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ABSTRACT 

Acoustic emission is traditionally regarded as an explicit 
measurable index for microcracking in geomaterials.  An ac- 
celerative cracking point is first introduced based on the dif-
ferent characteristics of acoustic emission at stable fracture 
propagation stage.  Accelerative cracking point is located be- 
tween the fracture initiation strength and critical energy re-
lease point, a point causing a fatal uncontrolled fracture in 
materials.  Microcracking dominates the real mechanical char- 
acteristics in the materials, not reflected on the conventional 
mechanical experimental results as the stress level beyond the 
accelerative cracking point at the stable fracture propagation 
stage.  At this stage, non-stress-controlled fracture in materials 
could arise as that found at unstable fracture propagation 
stage.  Stress-releasing time experiments are also performed 
for time-dependent concerns.  For the stress level equal or be- 
yond fracture initiation strength of materials, the onset stress 
level gradually decreases below the previous maximum stress 
level as stress-releasing time increases. 

I. INTRODUCTION 

Acoustic emission is traditionally regarded as an explicit 
measurable index for microcracking in geomaterials.  An ac- 
celerative cracking point is first introduced based on the 
different characteristics of acoustic emission at stable fracture 
propagation stage.  Accelerative cracking point is located be- 
tween the fracture initiation strength and critical energy re-
lease point, a point causing a fatal uncontrolled fracture in 
materials.  Microcracking dominates the real mechanical char- 

acteristics in the materials, not reflected on the conventional 
mechanical experimental results as the stress level beyond the 
accelerative cracking point at the stable fracture propagation 
stage.  At this stage, non-stress-controlled fracture in materials 
could arise as that found at unstable fracture propagation 
stage.  Stress-releasing time experiments are also performed 
for time-dependent concerns.  For the stress level equal or be- 
yond fracture initiation strength of materials, the onset stress 
level gradually decreases below the previous maximum stress 
level as stress-releasing time increases. 

Concrete and rocks are the most popular engineering ma-
terials attributed to brittle geomaterials besides steel.  Many 
microcracks existing in geomaterials affect the mechanical 
behavior.  The released elastic waves of damage in stressed 
materials are named as acoustic emission (AE) signals.  AE 
signals are recognized as an efficient index highly related to 
microcracking in geomaterials.  Analyzing the measured AE 
signals can directly know the damage in materials [10, 24, 32, 
34].  An informative combination between AE signal charac-
teristics and conventional macro-mechanical experimental re- 
sults can elevate the accuracy of the mechanical properties in 
geomaterials. 

During cyclic loading testing with loading-unloading- 
reloading type, AE signals are measured in stressed materials 
after reloading stress excesses its previous maximum stress 
level.  The Kaiser effect of AE is positively confirmed, as the 
onset stress is equal to its previous maximum stress level.  Due 
to microcrack closure, the criterion of Kaiser effect in geo-
materials is defined as the onset stress of a large amount of AE 
signals during compression.  The onset stress is not necessary 
the same as its previous maximum stress level [12, 17, 18, 22, 
23, 35]. 

Lavrov [24] reports a review about the certain restrictions 
on the existence of the Kaiser effect.  A well-pronounced Kaiser 
effect is sensitive to rock type and stress level (previous 
maximum stress to its ultimate strength).  In brittle rocks, the 
Kaiser effect is best-pronounced when the stress level does not 
exceed the dilatancy stress value.  In ductile rocks, the Kaiser 
effect always exists both before and after the dilatancy stress 
value.  The closer the previous maximum stress to its ultimate 
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strength, the less less-pronounced the Kaiser effect (inefficacy 
with Kaiser effect) is in brittle rocks.  The Kaiser effect moves 
to lower stresses.  It is quantitatively described as the felicity 
ratio (FR), an index defined as the ratio of AE onset stress to 
the previous maximum stress.  Lavrov [24] points out that the 
previous maximum stress ranging about 30% to 80% of the 
ultimate strength can obtain a well-pronounced Kaiser effect.  
Some studies turn out that fracture initiation may be regarded 
as the stress level of inefficacy with Kaiser effect [4, 6, 11, 42]. 

This research investigates the changes of microcracking 
based on AE and mechanical experiments within the stress 
range of inefficacy with Kaiser effect.  The effect of time- 
dependent behavior on the Kaiser effect is also obtained from 
stress-releasing time experiments.  For excluding the effect of 
heterogeneity in geomaterials, modeling material is used to 
replace real geomaterials in this research. 

II. RELATED RESEARCHES 

Many researchers suggest that the failure process can be 
divided into four sections in geomaterials under uniaxial com- 
pression [2, 4, 6, 11, 15, 28, 39, 42].  The typical sections of a 
uniaxial compressive stress-strain curve in geomaterials are 
shown in Fig. 1.  Points O, A, B, C, and D are stress initial, 
closure, fracture initiation, critical energy release, and strength 
failure, respectively.  Crack closure stage (OA) represents that 
microcrack closure in rocks induces AE signals.  During elas-
tic deformation stage (AB), the deformation of mineral crys-
tals in geomaterials sustains the external loading.  Few AE 
signals apparently indicate the decrease of stretch of existing 
microcracks in the material.  During stable fracture propaga-
tion stage (BC), the existing microcracks start to extend from 
their corners.  Nonlinear axial and volumetric deformations 
are measured and AE hit increases rapidly.  When stress level 
enters the unstable fracture propagation stage (CD), these 
existing microcracks continuously elongate and new induced 
microcracks cause the increasing density of microcracks in 
geomaterials.  Volumetric strain expands instead and high- 
energy-level AE signals suddenly increase.  These physical 
characteristics last until strength failure (D).  Generally speak-
ing, fracture initiation (B) is around 30 to 35% of strength 
failure (D) and critical energy release (C) is around 75 to 80% 
of strength failure (D) [2, 6, 15, 28, 42]. 

Holcomb [19] started to apply the concept of microcracking 
to the AE study in rocks.  Complete stress-strain curves were 
simulated by modifying the modulus of deformation based on 
AE information in rocks [7, 8, 20, 25, 26].  The Kaiser effect of 
AE typically represents new microcracking [20].  Some AE 
signals are sometimes induced by microcrack closure instead 
of crack growth [20].  For rocks under different confining 
pressures, Li and Nordlund [26] measured the onset stress of 
AE signals is consistent with the previous maximum stress.  
The macro-mechanical behavior measured by conventional 
techniques is the total effect from the responses of material 
itself and the equivalent crack under loading.  The interpreta- 
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Fig. 1. Schematic of sections of the uniaxial compressive stress-strain 

curve in geomaterials. 

 
 

tion of the uniaxial compressive stress-strain curves in geo-
materials is described as the following: 

 
1. The axial deformation is contributed by the closure of cracks 

at the initial loading. 
2. The total deformation of different minerals in materials, not 

cracks, comprises the macroscopic deformation during elas- 
tic deformation stage (AB). 

3. When the stress level touches fracture initiation (B), new 
cracks are formed from the tips of existing microcracks and 
start to extend to the direction parallel to the direction of the 
principle stresses.  The axial deformation comes from the 
fracture propagation and inner-face sliding of cracks during 
stable fracture propagation stage (BC).  The propagation of 
stress-controlled fracture determines the macroscopic de-
formation in materials.  The energy comes from the release 
of surface energy, sliding, and friction around cracks [38].  
For the stress level below the critical energy release point 
(C), the kinetics energy can be ignored due to a lower crack 
growth velocity [2]. 

4. When the stress level increases to the critical energy release 
point (C), kinetic energy from a high crack growth velocity, 
inner-face friction resistance of microcracks, continuous 
extension from microcrack tips, and the increase and link-
age of microcracks induce lateral deformation and swelling 
volumetric stain.  Non-stress-controlled fracture in materi-
als arises at the unstable fracture propagation section.  The 
kinetic energy with a high crack growth velocity provides 
enough energy for the increase and linkage of microcracks 
even holding the stress level [2].  The crack growth velocity 
rapidly increases and continues to approach the terminal 
velocity at the strength failure (D). 
 
When rocks under low cyclic loading, the AE hit repre-

senting the inner microscopic changes has a consistent mac-
roscopic deformation in rocks [16].  A great amount of AE 
signals and the largest permanent deformation are observed at  
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Fig. 2. Arrangement schematic of acoustic emission experiment. 

 
 

the first cyclic loading.  Both AE signals and corresponding 
deformation dramatically decrease in the subsequent cyclic 
loadings [38, 40-42].  At the loading stage, material itself 
and crack propagation/sliding balance the external loading 
energy.  At unloading stage, the inner-face friction resistance 
and sliding of microcracks successively dominate the me-
chanical behavior in geomaterials [38]. 

The effect of stress-releasing time on the Kaiser effect has 
been discussed in geomaterials for years.  Most of researchers 
conclude insignificant effect of stress-releasing time on the 
Kaiser effect [12, 17, 23, 26, 33, 35, 41].  Some other re-
searchers, however, found that the onset stress level of AE 
signals gradually becomes lower than the previous maximum 
stress level as stress-releasing time increases.  The onset stress 
level approaches a constant value after 10-day stress release 
[14, 29-31].  Stress-releasing time influence the existence of 
the Kaiser effect.  Considering the close relationship between 
Kaiser effect and the maximum stress level can efficiently 
identify the effect of stress-releasing time on the Kaiser effect. 

III. ACOUSTIC EMISSION EXPERIMENTAL 
PLANS 

1. Equipments and Experimental Procedure 

Figure 2 shows the arrangement of acoustic emission ex-
periments.  The equipments are (1) Physical Acoustics Coop-
eration (PAC) AE measurement and analyzer system, type 
LOCAN320, including a personal computer, post-amplifier, 
and signal processor in program L320loc environment for the 
measurement, storage, display, and analysis of acoustic emis-
sion signals, (2) AE sensor, type PAC NANO-30, tied to cy-
lindrical specimens with tapes to measure AE signals, (3) 
Pre-amplifier, type PAC 1220, with a filter frequency range of 
100 to 500 kHz, (4) 450-ton servo-control loading system, 
type MTS 315.03A-01, and (5) Deformation measurement 
system, including axial extensometer, type MTS-632.94C-20, 
and circumferential extensometer, type MTS-632.92C-05. 

Table 1. Stress section points of the uniaxial compressive 
stress-strain curve in modeling material. 

Section point Stress level 

Crack closure point (A) 0.98 MPa (10 ksc) 
Fracture initiation (B) 3.43-4.41 MPa (35-45 ksc) 
Critical energy release (C) 9.81-10.79 MPa (100-110 ksc) 
Strength failure (D) 15.4-15.99 MPa (157-162 ksc) 
 
 

Table 2. Basic mechanical properties of modeling material. 

Mechanical 
properties 

Compressive 
strength 

Modulus of 
deformation 

Tensile 
strength 

Poisson’s 
ratio 

Bulk  
density 

Values 15.64 MPa 3.99 GPa 1.21 MPa 0.25 1.22 g/cm3 

 
 

Table 3. Non-dimensional items in modeling material, real 
rocks, and normal concrete. 

Dimensionless  
items 

Modeling 
material 

Real rocks Normal 
concrete 

Modulus ratio 255 50-1200 240-1300 
Strength ratio 12.93 >5 >3 
Poisson’s ratio 0.25 0.11-0.5 0.1-0.3 
 
 
The modeling geomaterial is a harden mixture of water and 

gypsum with water-to-gypsum ratio 0.58 in weight at room 
temperature in laboratory.  The modeling geomaterial is at-
tributed to a brittle type geomaterial since a steep stress de-
crease in its stress-strain curve, similar to Fig. 1, is found after 
its strength failure.  The stress section points of its stress-strain 
curve are listed in Table 1.  The dimension of cylindrical 
specimens is 100 mm in diameter and 200 mm in length.  The 
basic mechanical properties of the modeling material are 
shown in Table 2.  Three main dimensionless items, modulus 
ratio (modulus of deformation/shear modulus), strength ratio 
(compressive strength/tensile strength), and Poisson’s ratio, of 
modeling material, real rocks, and normal concrete are listed 
in Table 3 [9, 13, 26, 27, 36].  The dimensionless values of the 
modeling material are located within the reasonable ranges of 
real rocks and normal concrete. 

To measure weak AE signals in modeling material, a total 
factor of magnification in decibel (dB) is used as 80 dB, in-
cluding 20 dB in the pre-amplifier and 60 dB in the post- 
amplifier.  Five (5) noise sources, including contact sensitivity 
of sensors, background noise, micro-vibration during loading, 
collateral vibration between sensor wires and pre-amplifiers, 
and boundary conditions on the two ends of cylindrical speci- 
mens of are eliminated in acoustic emission experiments.  
The measurement frequency range and AE signal parameters 
are also set in control program L320loc.  The experimental 
procedures to treat signal noise and program parameters are 
described in the following in detail. 

 
(1) Pensile test: Breaking a pensile lead on a specimen surface  
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Table 4. Stress-releasing time experiments in modeling 
material. 

Maximum stress level Stress-releasing time (Days) 

1.96 MPa (20 ksc) 0, 32, 64 

3.92 MPa (40 ksc); 6.87 MPa  
(70 ksc); 8.83 MPa (90 ksc) 0, 16, 32 

 

 
 simulates cracking in a solid material and using three or 

more sensors can localize this pseudo-acoustic emission 
signal source.  The purpose of pensile tests used in this 
research addresses on the check-up of contact sensitivity 
conditions of five sensors by observing the sensitivity of 
measured signals. 

(2) Background noise check-up test: The program threshold 
amplitude/energy of 43 dB can fully eliminate the effect 
from the background noise. 

(3) Micro-vibration check-up test during loading: The pro-
gram threshold amplitude/energy of 45 dB can fully elimi- 
nate the micro-vibration effect during loading. 

(4) Collateral vibration check-up test: The extra noises are 
observed in sensor wires and pre-amplifiers due to col-
lateral vibration.  The threshold amplitude/energy of 45 to 
55 dB is located within the main amplitude/energy of 
modeling materials during cracking.  The treatment to fix 
sensor wires and pre-amplifiers are operated against such 
vibrations. 

(5) Program frequency test: Program frequency range is cho-
sen between 100 and 490 kHz for the resonant frequency 
ranges in modeling materials and sensors. 

(6) Program parameter setting test: Using pensile tests to lo- 
calize an acoustic emission event can determine a proper 
peak definition time (PDT), hit definition time (HDT), 
and hit lockout time (HLT) in program parameter setting.  
The PDT, HDT, and HLT used in modeling materials are 
20 sec, 40 sec, and 110 sec, respectively. 

(7) Boundary conditions on the two ends of specimens: Using 
Teflon plates as buffers between a specimen and the 
loading system can efficiently lower the friction noise and 
boundary binding effect. 

2. Acoustic Emission Experiments 

This research follows relevant testing methods for uniaxial 
compression recommended by International Society for Rock 
Mechanics (ISRM) and American Society for Testing and 
Materials (ASTM) [1, 3].  The changes of microcracking in 
modeling geomaterial can be interpreted based on the acoustic 
emission characteristics.  Two main acoustic emission ex-
periments are described as below: 

 
1. Cyclic loading acoustic emission experiments with differ-

ent stress levels: Four (4) different maximum stress levels, 
3.92 MPa (40 ksc), 6.87 MPa (70 ksc), 8.83 MPa (90 ksc), 
and 11.77 MPa (120 ksc), are chosen for the cyclic loading 

experiments in 12 cylindrical specimens.  Based on the 
stress section points of the uniaxial compressive stress- 
strain curve in modeling material as shown in Table 1, these 
4 stress levels ranges the stress level from fracture initiation 
(B) to unstable fracture propagation stage (CD). 

2. Stress-releasing time experiments: Stress-releasing time, 
ranging from 0 to 64 days, experiments listed in Table 4 are 
performed in 18 modeling material specimens first.  The 
stress level of inefficacy with Kaiser effect is identified as 
the onset stress of numerous acoustic emission signals 
during monotonic uniaxial compression. 
 
Based on the AE energy distribution in modeling material 

under uniaxial compression experiment, the low, middle, and 
high energy levels are below 48 dB, between 49 and 52 dB, 
and above 52 dB, respectively. 

IV. CYCLIC ACOUSTIC EMISSION 
EXPERIMENTS 

1. Experimental Results and Analysis 

Figure 3 shows a typical cyclic loading AE experimental 
result with fracture initiation (B), 3.92 MPa (40 ksc).  The 
AE cumulative hit increases rapidly at the first few loading- 
unloading cycles.  The AE cumulative hit increases slowly at 
the following cycles.  At the first few loading-unloading cy-
cles, a higher AE hit rate with low-to-high energy level is 
observed in Figs. 3(b) and 3(c).  At the following cyclic load- 
ing, scattering low-energy-level AE signals occur at loading 
stage due to crack closure.  Such an observation is consistent 
with relevant researches [4, 11, 12, 16, 17, 25, 26, 29-31, 
40-42].  This also indicates the existence of the Kaiser effect at 
fracture initiation (B). 

Figure 4 shows a typical cyclic loading AE experimental 
result with stable fracture propagation stage (BC), 6.87 MPa 
(70 ksc).  The distribution of AE cumulative hit in step 
type consistently corresponds to the distribution of loading- 
unloading cycles.  The increasing spire-like distribution of 
AE hit rate also corresponds to the distribution of loading- 
unloading cycles.  The AE signals ranging from low to high 
energy level are observed at the first loading-unloading cycle.  
The low-energy-level AE signals repeatedly are measured at 
the following loading-unloading cycle.  The AE onset stress 
occurs at around fracture initiation (3.92 MPa) at subsequent 
cycles.  Their FR values are around 0.6 at stable fracture 
propagation stage (BC).  Such an observation is inconsistent 
with relevant researches [12, 16, 17, 26, 27, 30-32, 41, 42] for 
these studies report that no or few AE signals are found in the 
succeeding loading-reloading cycle.  Figure 4 shows a typical 
cyclic loading AE experimental result with stable fracture 
propagation stage (BC), 6.87 MPa (70 ksc).  The distribution 
of AE cumulative hit in step type consistently corresponds to 
the distribution of loading-unloading cycles.  The increasing 
spire-like distribution of AE hit rate also corresponds to the  
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Fig. 3. Cyclic loading acoustic emission experiment with fracture initia-

tion in modeling material: (a) acoustic emission cumulative hit 
and stress, (b) acoustic emission hit rate, and (c) acoustic emission 
amplitude/energy. 

 
 

distribution of loading-unloading cycles.  The AE signals rang- 
ing from low to high energy level are observed at the first 
loading-unloading cycle.  The low-energy-level AE signals 
repeatedly are measured at the following loading-unloading 
cycle.  The AE onset stress occurs at around fracture initiation 
(3.92 MPa) at subsequent cycles.  Their FR values are around 
0.6 at stable fracture propagation stage (BC).  Such an ob-
servation is inconsistent with relevant researches [12, 16, 17, 
26, 27, 30-32, 41, 42] for these studies report that no or few 
AE signals are found in the succeeding loading-reloading 
cycle. 

At stable fracture propagation stage (BC), more detailed 
AE characteristics reveals the internal changes in the modeling  
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Fig. 4. Cyclic loading acoustic emission experiment with stable fracture 

propagation former section in modeling material: (a) acoustic 
emission cumulative hit and stress, (b) acoustic emission hit rate, 
and (c) acoustic emission amplitude/energy. 

 
 

materials as the number of loading-unloading cycle increases.  
At the first few cycles, the highest AE hit rate happens at the 
loading stage, as shown in Fig. 5.  Instead, the last few cycles, 
the highest AE hit rate occurs around the peak stress, as shown 
in Fig. 6.  The corresponding first and last 6 cyclic axial and 
lateral stress-strain curves, as shown in Fig. 7, have no sig-
nificant strain change.  When the number of cycle increases, 
the micro-mechanical behavior truly changes due to the change 
of AE characteristics; however, its corresponding macro- 
mechanical measurement cannot reflect the internal changes in 
materials. 

When the previous maximum stress level of the cyclic 
loading is set at 8.83 MPa (90 ksc), still belonging to stable  
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Fig. 5. Cyclic loading acoustic emission experiment with stable fracture 

propagation former section at first 6 cycles in modeling material: 
(a) stress, (b) acoustic emission hit rate, and (c) acoustic emission 
amplitude/energy. 

 
 

fracture propagation stage (BC), the typical cyclic loading AE 
experimental results are shown in Fig. 8.  At the first cycle, 
the energy of the AE hit rate ranges from low to high levels.  
At the subsequent cycles, the AE hit rate with low energy level 
will continuously increase as the number of loading-unloading 
cycle is increasing.  The highest AE hit rate occurs at around 
the unloading stage.  In addition, significant few AE signals 
with middle-to-high energy level indicated with arrows in Fig. 
8(c) are detected at crack closure stage (OA).  When reloading 
stresses, microcracks arise more severe closure activities at a 
higher previous maximum stress level (8.83 MPa) than those 
at lower previous maximum stress levels (1.96, 3.92, and 6.87 
MPa). 

Figure 9 shows a typical cyclic loading AE experimental 
result at unstable fracture propagation stress level (CD), 11.77 
MPa (120 ksc).  The step-like distribution of AE cumulative 
hit increases and corresponds to the distribution of loading- 
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Fig. 6. Cyclic loading acoustic emission experiment with stable fracture 

propagation former section at last 6 cycles in modeling material: 
(a) stress, (b) acoustic emission hit rate, and (c) acoustic emission 
amplitude/energy. 
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Fig. 7. First and last 6 cyclic stress-strain curves at stable fracture propa- 

gation former section. 
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Fig. 8. Cyclic loading acoustic emission experiment with stable fracture 

propagation later section at first 4 cycles in modeling material: (a) 
stress, (b) acoustic emission hit rate, and (c) acoustic emission 
amplitude/energy. 

 
 

unloading cycles.  The continuously increasing spire-like dis- 
tribution of AE hit rate corresponds to the distribution of 
loading-unloading cycles.  At the first cycle, the energy of AE 
signals ranges from low to high levels.  At the subsequent 
cycles, the AE signals with low energy level will continuously 
increase as the number of loading-unloading cycle is in-
creasing.  The highest AE hit rate occurs around the peak 
stress.  The energy level distribution of AE signals is similar to 
that with stable fracture propagation stress level.  In addition, a 
great amount of AE signals with low-to-high energy level 
(labeled as arrows in Fig. 9) indicate that microcracking, in-
cluding inner-face friction, extension, and linkage of micro- 
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Fig. 9. Cyclic loading acoustic emission experiment with unstable frac-

ture propagation section in modeling material: (a) acoustic emis-
sion cumulative hit and stress, (b) acoustic emission hit rate, and 
(c) acoustic emission amplitude/energy. 

 
 

cracks can generate much more severe and complicate crack 
closure actions than those (few AE signals with medium-to- 
high energy level) at a previous maximum stress level below 
the critical energy release point (C). 

2. Discussion on Microcracking 

Bieniawaki [2] theoretically developed and experimentally 
verified a microcrack model related to the four-section failure 
process in geomaterials under uniaxial compression in section 
II.  This model describes such a failure process as a form in 
term of crack growth velocity and crack length, as shown in 
Fig. 10.  An ultra-high speed camera is employed to measure  
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the crack growth velocity of rock under uniaxial stress.  The 
crack growth velocity launches at fracture initiation (B) cor-
responding to the crack length to initial crack length ratio as 
one.  During stable fracture propagation stage (BC), the elastic 
strain energy is totally transformed into crack surface energy 
inducing extension from microcrack tips.  The amount of its 
kinetic energy expressed as crack growth velocity can be ne-
glected during stable fracture propagation stage (BC).  The 
fracture process is controlled by its loading level.  After the 
turning point, critical energy release point (C), the elastic 
strain energy is transformed into crack surface energy and 
kinetic energy.  The kinetic energy becomes the governing 
factor in the process of unstable fracture propagation stage 
(CD).  The fracture process becomes non-stress-controlled 
and self-maintaining in rocks.  The terminal growth velocity 
is around 0.38 times of bar wave velocity at strength failure 
(D).  The constant velocity is maintained during the stage of 
forking and coalescence of cracks until rock rapture. 

In this research, there are two different AE characteristics 
found in these AE experiments with the previous ever- 
experienced maximum stress falling within stable fracture 
propagation stage (BC) have been shown in Figs. 4 to 6 and 
8.  When the previous maximum stress level of cyclic loading 
is below 7.85 MPa (80 ksc), the highest AE hit rate occurs 
around loading stage.  The highest AE hit rate shifts into the 
unloading stage as the number of loading-unloading cycle 
increases.  The internal damage is also aggravated by increas- 
ing number of loading cycle.  When the previous maximum 
stress level of the cyclic loading is above 7.85 MPa (80 ksc), 
the highest AE hit rate and energy occur around the unloading 
stage.  Some AE signals with middle-to-high energy level are 
measured at crack closure stage (OA).  The AE characteristics 
altered with a specific stress level reflect some certain changes 
of microcracking at stable fracture propagation stage (BC).  
However, the uniaxial compressive stress-strain curve, shown 
in Fig. 11, remains similar hysteresis loops to those with a 
previous maximum stress level below 7.85 MPa (80 ksc) 
shown in Fig. 7.  Comprehensively, the changes of AE char-
acteristics are different from the description, a stress-controlled 
state at stable fracture propagation stage (BC), given by Bi-
eniawaki’s microcrack model [2] with a compressive stress- 
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Fig. 11. First and last 4 cyclic stress-strain curves at stable fracture 

propagation later section. 
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Fig. 12. Modified relationship between crack growth velocity and crack 
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strain curve conventionally measured by macro-mechanical 
equipment. 

Based on the changes of AE characteristics found at stable 
fracture propagation stage (BC), two subsections, stable frac- 
ture propagation former section (Bλ) and stable fracture 
propagation later section (λC), are suggested herein at stable 
fracture propagation stage (BC).  A division point, accelerative 
cracking point (λ), is introduced between the fracture initiation 
strength (B) and critical energy release point (C).  This point 
(λ) is the turning point of the crack growth velocity changing 
from the gradual increase state into the steep increase state, as 
shown in Fig. 12.  Comparing AE characteristics with crack 
growth velocity plot in Fig. 12, microcracking are interpreted 
as the following in detail: 

 
1. The previous maximum stress level at stable fracture propa- 

gation stage (BC): A rapid increasing AE hit rate indicates 
that kinetic energy from an increasing crack growth veloc-
ity should not be completely ignored its effect, different 
from the conventional observation [2]. 

2. The previous maximum stress level during stable fracture  



 H. Wang et al.: Determining the Cyclic Strength of Geomaterials Under Low Frequency Cyclic Loading with Acoustic Emission 845 

 

Table 5. Results of Kaiser effect of stress-releasing time experiments in modeling material. 

Stress-releasing time (Days) 0 16 32 64 

Elastic deformation E N/T E E 

Fracture initiation E E F (Elastic deformation) N/T 

Stable fracture propagation  
(former section) 

F (Fracture initiation) F (Fracture initiation) F (Elastic deformation) N/T 

Stable fracture propagation  
(later section) 

F (Stable fracture propagation) F (Elastic deformation) F (Initial loading) N/T 

Note 1: E, F, and N/T indicate existence, failure, and no testing, respectively. 
Note 2: The onset stress ranges of a large amount of AE signals are shown in parentheses.  

 
 propagation former section (Bλ): The macro-mechanical 

behavior, including stress and strain, is consistent with its 
micro-mechanical behavior, i.e., AE activity.  Even though 
minor AE signals imply microcracks with a wider opening 
and longer crack length, the kinetic energy of increasing 
crack growth velocity and inner-face friction resistance of 
microcracks still can be ignored.  The minor AE signals 
reveal the occurrence of internal changes, but not are de-
tected by strain measurement.  The conventional mechanical 
experimental results can completely reflect the real me-
chanical characteristics in materials. 

3. Under the previous maximum stress level falling at stable 
fracture propagation later section (λC): 
(a) An extra kinetic energy from a sudden increase of crack 

growth velocity leads to the increases of microcracking 
and AE signals.  Inner-face friction and continuous 
extension from microcrack tips during unloading stage 
induce higher AE hit rates than those at loading stage.  
AE signals with middle-to-high energy level are meas- 
ured at crack closure stage (OA) due to more severe 
microcrack closure. 

(b) AE activity continuously increases with the increase of 
number of loading-unloading cycle.  This indicates that 
microcracking is no longer controlled by its stress level.  
AE activity provides critical inner changes similar to 
the non-stress-controlled facture occurring at unstable 
fracture propagation.  When the number of loading 
cycle increases, the micro-mechanical behavior is simi-
lar to the stable fracture propagation former section 
(Bλ).  At the same time, a lack of significant changes can 
be found in conventional stress-strain curves.  Micro-
cracking dominates the real mechanical characteristics 
in stressed materials, not reflected on the conventional 
mechanical experimental results.  Stress level close 
to the critical energy release point (C) could lead to a 
non-stress-controlled fracture in materials. 

4. Under the previous maximum stress level during unstable 
fracture propagation stage (CD): Kinetic energy with a 
high crack growth velocity, inner-face friction resistance of 
microcracks, continuous extension from microcrack tips, 
and increase and linkage of microcracks induce continu-
ously increasing AE hit rate and a great amount of AE sig- 
nals with low-to-high energy level during crack closure 

stage (OA).  The changes of microcracking also affect a 
macro-level change in expanding volumetric strain meas-
ured by conventional mechanical techniques. 
 
Beyond the stress level of inefficacy with Kaiser effect, 

stable fracture propagation stage (BC), the changes of micro-
cracking are measured in AE experiments in modeling mate-
rials.  Based on the experimental results, several points can be 
suggested at the engineering design stage.  (1) An accelerative 
cracking point (λ) is highly recommended at stable fracture 
propagation stage (BC).  The stable fracture propagation stage 
(BC) is divided into two subsections, stable fracture propaga-
tion former section (Bλ) and stable fracture propagation later 
section (λC).  (2) When using geomaterials as engineering 
materials, allowable design stresses are suggested below the 
accelerative cracking point (λ), not the critical energy release 
point (C) for preventing from over-estimating the design 
strength obtained from the conventional mechanical tests.  (3) 
A monitoring system is recommended for the long-term design 
when stresses approach the accelerative cracking point (λ) in 
civil structures. 

V. STRESS-RELEASING TIME 

The results of stress-releasing time experiments are listed 
in Table 5.  The relationship between felicity ratio (FR) and 
stress-releasing time with different previous maximum stress 
levels is plotted in Fig. 13.  Generally, for the previous maxi- 
mum stress level below fracture initiation (B), stress-releasing 
time has no effect on the Kaiser effect.  For the previous 
maximum stress level equal to or higher than fracture initia-
tion (B), the FR value is decreasing from 1 to 0.58 as stress- 
releasing time increases from 0 to 32 days.  The onset stress 
level of AE signals becomes lower than the previous maxi-
mum stress level, the corresponding FR value below 1.  Frac- 
ture initiation (B) is identified as the stress level of inefficacy 
with Kaiser effect.  The onset stress level of AE signals de-
creases as stress-releasing time becomes longer.  Such con-
clusions are consistent with relevant researches [14, 29-31]. 

The time-dependent behavior of microcracking in modeling 
geomaterials is described as the following: (1) During elastic 
deformation stage (AB), the original length of microcracks is 
maintained since the deformation of mineral crystals contrib- 
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utes the external deformation.  The existence of the Kaiser 
effect is not affected by stress-releasing time.  (2) When stress 
rises to fracture initiation (B), the mechanism of microcrack-
ing is triggered and extends to the direction of the maximum 
principle stress.  The opening of microcracks gradually be-
comes wider as stress-releasing time increases from 0 to 32 
days.  Stress-releasing time starts to undermine the existence 
of the Kaiser effect.  (3) When the stress level increases to 
stable fracture propagation former section (Bλ), microcracks 
with wider opening cause the decrease of the onset stress level 
of AE signals from fracture initiation (B) into elastic defor-
mation section (AB) as stress-releasing time increases from 0 
to 32 days.  The Kaiser effect cannot be applied at the stress 
level beyond fracture initiation (B).  (4) When the stress level 
is at stable fracture propagation later section (λC), a more 
number of longer microcracks with much wider opening result 
in the decreasing onset stress level of AE signals from fracture 
initiation (B) into the initial loading.  The AE signals are in-
duced by microcrack closure or inner-face friction of micro-
cracks. 

According to the stress-releasing time experiments, stress- 
releasing time should be taken into account during design 
stage in civil structures using geomaterials.  To prevent from 
the effect of stress-releasing time, the design stress is sug-
gested below fracture initiation (B) in geomaterials.  Relevant 
in-situ monitoring in structures is recommended for the al-
lowable design stress ranging around fracture initiation (B). 

VI. CONCLUSIONS 

Acoustic emission signals are highly associated with mi-
crocracking in stressed modeling geomaterials.  Based on the 
AE experimental results of microcracking and stress-releasing 
time in modeling geomaterials, several conclusions can be 
drawn: 

1. Two different AE characteristics are found in the stressed 
modeling materials during stable fracture propagation stage 
(BC).  An accelerative cracking point (λ) is introduced at 
stable fracture propagation stage (BC).  The point is the 
turning point of the crack growth velocity changing from a 
gradual increase state into a steep increase state.  The stable 
fracture propagation stage (BC) is divided into the mild 
stable fracture propagation former section (Bλ) and steep 
stable fracture propagation later section (λC). 

2. Under the previous maximum stress level at stable frac- 
ture propagation former section (Bλ), the measured macro- 
mechanical response is consistent with its microcracking 
behavior, AE activity.  A higher AE hit rate occurs at the 
loading stage.  Increasing the number of loading cycle ag-
gravates the internal damage by observing the occurrence 
of the highest AE hit rate at the peak stress.  These minor 
AE signals reveal that some internal changes really occur, 
but not are detected by strain measurement.  The conven-
tional mechanical experimental results can represent the 
real mechanical characteristics in materials. 

3. Under the previous maximum stress level during the sta- 
ble fracture propagation later section (λC), continuously 
increasing AE activity with the increase of cyclic number 
indicates that microcracking is no longer controlled by its 
stress level.  The highest AE hit rate occurs around the 
unloading stage and significant AE signals with middle-to- 
high energy level are detected at crack closure stage (OA).  
AE activity provides critical inner changes similar to the 
non-stress-controlled facture occurring at unstable fracture 
propagation.  The conventional mechanical experimental 
results cannot represent the real mechanical characteristics 
in materials. 

4. Allowable design stresses are suggested below the accel-
erative cracking point (λ), not the critical energy release 
point (C) for preventing from over-estimating the design 
strength in geomaterials based on the conventional me-
chanical experimental results. 

5. For the previous maximum stress level equal to or more 
than fracture initiation (B), the onset stress level of AE 
signals lower than the previous maximum stress level in-
dicates the inefficacy with Kaiser effect.  The onset stress 
level of AE signals decreases as stress-releasing time be-
comes longer. 

6. Long-term allowable design strengths are recommended 
below fracture initiation (B) to prevent from the effect of 
stress-releasing time in geomaterials.  An in-situ monitor-
ing in structures is recommended for the allowable design 
stress ranging around the fracture initiation (B). 
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