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ABSTRACT: Reducing induced seismicity occurrence due to hydraulic stimulation is crucial for the success of Enhanced Geothermal 
System (EGS) projects. One suggested method to decrease induced seismicity is cyclic treatment, which consists of injecting fluid to 
borehole repeatedly at lower pressures. In this study, a series of laboratory hydraulic fracturing tests on granite core specimens are 
conducted to observe the behavior of Pocheon granite during cyclic injection, while the induced seismic events are monitored by 
Acoustic Emission (AE) measurements. Four types of cyclic injection scenarios employed combining constant pressure steps and 
shut-in steps. Lower breakdown pressures were observed during cyclic injection compared to the continuous injection conditions. The 
maximum AE amplitudes measured during cyclic injection tests turned out to be lowered. This can be explained by a fatigue 
hydraulic failure mechanism resulted from applying and releasing the pressure on the borehole wall and crack tip. Moreover, the 
number of AE events detected after stopping the water injection, i.e., shut-in, are larger than that from the cyclic cases under constant 
pressure for a certain timespan.  

RÉSUMÉ : La réduction de l'occurrence de sismicité induite due à la stimulation hydraulique est cruciale pour la réussite des projets de 
système géothermique amélioré (EGS). Une méthode suggérée pour diminuer la sismicité induite est un traitement cyclique, qui consiste 
à injecter du fluide vers le trou de forage à plusieurs reprises à des pressions plus faibles. Dans cette étude, une série de tests de fractures 
hydrauliques de laboratoire sur des spécimens de noyaux de granite sont effectués pour observer le comportement du granite de Pocheon 
pendant l'injection cyclique, tandis que les événements sismiques induits sont surveillés par des mesures d'émission acoustique (AE). 
Quatre types de scénarios d'injection cyclique utilisés combinant des étapes de pression constante et des étapes de fermeture. Des 
pressions de rupture inférieures ont été observées lors d'une injection cyclique par rapport aux conditions d'injection continue. Les 
amplitudes AE maximales mesurées pendant les tests d'injection cyclique ont été abaissées. Cela s'explique par un mécanisme de 
défaillance de la fatigue résultant de l'application et de la libération de la pression sur la paroi du trou et la pointe de fissure. En outre, le 
nombre d'événements AE détectés après l'arrêt de l'injection d'eau, c'est-à-dire l'enclenchement, est plus important que celui des cas 
cycliques sous pression constante pendant un certain temps.
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1  INTRODUCTION 

Hydraulic fracturing or hydraulic stimulation is a technique 
used for the development of Enhanced Geothermal System 
(EGS) to improve the permeability of reservoir by generating 
artificial fractures in deep rock mass(Zimmermann and 
Reinicke, 2010). Injection fluid is injected to generate new 
cracks or open existed fractures by increasing borehole pressure 
of interest zone. The developed fracture network allows fluid to 
flow from the injection well to the production wells, and 
enables heat exchange between the formation and the injected 
fluid. There are many factors to influence on geometry of 
fracture networks such as fluid viscosity, pumping rate, 
principal stress directions, etc. Therefore, designing hydraulic 
stimulation strategies is important for EGS success. Beginning 
with the first EGS project at Fenton Hill in 1977, the interest on 
hydraulic fracturing behavior of underground formations for 
heat mining has been increasing, as it has been continually 
demonstrated by subsequent EGS projects, e.g., Soultz-sous-
Forêts in France, Basel in Switzerland, Cooper Basin in 
Australia, Landau and Insheim in Germany, etc. (Duchane and 
Brown, 2002;Genter and Traineau, 1996; Deichmann and 
Giardini, 2009; Asanuma et al., 2005;Wenke et al., 2010) 

One of the current concerns in EGS is to reduce induced 
seismicity resulted from hydraulic fracturing operations. A 
previously reported case in Basel, Switzerland, shows that  
large magnitude of induced seismic events of low level, so 
called micro-earthquake, can happen during the stimulation 
process(Deichmann and Giardini, 2009). This can cause a 
public nuisance, consequently led to abandoning the whole 
project. In general, seismicity occur when they reach to 
breakdown pressure at which the rock matrix of an exposed 
formation fractures and allows fluid to be injected by increasing 
borehole pressure continuously or expand existed fractures by 
stimulation. One strategy to reudce induced seismicity is based 
on the concept of repeated fluid injection at lower pressure 
levels, so called ‘cyclic injection’. Zang et al.(2013) and Yoon 
et al.(2013) presented numerical simulation results with hydro-
mechanical model under different stimulation scenarios 
including cyclic injection. The results show that cyclic 
treatment has benefits compared to continuous injection in 
terms of seismic energy radiation for lower induced seismicity.  

Behavior of rocks under cyclic injection conditions has been 
investigated. Zimmerman et al.(2010) presented field data 
which showed that fracture length expanded under repeating 
cyclic injections of fluid. Zhuang et al.(2016) found breakdown 
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 pressure reduction compared to original breakdown pressure of 
granite specimens under cyclic injection. Through X-ray CT 
scanning of generated fracture, more branches of fractures were 
observed for the case of cyclic injection rather than continuous 
injection. Patel et al.(2017) also conducted cyclic injection tests 
on sandstone in the lab, and concluded that cyclic injection 
could lead to decrement of breakdown pressure by up to 16%. 
Nonetheless, optimum cyclic injection scenarios for field 
conditions have not been suggested.  

In this study, a series of hydraulic fracturing tests were 
conducted under four cyclic injection scenarios using granite 
core specimens. The borehole pressure during breakdown, 
along with Acoustic Emission monitoring will serve to compare 
continuous and cyclic injection scenarions. The results of these 
preliminary lab tests can serve for the consideration of the best 
probable cyclic injection scenarios in field applications.  

 
2  MATERIALS AND METHODS 

Granite core specimen used in this research is taken from the 
Pocheon area in Korea. X-ray diffraction analysis shows that 
the granite is composed of plagioclase (35.9%), quartz (35.7%), 
microcline (25.8%) and biotite (2.6%). Most granites are 
reported to have three cleavage planes, which are called rift, 
grain and hardway. The three planes are nearly perpendicular to 
each other. For Pocheon granite, the three planes reportedly 
have different grain and microcracks distribution (Park et al., 
2004). Among the three planes, the rift plane has the highest 
microcrack density and therefore its tensile strength is the 
lowest, whereas the hardway plane has the highest tensile 
strength. The measured Brazilian tensile strength (BTS) for 
Pocheon granite is 6.1, 8.2 and 8.8 MPa for the rift, grain and 
hardway planes, respectively (Diaz et al., 2016). The specimens 
used in this research were prepared by coring in perpendicular 
direction to the hardway plane. The size of core specimen is 50 
mm in diameter and 100 mm in height. A through-going 
borehole with a diameter of 8 mm was drilled in the center of 
specimen for fluid injection, in order to avoid unexpected 
fracture generation due to geometry of borehole, and for test 
results interpretation in terms of breakdown pressure and fluid 
penetration. Different properties of Pocheon granite are 
described in Table 1. The tested specimens were dried for at 
least 24 hours before testing. 
 
Table 1. Properties of granite. 

Borehole direction 
Perpendicular to 

Hardway plane 

Diameter (mm) 50 

Height (mm) 100 

Volume (cm3) 62.5 

Saturated weight (g) 511.5 

Dry weight (g) 510.2 

Void Volume (cm3) 1.28 ~ 1.33 

Porosity (%) 0.66 

 
The test equipment shown in Fig.1 was developed for mini 

hydraulic fracturing, and to be combined with X-ray CT 

scanning. Fig.1 displays the main parts of the testing apparatus. 
It can be divided into four parts; hydraulic pump, injection 
system, data acquisition system, and triaxial hydraulic 
fracturing cell. A hydraulic pump supplies oil for vertical 
pressure and confining pressure through lines from the top of 
triaxial cell. A total of three pressure sensors are installed near 
the triaxial cell to measure confining, vertical, and injection 
pressure, respectively, except one pressure sensor which is 
installed near the servo-controlled booster to estimate pressure 
difference due to friction when the fluid passes through the line. 
The fluid is injected in the borehole from the bottom of the 
specimen by the servo-controlled injecting system which allows 
testing at a constant pumping rate or pressurization rate. The 
volume injected fluid can be calculated by measuring the 
displacement of piston used for injection. The maximum 
allowable injection pressure and confining pressure are 35 MPa 
and 20 MPa, respectively. For samples with a diameter of 50 
mm, the maximum allowable vertical pressure is 51.2 MPa. 
 

 
Figure 1. Schematic diagram of hydraulic fracturing apparatus with 
granite core specimen. 

2 .1  Testing conditions 

A series of hydraulic fracturing tests in continuous and 
cyclic injection conditions were conducted in different 
scenarios. Four types of cyclic scenarios are presented in this 
section.  

The first cyclic scenario unit named ‘basic cyclic injection’ 
where borehole pressure is increased up to a predefined 
maximum borehole pressure (PMBP) where it is maintained for 
a while and later decreased to a minimum pressure value.  

The second one is the ‘step-rate cyclic injection’ condition 
with constant borehole pressure for each increment step.  

The other two cases are cyclic injections with constant 
borehole pressure and pumping rate respectively, demonstrating 
shut-in after each cycle. 

 
3  TEST RESULTS 

3 .1  Continuous injection  

Fig.2 shows the ranges of breakdown pressure at different 
pumping rates with the maximum AE amplitudes. Breakdown 
pressures range from 5.74 MPa to 8.19 MPa. It is observed that 
the maximum AE amplitude increases with increasing 
breakdown pressure. Cyclic injection tests are followed with the 
lower PMBP values than the original breakdown pressure 
ranges obtained from continuous injection tests.  

3 .2  Basic cyclic injection 
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In basic cyclic injection as shown in Fig.3, PMBP is 5 MPa, 
and duration time for maintaining borehole pressure is 300 
seconds for each cycle. After 18 cycles of injection, the granite 
specimen reached failure. The maximum event amplitude is 
measured as 62 dB immediately after breakdown of the 
specimen. In this experiment, injection rate of fluid increases to 
an extent which can keep constant borehole pressure at the 

same level when new cracks are generated in granite specimen. 
In Fig.3, injection rate increases from around 20.4 mm3/sec at 
the beginning of this test to around 23.5 mm3/sec immediately 
before breakdown as injection cycles are repeated. However, 
AE events are rarely detected during this cyclic injection 
scenario. 

3 .3  Step-rate cyclic injection 

Constant PMBP increases for each step in step-rate cyclic 
injection condition as shown in Fig.4. Cracks are generated at a 
borehole pressure of 5.9 MPa with 59 dB of maximum AE 
amplitude. It seems that gradual damage due to cyclic injection 
in granite is not clearly observed; AE events dominantly 
concentrated only after 5 cycles have passed meaning no 
significant damage in previous cycles. Comparing PMBP in 
basic cyclic injection tests, we can presume that the number of 
cycles and the magnitude of borehole pressure for each cycle 
can influence the required borehole pressure to break the 
specimen.  

3 .4  Cyclic injection with shut-in process 

Fig.5 presents the results for the third type of cyclic injection. 
After increasing PMBP up to 4.8 MPa, we stopped to inject 
fluid for 180 secs to demonstrate a shut-in process for every 
cycle. The specimen failed after 15 cycles and the maximum 
AE amplitude was 54 dB. A large number of AE events were 
detected during shut-in after every cycle. By comparing this 
result with the two former cases above, it seems that the granite 
specimen is likely to be more stimulated during borehole 
pressure release than during pressurizing. 

Test results so far are the cases for controlling PMBP 
because granite specimen can be broken when constant 
pumping rate is applied for a long time. However, there is a 
threshold for pumping rate that does not allow specimen failure 
but only permits fluid flow through the specimen. In the field, 
for the most part, a pumping rate control is predominantly 
executed rather than a pressure control. Therefore, we tried to 
mimic in-situ injecting manner for cyclic stimulation.  

Fig.6 shows test results for special case of cyclic injection 
with shut-in process under constant pumping rate for each step. 
This test can be divided into four stages. Following a step-rate 
injection manner, we stopped pumping for 150 seconds and 
repeated this process for the first three stages. Later, the 
magnitude of the pumping rate was increased gradually for each 
step until the specimen failed. The pumping rate was adjusted 
with maximum pressure levels lower than the breakdown under 
continuous injection.  

Figure 2. Breakdown pressure ranges under different pumping rate for
granite specimen. Hardway plane is perpendicular to borehole
direction.

Figure 3. Test results for basic cyclic injection with measured AE
amplitudes and injection rate of fluid variations. 

Figure 4. Test results for step-rate injection with measured AE
amplitudes. 

Figure 5. Test results for basic cyclic injection with measured AE
amplitudes and injection rate of fluid variations. 
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In general, after starting to increase borehole pressure, it 
converges into constant borehole pressure when pumping rate is 
relatively low due to fluid infiltration into granite specimen. 
Except the first four steps, borehole pressure started to decrease 
when a pumping rate of 25 mm3/sec was applied. In stage 2, the 
same trends appeared but the maximum borehole pressure 
decreased even when the same pumping rate of 25 mm3/sec was 
applied. Based on time-borehole pressure records, we can see 
variations of the amount of fluid for every stage of cyclic 

injection.  
Induced AE events measured during cyclic injection are 

indicated by red points. At the first stage of injection, A number 
of AE events were detected even when the borehole pressure 
was low. In the subsequent stages, many AE events were 
detected as the borehole pressure increased. Though the same 
pumping rate conditions for each stage of cyclic injection was 
applied, the majority of AE events were detected during this 
stage development. This accounts for possible damages on the 
granite specimen from cyclic injection and shut-in process. 

4  CONCLUSION 

Cyclic injection tests are conducted to verify induced 
seismicity reduction effects in the laboratory with AE 
measurements. Though it is hard to determine optimum cyclic 
injection scenarios which can be applied to the field, this result 
can provide insights for hydraulic fracturing in the lab to 
evaluate behavior of rocks.  

It is observed that borehole pressure needed to breakdown 
granite specimen is relatively lower in cyclic injection tests 
rather than in continuous injection tests. Maximum AE 
amplitudes obtained from cyclic injection tests are also lower 
than that from continuous injecdtion tests.  

During cyclic injection process, shut-in influences more on 
granite specimen than maintaining constant borehole pressure. 
This can be obtained from detected AE events during shut-in. 
Relatively much AE events are occurred during shut-in while 
less AE events when constant borehole pressure is applied.  
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Figure 6. Test results for long-term cyclic injection with measured AE
amplitudes and injection rate of fluid variations. 
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