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Ett forskarteam med ledning från GFZ, Potsdam, har genomfört hydrauliska 
spräckningsförsök i TASN-tunneln på nivå -410 på Äspö Hard Rock Laboratory, 
Oskarshamn, Sweden. Vi borrade ett 28 m långt spräckborrhål med diametern 100 mm. 
Vi riktade hålet i minsta huvudspänningsriktningen, borrade instrumenteringshål och 
installerade AE-sensorer, seismometrar, accelerometrar, geofoner och EME-sensorer 
kring spräckhålet och angränsande tunnlar. Vi genomförde sex hydrauliska 
spräckningstester i tre olika bergarter med progressiv, cyklisk och kombinerad cyklisk 
och dynamisk trycksättning och följde under realtid sprick-initieringen/utbredningen 
kring spräckhålet i 3D. Huvuddelen av sprickorna propagerade vinkelrätt mot 
spräckhålet och sub-vertikalt uppåt som resulterade från 20,000 AE- detekteringar och 
lokaliseringar av sprickutbredningen.  Spräckningsförsöket med en överlagrad dynamisk 
trycksättning var den skonsammaste metoden och gav noll AE-respons. Cyklisk injektion 
sänker spräckningstrycket med ca 15 % och modifierar magnitud-frekvensfördelningen 
hos AE som resulterar i ett högre b-värde. Skaleffekt kunde observeras i resultat från 
labexperiment utförda på borrkärneprover från samma bergarter med hjälp av en speciell 
tryckcell. Bergspräckningsförsöken har modellerats med en bergdynamisk version av 
PFC-koden med goda resultat. Kombinationen av cykliskt, progressivt och dynamiskt 
tilläggstryck leder till en utmattning (eng. „fatigue”) av berget och är en skonsam metod. 
Nyckelord: hydraulisk spräcknig, utmattning, bergspänning, akustisk emission, 
fältförsök, numerisk modellering.  
A research group led and supported by GFZ, German Research Centre for Geosciences 
in Potsdam, conducted in June 2015 a small-scale hydraulic fracturing experiment in 
the TASN-tunnel at 410 m level in Äspö Hard Rock Laboratory, Oskarshamn, Sweden. 
We diamond-drilled a 28 m long fracturing borehole with diameter 102 mm that gave 
us three different granitic rock types for conducting the water injection testing. We 
oriented the borehole axis in the direction of the least principal stress and installed 
arrays of AE sensors, seismometers, accelerometers, geophones and EME-sensors in 
boreholes around the injection borehole and at the walls and roof top of adjacent tunnels. 
We performed six hydraulic fracturing experiments in three different rock types with 
progressive, cyclic and combined cyclic and dynamic pressurization and followed under 
real-time fracture initiation and propagation in 3D around the fracturing borehole. 
Cyclic injection lowers the breakdown pressure with about 15 % and modifies the 
magnitude frequency distribution of AE which results in a higher seismic b-value. Scale 
effects could be observed from laboratory experiments performed on core samples with 
the same rock types by means of a special pressurizing cell. The hydraulic fracturing 
has been simulated with a dynamic version of PFC with good results. The combination 
of cyclic, progressive and dynamic pressurization results in rock fatigue and provides a 
safe and gentle method of rock fragmentation and fracturing. 

© 2020, Svenska Bergteknikföreningen och författarna/Swedish Rock Engineering Association and authors.
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1. Introduction

   In recent decades, there has been a sharp increase in activities investigating the upper 
parts of the earth’s crust to solve the energy problems and create opportunities to 
increase the utilization of both fossil and renewable energy resources. Hydraulic 
Fracturing (HF) of rock masses has become an important part of this development. This 
has, among other things, led to a geographical redistribution of oil and gas extraction 
from the former dominance of the Arab Countries to the present dominance of North 
America. In most countries in Europe, on the contrary, there is a prohibition to use HF 
for the extraction of oil and gas from shale formations. Another area where the 
application of HF has increased concerns is shallow and deep geothermal energy 
exploitation. Regarding shallow geothermal energy, HF has been applied for a long time 
in the Nordic Countries to increase the permeability of energy wells. When it comes to 
exploitation of deep geothermal energy, the application of HF technology was initially 
concentrated to areas with high heat flow near flat boundaries or in volcanic areas. 
Today, there is a trend towards applying HF to deep geothermal energy exploitation and 
moving to areas where there is high demand for energy and where this can be distributed 
to customers by means of existing distribution network. Energy extraction through deep 
geothermal exploitation takes place by drilling deep boreholes to several kilometers 
depth and later stimulating the rock mass through HF with high pressures for a long 
time to increase the permeability of the rock mass and heat exchange between the 
cracked rock and the circulating groundwater or pumped water. 
   There are also risks related to the applications of HF in different ways of extracting 
energy. The extraction or injection of fluids disturbs the pore pressure and the existing 
rock stress field in a reservoir. By injecting or pumping out gas or liquid, this 
disturbance can lead to earthquakes. Although the energy needed to generate a quake is 
only a fraction of the total energy injected in connection with a deep geothermal 
exploitation, the effects on the ground surface are significant with seismic movements 
and damage to infrastructure. This can be exemplified by the damage that occurred in 
central Basel, Switzerland, in relation to a deep geothermal exploitation project (Häring 
et al., 2008). In November 2017, another earthquake of moment magnitude M5.5 
occurred near the city of Pohang in southern South Korea in the vicinity of a deep 
geothermal exploitation facility. The geothermal borehole came too close to a large 
regional fault and the water injection at very high pressure affected the rock stress 
distribution around the fault that triggered an earthquake. Buildings, streets, power and 
water lines were destroyed, and the population injured. 
   This paper presents first briefly the method of Fatigue Hydraulic Fracturing (FHF), 
which involves generating cracks around a borehole wall by pressurizing the hole. After 
cracking, cycles of pressurization and depressurization are applied to induce fracture 
propagation, which occurs at a lower energy input than for conventional HF. 
Furthermore, a field experiment at the Äspö Hard Rock Laboratory (Oskarshamn, 
Sweden) is reported. The results from six different pressurization tests in three different 
rock types are reported. Crack initiation and crack propagation and the change of the 
stress field around the borehole are monitored. Results were also obtained from 
experiments performed on core samples with the same rock types by means of a special 
pressurizing cell. The last part of the present paper covers the results of Discrete 
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Element Modeling (DEM) of cases of Fatigue Hydraulic Fracturing with the Particle 
Flow Code 2D. 
 
 

2. The concept of hydraulic fracturing through fatigue 
 
   When rock or other materials are subjected to a cyclic load even lower than the static 
strength, the materials can break down. In conventional HF, a liquid pressure acts in an 
already formed crack and forces its walls apart. At the same time, a stress concentration 
occurs at the crack tip, which in turn becomes so large that it can induce microcracking 
of the rock around the tip of the crack. The volume of damaged rock at the crack tip is 
called “process zone”, see Figure 1a. The microcracks weaken the rock in the process 
zone and allow the crack to propagate due to the load that the water pressure exerts on 
the crack surfaces. 
 

 
 
Figure 1. Schematic figure showing the process zone formed by (a) a conventional 
hydraulic fracturing (HF) at monotonically increasing injection pressure, (b) a 
hydraulic Fatigue Hydraulic Fracturing (FHF) through cyclic increase and decrease 
of the injection pressure (left, modified from Zang et al. 2018). A larger “process zone” 
is formed at the tip of the crack. Fragments of rock move around as a suspension in the 
fluid and prevent the crack from closing. The formulations in (c) show the 
phenomenological relations between the fracture propagation length a for a load N as 
a function of the fracture toughness K for mechanical cyclic loading (right, modified 
from Song et al., 2018). Whether these relations can be applied to hydraulic cyclic 
loading remains to be shown. 
 
   The purpose of the FHF is to induce more controlled crack propagation at lower 
pressure, thereby minimizing generated seismic energy and maximizing hydraulic 
permeability around the tip of the crack. The idea was initiated by Zang et al. (2013) 
and has subsequently been tested in the field experiment at the Äspö Hard Rock 
Laboratory (Oskarshamn, Sweden) by Zang et al. (2017) and in laboratory experiments 
by Jiráková et al. (2015), Zhuang et al. (2019) and Stephansson et al. (2019). FHF can 
also be performed as a modified Cyclic Hydraulic Fracturing (CHF) or as Pulsating 
Hydraulic Fracturing (PHF). Pulsations can be superimposed to a crack propagation 
pressure by using a dedicated pump or can be generated and controlled from the same 
fracturing pump. 
 
 

c)

Conceptual Fracture Process Zone Fracture Mechanics Formulation of Mechanical Fatigue

After Zang et al. (2018)
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3. Hydraulic fracturing experiments at the Äspö Hard Rock 
Laboratory in Oskarshamn, Sweden (Zang et al. 2017) 

 
   To design hydraulic fracturing experiments and increase the understanding of how 
cracks can be initiated and propagated in a jointed rock mass, access to a good 
experimental site with known geology, rock mechanics properties and rock stress state 
is required. In the summer of 2015, the Äspö Hard Rock Laboratory, which belongs to 
the Swedish Nuclear Fuel and Waste Management Co (SKB), offered the location of 
the TASN experimental tunnel at level -410 m for a field experiment site. 
 

 
 
Figure 2. The test site for the hydraulic field experiments at level -410 m in the Äspö 
Hard Rock Laboratory (Oskarshamn, Sweden). The hydraulic fracturing borehole F1 
(in which the location of test HF2 is indicated) was drilled approximately 28 m deep 
into the wall of the TASN tunnel. Three equally deep instrumentation holes were drilled 
on each side of the hydraulic fracturing hole and equipped with AE sensors and 
accelerometers. After Lopez Comino et al. (2017). 
 
   The drill core borehole for hydraulic fracturing has a diameter of 102 mm and is about 
28 m long. It crosses three different rock types such as diorite-granite closest to the 
tunnel wall, diorite-gabbro in the middle and deepest in the borehole Ävrö granodiorite. 
This hole was drilled slightly inclined upwards for drainage purposes and in the 
direction of the smallest principal rock stress in the experiment area. The rock stresses 
at the Äspö Hard Rock Laboratory have been measured by means of overcoring 
technique by, for example, Ask (2006) who for the area around the hydraulic fracturing 
hole have estimated the principal stresses at SH = 22 MPa, Sh = 11 MPa and SV = 12 
MPa. Three more inclined boreholes with length approximately 30 m and diameter 76 
mm were drilled on each side of the hydraulic fracturing hole for emplacement of AE 
sensors and accelerometers, see Figure 2b. 
 
3.1 Monitoring 
 
   All phases of the hydraulic fracturing were recorded with three passive recording 
systems with sensors for acoustic emission (AE, 70 kHz), macroseismics (MS, 
geophones 4 Hz -1 kHz, borehole geophones 28 Hz - 1 kHz), and electromagnetic 
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emissions (EME). During a total of 29 fracturing stages, the rock mass response to the 
injection was recorded, with crack opening and crack closure at pressure relief, at 39 
stations in the immediate vicinity of the crack hole and 36 stations in above and 
underlying tunnels at the laboratory. The measurement data ware recorded from a logger 
in the TASP tunnel, see Figure 2. The measurement system and its performance are 
described in detailed in Zang et al. (2017). 
 
3.2 Hydraulic fracturing 
 
   The hydraulic fracturing was carried out by two different companies, Mesy Solexperts 
(Germany) and ISATech (Czech Republic), with two different pieces of equipment. 
Mesy Solexpert used light equipment with conventional pumps and double packers with 
shortened fracturing intervals, and carried out the measurement HF1, HF2 and FHF3 in 
the deepest sections of the test borehole. Fracturing was carried out in joint-free sections 
of rock identified by means of the drill core as well as televiewer inspection. ISATech 
used newly built equipment with two-pump systems that allow pulses of the fracturing 
pressure at constant or progressive flow, and a newly developed and manufactured 
fracturing packer with a short fracturing interval. ISATech conducted the tests FHF4, 
FHF5 and HF6. 
 

 
 
Figure 3. Hydraulic fracturing in the TASN tunnel at the Äspö Hard Rock Laboratory. 
(a) three different injection protocols applied for hydraulic fracturing; (b) the borehole 
for testing is oriented parallel to the minimum horizontal stress and the distance 
between the HF and FHF fracturing tests is about 3-5 m; (c) insertion of the ISATech 
double packer into the injection borehole. 
 
 
   Each hydraulic fracturing was initiated by testing the test section at a low pressure to 
ensure that the valves sealed a fracturing interval of about 0.5 m in length. Then a 
conventional HF test was performed in accordance with ISRM Suggested Method 
(2003) with repeated pressurization and depressurization. Figure 4a shows the result 
from the fracturing test HF2 at 22.5 m in the borehole from the top of the borehole. The 

Conventional test with constant flow rate

Progressively increasing flow rate

Progressively increasing and pulsed flow rate

a)
b)

c)
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green lines show the packer pressure as a function of the test time, the red lines indicate 
the pressure in the fracturing section and the blue lines the flow rate. After the pulse test 
to check the tightness of the valves (integrity test), the hydraulic fracture occurs 
instantaneously (breakdown pressure) and the fluid pressure decreases with time until 
the pressure is increased again. The cycle is repeated five times. By successively 
increasing the flow, the fracturing pressure increases and crack propagation occurs. In 
connection with each new cycle, measurement data are recorded from all sensors near 
and at a distance from the testing point. Figure 4b shows progressive, cyclically 
increasing and a finally pulsating flow. 
 

 
 
Figure 4. Hydraulic fracturing (HF). (a) conventional hydraulic fracturing with five 
repeated pressure steps performed by Mesy Solexperts; (b) progressive and cyclically 
increasing flow with final pulsating flow by ISATech; (c) enlargement of the 3rd cycle 
in (b) where the upper curve shows the pressure change (red) and the lower curve shows 
the flow rate (urple) as a function of time. Fracturing occurs at time 13:00:17. 
 
 

 
 
Figure 5. Injection pressure, flow, and AE magnitude as a function of time for test HF2 
(a) and HF3 (b). (c) 3D image of the test area with the fracturing hole in the center with 
colored disks showing the location of the injection tests. The colored balls mark each 

a) b)

c)

a) c)

b)
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analyzed AE signal and indicate the plane of fracture propagation in the rock. Note 
how the cracks tend to propagate obliquely upwards. The picture also shows the 
position of the AE sensors (in yellow) in the surrounding observation holes in the tunnel 
roof as well as the accelerometers placement (light green) in the surrounding rock. 
 
 

 
 
Figure 6. (a) registered crack directions obtained from packer prints in the fracturing 
hole F1, measured permeability and relative permeability of the rock during the 
fracturing process for the tests HF2 (b) and HF3(c). For reference the acoustic 
emission activity from Figure 5 is shown together with the permeability evolution. 
 
 
 
 
 
   Conventional packer prints from the imprinting on the surface of soft rubber 
membranes showed one or, in some cases, two or more intersecting induced cracks. The 
results are consistent with the hypocenters recorded from the AE measurements in 
Figure 5. The results from test HF2 (blue balls) show that the crack has a flat surface. 
The AE measurements from test HF3 show a more complex crack impression image 
that indicates two intersecting cracks. The cyclic progressive fracturing with dynamic 
pulsation, test HF5, gave no AE response from fracturing, but an increase in 
permeability of the rock from 2.3 mD to more than 25 mD. The strike and the inclination 
of the cracks recorded in the borehole are in good agreement with the orientation of the 
largest and intermediate rock principal stresses according to the measurement by Ask 
(2006) with overcoring and HF technique. 
 
 

4. Laboratory investigations of hydraulic fracturing of drill cores 
(Stephansson et al. 2019) 

 
   From laboratory tests on drill cores of different rock types with a biaxial pressure cell 
and pulsating load, Jiráková et al (2015) showed that cyclic pulsation on drill cores can 
lower the fracturing pressure by 15 to 20%. In a series of tri-axial mechanical tests on 
rock, using a modern computerized tomography of the samples to interpret the results, 
Zhuang et al. (2016) studied the change in fracturing pressure and maximum AE 

a) b) c)
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amplitude during monotonic and cyclic injection, respectively, of drill cores of the 
anisotropic Pocheon granite in Korea. The results show that cyclic injection results in 
lower maximum AE amplitude for HF and that the fracturing pressure is reduced by 
about 10%. 
   Stephansson et al. (2019) conducted a series of laboratory tests and Figure 7 shows 
the equipment used. It consists of a water tank, a hydrophore for pressure equalization 
and a pump unit that delivers the pressure and the final dynamic pulse until failure 
occurs. Prior to testing, the sample is given an axial stress of 8.5 MPa using the four 
nuts at the lid of the cell and a torque wrench. Figure 7c shows the sample preparation 
with a drilled fracturing hole to the center of the core and at the bottom a seal with a 
steel tube. Fracturing occurs in the 30 mm long section with a diameter of 6 mm. 
 

 
 
Figure 7. Equipment (a, b) and test specimen preparation (c) for fatigue hydraulic 
fracturing of rock samples from the hydraulic testing borehole. 
 
   Eight fracture-free samples with a diameter of 87 mm and a length of 200 mm were 
cut from the drill core that came from the fracturing borehole F1 at the Äspö Hard Rock 
Laboratory. The samples for testing were selected as close as possible to the locations 
where the hydraulic fracturing tests took place, see Figure 8a). 
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Figure 8. Laboratory biaxial progressive, cyclic hydraulic fracturing with pulse. (a) 
Sampling of eight core samples from three different rock types in the hydraulic testing 
borehole F1 from the Äspö Hard Rock Laboratory; pressure versus time curves from 
different tests (b) to (e). The black lines show results from HF, the blue lines are results 
from FHF. 
 
   Figure 8(b-e) show the results of the biaxial progressive, cyclic hydraulic fracturing 
with pulse tests. All tests were conducted with a constant stress level with a radial stress 
of 12.1 MPa and axial stress of 8.5 MPa. The ratio of the radial and axial stress is the 
same as for the fracturing borehole F1 at -410 m level in the Äspö Hard Rock 
Laboratory, but the magnitudes of the stresses are lower in the laboratory experiments 
and determined by the strength of the biaxial cell. For each of the rock type two core 
samples close to each other were chosen. One of the samples was used for conventional 
HF and the other for progressive cyclic pressure with terminating pulse, FHF. 
Conventional hydraulic fracturing HF test was first performed with monotonically 
increasing pressure until crack occurs in the small borehole in the center of the sample. 
The result is reported in Figure 8(b-e) with a black line at the beginning of test for each 
rock type. Diorite-gabbro gave the highest fracturing pressure of 36 MPa, granite of 32 
MPa and granodiorite of 28 MPa, respectively. In progressive cyclic pressure with 
terminating pulse, FHF, a test cycle comprises about 10 minutes and during each cycle, 
the water pressure in the little fracturing hole was increased by about 10 MPa. For all 
tests except one, there was a 10 to 20% reduction in fracturing pressure between tests 
performed with HF and FHF. Furthermore, it is worth noting that the fracturing 
pressures obtained with the biaxial cell and the samples with six mm diameter injection 
borehole are about three times higher than the corresponding fracturing pressures for 
the 102 mm diameter borehole at the Äspö Hard Rock Laboratory. 
 
 

a) b)

c)

d)

e)
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Figure 9. Test results from biaxial progressive, cyclic hydraulic fracturing with pulse 
on sample PHF7 of diorite-gabbro. Fracturing has occurred from the little hole with a 
diameter of 6 mm and length of 30 mm. Note the concave fracture surface of the crack. 
The fracturing pressure for this sample is reported in Figure 8d. 
 
 

5. 2D Distinct element modeling of fatigue hydraulic fracturing 
 
   We performed a numerical modeling of fatigue hydraulic fracturing of rock using 2D 
Particle Flow Code which is a commercial software of Itasca developed on the basis of 
Discrete/Distinct Element Method. Modelling of fluid induced fracture growth requires 
hydro-mechanical coupled modeling, we used the fluid flow model of Zhou et al. 
(2016). Detail of the fluid flow algorithm is described in Zhou et al. (2016a, 2016b, 
2017). Figure 10 shows the 2D model for HF/FHF simulation with size of 200 mm x 
200 mm and having a borehole with a diameter of 10 mm at the center. The rock has a 
tensile strength, T0, of 8 MPa. The applied horizontal stresses are SH is 20 MPa and Sh 
is 15 MPa. 
 

 
 
Figure 10. (a) 2D numerical model with central borehole and indicated dimensions and 
boundary conditions, and (b) enlarged view of the borehole wall part. 
 
 
   First, a hydraulic test is simulated by assigning flow rate of 1e-3 liters per second. 
Figure 11a shows the injection pressure as a function of time and the cumulative number 
of cracks. The injection pressure curve shows good similarity with typical hydraulic 
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fracturing experiment. The simulated Fracture Initiation Pressure (FIP) is 24 MPa, and 
the Fracture Breakdown Pressure (FBP) is 30 MPa. The simulated FBP is close to the 
analytical solution by Hubbert-Willis (1957) for the elastic hydro-fracturing criterion, 
which yields 33 MPa. 
 
FBP = 3xSh-SH+T0 = 3x15-20+8 = 33 MPa 
 
   In Figure 11b, the hydro-fracturing induces crack propagated in the direction of 
maximum stress orientation. The length of the propagated crack in the model is about 
126 mm. The colour bar on the right shows the pore fluid pressure. The first numerical 
test results demonstrate that the fluid flow modelling in PFC2D can closely reproduce 
the typical outcome of a hydraulic fracturing test.  
   The second test is conducted with pressure-controlled injection condition. The 
injection pressure curve was designed so that increments of 2 MPa of the fatigue 
pressure are applied in four steps (I-IV). In the last step (V), an increment of 4 MPa of 
the fatigue pressurization is applied. The first fatigue pressure step is done at 50% of 
the FBP (e.g. close to the minimum applied stress). The injection pressure in the 
subsequent fatiguing steps increases progressively. Figure 11c shows the injection 
pressure curve and the cumulative number of cracks. Cracks did not appear until 
fatiguing step IV, and appeared at time 2 second when the injection pressure reaches 
about 80% of the FBP. Figure 11d shows the crack distribution. The length of the 
propagated fracture is 149 mm, which is longer than the fracture length from the 
injection rate-controlled test. 
   The result demonstrates that a longer fracture length is obtained by fatigue hydraulic 
fracturing when applying a cyclic step-wise pressurization smaller than FBP. Further 
study is underway to compare the seismic magnitudes of the hydro-fracturing. The 
modelling is also being extended to 3D with larger model size to simulate the hydraulic 
fracturing experiments at the Äspö Hard Rock Laboratory. 
 

 
 
Figur 11. (Left) Results of injection-rate-controlled hydraulic fracturing simulation in 
the 2D numerical model. (a) Injection pressure curve and cumulative number of induced 
cracks, (b) distribution of cracks and pore fluid pressure in the model; (Right) results 
of injection-pressure-controlled simulation by fatigue hydraulic fracturing simulation 
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in a 2D numerical model. (c) Injection pressure curve and cumulative number of 
induced cracks; (d) distribution of cracks and pore fluid pressure in the model. 
 
 

6. Conclusions 
 
   We present the results of three studies investigating the effect of fatigue hydraulic 
fracturing on rock fracture propagation. First study is tunnel scale hydraulic fracturing 
experiments conducted at the Äspö Hard Rock Laboratory where the concept of fatigue 
hydraulic fracturing is tested and validated with well controlled monitoring of the 
seismic signals of the fracturing (Zang et al. 2017). Second study is laboratory scale 
fatigue hydraulic fracturing test conducted on core samples (Stephansson et al. 2019). 
Third study is numerical modelling of fatigue hydraulic fracturing of rock using 2D 
hydro-mechanical coupled Particle Flow Code 2D. 
   Results from all three studies show that giving fatigue effect to the hydro-fracture by 
means of repeated pressurization and depressurization of the fluid pressure enable us to 
control the fracture in terms of its propagation direction, seismic magnitude, and 
permeability. Fatigue hydraulic fracturing technique shows good potential to be applied 
in large scale deep geothermal reservoir stimulation and shale gas reservoir hydraulic 
fracturing for mitigation of induced seismicity and enhancement of productivity. More 
work is needed and planned to refine the concept of fatigue hydraulic fracturing in all 
different scales (laboratory, mine, and field) in different rock types. 
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