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Abstract. Analysis of Acoustic Emission (AE) induced during brittle and porous rock 
fracturing at variety of loading conditions has been performed. On the base of advanced 
analysis of AE parameters, ultrasonic velocities and mechanical data we found that 
regardless of applied loading conditions the process of rock fracture can be separated 
into two main stages: (A) accumulation of non-correlated cracks localized almost 
randomly in the whole volume of uniformly stressed rock. (B) Final stage of sample 
fracturing could be characterized by appearance of AE nucleation site followed by 
initiation and propagation of the macroscopic fault. Contribution of tensile sources is 
reduced significantly, shear type and pore collapse type events dominate during 
propagation of a fracture process zone through the sample regardless of applied loading 
conditions. In the case of porous rock, nucleation of compaction bands could be clearly 
identified by the appearance of AE clusters inside the samples. Microstructural analysis 
of fractured samples shows excellent agreement between location of AE hypocenters 
and faults or the positions of compaction bands, confirming that advanced AE analysis 
is a powerful tool for the process of rock fracture investigation. 

1 Introduction 
There are three basic crack modes identified: Mode I (extension, opening), Mode II (in-plane shear) 
and Mode III (out of plane shear). For most brittle materials tensile failure (Mode I) is predominant 
at low confining pressures, but with increasing confining pressures shear cracks and mixed mode 
cracking become more significant [1]. As tensile fracturing is frequently observed in nature, it has 
been studied intensely, not only in terms of fracture mechanics, but also using acoustic emission 
technique [2-3]. On the contrary, shear fracturing has been less studied in the past, mainly due to a 
lack of reliable techniques to separate tensile and shear cracks. Recently, a new method has been 
proposed, based on the polarity analysis of AE first motions [4-5]. It has been shown that even for 
Mode II or pure shear loading, a high percentage of tensile cracks has been registered [6]. 

Three different deformation modes can be observed in porous sandstone [7-9]: when subjected 
to an overall compressive loading, a rock can fail by shear localisation, compaction localisation or 
cataclastic flow. Although dilatancy is generally observed as a precursor to brittle faulting and to the 
development of shear localisation, recent field [10] and laboratory [8-9, 11-13] observations have 
also focused attention on the formation of localised compaction bands in porous sandstones. 
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Compaction bands are narrow planar zones of material that form with or without apparent shear. 
They extend in planes perpendicular to the main compressive stress. Laboratory experiments have 
shown that compaction bands occur in dry and saturated sandstones with porosities ranging from 20–
28%, deformed at room temperature. Compaction bands display significantly reduced porosity and 
act as barriers for fluid flow [14-15]. This suggests that the presence of compaction bands may affect 
fluid circulation in the crust, extraction of oil and gas from reservoir rocks, groundwater circulation 
in aquifers, as well as the sequestration of carbon dioxide. 

2 Experimental techniques 
2.1 Sample materials 
 
Investigations of brittle fracture were performed on granite samples from Aue, Germany having an 
initial density of 2.62 g/cm3 and an initial porosity of 1.3%. Mineral composition of granite contains 
30% quartz, 40% plagioclase, 20% potassium feldspar and 10% mica [16]. Grain sizes ranges from 
0.9–1.8 mm with an average value of 1.3 mm. Microstructure analysis of undeformed Aue granite 
yielded crack densities in the range of 0.3–0.6 mm-1 [17]. Investigations of compaction bands were 
performed on specimens prepared from Bleurswiller sandstone exposed in the Vosges mountains in 
eastern France (Frain Quarry). Bleurswiller is gray sandstone containing 50% quartz, 30% feldspars, 
and 20% oxide micas. Porosity is about 25%, grain sizes range from 0.08–0.15 mm with a mean 
value of approximately 0.11 mm [12]. 
 
2.2 Testing procedure 
 
Cylindrical samples of brittle and porous rock of 50 mm diameter and 100–125 mm length were 
fractured using a servo-controlled 4.6 MN loading frame from Material Test Systems (MTS) with a 
stiffness in compression of 11x109 N m-1 equipped with a confining pressure vessel (Figure 1a). 
Formation of compaction bands was investigated in wet sandstone; the samples were saturated with 
distilled water and deformed under drained conditions at constant pore pressure of 10 MPa. 
Variation of pore volume throughout a test was determined using a volumometer, allowing the 
evolution of connected sample porosity to be monitored. Local strains were measured by two pairs 
of strain gauges glued directly onto the sample surface.  
 

 
Figure 1 MTS loading frame (a) and sample in rubber jacket with installed P- and S- piezoelectric sensors (b) 
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Brittle and porous rock samples were subjected to two types of loading: All samples were first 
subjected to hydrostatic pressure (�1=�2=�3) increasing up to a fixed pressure level at a rate of 1–1.5 
MPa per minute, then an axial stress was applied to the specimens. Axial loading rate was servo-
controlled using the AE rate recorded by a piezoceramic sensor attached to the sample. For porous 
rock, the confining pressure was at first increased to 5 MPa and samples were saturated with distilled 
water. Three triaxial experiments were conducted with porous rock at confining pressures of 60, 80, 
and 100 MPa at a constant axial strain rate of 10-5 s-1. At the end of each experiment, the samples 
were unloaded, impregnated with blue epoxy, and thin sections were prepared for microstructural 
analysis. 
 
2.3 Acoustic emission and ultrasonic velocities monitoring 
 
AE activity and velocity changes were monitored by twelve P-wave and eight S-wave piezoelectric 
sensors either embedded in the pistons or glued to the sample surface and sealed in a Neoprene 
jacket with two-component epoxy (Figure 1b). To analyse stress-induced shear wave splitting, we 
installed four S-wave piezoelectric sensors polarised in the vertical and horizontal directions. P- and 
S-wave sensors were produced from PZT piezoceramic discs with 5 mm diameter and 1 mm 
thickness and square shape piezoceramic plates 5x5x1 mm, respectively. The thickness and 
diameter-related resonant frequencies of the P-wave sensors were about 2 MHz and 500 KHz, 
respectively. In case of porous rock, P-wave sensors were produced from PZT piezoceramic discs 
with 5 mm diameter and 2 mm thickness, and the thickness-related resonant frequency of the P-wave 
sensors was about 1 MHz.  

Transducer signals were amplified by 40 dB using Physical Acoustic Corporation (PAC) 
preamplifiers equipped with 100 kHz high-pass filters. Full-waveform AE data and the ultrasonic 
signals for P-wave and S-wave velocity measurements were stored in a 16 channel transient 
recording system (DAXBox, PRÖKEL, Germany) with an amplitude resolution of 16 bit at 10 MHz 
sampling rate. For periodic elastic wave speed measurements we used six P-sensors and four S-
sensors as senders applying 100 V pulses every 30–40 seconds during the loading. Ultrasonic 
transmissions and AE waveforms were discriminated automatically after the experiments. 

All waveforms were recorded without any dead time between consecutive signals and, during 
periods of high AE activity, signals were recorded continuously. To locate AE hypocenters, P-wave 
onset time was picked automatically using different criteria including Akaike’s information criterion 
[18]. Hypocentre locations were estimated considering time-dependent changes of the anisotropic 
velocity field. We estimate the AE location accuracy to be about 2 mm. First motion amplitudes 
were picked automatically and first motion polarities were used to discriminate AE source types in 
tensile, shear and collapse events [4]. 

 
3 Experimental results 
 
3.1 Deformation of brittle rock 
 
Figure 2 shows time history of mechanical data, ultrasonic velocity and variation of AE parameters 
registered during fracturing of intact granite sample under 10 MPa confining pressure. At the 
beginning of loading about 80% of AEs were identified as tensile type (Figure 2e) indicating 
appearance of dilatational cracking localized almost randomly in the whole sample (Figure 2a). 
During the nucleation stage of fracturing (Figure 2g) the relative proportion of tensile cracks 
decreased significantly, and proportion of shear cracks increased (Figure 2e). Decrease of horizontal 
velocity components (Figure 2c) closely correlates with onset of significant acoustic emission 
activity (Figure 2b) and with the maximum of volumetric strain (Figure 2f).  Therefore acoustic 
emission, ultrasonic velocities and strain characteristics allow reliable separation of the initial and 
the nucleation stages of the sample fracturing.  
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Figure 2. Location of AE hypocenters during initial stage of granite fracturing under 10 MPa confining pressure 
(a); loading history (b); P- and S- ultrasonic velocities (c,d); separation of Tensile-Shear-Collapse types of AE 

events (e); variation of volumetric strain (f), and AE location during final stage of fracturing (g). 
 

 
Figure 3. Loading curve and correlation coefficient c-value (a,e); fractal dimension coefficient d-value (b,f); 
slope of frequency-amplitude distribution b-value (c,g) and AE activity (d,h) versus time of granite sample 

loading, fractured at 20 MPa confining pressure.   

22010-p.4



14th International Conference on Experimental Mechanics 

The results of statistical analysis of AE registered during granite sample fracturing at 20 MPa 
confining pressure are presented in Figure 3. Fractal dimension coefficient (d-value) was calculated 
as a slope of the correlation integral C(r), according to [19]. Correlation coefficient (Figure 3a,e) was 
calculated according to [4] as the value of correlation integral C(r) at the distance 1 cm. At the 
beginning of loading, d-value is close to 2.8 (Figure 3b), which is interpreted as accumulation of 
almost randomly distributed cracks. Later decrease of d-value was accompanied by an increasing 
correlation coefficient (Figure 3a). This may be interpreted as localization of cracking in the fracture 
process zone before final failure of the sample. Similar behaviour of the d-value was observed earlier 
in [20]. Negative slope of cumulative frequency-amplitude distributions (b-value) was calculated 
according to [21]. Decrease of b-value (Figure 3c) could be interpreted as enlargement of cracks, 
following by an avalanche-type increase of acoustic emission activity (Figure 3d). Detailed analysis 
of statistical parameters preceding failure of the sample shows that shortly before failure correlation 
coefficient increased (Figure 3e) and d-value decreased (Figure 3f), indicating localization of failure. 
Subsequently drop of b-value indicates enlargement of cracks (Figure 3g) and fracture propagation 
accelerated (Figure 3h). Therefore, first we observed localization of fracture, then enlargement of 
fractures, following by acceleration of fracture process, preceding the final failure (Figure 3). 
 
3.3 Deformation of porous rock 
 
The results obtained during deformation of three Bleurswiller sandstone samples conducted at 
confining pressures of 60, 80, and 100 MPa show that as long as a hydrostatic pressure was applied, 
sample compaction remained purely elastic, but with increasing differential stress, however, inelastic 
compaction started at a certain critical stress state C*. During hydrostatic loading, P and S wave 
velocities first increase, however, after onset of inelastic compaction at C*, elastic wave velocities 
start to decrease, accompanied with slight increase of P-wave anisotropy (AP). Comparison of stress-
induced anisotropy in porous (AP<4%) and brittle rock (AP�35–40%) indicates that the formation of 
compaction bands does not produce strong elastic anisotropy. After the tests, the samples were 
unloaded, impregnated with blue epoxy and cut into halves parallel to the long sample axis and the 
maximum compressive stress direction. In Figure 3 AE hypocenters and the photo of sandstone 
sample deformed at 60 MPa confining pressure are shown.  

 
Figure 3 Photo of sandstone sample after deformation at 60 MPa confining pressure (a); AE hypocenters 
recorded during deformation (b); modes of crack propagation during the formation of compaction bands and 

axial load versus time (c) 
Light areas in the photo (Figure 3a) correspond to highly damaged areas of sandstone, or 

compaction bands. The AE hypocenter distribution shows perfect agreement with the location of 
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deformation bands (see �, �, � and � in Figures 3a and 3b). Close correspondence between Figure 3a 
and Figure 3b show that AE hypocenters are an excellent proxy for studying the nucleation and 
propagation of compaction bands. Implosion-type events represent the dominant source type 
recorded before and during the formation of compaction bands (Figure 3c). We relate C-type events 
to pore collapse, S-type events to shear cracks and T-type to tensile cracks (Figure 3c).  
 
4 Discussion and Conclusions 
 
After deformation all fractured samples were impregnated with blue epoxy and optical thin sections 
were analysed. In case of deformed granite sample (Figure 4a) we observed existence of the dense 
system of almost parallel microcracks having sizes close to the grain size (an echelon cracks). These 
possibly result in stress induced anisotropy of elastic wave velocities (Figure 2c) and in existence of 
high percentage of tensile sources during initial stage of loading (Figure 2e). We suggest that during 
later stages of loading main macroscopic fault could crosscut the system of these echelon cracks, 
resulting in substantial increase of shear-type events, largely at the expense of tensile events (Figure 
2e).  

 
Figure 4 Microphoto of fractured granite thin section (a) and backscattered SEM micrographs revealing 

details of grain crushing inside the compaction band in sandstone (b) 
 

The SEM micrograph (Figure 4b) of deformed sandstone sample demonstrates that the 
dominant micromechanism leading to the formation of compaction bands is grain crushing. This is in 
agreement with observations on Berea sandstone [22] and Castelgate sandstone [23], and also with 
observations of compaction bands in Bentheim sandstone [24]. Furthermore, our SEM micrograph 
also shows that within a compaction band, the orientations of cracks are highly variable (Figure 4b), 
which is in agreement with the fact that the elastic anisotropy remains small.  

We found that implosion-type events represent the dominant source type recorded before and 
during the formation of compaction bands (Figure 3c), we relate these C-type AE events to pore 
collapse. During propagation of compaction bands S- and C-type events represent about 24% and 
72% of the source mechanisms, respectively, and tensile cracks represent less than 4%. The 
observations are in agreement with other studies [16, 25-26].  
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In our study we investigated the evolution of acoustic emissions activity, compression and 
shear wave velocities and volumetric strain in hydrostatic and triaxial compression tests of brittle 
rock (Aue granite) and of high porosity rock (Bleurswiller sandstone). In triaxial compression 
experiments, pronounced P-wave anisotropies and shear wave birefringence develop in loaded 
granite. With increasing differential stress AE activity in granite increased with a significant 
contribution of tensile events. Close to failure the relative contribution of tensile events and the 
speed of horizontally oriented elastic waves decreased. A concomitant increase of double-couple 
events suggests shear cracks connect previously formed tensile cracks. Advanced analysis of 
ultrasonic velocities, mechanical and AE parameters allow reliable separation of the initial and the 
nucleation stages of the sample fracturing (Figure 2) and analysis of AE statistical characteristics 
could be successfully applied to monitor the approaching final macroscopic failure (Figure 3). 

In Bleurswiller sandstone, AE hypocenter distribution shows excellent agreement with the 
location of compaction bands. Nucleation and growth of compaction bands occurs as localised grain 
crushing and pore collapse. Initial loading and associated crack closure produced a transient velocity 
increase. However, with progressive loading and localised shear-enhanced compaction of the 
samples P and S wave velocities decreased drastically. The velocity decrease is assumed to reflect 
enhanced microcracking associated with grain crushing and pore collapse. We found that implosion-
type of AE events, related to pore collapse represent the dominant source type recorded during 
porous rock fracturing and that contribution of shear type of AE events increased during the 
formation of compaction bands. 

Therefore, detailed analysis of AE and ultrasonic velocities allows us recognition of the current 
stage of both brittle and porous rock fracture. Appearance of dilatancy in brittle rock and compaction 
bands in porous rock could be reliably identified and monitored by advanced AE and ultrasonic 
velocities analysis. 
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