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ABSTRACT  

Hydraulic fracturing (HF) experiments were conducted at the Grimsel Test Site (GTS), Switzerland, with the aim to improve our 

understanding of the seismo-hydro-mechanical processes associated with high-pressure fluid injection in a moderately fractured 

crystalline rock mass. Observations from one of these HF experiments indicate simultaneous propagation of multiple fractures during 

continuous fluid injection. The pressure measured in one observation interval show a cyclic response indicating repeated step-wise 

fracture growth. This is interpreted as a stick-split mechanism propagating fractures in an episodic manner and connecting them to 

the natural fracture network. In addition, transient partial closure and opening of fractures on the time-scale of seconds to minutes 

were observed from pressure and deformation monitoring. Our data set provides unprecedented insight in the complexity of hydraulic 

fracture propagation. 

1. INTRODUCTION 

Hydraulic fracturing is often used in reservoir engineering for shale gas/oil extraction and deep geothermal heat exploitation to 

increase the reservoir permeability and connectivity (Economides & Nolte, 2000; Evans et al., 2005). For deep enhanced geothermal 

systems (EGS), two prevalent concepts can be distinguished 1) hydraulic fracturing (HF) as the initiation and propagation of tensile 

fractures and 2) hydraulic shearing (HS) as the reactivation of pre-existing fractures in shear associated with dilation. These are end-

members and a combination is possible i.e. primary fracturing with shear stimulation through leak-off or mixed-mechanism 

stimulation (McClure & Horne, 2014). The concepts for hydraulic fracturing for shale gas/oil extraction is generally similar but the 

objectives are different. For shale gas, establishing drainage of the formation from the production well is usually sufficient, while for 

an EGS a circulation between two or more boreholes need to be established. This is the crucial key process that depends on the target 

rock, the associated pre-existing fracture network, the temperature gradient and the stress field. 

Current mathematical hydraulic fracture propagation models generally assume a single and continuous fracture growth (Adachi et 

al., 2007; Detournay, 2016). This kind of models simplify the complex nature of fracture propagation in-situ and are only valid in the 

context of single fracture propagation. Our experimental data sets challenge these simple assumptions as they show 1) multiple 

fracture growth and 2) intermittent fracture growth. Indeed, in low permeable rock mass with a pre-existing fracture network, the 

newly created hydraulic fracture will connect to the natural fracture network after a certain injection time (Dutler et al., 2019). This 

multi fracture extension mechanism is presented and discussed in this paper using the hydromechanical dataset from a hydraulic 

fracturing experiment. Concerning continuous fracture growth, a necessary condition is that the fluid flow speed at the crack tip 

matches the fracture propagation velocity. This interpretation is supported by the roughly constant fracture pressure propagation level 

(Zoback, 2007), which can be interpreted as continuous fracture growth by the absence of cyclic pressure fluctuation. Abundant 

geological evidence exist from outcrops that tensile fractures can growth in both continuous and episodic mode (Bahat & Engelder, 

1984; Lacazette & Engelder, 1992). Van der Baan et al. (2016) proposed a new fracture growth mechanism during anthropogenic 

fluid injection, which is described in the following section. 

Repeated brittle failure leads to microseismic events during hydraulic fracturing treatments (Cipolla et al, 2011; van der Baan et al, 

2013). This repeated step-wise fracture growth is called stick-split mechanism proposed by van der Baan et al. (2016). The model 

assumes that the fracture propagation is driven by tensile failure at the tip. The fluid pressure has to sufficiently high so that the 

critical tensile fracture toughness value is exceeded. If local failure occurs the fracture extend and the fracture volume suddenly 

increases allowing fluid flow towards the new fracture tip. Therefore, a temporal local fluid pressure drop near the fracture tip can be 

observed so that the fracture partially closes there, until the fluid pressure builds up again due to continuous fluid injection. The 

repetition of these cycles leads to repeated step-wise fracture propagation. 

The repeated episodes of abrupt local opening of the hydraulic fracture walls, followed by partial closing is called hydraulic clapping 

mechanism. It occurs during the stick-split mechanism after pressure drop following tensile propagation. Seismic evidence from this 

short opening and closing cannot be observed directly due to the characteristic time of the clapping effect, which is estimated to be 

around milliseconds. Therefore, the modulation in the source spectrum was used (Eaton et al., 2014; Walter & Brune, 1993). Transient 

pressure analysis from geothermal well tests indicate that a closed fracture near the wellbore after shut-in results in a buildup of 

pressure in the remaining part of the fracture in contact. This can result in a partial re-opening of the fracture to allow fluid flow 

towards the open borehole interval driven by the pressure difference (Bakar & Zarrouk, 2018; Zarrouk & McLean, 2019). 
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In this study, we present seismo-hydromechanical observations from a HF experiment (Dutler et al., 2019) providing evidence of the 

aforementioned fracturing mechanisms. The experiment is part of the In-situ stimulation and circulation project (Amann et al., 2018). 

The observations are discussed in term of 1) multiple fracture extension, 2) step-wise fracture growth and 3) hydraulic clapping 

mechanism. 

2. STUDY SITE CHARACTERIZATION AND MONITORING  

The study site is located in the Central Alps of Switzerland, below (~450 m) the Western flank of the Haslital valley in the southern 

part of the Grimsel Test Site. Prior to the hydraulic stimulation experiments, the rock mass of interest was characterized in great detail 

with respect to geology (Krietsch et al., 2018), geophysics (J Doetsch et al., 2017), stress field (Gischig et al., 2018; Krietsch et al., 

2019) and hydrogeology (Brixel et al., 2019; Jalali et al., 2018).  

The host rock consists of a moderately fractured and alpine overprinted granodiorite. Two sets of shear zones intersect the volume of 

interest. One set (S1.0, S1.1, S1.2 and S1.3) include four ductile shear zones characterized by a strong increase in the degree of 

foliation with an ENE-WSW strike and dip towards SSE. The most important shear zone is S1.0 next to the injection location 

(highlighted in Figure 1a). It experienced retrograde brittle deformation and contain a prominent discrete brittle fracture. The other 

set (S3.1 and S3.2) contains two brittle-ductile shear zones coinciding with two biotite-rich meta-basic dykes with an E-W strike and 

dip towards S. These bound a densely fractured zone with 10 fractures per meter. The most prominent feature is the brittle-ductile 

S3.1 shear zone, which is intersected by S1.0 and show prominent brittle fractures for flow transport towards the AU-tunnel. Two 

fracture systems are associated with the densely fractured zone in between the two meta-basic dykes of the brittle-ductile shear zone 

S3, where one system is sub-vertical and strike towards E-W and the other system sub-vertically strikes in N-S direction 

The stress field has present strike-slip to thrust faulting conditions with a major principal stress axis towards E and dip of 40°. The 

magnitude of minimum and maximum principal stress is 8.6 MPa and 14.4 MPa, respectively. Approaching the brittle-ductile S3.1 

shear zone from N, the stress field changes with a strike slip component, where the stress field is 30° rotated clockwise and 

intermediate and minimum principal stress axis switch place and the minimum principal stress magnitude reduces to 5.0 MPa (Dutler 

et al., n.d.; Krietsch et al., 2019).  

 

Figure 1: a) and b) Present the Geological Model with AU- and VE-tunnels, AU Cavern and Brittle-ductile Shear-zone S3 

and Ductile Shear Zone S1. The Injection Location, the FBG Sensors in Borehole FBS1 and FBS2 and the Fracture 

Pressure Intervals in PRP1 and PRP2 are Presented in a). b) The Green and Red Cones Indicate the Location of the 

Installed Seismometers and Accelerometers, respectively.  

In this paper, we present the results from one of a series of six HF injection experiments. This is the tests referred as HF3 in the 

experimental report and other publications (Doetsch et al., 2018; Dutler et al., 2019).The HF test was performed at the 16. May 2017 

in the inclined borehole INJ1 using a 1 m long injection interval. The injection interval was placed from 19.8 to 20.8 m in the borehole 

INJ1, which was slightly north of the shear zone S1.0. Prior to stimulation this interval was free of visible discontinuities and 

transmissivity was in the order of 10-13 m2/s indicating intact rock mass. During stimulation, injection pressure and flow rate were 

measured at the injection point. The fracture fluid pressure was also measured in the monitoring boreholes PRP1, PRP2 and INJ2. 

For the presented HF injection, data from intervals PRP1-2, PRP1-3 and PRP2-2 located in the brittle-ductile shear zone S3 are 

presented (location indicated as black cylinders in Figure 1a). 20 Fiber-Bragg Grating (FBG) sensors recording longitudinal 

deformation were installed in three boreholes (labelled FBS); we present 6 deformation time series from around the injection location 

(blue cylinders in Figure 1a). In addition, the time-strain plot from the Distributed Brillouin Strain Sensing (DSS) is presented for the 

sensor deployed along the PRP1 to track hydraulic connections. Positive strain indicate compression. The seismic monitoring network 

consists of total 26 uncalibrated piezo-electric acoustic emission (AE) sensors (green cones in Figure 1b) and 5 calibrated 

accelerometers (red cones). Eight AE sensors were installed in 4 geophysical boreholes (GEO) in close proximity to the injection 

interval (3-25 m). 
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3. RESULTS 

The injection protocol of the HF experiment consists of three different cycles. The first injection cycle (F) aims to break down the 

formation and to initialize a new tensile crack. The two refracturing phases (RF1 and RF2) aim to propagate the fracture further into 

the pre-existing fracture network. The last cycle is a pressure-controlled step test (SR) to quantify final interval injectivity and jacking 

pressure based on the relationship of injection pressure and flow rate. The injection fluid was water and fracturing  / refracturing are 

rate controlled cycles (Figure 2c, top). In the following, we will mainly focus on the first refracturing cycle.  

3.1 Hydraulic Observations 

The highest-pressure magnitude is observed during the breakdown cycle with a breakdown pressure of 16.3 MPa. The refracturing 

cycle RF1 reaches a maximum pressure of 8.3 MPa. With further fracture propagation the injection pressure stays below this 

maximum pressure. We observe a pressure limiting behavior at 6.8 MPa during cycle RF1 and RF2 for rates between 20 and 50 l/min. 

From the SR test, the final injectivity is 0.882 l/min/MPa and the jacking pressure is 5.1 MPa. The near wellbore transmissivity has 

increased to around 10-10 m2/s. 

During the first refracturing cycle RF1, a small pressure signal starts to form (up to 0.35 MPa, see Fig. 2d) in the observation pressure 

intervals (PRP1-2 and PRP2-2 at 12.3 and 4.9 m from the injection point). At 1500 s, the PRP1-3 respond with a repeated pressure 

increase and drop. The first pressure increase is almost instantaneous and reaches a maximum pressure of 1.4 MPa until pressure 

drops. This cycle lasts for 56 s, until the repetition starts with an increase in pressure reaching a magnitude of 1.6 MPa. This cycle 

lasts for 87 s and show an erratic pressure increase and drop with small amplitude at the end of the larger cycle, before it drops to a 

value of 0.6 MPa until shut-in. During shut-in time we observe two more pressure increase and drop with highest peak pressure of 

2.2 respective 2.9 MPa (66% of injection pressure). The cycles are shorter and lasts for 25 respective 50 s (Fig. 2d). 

The selected observation pressure intervals indicate an increase in pressure during refracturing cycle RF2. The pressure signal reaches 

its peak pressure of 1.6 MPa in PRP1-3, 3 s after shut-in. PRP2-2 reaches a peak pressure of 1.1 MPa with a delay time of 51 s and 

PRP1-2 reach the smallest peak pressure of 0.8 MPa, with the longest delay time of 156 s after shut-in. Note, that PRP1-3 respond to 

each flow step with a change in slope, where the other two observation points only show a gradual increase during injection. Minor 

transient changes (<0.1 MPa) are related to the pressure step test (Fig. 2c).  

3.2 Mechanical Observations 

The six longitudinal FBG strain sensors located in borehole FBS1 and FBS2 cover the shortest radial distance (2.8 – 6.3 m) to the 

injection interval (Fig. 2 a + b). The selected data traces show either only extensional (at borehole depths of 18.6, 20.4, 22.35, 20 m) 

or mixed (22.0, 24.0 m) strain (Fig. 2 c). The peak strain measures 863.5 µε (during RF2 at 20 m). The same sensor responds by 

tension during the fracturing cycle, indicating a direct connection between injection interval and fracture intersecting the FBG sensor. 

Note that during RF1, the two sensors (at 22.35 and 20 m) with maximum tensional signal show direct response to the flow step 

during RF1 (Fig. 2 d).  

The FBG sensor in FBS1 at 20.4 m reacts in compression during refracturing cycle RF1 (Fig. 2 d). The same sensor shows a 

compressional peak at 1217 s and reverse afterwards. The sensor next to it (18.6 m) shows a slight tensional reaction before reaching 

the peak tensional state, which is delayed (1237 s) compared with the sensor at 20.4 m. The FBG sensor at 24.3 m (in FBS1) show 

first a slight tensional signal and reverses at 1230 s and starts to be dominated by compression after 1282 s. At 1482 s, the sensor at 

22.0 m (in FBS2) reaches a compressive peak and starts to reverse reaching a maximum change of -2.2 µε/s. The sensor next to it (at 

24.0 m) reaches the compressive peak at 1498 s and signals reverse as well, thereafter. The sensor at 20.0 m show peak tension of 

713 µε at 1490 s. Then, it starts to slightly reverse until shut-in (623 µε). The sensors at 22.0 and 24.0 m show a delayed tensional 

peak after pump shut-in (1639 s) at 1668 s and 1707 s for the sensor at 22.0 m respective 24.0 m. The other sensors presented in Fig. 

2 d do not show delayed peaks after pump shut-in. 

The Distributed Brillouin Strain Sensing in borehole FBS1 (Fig. 2 c) indicate two fractures intersecting at 20.0 (1268 s) and 17.9 m 

(1772 s). The temporal sampling is limited to 126 s. Thus, the interpretation of the precise timing of fracture formation is limited. 

The fracture at 20.0 m is related to the S1.0 brittle overprinted shear-zone. The fracture at 17.9 m is a new hydraulic fracture supported 

by the observations that the next observed pre-existing fractures are at 16.8 or 18.4 m. 

3.3 Seismic Response 

In total, 79 events were localized during this HF experiment. 77 events (97.5%) occur during fluid injection and only 2.5% during 

pump shut-off. The amplitude magnitude of the events range between -3.1 and -4.9 (Villiger et al., n.d.). The event locations show a 

dispersed seismic pattern possibly related to the reactivation of two differently oriented fracture systems. The maximum radial 

distance between the injection interval and the seismic event observed is 15 m, where only two events have a bigger radial distance 

then 10 m.  

26 events were localized during refracturing cycle RF1. Some events are located next to the boreholes and could possibly associated 

with the following effects: direct borehole effects including stress concentration, local change of pore water pressure, or compliance 

difference of concrete - rock mass and packer - rock mass. Another part is located in the targeted volume and show a dispersed pattern. 

The two fracture systems related with the S3 zone can probably explain this dispersed seismic pattern.  
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Figure 2: a) View normal to FBS2 inclusive S1.0 and S3.1 shear zone, boreholes, observation intervals and located seismic 

events (incl. color code) and fractures (blue ellipse); b) Plane view without shear zones; The black arrows indicate the 

plunge of the boreholes. c) Injection protocol; Timeseries of fracture fluid pressure interval PRP1-3, PRP1-2 and 

PRP2-2; Timeseries of strain multiplied (by the base length 1 m) data from the FBG sensors installed in FBS1 and 

FBS2; Amplitude magnitude of seismic events (highlighted for cycle RF1) and cumulative seismic; Timeseries of the 

Distributed Brillouin Strain Sensing (DSS) in PRP1 between 10 and 35 m borehole depth incl. highlighted PRP1-2 and 

PRP1-3 interval; d) Zoomed RF1 cycle for the transient pressure, seismic amplitude magnitude (incl. numbers) and 

strain curves. The numbers and color code of the seismic events correspond to the same numbers and color in a) and 

b). The flow rate is indicated in grey scaled between 2 and 3 MPa for 0 to 35 l/min.  

4. DISCUSSION SEISMO-HYDROMECHANICS 

4.1 Multiple Fracture Extension 

We demonstrate multiple fracture extension by following the timeseries in Fig. 2d and show three snapshots of the deformation 

labelled from a to f (Fig. 2d) and the corresponding seismic events (Fig. 3). Between time b and c, we observe two FBG sensors (18.6 

and 20.4 m) which first show tensional increase and reverse during cyclic injection before the flow rate is ramped up. It seems that 
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both sensors react to the dominant signal observed at 22.35 m, which first show compression and reverse to tension. This can be 

interpreted as the arriving fracture and fluid front, which reaches first the sensor at 18.6 m, then the one at 20.4 m and starts to open 

the fracture intersecting the base length of the sensor at 22.35 m. Note that the position of these fracture openings does not align with 

the predominant E-W striking seismicity cloud interpreted as the main hydraulic fracture orientation.  Thus, we argue that not a single 

fracture but multiple strands of fractures propagate to through rock mass. This compressive front before the fluid arrives increases 

with injection volume and can be associated with the poro-elastic effect produced by the pressurized fluid-rock volume. In addition, 

the Distributed Brillouin Strain Sensing in FBS1 show a tensional signal at 20.0 m (lower blue circle in Fig. 3) at the same time. The 

tensional signal does not go back to zero at the end of the experiment indicating a mismatch between the two fracture planes due to 

a shear component.  

At the time d (Fig. 3), two FBG sensor (FBS1 at 22.35 m and FBS2 20.0 m) show abrupt tensional responses with reaching tensile 

strain of 386 and 862 microstrain, respective. The FBG sensor at 22.35 in FBS1 covers factures associated with S3.1 zone.  Since 

both sensors respond in a similar way, it has to connected with the fractures intersecting the FBG sensor at 20 m in FBS2 (biggest 

tensional response). Also, the PRP1 observation at 20.0 m (blue circle in Fig. 3) indicates connectivity to the same fracture system. 

showing continuously increasing pressure. Six of nine seismic events are located next to the sensors described before. The new 

fracture trace in the injection interval is presented by the blue disc (Fig 2a). 

Table 1: Overview of the Monitoring System Response Including Number of Fractures in the Monitoring Interval (Prior to 

Stimulation), Related Fracture System and Maximum Pressure or Respectively FBG Measurement Magnitude During 

Refracturing Cycle RF1. 

Depth [m] Borehole Monitoring system No. of 

fractures 

Fracture system Maximum Pressure 

[MPa] / FBG 

measurement [𝝁m] 

during RF1 

19.8-20.8  INJ1 HF3 Injection location 0 - 8.3 MPa 

27.2-28.2  INJ1 HS4 Injection location 3 S3.1 - 

22.0-23.0  INJ1 HS8 Injection location 2 S1.0 - 

28.9-32.0 PRP12 Fracture pressure 5 S3.2 0.3 MPa 

23.2-25.2 PRP13 Fracture pressure 5 S3.1 2.9 MPa 

21.4-27.0 PRP22 Fracture pressure 11 S3.1/S3.2 0.3 MPa 

18.6-19.6 FBS1 FBG 0 - -22.3 𝜇𝑚 

20.4-21.4 FBS1 FBG 0 S1.0 -26.7 𝜇𝑚 

22.35-23.35 FBS1 FBG 1 S3.1 -386.1 𝜇𝑚 

20.0-21.0 FBS2 FBG 2 - -863.5 𝜇𝑚 

22.0-23.0 FBS2 FBG 0 - 33.7 𝜇𝑚 

24.0-25.0 FBS2 FBG 0 - -158.9 𝜇𝑚 

 

The FBG sensor at 20 m indicates fluid flow through the intersecting fractures due to direct strain change with each flow rate step 

increase (Fig. 2c). From time d to e, the sensor at 22 and 24 m first show compression and start to reverse until tensional signals are 

observed, indicating existing fractures (Fig. 2d). The number of fractures intersecting the base length of the FBG sensor (Table 1) 

increases if new hydraulic fractures or sealed fractures are connected to the injection interval. Especially FBG sensors in intact rock 

(no intersecting natural fractures) should only show compression next to the injection location. Prior to the HF stimulation the HS 

stimulation took place. The HS4 injection stimulated the S3.1 zone. A strong instantaneous tensional signal was observed the FBG 

sensor in FBS2 at 24.0 m indicating that a new hydraulic fracture towards this sensor has been formed. The same fracture at this FBG 

sensor was reactivated during stimulation HS8 targeting the zone S1.0. During refracturing cycle RF1 from HF3, three FBG sensors 

(at 20, 22 and 24 m in FBS2), changed their behavior ~2 s prior to the instantaneous pressure increase in the PRP1-3. These changes 

can be recognized in the snapshot at time e (Fig. 3), 1) the bigger magnitude of pressure in PRP1-3 can be observed, 2) the FBG 

sensor at 22.0 m in FBS2 reverse (green->white) and 3) more seismic events are located, where the new events occur at the same 

patches similar to time d. 

The snapshot at time f (Fig. 3) during pump shut–in time show only small changes compared to the snapshot at time e. 1) The 

magnitude for the interval PRP1-3 reaches its maximum, and 2) the strain sensor at 24 m in FBS2 is now tensional. The new seismic 

events occurring during Time e and Time f are located next to the previous events (grouped with black circles in Fig. 3). Strain 

measured with Distributed Brillouin Strain Sensing in FBS1 starts showing a tensional signal at 17.9 m during this pump shut-off 

time. We assume that a new hydraulic connection is formed related to the fracturing processes around PRP1-3 at the end of RF1 and 

shut-in time. The FBG sensors at 22 and 24 m show an unusual long delay time between shut-in and reaching tensional peak (Fig. 
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2d). The fluid path ways being blocked towards the injection borehole due to mechanical effects. Thus, fluid is pushed further into 

the reservoir resulting in delayed pressure peaks.  

 

Figure 3: Seismo-hydromechanical Observations Visualized Looking on Plane View (Left Column) and Parallel to the Shear 

Zones (Right Column). Each Row Represents a Temporal Resolved Snapshot at time d, e and f Presented in Figure 2d. 

The cubic law in its simplest form (T = a3/12) can be used to convert potential fracture opening measured with FBG sensors (a) into 

transmissivity (T). Assuming a single fracture has an initial aperture of 10 μm, then the transmissivity is in the order of 10-17 m3. The 

largest observed tensional FBG measurement during the first refracturing cycle is 863.5 μm and leads to a transmissivity of 10-11 m3. 

The local transmissivity change in the volume is at least in the order of 6 magnitudes.  

4.2 Stick-split Mechanism 

The schematic representation of the stick-split mechanism (Fig. 4a) is used to interpret the pressure observations in PRP1-3 (Figure 

4b). The process can be divided in four stages. 1) The fluid pressure builds up and the aperture near the tip increases (stick). 2) The 

effective pressure exceeds the tensile strength of the rock and local failure occurs (split). The abrupt increase in volume due to fracture 

extension allows the fluid to flow towards the new fracture tip location. 3) The volume increase is accompanied by a local and 
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temporal pressure drop some distance from the fracture tip. Therefore, the fracture partially closes there. 4) Then, pressure start to 

build up again with continuous injection until a new stick-split cycle starts.  

During refracturing cycle RF1, we observed a cyclic variation in the fracture pressure interval PRP1-3. We relate the different stages 

from the stick-split mechanism with the pressure observation (Fig. 4b) described in section 3.1. The change in pressure is not related 

to changes in the flow rate in the injection borehole (except at 1525s). For conceptualization let us assume a parallel plate 

approximation with a laminar flow through it. This problem depends entirely on fluid velocity, pressure gradient, fluid viscosity and 

plate aperture. Assuming a constant viscosity and a given aperture leads to a correlation between fluid velocity (flow rate) and pressure 

gradient. However, the presented pressure observation from PRP1-3 and the injection rate contradicts this. We know from lab tests 

that the tensile strength of intact Grimsel Gneiss is at least 5.6 MPa (Dutler et al., 2018). The time scale mentioned by Van Der Baan 

et al. (2016) between opening and partial closing at the tip is in milliseconds. The pressure curve indicates different time scale with 

times of 56 and 87 s for a cycle. We explain this by the fact that the fracture is not initially created in intact rock and the volume to 

be filled is relatively big. Indeed, when of sealed fractures breaks and the fluid flow not only towards the new fracture tip but also to 

the associated new connected fracture volume and thus the time scale increases. It also dissipates the local pressure drop and the 

associated partial fracture closure near the fracture tip.  

An alternate explanation for the pressure signal of Fig. 4b could be packer leakage. We can exclude this explanation because before 

we see the abrupt increase in PRP1-3, we see at 20 m a tensional signal in the Distributed Brillouin Strain Sensing. Therefore, we 

know that the water bearing fracture at 20 m is not changing the packer performance. We do see this cyclic change only during the 

refracturing cycle RF1 for experiment HF3. Cycle RF2 and all other experiments (especially the one performed later) do not indicate 

packer problems. Therefore, we assume these signals are in-situ evidence of the complex stick-split hydromechanical interaction and 

thus validate the existence of this process.  

 

Figure 4: a) Schematic Representation of the Stick-split Mechanism in Four Stages Inclusive Hydraulic Clapping Mechanism 

(Last Two Stages) and b) Applying the Stages to the PRP1-3 Pressure Data from the HF3 Experiment Inclusive 

Injection Overview. 

We interpret this in terms of the pressure diffusion equation that is based on coupling Darcy’s law with the continuity equation: 

𝜕
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𝜕𝑦
) =  
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𝜌𝑓
(𝑆𝑓

𝜕𝑝

𝜕𝑡
)      (1) 

where p is the fluid pressure, Ti is the transmissivity, 𝜌𝑓 is the fluid density (constant) and Sf is the storage coefficient of the fracture. 

If we assume constant transmissivity, an increase in the flow-rate at the injection interval (source) leads to change in the head for a 

cell next to the injection location. This agrees with our observation that the progressively increasing injection leads to an increase in 

the observation pressure. Considering the cyclic change in pressure in the observation interval PRP1-3, a fracture propagating in a 

stick-split manner may affect pressure (or head) in three ways: 1) by a change in the pressure (or head) gradient due to a pressure 

drop at the propagation front, 2) a change in the storage coefficient due to continued fracture opening as well as the void space created 

by the fracture propagation , 3) change in fracture aperture leading to a change in transmissivity.  The three effects may act in concert 

to produce cyclic pressure behind a propagating fracture.  

4.3 Hydraulic Clapping Mechanism 

The last two cycles of PRP1-3 (Fig. 4b) are most likely observations of the hydraulic clapping mechanism. These cycles occur during 

shut-in phase (pump is shut-off and injection line is closed), when fracture closure dominates.  
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Figure 5: a+b) Timeseries of Shut-in time for RF2 from the Injection and Observation Pressure Intervals. Log-log Normalized 

Hydraulic Fracturing Response (𝚫𝑯/𝑸) from the Drawdown of Refracturing Cycle RF2 and Bourdet Derivative 

(𝚫𝑯′/𝑸) for c+e) the Injection Curve and d+f) the Observation Curves with Normalized Distance. 

The normalized drawdown for the injection curve for refracturing cycle RF2 show a dominant bilinear flow regime (slope ¼ in both 

𝛥𝐻/𝑄 and derivative in Fig. 5a). At late time (~ 600 s), the derivative reaches a peak, which can be interpreted as reaching a constant 

head boundary. We interpret this as fluid flow drained by the S3.1 or S1.0 towards the AU-tunnel. The drawdown observed in the 

monitoring intervals show strong pressure (head) variation for PRP1-2 and PRP2-2. Note that the time for the observation intervals 

is corrected by distance between the midpoint of the injection and observation intervals. The drawdown curve of PRP1-2 is slightly 

convex (~1 s). The derivative of all these curves show slight hump for PRP2-2 and strong humps for PRP1-2 and PRP1-3. Bakar & 

Zarrouk (2018) showed that these humps are related to hydraulic fracture clapping. The difference to their study is that we observe 

these signals not at the injection interval, but in the observation intervals. The hydraulic clapping is observed at around 1 s (triangle 

Fig. 5b), which is early compared with the observations of Bakar & Zarrouk (2018) at around 200 s for well test data from geothermal 

fields. It is an open question if our observation is also related to the poro-elastic wave driven by the instantaneous pressure loss in the 

injection interval.   
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4.4 Hydromechanical Interaction 

 

Figure 6: a) Scheme of a Multiple-fracture System Presented in b). The Zoomed RF1 Cycle for Three FBG Strain Curves 

from Borehole FBS2.  

The observations from three FBG sensors at 20, 22 and 24 m in FBS2 presented in the result section are interpreted in Fig. 6. The 

hydromechanical interaction between two fractures can explain the observed strain curves. We divided the normalized strain time 

series in four stages. 1) The fracture at 20 m respond with an increasing aperture by increasing flow rate. The fracture at 22 and 24 m 

reacts with compression. 2) The aperture for the fracture at 20 m reaches its maximum and then slightly decrease. The fractures at 24 

m react with strain increase. We assume that we created a new hydraulic connection towards these two fractures. 3) At shut-in, the 

aperture of the fracture at 20 m decrease. The other two fractures show a time lag reaching its maximum fracture aperture. The time 

lag observed is dependent on the distance and the connectivity from the injection borehole to this observation point, if we assume 

that these signals are related to fluid flow through the fractures. 4) After reaching the maximum fracture aperture, two of three FBG 

sensors indicate relaxation. The sensor at 22 m, indicate permanent strain change of -21.9 µε and therefore simple fracture opening 

and closing cannot explain this signal. We relate this permanent change to hydraulic shearing with dilation along the pre-existing 

fractures intersecting the base length of this FBG sensor.  

5. CONCLUSION 

The presented hydromechanical data from one hydraulic fracturing experiment indicate complex mechanisms between continuous 

fluid injection, episodic fracture propagation, interaction and connection of hydrofractures with the natural fracture system. We 

highlighted different responses of the FBG sensors during the experiment and related it to local transmissivity increase. The observed 

fracture pressure increases along with the variable spatial and temporal occurrence of seismicity indicates the new hydraulic fractures 

propagates as multiple fracture branches that connect to the pre-existing fracture network. Observed fracture pressure in observation 

intervals with pre-existing fractures shows that rock mass stimulation occurs mainly through connecting pre-existing fractures and to 

a minor extend through the creation of new fractures in intact rock. Observed pressure indicate a non-uniform pressure distribution 

in the network during continuous fluid injection. Additionally, observed cyclic pressure observations during constant rate injection 

indicating an episodic fracture growth that is interpreted as stick-split mechanism breaking intact rock and connecting pre-existing 

fractures. We further observe post-shut-in pressure reversals during pressure decay. Normalized drawdown curves of these pressure 

decay curves may be interpreted as interaction of nearby fractures that close and open in response to spatially heterogeneous pressure 

diffusion to the far-field. Hydromechanical interaction between two fractures being formed and pressurized at different times is 

evident. 
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