral content in group j of 

Fig. 2   Mineral percentage of 
rocks

Fig. 3   Microphotographs of 
four typical rocks: a N-A; b 
N–C; c N-M; d S-W
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“mineral i,” Sj is the average grain sizes of group j, and xi 
represents the average grain size of “mineral i.” The smaller 
WCV is, the more uniform the grains are, indicating that the 
rock is closer to equigranular texture.

Experimental equipment and procedures

In this test, the MTS 647 electrohydraulic servo control 
system with a load range of ± 500 kN and a load accu-
racy of ± 0.5% was utilized, as illustrated in Fig. 4a. The 
specimens were loaded under the displacement-controlled 
mode with a loading rate of 0.075 mm/s. The AE activi-
ties of the rock specimens were detected and recorded using 
the PCI-2 AE data-collecting system throughout the load-
ing process. The AE preamplifier was set to 40 dB, and the 
signal acquisition rate and the sampling threshold were set 
to 1.0 MHz and 40 dB, respectively. To perform ultrasonic 

wave propagation tests, an Olympus 5077PR square wave 
pulser, a 2012B Tektronix digital phosphor oscilloscope, 
and a pair of wave transducers with a centre frequency of 
1.0 MHz were employed (Zhou et al. 2023). The transduc-
ers were placed in the anvils at the ends of the test setup, as 
shown in Fig. 4b.

The test loading procedures for each rock sample 
are shown in Fig.  4c. At a uniaxial compression rate 
of 0.075 mm/s, the pressure on the rock specimen was 
increased by 5 kN with a pause of 10 s, and the ultra-
sonic data-collecting device was used to record the wave-
form generated under the stress state. The procedure 
was repeated afterward. During the entire procedure, the 
AE data-collecting equipment monitored the loading in 
real time until the emergence of a large AE signal was 
detected, and a large sound from the compressed speci-
men can clearly be heard. Then, the waveform generated 

Table 2   Mineralogical and petrographic characteristics of 11 kinds of rocks

Pl plagioclase, Qtz quartz, Kfs K-feldspar, Bt biotite, Ms muscovite, Zo zoisite, Ser sericite, Chl chlorite, Cal calcite, Ep epidote, Ir iron, Sc sand 
chips, Ab albite, Hbl hornblende, Spn sphene, Px pyroxene, Ad algo detrinite, Dol dolomite

Specimen no. Texture Major mineral composition (%) Rock name Uniformity 
of grains

N-A Porphyritic structure, matrix with 
intersertal texture, massive 
structure

Pl (50), Px (15), Ep (10), Chl (15), Melaphyre 0.70

N-G Semi-dimorphic-orthomorphic 
granular texture, massive structure

Pl (38), Kfs (25), Ab (10), Qtz (18), 
Hbl (5)

Biotite pyroxene quartz diorite 0.65

N-C Semi-dimorphic-orthomorphic 
granular texture, massive structure

Pl (55), Kfs (2), Ab (8), Qtz (15), Px 
(8), Hbl (3), Bt (6)

Amphibole-bearing monzogranite 0.51

N-M Micro-fine grain crystal structure, 
massive structure

Cal (98), Dol, Ser (2) Marble 0.47

N-L Sparry structure cemented algal 
micrite structure, massive structure. 
Local fissures developed in the 
rocks are filled with calcite and 
iron argillaceous, forming the 
structure features of veins or 
microsuture lines

Cal (90), Dol (4) Cloudy algae limestone 1.30

S-R Sand-containing powder-fine sand 
structure, particle support, porous 
cementation, massive structure

Sc (12), Pl (12), Kfs (10), Qtz (42), 
Cal (12)

Lithic feldspar quartz sandstone 0.47

S-W Medium-fine sand structure of 
argillaceous arenes, porous 
cementation, massive structure

Sc (15), Pl, Kfs (4), Qtz (73) Lithic quartz sandstone 0.77

S-Y Pelitic arenaceous clastic fine sand 
structure, porous cementation, 
massive structure

Sc (5), Pl, (2), Qtz (87) Argillaceous lithic quartz sandstone 0.2

S-G Sand-containing pelitic medium-fine 
sand structure, basal cementation, 
massive structure

Pl (10), Qtz (43), Cal (10) Lithic calcareous argillaceous 
sandstone

0.34

S-B Medium-fine muddy sand structure, 
massive structure

Sc (12), Pl (30), Kfs (12), Qtz (35) Tuffaceous lithic feldspar quartz 
sandstone

0.71

S-P Coarse-medium sand structure, 
granular support, porous 
cementation, massive structure

Sc (25), Pl (20), Kfs (10), Qtz (33) Lithic feldspar quartz sandstone 0.34
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at this point was recorded. At this time, the load level was 
approximately 0.95–0.98 peak load (Pc), after which the 
loading was continued until the specimen was destroyed.

Data analysis method

Calculation method of VP

Wave velocity is one of the most important acoustic char-
acteristics and an important index that indirectly reflects 
the integrity of rock. In order to obtain the wave velocity 
of each rock sample, it is necessary to calculate the first 
arrival time of the initial waveform. The arrival time of 
initial waveforms of two typical samples is given in Fig. 5. 
The calculation formula of p-wave velocity is as follows:

(4)VP =
H

T − T0

where VP is P-wave velocity, H is the length of the rock 
specimen, T is the time measured by the transducer when 
two anvils are attached to the rock specimen, and T0 is the 
time measured by the transducer when two anvils are fit-
ted together.

Window selection of fast fourier transform (FFT)

In order to conduct a comprehensive analysis of the wave 
propagation and attenuation characteristics of different 
rocks, it is necessary to convert the waveforms from the 
time domain to the frequency domain. However, the trans-
mitted waveform comprised the initial arrival wave and 
the subsequent pulse waveform reflected at the interface 
between the rock specimen and various instruments. To 
isolate the first arriving pulse from the complete trans-
mitted waveform, a suitable window function needs to be 
applied to taper the waveforms. The selected taper should 
extract the initial pulse from the complete waveform 

Fig. 4   Experimental equipment 
and procedures: a MTS 322 
electrohydraulic servo control 
system; b experimental equip-
ment for P-wave propagation 
measurement and acoustic emis-
sion detection; c test loading 
procedures
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without changing the original transmission spectrum 
while preserving more low-frequency content in the high-
frequency range to prevent excessive signal distortion, 
as recommended by previous studies (Pyrak-Nolte et al. 
1990; Yang et al. 2020a, b). Figure 6 shows two examples 
of the selected transmitted waveforms, where a half-cosine 
taper with a 2.68 μs window was applied to the wave-
form of N-A under a loading percentage of 14.53% UCS 
(28.05 MPa), and a half-cosine taper with a 2.94 μs win-
dow was applied to the waveform of S-W under a loading 
percentage of 95.59% UCS (35.17 MPa).

The window time of the taper function of all rock samples 
is listed in Table 3. After obtaining all the tapered initial 

arrival waves, FFT is performed to obtain the wave spectrum 
and the typical spectrum obtained is shown in Fig. 7.

Results and analysis

Effects of loading percentage and lithology on VP

The mineral composition and structural characteristics of 
different rocks lead to variations in their UCS values, result-
ing in differences in VP generated by the rocks. Figure 8 
depicts that VP of rock specimens increases rapidly in a 
nonlinear manner under the loading percentage of 0–20% 

Fig. 5   Examples of waveforms and arrival times for two typical rock samples

Fig. 6   Signal processing of transmitted waves by half-cosine taper: a 2.68us half-cosine taper applied to N-A-1; b 2.94us half-cosine taper 
applied to S-W-1
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UCS. Sedimentary rocks generally show a higher increase 
in wave velocity than igneous and metamorphic rocks. This 
phenomenon can be attributed to the difference in the initial 
microfracture closure degree in the rock. The presence of 
more initial microcracks in the rock and more crack closure 
events leads to a more significant increase in VP. In the 
subsequent loading process, VP grows slowly, and the com-
pression of the rock matrix mainly occurs. Since the longi-
tudinal wave velocity is measured in the direction parallel to 
the stress loading, the longitudinal tensile crack generated 
in the rock at the late loading stage does not significantly 
weaken the VP.

Damage stages of different rocks

To analyze the damage properties of rocks and obtain the 
relationship between damage evolution and loading percent-
age of different samples in uniaxial compression, the dam-
age process was quantitatively analyzed by using accumula-
tive AE counts in the following formula:

where D is the damage variable of the rock sample, NS is 
the cumulative AE count generated when the rock sample is 
loaded to a certain level, and N is the total accumulative AE 
counts generated when the rock sample is loaded to the UCS.

(5)D =
NS

N

Before macroscopic failure occurs, rocks successively go 
through 4 different damage stages, i.e., compaction stage, 
elastic stage, crack stable growth stage, and crack unstable 
growth stage. These 4 stages can be divided by dividing the 
time when the acoustic emission count rate, acoustic emis-
sion energy, and D suddenly increase. Figure 9 shows the 
percentages of the 4 stages in 11 rock specimens and the 
D-value of each stage boundary. Although stage I (compac-
tion stage) and stage II (elastic stage) account for a large pro-
portion of the entire loading process, they play a small role 
in promoting the increase in the D-value, and the increase in 
the D-value mainly occurs in stages III (crack stable growth 
stage) and IV (crack unstable growth stage), which account 
for a relatively small proportion. The results show that the 
crack propagation in the rock occurs rapidly during stage 
III and stage IV, and the crack propagation is more intense 
during stage IV, and it means the crack growth changes from 
stable to unstable. Therefore, the damage value (D3) at the 
demarcation points of stages III and IV can be used as a 
basis for judging the imminent failure of the rock.

Effect of grain size on acoustic properties

In order to investigate the spectral variation pattern of dif-
ferent rocks during loading, the centroid frequency (Fcf) and 
transmission coefficient (Tcf) (Nakagawa et al. 2000; Quan 
and Harris 1997) were used in this study to characterize the 

Table 3   Window time of half-
cosine taper for different rock 
specimens

Igneous and metamorphic rocks Specimen No. N-A N-G N-A N-M N-L
Window time (μs) 2.68 3.94 2.93 3.06 1.87

Sedimentary rocks Specimen No. S-R S-W S-Y S-G S-B S-P
Window time (μs) 3.37 2.94 3.18 3.23 4.04 4.05

Fig. 7   Spectra of transmitted waves from a N-A and b S-W under different loading percentages
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Fig. 8   The variation law of VP during loading: a igneous and metamorphic rocks; b sedimentary rocks

Fig. 9   The percentage of dam-
age stage and the distribution 
of D-value for different rock 
specimens
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spectral signal generated at each stress level, and the defini-
tions are as follows:

where Fcf and Tcf are the centroid frequency and trans-
mission coefficient, respectively; f is the frequency; S(f) 
is the spectral function; A0 is the maximum amplitude 
of the spectrum of the rock specimen before compres-
sion; and Ai is the maximum amplitude of the spectrum 
measured when the loading stops for the ith time in the 
process of compression.

(6)Fcf =
∫ ∞

0
fS(f )df

∫ ∞

0
S(f )df

(7)Tcf =
Ai

A0

Figure 10 shows the relationship between Fcf, Tcf and uni-
formity of grain under different loading percentages. It is 
evident that Fcf, Tcf, and grain uniformity exhibit a positive 
correlation in sedimentary rocks, meaning that the rock’s 
Fcf and Tcf increase with decreasing grain uniformity. How-
ever, this positive correlation decreases with an increase in 
loading. In igneous and metamorphic rocks, the positive 
correlation between Fcf and grain uniformity is not sig-
nificant, which can be attributed to the considerable vari-
ations in other lithological factors. The frequency of most 
rock samples rises with the increase in loading percentage, 
which is satisfactorily explained by the Doppler effect. The 
reason behind the decrease in Tcf with a reduction in grain 
homogeneity is that, in the case of uneven grain structures, 
the acoustic wave gets scattered and refracted at the contact 
surface of the grains with varying areas, causing attenua-
tion of the acoustic energy, and thus leading to a decrease 

Fig. 10   Relationship between Fcf, Tcf, and uniformity of grain size under different loading percentages: a evolution of Fcf; b evolution of Tcf



Bulletin of Engineering Geology and the Environment (2023) 82:369	

1 3

Page 11 of 16  369

in Tcf. Therefore, Fcf and Tcf can be used to some extent as 
indicators of rock compactness and elastic wave transfer effi-
ciency, respectively.

The maximum grain size in mineral grains can be used 
as a typical value of rock size (Du et al. 2022; Prikryl 
et al. 2003), so the distribution statistics of the maximum 
grain size of three igneous and six sedimentary rocks were 
plotted. The relationship between the maximum grain size 
of the three mineral compositions and Fcf, Tcf, VP, D3 is 
displayed in Fig. 11. The results show that the grain sizes 
in igneous rocks are much larger than those in sedimentary 
rocks, especially those of K-feldspar. In igneous rocks, Fcf 
and VP are negatively correlated with the grain size of the 
major minerals, while Tcf is positively correlated with the 
grain size. N-A produces a larger D3 than N-G and N–C, 
which may be the result of the interaction of other mineral 
components. In sedimentary rocks, Fcf increases with grain 
size of the major minerals, while Tcf and D3 decrease with 
grain size of the major minerals. The correlation between 
VP and grain size is not significant. It is noteworthy that 
Tcf and D3 vary almost synchronously with the grain size, 
and their relationship with the mineral composition is also 

synergistic, which indicates that Tcf can be used to charac-
terize the degree of rock damage.

The maximum grain size of mineral grains is often 
used as a representative value of rock size (Du et al. 2022; 
Prikryl et al. 2003). Therefore, the distribution statistics 
of the maximum grain size of three igneous and six sedi-
mentary rocks were plotted to investigate their relationship 
with Fcf, Tcf, VP, and D3. As shown in Fig. 11, the maxi-
mum grain sizes in igneous rocks are generally larger than 
those in sedimentary rocks, particularly in K-feldspar. For 
igneous rocks, Fcf and VP are negatively correlated with 
the grain size of the major minerals, while Tcf is positively 
correlated. N-A shows a larger D3 value compared to N-G 
and N–C, which may result from the interaction of other 
mineral components. In contrast, for sedimentary rocks, 
Fcf increases with the grain size of the major minerals, 
while Tcf and D3 decrease. The correlation between VP and 
grain size is not significant. Notably, Tcf and D3 exhibit 
synchronous variation with the grain size, and their rela-
tionship with the mineral composition is synergistic, indi-
cating that Tcf can serve as an indicator for characterizing 
the degree of rock damage.

Fig. 11   Relationship between grain size and ultrasonic characteristics, damage
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Effect of mineral composition on acoustic properties

In order to investigate the influence of the main mineral 
components of the rocks (i.e., plagioclase, quartz, and 
K-feldspar) on Fcf, Tcf, VP, and D3, the relationship between 
the percentages of the three mineral components and the 
four parameters was plotted, as shown in Fig. 12. The results 
demonstrate that Fcf exhibits a trend of initially increasing 
and then decreasing with the increasing content of plagio-
clase and K-feldspar. With the increase in quartz content, 
Fcf shows high values around 30% and low values around 
60%, displaying a bimodal waveform. On the other hand, 
Tcf decreases with increasing plagioclase content, increases 
with increasing quartz content, and initially increases and 
then decreases with the increasing content of K-feldspar.

VP and D3 exhibit an opposite trend with increasing content 
of the three mineral components, while the variation pattern 
of D3 is the same as that of Tcf. These results suggest that the 
ultrasonic signal characteristics (i.e., Tcf and VP) can effec-
tively reflect the damage characteristics of different rocks.

Discussion

Analysis of the relationship 
between the lithogenesis and Fcf, Tcf

It has been concluded from the analysis in the previ-
ous section that different types of rock samples exhibit 

varying damage evolution trends and ultrasonic signal 
characteristics under loading, which are closely related to 
the lithological differences between rocks. Consequently, 
the rocks in this study were categorized into three groups 
based on their genetic classification: magmatic, sedimen-
tary, and metamorphic.

Figure 13 displays the increased percentage of Fcf and Tcf for 
three types of rock at σc. The change rules of Fcf and Tcf in S-Y 
are not discussed in this section as it has negative Fcf. The dot-
ted lines in the figure represent the average values. The results 
indicate that lithology affects the increased percentages of Fcf 
and Tcf. Metamorphic rocks exhibit the largest increases in Fcf 
and Tcf, followed by sedimentary rocks, and magmatic rocks 
exhibit the smallest increase. This finding can be explained by 
the structural construction of the rocks. Igneous rocks possess 
a crystalline connection, leading to close grain contact and the 
formation of a compact structure (Fig. 3a, b). During loading, 
the deformation of the rock and contact area between grains 
does not change significantly. In contrast, sedimentary rocks 
have a cemented structural connection, where grains are held 
together by low-strength cement (Fig. 3d). Compared to igne-
ous rocks, sedimentary rocks are more susceptible to larger 
deformation and matrix compression during loading, leading 
to a decrease in the distance between sensors and the wave 
impedance between grains and matrix. Therefore, sedimentary 
rocks generate larger Fcf and Tcf than igneous rocks. Despite 
possessing a crystalline connection, metamorphic rocks exhibit 
large Fcf and Tcf. Figure 8a shows that the increasing amplitude 
of VP of N-M during the compaction stage (0–20%UCS) is 

Fig. 12   Relationship between main mineral composition and ultrasonic characteristics, damage a–c Fcf, and Tcf d–f VP and D3
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very high, indicating that marble contains an abundance of 
initial microcracks. The increase in Fcf and Tcf is attributed to 
the closure of these microcracks.

Evaluation of rock brittleness

Brittleness is a crucial property of rocks, and its study holds 
immense significance for stability analysis in rock engineer-
ing, classification of blasting, and disaster prevention and con-
trol. This section explores the brittleness of different types of 
rocks based on various brittleness indices and proposes a new 
method for brittleness assessment using ultrasonic character-
istic parameters and mineral content.

Mineral composition exerts a significant influence on the 
mechanical properties of rocks. It is well known that brittle 
rocks typically contain a higher proportion of brittle minerals 
such as quartz, feldspar, and carbonate, while ductile rocks 
contain lower amounts of these minerals. Therefore, a method 

has been proposed to preliminarily assess the brittleness of 
rocks based on mineral content, which uses the percentage 
of brittle minerals as an index for brittleness assessment (Liu 
et al. 2020a, b).

where B stands for brittleness index; Wqtz represents the total 
content of feldspar, quartz, and muscovite; Wcard represents 
the content of carbonate minerals (i.e., dolomite, calcite, and 
other carbonate components); and Wtotal represents the total 
mineral content.

For rocks of the same type, Eq.  (8) can effectively 
reflect the differences in brittleness between them (Li 
et al. 2019). However, when comparing rocks with sig-
nificant differences in lithology, B1 may not be applicable. 
For instance, according to Eq. (8), the brittleness index 
of N-G is 0.86 and that of S-Y is 0.90, which is clearly 
inconsistent with the actual situation that the brittleness of 
granite is greater than that of sandstone. Therefore, a novel 
evaluation index was developed to measure the brittleness 
of different types of rocks, based on the attenuation phe-
nomenon of P-wave velocity propagation in heterogeneous 
rocks, and considering the response of Tcf decline before 
the UCS (as shown in Fig. 10b, where the higher the brit-
tleness of the rock, the greater the degree of Tcf decrease 
during failure) to the brittleness characteristics of rocks. 
The brittleness index can be expressed as

where ζ is the reduction factor; μ is the weight coefficient.
In order to select an appropriate value of μ to ensure 

that the brittle index of granite is greater than that of sand-
stone, the variation of the brittle index with μ is statisti-
cally analyzed for N-G and S-Y. The range of μ values 
is from 0.5 to 0.95 with an interval of 0.05, as shown 
in Fig.  14. The brittle index of N-G exceeded that of 
S-Y at μ = 0.9, so the value of μ in this study is set at 
0.9. Ci is the volume fraction of “mineral i”; VP,i is the 
P-wave velocity of “mineral i” (quartz = 6050 m/s, alka-
line feldspar = 5800  m/s, plagioclase = 6250  m/s, cal-
cite = 6681 m/s (Ersoy and Acar 2016)); Tcf,p is the value 
near the UCS; Tcf,max is the maximum value generated 
during the loading. ζ can be interpreted as the degree of 
attenuation of acoustic energy propagation within the rock. 
The attenuation phenomenon mainly occurs at the contact 

(8)B =
Wqtz +Wcarb

Wtotal

(9)B1 = � ⋅ � ⋅

Wqtz +Wcarb

Wtotal

+ (1 − �) ⋅
Tcf ,max

Tcf ,p

(10)� =

VP∕
∑

i

Ci

∑

i

Ci ⋅ VP,i

Fig. 13   Increased percentage of Fcf and Tcf in three classes of rocks

Fig. 14   Evolution trend of brittleness index B2 with variation of μ 
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surfaces of different grains, the contact surfaces between 
grains and cement, the locations of microcracks, etc. The 
smaller ζ is, the more events of acoustic energy attenuation 
occur in these areas.

In order to verify the reliability of the brittleness evalua-
tion method established in this study, two brittleness indexes 
(Bi) based on stress–strain curve and acoustic emission tech-
nology, respectively, were introduced for comparison with 
B1. The formula of brittleness indexes is as follows:

where D3 is the damage value at the demarcation points of 
stages III and IV; �3 is the value of the loading percentage 
corresponding to D3; f (�) is the relation between stress and 
strain; �p is the peak strain in the stress–strain curve; �f  is 
the total strain in the stress–strain curve.

B2 was developed by improving the method established 
by Hou et al. (2016). Figure 15 presents the results of brit-
tleness evaluation of different rocks obtained by the brittle-
ness indices B1, B2, and B3. It is noteworthy that marble and 
limestone mainly consist of calcite, and andesite is mainly 
composed of plagioclase, making their mineral types rela-
tively simple, and thus their brittleness was not evaluated.

The results indicate that the brittleness evaluation results 
obtained by B1 are generally consistent with those obtained 
by B2 and B3, especially with B3 established based on the 

(11)B2 = (1 − D3) ⋅ lg
[

(1 − D3)∕(1 − �3)
]

(12)B3 = ∫
�p

0

f (�)d�∕∫
�f

�p

f (�)d�

aspect of strain energy. Based on the evaluation results of 
B1, the brittleness of granite is greater than that of sandstone, 
and S-Y exhibits the strongest brittleness among sandstones. 
The order of brittleness evaluation results is as follows: N–C 
> N-G > S-Y > S-G > S-P > S-B > S-R > S-W.

Conclusions

The acoustic behavior of 11 different rocks under uniaxial 
compression was studied by ultrasonic and AE testing tech-
nology. The effects of grain characteristics and mineral com-
position on acoustic signal characteristic parameters were 
discussed from the perspective of microstructure. Finally, 
a new index for evaluating the brittleness of rock is estab-
lished based on acoustic characteristic parameters and min-
eral composition. The following conclusions can be drawn:

1.	 The increase of wave velocity in sandstone is higher 
than that in non-sandstone during uniaxial compression, 
especially at the stage of –20% UCS loading percentage. 
The damage value at the demarcation points of stages III 
and IV (D3) can be used to judge the imminent failure of 
the rock.

2.	 Grain uniformity in rocks is quantified using a weighted 
variable coefficient. Fcf and Tcf. are positively correlated 
with grain uniformity. Mineral grain size has different 
effects on igneous and sedimentary rocks. In igneous 
rocks, grain size is inversely proportional to Fcf and VP, 
and positively proportional to Tcf. In sedimentary rocks, 

Fig. 15   Comparison of results of different brittleness indexes. B1, brittleness index based on mineral composition and Tcf; B2, brittleness index 
based on AE technology; B3, brittleness index based on stress–strain curve
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grain size is positively related to Fcf and inversely related 
to Tcf and D3, but not significantly correlated with VP.

3.	 Tcf and VP are negatively correlated with the content of 
Pl and positively correlated with the content of Qtz, and 
increase and then decrease with the content of Kfs. Fcf 
increases and then decreases with the content of Pl and 
Kfs, and the relationship with Qtz shows a bimodal wave-
form function. The relationship between D3 and three 
mineral compositions is contrary to that of Tcf and VP.

4.	 A novel brittleness index (B1) based on ultrasonic char-
acteristic parameters and mineral composition is estab-
lished, and the existing brittleness index is improved 
to obtain the brittleness index (B2) calculated based on 
the damage variables of AE count. The final evaluation 
results are generally consistent among the three brittle 
indexes used in this study.
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