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ABSTRACT 
 

 

Investigations of rocks with different moisture contents demonstrate that during the process of
failure, the number of acoustic emissions (AE) increases in the vicinity of the yield point with
the rapid generation and growth of micro cracks. The increase of moisture content leads to 
decreased rock strength and fewer events of AE, which suggests that the inner structure and 
mechanical properties of the rocks are changed. Moreover, less energy is released during the
process of destruction, which exhibits little influence on the stress level at the threshold point of 
yield. One could use the variation of rock AE to obtain the end stress of rock elastic stage and
Poisson's ratio. And the stress ratio at the critical point could be described by mathematical 
expressions. 
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et al. (2007) investigated the relationship between the 
microscopic breaking characteristics preceding brittle 
destruction and the AE, while Tan et al. (2000) 
proposed four precursor modes contained in the AE 
generated by pressure bumps. In addition, Pan and 
Yang (2004) pointed out that the frequency and 
energy of AE in coal mass change abruptly around its 
dilation point (i.e. yield point) and Li et al. (2004) 
showed that quasi-tranquility exists preceding the 
arrival of peak intensity of AE. Lamagnère et al. 
(1996), and Sornette and Andersen (1998) pointed out 
there is a critical region in the vicinity of the critical 
point of rupture, where variations in free energy, 
reflected in energy release, can be characterized by 
a power law with log-periodic oscillations (Sornette, 
1988). 

However, little is known about the influence of 
moisture content on the AE. It is reported that the 
strength of rocks would decrease greatly with the 
increase of moisture content. Therefore, characte-
ristics of the acoustic emission generated by rocks 
with different moisture content are important to 
theoretical investigations and engineering applica-
tions. This paper investigates the stress and strain at 
the yield point and the peak stress point during the 
destruction of rocks with different moisture contents, 
and their relationship with the accompanying AE 
signals. The sharp increase of AE in the vicinity of the 
threshold stress point preceding failure is explained in 
the view of stress level. 

1. INTRODUCTION 

Rock mass in the crust usually exists in a state 
with changing moisture content and natural stress. 
Mining activities could change the stress distribution 
in the rock mass and create local stress concentration, 
leading to deformation and destruction depending on 
the structural characteristics and extraction condition 
(Cai et al., 1998; Butt et al., 2000). Therefore, rapid 
and effective detection of the inner state and 
mechanical characteristics of rocks is desired.  

Many technical problems need to be solved in 
order to fully understand the rock failure process (Sun 
and Zhu, 2014), such as accurately determining the 
Poisson's ratio and identifying rock yield point. 
Additionally, the evolution of cracks with macro 
deformation and failure is not well understood. The 
acoustic emission (AE) occurred during destruction 
provides a way to learn more, as the variation of AE is 
closely related to rock failure process (Brace et al.,
1966; Rudajev et al., 1996; Yang et al., 2003; 
Kramadibrata et al., 2011; Xu, 2012). Hence, the 
variation of AE parameters may provide information 
about rock failure and could be used to predict seismic 
and geological disasters. Several research groups have 
studied the roles of AE in the prediction of rock 
failure. For example, Holcomb (1993) and Lavrov 
(2003) summarized and analyzed the relationship 
between the Kaiser effect and rock failure. Fonseka et 
al. (1985), Lockner et al. (1992), Martin and Chandler 
(1994), Cai et al. (2004), Dai et al. (2005) and Ganne 
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inner micro cracks into interconnected plane 
structure, the accumulated AE signals have 
almost reached the peak value, although this peak 
falls behind the peak stress in time. 

 

Based on the above analysis, the yield point is 
defined as the point C corresponding to abrupt 
increase of the magnitude of emitted acoustic signal 
and the number of AE events (Martin et al., 2001; Cai 
et al., 2004). The stress and strain corresponding to 
the point C and D are represented as  ,c c  and 

 ,d d  respectively. Taking the peak stress at the 

point D and the strain as reference values, we have 
 

/ , /c c d c c d                                              (1)
 

Taking the accumulated number of acoustic 
emission events z and the time zt  at the completion 

of the experiment as reference values, the 
accumulated number of AE events c and the time 

ct at the point C are represented as   
 

/ , /c c z c c zt t                                               (2)
 

Based on the Weibull distribution (Qin et al., 
2006), the probability of destruction p can be 
represented as 
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p e
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                                                              (3)

 

Where  is the axial strain in a differential volume; 

0 is the statistical mean of the strain of the 

differential volume; and m is the shape parameter.  
According to (Xue et al., 2014), the probability 

of threshold destruction cp corresponding to the point 

C can be derived, which is represented as  
 

 c cp f m                                                               (4)
 

Meanwhile, the stress-strain mechanical 
response of the rock sample can be described by a 
constitutive formula as follows: 
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Taking the 1st order derivative of  in (4), the 
peak intensity is derived to be 
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From ( )P f m  and Eq.(3) ， the stress cor-

responding to the threshold point of destruction C is 
obtained 
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Fig. 1 The relationship between the parameters of 
rock stress, strain, and AE (after Martin et al. 
(2001) and Cai et al. (2004)). 

 

2. GEOMETRICAL FEATURES OF THE AE 
CURVE DURING LOADING PROCESS   

Based on the curves of (1) AE level vs. strain 
level, (2) stress level vs. strain level, and (3) stress 
level vs. time in Figure 1 obtained from experiments 
on rock samples with different moisture contents, the 
variation of AE with strain level can be separated into 
3 phases (after Martin et al., 2001; Cai et al., 2004). 
(Fig. 1; The strain and stress level are normalized 
strain and stress relative to their peak values 
respectively, and the AE level refers to the 
accumulated number of events of AE (accumulated 
number of bell ringing) normalized by the final 
accumulated number of events at the completion of 
the experiment). 
1. The compaction and elastic phase O-A-C (shown 

in Fig. 1).  Initially, the axial deformation is 
dominantly linear, and rock deformation is mostly 
compaction, with negligible level of AE. The 
original micro fissures and pores are closed.         

2. The yielding phase CD. Plenty of micro cracks 
initiate and grow rapidly, and micro breaking is 
developed spatially in rows along the potential 
breaking planes until the micro cracks eventually 
become connected with each other, as indicated 
by the localization of strain, nonlinear axial 
deformation, and accelerated increase of 
volumetric strain at the cracks. In this phase, the 
AE signal and the number of events increase 
sharply, with a jump in the vicinity of the yield 
point. This is shown as a steep change of slope in 
the accumulation curve and a sharp increase in 
the magnitude of the spectra of the acoustic 
signal. 

3. Posterior peak phase DE. The loading capability 
of the rocks decreases rapidly, in transition from 
continuous and homogenous deformation to 
localized deformation. With the development of 
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Following Xue (2015), based on Eqs. (5)~(7), we 
can get  
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One or multiple macroscopic breaking surfaces 
with sags and crests are usually found on hard and 
brittle rocks, while acoustic emission occurs in 3D 
space in the samples. Based on this observation, we 
believe that the micro-to-macroscopic destruction of 
rock samples without joint fissure in the laboratory 
should be developed for 3D, so the threshold 
probability of destruction under 3D renormalized 
condition of destruction is computed respectively 
from Eq. (4).  The rock material can be considered as 
a large system with a large number of micro-blocks, 
as the result of the complexity of formation 
environment and long-term geological processes. In 
this paper, the critical behavior of brittle fracture of 
the rock material will be studied with the model as 
shown in Figure 3, which is a 3D lattice 
renormalization. As shown in Figure 2, a large block 
is composed of eight small block. Eight large blocks 
can comprise a larger block, and so on. This is the 
process of the renormalization theory. For a group 
containing two blocks which are either broken or 
unbroken, eight states are possible: b8u0, b7u1, b6u2, 
b5u3, b4u4, b3u5, b2u6, and b1u7, where the letters ‘‘b’’ 
and ‘‘u’’ represent either a broken block, or an 
unbroken block. It is obvious to conclude that the 
failure probability (2)

1p  of second-order blocks could 

be expressed as Eq. (9) (Xue, 2011 and Xue et al., 
2014) 

 

8 0 7 1 6 2 5 3

4 4 3 5 2 6 1 7

(2)
1 b u b u b u b u

b u b u b u b u

p p p p p

p p p p

    

   
                            (9)

 

where 1p  is the failure probability of block. 

 *p f m  is illustrated in Figure 3, which shows that 

the peak strength of rock increases with the decrease 
in shape parameter, and it can be solved by the 
method of numerical iteration by substituting Eq. (9) 
into Eq. (4). The calculated 3D stress level is shown 
by Figure 4 respectively for m  equals 1, 2 3, 4, 5, 6
and 7. The result shown in Figure 5 also indicates that 
the value of c also increases with the increase of m . 

 
3. CASE STUDIES 

CASE 1: UNIAXIAL COMPRESSION TEST OF MUD-
LIMESTONE SAMPLES 

The mud-limestone samples were obtained from 
Huaibei, China. Mud-limestone samples with an 
average density of 2.74 g/cm3 at room temperature 
were cut into Φ50×100 mm cylinders, which were 
heated up to the designated temperature of 105 °C in 
a  high-temperature furnace. After the temperature 
was kept constant for about 24 hours, the furnace was 

Fig. 2 The 3D renormalization model. 
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Fig. 3 The variation of the critical failure probability 
with the shape parameter. 
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Fig. 4 The variation of the critical stress level with 
the shape parameter. 

turned off and the specimen was allowed to cool 
naturally in the furnace. The weight was obtained and 
the moisture content was calculated. All specimens 
were subjected to Electro-Hydraulic servo 
compression testing. AE was simultaneously collected 
by CTA-1 data acquisition system. 

The test result is shown in Figure 5, which is 
implied that the variation of accumulated AE with 
stress level can be separated into 3 phases. In the 
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Fig. 5 Stress-time and AE-time curves of mud limestone. 
(a) Dried; (b) Moisture content of 2.90 %; (c) Moisture content of 10.21 %. 

Fig. 6 Relationship of stress and strain of different moisture content for mud limestone.  
(a) Stress vs strain; (b) Normalized stress level vs normalized strain level. 
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Fig. 7 Relationship of peak strength, peak strain and moisture kontent.  
(a) Peak stress vs. moisture content and peak strain vs. moisture content; 
(b) Peak stress changing level vs. moisture content and peak strain changing level vs. moisture content. 
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Fig. 8 Relationship of elastic modulus and moisture content.  
(a) Elastic modulus vs. moisture content;  (b) Elastic modulus changing level vs. moisture content 
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Figure 5 (d), Figure  6 and Figure 7 show that the 
total number of accumulated AE, elastic modulus and 
peak stress are decreasing with the increase of 
moisture content, but the peak strain is linearly 
increasing. Therefore, the plasticity of mud-limestone 
is increasing with the increase of moisture content. 
Comparing Figure 5 (d) with Figure 6 (a), it shows 
clearly that with higher moisture content in mud-
limestone, the strength of the samples and the number 
of AE events decrease, but it shows little influence on 
the stress level at the threshold point C (as shown by 
Figure 6 (b)). 

 
 

compaction and elastic phases, accumulated AE 
increases very slowly. Close to Point C (critical stress 
threshold), many micro cracks form and grow rapidly, 
and micro breaking is developed spatially in rows 
along the potential breaking planes until the micro 
cracks eventually become connected with each other 
(Fig. 5), as indicated by the localization of strain, and 
accelerated increase of volumetric strain at the cracks. 
In this phase, the accumulated AE quickly increases. 
The average value of stress level for point C is 71 to 
86 %, as calculated from Figure 5. It also suggests that 
the variation of AE can reflect the changes of stress 
state, which may provide very useful information on 
rock stability. 
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Fig. 9 Relationship of stress, strain, peak stress and moisture content.  
(a) Stress vs. strain under different moisture content; (b) Peak stress vs. moisture content. 
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Fig. 10 Stress-strain curves of coal or rock with different moisture contents. 
(a) The curve of stress and strain; (b) Stress level vs. Strain level. 

CASE 3: UNIAXIAL COMPRESSION TEST OF COAL 
ROCK SAMPLES 

The coal rock samples were obtained from 
Jincheng, China. The samples were cut into 
hexahedron specimens with dimensions of 
20×20×140  mm3, and placed in a furnace to dry. 
After the samples were flooded, the moisture contents 
were determined. All specimens were analyzed on 
Electro-Hydraulic servo compression testing system 
(AG-250kN). AE was simultaneously collected by 
PCI-2 data acquisition system (Qin et al., 2012). 

Results in Figure 10 and Figure 11 show that the 
peak strength exhibits a negative exponential decrease 
with the increase of moisture content, and when the 
ratio of loading stress to peak stress is from 70 to 
85 %, the rocks begin to yield. Figure 11a and 
Figure 10b indicate that higher moisture content 
would change the inner structure state and mechanical 

CASE 2: UNIAXIAL COMPRESSION TEST OF 
SANSTONE SAMPLES 

The sandstone samples were obtained from 
Linyi, China. The samples with an average density of 
2.42 g/cm3 at room temperature were cut into 
Φ50×100mm cylinders, which were then heated up to 
the designated temperature of 105 °C in a high-
temperature furnace (type MTS652.02). After the 
temperature was kept constant for about 4 hours, the 
furnace was turned off and the specimens were 
allowed to cool in the furnace. The samples were 
flooded, and the moisture content was determined. All 
specimens were subjected to Electro-Hydraulic servo 
compression testing. The test result in Figure 9 shows 
that with the increase of moisture content, the peak 
strength linearly decreases, and when the ratio of 
loading stress to peak stress varies from 65 to 85 %, 
the rocks begin to yield 
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Fig. 11 Relationship of AE, time level, peak stress and moisture content. 
(a) Number of ring counts vs. time level for different moisture content; (b) Peak stress vs. moisture content

Specifically, because of the influence of test 
conditions and rock properties, and the principle of 
choosing points of sharp change, the data at the 
threshold point may have some errors, which will be 
continuously improved in future investigation. For 
example, inevitable damage during sample 
preparation could make cracks in the samples, which 
may lead to local stress concentration and greatly 
affect the behavior of AE by moving the characteristic 
point of AE to an earlier time. 

 
4. CONCLUSIONS 

Using fracture mechanics and statistical physics 
as key tools to study crack damage in rocks, the stress 
at the critical point on the stress-strain curve is found 
to be correlated with the point of rapid increase on the 
total number of accumulated AE - strain (or stress) 
curve. We can use the variation of rock AE to obtain 
the end stress of rock elastic stage and Poisson's ratio. 
In addition, the stress ratio at the critical point could 
be described by mathematical expressions, which 
could be reasonably proved by experimental results. 
We emphasize that this estimation procedure 
explicitly recognizes the stress level and evolution of 
the total number of accumulated AE-stress field. 

However, the complexity of rock structure may 
lead to scattered data during experiments, so the 
interferences introduced by individual difference 
among the samples cannot be excluded. Therefore, 
these conclusions need more experiments for 
validation, and further investigation on their 
robustness under various conditions. In the longterm, 
physical predicating methods can be developed for 
recognizing the threshold information of destruction, 
promoting the interaction and incorporation of 
experimental science, rock mechanics, geophysics, 
and other subjects.   

 

properties of the rocks, decrease the strength of the 
samples and the number of AE events, and reduce the 
energy released from the destruction process, but it 
has little influence on the stress level at the threshold 
point C. 

 
CASE 4: UNIAXIAL COMPRESSION TEST OF 
SANDSTONE SAMPLES 

The sandstone samples in this test were obtained 
from Chongqing, China, Sandstone samples with an 
average density of 2.31 g/cm3 at room temperature 
were cut into Φ50×100mm cylinders. The samples 
were heated up to the designated temperature of 
105 °C to dry. After the temperature was kept constant 
for about 48 hours (Li, 2012.), the furnace was turned 
off and the specimens were allowed to cool down in 
the furnace. Additionally, the naturally dried samples 
were placed in good ventilated location for 2 weeks. 
The saturated samples were boiled in water for 
8 hours, and the moisture contents were determined. 
All specimens were analyzed on Electro-Hydraulic 
servo compression testing system (MTS815). AE was 
simultaneously collected by PCI-2 data acquisition 
system. The result shown in Figure 12 indicates that 
the total number of accumulated AE decreases with 
the increase of moisture content. The results obtained 
with these four different types of rocks clearly 
demonstrate that the increased moisture content 
changes the inner structure and mechanical properties 
of the rocks, and decreases the strength of the sample 
and the occurrence of acoustic emission, resulting in 
less energy being released during the destruction of 
the samples. Consequently, the rapid release of the 
accumulated energy causes fewer hazards. However, 
the variation of moisture content has little influence 
on the stress level at the threshold point C, the stress 
level which is from 70 to 80 %.  
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Fig. 12 Relationship between parameters of sandstone stress, strain, and AE under different moisture content. 
(a) Naturally dried (Moisture content of 0.36 %); (b) Dried by furnace; (c) Saturated (Moisture content 
of 2.12 %); (d) AE-time curves of sandstone with different moisture contents. 
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