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Abbreviations  
 

MD : measured depth 

P : injection pressure 

Pa : asymptotic pressure 

Pc : breakdown pressure (fracture initiation) 

Pco : in-situ hydraulic tensile strength 

Pp : pore pressure 

Pr : refrac pressure (fracture re-opening) 

Psi : shut-in pressure 

Q : injection flow-rate 

r : borehole radius 

Sh : minimum horizontal principal stress 

SH : maximum horizontal principal stress 

Sv : vertical principal stress 

TVD : true vertical depth 

TVD* : true vertical depth below surface 

t : time 

�D : dip of fracture (with respect to horizontal) 

�E : dip direction (north over east) 

�T : fracture strike direction (north over east) 

�TSH : orientation of the maximum horizontal principal stress (north over east) 

�U : rock density 

�Uwater : water density 
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1. Introduction  
 

As part of the "In-Situ Stimulation and Circulation (ISC) Project" of the Swiss Competence 

Center for Energy Research (SCCER), Solexperts AG was awarded to carry out a series 

of hydraulic-fracturing (HF) tests and hydraulic tests on pre-existing fractures (HTPF) in 

the sub-vertical borehole SB 15.001 and the two sub-horizontal boreholes SB 15.003 and 

SB 15.004 at the Grimsel Test Site (GTS). The tests were accompanied by micro-seismic 

monitoring within several observation boreholes to investigate the initiation and propaga-

tion of the induced fractures.  

The present final report summarizes the results of 12 HF/HTPF-tests including 7 impres-

sion packer tests for fracture orientation determination carried out by MeSy-Solexperts 

GmbH during 08.-09.09.2015, 24.-25.09.2015 and 01.-02.10.2015. 

 

2. Borehole Character istics  
 

The Nagra Grimsel Underground Test Site (approx. N 46°35', E 8°19') is located about 9 

km south of Guttannen in the Berner Oberland (Kanton Bern), Switzerland (Figure 2.1). 

The location of borehole SB 15.001 at the end of the VE-tunnel and borehole SB 15.003 

and SB 15.004 inside the AU-cavern is shown in Figure 2.2. The boreholes were core 

drilled with a diameter of 101 mm by SIF Groutbor. Borehole SB15.001 was drilled to 

18.15 m measured depth with an inclination of 75° with respect to horizontal towards N 

260°, while borehole SB 15.003 and SB 15.004 are 5° upward inclined towards N 190° 

and N 320° with a length of 20.55 m and 23.9 m, respectively. The height of the overbur-

den is about 509 m at the VE-tunnel and about 472 m at the AU-cavern. The overburden 

rocks are gneisses with an average rock mass density of 2.73 g/cm3. Thus, the overbur-

den stress can be estimated as about 13.6 MPa at the location of borehole SB 15.001 in 

the VE-tunnel and as 12.6 MPa at the location of boreholes SB 15.003 and SB 15.004 in 

the AU-cavern. Further relevant technical borehole information are summarized in Table 

2.1. 
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Figure 2.1 Location  of the Grimsel Test Site  

 

 

Figure 2.2 Location  of Borehole No. SB 15.001, SB 15.003 and SB 15.004  

 

SB 15.001 

SB 15.003 

SB 15.004 
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Table 2.1 Technical borehole data 

location Grimsel Test Site, Berner Oberland, Kanton 

Bern, Switzerland                                       

(approx. N 46°35', E 8°19') 

borehole no. SB 15.001  SB 15.003 SB 15.004 

 VE-tunnel AU-cavern 

Swiss national coordinates X 667470.85 X 667468.58 X 667468.72 

 Y 158859.36 Y 158885.41 Y 158892.80 

altitude (a.m.s.l.), m 1746.29 1733.96 1733.89 

borehole length, m 18.15 20.55 23.9 

open-hole diameter, mm 101 101 101 

inclination (with respect to horizontal), deg. -75  + 5 + 5 

azimuth (north over east), deg. N 260 N 190 N 320 

borehole fluid water none none 

fluid level, m full 

drilling contractor SIF Groutbor 

 
 

3. Test Equipment and Testing Procedure  
 

3.1 Test Equipment 
 

The HF/HTPF tests in the 101 mm diameter boreholes at GTS were carried out by using 

the MeSy-Solexperts straddle packer assembly Perfrac-II, which was equipped with Kev-

lar/steel-reinforced packer elements (IPI, OD: 91 mm). The sealing length of each packer 

is about 1.0 m, the length of the test interval between the packers was 0.7 m. The tool was 

moved inside the sub-vertical borehole SB 15.001 by a hand-driven winch fixed on a tri-

pod, while in the sub-horizontal boreholes SB 15.003 and SB 15.004 an OD: 16 mm / ID: 

11 mm steel tubing was used for tool conveyance, which also served as hydraulic line to 

the test interval. The packer elements were pressurized via one or two high pressure steel 

coil-tubing (OD ¼", maximum operating pressure 60 MPa). A schematic view of the sys-

tem is given in Figure 3.1, a photo of the system set-up at borehole SB 15.001 is present-

ed in Figure 3.2. 
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For the pressurization of both, packer elements and test interval, an electric driven three-

plunger pump (SPECK, type HP 400 / 2-10) with a maximum working pressure of 40 MPa 

and a maximum injection rate of 10 lpm was used. The injection fluid was water. 

Packer and interval pressure were measured uphole with high precision electric pressure 

transducers (KELLER, type PAA-33X, 0 - 40 MPa). The pressure values and injection rate 

(RCI flow-meter, type QPT04) were recorded by a digital data acquisition system 

(Solexperts SCI-A, 16 channels, 16 bit resolution, sampling rate: 20 Hz). As part of the 

quality assurance, the pressure transducers and the flow-meter were calibrated prior to in-

situ testing. The corresponding calibration protocols are given in Appendix A.  

The impression packer tool used to measure the orientation of induced or stimulated frac-

tures consisted of a single packer element (S&K, OD: 91 mm) with a soft rubber sleeve, in 

conjunction with a magnetic single shot orientation device. The packer preserves the im-

print from the borehole wall and the fracture traces when it is pressurized to a pressure 

level higher than the fracture re-opening pressure for a period of approx. 10 minutes. 

 

Figure 3.1 Schematic view of the hydrofrac system  

 

 

D/A 

hydrofrac or 
impression packer 
tool PERFRAC II  pressure tubing 

coil-tubing 

pressure 
control panel 

 pump 

 digital data 
 acquisition 
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Figure 3.2 Photo of the system set -up at the sub -vertical borehole SB 15.001  

 

 

3.2 Testing Procedure 
 

Due to the drilling and testing program of the ISC-project, the in-situ hydrofrac tests were 

carried out during three phases on 08.-09.09.2015, 24.-25.09.2015 and 01.-02.10.2015. 

Details of the major activities during the in-situ test phases are given in the MeSy-

Solexperts Operation Reports dated 11.09.2015, 28.09.2015, and 06.10.2015. The 

hydrofrac tests were conducted in close agreement with the recommendations of the ISRM 

standard (Haimson and Cornet, 2003). A typical test record illustrating the test procedure 

is shown in Figure 3.3 for the test at 18.0 m depth in borehole SB 15.003. Most of the tests 

consisted of the following injection cycles after inflating the packer elements to a pressure 

of about 6-8 MPa and, in case of testing in the sub-horizontal boreholes, fully saturation of 

the test-interval prior to the commencement of the test: 

�‡ rapid pressurization of the test interval to a differential pressure of about 2 - 3 MPa and 

subsequent monitoring of the pressure decline for app. 10 minutes (P-test in Figure 3.3) 

�‡ release of the interval pressure and recovery of fluid volume 
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�‡ pressurization of the test interval with an injection rate of about 1 lpm until a drop in in-

terval pressure occurs (Frac in Figure 3.3); termination of injection and shut-in for about 

5 minutes 

�‡ release of the interval pressure and recovery of fluid volume 

�‡ re-pressurization of the test interval with injection rates of about 1 lpm until constant in-

jection pressure is reached (Refrac in Figure 3.3); termination of injection and shut-in for 

about 5 minutes  

�‡ release of the interval pressure and recovery of fluid volume 

�‡ several repetitions of the refrac-cycles with injection rates of 1- 3 lpm (increasing order) 

until shut-in pressures are reproduced 

�‡ release of the interval pressure and recovery of fluid volume 

�‡ packer deflation and movement to the next test section 

The impression packer tests consisted of an inflation of the single impression packer ele-

ment to a pressure approx. 30% above the fracture re-opening pressure for a period of 5-

10 minutes. After tool recovery to surface the impression and the position of a reference 

mark were documented on a plastic cover sheet wrapped around the packer. The data of 

the single - shot unit were stored documenting the orientation of the reference mark with 

respect to magnetic North (Fig. 3.4, for the test at 15.0 m in borehole SB 15.001). 

 

Figure 3.3 Injection pressure, packer pressure and injection flow -rate record  of 

the hydrofrac test at 18.0 m in borehole SB 15.003  

 

                  P-Test                     Frac                            1. Refrac                                           2. Refrac                                     3. Refrac   

flow rate 

injection pressure 

packer pressure 
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Figure 3.4  Fracture traces of the impression packer test at 1 5.0 m in borehole 

SB 15.001. The circumference of the packer is about 280 mm, the 

length is approx. 1000 mm  

 

 

4. Analysis of Hydraulic Fracturing Measurements and Results  
 

4.1 Data Analysis 

The stress determination from the in-situ hydraulic fracturing tests generally requires the 

following test data: 

�‡ breakdown pressures Pc (fracture initiation) 

�‡ refrac pressures Pr (fracture re-opening) 

reference mark 
on single shot unit 

fracture trace 

circumference 
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�‡ shut-in pressures Psi  (or jacking pressure Pjacking) 

�‡ determination of the spatial orientation of induced or stimulated fractures 

The pressure values breakdown pressure Pc, refrac or re-opening pressure Pr, shut-in 

pressure Psi are identified by the following analysis procedure: 

�‡ The breakdown pressure Pc is defined as the maximum pressure observed during the 

frac-cycle (first pressurization). Pc is determined from a detailed pressure P vs. time t 

plot. 

�‡ The determination of the refrac pressure Pr is based on the analysis of the stiffness 

(dP/dV) during the pressurization of the test interval. Fracture opening is correlated with 

a significant deviation of the stiffness from linearity. 

�‡ The shut-in pressure Psi is determined by the following three step procedure: 

- A plot of pressure P vs. injection flow-rate Q allows to determine the exact pressure 

value at which the hydraulic flow terminates (Q = 0). Therefore, the P vs. Q plot 

yields an upper limit estimate of the shut-in pressure. 

- A Muskat-type plot of the logarithm of the difference between the pressure P and an 

asymptotic pressure level Pa vs. time t yields the lower limit of the shut-in pressure, 

assuming that the linear part of the plot characterizes radial flow, e.g. the stimulated 

fracture is nearly closed. 

- Within these two limits the shut-in pressure, which corresponds to the acting stress 

across the fracture plane, marks the transition from a rapid linear pressure drop (ob-

served immediately after shut-in) to the beginning of diffusion dominated slow pres-

sure decrease. The transition can be determined by the tangent to the linear pres-

sure decrease in a detailed P vs. time t plot. 

�‡ The jacking pressure Pjacking as an estimation of the minimum principle stress in test 

sections of high conductivity is derived from the pressure P and flow-rate Q data pairs 

determined from a detailed pressure P and flow-rate Q vs. time t plot. 

�‡ The fracture orientation data (strike direction �T, dip direction �E, dip �D) are obtained from 

the observed fracture traces and the information from the single-shot orientation device. 

The orientation of the fracture traces with respect to the reference mark on the magnetic 

single-shot compass unit (which is related to magnetic North in vertical boreholes and to 

vertical in horizontal boreholes) is determined under consideration of the borehole ge-

ometry. 
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4.2 Results in Borehole SB 15.001 
 

Four hydraulic fracturing tests including impression packer tests for fracture orientation 

determination were carried out in the sub-vertical borehole SB 15.001 at 15.0 m, 13.0 m, 

11.0 m and 8.0 m depth. An additional test attempt at 12.0 m was abandoned after the 

pressure pulse test (subsequent tool inspection revealed that the observed pressure drop 

was caused by a leaking hydraulic connection). The graphical analysis of the test records 

are given in Appendix B1, whereas copies of the fracture traces observed during impres-

sion packer testing are given in Appendix C1. The derived characteristic hydrofrac pres-

sure data (breakdown pressure Pc at fracture initiation, fracture re-opening pressure Pr, 

shut-in pressure Psi and the resulting in-situ tensile strength Pco = Pc - Pr) as well as the 

�U�H�V�X�O�W�V���R�I���W�K�H���L�P�S�U�H�V�V�L�R�Q���S�D�F�N�H�U���W�H�V�W�V�����I�U�D�F�W�X�U�H���V�W�U�L�N�H���G�L�U�H�F�W�L�R�Q���������G�L�S���G�L�U�H�F�W�L�R�Q���������G�L�S���.�����D�U�H��

summarized in Table 4.1. The pressure data are shown graphically as a function of depth 

in Figure 4.1. The data are listed and shown as downhole pressure values by adding the 

hydrostatic pressure Phyd = �Uwater ·g·TVD to the measured wellhead pressure.  

As expected, the hydrofrac-tests resulted in the initiation of fractures with breakdown pres-

sure values ranging from 13.8-14.7 MPa and 19.8 MPa. The test yield consistent refrac 

pressure values between 8.9 MPa and 11.0 MPa, and distinct and consistent shut-in pres-

sure values between 8.3 MPa and 9.6 MPa. The corresponding hydraulic tensile strength 

Pco = Pc - Pr varies between 2.8-3.7 MPa and 10 MPa with a mean value of 8.0 ± 3.2 MPa. 

The impression packer tests yield steeply inclined or axial fracture traces (dip �D > 79°) for 

all test sections with strike directions between N 65-71° and N 119°. A sub-horizontal frac-

ture was observed only at 8 m depth.  

Therefore, the stress evaluation was carried out on the basis of Hubbert and Willis (1957) 

concept for the assumption that the borehole axis is approx. parallel to the principle stress 

given by the overburden stress Sv = �U·g·TVD*, and the fracturing fluid does not penetrate 

into the rock prior to fracturing (due to the low permeability of the rocks at GTS, this as-

sumption may be taken as valid): 

Pc = 3·Sh - SH + Pco  

Sh = Psi 

Pco = Pc - Pr 

Using the shut-in and refrac-pressure listed in Table 4.1, the resulting horizontal principle 

stresses are given in Table 4.2, together with the calculated vertical stress Sv for an aver-

age rock mass density of 2.73 g/cm³. The stress data are shown graphically in Figure 4.2. 
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The results may be summarized by the following mean principle stresses at the corre-

sponding mean depth: 

 

mean 

depth 

TVD 

mean depth  

below surface 

TVD* 

Sv Sh SH 

 

[m] [m] [MPa] [MPa] [MPa] 

11.1 ± 3.4 520.1 ± 3.4 13.9 ± 0.1 9.1 ± 0.6 17.4 ± 0.9 

The direction of the acting major horizontal principal stress SH is N 95° �r 24° (approx. E-

W). 

 

  



 

 

 

 

Table 4.1 Results of hydraulic fracturing tests in borehole  SB 15.001 (Pc: breakdown pressure, P r: refrac pressure, 

Pco: hydraulic tensile strength P si: shut -in pressure, V i: injected volume, V r: recovered volume �T: fracture 

strike direction (North over East), �E: dip direction (North over East), �D: dip (with respect to horizontal)  

depth 

MD 

[m] 

depth 

TVD 

[m] 

Phyd 

 

[MPa] 

Vi 

 

[l] 

Vr 

 

[l] 

Pc 

 

[MPa] 

Pr 

 

[MPa] 

Pco  

 

[MPa] 

Psi 

 

[MPa] 

frac 

trace 

�T 

 

[deg] 

�E 

 

[deg] 

�D 

 

[deg] 

remark 

  8.0   7.7 0.08   6.4 2.7 18.0   8.9   9.1   8.3 A 65-71 155-161 81-83 steeply inclined fracture 

         B   15 sub-horizontal 

11.0 10.6 0.10 13.8 1.4 19.8   9.8 10.0   9.2 A (60)-

110 

(330)-

200 

(86)-82 (almost) axial single trace 

13.0 12.6 0.12   9.5 0.8 13.8 /  

14.7 

(max) 

11.0 2.8-3.7 

<3.25> 

  9.6 A 119 209 81 axial single trace 

15.0 14.5 0.14   8.8 5.2 19.2 9.5-9.8 9.4-9.7 

<9.55> 

9.2�r0.1 A 83 173 79 steeply inclined fracture 

 < > mean value 
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Figure 4.1 Breakdown pressure P c, refrac pressure P r and shut -in pressure P si 

derived from hydraulic fracturing tests in borehole SB 15.001 
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Table 4.2 Result s of stress evaluation using the Hubbert and Willis (1957) a p-

proach for borehole  SB 15.001. The vertical stress S v was calculated 

for an average overburden rock mass density of 2. 73 g/cm 3. TVD*: 

true vertical depth below surface  

measured 

depth 

[m] 

TVD* 

 

[m] 

Sv  

 

[MPa] 

Sh 

 

[MPa] 

SH  

 

[MPa] 

�4SH 

 

[deg] 

  8.0 516.7 13.8 8.3 16.0     N   68 �r 3 

11.0 519.6 13.9 9.2 17.8     N 110 

13.0 521.6 14.0 9.6 17.8     N 119 

15.0 523.5 14.0         9.2 �r 0.1 17.8 - 18.1 

<17.95> 

    N   83 

< > mean value  
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Figure 4.2 Principal stresses for borehole  SB 15.001. The vertical stress S v was 

calculated for an average overburden rock mass density of 2. 73 

g/cm 3.  
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4.3 Results in Borehole SB 15.003 
 

Three hydraulic fracturing - and impression packer tests were conducted in the sub-

horizontal borehole SB 15.003 at 18.0 m, 13.0 m, and 8.0 m depth. The graphical analysis 

of the test records are given in Appendix B2, whereas copies of the fracture traces ob-

served during impression packer testing are given in Appendix C2. The derived character-

istic hydrofrac pressure data (breakdown pressure Pc at fracture initiation, fracture re-

opening pressure Pr, shut-in pressure Psi and the resulting in-situ tensile strength Pco = Pc - 

Pr) as well as the results of the impression packer t�H�V�W�V�����I�U�D�F�W�X�U�H���V�W�U�L�N�H���G�L�U�H�F�W�L�R�Q���������G�L�S���Gi-

�U�H�F�W�L�R�Q���������G�L�S���.���� �D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H������3 and are shown graphically as a function of 

depth in Figure 4.3.  

The hydrofrac-tests resulted in the initiation of fractures with consistently high breakdown 

pressure values between 23.4 MPa and 26.1 MPa. The fracture re-opening pressure val-

ues range between 7.6 MPa and 11.55-12.5 MPa. Thus, the corresponding hydraulic ten-

sile strength Pco = Pc - Pr varies between 13.6-14.55 MPa and 15.2-16.1 MPa. The mean 

hydraulic tensile strength of 15.2 ± 0.9 MPa is almost twice of the corresponding value in 

borehole SB 15.001 and indicates a significant anisotropy. The rather distinct and unam-

biguous shut-in pressure values in borehole SB 15.003 range from 8.1 MPa and 9.1 MPa. 

Both, the refrac- and shut-in pressure increase with distance from the AU-cavern.  

Since borehole SB 15.003 with an azimuth of N 190° is oriented approximately perpen-

dicular to the direction of the maximum horizontal stress SH observed in the sub-vertical 

borehole SB 15.001, the initiation of radial (transverse) fractures with a strike direction of 

approx. E-W was expected. However, the impression packer tests yield contradictory re-

sults with a steeply inclined fracture striking NE-SW at 18.0 m depth and a 34-44 degree 

dipping inclined fracture with a strike direction of NW-SE at 13.0 m depth. At 8.0 m depth 

no evaluable fracture trace was detected. Nevertheless, the preliminary orientation of mi-

cro-seismic events observed during the field tests indicated the initiation of E-W striking 

fractures. Thus, the observed shut-in pressures were used to estimate the minimum hori-

zontal principle stress: Psi = Sh (otherwise the results represent the minimum principle 

stress Smin). The results are listed in Table 4.4 together with the calculated vertical stress 

Sv for an average rock mass density of 2.73 g/cm³ and are shown graphically in Figure 4.4. 

The results may be summarized by the following mean principle stresses at the corre-

sponding mean depth: 
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mean depth below surface 

TVD* 

Sv Sh (or Smin) 

[m] [MPa] [MPa] 

472 12.6 8.7 ± 0.5 



 

 

 

 

Table 4.3 Results of hydraulic fracturing tests in borehole  SB 15.003 (Pc: breakdown pressure, P r: refrac pressure, 

Pco: hydraulic tensile strength P si: shut -in pressure, V i: injected volume, V r: recovered volume �T: fracture 

strike direction (North over East), �E: dip direction (North over East), �D: dip (with respect to horizontal)  

depth 

MD 

[m] 

Vi 

 

[l] 

Vr 

 

[l] 

Pc 

 

[MPa] 

Pr 

 

[MPa] 

Pco  

 

[MPa] 

Psi 

 

[MPa] 

frac 

trace 

�T 

 

[deg] 

�E 

 

[deg] 

�D 

 

[deg] 

remark 

  8.0 10.4   0.75 23.4 7.6 15.8 8.1�r0.3     no fracture detected 

13.0 10.0 7.2 25.7 9.6 - 10.5 15.2-16.1 

<15.65> 

8.8�r0.2 A 138-

152 

228-242 34-44 inclined fracture 

18.0   7.9   5.65 26.1 11.55 - 12.5 13.6-14.55 

<14.1> 

9.1�r0.15 A   34 124 79 steeply inclined fracture 

 < > mean value 
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Figure 4.3 Breakdown pressure P c, refrac pressure P r and shut -in pressure P si 

derived from hydraulic fracturing tests in borehole SB 15.003  

 

 

Table 4.4 Result s of stress evaluation for  borehole SB 15.003. The vertical 

stress S v was calculated for an average overburden rock 

mass density of 2. 73 g/cm 3  

measured  

depth  

 

[m] 

mean depth  

below surface 

TVD*  

[m] 

Sv  

 

 

[MPa] 

Sh (or Smin) 

 

 

[MPa] 

  8.0 

472 12.6 

8.1 �r 0.3 

13.0 8.8 �r 0.2 

18.0   9.1 �r 0.15 
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Figure 4.4 Principal stresses for borehole  SB 15.003. The vertical stress S v was 

calculated for an average overburden rock mass density of 2. 73 

g/cm 3.  

 

 
 
4.4 Results in Borehole SB 15.004 
 

Four successful HF/HTPF - tests were conducted in the sub-horizontal borehole SB 

15.004 at 19.8 m, 17.8 m, 15.95 m and 9.0 m depth. Another test was conducted at 11.5 m 

depth, which indicated an insufficient sealing of the test section (fluid by-pass around the 

packers). No impression packer test for fracture orientation determination was carried out. 

The graphical analysis of the test records are given in Appendix B3, the derived character-

istic hydrofrac pressure data (breakdown pressure Pc at fracture initiation, fracture re-

opening pressure Pr, shut-in pressure Psi and the resulting in-situ tensile strength Pco = Pc - 

Pr) are summarized in Table 4.5 and are shown graphically as a function of depth in Figure 

4.5.  
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Although test sections containing pre-existing fractures were selected, all tests exhibited 

typical breakdown events with breakdown pressure values decreasing from 22.7 MPa at 

9.0 m depth to 10.3 MPa at 19.8 m depth. The fracture re-opening pressure values range 

between 7.6 MPa and 11.55-12.5 MPa. Thus, the corresponding hydraulic tensile strength 

Pco = Pc - Pr varies between 1.4-3.1 MPa and 14.25 MPa (mean value: 7.1 �r 5.3 MPa). It 

should be noted that the lowest hydraulic tensile strength was observed at 15.95 m depth, 

where the test section was pressurized in increments of about 1 MPa to stimulate a pre-

existing fracture rather than creating a new fracture. Similar to the breakdown pressures, 

the shut-in pressure values decrease from 8.0 MPa at 9 m depth to 2.8 MPa at 19.8 m 

depth (towards a fractured zone at the end of the borehole).  

Like in borehole SB 15.003, the preliminary orientation of micro-seismic events observed 

during the field tests indicated the initiation/stimulation of E-W striking fractures, in agree-

ment with the direction of the maximum horizontal stress SH in the sub-vertical borehole 

SB 15.001. Thus, the observed shut-in pressures were used to estimate the minimum hor-

izontal stress: Psi = Sh (otherwise the results represent the minimum principle stress Smin). 

The results are listed in Table 4.6 together with together with the calculated vertical stress 

Sv for an average rock mass density of 2.73 g/cm³ and are shown graphically in Figure 4.6, 

which shows the decrease of the in-situ stresses towards the fractured zone at the end of 

the borehole. 

Table 4.5 Results of hydraulic fracturing tests in borehole  SB 15.004 (Pc: 
breakdown pressure,  Pr: refrac pressure, P co: hydraulic tensile 

strength P si: shut -in pressure, V i: injected volume, V r: recovered 
volume  

 depth 
MD 
[m] 

Vi 

 
[l] 

Vr 

 
[l] 

Pc 
 

[MPa] 

Pr 
 

[MPa] 

Pco  
 

[MPa] 

Psi 
 

[MPa] 
  9.0 10.9 4.4 22.7     8.45   14.25 8.0 �r 0.2 
11.5   9.7 0.9 19.1 

(20.5 
max.) 

(13.6 - 17.7) (1.4 - 5.5) (11.7 / 14.7) 

  15.95   9.1 1.0 13.5-14.7* 11.6 - 12.1 1.4 - 3.1 
<2.25> 

6.5 �r 0.3 

17.8 11.5 7.5 13.5 5.8 - 6.0 7.5 - 7.7 
<7.6> 

5.3 �r 0.1 

19.8 28.9 0.5 10.3 5.8 - 6.3 4.0 - 4.5 
<4.25> 

2.8** 

< > mean value   * stepwise pressurization  ** jacking pressure 
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Figure 4.5 Breakdown pressure P c, refrac pressure P r and shut -in pressure P si 

derived from hydraulic fracturing tests in borehole SB 15.00 4 

 

 

Table 4.6 Result s of stress evaluation for  borehole Sb  15.004. The vertical 

stress S v was calculated for an average overburden rock 

mass density of 2. 73 g/cm 3  

measured  

depth  

 

[m] 

mean depth  

below surface 

TVD*  

[m] 

Sv  

 

 

[MPa] 

Sh (or Smin) 

 

 

[MPa] 

  9.0 

472 12.6 

8.0 �r 0.2 

 15.95 6.5 �r 0.3 

17.8 5.3 �r 0.1 

19.8            2.8 
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Figure 4.6 Principal stresses for borehole  SB 15.004. The vertical stress S v was 

calculated for an average overburden rock mass density of 2. 73 

g/cm 3.  
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4.5 Summary of Results 
 

The present results may be summarized by the following mean principal stresses: 

 

borehole depth below 

surface 

TVD* 

[m] 

Sv 

�!� �����������J���F�P�ñ 

 

[MPa] 

Sh 

 

 

[MPa] 

SH 

 

 

[MPa] 

�4SH 

 

 

[deg] 

SB 15.001 520.1 �r 3.4 13.9 �r 0.1 9.1 ± 0.6 17.4 ± 0.9 N 95 ± 24 

SB 15.003 472 12.6 8.7 ± 0.5  E-W * 

SB 15.004 472 12.6 
8.0 ± 0.2 (at 9 m) 

2.8 (at 19.8 m) 
 E-W * 

 
�, SH:  Orientation of maximum horizontal principle stress    
* determined from the orientation of acoustic emissions 
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APPENDIX B1 
 

Analysis  of the Hydraulic Fracturing Tests  

Borehole SB 15.001 
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Test at 8.0 m MD / 7.7 m TVD 

y-axis 1: Injection pressure -4.0 to 22.0 MPa y-axis 2: Injection flow-rate 0 to 65.0 litre per minute x-axis: Time 2:00 to 38:00 min 

 
           P-Test                Frac                           1.RF                        2. RF                                           3. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.1 

 
Vi (l) = 0.7 

 
Vr (l) = 0.6 

 1. Refrac - cycle Qi (lpm) = 1.2 
 

Vi (l) = 1.1 
 

Vr (l) = 0.7 
 2. Refrac - cycle Qi (lpm) = 2.0 

 
Vi (l) = 2.0 

 
Vr (l) = 0.9 

 3. Refrac - cycle Qi (lpm) = 3.0 
 

Vi (l) = 2.6 
 

Vr (l) = 0.5 
 total injected volume (l): 6.4   recovered volume (l): 2.7 or 42 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 17.9 MPa. 

�x The refrac pressure was determined from the 1. refrac-cycle which shows a first decrease of the system 

stiffness dP/dV at 8.8 MPa. The subsequent injection cycles yield slightly lower refrac pressure values. 

�x The shut-in phases yield slightly decreasing shut-in pressure values of 9.0 MPa in the 1. refrac-cycle, 8.6 

MPa in the 2. refrac-cycle and  8.2 MPa in the 3. cycle, which was used for the stress analysis. 
 

  

injection 

pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 19.0 MPa x-axis: Time 7:30 to 8:20 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 5.0 to 6.0 litre 

 

Pc = 17.9 MPa 

Pr = 8.8 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 6.7 to 7.7 litre 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Psi, max = 8.3 MPa 

Pr = 8.35 MPa 
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Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.0 to 2.0 MPa  x-axis: Time 32:40 to 35:10 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 9.4 MPa x-axis: Time 32:40 to 35:10 min 

 
  

Psi = 8.2 MPa 

Psi, min = 7.5 MPa 

Pasym = 6.0 MPa 
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Test at 11.0 m MD / 10.6 m TVD - Pt. 1 

y-axis 1: Injection pressure [MPa] -4.0 to 24.0 y-axis 2: Injection flow-rate [litre per minute] 0 to 70.0 x-axis: Time [min] 2:30 to 37:30 

 
           P-Test     Frac                             1. RF                                       2. RF                                      3. RF 
 

Test at 11.0 m MD / 10.6 m TVD - Pt. 2 

y-axis 1: Injection pressure [MPa] -4.0 to 24.0 y-axis 2: Injection flow-rate [litre per minute] 0 to 70.0 x-axis: Time [min] 5:00 to 25:00 

                  P-Test                                      4. RF                                                                  5. RF 

injection 

pressure 

flow rate 

packer pressure 

injection 

pressure 

flow rate 

packer pressure 
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TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.9 

 
Vi (l) = 0.7 

 
Vr (l) = 0.1 

 1. Refrac - cycle Qi (lpm) = 1.9 
 

Vi (l) = 1.2 
 

Vr (l) = 0.1 
 2. Refrac - cycle Qi (lpm) = 2.4 

 
Vi (l) = 2.2 

 
Vr (l) = 0.3 

 3. Refrac - cycle Qi (lpm) = 2.9 
 

Vi (l) = 3.1 
 

Vr (l) = 0.3 
 4. Refrac - cycle Qi (lpm) = 3.2 

 
Vi (l) = 3.3 

 
Vr (l) = 0.3 

 5. Refrac - cycle Qi (lpm) = 3.3   Vi (l) = 3.3   Vr (l) = 0.3   
total injected volume (l): 13.8   recovered volume (l): 1.4 or 10.1 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 19.7 MPa. 

�x The refrac pressure was determined from the 5. refrac-cycle (after tightening the leaking hydraulic con-

nector), which shows a first decrease of the system stiffness dP/dV at 9.7 MPa. 

�x The shut-in phases yield distinct shut-in pressure values. For the stress analysis, the shut-in pressure of 

the 5. refrac-cycle was used. 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 21.0 MPa x-axis: Time 6:00 to 6:40 min 

 
 

Estimation of Pr (5. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 7.5 to 8.5 litre 

 
 
 

Pr = 9.7 MPa 

Pc = 19.7 MPa 
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Estimation of Psi,max (5. Refrac-cycle) 

y-axis : Injection pressure 8.5 to 11.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Estimation of Psi,min (5. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 2.0 MPa  x-axis: Time 19:40 to 22:10 min 

 
 

Psi, min = 7.5 MPa 

Psi, max = 9.4 MPa 

Pasym = 7.0 MPa 
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Estimation of Psi (5. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 10.5 MPa x-axis: Time 19:40 to 22:10 min 

 
  

Psi = 9.1 MPa 
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Test at 13.0 m MD / 12.6 m TVD - Pt. 1 

y-axis 1: Injection pressure -4.0 to 10.0 MPa y-axis 2: Injection flow-rate 0 to 33.0 litre per minute x-axis: Time 4:00 to 7:15 min 

 
                            P-Test 
 

Test at 13.0 m MD / 12.6 m TVD - Pt. 2 

y-axis 1: Injection pressure -4.0 to 18.0 MPa y-axis 2: Injection flow-rate 0 to 55.0 litre per minute x-axis: Time 8:00 to 68:00 min 

 
                P-Test              Frac                                       1. RF                   P-Test       2. RF                      3. RF 

injection pressure 

flow rate 

packer pressure 

injection pressure 

flow rate 

packer pressure 
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TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.2 

 
Vi (l) = 0.8 

 
Vr (l) = 0.2 

 1. Refrac - cycle Qi (lpm) = 1.2 
 

Vi (l) = 1.4 
 

Vr (l) = 0.2 
 2. Refrac - cycle Qi (lpm) = 2.5 

 
Vi (l) = 5.0 

 
Vr (l) = 0.2 

 3. Refrac - cycle Qi (lpm) = 4.5 
 

Vi (l) = 2.3 
 

Vr (l) = 0.2 
 total injected volume (l): 9.5   recovered volume (l): 0.8 or 8.4 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 13.7 MPa. 

However, during the 3. refrac-cycle, a slightly higher pressure of 14.6 MPa was observed. 

�x The refrac pressure was determined from the 1. refrac-cycle which shows a first decrease of the system 

stiffness dP/dV at 10.9 MPa. The subsequent injection cycles yield slightly lower refrac pressure values. 

�x The shut-in phases yield distinct shut-in pressure values which, however, slightly increased from 9.5 

MPa in the 1. refrac-cycle to 9.8 MPa in the 2. refrac-cycle to 10.5 MPa in 3. cycle. Therefore, the shut-in 

pressure of the 1. refrac-cycle was used for the stress analysis. 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 10.0 to 14.5 MPa x-axis: Time 19:00 to 20:20 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 5.0 to 13.0 MPa x-axis: Injected volume 4.7 to 5.7 litre 

 
 
 

Pr = 10.9 MPa 

Pc = 13.7 MPa 
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Estimation of Pr (3. Refrac-cycle) 

y-axis : Injection pressure 5.0 to 16.0 MPa x-axis: Injected volume 11.6 to 12.6 litre 

 
 

Estimation of Psi,max (1. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 11.0 MPa x-axis: Injection flow-rate 0 to 2.0 litre per minute 

 

Psi, max = 10.0 MPa 

Pr = 8.0 MPa 

Pmax = 14.6 MPa 
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Estimation of Psi,min (1. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.0 to 2.0 MPa  x-axis: Time 36:25 to 40:00 min 

 
 

Estimation of Psi (1. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 11.0 MPa x-axis: Time 36:15 to 38:45 min 

 
 

Psi = 9.5 MPa 

Psi, min = 8.5 MPa 

Pasym = 7.1 MPa 
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Test at 15.0 m MD / 14.5 m TVD 

y-axis 1: Injection pressure -4.0 to 22.0 MPa y-axis 2: Injection flow-rate 0 to 65.0 litre per minute x-axis: Time 5 to 75 min 

 
                 P-Test                 Frac               1. RF                                                                2. RF              3. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.0 

 
Vi (l) = 0.7 

 
Vr (l) = 0.6 

 1. Refrac - cycle Qi (lpm) = 1.2 
 

Vi (l) = 2.0 
 

Vr (l) = 1.4 
 2. Refrac - cycle Qi (lpm) = 2.1 

 
Vi (l) = 2.9 

 
Vr (l) = 1.3 

 3. Refrac - cycle Qi (lpm) = 3.1 
 

Vi (l) = 3.2 
 

Vr (l) = 1.9 
 total injected volume (l): 8.8   recovered volume (l): 5.2 or 59 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 19.1 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle which show a first decrease of the 

system stiffness dP/dV at 9.4 - 9.7 MPa. 

�x The shut-in phases yield distinct and consistent shut-in pressure values of 9.1 �r 0.1 MPa during the 1., 

2. and 3. refrac-cycle. 

 
 

  

injection pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 20.0 MPa x-axis: time 19:20 to 20:20 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 12.0 MPa x-axis: Injected volume 7.0 to 8.0 litre 

 
 

Pr = 9.4 MPa 

Pc = 19.1 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 0 to 11.0 MPa x-axis: Injected volume 9.5 to 10.5 litre 

 
 

Estimation of Psi,max (1. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 2.0 litre per minute 

 
 

Psi, max = 9.3 MPa 

Pr = 9.7 MPa 
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Estimation of Psi,min (1. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 29:20 to 34:00 min 

 
 

Estimation of Psi (1. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Time 29:20 to 31:50 min 

 
 

Psi = 9.1 MPa 

Psi, min = 8.7 MPa 

Pasym = 8.2 MPa 
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Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 59:50 to 64:10 min 

 

Psi, min = 8.7 MPa 

Psi, max = 9.3 MPa 

Pasym = 8.2 MPa 
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Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Time 29:20 to 31:50 min 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Psi, max = 9.3 MPa 

Psi = 9.1 MPa 
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Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 71:45 to 74:15 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Time 71:50 to 74:20 min 

 
  

Psi = 9.0 MPa 

Psi, min = 8.4 MPa 

Pasym = 8.0 MPa 



 
Report No. 07.15 

 

50 

 

 
 
 
 

 
 
 
 
 

APPENDIX B2 
 

Analysis of the Hydraulic Fracturing Tests  

Borehole SB 15.003  
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Test at 8.0 m depth 

y-axis 1: Injection pressure -4.0 to 30.0 MPa y-axis 2: Injection flow-rate 0 to 34.0 litre per minute x-axis: Time 0 to 46 min 

 
                 P-Test                 Frac                                       1. RF                            2. RF                         3. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 1.01 MPa in 407 sec. 
  
Frac - cycle Qi (lpm) = 1.2 

 
Vi (l) = 1.1 

 
Vr (l) = 0.15 

 1. Refrac - cycle Qi (lpm) = 1.2 
 

Vi (l) = 1.8 
 

Vr (l) = 0.2 
 2. Refrac - cycle Qi (lpm) = 2.2 

 
Vi (l) = 3.3 

 
Vr (l) = 0.2 

 3. Refrac - cycle Qi (lpm) = 3.1 
 

Vi (l) = 4.2 
 

Vr (l) = 0.2 
 total injected volume (l): 10.4   recovered volume (l): 0.75 or 7 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 23.4 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle, which show consistently a decrease 

of the system stiffness dP/dV at 7.6 MPa. 

�x The shut-in phases yield distinct and consistent shut-in pressure values of 8.4 MPa (1. refrac-cycle), 8.0 

MPa (2. refrac-cycle) and 7.9 MPa (3. refrac-cycle). The mean value of 8.1 �r 0.3 MPa was used for the 

stress analysis. 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 25.0 MPa x-axis: Time 7:20 to 8:40 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 12.0 MPa x-axis: Injected volume 1.2 to 2.2 litre 

 
 
 

Pr = 7.6 MPa 

Pc = 23.4 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 12.0 MPa x-axis: Injected volume 3.15 to 4.15 litre 

 
 

Estimation of Psi,max (1. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 2.0 litre per minute 

 
 

Psi, max = 8.5 MPa 

Pr = 7.6 MPa 
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Estimation of Psi,min (1. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 22:00 to 26:40 min 

 
 

Estimation of Psi (1. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Time 22:00 to 24:30 min 

 
 

Psi = 8.4 MPa 

Psi, min = 7.7 MPa 

Pasym = 7.3 MPa 
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Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.5 to 1.5 MPa  x-axis: Time 32:10 to 37:00 min 

 
 

Psi, min = 6.9 MPa 

Psi, max = 8.3 MPa 

Pasym = 6.6 MPa 
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Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 10.0 MPa x-axis: Time 31:45 to 34:15 min 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Psi, max = 8.4 MPa 

Psi = 8.0 MPa 
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Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.0 to 2.0 MPa  x-axis: Time 42:00 to 45:20 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 10.0 MPa x-axis: Time 42:00 to 44:30 min 

 
  

Psi = 7.9 MPa 

Psi, min = 7.0 MPa 

Pasym = 6.2 MPa 
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Test at 13.0 m depth 

y-axis 1: Injection pressure -4.0 to 30.0 MPa y-axis 2: Injection flow-rate 0 to 34.0 litre per minute x-axis: Time 0 to 60 min 

 
                 P-Test               Frac                       1. RF                           2. RF                                3. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.0 

 
Vi (l) = 1.0 

 
Vr (l) = 0.6 

 1. Refrac - cycle Qi (lpm) = 1.0 
 

Vi (l) = 1.5 
 

Vr (l) = 1.0 
 2. Refrac - cycle Qi (lpm) = 2.2 

 
Vi (l) = 3.3 

 
Vr (l) = 2.4 

 3. Refrac - cycle Qi (lpm) = 3.0 
 

Vi (l) = 4.2 
 

Vr (l) = 3.2 
 total injected volume (l): 10.0   recovered volume (l): 7.2 or 72 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 25.7 MPa. 

�x The refrac pressure was determined from the 1. and 3. refrac-cycle, which show a decrease of the sys-

tem stiffness dP/dV at 9.6 MPa to 10.5 MPa, respectively. 

�x The shut-in phases yield distinct and consistent shut-in pressure values of 9.0 MPa (1. refrac-cycle), 8.6 

MPa (2. refrac-cycle) and 8.8 MPa (3. refrac-cycle). The mean value of 8.8 �r 0.2 MPa was used for the 

stress analysis. 
  

injection pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 27.0 MPa x-axis: Time 11:00 to 12:40 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 12.0 MPa x-axis: Injected volume 1.4 to 2.4 litre 

 
 

Pr = 9.6 MPa 

Pc = 25.7 MPa 
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Estimation of Pr (3. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 13.0 MPa x-axis: Injected volume 8.2 to 9.2 litre 

 
 

Estimation of Psi,max (1. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 11.0 MPa x-axis: Injection flow-rate 0 to 2.0 litre per minute 

 
 

Psi, max = 9.0 MPa 

Pr = 10.5 MPa 
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Estimation of Psi,min (1. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.5 MPa  x-axis: Time 22:15 to 28:40 min 

 
 

Estimation of Psi (1. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 10.0 MPa x-axis: Time 22:10 to 24:50 min 

 
 

Psi = 9.0 MPa 

Psi, min = 8.5 MPa 

Pasym = 8.0 MPa 
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Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 35:40 to 41:10 min 

 
 

Psi, min = 8.2 MPa 

Psi, max = 8.7 MPa 

Pasym = 7.8 MPa 
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Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 7.5 to 10.0 MPa x-axis: Time 35:30 to 38:00 min 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Psi, max = 8.9 MPa 

Psi = 8.6 MPa 
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Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.0 MPa  x-axis: Time 49:15 to 57:00 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 10.0 MPa x-axis: Time 49:15 to 51:45 min 

 
  

Psi = 8.8 MPa 

Psi, min = 8.0 MPa 

Pasym = 7.6 MPa 
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Test at 18.0 m depth 

y-axis 1: Injection pressure -4.0 to 30.0 MPa y-axis 2: Injection flow-rate 0 to 34.0 litre per minute x-axis: Time 0 to 67 min 

 
                  P-Test              Frac                       1. RF                                       2. RF                             3. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.78 MPa in 169 sec. 
  
Frac - cycle Qi (lpm) = 1.0 

 
Vi (l) = 0.5 

 
Vr (l) = 0.35 

 1. Refrac - cycle Qi (lpm) = 1.0 
 

Vi (l) = 1.6 
 

Vr (l) = 1.0 
 2. Refrac - cycle Qi (lpm) = 2.0 

 
Vi (l) = 2.5 

 
Vr (l) = 1.8 

 3. Refrac - cycle Qi (lpm) = 3.0 
 

Vi (l) = 3.3 
 

Vr (l) = 2.5 
 total injected volume (l): 7.9   recovered volume (l): 5.65 or 72 % 

 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 26.1 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle, which show a decrease of the sys-

tem stiffness dP/dV at 11.55 MPa to 12.5 MPa, respectively. 

�x The shut-in phases yield distinct and consistent shut-in pressure values of 9.2 MPa (1. refrac-cycle), 8.9 

MPa (2. refrac-cycle) and 9.1 MPa (3. refrac-cycle). The mean value of 9.1 �r 0.15 MPa was used for the 

stress analysis. 
  

injection pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 10.0 to 27.0 MPa x-axis: Time 12:30 to 13:40 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 13.0 MPa x-axis: Injected volume 0.7 to 1.7 litre 

 
 
 

Pr = 11.55 MPa 

Pc = 26.1 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 14.0 MPa x-axis: Injected volume 2.0 to 3.8 litre 

 
 

Estimation of Psi,max (1. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 11.0 MPa x-axis: Injection flow-rate 0 to 2.0 litre per minute 

 
 

Psi, max = 9.3 MPa 

Pr = 12.5 MPa 
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Estimation of Psi,min (1. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.5 MPa  x-axis: Time 25:10 to 30:35 min 

 
 

Estimation of Psi (1. Refrac-cycle) 

y-axis : Injection pressure 7.5 to 10.5 MPa x-axis: Time 25:10 to 27:40 min 

 
 

Psi = 9.2 MPa 

Psi, min = 8.6 MPa 

Pasym = 8.1 MPa 
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Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 11.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.5 to 1.5 MPa  x-axis: Time 44:00 to 50:10 min 

 
 

Psi, min = 8.4 MPa 

Psi, max = 9.0 MPa 

Pasym = 8.1 MPa 
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Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 7.5 to 10.5 MPa x-axis: Time 44:00 to 46:30 min 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 8.0 to 11.0 MPa x-axis: Injection flow-rate 0 to 3.4 litre per minute 

 
 

Psi, max = 9.1 MPa 

Psi = 8.9 MPa 
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Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -3.0 to 1.5 MPa  x-axis: Time 60:10 to 65:40 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 7.5 to 11.0 MPa x-axis: Time 60:10 to 62:40 min 

 
  

Psi = 9.1 MPa 

Psi, min = 8.3 MPa 

Pasym = 8.0 MPa 
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APPENDIX B3 
 

Analysis of the Hydraulic Fracturing Tests  

Borehole SB 15.004  
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Test at 9.0 m depth 

y-axis 1: Injection pressure -4.0 to 26.0 MPa y-axis 2: Injection flow-rate 0 to 30.0 litre per minute x-axis: Time 0 to 40 min 

 
   P-Test   Frac                    1.RF                          2. RF                                 3. RF                              4. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.39 MPa in 52 sec. 
  
Frac - cycle Qi (lpm) = 0.8 

 
Vi (l) = 0.5 

 
Vr (l) = 0.4 

 1. Refrac - cycle Qi (lpm) = 1.1 
 

Vi (l) = 1.1 
 

Vr (l) = 0.6 
 2. Refrac - cycle Qi (lpm) = 2.2 

 
Vi (l) = 2.2 

 
Vr (l) = 1.2 

 3. Refrac - cycle Qi (lpm) = 3.2  Vi (l) = 3.3  Vr (l) = 1.5  
4. Refrac - cycle Qi (lpm) = 4.0 

 
Vi (l) = 3.8 

 
Vr (l) = 0.7 

 total injected volume (l): 10.9   recovered volume (l): 4.4 or 41 % 
 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 22.7 MPa. 

�x The refrac pressure was determined from the 1. refrac-cycle which shows a first decrease of the system 

stiffness dP/dV at 8.45 MPa. The subsequent refrac-cycles yield slightly lower fracture re-opening pres-

sure values of 8.2-8.4 MPa. 

�x The shut-in phases of the. 2.-4. refrac cycle yield distinct and consistent shut-in pressure values of 8.2 

MPa, 8.0 MPa and 7.9 MPa. The mean value of 8.0 �r 0.2 MPa was used for the stress analysis. 
 
  

injection 

pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 24.0 MPa x-axis: Time 2:00 to 2:50 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 0.7 to 1.7 litre 

 
 
 

Pc = 22.7 MPa 

Pr = 8.45 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 2.2 to 3.2 litre 

 
 

Estimation of Pr (3. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Injected volume 4.8 to 5.8 litre 

 
 

Pr = 8.2 MPa 

Pr = 8.4 MPa 
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Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 9.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.5 MPa  x-axis: Time 16:15 to 20:20 min 

 
 

Psi, max = 8.3 MPa 

Psi, min = 6.4 MPa 

Pasym = 7.0 MPa 
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Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 6.5 to 9.4 MPa x-axis: Time 16:15 to 18:45 min 

 
 

Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 9.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Psi = 8.2 MPa 

Psi, max = 8.1 MPa 



 
Report No. 07.15 

 

78 

 

Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.5 to 1.5 MPa  x-axis: Time 27:00 to 30:10 min 

 
 

Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 9.0 MPa x-axis: Time 27:00 to 29:30 min 

 
 

Psi = 8.0 MPa 

Psi, min = 6.9 MPa 

Pasym = 6.0 MPa 
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Estimation of Psi,max (4. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 9.0 MPa x-axis: Injection flow-rate 0 to 5.0 litre per minute 

 
 

Estimation of Psi,min (4. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 1.5 MPa  x-axis: Time 36:00 to 38:30 min 

 
 

Psi, max = 8.1 MPa 

Psi, min = 6.9 MPa 

Pasym = 6.0 MPa 
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Estimation of Psi (4. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 9.0 MPa x-axis: Time 36:00 to 38:30 min 

 
  

Psi = 7.9 MPa 
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Test at 11.5 m depth 

y-axis 1: Injection pressure -4.0 to 24.0 MPa y-axis 2: Injection flow-rate 0 to 70.0 litre per minute x-axis: Time 0 to 34 min 

 
      P-Test       Frac                      1.RF                      2. RF                           3. RF                            4. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 0.89 MPa in 111 sec. 
  
Frac - cycle Qi (lpm) = 0.9 

 
Vi (l) = 0.8 

 
Vr (l) = 0.2 

 1. Refrac - cycle Qi (lpm) = 0.9 
 

Vi (l) = 0.8 
 

Vr (l) = 0.2 
 2. Refrac - cycle Qi (lpm) = 2.6 

 
Vi (l) = 2.6 

 
Vr (l) = 0.15 

 3. Refrac - cycle Qi (lpm) = 4.7  Vi (l) = 4.6  Vr (l) = 0.2  
4. Refrac - cycle Qi (lpm) = 1.0 

 
Vi (l) = 0.9 

 
Vr (l) = 0.2 

 total injected volume (l): 9.7   recovered volume (l): 0.95 or 10 % 
 

�x The test is characterized by the initiation of a fracture with a breakdown event at 19.1 MPa. However, 

during the 3. refrac-cycle, a maximum pressure of 20.5 MPa was observed. 

�x The refrac pressure was determined from the 1. and 3. refrac-cycle which show a decrease of the sys-

tem stiffness dP/dV at 13.6 - 17.7 MPa.  

�x The shut-in phases show a significant increase of the shut-in pressure from 11.4 MPa during the 2. 

refrac cycle to 14.7 MPa during the 3. refrac cycle.  

�x The minor backflow and the inconsistency of the refrac- and shut-in pressure indicate an insufficient 

sealing of the test section (fluid by-pass around the packers). Therefore, the data are not used for the 

stress analysis. 
  

injection 

pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 14.0 to 20.0 MPa x-axis: Time 2:30 to 3:30 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 15.0 MPa x-axis: Injected volume 1.0 to 1.8 litre 

 
 
 

Pc = 19.1 MPa 

Pr = 13.6 MPa 
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Estimation of Pr (3. Refrac-cycle) 

y-axis : Injection pressure 7.0 to 21.0 MPa x-axis: Injected volume 4.6 to 5.6 litre 

 
 

Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 9.0 to 15.0 MPa x-axis: Time 15:10 to 17:40 min 

 
 

Pr = 17.7 MPa 

Pmax = 20.5 MPa 

Psi = 11.7 MPa 
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Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 11.0 to 19.0 MPa x-axis: Time 22:15 to 24:45 min 

 
 

  

Psi = 14.7 MPa 



 
Report No. 07.15 

 

85 

 

Test at 15.95 m depth 

y-axis 1: Injection pressure -4.0 to 18.0 MPa y-axis 2: Injection flow-rate 0 to 55.0 litre per minute x-axis: Time 0 to 69 min 

 
           P-Test                Frac                        1.RF         2. RF                   3. RF  4. RF     5. RF                6. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure increase of 1.00 MPa in 386 sec. 
  
Frac - cycle Qi (lpm) = incremental 

 
Vi (l) = 0.3 

 
Vr (l) = 0.15 

 1. Refrac - cycle Qi (lpm) = 0.5 
 

Vi (l) = 0.6 
 

Vr (l) = 0.15 
 2. Refrac - cycle Qi (lpm) = 2.2 

 
Vi (l) = 2.3 

 
Vr (l) = 0.15 

 3. Refrac - cycle Qi (lpm) = 4.0  Vi (l) = 1.8  Vr (l) = 0.15  
4. Refrac - cycle Qi (lpm) = 0.5  Vi (l) = 0.7  Vr (l) = 0.1  
5. Refrac - cycle Qi (lpm) = 2.2  Vi (l) = 2.3  Vr (l) = 0.15  
6. Refrac - cycle Qi (lpm) = 5.5 

 
Vi (l) = 1.1 

 
Vr (l) = 0.15 

 total injected volume (l): 9.1   recovered volume (l): 1.0 or 11 % 
 

�x During the frac-cycle, the pressure was increased in increments of about 1 MPa. Fracture initiation was 

observed between 13.5-14.7 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle which show a decrease of the sys-

tem stiffness dP/dV at 11.6 - 12.1 MPa.  

�x The shut-in phases of the. 2.-6. refrac cycle yield distinct and consistent shut-in pressure values of 6.7 

MPa, 6.5 MPa, 6.1 MPa, 6.3 MPa and 6.7 MPa. The mean value of 6.5 �r 0.3 MPa was used for the 

stress analysis. 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 9.0 to 16.0 MPa x-axis: Time 17:30 to 20:00 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 5.0 to 13.0 MPa x-axis: Injected volume 0.5 to 1.0 litre 

 
 
 

Pc = 13.5 MPa 

Pr = 11.6 MPa 

Pc = 14.7 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 5.0 to 15.0 MPa x-axis: Injected volume 1.2 to 2.05 litre 

 
 

Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 9.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Psi, max = 7.3 MPa 

Pr = 12.1 MPa 
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Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.0 to 2.0 MPa  x-axis: Time 32:50 to 37:20 min 

 
 

Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 9.0 MPa x-axis: Time 32:50 to 25:20 min 

 
 

Psi = 6.7 MPa 

Psi, min = 5.0 MPa 

Pasym = 4.0 MPa 
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 Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 9.0 MPa x-axis: Injection flow-rate 0 to 5.0 litre per minute 

 
 

Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 2.0 MPa  x-axis: Time 44:10 to 47:30 min 

 
 

Psi, max = 6.6 MPa 

Psi, min = 5.0 MPa 

Pasym = 4.5 MPa 
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Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 9.0 MPa x-axis: Time 44:10 to 46:40 min 

 
 

Estimation of Psi,max (4. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 7.0 MPa x-axis: Injection flow-rate 0 to 1.0 litre per minute 

 
 

Psi = 6.5 MPa 

Psi, max = 6.6 MPa 



 
Report No. 07.15 

 

91 

 

Estimation of Psi,min (4. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.5 to 1.5 MPa  x-axis: Time 50:10 to 53:00 min 

 
 

Estimation of Psi (4. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 8.0 MPa x-axis: Time 50:10 to 52:40 min 

 
 

Psi = 6.1 MPa 

Psi, min = 4.9 MPa 

Pasym = 4.5 MPa 
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Estimation of Psi,max (5. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 8.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Estimation of Psi,min (5. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 2.0 MPa  x-axis: Time 55:10 to 58:40 min 

 
 

Psi, max = 6.9 MPa 

Psi, min = 4.9 MPa 

Pasym = 4.2 MPa 
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Estimation of Psi (5. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 8.5 MPa x-axis: Time 55:10 to 57:40 min 

 
 

Estimation of Psi,max (6. Refrac-cycle) 

y-axis : Injection pressure 6.0 to 10.0 MPa x-axis: Injection flow-rate 0 to 6.0 litre per minute 

 
 

Psi = 6.3 MPa 

Psi, max = 7.1 MPa 
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Estimation of Psi,min (6. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -2.0 to 2.0 MPa  x-axis: Time 65:00 to 68:45 min 

 
 

Estimation of Psi (6. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 9.5 MPa x-axis: Time 64:50 to 67:20 min 

 
  

Psi = 6.7 MPa 

Psi, min = 4.8 MPa 

Pasym = 4.1 MPa 
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Test at 17.8 m depth 

y-axis 1: Injection pressure -4.0 to 16.0 MPa y-axis 2: Injection flow-rate 0 to 50.0 litre per minute x-axis: Time 0 to 51 min 

 
            Frac                                 1.RF                      2. RF                           3. RF                         4. RF 

 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  not conducted 
  
Frac - cycle Qi (lpm) = 0.5 

 
Vi (l) = 1.0 

 
Vr (l) = 0.5 

 1. Refrac - cycle Qi (lpm) = 0.5 
 

Vi (l) = 1.2 
 

Vr (l) = 0.5 
 2. Refrac - cycle Qi (lpm) = 2.2 

 
Vi (l) = 2.2 

 
Vr (l) = 1.5 

 3. Refrac - cycle Qi (lpm) = 4.0  Vi (l) = 3.1  Vr (l) = 2.5  
4. Refrac - cycle Qi (lpm) = 5.5 

 
Vi (l) = 4.0 

 
Vr (l) = 2.5 

 total injected volume (l): 11.5   recovered volume (l): 7.5 or 65 % 
 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 13.5 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle which show a decrease of the sys-

tem stiffness dP/dV at 5.8 - 6.0 MPa.  

�x The shut-in phases of the. 2.-4. refrac cycle yield distinct and consistent shut-in pressure values of 5.45 

MPa, 5.3 MPa, and 5.2 MPa. The mean value of 5.3 �r 0.1 MPa was used for the stress analysis. 
 
  

injection pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 5.5 to 14.0 MPa x-axis: Time 0:20 to 2:30 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 3.0 to 8.0 MPa  x-axis: Injected volume 1.0 to 2.0 litre 

 
 
 

Pc = 13.5 MPa 

Pr = 5.8 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 8.0 MPa  x-axis: Injected volume 2.3 to 3.3 litre 

 
 

Estimation of Psi,max (2. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 7.0 MPa x-axis: Injection flow-rate 0 to 3.0 litre per minute 

 
 

Psi, max = 5.6 MPa 

Pr = 6.0 MPa 
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Estimation of Psi,min (2. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -1.5 to 1.5 MPa  x-axis: Time 23:30 to 26:30 min 

 
 

Estimation of Psi (2. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 7.0 MPa x-axis: Time 23:30 to 26:00 min 

 
 

Psi = 5.45 MPa 

Psi, min = 4.8 MPa 

Pasym = 4.1 MPa 
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Estimation of Psi,max (3. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 7.0 MPa x-axis: Injection flow-rate 0 to 4.0 litre per minute 

 
 

Estimation of Psi,min (3. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -3.0 to 1.0 MPa  x-axis: Time 34:40 to 37:10 min 

 
 

Psi, max = 5.3 MPa 

Psi, min = 4.9 MPa 

Pasym = 4.6 MPa 
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Estimation of Psi (3. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 7.0 MPa x-axis: Time 34:30 to 37:00 min 

 
 

Estimation of Psi,max (4. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 7.0 MPa x-axis: Injection flow-rate 0 to 5.0 litre per minute 

 
 

Psi = 5.3 MPa 

Psi, max = 5.3 MPa 
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Estimation of Psi,min (4. Refrac-cycle) 

y-axis : log(injection pressure - asymptotic pressure) -3.0 to 1.5 MPa  x-axis: Time 44:00 to 48:35 min 

 
 

Estimation of Psi (4. Refrac-cycle) 

y-axis : Injection pressure 4.0 to 6.4 MPa x-axis: Time 44:00 to 46:30 min 

 
 

Psi = 5.2 MPa 

Psi, min = 4.8 MPa 

Pasym = 4.5 MPa 
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Test at 19.8 m depth - Pt. I 

y-axis 1: Injection pressure 0 to 10.0 MPa y-axis 2: Injection flow-rate 0 to 20.0 litre per minute x-axis: Time 22 to 98 min 

 
P-Test 

 

Test at 19.8 m depth - Pt. II 

y-axis 1: Injection pressure -2.0 to 12.0 MPa y-axis 2: Injection flow-rate 0 to 70.0 litre per minute x-axis: Time 0 to 30 min 

 
                 Frac                          1.RF                        2. RF                                        3. RF               4. RF 

injection 

pressure 

flow rate 

packer pressure 

injection 

pressure 

flow rate 

packer pressure 
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Test at 19.8 m depth - Pt. III 

y-axis 1: Injection pressure -2.0 to 12.0 MPa y-axis 2: Injection flow-rate 0 to 70.0 litre per minute x-axis: Time 0 to 15:30 min 

 
                                1. SRT       2. SRT 
 

TEST SUMMARY / ANALYSIS / REMARKS 

 
P-Test:  pressure decrease of 3.09 MPa in 4525 sec. 
  
Frac - cycle Qi (lpm) = 1.1 

 
Vi (l) = 1.5 

 
Vr (l) = 0.1 

 1. Refrac - cycle Qi (lpm) = 4.7 
 

Vi (l) = 2.8 
 

Vr (l) = 0.1 
 2. Refrac - cycle Qi (lpm) = 9.8 

 
Vi (l) = 9.5 

 
Vr (l) = 0.1 

 3. Refrac - cycle Qi (lpm) = 1.2  Vi (l) = 1.2  Vr (l) = 0.1  
4. Refrac - cycle Qi (lpm) = 4.7  Vi (l) = 1.9  Vr (l) = 0.1  
1. + 2. Step-Rate Test Qi (lpm) = 0.3-4.5 

 
Vi (l) = 11.9 

 
Vr (l) = 0.1 

 total injected volume (l): 28.8   recovered volume (l): 0.6 or 2 % 
 

�x The test is characterized by the initiation of a fracture with a distinct breakdown event at 10.3 MPa. 

�x The refrac pressure was determined from the 1. and 2. refrac-cycle which show a decrease of the sys-

tem stiffness dP/dV at 5.8 - 6.3 MPa.  

�x The analysis of the pressure and flow-rate data pairs yield a jacking pressure of 2.8 MPa, which was 

used for the stress analysis. 
 
  

injection 

pressure 

flow rate 

packer pressure 
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Estimation of Pc (Frac-cycle) 

y-axis : Injection pressure 3.0 to 11.0 MPa x-axis: Time 1:20 to 2:40 min 

 
 

Estimation of Pr (1. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 7.0 MPa  x-axis: Injected volume 1.6 to 2.6 litre 

 
 
 

Pc = 10.3 MPa 

Pr = 5.8 - 6.1 MPa 
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Estimation of Pr (2. Refrac-cycle) 

y-axis : Injection pressure 2.0 to 8.0 MPa x-axis: Injected volume 4.4 to 5.4 litre 

 
 

Estimation of flow / pressure data pairs - Pt. I 

y-axis 1: Injection pressure -2.0 to 12.0 MPa y-axis 2: Injection flow-rate 0 to 70.0 litre per minute x-axis: Time 0 to 30 min 

 
 

Pr = 6.3 MPa 

3.44 MPa 

1.1 lpm 

4.87 MPa 4.92 MPa 

3.40 MPa 

4.12 MPa 

4.7 lpm 

9.8 lpm 

1.1 lpm 

4.7 lpm 
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Estimation of flow / pressure data pairs - Pt. II 

y-axis 1: Injection pressure -2.0 to 6.0 MPa y-axis 2: Injection flow-rate 0 to 70.0 litre per minute x-axis: Time 0 to 15.5 min 

 
 

3.11 MPa 
3.32 MPa 

3.48 MPa 
3.57 MPa 

2.95 MPa 

3.92 MPa 

0.5 lpm 1.0 lpm 1.5 lpm 2.1 lpm 
0.3 lpm 

4.5 lpm 
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Pjacking = 2.8 MPa 
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APPENDIX C1 

 

Fracture Traces obtained from Impression Packer Tests  

Borehole SB 15.001  

Azimuth: N260°, Inclination: 75° downwards 
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Test at 8.0 m   Test at 11.0 m  

 

 

 

  

A 

reference mark 
with respect to 
magn. north: 110°  
(N over E) 

B 

A 

reference mark 
with respect to 
magn. north: 060° 
(N over E) 
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Test at 13.0 m   Test at 15.0 m  

 

 

 

  

reference mark 
with respect to 
magn. north: 
090° (N over E) 
 

A 

reference mark 
with respect to 
magn. north: 
046° (N over E) 
 

A 
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APPENDIX C2 

 

Fracture Traces obtained from Impression Packer Tests  

Borehole SB 15.003  

Azimuth: N190°, Inclination: 5° upwards 
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Test at 8.0 m   Test at 13.0 m  

 

 

 

A 

A 

reference mark 
with respect to 
vertical:  
+50° (counted 
clockwise) 

reference mark 
with respect to 

vertical:  
+70° (counted 

clockwise) 
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Test at 18.0 m  

 

 

reference mark 
with respect to 

vertical:  
+15° (counted 

clockwise) 
 

A 


