
1. INTRODUCTION 

The interaction between hydraulic fractures and 
preexisting natural fractures is important when analyzing 
the fracture networks generated in a reservoir. This 
problem is of particular interest for reservoirs that have 
stress regimes different than the normal (i.e., strike-slip 
and reverse regimes) in unconventional oil and gas 
operations (García et al., 2013). In these cases, hydraulic 
fractures tend to propagate in a direction different from 
the vertical, which is not desirable from an operational 
point of view (less interaction with the reservoir) (García 
et al., 2013).  

Analytical criteria that model the interaction between 
hydraulic fractures and preexisting (natural) fractures 
show that the coefficient of friction between the two 
faces of the natural fracture is one of the parameters that 
governs this interaction (Gu and Weng, 2010). Gu and 
Weng (2010) extended the Renshaw and Pollard (1995) 
criteria to any angle of intersection between the Natural 
Fracture and the Hydraulic Fracture. Figure 1 shows the 
comparison between the two criteria for an angle of 
interaction of 90° (the only condition considered by 
Renshaw and Pollard, 1995).  

 

 
Fig. 1. Comparison between the Renshaw and Pollard (1995) 
criteria for interaction between a pre-existing natural fracture 
and an induced hydraulic fracture, and the extended criteria 
from Gu and Weng (2010). The angle between the natural 
fracture and the hydraulic fracture is 90°. (Gu and Weng, 
2010). 

Two possible interactions are analyzed: when the 
Hydraulic Fracture crosses the Natural Fracture 
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ABSTRACT: One of the parameters that govern the interaction between hydraulic fractures (HF) and natural fractures (NF) is the 
coefficient of friction between the two NF-surfaces (Gu and Weng, 2010). Therefore, the characterization of natural fractures is 
important when analyzing this type of interaction in both numerical and experimental analyses. In this study, we conducted a set of 
Direct Shear Tests on Opalinus Clayshale specimens employing a shear box to obtain the coefficient of friction and cohesion of the 
sliding surfaces. Two conditions were tested: vertical and horizontal bedding planes, i.e. perpendicular and parallel to the fracture 
surface. Each condition was analyzed at different polishing levels of the natural fracture’s surfaces, using sandpapers with average 
particle diameters ranging from 201 µm (N80) to 25.8 µm (N600). Also, two horizontal displacement rates were applied: slow and 
fast. We observed that the coefficient of friction in Opalinus Clayshale varies between 0.1 and 0.65 depending on the degree of 
polishing. The displacement rate practically does not affect the coefficient of friction but the bedding planes’ direction does. 
Specimens with the same polishing grade have a higher coefficient of friction for the vertical bedding planes. Moreover, in this 
configuration, higher surface wear is observed in the layers of the Opalinus Clayshale with higher resistance (light layers). This can 
be explained because lower resistance layers (darker ones) have more material removed during the polishing process, exposing the 
higher resistance layers. 

 

 

 

 

 

 

 



(Crossing) and when it does not (No Crossing). As can 
be seen from Figure 1, the criteria depend on the stress 
ratio applied to the specimen and the coefficient of 
friction of the Natural Fracture. As a consequence, when 
experimentally studying this phenomenon it is important 
to define a procedure to characterize the natural fractures 
and, in particular, their coefficient of friction and 
cohesion. In this paper, we show how the coefficient of 
friction for Opalinus Clayshale is obtained with a set of 
Direct Shear Tests.  

2. OPALINUS CLAYSHALE 
Opalinus Clayshale is a clay-rich shale encountered in 
the Mont Terri Underground Research Laboratory. This 
laboratory is located in the Dogger formation in the Jura 
Mountains in Northwest Switzerland. In this work, cores 
from BMA-2 were used. As can be seen from Figure 2, 
there are different facies of Opalinus Clayshale. They 

generally have a high clay content but vary slightly in 
quartz and carbonate content (AlDajani, 2017). 
Mineralogic analysis shows that BMA-2 has a higher 
calcite content (13.5%) than Opalinus samples from 
other locations, and, consequently, a lower clay content. 
BMA-2 also has a higher quartz content (47%). Due to 
this, its mechanical properties are also higher than other 
samples (AlDajani, 2017). Its Young’s modulus is E|| = 
2.14 GPa, and its Uniaxial Compression Strength is σc|| = 
19.9 MPa (in both cases, the parameters correspond to 
the direction parallel to bedding planes ||). Opalinus 
shale was chosen for this study because our group has 
performed extensive tests and analyses on this material.  

 
 
 

Fig. 2. Geologic section from the Mont Terri Underground Research Laboratory, showing the locations where each core was 
extracted. In this work, BMA-2 core was used to extract the Opalinus Clayshale specimens (www.mont-terri.ch). 

 
 

 
 



3. METHODOLOGY 
A Direct Shear test was used to measure the coefficient 
of friction and cohesion of the Natural Fracture in 
Opalinus Clayshale (Figure 3 and Figure 4). Two 
bedding plane orientations were considered: vertical and 
horizontal with respect to the horizontal sliding 
direction. Moreover, two displacement rates were tested: 
high (∼ 2 × 10-2 mm/s) and low (∼ 8 × 10-4 mm/s). In all 
cases, three constant vertical load steps were applied: 5.8 
kgf (which is the weight of the hanger without any 
additional mass), 15.8 kgf (hanger plus a weight of 10 
kgf), and 25.8 kgf (hanger plus two weights of 10 kgf). 
These vertical loads represent a vertical stress of 0.49 
kgf/cm2, 1.33 kgf/cm2, and 2.18 kgf/cm2 respectively at 
the contact area between the two blocks of the specimen 
(Figure 6). Each vertical load step was applied in two 
cycles of loading-unloading (Figure 5). Figure 4 shows 
the position of the shear box in which the specimen is 
placed; it also shows the vertical and horizontal LDVTs 
(Linear Variable Differential Transformers) that measure 
displacements, the piston that applies the constant 
horizontal displacement rate, and the hanger that applies 
the vertical load. The piston moves the bottom part of 
the shear box from left to right, while the upper part 
remains in its place during the entire test, held by the 
spring. 

 
Fig. 3. Direct Shear equipment. 

Fig. 4. Schematic of the Direct Shear equipment. 

 
Fig. 5. Loading/Unloading cycles for a constant vertical load. 

The test-specimens consist of two parts. The bottom part 
has a length of 2.3 in (5.8 cm), which is the interior 
length of the shear box, while the upper part has a length 
of 1.7 in (4.3 cm) (see Figure 6). The upper part of the 
specimen is shorter than the bottom one to ensure that 
the shear surface area is the same during the entire test. 
All specimens tested were Opalinus Clayshale, with a 
thickness of 1 in (2.5 cm). Figure 6 is a schematic of the 
shear box, showing the upper shorter top block and the 
longer bottom block. The sliding surfaces were polished 
with five different average particle diameter sandpaper: 
201 µm (N80), 125  µm (N120), 68  µm (N220), 35  µm 
(N400) and 25.8  µm (N600). Additionally, a set of 
Direct Shear Tests with an unpolished sliding surface 
was also run. 

 
Fig. 6. Cross-section of a Direct Shear apparatus (modified 
from Einstein et al., 1970), showing the shorter top block and 
the bottom block of the specimen. The dashed line indicates 
the sliding surface. In this setup, the top part remains fixed, 
while the bottom part is shifted. 

 

  

 

 



4. RESULTS 
Figure 7 presents the shear force [kgf] (left axis) and 
vertical displacement [mm] (right axis]) vs. horizontal 
displacement [mm], for a specimen with vertical bedding 
planes (see Figure 8.a) and the sliding surface polished 
with a sandpaper N400. In this case, the convention 
adopted is negative values for downward movement 
(compression). The three steps observed correspond to 
the different vertical loads applied: 5.8 kgf, 15.8 kgf, and 
25.8 kgf. Every time the vertical load is increased, the 
specimen is compressed as registered by the vertical 
LDVT (red line). To obtain the coefficient of friction 
(CF), the mean shear force at each vertical load step 
cycle is calculated, and then introduced in the following 
well-known formula: 

𝐶𝐶𝐶𝐶 = 𝑁𝑁
𝑆𝑆
                                   (1) 

 

Where, N and S are the normal and shear force, 
respectively. 
 

 
Fig. 8. Opalinus Clayshale specimens; a) vertical bedding 
planes; b) horizontal bedding planes. 

 

 

 

 

 

 
Fig. 7. Shear force [kgf] (left vertical axis) and vertical displacement [mm] (right vertical axis]) vs. horizontal displacement [mm] 
for Direct Shear Test on Specimen 1, Opalinus Clayshale with vertical bedding planes. Sliding surface polished with a sandpaper 
N400. The peak in the shear force vs. horizontal displacement curve is marked with a red circle. Green boxes indicate the stick-
slip.
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Fig. 9. Specimen 1 - shear force [kgf] vs. normal force [kgf] 
for the three different vertical load steps. The dotted red line is 
a trend line. The resulting coefficient of friction, in this case, 
is 0.125 and the cohesion is close to zero. 

Figure 9 shows the mean value of shear and normal 
forces [kgf] at each load step. The tested surface of 
Specimen 1 has a coefficient of friction of φ = ∼0.12 and 
a cohesion close to zero. Going back to Figure 7 it is 
interesting to highlight the peak observed in the shear 
force vs. displacement curve (marked with a red circle). 
This peak can be related to the shearing off of the 
asperities on the interface (Einstein et al., 1970).  
Finally, some stick-slip is observed in this case (marked 
with green boxes), which consists of the “fluctuation of 
stress during sliding” (Einstein et al., 1970).  
 
 

This phenomenon corresponds to the increase in the 
shear stress when two or more asperities interlock with 
each other (“stick”), followed by the release of stress 
when the shear strength of the material is reached and 
the asperities are sheared-off. Stick-slip is observed to be 
more pronounced for greater vertical (normal) loads, 
being consistent with Einstein et al. (1970). 
 
Direct shear tests were conducted with sliding surfaces 
polished using different sandpaper particle sizes as 
mentioned in the Methodology section. Figure 10 
summarizes the results obtained. The first conclusion is 
that, although there is some scatter in the results, there is 
practically no effect of the sliding speed on the 
coefficient of friction. The coefficient of friction ranges 
between 0.10 (for a sliding surface polished with a 
sandpaper N600) to 0.63 (for a sliding surface polished 
with a sandpaper N80) and all the fit lines show not 
cohesion. The upper limit is set by the coefficient of 
friction of the sliding surface that is unpolished (∼0.65). 
Figure 10 shows an S-shape trend (indicated with the 
black line). The coefficient of friction tends to vary 
following a linear relation for sliding surfaces polished 
with sandpaper with particle diameters between 35 µm 
(N400) and 125 µm (N120). Before and after that range 
(i.e., at the extremes of the range), the coefficient of 
friction tends to a residual value around 0.1 for 
sandpaper with particle size smaller than 35 µm, and to 
the value obtained for an unpolished sliding surface for 
particles size greater than 125 µm.  
 

 
Fig. 10. Summary graph: coefficient of friction for sliding surface polished with sandpaper of different particle diameters. Black 
dots for a specimen with vertical bedding planes (BP) with respect to sliding direction: full circle for high sliding speed, empty 
circle for low sliding speed. Red triangles for a specimen with horizontal bedding planes (BP) with respect to sliding direction: full 
triangle for high sliding speed, empty triangle for low sliding speed. 



Finally, an additional observation made from Figure 10, 
although there is some scatter, is that the coefficient of 
friction for horizontal bedding planes (with respect to 
sliding direction) is lower than for vertical bedding 
planes in most cases. This can be related to the worn 
surfaces observed after the test. The “dust” (shown in 
Figure 11 and Figure 12) comes primarily from the light 
material, which is harder (more quartz rich) than the 
darker material. During the polishing process, the dark 
material (softer) is more removed than the light one. 
Therefore, the layers with light material are more 
exposed and during the direct shear test get more worn. 
Comparing the conditions after the test for vertical and 
horizontal bedding planes (Figure 11 and Figure 12) one 
can observe that the vertical ones show more wear. This 
can explain why the coefficient of friction is greater in 
that condition. Furthermore, the “dust” observed is lower 
on surfaces polished with sandpaper greater than N80. 
As the sandpaper grains are smaller, the material 
removed during the polishing process is less. 
 

 
Fig. 11. Specimen 1- Vertical Bedding planes, with sliding 
surface polished with sandpaper N80. a) initial conditions; b) 
after test. “Dust” on worn surfaces is highlighted with red 
boxes. 

 
Fig. 12. Specimen 2- Horizontal Bedding planes, with sliding 
surface polished with sandpaper N80. a) initial conditions; b) 
after test. “Dust” on worn surfaces is highlighted with red 
boxes. 

5. CONCLUSIONS 
The Direct Shear Test traditionally used to obtain the 
coefficient of friction in soils can be adapted for rock 
specimens to characterize their natural fractures. A set of 
Direct Shear Tests on Opalinus Clayshale specimens 
with the sliding surface polished with sandpaper of 
different average particle diameters, shows that the 
coefficient of friction varies between 0.1 and 0.63. The 

coefficient of friction follows an S-shape trend, with a 
linear variation for sliding surfaces polished with 
sandpaper with particle diameters between 35 µm 
(N400) and 125 µm (N120). For sliding surfaces 
polished with a sandpaper particle diameter greater than 
125 µm, the coefficient of friction tends to the value for 
the unpolished condition (∼0.65). Finally, the coefficient 
of friction is greater for specimens with vertical bedding 
planes perpendicular to the sliding surface than for 
specimens with horizontal bedding planes. 

ACKNOWLEDGMENTS 
The authors would like to acknowledge the support of 
YPF Tecnología (Y-TEC) for funding this research and 
for the technical advice of their Rock Mechanics group. 
Particularly, the authors would like to thank Humberto 
Celleri for his support and guidance. 

REFERENCES 
 

1. AlDajani, O. 2017. Fracture and Hydraulic Fracture 
Initiation, Propagation, and Coalescence in Shale. 
Master thesis, MIT. 

2. Einstein, H. H., Bruhn, R. W.; Hirschfeld, R. C. 1970. 
Mechanics of jointed rock: experimental and theoretical 
studies. Research report, MIT. 

3. Garcia, M. N., Sorenson, F., Bonapace, J. C., Motta, F., 
Bajuk, C., Stockman, H. 2013. Vaca Muerta Shale 
Reservoir Characterization and Description: The 
Starting Point for Development of a Shale Play with 
Very Good Possibilities for a Successful Project. In 
Proceedings of the Unconventional Resources 
Technology Conference (URTeC), Denver, 12-14 
August 2013. 

4. Gu, H. and Weng, X. 2010. Criterion for fractures 
crossing frictional interfaces at non-orthogonal angles. 
In Proceedings of the 44th US Rock Mechanics 
Symposium and 5th U.S.-Canada Rock Mechanics 
Symposium, Salt Lake City, 27–30 June 2010. 

5. Renshaw, C. E. and Pollard, D. D. 1995. An 
experimentally verified criterion for propagation across 
unbounded frictional interfaces in brittle, linear elastic-
materials. Int J Rock Mech Min Sci Geo-Mech Abstr. 
32(3):237–49. 

 
 

 

  
a b 

 

  
a b 

 


