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Abstract 

The focus of this paper is the analysis of clustered events aiming at finding planar clusters of AE events, because 
planar clusters are the most hazardous structures compared with linear or spatial ones. A cluster stands for a 
series of AE events, which are spatially and temporally related. The more critical planar clusters indicate macro-
scopic crack formation. The formation of planar clusters is mostly associated with failure at pre-existing weak-
ened zones or formation of new cracks in highly stressed zones due to stress redistribution. A systematic search 
for clusters was applied on AE events, which were generated during a triaxial extension test of a cylindrical rock 
salt specimen (diameter 150 mm, length 300 mm) from the Asse salt mine, which was carried out in the labora-
tory of the Department for Waste Disposal Technology and Geomechanics at the Technical University of 
Clausthal, Germany. During the test the axial displacement and axial force, the radial pressure, and the volume 
change (dilatancy) of the specimen were measured and stored. 
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1  Introduction 
 
For a clear understanding of microcracking and fracture formation in rock especially at stress-
es below the ultimate stress as well as for identification of healing processes the Federal Insti-
tute of Geosciences and Natural Resources (BGR) in Hannover and the laboratory of the De-
partment for Waste Disposal Technology and Geomechanics at the Technical University of 
Clausthal, Germany, carried out triaxial compression and extension tests on cylindrical rock 
salt specimens. These investigations show that in particular phases of the tests some spatial 
accumulation of microcracks occurs, which increases the permeability of the rock. 

Because of its ductile behaviour, rock salt is usually capable of performing creep deformation 
without occurrence of microcracking at stresses below the so-called dilatancy boundary (DB). 
Above the dilatancy boundary microcracking occurs. Most of the microcracks occur on grain 
boundaries and form no continuous macroscopic fractures. Deviatoric stresses above the dila-
tancy boundary result in growth and opening of these microcracks which are mainly responsi-
ble for dilatancy and increase of permeability for fluids. Although these microcracks have 
small dimensions in the order of the grain size (millimetre range or centimetre range) of the 
rock salt, in the course of time in dilatant zones microcracks may join and form macroscopic 
fractures especially in pillars between open cavities and in locations of high stress due to edg-
es of rooms which are superposed in different levels. In such highly stressed zones local in-
stabilities may arise as spalling from the walls and roof falls. In this case the excavation dis-
turbed zone (EDZ) migrates into the intact rock salt.  

Interesting is that the formation of new microcracks will stop not before the open cavities are 
closed by convergence or backfilling. Also around very old cavities active zones of mi-
crocracking exist. It should be mentioned that humidity very much accelerates creep in rock 
salt [1]. This leads to higher acoustic emission (AE) activity in the disturbed zones around 
cavities in summer and autumn as compared to the other seasons. In order to study creep pro-
cesses in rock, well performed laboratory deformation tests have been carried out to develop 
the constitutive equations which are prerequisites for the computer analysis of the coupled 
thermal, mechanical, and hydraulic processes in rock and for the prediction of the long-term 
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behaviour of a rock formation especially for underground repositories or storage caverns (e.g. 
storage of gas and oil). 

Such deformation tests start at a certain isotropic stress state, and the axial strain is increased 
with a constant strain rate (Figure 1). The related evolution of volume, AE rate, ultrasonic 
wave velocities, and permeability is schematically shown. All these measures are applicable 
to monitor the development of the properties of the rock during loading and deformation. The 
development of the dilatancy can be divided very roughly into three phases. Phase I character-
izes a decrease of the volume attributed to elastic compression of the rock salt, a decrease of 
permeability and an increase of seismic velocity. The volume becomes nearly constant at the 
end of Phase I. It can be assumed that elastic compression processes and dilatancy processes 
balance at this point. Dilatant microcracking generates only weak AE activity. 
 

Figure 1. Evolution of rock properties in a deformation test. Schematic illustrates volume change (porosity), AE 
rate, permeability, and seismic wave velocity [4]. 

 
The AE activity becomes stronger at the beginning of Phase II and increases with increasing 
strain. This stronger AE activity is indicating the development of an interconnected and 
transmissible network of microcracks. The DB separates the elastic compression phase with 
volume decrease from the dilatant deformation phase with volume increase. At a certain stage 
of deformation, the permeability rapidly increases due to the accumulation of cracks in the 
whole rock volume. This permeability increase is attributed to the percolation of fluid along 
extended grain boundaries. At the same time the seismic velocity is decreasing. Phase III 
characterizes a significant increase of the dilatancy and acoustic emission (AE) rate. The 
cracks accumulate in zones of high shear stress, which form a cone of conjugate shear bands. 
In this highly damaged zone the ultimate shear fracture occurs at the end of Phase III (see 
right-hand side of Figure 1).  



To investigate the DB and its influence on the transport properties of rock salt used as radio-
active waste repository in Germany, extensive experimental studies were performed in the 
laboratory of the Institute of Petroleum Engineering of the Clausthal Technical University. 
Triaxial stress dilatancy experiments were supported by AE measurements to define the DB 
as well as the effects of some process parameters on the definition of this critical stress condi-
tions [2,3]. 

Pusch and Alkan [2] investigated the gas permeation through cylindrical rock salt specimens 
under triaxial compression in relation to dilatancy development under deviatoric stress condi-
tions. Similarly to previous studies, they observed a spontaneous increase in permeability by 
some orders of magnitude shortly after the DB was exceeded. Simultaneous AE measurement 
demonstrated that the percolation begins simultaneously throughout the specimen. 
 

2  Experimental set-up and performance of the experiment 
 
The experiment on a cylindrical rock salt specimen (diameter 150 mm, length 300 mm) from 
the Asse salt mine in Germany was carried out in the laboratory of the Department for Waste 
Disposal Technology and Geomechanics at the Technical University of Clausthal, Germany. 
The rock salt had a grain size in the range of some millimetres up to a few centimetres. Its 
porosity was below 0.3 percent with volumetric water content of 0.11 percent. Under un-
stressed conditions the permeability of intact rock salt measures about 10-22 m2. 

A triaxial hydraulic loading system was used for the test, which contains the hydraulic cell in 
which cylindrical rock samples coated by a viton sleeve are subjected to high hydraulic pres-
sure up to 75 MPa and an additional axial force up to 2,500 kN [5]. At the beginning of the 
test, the specimen was compacted for 16 hours overnight under isotropic stress conditions at a 
pressure of 20 MPa in order to close open fractures at the surface of the specimen caused dur-
ing preparation of the sample. Starting at an isotropic pressure of 5 MPa, an increasing con-
fining load was applied in such a way that a constant axial strain rate of -8.33·10-6 s-1 was 
produced. The maximum and minimum principal stresses were in the axial and radial direc-
tions, respectively. During this slow deviatoric loading, volume increase occurred. The over-
all duration of the test was about 5 hours. At the end of the test, the axial extension was about 
30 mm (10 percent of the initial length of the specimen). The radial pressure at this point was 
approximately 41 MPa, i.e. about 75 percent of the expected ultimate load. Due to this high 
deformation, most of the sensors were already damaged and some measuring cables were 
ruptured. Therefore, a three-dimensional location of the acoustic emission sources was no 
longer possible and the test was terminated. 

During the test the axial displacement and axial force, the radial pressure, and the volume 
change (dilatancy) of the specimen were measured and displayed. The digitized data were 
stored every five seconds on hard disk. The pore volume of the specimen corresponds to the 
change of oil volume in the triaxial cell, which was measured using a double acting measuring 
hydraulic cylinder. The accuracy of the dilatancy measurement was about 0.0025 percent of 
the total volume within the load cell.  

The AE sensor arrangement is shown in Figure 2. A stiff strain gauge glue was used to fix the 
sensors to the surface of the boreholes. The AE measuring system (GMuG) includes three 
four-channel transient recorder cards in a personal computer. The transient recorder cards 
(sampling rate 10 MHz, resolution 14 bit, storage capacity 512 kByte per channel) were read 
when at least two channels were hit. The digitized signals were stored on the hard disk of the 
personal computer. 



Additionally, ultrasonic transmission measure-
ments in the axial direction and at two height 
levels in the radial direction were performed 
using separate senders. A wide band signal (a 
step function) with a rise time of 1 µs was used 
for transmission measurements, which were 
repeated every five minutes. To perform the 
transmission measurements the axial compres-
sion and AE measurements had to be paused. 
 

3  Source location 
 
During the experiment about 70,400 events 
were recorded by more than five channels; 90 
percent of these were locatable. The location of 
the events was made after the test. As the sig-
nals showed a good signal-to-noise ratio (Figure 
3), automatic location was possible. The loca-
tion procedure starts with lowpass filtering of 
the signals at a corner frequency of 500 kHz. 
After filtering, all signals showing a signal-to-
noise ratio greater than 5 were taken into con-
sideration for source location. Initially events 
with at least five P-wave arrival times detected 
at a very low amplitude threshold of 2.5 percent 

of the peak amplitude were located. The hypocentres were found by minimizing the travel 
time residuals of P and S waves using a non-linear least-squares method. The root-mean-
square (RMS) travel time residuals were used to estimate the location error. The location was 
considered valid if the location error was smaller than 5 mm. Otherwise the location was re-
peated twice. In the first variant the first hit channel was ignored and in the second variant the 
channel with the greatest P-wave travel time residuum was ignored. The variant with smaller 
location error was kept. This procedure was repeated as long as the location error was smaller 
than 5 mm or less than five P-wave onsets were left for location. In the latter case the event 
was rejected. 

After a first source location using only P-wave arrival times, the location procedure was re-
peated using P- and S-wave arrivals. To this end, the onsets of the S wave were sought after 
the calculated P-wave arrival times. The trigger threshold for the S wave was chosen in the 
interval between noise level after the calculated P-wave arrival and peak amplitude of the 
signals. The applied S-wave trigger threshold at 35 percent of the said interval is much higher 
than the P-wave threshold. The channel with the greatest S-wave travel time residue was ig-
nored. An event was rejected when the location error was greater than 5 mm or less than eight 
P- and S-wave onsets had remained for location. 

Figure 3 shows the automatically detected P-wave arrivals and S-wave arrivals which are 
marked by ticks above the signal trace. The calculated onsets of the P- and S-wave at the var-
ious channels (ticks below the signal traces) could be used to assess the quality of location. In 
this figure the angle of incidence, the peak amplitude, and the source-receiver distance are 
given at the end of each signal. 

 

  

Figure 2. Geometry of the rock salt specimen and 
location of AE sensors positions(E1 to E12) and the 
positions of the of the ultrasonic senders (S1 to S3). 



 
Figure 3. Event originating from the lower half of the specimen. The onsets of the picked and calculated first (P-

wave) and second (S-wave) arrivals are marked by ticks above and below the signal trace, respectively. 

 

4.  Cluster analysis 

 
Figure 4 shows the 17,300 located events utilizing at least 10 onsets for source location pro-
jected onto the three coordinate planes (top view and two lateral views). Because of the strong 
extension of the specimen and remaining source location errors, some sources are located out 
of the box, which represents the original shape of the rock specimen. The figure shows that 
the events are preferentially distributed in clouds over the whole specimen. Some accumula-
tions of events can be observed. 

Besides event location, spatial and/or temporal clustering of events can be systematically in-
vestigated. Therefore, GMuG developed a systematic search method for spatially and tempo-
rally clustered events. which was applied on AE events in laboratory measurements. There are 
two parameters for this search, a time parameter Par_t and a distance parameter Par_s. The 
cluster search algorithm comprises two steps. In the first step, a search for so-called primary 
clusters starts at each event in chronological order. All the following events within a time 
interval of duration Par_t are examined whether their distance is below Par_s. If at least two 
events are found, which fulfill this condition, these events form together with the initial event 
a primary cluster of at least three events. This implies that a typical cluster of N events, which 
is highly concentrated in time and space may form up to N-2 primary clusters. Therefore, in 
the second step all primary clusters with at least one common event are united to one cluster. 
Typical primary parameters were in the case of our measurements on rock specimens. Par_t 
ranged between 30 seconds and 10 minutes and Par_s ranged between 5 to 50 mm. 

In case of clustered events, the fractal dimension of the events is used to find linear, planar, or 
spatial clusters. The analysis of clusters aims at finding planar clusters, because planar clus-
ters are the most hazardous structures compared with linear or spatial ones. A drop of the 
fractal dimension from 3 to 2 within a certain time period indicates a concentration and focus-



ing of an initially diffuse spatial event distribution in a plane which forms the nucleus of a 
fracture. 

The dimension of the cluster, the so-called fractal dimension D, can be estimated from the 
slope of a log-log plot of the correlation integral C(R) described by Hirata et al. [6] as 

 
(1) 

versus R. Nr<R denotes the number of all pairs of events having a distance r smaller than R. N 
is the number of all events within the cluster. If the distribution has a fractal structure, C(R) is 
expressed by 

 (2) 

Thus, if the AE events are distributed in a plane, the slope of 2 is expected. On the other hand, 
linear structures or spatial structures are represented by fractal dimensions of 1 or 3, respec-
tively. In order to find the mean orientation of a planar cluster the orientation is sought where 
the volume of a parallelepiped becomes minimal. The edge lengths of the parallelepiped are 
the mean deviations of the events from the center of gravity in each coordinate axis. Two ro-
tations around perpendicular axes are necessary to minimize this volume. A systematic search 
for clusters was applied on AE events in Figure 4. 
 

 

Figure 4. Located events in top view and two lateral views. The circle and boxes mark the initial shape of the 
cylindrical specimen. 
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Table 1 shows the results of the cluster analysis using various primary cluster parameters. In 
case of the maximum spatial distance the primary cluster parameter Par_s were varied be-
tween 4 mm and 12 mm and in the case of the maximum time between events the primary 
cluster parameter Par_t were varied between 0.5 minute and 2 minutes. The capital letters A 
to H refer to clusters in different positions in the rock salt sample. The coordinates of the cen-
ter of gravity of the clusters are given below the Table 1. These coordinates are determined 
using primary cluster parameters 1 minute and 10 mm; for all other combinations of primary 
cluster parameters they are similar. The numbers in parentheses after the letter are indicating 
the number of events and the duration of the cluster. The table shows that Cluster A, B, and E 
occur for all parameter combinations, even at low distance between the events of 4 mm to 6 
mm. With increasing second cluster parameter the cluster size increases only moderately. The 
time duration is always below 5 minutes. Figure 5 shows the located events of all clusters 
with cluster size greater than 9 events projected onto the three coordinate planes (top view 
and two lateral views) and one perspective view. 
 

Figure 5. Located events of clusters with cluster size greater than 9 events with primary cluster parameters 1 

minute and 10 mm. 

These clusters were found utilizing the primary cluster parameters 1 minute and 10 mm. Fig-
ure 6 shows all clusters from cluster size more than 19 events. The primary parameters are 
0.49 minute and 6 mm. It can be seen, that the three mentioned Clusters A, B, and E are re-
mained and horizontally orientated. 

In order to analyze the big clusters additional investigations were performed. The cluster 
analysis with primary parameters of 1 minute and 10 mm yields 297 primary clusters. Most of 
the primary clusters (280) comprise less than 10 events. At the end, the two biggest clusters 
with 142 (No. 1) and 81 events (No. 2) were plotted in Figure 7. Cluster No 1 and No 2 ap-
peared within a time period of 5 and 2.5 minutes, respectively, just after the test had been 
started.



Table 1. Number of events and duration of clusters using various primary cluster parameters. The clusters are sorted by size. Only events are considered using at least 10 P- and 
S-wave onsets for location. 

0.49 min, 12 mm A(132, 2.98 min) B(80, 1.60 min) C(26, 1.31 min) E(25, 0.51 min) G(24, 0.41 min)    

0.49 min, 10 mm A(130, 2.98 min) B(79, 1.58 min) E(25, 0.51 min) G(21, 0.41 min)     

0.49 min,   9 mm A(127, 2.98 min) B(77, 1.58 min) E(25, 0.51 min) G(21, 0.41 min)     

0.49 min,   8 mm A(123, 2.98 min) B(76, 1.58 min) E(25, 0.51 min)      

0.49 min,   7 mm A(106, 1.91 min) B(72, 1.51 min) E(24, 0.23 min)      

0.49 min,   6 mm A(100, 1.91 min) B(70, 1.51 min) E(23, 0.23 min)      

0.49 min,   5 mm A(87,   1.81 min) B(43, 1.14 min) E(21, 0.23 min)      
 

1 min, 12 mm A(143, 4.70 min) B(83, 3.11 min) D(58, 4.25 min) C(53, 2.63 min) H(28, 1.30 min) E(26, 1.01 min) F(24, 2.46 min) G(24, 0.41 min) 

1 min, 10 mm A(142, 4.70 min) B(81, 2.23 min) C(45, 2.58 min) D(31, 3.76 min) E(26, 1.01 min) F(23, 2.46 min) G(21, 0.41 min) H(20, 1.18 min) 

1 min,   9 mm A(140, 4.70 min) B(78, 1.60 min) E(26, 1.01 min) C(24, 1.51 min) F(23, 2.46 min) G(21, 0.41 min)   

1 min,   8 mm A(132, 3.46 min) B(78, 1.60 min) E(26, 1.01 min) F(23, 2.46 min) C(20, 1.43 min)    

1 min,   7 mm A(128, 3.11 min) B(73, 1.51 min) E(25, 1.01 min) F(21, 2.28 min)     

1 min,   6 mm A(120, 3.11 min) B(70, 1.51 min) E(23, 0.23 min)      

1 min,   5 mm A( 98,  2.50 min) B(44, 1.50 min) E(21, 0.23 min)      

1 min,   4 mm A( 53,  2.26 min) B(25, 1.14 min)       
 

2 min, 10 mm A(145, 4.70 min) D(139, 13.9 min) B(84, 3.11 min) C(48, 2.63 min) E(32, 4.23 min) F(24, 2.46 min) G(21, 0.41 min) H(20, 1.18 min) 

2 min,   9 mm A(145, 4.70 min) D(99, 9.41 min) B(81, 3.01 min) E(32, 4.23 min) C(30, 2.41 min) F(23, 2.46 min) G(21, 0.41 min)  

2 min,   8 min A(134, 3.53 min) B(81, 3.01 min) D(32, 5.18 min) E(30, 3.20 min) C(29, 2.41 min) F(23, 2.46 min)   

2 min,   7 mm A(130, 3.53 min) B(75, 2.41 min) E(28, 3.20 min) C(23, 1.85 min) F(22, 2.46 min)    

2 min,   6 min A(122, 3.53 min) B(71, 2.41 min) E(26, 3,20 min)      

2 min,   5 mm A(103, 3.53 min) B(45, 2.40 min) E(21, 0.23 min)      

2 min,   4 mm A(55, 3.18 min) B(26, 2.40 min)       
 
Annotation: mean cluster coordinates (for primary cluster parameters 1 min and 10 mm)    
 A x =  43.5 mm, y = -10.0 mm, z = -92.7 mm   horizontal plane  E x =  74.0 mm, y =    1.4 mm, z = -19.6 mm   horizontal plane 
 B x =  62.8 mm, y = - 4.0  mm, z = -37.3 mm   horizontal plane  F x =  26.3 mm, y =  63.8 mm, z = -100.3 mm 
 C x = -61.0 mm, y = -44.6 mm, z = -93.0 mm   vertical band  G x =  58.2 mm, y = -27.8 mm, z = -45.5 mm   slight inclined plane 
 D x =  -5.5 mm,  y = -76,4 mm, z =  45,3 mm   vertical band  H x = -76.6 mm, y = -19.3 mm, z = -43.9 mm    



 
Figure 6. Located events of clusters with cluster size greater than 19 events with primary cluster parameters 

0.49 minute and 6 mm. 

Figure 8 displays at the left-hand side the correlation integral (Equation 1) versus the distance 
(red line) of Cluster No. 1. In this diagram, the fractal dimensions D (Equation 2) of 1, 2 and 
3 are indicated by the green straight lines (from left to right). The slope of 2, which proves 
true up to an inter-event distance of about 2 cm represents a planar structure and is an evi-
dence for critical AE activity. Indeed, the ultimate failure was a sudden tensile fracture of the 
specimen exactly at the position where cluster No. 1 occurred. Interestingly, in the time inter-
val of approximately 4 hours between the occurrence of the cluster and the ultimate failure of 
the specimen no further AE events were found from the cluster region. 

At the right-hand side of Figure 8, the orientations (small dots) of connecting lines between 
event pairs are plotted in an equal-area, lower hemisphere projection. Most orientations in 
Figure 8 are near the periphery of the hemisphere, thus indicating nearly horizontal inclination 
of the plane. The big colored dots indicate the orientation of the three coordinate axes. The 
normal vector of the plane is in the center of the hemisphere, i.e. nearly in z direction. 
 

5.  Concluding discussion 

 
Clusters of acoustic emission events, both spatially and with respect to time, were observed 
during a triaxial extension test of a cylindrical rock salt specimen. The locations of the acous-
tic emission events of the biggest cluster form a horizontal planar structure with an extension 
of diameter of about 50 mm. The events of this cluster occurred within 5 minutes whereas the 
test lasted more than 4 hours. Analysis of the distance between successive events showed that 
the events do correlate spatially. The spatial correlation is an indication that the events propa-
gate systematically along a fracture line or front. The fracture plane is horizontally oriented in 
direction of the maximum principal stress. This is in agreement with the visible damage de-
velopment at different degrees of deformation which showed cracking parallel to the maxi-
mum principal stress direction.  



 
Figure 7. Location of the two biggest clusters with 142 (No. 1) and 81 events (No. 2) in the same manner as 

in Figures 5 and 6. 

 
 

Figure 8. Correlation integral and fractal dimension (left-hand side) of Cluster No. 1 and the orientations of 

connecting lines between event pairs (small dots) in an equal-area, lower hemisphere projection (right-hand 

side). 

The size of the cluster primarily depends on the spatial and temporal density of events. In this 
investigation the density of events was greater than 17,000 events within 5 hours, which is 

Cluster No. 2 (B) 

 

 

 

Cluster No. 1 (A) 



quite large. The primary cluster parameters varied between 0.5 to 2 minutes and between 4 to 
12 mm. Figure 9 shows photographs of the sample before (left-hand side) and after the triaxial 
extension test (right-hand side). 
 

 
Figure 9. Photographs of the rock salt sample before (left-hand side) and after the triaxial extension test 

(right-hand side). 

 

The right-hand side of Figure 9 shows the waist formation of the specimen due to the ex-
tremely high confining pressure and the extension as well as the resulting elongation of the 
sample by about 30 mm (corresponding to 10%). In the lower part of the sample after loading 
a sharp line (black arrow) across the sample axis can be recognized. This line marks the mac-
roscopic fracture surface after the ultimate fracture of this rock salt specimen. The fracture 
surface is very smooth and horizontally runs across the whole cylindrical specimen. The loca-
tion of the fracture surface is at the exact position of the sample where the large Cluster A 
occurred with 142 events. Interestingly, in the time interval of 4 hours after the occurrence of 
the cluster no further AE events were located in the cluster region. 
 

References 

 
[1] Hunsche U, Schulze O, Langer M (1994) Creep and failure behaviour of rock salt around 

underground cavities. In: Proc 16th World Mining Congress, Sofia, 5, pp 217-230. 
[2] Pusch G, Alkan H, (2002) Gas Permeation Models Related to Dilatancy under Deviatoric 

Stress Conditions. SMRI Fall 2002 Meeting, Bad Ischl, Austria, Oct 7-9. 

[3] Manthei G (2005) Characterization of Acoustic Emission Sources in a Rock Salt Speci-
men under Triaxial Load. Bull Seis Soc Amer, 95, pp 1674-1700. 

[4] Popp T, Kern H, Schulze O (2002) Permeation and development of dilatancy in rock salt. 
In: Cristescu ND, Hardy HR Jr, Simionescu RO (eds.), Basic and Applied Salt Mechanics; 
Proc. of the 5th Conf on the Mech Behavior of Salt, Bukarest 1999, Balkema, pp 95-124. 

[5] Lux, K-H., Düsterloh, U., Hou, Z., 2000: Increasing the Profitability of Storage Caverns 
by Means of a New Dimensioning Concept (I), Erdöl Erdgas Kohle, Vol. 118, pp. 294-
300. 

[6] Hirata T (1987) Omori's Power Law Aftershock Sequences of Microfracturing in Rock 
Fracture Experiment. J Geophys Res, 92, pp 6215-6221. 


