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Abstract
The tensile strength of rocks is affected by loading conditions, specifically direct and Brazilian tension, as well as water 
saturation. But the fundamental reasons for the differences between direct tensile strength �

td
 and Brazilian tensile strength 

�
tb

 , and their degradation induced by water saturation, are not yet fully understood. Here, we report a series of direct tensile 
and Brazilian tests performed on marble and granite rocks under both dry and water-saturated conditions. We employed 
the acoustic emission (AE) technique and further analyzed the recorded AE waveforms using a methodology based on the 
statistical analysis of dominant frequency to infer the intrinsic failure process of studied rocks under different water and 
loading conditions. Our results show that water saturation causes substantial reductions in both �

td
 and �

tb
 , with the reduc-

tion in �
tb

 being greater. A correspondence between AE waveforms distributed in high and low dominant frequency bands 
(H-type and L-type waveform) and rock failure types is found, that is, the H-type waveforms correspond to the micro-shear 
failures, and the L-type waveforms correspond to the micro-tensile failures. Based on this, the generation of abundant micro-
shear failures is the cause of enhancement in �

tb
 in rocks compared to its �

td
 , and the reductions in �

td
 and �

tb
 for saturated 

rocks result from increasing micro-tensile failures. Furthermore, the friction-weakening effect induced by lubricating water 
films is responsible for the tensile strength reduction of saturated marble and granite under direct and Brazilian tension. The 
pronounced friction-weakening effect resulting from the widespread friction condition in the Brazilian test facilitates the 
�
tb

 loss. In addition to the friction-weakening effect, stress corrosion could also be a secondary cause of the tensile strength 
reduction of saturated granite.

Highlights

• The corresponding relationship between acoustic emission waveform types with micro-failure patterns is built.
• Reasons for the difference in measured tensile strength under direct and Brazilian tension are proposed.
• Water-weakening effects on the tensile strength of rocks under direct tension and Brazilian loading are revealed.

Keywords Tensile strength · Water saturation · Loading condition · Acoustic emission (AE) · Dominant frequency · Failure 
type
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List of Symbols
�
t
  Tensile strength

�
td

  Direct tensile strength, DTS
�
tb

  Brazilian tensile strength, BTS
P  Applied peak load
A  Cross-sectional area of the cylinder
D  Diameter of the Brazilian disk
T   Thickness of the Brazilian disk
k  Ratio of the RA value and AF value
P
H
  Percentage of H-type waveform

P
L
  Percentage of L-type waveform

P
EH

  Energy ratio of H-type waveform
P
EL

  Energy ratio of L-type waveform
�  Ratio of the Brazilian tensile strength and direct 

tensile strength

1 Introduction

Among the various environmental factors affecting rock 
mechanical properties, water is widely recognized as the 
most usual and intractable trouble to engineers. Rock 
strength degradation induced by water saturation may 
trigger a large number of geotechnical disasters, such as 
landslides (Song et al. 2018), ground subsidence (Bajni 
et al. 2019), and fault activation (Dang et al. 2019; Ma 
et al. 2019). It is then crucial to understand the water–rock 
interaction effects on rock strength to assess and prevent 
engineering problems in water environments.

In recent decades, substantial efforts have been devoted 
to evaluating the water-weakening effects on various 
strength properties of rocks, including uniaxial compres-
sive strength, elastic modulus, tensile strength, and shear 
strength, of various rock types (Hashiba and Fukui 2015; 
Jiang et al. 2014; Rabat et al. 2020a, 2022). It is gener-
ally accepted that water saturation causes the rock strength 
properties to be weak, and the extent of this weakening 
effect mainly depends on the rock type. Among these rock 
strength properties mentioned above, tensile strength is 
of immense significance and is currently a topic in vogue; 
this is because many rock mass in engineering practices, 
e.g., basements, caverns, and diversion tunnels of hydro-
power stations, is subject to tension and they are much 
weaker in tension than in compression. Therefore, a com-
prehensive understanding of the water–rock interaction 
effects on rock tensile strength is urgent for engineers.

Several alternative methods, classified into direct and 
indirect methods, could be used to measure the tensile 
strength of rock. In 1978, the standard published by the 
International Society for Rock Mechanics (ISRM) out-
lined the execution details of the direct tensile test and the 

Brazilian test (ISRM 1978). Direct tensile strength (DTS) 
�td can be measured by:

where the P is the applied peak load, and A is the cross-
sectional area of the sample.

According to the ISRM (1978) and ASTM (2008), the 
Brazilian tensile strength (BTS) �tb is calculated by:

where D represents the diameter of the disk, and T  refers to 
the thickness at the center of the sample.

To date, compared to the direct tensile test, the Brazilian 
test consisting of the diametric compression of solid discs 
between flat or curved platens has been applied in lots of 
investigations. It owes its popularity to the ease of speci-
men preparation and the common experimental techniques 
required. However, a non-negligible difference between 
the DTS and BTS of rocks was reported by considerable 
researchers. Liu et al. (2014) found that the tensile strength 
of Beishan granite in the Brazilian test with simplified ISRM 
standard is 18% higher than that in the direct tensile test. By 
fitting the results of numerous existing literature, Perras and 
Diederichs (2014) proposed that tensile strength determined 
from direct and indirect methods is seldom equivalent, and 
the DTS is two-thirds of BTS. Wang et al. (2019) found an 
increment of 106% in the BTS of marble compared with 
its DTS. Fahimifar and Malekpour (2012) published their 
work on limestone specimens and proposed that the BTS 
is 1.11 times as large as the DTS. In particular, most of 
the previous research has focused on rocks in their natu-
ral state, and the comparative study on the DTS and BTS 
of water-saturated rock is rare. After all, the direct tensile 
tests of saturated rocks have only been conducted in a few 
specific cases (Hashiba and Fukui 2015; Zhu et al. 2022), 
let alone the comparative studies on tensile strength in the 
direct tensile test and the Brazilian test. To the best of our 
knowledge, this dilemma is mainly due to the controls of 
experimental procedure and sample preparation. Since the 
rock tensile strength is highly sensitive to its primary defect 
and experimental precision, measuring the DTS of saturated 
rocks under the premise of high homogeneity and consistent 
failure patterns is quite challenging.

Concerning the explanation of the difference between 
the DTS and the BTS of rock, Hoek (1964) and Perras 
and Diederichs (2014) believed that Brazilian tests over-
estimate the true tensile strength because of the external 
influence, such as the boundary conditions and stress dis-
tribution. Xie et al. (2005) suggested that the increase in 
the degree of tension results in easier energy release and 

(1)�td =
P

A

(2)�tb =
2P

�DT
= 0.636

P

DT
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more rock strength reduction. In this line, Gorski et al. 
(2007) indicated that the combination of compressive and 
tensile stresses may be responsible for the great BTS. By 
a grain-based model with a universal discrete element 
code (UDEC), Qi et al. (2019) proposed that the greater 
shear stiffness of the grain boundary in the Lac du Bonnet 
granite may be the main factor controlling the difference 
between its DTS and BTS. Although several reasons (i.e., 
external conditions and tensile stress) have been proposed 
to describe the difference between DTS and BTS qualita-
tively, a substantial and quantifiable interpretation of this 
phenomenon is lacking. Another aspect to be noted is that 
the explanation of the difference between DTS and BTS of 
saturated rocks becomes complex because of the combina-
tion of water-weakening effects. Various water-weakening 
effects, e.g., friction weakening, pore water pressure, and 
stress corrosion, are often exerted at the same time, and 
detangling the contribution of one specific water-weaken-
ing effect is difficult (Kim and Changani 2016; Rabat et al. 
2020b; Zhu et al. 2020). However, these water-weakening 
effects mentioned above are responsible for the tensile 
strength degradation of rocks. In this line, the combined 
effects of water saturation and loading conditions on rock 
tensile strength are not clear due to the limitation of quan-
titative analysis.

The deformation and fracture of rock is a process of the 
generation, nucleation, and propagation of cracks (Guo 
et al. 2022; Zheng et al. 2022). The localized strain energy 
emits outward as transient elastic waves during this process, 
which are referred to as acoustic emission (AE) activity. 
The AE technique has been proven to be a powerful method 
to investigate the micro-failure process of rock materials 
subjected to an external load (Aker et al. 2014; Lockner 
1993; Manthei and Eisenblätter 2008). Two AE analysis 
methods, namely the AE parameter-based method and the 
AE waveform-based method, are extended according to the 
AE signal characteristics. The AE parameter-based method 
inferred from a series of AE parameters (i.e., AE count, AE 
event, and energy rate) is more widely used because of its 
convenience. The AE waveform-based analysis, however, 
requires high precision of the equipment and more working 
time. Aside from its shortcomings, the AE waveform-based 
analysis is worthwhile because the AE waveform signals 
released are believed to carry the intrinsic information of 
rock failure (Deng et al. 2018; Shiotani et al. 2001). In this 
context, many studies on AE waveform analysis have been 
conducted to understand the micro-failure process of vari-
ous rock types (Huang et al. 2019; Li et al. 2017; Ohnaka 
and Mogi 1982; Zhang et al. 2018). Previous studies have 
targeted the characteristics of strength and deformation asso-
ciated with failure using the dominant frequency and energy 
of AE waveform signals. Further, the dominant frequencies 
of AE waveforms are thought to be correlated to rock failure 

patterns, such as micro-shear failure and micro-tensile fail-
ure, which may explain the strength variations under dif-
ferent loading conditions. However, the study on tensile 
strength variations explained by the AE waveform analysis 
of saturated rocks under direct and Brazilian tension is still 
in its infancy to date. The analysis of AE waveform charac-
teristics may be a new way to evaluate the effects of water 
saturation and loading conditions on rock tensile strength.

The aforementioned points highlight that the effects 
of water saturation and loading conditions on rock ten-
sile strength measured are important pending issues to be 
explored, and the AE waveform analysis is expected to be 
validly troubleshooting by evaluating the failure process 
of rock under tension. This paper is structured as follows: 
Sect. 2 provides an overview of the selected rock materials, 
as well as the experimental and analytical methods adopted. 
Section 3 presents the main experimental results, encom-
passing variations in tensile strength, statistical character-
istics of AE waveforms, the correspondence between AE 
waveform types and micro-failure types, and the energy evo-
lution of AE waveforms. Based on the experimental results, 
Sect. 4 engages in a discussion of three problems derived 
from the existing literature and the present study. Finally, 
Sect. 5 presents the conclusions drawn from the research.

2  Experimental Methodology

2.1  Rock Samples Preparation and Description

Two types of rock, including marble and granite, were used 
in this work. The marble block was taken from an open-pit 
mine located in Baoxing County (Sichuan Province, China), 
and the granite block was collected from the underground 
powerhouse of Dagangshan Hydropower Station in Dadu 
River Basin, located in Shimian County (Sichuan Province, 
China). To conduct the direct tensile test and Brazilian test 
following the ASTM methods, cylindrical core samples with 
two different size parameters, such as length ( L ) and the 
ratio of length to diameter ( L∕D ), were drilled from each 
type of rock block. To be specific, cylindrical samples of two 
rocks were prepared with ~ 2 L∕D ratios (length: 100 mm, 
diameter: 50 mm) for direct tensile tests and ~ 0.5 L∕D ratios 
(length: 25 mm, diameter: 50 mm) for Brazilian tests. For 
simplicity, we refer to the samples prepared for the direct 
tensile test and Brazilian test as DT and BT samples in this 
study, respectively.

In addition, the chemical and mineralogical composition 
of the two rocks was determined using X-ray diffraction 
(XRD), X-ray fluorescence (XRF), and cross-polarized light 
(XPL). Some physical parameters (i.e., density and poros-
ity) of samples were measured using traditional techniques. 
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XRD tests indicated that the marble rock used in this study 
is composed of calcite only, and 47% of quartz, 52% of 
bytownite, 0.5% of iron oxide, and 0.5% of aluminum phos-
phate were found in granite rock. In line with this, XRF 
analyses suggested that the chemical compound of marble 
is  CaCO3 (> 99.9%), and those of granite are  SiO2 (68%), 
CaO (13%),  Al2O3 (13%),  Fe2O3 (1.5%) and  AlPO4 (2%). 
The thin-section images and chemical analysis of these two 
rocks are shown in Fig. 1. From the chemical analysis, we 
can infer that the marble rock is devoid of clay and siliceous 
minerals, and the granite rock is free of clay minerals; this 
is conducive to the analysis of water-weakening effects on 
rock tensile strength in the following study.

In total, 24 DT samples and 24 BT samples were heated 
in a 105℃ oven for 48 h and then cooled down to room 
temperature. Half of the samples were stored in a dry con-
tainer to prevent dampness and were ready for testing as dry 
samples. The remaining BT samples were soaked in purified 
water for 48 h inside a vacuum chamber with a pressure of 
− 0.1 MPa over 48 h, followed by a 4 h standing period. The 
remaining DT samples were equipped with steel caps using 
JGN strong adhesive and left for 3–5 days. Afterward, sam-
ples with steel caps were all soaked in purified water under 
the same test procedure as the BT samples. To evaluate the 

water absorption of different rock samples, we measured the 
water contents of marble and granite samples at various time 
intervals, as shown in Fig. 2. The correlation between the 
soaking time and the water content absorbed by the rocks 
was modeled using exponential fitting functions. It can be 
observed that constant water contents were reached for soak-
ing time equal to or less than 24 h and 8 h for marble and 
granite, respectively. Hence, specimens immersed for 48 h in 
this study were believed to be in a fully saturated state. The 
physical and mechanical parameters are listed in Table 1.

2.2  Experimental Methods

The MTS 815 (Flex Test GT) rock mechanics machine 
with 1000 kN was applied to conduct the direct tensile test 
and Brazilian test (see Fig. 3). A real-time AE acquisition 
system (model: PCI-2) was used to capture the AE sig-
nals released during the entire loading process. The rela-
tive axial displacement was recorded by a linear variable 
differential transducer (LVDT) with a range of ± 2.5 mm. 
A total of eight micro30 sensors were symmetrically 
arranged on the surface of each sample. In the direct ten-
sile test, as shown in Fig. 4, two rounds of AE sensors 
were installed near the top and bottom of the specimen, 

Fig. 1  The thin-section images 
and chemical composition 
proportions of the tested rocks, 
a marble, b granite
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and AE sensors with rectangle arrays were attached to the 
front and rear of the specimen in the Brazilian test. These 
micro30 sensors are highly sensitive and have a good fre-
quency response to AE signals, making them beneficial to 
AE analysis. The pre-amplification and sampling rate of 

AE monitoring were set as 40 dB and 1 MHz, respectively. 
A constant loading rate of 0.05 mm/min was applied dur-
ing both the direct tensile test and the Brazilian test.

Fig. 2  The water content variation of two tested rocks with soaking time, a DT samples, b BT samples

Table 1  Summary of physical properties of two rocks studied

� : mean value, � standard deviation,�dry dry density, ρsat saturated density, P porosity, w water content, for saturated samples only, Vpd P-wave 
velocity of a dry sample, Vps P-wave velocity of a saturated sample, �c uniaxial compressive strength of rock under natural conditions, E elastic 
modulus

Rock type �dry (g/cm3) �sat (g/cm3) P (%) w (%) Vpd (m/s) Vps (m/s) �c (MPa) E (GPa)

Marble �(±�) 2.68 (± 0.014) 2.69 (± 0.008) 6.38 (± 0.033) 3.18 (± 0.013) 3024 (± 38) 3321 (± 35) 56.72 43.76
Granite �(±�) 2.78 (± 0.019) 2.80 (± 0.023) 1.72 (± 0.025) 0.97 (± 0.008) 5509 (± 66) 5722 (± 53) 120.05 40.43

Fig. 3  Experimental setup used for a, b direct tension experiments, 
and c Brazilian experiments

Fig. 4  The layout of AE sensors in a direct tension test, and b Brazil-
ian test
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2.3  AE Waveform Data Processing

All AE waveform data was automatically recorded by the 
AE monitoring system and saved as numerous CSV files. 
The time element in the file name was adjusted to the front 
by Windows batch processing, which facilitates the iden-
tification of the AE waveform release time. With the aid 
of the MATLAB programming process, the Fast Fourier 
transformation (FFT) method was then employed to acquire 
the dominant frequencies of the AE waveform signals, as 
well as the corresponding loading time and amplitude. The 
dominant frequency, which is defined as the frequency cor-
responding to the maximum amplitude, could be determined 
by whose normalized amplitude is 1 in this study. For exam-
ple, the dominant frequency shown in Fig. 5 is 98 kHz. The 
energy of AE signals was characterized by the square of 
their corresponding amplitude. As a result, all dominant 

frequencies and their corresponding amplitude of the AE 
waveform signals could be efficiently recorded.

3  Results and Analysis

3.1  Rock Tensile Strength

The effect of water saturation on the direct tensile strength 
�td and the Brazilian tensile strength �tb of marble and gran-
ite is depicted in Fig. 6. The average �td values of dry and 
saturated marble are 2.58 and 1.86 MPa, whereas those of �tb 
values increase to 5.54 and 3.41 MPa, respectively. It can be 
found that the tensile strength in Brazilian tests is approxi-
mately 2.15 and 1.83 times that of direct tensile tests for dry 
and saturated marble, respectively. The average �td values of 
dry and saturated granite are 3.91 and 3.65 MPa, while those 
of �tb values increase to 7.17 and 6.52 MPa, respectively. 
In the same way as marble, multiple relationships between 
tensile strength from the Brazilian and direct tensile tests 
(i.e., 1.83 and 1.79) are found in dry and saturated granite. 
It means that the Brazilian loading leads to tensile strength 
enhancement, whether marble and granite are under dry or 
saturated conditions.

In addition, data showed that the �td and �tb diminished 
substantially in the marble studied due to water saturation. 
In particular, the percentage of reduction was 27.87% in �td 
and 38.48% in �tb for marble, respectively. Reductions of 
6.64% and 9.04% are observed in �td and �tb , respectively, 
when granite undergoes saturation. It indicates that water 
saturation leads to a reduction in the tensile strength of both 
rocks under different loading conditions. In comparison, the 
weakening effect of water saturation on rock tensile strength 
is more pronounced in the Brazilian test than in the direct 
tensile test. Moreover, water saturation plays a more obvi-
ous role in the tensile strength reduction of marble than that 
of granite.

Fig. 5  The extraction process of the dominant frequency of an AE 
waveform

Fig. 6  The tensile strength of dry and saturated rocks under different loading conditions, a tensile strength in the direct tensile test, and b tensile 
strength in the Brazilian test
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3.2  Statistical Analysis of AE Waveforms

To conduct statistical analysis, we divided the dominant fre-
quencies of AE waveform signals into different bands. Con-
cretely speaking, dominant frequencies less than 450 kHz 
were grouped into 45 bands with a constant interval of 
10 kHz, and those greater than 450 kHz were classified into 
the 46th band. We then calculated the percentage of AE 
waveforms distributed in each dominant frequency band. 
The percentages of AE waveforms located in different domi-
nant frequency bands of rocks are illustrated in Figs. 7 and 8.

An apparent feature of two concentrations in dominant 
frequency bands is observed, which is in line with several 
previous studies (Li et al. 2017; Zhang et al. 2022; Zhu 
et al. 2019). Further, we named these two concentrations of 
dominant frequency bands as high dominant frequency band 
(H-type band) and low dominant frequency band (L-type 
band), and AE waveforms distributed in high and low domi-
nant frequency bands as H-type waveform and L-type wave-
form, respectively. The finding of two-peak frequency in 
this study enriches the research on AE spectrum analysis 
of rocks; this further confirms that the two-peak frequency 
is essential for rocks, irrespective of the soaking states and 
loading regime.

We selected the dominant frequency bands whose per-
centage is more than 1% and calculated the percentages 

of H-type waveforms and L-type waveforms, as shown in 
Fig. 9. One can see that over 96% of the dominant frequen-
cies are located in the H-type band and L-type band. This 
means the distribution of dominant frequencies is concen-
trated, and the classification of two categories is reason-
able. Further, there is a mutually inhibiting relationship 
between the percentages of H-type waveforms and L-type 
waveforms because the sum of them is almost equal to 
100%. We take the percentage of L-type waveforms as the 
representative to illustrate the effects of water saturation 
and loading conditions. On average, the percentages of 
L-type waveforms for dry marble in the direct tensile test 
and Brazilian test are approximately 91.42 and 38.55%, 
while those increase to 96.36 and 47.19%, respectively, 
when marble is saturated. The percentage of L-type wave-
forms for dry granite in the direct tensile test and Brazilian 
test account for approximately 69.91 and 24.29% on aver-
age, and those for saturated granite are 68.51 and 30.98%, 
respectively. It can be concluded that the water satura-
tion and loading conditions have remarkable influences 
on the generation of AE waveforms located in different 
dominant frequency bands. Concretely, when rocks are 
saturated, the percentages of L-type AE waveforms con-
siderably increase, except for granite in the direct tensile 
test (which remains almost unchanged). The percentage 
of H-type waveforms in AE signals of the Brazilian test 

Fig. 7  The percentages of AE waveforms located in different dominant frequency bands of marble under different loading regimes
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is far greater than that of the direct tensile test, especially 
for the marble rock.

3.3  Dependence of Micro Failure on the Dominant 
Frequency of AE Waveform

The rock fracture is essentially a process of continuous 
accumulation and propagation of micro failures, which is 
the essential cause of rock strength. Herein, we used the 

polarity method and AE parameters method to evaluate the 
AE source mechanism characterization; these two meth-
ods are commonly applied in the fracture mode classifica-
tion of rock and concrete materials. The polarity method 
could conduct crack classification by the statistical result 
of signs of the first pulse amplitude of all hits in a single 
event. The polarity value of an event is obtained by Zang 
et al. (1998):

Fig. 8  The percentages of AE waveforms located in different dominant frequency bands of granite under different loading regimes

Fig. 9  The percentages of H-type waveforms and L-type waveforms 
of two rocks, a marble, and b granite. The data used in this plot is the 
average value of samples in the same group. The DT and BT in the 

axial label indicate the direct tensile test and Brazilian test, respec-
tively, and others mean AE waveforms distributed outside the high 
and low dominant frequency bands
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In Eq. (3), A
i
 is the first pulse amplitude of the i th hit and 

K indicates the number of sensors used for an AE event. 
Classification is conducted within three selected ranges 
based on the polarity value, which corresponds to different 
types of micro failures. In particular, the tensile AE event is 
determined when pol < −0.25 , the shear AE event is deter-
mined when −0.25 < pol < +0.25 , and the compression 
AE event is evaluated when pol > +0.25 . To simplify, the 
compression event is assumed to pertain to the shear event 
in this study.

A series of AE parameters are utilized to calculate two 
new parameters, i.e., the RA value and average frequency 
(AF) value, in the AE parameters method. According to 
numerous previous publications (Aggelis et al. 2011; Kor-
datos et al. 2012), the RA value and AF value are given by:

where N is the AE counts, Td is the duration time, Am is the 
maximum amplitude, and Tr is the rise time.

Shear and tensile cracks could be determined according 
to the relationship between the RA value and AF value. To 
be specific, a high RA value associated with a low AF value 
is caused by the propagation of cracks in the shear mode, 
and a lower RA value associated with a higher AF value is 
produced by the propagation of cracks in the tensile mode 
(Rodríguez and Celestino 2019; Wang et al. 2017). Taking 
marble specimens in the direct tensile test and Brazilian test 
as an example (see Fig. 10), the RA-AF values of TMD-1 
are mostly distributed along the ordinate, which suggests 

(3)pol =
1

K

K
∑

i=1

sign(A
i
)

(4)RA =
Tr

Am

(5)AF =
N

Td

that tensile cracking is the dominant failure mode. The 
RA-AF values of BMD-1, however, are mostly exhibited 
along the abscissa, indicating the occurrence of abundant 
shear cracking. The percentages of micro-shear failure and 
micro-tensile failure of TMD-1 are 10.32 and 89.68%, and 
that of BMD-1 is 68.43 and 31.57%, respectively, when a 
transition line is determined. It should be noted that the ratio 
of AF value and RA value k , the slope of the transition line 
namely, is not a constant factor and varies under different 
experimental conditions and material types. Despite this 
uncertain condition of k , it was determined by empirical 
relationships in most previous literature (Farnam et al. 2015; 
Zhu et al. 2022). In this study, we set the k as 200:1 for all 
rock samples after several rounds of attempts and sort out 
their percentages of different crack types. A comparative 
study between the polarity method and the AE parameter 
method was then conducted. Further, we tried to explore 
the AE source mechanism and establish the correlation of 
crack types determined by these two methods mentioned 
above with the dominant frequency characteristic. Note that, 
crack and micro failure are not strictly distinguished in this 
study because crack types determined by the AE parameters 
method are described from a microscopic perspective.

In Fig. 11, it is evident that the results obtained using 
the polarity method and AE parameter method exhibit 
remarkable similarity across various scenarios, especially 
in the direct tensile test; no obvious dependence of water 
saturation on the consistent results of these two methods 
was observed. Data indicates that rock micro-tensile failures 
play a predominant role in the direct tensile test and their 
occurrence far surpasses that of micro-shear failures. The 
percentage of micro-shear failure for granite is higher com-
pared to marble. This may be attributed to the differences 
in rock mineral composition and cementation type. In the 
Brazilian test, the micro-shear failures govern rock fracture 
generally, being more emphasized in granite. One important 
finding shows that there is correspondence between the AE 

Fig. 10  The relationship between the RA value and AF of samples, a TMD-1, b BMD-1
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waveforms located in different dominant frequency bands 
and failure types, manifesting by their close value in percent-
age. Particularly, H-type waveforms typically correspond to 
the micro-shear failures and the L-type waveforms align well 
with micro-tensile failure. This finding is especially verified 
by the group of marble specimens in the direct tensile test, 
with the rather perfect consistency of data from dominant 
frequency analysis and these two crack classification meth-
ods. Overall, the correspondence between AE waveform 

types and failure types is more obvious in the direct tensile 
test compared to the Brazilian test, with marble exhibiting a 
more pronounced association than granite.

3.4  AE Waveform Energy Evolution

The energy ratios of the H-type waveform and L-type 
waveform of the two rocks, i.e., PEH and PEL are depicted in 
Fig. 12. Results show that the sum of average energy ratios 

Fig. 11  The correlation of AE waveform types with failure types obtained by the polarity method and AE parameter method (the _Pol and _AP 
in the legend represent data values obtained by the polarity method and AE parameter method, respectively)

Fig. 12  The energy ratio of H-type waveforms and L-type waveforms of two rocks, a marble, and b granite
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of the H-type waveform and L-type waveform for each group 
are all beyond 97%. This means the energy of AE wave-
forms that fell outside the two dominant frequency bands is 
very small and almost can be neglected during analysis. For 
marble in dry conditions, the average PEL  in the direct ten-
sile test and Brazilian test are 91.39 and 38.12%, and these 
increase to 97.28 and 59.45 after saturation, respectively. A 
similar manner could be found in granite, that is, the average 
PEL  in the direct tensile test and Brazilian test for saturated 
granite are 80.30 and 31.11% compared to 77.20 and 23.53% 
for dry granite. These findings indicate that water saturation 
causes an increase in the energy ratio of the L-type wave-
form in both of these two test methods, along with a decreas-
ing energy ratio of the H-type waveform. Moreover, it turns 
out that the increment or reduction in the energy ratio of the 
L-type or H-type waveform in the Brazilian test is greater 
than that in the direct tensile test, indicating a more obvious 
water saturation effect on the energy of rock failures in the 
Brazilian test.

4  Discussion

We documented the tensile strength of dry and saturated 
rocks under different loading conditions, as well as the domi-
nant frequency characteristics (i.e., amount percentage and 
energy ratio) of AE waveforms. In this scene, we would 
like to discuss the following points: what causes the dif-
ference in rock tensile strength in the direct tensile test and 
the Brazilian test? Since the L-type waveform corresponds 
to micro-tensile failure, is it correlative with the rock ten-
sile strength variation? What is the interpretation of water 
weakening effects on rock tensile strength under different 
loading conditions?

4.1  Difference Between Tensile Strength 
in the Direct Tensile Test and the Brazilian Test

The difference between rock tensile strength measured by 
the direct tensile test and the Brazilian test has been recog-
nized. By fitting the experimental results from some existing 
literature (Andreev 1991a, b; Coviello et al. 2005; Graue 
et al. 2011; Klanphumeesri 2010; Mishra and Basu 2012; 
Perras and Diederichs 2014; Perras et al. 2013; Qi et al. 
2019; Rabat et al. 2023; Ramana and Sarma 1987) and ours, 
we found that the ratios of BTS and DTS, � namely, in this 
study were distributed in a range that matches other results 
(see Fig. 13). An interesting finding is that the existence of 
water seems to diminish the difference in the tensile strength 
between these two methods, manifesting in the smaller � 
of marble and granite under saturated conditions (i.e., 1.83 
and 1.79) compared to that under dry conditions (i.e., 2.15 
and 1.83).

When rock is subject to direct tensile loading, micro-ten-
sile failures dominate the rock fracture process, accompanied 
by a few micro-shear failures. In general, the micro-shear 
failures generated in the direct tensile test are considered 
as the interaction between mineral particles, e.g., friction 
caused by grain slip. Hence, the microstructure of rock 
affects the generation of micro-shear failures, that is, the 
more complex the microstructure of rock is, the more likely 
the micro-shear failures occur. The marble used in this study 
is more homogeneous than granite due to its single mineral 
composition, and few micro-shear failures thus occur. Since 
the H-type waveforms are caused by micro-shear failures 
analyzed in Sect. 3.3, as would be expected, the H-type 
waveforms released from marble are far less than that of 
granite in both two test methods. The loads experienced by 
the rock specimen during the Brazilian test are intricate. On 
one hand, the compressive load acting on the radial direction 
of the specimen would cause numerous micro-shear failures 
due to the close relationship between compression and shear 
failure. On the other hand, the compressive load makes the 
rock specimen undergo horizontal deformation and tensile 
stress generated, which is responsible for the generation of 
considerable micro-tensile failures. As a result, both H-type 
and L-type waveforms of rock are abundant in the Brazilian 
test, and sometimes the former is more pronounced.

It is generally believed that direct tensile testing yields 
the true tensile strength of rock, whereas Brazilian tensile 
testing makes an over-measurement. In this study, the Brazil-
ian test produces a higher percentage of H-type waveforms, 
and higher tensile strength was measured; this means that 
more micro-shear failures occurred in the Brazilian test 
compared to the direct tensile test. As we know, the ability 
of a brittle rock to compress is much greater than that to 

Fig. 13  Correlation between the Brazilian tensile strength and the 
direct tensile strength in marble and granite and comparison with 
other rock types published in the scientific literature
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stretch (Goodman 1989; Wu et al. 2018). Xie et al. (2005) 
and Wang et al. (2019) have demonstrated that micro-shear 
failure plays a synergistic role in rock fracture, and its high 
percentage indicates a high blocking effect on energy release 
and great critical stress. This is why saturated rocks, which 
release more L-type waveforms (corresponding to micro-
tensile failures), have lower strength than dry rocks. As 
shown in Fig. 14, the failure of rock specimens under direct 
tension is mainly the result of overcoming the cohesion 
between the mineral particles and the friction generated. 
Taking the lower part of the specimen as an example, three 
forces, including the tensile force T  , the cohesion force Fcd , 
and the friction force f

1
 , is activated. Among them, the T  is 

balanced by the resultant force of  Fcd and f
1
 . As analyzed, 

the f
1
 generated on the potential failure surface, which is 

caused by the tendency or occurrence of crystal particles 
to slip, is expected to be a considerable component of rock 
specimen tension capacity. Similar to the manner of the 
specimen in the direct tensile test, the friction that occurred 
on the potential failure surface in the Brazilian test could be 
one of the reasons for the Brazilian tensile strength. It should 
be noted that the failures generated by overcoming friction 
are most likely to be characterized by micro-shear failures. 
In this connection, the fact that the Brazilian tensile strength 
is greater than the direct tensile strength can be attributed to 
the generation of abundant micro-shear failures induced by 
compressive load and friction. In a word, the friction gen-
erated on the potential failure surfaces is a non-negligible 
component of the tensile strength, and the micro-shear fail-
ures, which are manifested by the H-type waveforms, are the 
immediate cause of the difference between the direct ten-
sile strength and the Brazilian tensile strength. Specifically, 

the more the micro-shear failures are, the higher the tensile 
strength is.

4.2  Correlation of Tensile Strength with the Energy 
Ratio of L‑Type Waveform

From a microscopic perspective, the previous findings indi-
cate that the rock types and external conditions affect the 
statistical characteristics of different types of micro failures, 
which causes the rock tensile strength to vary. It is impor-
tant to note that the tensile strength measured in the direct 
and Brazilian loading tests in this study does not represent 
the true tensile strength, as the percentage of micro-tensile 
failure is not equal to 100%. In fact, among the existing 
experimental conditions that are used to measure the rock 
tensile strength, pure tensile loading cannot be currently 
implemented. Herein, we defined an “ideal” tensile strength 
according to the physical meaning of rock tensile strength; 
it corresponds to the condition that the micro-tensile fail-
ures account for 100%. Given the corresponding relationship 
between micro-failure and AE waveform types, we selected 
the L-type waveforms as a representative indicator to evalu-
ate the “ideal” tensile strength of rock.

The AE waveform signals are generated as a result of rock 
micro failures, which occur due to the release of localized 
strain energy. Compared to the quantity of AE waveform 
signals, its energy can better characterize the intensity of 
rock micro failure. Therefore, we explored the correlation 
between rock tensile strength and the energy ratio of L-type 
waveforms to predict the “ideal” tensile strength. As shown 
in Fig. 15, the direct tensile strength is negatively correlated 
with the energy ratio of L-type waveforms. We determined 
the “ideal” tensile strength by identifying the intersection 
point of a linear fitting curve, where the energy ratio of 
L-type waveforms accounts for 100%. Moreover, the higher 
Brazilian tensile strength results from the fewer L-type 
waveforms according to the findings mentioned above. This 
indicates a direct correlation between the Brazilian tensile 
strength and the L-type waveform. Based on this, we inte-
grated the data from the Brazilian test to enhance the pre-
diction of the “ideal” tensile strength. In other words, we 
employed two linear fitting curves, each determined by dif-
ferent sets of original data (i.e., data solely from the direct 
tensile test and data combined from the direct tensile test 
and the Brazilian test) to predict the “ideal” tensile strength 
using their intersection points. From Fig. 15, one can see 
that the tensile strength of both two test methods versus 
the energy ratio of the L-type waveform follows a linear 
law relationship. The correspondence between the tensile 
strength of rocks in dry conditions and the energy ratio of 
the L-type waveform is stronger compared to rocks in satu-
rated conditions, exhibiting a higher correlation coefficient.

Fig. 14  Schematic diagram of forces acting on rock specimen in the 
direct tensile test and the Brazilian test. f1, Fcd, and T are the fric-
tional force, cohesion force, and applied tensile load in the direct ten-
sile test, respectively. f2, Fcb, and P are the frictional force, cohesion 
force, and applied compressive load in the Brazilian test, respectively
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The results of predicting the “ideal” tensile strength using 
these two fitting methods are shown in Fig. 16. The fitting 
method that combines both DTS and BTS data was referred 
to as “Fitting method 1”, while the fitting method that solely 
relies on DTS data was denoted as “Fitting method 2”. The 
“ideal” tensile strength of dry marble, saturated marble, dry 
granite, and saturated granite by Fitting method 1 is 2.15, 
1.83, 2.49, and 2.60 MPa compared to average values of 
2.58, 1.86, 3.91, and 3.65 MPa obtained from the direct 
tensile test. This suggests that the “ideal” tensile strength 
obtained by fitting method 1 is lower than the average value. 
Similar conditions could also be found in the results by Fit-
ting method 2, indicating that the high energy ratio of the 
L-type waveform (i.e., 100%) is the reason for the reduction 
in “ideal” tensile strength. This further supports the close 
relationship between the characteristics of the L-type wave-
form (amount and energy ratio) and rock tensile strength, 
given the rock’s weak ability to stretch.

The difference between the tensile strength measured 
under experimental conditions and the estimated “ideal” ten-
sile strength is smaller for marble than for granite. Although 
the fitting methods based on spectrum analysis and dominant 

Fig. 15  The correlation of tensile strength with the energy ratio of 
L-type waveforms (the black dotted line is the linear fitting curve for 
samples in the direct tensile test and Brazilian test, and the blue dot-

ted line is the linear fitting curve for the samples in the direct tensile 
test. For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article)

Fig. 16  The direct tensile strength of rocks determined by different 
methods (fitting method 1 in the figure legend indicates the results 
from the fitting curve by the tensile strength in the direct tensile test 
and the Brazilian test shown in Fig. 15, and the Fitting method 2 indi-
cates the results from the fitting curve by the tensile strength in the 
direct tensile test shown in Fig. 15)
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frequency statistics are time-consuming, they provide more 
accurate tensile strength predictions and can be used as an 
alternative in early rock engineering design. In general, Fit-
ting method 1 tends to yield lower “ideal” tensile strength 
compared to Fitting method 2 and thus less aligned with 
the average value from the direct tensile test. On one hand, 
the considerable amount of H-type waveforms induced by 
the loading condition in the Brazilian test may impede the 
fitting accuracy in Fitting method 1 to some extent. On the 
other hand, the additional data points from the Brazilian tests 
make the fitting results in Fitting method 1 more convinc-
ing. In this study, we attempted to incorporate the Brazilian 
tensile strength in Fitting method 1 and successfully pre-
dicted the “ideal” tensile strength of marble and granite with 
acceptable errors. Nevertheless, further studies are required 
to assess the accuracy of these two fitting methods for a 
broader range of rock types, as the data samples in this work 
were limited.

4.3  Water Saturation Effects on Rock Tensile 
Strength Under Different Loading Conditions

The intrinsic mechanisms that underlie the reduction in 
tensile strength of rocks due to water are multifaceted and 
intricate. In particular, the following reasons are proposed 
in the existing literature: clay mineral swelling, pore water 
pressure, friction weakening, and stress corrosion (Brantut 
et al. 2014; Cai et al. 2022; Erguler and Ulusay 2009; Rabat 
et al. 2021). It is worth noting that, the exertion of the mul-
tiple potential mechanisms depends on the rock types and 
experimental conditions. Concerning these possible reasons, 
the clay mineral swelling and stress corrosion occur in the 
rocks containing clay and siliceous minerals, respectively. 
The effects of pore water pressure and friction weakening 
are largely correlated to the porosity and solubility of rocks. 

Moreover, the pore water pressure effect is generally con-
sidered negligible under a pure tensile loading regime. It is, 
therefore, reasonable to posit that the friction weakening 
effect could be the primary weakening mechanism responsi-
ble for the reduction in strength of saturated marble, given its 
mineral composition (calcite only). Due to the abundant sili-
ceous minerals in saturated granite, the water-induced reduc-
tion in its strength is possibly attributed to the combined 
effects of friction-weakening and stress corrosion. Subse-
quently, we would like to discuss separately the water-weak-
ening effects responsible for the tensile strength reduction 
of marble and granite under different loading conditions.

In Sect. 4.1, we elucidated that the friction generated 
on the potential failure surface is a contributing factor to 
the tensile strength of the rock. When rocks are saturated, 
the friction weakening induced by water arises, leading 
to a reduction in tensile strength. As shown in Fig. 17, a 
typical scanning electron microscope (SEM) image of dry 
marble rock in a direct tensile test reveals the presence of 
multiple smooth failure surfaces, which signify transgran-
ular fractures characterized by violent rupture patterns. 
Conversely, the SEM image of saturated rock showcases 
rough convex surfaces adorned with flat blunt angulars, 
indicating the weakening friction induced by water. The 
friction-weakening effect in rocks is typically attributed to 
chemical and physical interactions, such as the ion exchange 
and solution, and adsorbed water films on mineral surfaces 
(Cai et al. 2019; Van 1976; Zhou et al. 2018). Although 
the dissolution of calcite minerals is very limited in cur-
rent scenarios due to vacuum saturation and the short test 
duration, the presence of lubricating water films on mineral 
surfaces can largely reduce the friction between mineral par-
ticles, thereby leading to tensile strength degradation. This 
is strongly supported by the proportion reductions in the 
amount and energy of the H-type waveforms (micro-shear 

Fig. 17  The SEM images of marble samples in the direct tensile tests, a dry marble sample, b saturated marble sample
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failures) which are closely related to friction weakening. For 
example, the proportion reductions in amount and energy 
of H-type waveforms for saturated marble in the direct ten-
sile are 3.64 and 3.55%, and those in the Brazilian test are 
11.16 and 24.55%, respectively. Due to the complementary 
relationship between H-type and L-type waveforms in pro-
portion, the amount and energy of L-type waveforms con-
siderably increase. Moreover, it should be recalled that the 
tensile strength reductions of saturated marble in the direct 
tensile test and the Brazilian test are 27.87 and 38.48%, 
respectively. It means that the water-weakening effects on 
tensile strength are more obvious under Brazilian loading 
than direct tensile loading. A reasonable explanation of this 
difference is that the friction-weakening effect caused by 
lubricating water films in the Brazilian test is more promi-
nent under the condition of widespread friction implied by 
the abundant micro-shear failures. In a word, the friction 
weakening effect induced by water films is responsible for 
the reduction in tensile strength under both direct tensile 
loading and Brazilian loading, and the widespread friction 
condition in the Brazilian test facilitates the occurrence of 
friction weakening, as evidenced by the substantial reduction 
in Brazilian tensile strength.

Saturated granite is likely to suffer from two main water-
weakening effects, including friction weakening and stress 
corrosion. Results showed reductions of 6.64 and 9.04% 
in the direct tensile strength and Brazilian tensile strength 
when granite is saturated. However, the proportion of H-type 
waveforms in amount exhibited an increment of 1.99% in the 
direct tensile test, and that emphasized a reduction of 6.58% 
in the Brazilian test. Moreover, the proportion reductions of 
H-type waveforms in energy are 3.36 and 6.10% in the direct 
tensile and Brazilian tests, respectively. This is similar to 
the condition of saturated marble in some aspects, such as 
greater reduction in tensile strength observed in the Brazil-
ian test, and greater reductions in the amount and energy of 
H-type waveform in the Brazilian test. Therefore, we can 
rationally speculate that the friction-weakening effect plays 
a considerable role in the tensile strength degradation of 
saturated granite, particularly in the Brazilian test. In addi-
tion to the friction weakening effect, the potential stress cor-
rosion in saturated granite is actually a process of chemi-
cal hydrolysis. The stress corrosion theory suggests that 
the crack propagation velocity increases when water vapor 
condensates in the crack tips of rocks, acting as a corrosive 
agent. That is, the replacement of silica-oxygen bonds by 
weaker hydrogen bonds caused by water reduces the stress 
required for rock failure, which would facilitate the initiation 
and propagation of cracks (Oldecop and Alonso 2007). It 
should be noted that the process of stress corrosion is slow 
and only valid when water can diffuse into newly created 
crack tips (Atkinson and Meredith 1981). The experimental 
conditions in this study, i.e., test duration over 10 min and 

tensile stress distribution, could lead to the occurrence of 
stress corrosion. However, the porosity of granite (1.72%, 
see Table 1) is too low to allow the diffusion of too much 
water, even though the saturation state is reached. This is 
why the loss in tensile strength for saturated granite is quite 
lower relative to saturated marble. Compared to the friction-
weakening effect caused by lubricating water films, stress 
corrosion occurs under more severe conditions. Hence, both 
friction weakening effect and stress corrosion are considered 
as the reasons for the reduction in tensile strength of satu-
rated granite, but the former is more pronounced.

5  Conclusions

Based on the experimental work and AE analyses con-
ducted in the present article, several essential points can be 
highlighted:

(1) Water saturation causes substantial reductions in the 
tensile strength of marble and granite under different 
loading conditions. In both dry and saturated condi-
tions, the tensile strength of rocks in the Brazilian test 
is greater than that in the direct tensile test. This dispar-
ity is attributed to the occurrence of more micro-shear 
failures during Brazilian loading compared to direct 
tensile loading.

(2) Brazilian loading leads to an increment in the percent-
age of H-type waveforms, while water saturation typi-
cally increases the percentage of L-type waveforms. 
The results of crack classification methods (such as 
the polarity method and the AE parameters method) 
demonstrate a correspondence between the AE wave-
form types and micro-failure types. H-type waveforms 
are produced by micro-shear failures, whereas L-type 
waveforms are caused by micro-tensile failures.

(3) Water saturation induces variations in the energy 
ratio of different AE waveform types, particularly an 
increase in the energy ratio of L-type waveforms. The 
energy ratio of L-type waveforms shows a close cor-
relation with tensile strength and can be used to predict 
the “ideal” tensile strength. Tensile strength determined 
through different fitting methods is lower than the 
experimental direct tensile strength but within accept-
able error ranges.

(4) The friction-weakening effect induced by lubricat-
ing water films is responsible for the tensile strength 
reduction of saturated marble and saturated granite 
under different loading conditions. The greater tensile 
strength reduction in the Brazilian test is attributed to 
its pronounced friction weakening effect due to the 
widespread friction condition during loading. Stress 
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corrosion could be the secondary cause of the tensile 
strength reduction of saturated granite.
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