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ABSTRACT 

Understanding fluid flow in rough fractures is of high importance to large scale geologic processes and to most anthropogenic geo-energy  

activities. Here, we present the work conducted by Acosta et al. (2020) regarding fluid transport experiments on Carrara marble fractures 

with a novel customized surface topography. Transmissivity (fracture permeability) measurements were conducted under normal stresses 

from 20 to 50 MPa and shear stresses from 0 to 30 MPa. An open-source numerical procedure was developed to simulate normal contact 
and fluid flow through fractures with complex geometries. It was validated towards experiments. Using it, we isolated the effects of 

roughness parameters on fracture fluid flow. Under normal loading, we find that i) the transmissivity decreases with normal loading and 

is strongly dependent on fault surface geometry ii) the standard deviation of heights (hrms) and macroscopic wavelength of the surface 

asperities control fracture transmissivity. Transmissivity evolution is non-monotonic, with more than 4 orders of magnitude difference for 

small variations of macroscopic wavelength and roughness. Experiments show that reversible elastic shear loading has little effect on 
transmissivity, it can increase or decrease depending on contact geometry and overall stress state on the fault. Irreversible shear 

displacement (up to 1 mm offset) slightly decreases transmissivity and its variation with irreversible shear displacements can be predicted 

numerically and geometrically at low normal stress only. Finally, irreversible changes in surface roughness  (plasticity and wear) due to 

shear displacement result in a permanent decrease of transmissivity when decreasing differential stress. Generally, reduction of a carbonate 

fault’s effective stress significantly increases its transmissivity while inducing small shear displacements doesn’t. This highlights the need 

to reassess the hydro-shear stimulation technique in geo-energy activities, issue that is thoroughly discussed in this conference paper. 

1. INTRODUCTION 

The brittle-crust is pervasively fractured. Fractures seem to control most of the mechanical and hydraulic behavior of the upper crust, 

essentially at depths larger than 2-3 km (Townend and Zoback, 2000; Faulkner et al., 2010), where many anthropogenic geo-energy  
activities (geothermal power production, carbon capture and storage, nuclear waste repositories, etc…) take place. There, usual fracture 

permeabilites (10-18 to 10-16 m2)  are 100-1000 larger than those of intact rock cores (10-21 to 10-19 m2, Townend and Zoback, 2000). In 

deep geothermal power production, a popular strategy for enhancing fluid flow is hydro-shearing:  injecting pressurized fluids to reactivate 

reservoir faults hoping to achieve permanent increases of permeability (Cladouhos et al., 2010; Breede et al., 2013, Cornet, 2016). The 

poor capacity to estimate long term flow rates are due to 1) imaging fracture networks in the underground, and 2) estimating fluid flow in 

rough, stressed fractures.  

Fluid transport through a rough crack can be estimated through evaluation of its transmissivity (kt in m3) e.g. the fracture’s permeability 

(k in m2) multiplied by the effective thickness (t in m) of the flowing fluid layer. Permeability thus corresponds to the transmissivity of a 

1 m thick layer of flowing fluid (Rutter and Mecklenburgh, 2018). t depends on the porous space created between the contacting fracture’s 

half-surfaces (Zimmermann and Bodvarsson, 1996). 

Natural rock fractures usually present self-similar roughness (Brown and Scholz, 1985; Power et al., 1987; Brown, 1987; Candela et al.,  

2009; 2012; Renard et al., 2013), which, when in contact, generate a complex three-dimensional porous space through which fluids flow. 

The geometrical aperture distributions depend on the surface’s geometries, and applied stresses (Zimmerman and Bodvarsson, 1996). A 

result of complex geometrical aperture distributions, flow channeling appears in fractures submitted to high stresses (Watanabe et al.,  

2009; Kang et al., 2016; Sawayama et al., 2021), drastically affecting the equivalent hydraulic aperture and transport capacity . Normal 
stress usually increases the amount of contact in the fracture, reducing the geometrical and equivalent hydraulic apertures (thus 

transmissivity; Witherspoon et al., 1980; Walsh, 1981; Renshaw, 1995; Brown 1987; Brown et al., 1998; Pyrak-Nolte and Morris, 2000; 

Watanabe et al., 2008; 2009; Kang et al., 2016; Rutter and Mecklenburgh, 2017; 2018). Reversible (elastic) shear stress application has 

rarely been studied experimentally  but overall, it slightly decreases transmissivity (in smooth fractures of hard rock; Faoro et al., 2009; 

Rutter and Mecklenburgh, 2017; 2018). Experiments reproducing irreversible shear displacements (more than 1-20 millimeters) under 
low normal stresses (usually lower than 20 MPa; Carey et al., 2015; Ishibashi et al., 2012; Lee and Cho, 2002; Yeo et al., 1998; Pyrak-

Nolte et al., 1988; Olsson and Brown, 1993; Esaki et al., 1999; Wenning et al., 2019; Chen et al., 2000; Watanabe et al., 2008; 2009) have 

convinced the community that shear displacement increases a fault’s transmissivity. Such knowledge led generations of engineers to 

design hydro-shear stimulations in deep geothermal reservoirs which have mostly been failures. A few recent studies (Rutter and 

Mecklenburgh, 2017; 2018, Acosta et al., 2020) showed that small shear displacements (> 1 mm) reproduced under high normal stress 
(up to 100 MPa), result in a decrease of transmissivity or no increase at all. Such experiments can better be applied to hydro-shear 

stimulations since, if large displacements are generated, the risk of large magnitude seismicity  increases (Zoback and Gorelick, 2017). 
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Here, we present most of the results of Acosta et al. (2020) where: 1) We developed an experimental technique to customize the roughness 
of hard-rock fracture surfaces. 2) We measured the wavy-rough fractures’ transmissivity experimentally under normal stress (up to 50 

MPa), under reversible shear stresses (up to 30 MPa), and under shear displacements (up to 1 mm total offset). 3) We developed an open-

source numerical procedure simulating i) normal contact between wavy-rough surfaces ii)  fluid flow through the resulting geometrical 

apertures. The procedure reproduced well experimental results and was therefore used to study  the effects of roughness parameters on 

fracture transmissivity under normal load. We discuss the implications of our experimental and numerical results with respect to the hydro-

shear stimulation technique and propose possible improvements in stimulation procedures of fractured deep reservoirs.  

2. EXPERIMENTAL METHODS  

Here, we detail the essentials of the experimental methods for comprehension of the conference paper. For detailed explanation of the 

methods, materials, and additional information, the reader is referred to Acosta et al. (2020). 

2.1 Starting samples  and surface roughness customization 

Starting samples were ground-truth, saw-cut cylinders (75 mm length, 36 mm diameter, 30° angle fracture toward the long axis) of Carrara 

marble. For normal stress experiments, the saw-cut was along the cylinder’s long axis allowing direct fluid flow through the fracture. For 

shear stress and displacement experiments, the saw-cut was at a 30° angle toward the long axis, and a borehole was drilled between the 

fracture surface and the cylinders’ ends to allow fluid flow only through the fracture (Figure 1a and 1b). 

To impose a customized roughness, the fracture’s surfaces were set perfectly horizontal and were milled using a vertical-axis milling 
machine (Figure 1d). The rotary cutter was lowered into the surface and horizontally displaced at a given velocity. Depending on the 

rotation and displacement velocities, arc-shaped grooves were carved in the rock’s surfaces with given wavelengths and direction of the 

grooves toward the fracture’s long axes. Four different experimental geometries were used for this study (Figure 1c). The samples 

nomenclatures subscripts correspond to small (S) or large (L) wavelengths and direction with respect to fluid flow (P for sub-parallel and 

O for sub-orthogonal ). Thus, M LO corresponds to large wavelength with grooves sub-orthogonal to the sense of flow. M SO corresponds to 
small wavelength with grooves sub-orthogonal to the sense of flow, and M LP corresponds to large wavelength with grooves sub-parallel 

to the sense of flow. Finally sample with no customized roughness was used as control sample (M f) where the roughness was imposed 

homogeneously grinding the sample with #80 grit  (maps of the surface topographies are given in Figure 6). 

 

Figure 1: Experimental sample preparation and roughness customization. a. vertically saw-cut cylinders for normal stress 

experiments. b. 30° saw-cut cylinders with injection boreholes for shear experiments. c. sketches of the 4 surface roughness 

configurations. The used color scheme is maintained over the rest of the manuscript. d. diagram of the vertical axis milling 

machine for roughness customization. e. diagram of the profilometer used for roughness measurement. In d, and e., the 
bottom holder is motorized for displacement in the horizontal plane. f. example of a power spectral density of heights 

depicting a rough surface (example topography map in inset). For details refer to the experimental methods section and to 

Acosta et al. (2020). 

The surface’s roughness was measured through a 3D green light interferometer (profilometer) which has an accuracy of ~100 nm in height 

(Figure 1e). A stitching procedure allowed scanning large areas of the surface (10x10 mm, Figure 1f inset) to get a representative surface 
roughness measurement. The surface roughness statistics were evaluated through the radially averaged power spectral density of heights  

(PSD, Figure 1f). Some corrections to the raw measurement were performed following Jacobs et al. (2017) and are detailed in Acosta et 

al. (2020). The PSD allowed extraction of several roughness parameters: 1) the root mean square of heights (hRMS, e.g., the area under the 

PSD vs wavevector curve); 2) the roll-off wavevector (qr, e.g., the lowest wavevector where the PSD becomes a power-law (self-similar));  

), 3) the Hurst exponent (H, e.g. the characteristic value for the power law decay such that the power can be expressed as -2(H+1), for 
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details see Candela et al., 2012; Jacobs et al., 2017; Acosta et al., 2020); and 4) the characteristic wavevector (transformed to wavelength 

which represents a singularity in the PSD curve).   

2.2 Experimental set-ups and procedure for flow through experiments 

We used an oil-medium conventional tri-axial Hoek-cell to confine the reconstituted cylindrical samples and perform the flow through 

experiments (Figure 2a) with help of top and bottom volume-pressure controllers. For details of the setup, the reader is referred to Noel 

et al., 2019, Orellana et al., 2019; or Acosta et al., 2020).  

2.2.1 Normal stress flow through experiments 

The vertically saw-cut saturated samples were confined to the target confining pressure of 43 MPa, and the mean pore fluid pressure was 

varied stepwise to modify the effective normal stress on the vertical saw-cut which ranged from 28 to 40 MPa. At every step, a differential 

pressure of 0.3 MPa was imposed between the top and bottom pressure controllers to establish a constant flow rate which was measured 

through the fracture (Figure 2b). The transmissivity of the fracture was determined using Darcy’s law as (Rutter and Mecklenburgh, 2018):  

𝑘𝑡 = 𝜇.
𝑄

𝑤. (
Δ𝑝𝑓

𝐿 )

 

(1) 

Where 𝜇 is the dynamic viscosity of the fluid, Q is the steady state flow rate, w the fracture’s width, L its length, and Δ𝑝𝑓 the differential 

pressure imposed.  

2.2.2 Shear stress and displacement flow through experiments 

The 30° saw-cut saturated samples were confined to either 15 or 35 MPa for low stress and high stress experiments. This time, the mean 

pore pressure was set to 5 or 15 MPa respectively to have effective confinements of 10 and 20 MPa. Then, the axial displacement was 

increased stepwise (0.1 mm per step) at constant displacement rates of 10-6 mm.s-1 to allow fluid pressure-volume equilibrium in the 

samples during shearing (Figure 2c). Under this saw-cut configuration, the stresses on the fault were calculated as:  

𝜏 =
(𝜎1

′−𝜎3
′)

2
sin(2𝜃) , for shear stress, and 

(2) 

𝜎′𝑁 = 
(𝜎1

′+𝜎3
′)

2
−

(𝜎1
′−𝜎3

′)

2
cos(2𝜃) , for normal stress 

(3) 

with 𝜎1
′ the effective axial stress on the sample, 𝜎3

′ the effective confinement, and 𝜃 the angle between the fracture and the vertical. 

The total axial displacement after 10+ steps was usually of ~1.1mm, resulting in a final shear offset of ~1 mm (Figure 2c). A fter each 

displacement step, the axial piston was held in position for transmissivity measurement. After the natural relaxation of differential stress, 

a pore fluid pressure differential of 0.3 MPa was imposed to measure transmissivity under steady -state flow configuration. Under the 

elliptical fault geometry of shear experiments, the transmissivity can be expressed as: 

𝑘𝑡 =

𝑄. 𝜇 . loge (
2𝑎𝑒
𝑟0

− 1)

𝐵. 𝜋. Δ𝑝f
 

(4) 

with 𝑎𝑒 the half distance between the injector and extractor boreholes, 𝑟0  the borehole diameter, and 𝐵 a constant close to unity. It is 

noteworthy that here we use Δ𝑝𝑓 rather than 
d𝑝𝑓

𝑑𝑥
 as was wrongly written in Acosta et al. (2020) and Rutter and Mecklenburgh (2018). In 

Acosta et al. (2020) the calculations were correctly performed but the error in the written equation was kept in the final manuscript. For 
details on the correction for fluid flow through elliptical fractures using injection/extraction boreholes, the reader is referred to Ji et al.  

(2022). 
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Figure 2: Experimental set-up and flow through experiments. a. The Hoek-cell tri-axial set-up with customized fluid pressure 

system for flow through experiments (After Noël et al., 2019). b. Example normal loading experiments. Axial stress and 

confining pressure were fixed at 43 MPa. The changes in mean fluid pressure led to a change in effective normal stress 

applied on the fracture. b, Left panel: Upstream and downstream fluid pressures versus time. b, Right panel: Upstream 

and downstream volumes versus time. The imposed differential pressure resulted in a symmetric volume rate at the 
pressure/volume controllers which was held until achieving a steady state. Inset shows zoom on one example of the flow 

rate versus time. c Example of shear loading experiments. c, Top panel: Axial force (black) and axial displacement (green) 

versus time. The increase in axial displacement led to a spontaneous evolution of the axial  force (therefore of shear and 

normal stress) applied on the 30° saw-cut fracture. c, Bottom panel. Fluid pressures (left x-axis) and volumes (right y-axis) 

versus time. A differential pressure of 0.3 MPa was imposed at every displacement step to measure transmissivity in steady 
state. Insert shows a zoom on one example of the flow rate versus time. The example in panel c. is given for an experiment 

at 10 MPa effective confinement. Figure is modified from Acosta et al. (2020) 

2.3 Numerical modelling of fracture transmissivity under normal stress 

We model the transmissivity of a rough fracture submitted to normal stress by combining three open-source procedures as follows:  

1) Generation of artificial rough surfaces: 

The roughness parameters (hRMS, H, qr) from the measured initial surfaces’ PSD’s (Figure 1f; Figure 6e-g) are input into the algorithm of 

Kanafi (2019) which generates an artificial rough surface similar to the experimental one. On top of it, we manually  add a macroscopic 

wavelength (singularity in the PSD) such that the roughness parameters are conserved (See Acosta et al., 2020; and Jacobs et al., 2017 for 

details). An example of the numerical wavy rough surface is given in Figure 3a and can be compared visually to figure 3d (the latter being 

a subset of the whole surface).  

2) Simulation of normal contact: 

We use the half-space based dry contact model from Tribonet (Lubrecht and Ioannides, 1991; Polonsky and Keer, 1999; Akchurin et al.,  

2015 ) which considers a double-continuum convolution integral to calculate the deflection of the contacts at each mesh node and its effect 

on all the surrounding nodes. Two rough surfaces are put in contact and the solid material is assigned an elastic-perfectly-plastic 

constitutive law (saturated elastic deformation) whose parameters were measured experimentally (See Acosta et al., 2020’s annex for 
details). The material Young’s modulus is taken as 30.2 GPa, its Poisson’s ratio 0.3, and the yield stress as 0.2 GPa (saturation threshold, 

Violay et al., 2013). As a result, contact maps accounting for mechanical interactions between two rough surfaces are generated (Figure3b). 

As expected, with increasing applied normal stress, the contact distribution changes (overall the contacts grow and new contacts appear) 

and the real area of contact increases. This procedure generates a realistic distribution of contacts (or asperities) for a given normal stress, 

and thus realistic geometrical apertures in the rough fracture. 

3) Simulation of fluid flow through the fracture: 

To simulate fluid flow through the rough fracture (Figure 3c), we input the contact map (or rather the aperture map) into a finite volume 

formulation model that solves the Reynolds boundary layer approximation for fluid flow (simplified to the local cubic law; Crandall et 

al., 2017; Brush and Thompson, 2003; Reynolds, 1886). This model assumes that the variations in aperture are gradual (it holds because 
ℎ𝑅𝑀𝑆

𝜆
≪ 1 and 

𝐿

𝜆
>10, for details refer to Acosta et al., 2020) so that the boundary layer approximation can be written:  

∫ 𝜌. [
𝑒𝑚

3

12. 𝜇𝑠
. ∇𝑝]. 𝑛̂. 𝑑𝑆  = 0 
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(5) 

Where 𝜌 is fluid density, em(x,y) the local geometrical aperture, S the domain’s surface, and 𝑛̂ the outward unit vector to each local 

element. We use boundary conditions representative of the experimental problem. 

 

Figure 3: Numerical modelling of fluid flow through rough surfaces. a. Example of one artificially generated surface, colorbar 
accounts for the height distribution. b. results from normal contact simulations. Zoom on a 10 mm*5 mm part of the 

surface representing the contact area between two rough surfaces. Different contact areas under confining pressures are 

shown (28, 34, 40 MPa are respectively the thin red, blue, and thick turquoise contours) c. Example of a flow through 

simulation performed with the contact area at 𝝈𝑵
′ =28 MPa as input. Colorbar shows the flow rate magnitude through the 

fracture in logarithmic scale. d. Example of the corresponding experimental surface map (same colorbar as a.) and sample 

configuration for the simulations (not to scale). 

3. RESULTS 

We present the results from Acosta et al. (2020). In each figure, a schematic legend shows the corresponding sample’s roughness, with 

the directions of flow and shear that correspond to the experiment/numerical simulation. We first present the results of experiments and 

numerical simulations of normal loading set-up. Then, we present the results of shear loading experiments and the corresponding 

microstructures.  

3.1 Normal stress experiments and numerical procedure 

Figure 4a shows the results of normal stress experiments. Dashed lines represent a first run-in phase for sample transmissivity, and full 

lines represent the results considered in the analysis. It is noteworthy that in permeability/transmissivity measurements, the run-in cycle 

usually presents different results from further cycles (see Rutter and Mecklenburgh, 2017; 2018, and Acosta et al., 2020 for details). The 

experimental sample 𝑀LO showed transmissivities ranging from 3.05e-18 m3 at 𝜎3′=28 MPa down to 0.76 e-18 m3 at 𝜎3′=40 MPa. Then, 

𝑀SO showed transmissivities half an order of magnitude smaller than those of 𝑀LO (ranging from 0.49e-18 m3 down to 0.17 e-18 m3 at 

𝜎3′=40 MPa). The sample with no imposed macroscopic wavelength, 𝑀𝑓  had transmissivities ranging from 0.23e-18 m3 down to 0.15 e-

18 m3. The transmissivities were close to those of 𝑀𝐿𝑂 and 𝑀SO but the decay with increasing confinement was smaller in this experiment 

with respect to the samples with macroscopic wavelength. The sample 𝑀LP , had transmissivities ranging from 0.48e-18 m3 at 𝜎3′=28 MPa 

down to 0.20 e-18 m3 at 𝜎3′=40 MPa. The transmissivities were almost half an order of magnitude lower than those of 𝑀𝐿𝑂 and close to 

those of 𝑀SO. 

Figure 4b shows the results of numerical transmissivity simulations for fully mated surfaces (circles) and fully un-mated surfaces 

(triangles). The simulations for fully mated surfaces are in strong compatibility with the experimental results within a factor of 2.5 (Figure 
4c) whereas for un-mated surfaces, the numerical simulations overpredict transmissivity by ~3 orders of magnitude. The numerical results 

show that for mated surfaces, the initial roughness can strongly affect the exponential decay of transmissivity with effective stress (fits in 

figure 4b) but that overall, a decrease in effective stress of ~15 MPa can change the fracture’s transport capacity by 1+ orders of magnitude. 

Note that the effective stress studied in this work remains high and this effect could be more intense at low stress values. The 2.5 factor 

of error between predicted/measured transmissivities probably exists because experimental samples are rarely in a fully mated 
configuration due to imperfections in the surfaces which disappear in the numerical procedure (which reproduces perfectly wavy rough 

surfaces, perfectly mated). 
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Figure 4: Experimental and numerical results of transmissivity versus effective normal stress. A. Experimental results for the 4 

sample configurations. b. Numerical results, circles represent mated surfaces (fully imbricated) and triangles represent 

un-mated surfaces. c. Comparison of numerical and experimental transmissivities. When the surfaces are mated, the 

numerical procedure represents very well the experimental values within a factor of 2.5.  

3.2 Shear stress experiments and microstructures 

Figure 5 shows for each sample’s roughness, the evolution of shear stress versus axial displacement (left y -axis, solid lines), and the 

evolution of transmissivity (right y-axis, dotted lines). In each panel, we show two experiments: one conducted at low effective confining 

pressure (10 MPa, lighter colors), and one conducted at high effective confining pressure (20 MPa darker colors).  

In all experiments, we observe a decrease in transmissivity during elastic loading (steep part of the shear stress-displacement curve) of 1+ 

orders of magnitude. This seems reasonable since in our configuration, the normal stress also increases during this phase (See Acosta et 

al., 2020 for details). Then, once the fault starts sliding, the transmissivity either decreases or remains almost cons tant with no significant  

increase of transmissivity in any case (flat part of the shear stress-displacement curve). Finally, when stress was unloaded, transmissivity 

slightly increased (of ~0.1 orders of magnitude) but remained ~1 order of magnitude lower than before shear displacement at the same 
stress levels. It is noteworthy that at lower effective confinement (e.g. lower normal stress), transmissivity was 1 to 2 orders of magnitude 

larger than at higher stress for the initial measurement (no displacement, no differential stress), for the measurements at the end of elastic 

loading, during shear displacement and after unloading. These results will be discussed further in section 4.  

Microstructures are presented in Figure 6. Surface topography maps of intact samples in Figure 6a1 to 6d1, of sheared samples for 

experiments conducted at 𝝈𝟑
′ = 10 MPa in Figure 6a2 to 6d2, and of sheared samples for experiments conducted at 𝝈𝟑

′ = 20 MPa in Figure 

6a3 to 6d3. The radially averaged 2D PSD curves are given in Figure 6e, 6f, and 6g respectively for intact samples, sheared at 10 MPa 

effective confinement, and sheared at 20 MPa effective confinement . 

The PSD’s presented a first part where the power spectral density was close to constant  with increasing wavenumber until the roll off 

wavevector 𝑞𝑟  (Figure 1f and Figure 6e-g). There, the macroscopic wavelengths appeared as a peak (singularity) in the PSD curves. As 

the wavenumber increased past qr, a second part having a power law dependence on wavenumber could be characterized by the power 

−2(𝐻 + 1) with 𝐻 the Hurst exponent (Candela et al., 2012; Jacobs et al., 2017). Finally, the area under the PSD curves represents the 

Root Mean Square of heights (ℎRMS) which is the standard deviation of the heights distribution (Candela., 2012; Jacobs et al., 2017 and 

references therein). Prior to deformation, for 𝑞< 𝑞𝑟 , the samples 𝑀LO had PSD amplitudes (C(𝑞<𝑞𝑟 ) ~ 2.10-19 m4), and the samples 𝑀SO 

and 𝑀LP  had smaller PSD amplitude prior to roll off (C(𝑞<𝑞𝑟 ) ~7-8.10-20 m4). Finally, the sample with no macroscopic wavelength -𝑀f- 

had the smallest PSD amplitudes prior to roll-off (C(𝑞<𝑞𝑟 ) ~1.10-20 m4). The roll of wavenumbers were the smallest for 𝑀LO, 𝑀LP  and 

𝑀SO (𝑞𝑟~6900 rad.m-1). 𝑞𝑟  were larger for the sample with no macroscopic wavelength 𝑀f (𝑞𝑟~10000 rad.m-1). Regarding Hurst exponents 

determined from the slope of the PSD curves, the samples 𝑀LO and 𝑀SO had 𝐻 respectively 0.47 and 0.60. The sample with no 

macroscopic wavelength 𝑀f had lower 𝐻~0.44 and finally 𝑀LP  had 𝐻~0.59. The largest ℎ𝑅𝑀𝑆 were calculated for 𝑀LO and 𝑀SO (~9.0 

and 8.0 𝜇𝑚 respectively). Then, 𝑀f had lower ℎ𝑅𝑀𝑆 ~4.5 𝜇m and finally 𝑀LP  had ℎ𝑅𝑀𝑆~7.5 𝜇m. The sample 𝑀LO had a macroscopic 
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wavelength 𝜆= 1.7 mm with while the 𝑀SO surfaces had 𝜆= 0.9 mm. Both samples had an imposed wavelength amplitude of 11 𝜇𝑚.  

Finally, 𝑀LP  had 𝜆= 1.7 mm with an amplitude of ~9 𝜇𝑚 (fore details go to Acosta et al., 2020). 

 

Figure 5: Coupled evolution of fault’s shear stress, and transmissivity in response to axial loading. In all panels, left y-axis shows 

shear stress right y-axis shows fault’s transmissivity (circles) and x-axis is the axial displacement. Note that the shape of 

normal stress evolution is like that of shear stress, so shear displacement occurs at relatively constant normal stress (see 
Acosta et al., figure 4 for details). Darker and lighter colors represent experiments conducted at 20 and 10 MPa effective 

confining pressure respectively. a. Experiments on sample 𝑴𝑳𝑶. b. Experiments on sample 𝑴𝑺𝑶. c. Experiments on sample 

𝑴𝒇. d. Experiments on sample 𝑴𝑳𝑷. 

We observe that for sheared samples, the presence of a third body appears after the experiment. The surface topography strongly changes 

both due to the appearance of the third body (gouge) and shearing off of certain topography features. This effect becomes stronger with 

increasing confinement (compare lines 1, 2 and 3 of the topography maps). The amount of change is dependent on the initial surface 
roughness (compare line 3a to d of the topography maps). It appears visually in the topography maps as new grooves in the sense of shear. 

The change in surface topography manifests in the PSD as a decrease in the height of the singularity (macroscopic wavelength) as well as 

in the homogenization of the PSD curves. Indeed, the initial sample PSDs (Figure 6e) presented a bi-linear evolution with wavevector (at 

wavevector qr, Figure 6e) which is less marked in sheared samples (Figure 6f, 6g). The PSDs present more and more self-affine features 

with shear. 

4. DISCUSSION 

4.1 The effects of normal stress and roughness on fracture transmissivity: reservoir preconditioning 

We showed that the hydraulic transport properties of rough fractures are strongly controlled by the application of normal stress. The 

normal stress dependence of transmissivity depends on the surface geometries, the roughness parameters, and the imbrication of the 

fractures (largest features). This has been shown in Section 3; and some of these features were shown in in previous studies (Chen et 
al.2000; Watanabe et al., 2008; 2009; Patir and Cheng, 1978; Iwai, 1976; Pyrak-Nolte et al., 1988; Walsh, 1981; Witherspoon et al., 1980; 

Rutter and Mecklenburgh, 2017; 2018). The numerical results are remarkably consistent with the experimental data (more than 90% of 

the points are contained within a factor 2.5 from the experimental data) and thus, we can use the numerical procedure to explore the 

influence of different roughness parameters on the transmissivity of rough fractures (Figure 7a, and 7b). We systematically modified the 

roughness parameters for wavy rough surfaces (with a macroscopic wavelength, Figure 7a1 to 7a4). We observe that H and qr have very 
little influence on transmissivity (Figures 7a 1 and 7a2) within reasonable values for natural and laboratory fractures (Candela et al., 2009; 

Acosta et al., 2020). Macroscopic wavelength (Figure 7a3) and hRMS (Figure 7a4) have the largest influence both on transmissivity and 

on its exponential decay with increasing normal stress. We then explored the transmissivity values in this parameter space for a constant 

normal stress of 28 MPa (Figure 7b). Transmissivity has a non-monotonic dependence on these two parameters with more than 4 orders 

of magnitude difference in the parametric space. This result shows how important the roughness parameters are when trying to predict 

fluid flow through fractures.  
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Figure 6: Microstructural and roughness analysis. a-d. Experimental surface topography maps. Colorbar represents the measured 
heights over the area. The transects in x-axis and y-axis in dotted lines are presented in the top and left plots respectively. 

For reference, a red bar represents 30 micrometer height. a1 to d1. Maps of surface roughness before deformation. a2 to 

d2.  Post-deformation surfaces for experiments conducted at 10 MPa effective confinement. a3 to d3. Post-deformation 

surfaces for experiments conducted at 20 MPa effective confinement. First column represents samples 𝑴𝑳𝑶 (panels a1, a2, 

a3.); second column represents samples 𝑴𝑺𝑶 (panels b1, b2, b3); third column represents samples 𝑴𝒇 (panels c1, c2, c3.); 

and fourth column represents samples 𝑴𝑳𝑷 (panels d1, d2, d3). Panels e, f, g. represent the measured radially averaged 

PSD’s for rows 1 (initial rough surfaces), 2 (surfaces after shear deformation at 10 MPa effective confinement), and 3 
(surfaces after shear deformation at 20 MPa effective confinement). Panel h. depicts a sketch of the surface geometries 

with the colors represented in all the other panels. 

Because of the difficulty in estimating a fracture’s roughness in natural geothermal (or other geo-energy reservoirs), we propose that one 

of the best paths to improve the reservoir’s transport capacity is to somehow reduce the stress levels in the reservoir prior to the production 

phase and maintain low stress levels during it. This could be done either through two main strategies: 

1) Long term hydraulic pre-conditioning: If several wells are drilled into the reservoir, slowly injecting fluids in all wells during 

preconditioning can help reduce the effective normal stress in the reservoir at rates that allow the rock fractures to equilibrate stresses 

to avoid large magnitude seismicity. Of course, much care must be taken not to reach the failure envelope of the optimally oriented 

fractures avoiding their reactivation, and potential induced seismicity. Then, once the reservoir reaches lower effective stress levels, 
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injection/production on the reservoir should be improved because fractures operate at much lower stress levels than under the initial 
conditions and their transmissivities could be increased. If we extrapolate values from our measurements to the problem in question, 

assuming the overall effective stress in the fractures decreases from 36 to 28 MPa due to pre-conditioning, their transmissivity could 

increase from ~2e-19 to 5.5e-19 m3 in the worst roughness case scenario, or from ~6e-19 to 3e-18 m3 in the best roughness case 

scenario. For an equivalent square fracture in the reservoir of size L=w, and with an imposed differential pressure between fracture’s 

ends of 1 MPa, the fluid flow in that reservoir should increase from 0.22 to 0.61 e-6 l.s-1 in the worst-case scenario or from 0.67 to 3.3 
e-6 l.s-1. A significant increase in fluid flow through the fracture can be achieved this way. The main inconvenient of this method is 

that even though the normal stress can be decreased by injecting pressurized fluids, the shear stress is not expected to decrease or at  

least not significantly. Therefore, the risks of seismicity remain high, even though productivity has indeed increased. 

2) Thermal preconditioning: The details of reservoir thermal preconditioning can be found in Fryer et al. (2020). The main idea is to 

exploit the faulting regime’s characteristics of stress orientation to inject fluids that will cool the reservoirs (or zones close-to the 
reservoir). This will generate thermal contraction/dilation in the reservoir such that the normal and shear stresses decrease in the 

reservoir prior to production (Figure 7b). Aside from the concept detailed in Fryer et al. (2020), it has been shown that stress depletion 

effect due to reservoir operations can be 60% hydraulic and 40% thermal in nature (Im et al., 2021) in the case of the Coso geothermal 

field. Such stress depletion resulted in a notable lack of aftershocks from the 2019 Ridgecrest  earthquake within the area of the 

geothermal field. This effectively shows that, by preconditioning a reservoir, one can achieve lower levels of seismicity due to stress 
depletion. Considering our results, one should also expect higher transmissivities in the reservoir’s fractures and so higher flow rates 

for production of geothermal fluids. Extrapolating our results and considering the ‘preconditionment’ results from Im et al. (2021), 

the flow rates could increase of more than 2 orders of magnitude in a set -up such as the Coso reservoir. The main drawback of this 

method is that cooling down the reservoir can result in lower power production due to the lower temperatures reached. Overall, an 

optimization of heat extraction could be done for a reservoir design. 

 

Figure 7: Parametric analysis of the influence of surface roughness on transmissivity and concept of reservoir preconditioning. a.  

Parametric analysis of transmissivity versus effective stress for 1) flat rough surfaces (no macroscopic wavelength, panels 
a1 to a3). 2) wavy-rough surfaces (with macroscopic wavelength, panels a4 to a7). Each panel represents the variation of a 

given roughness parameter. Overall, the macroscopic wavelength and root mean square roughness have the most control 

on transmissivity. b. Contour plot of transmissivity in rough wavy surfaces (grooves sub-orthogonal to fluid flow). The 

fault’s transmissivity (in log scale) is computed as function of the root-mean-square roughness (𝒉𝐑𝐌𝐒) and the macroscopic 

wavelength. Effective pressure considered for this plot is 28 MPa. The transmissivity is strongly non-monotonic with these 

two parameters. c. After Im et al. (2021). This panel illustrates the concept of reservoir preconditioning, it represents the 
evolution of normal and shear stress over 30 years of geothermal reservoir operations at the Coso geothermal field from 

numerical simulations. The fluid injection/extraction operations combined with the thermal cooling of the reservoir result 

in an overall decrease of the normal and shear stress applied on reservoir faults of more than 20 MPa in normal stress and 

10 MPa in shear stress. As a result, the region was depleted of aftershocks following the 2019 Ridgecrest earthquake. 

S imilar reservoir pre-conditioning concepts were proposed by Fryer et al. (2020). 

4.2 The effects of shear stress and displacement on fracture transmissivity: efficiency of hydro-shear techniques 

We showed that small shear displacements on rough fractures do not increase their transmissivity under any surface roughness  

configuration. This result (confirmed by the experiments of Rutter and Mecklenburgh, 2017; 2018; Faoro et al., 2009; Tanikawa et al., 
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2010) is counter-intuitive towards the common knowledge regarding fracture reactivation in shear. Usually, hydro-shear stimulation 
techniques assume that shear slip on a fracture results in an increase of its hydraulic transport capacity due to shear induced dilatancy (for 

example see Cladouhos et al., 2010; Breede et al., 2013, Cornet, 2016; Ciardo and Lecampion, 2019; Carey et al., 2015; Guo et al., 2013; 

Ishibashi et al., 2012; Lee and Cho, 2002; Yeo et al., 1998; Zambrano et al., 2018; Pyrak-Nolte et al., 1988; Olsson and Brown, 1993; 

Esaki et al., 1999; Wenning et al., 2019). Most of these previous experimental studies induced very large shear displacements on fractures 

submitted to very low normal stress to observe the increase in transmissivity. In deep geothermal reservoirs, stimulations that generate 
large shear displacements are usually associated with the occurrence of large magnitude seismic events and thus need to be avoided. In 

addition, we expect that at deep reservoir depths, stresses are higher than 10 MPa in most cases. 

In Figure 8a, we present a conceptual diagram of what could be occurring in our experiments with respect to the usual knowledge applied 

to hydraulic stimulations: At low normal stress, increasing shear stress will result in asperities riding past one another (Engelder and 

Scholz, 1976; Morad et al., 2022). For long enough displacements, this should result in a permanent increase of transmissivity due to 
geometrically induced shear dilatancy (Figure 8a top and bottom left panels). On the other hand, in our experiments, and in deep geo-

eenergy reservoirs, the mechanism seems different: at high normal stress, creation of shear displacement is the result of asperities failing 

in shear (Figure 8a top and bottom right panels, Engelder and Scholz, 1976; Morad et al., 2022). This not only does not allow (or reduces) 

geometrically induced shear dilatancy but generates large amounts of gouge that block the hydraulic paths for fluid flow as was observed 

in our experiments (Figure 6, and section 3.2) and was very recently demonstrated experimentally on rough faults by Morad et al. (2022). 
Such mechanism at high stress (and small shear displacements) results in a stress-transmissivity evolution with shear displacement as the 

one observed in our experiments (Figure 8b). We can well imagine that, at high stresses, the hydro-shear stimulation efficiency is reduced 

compared to low stress conditions, another reason why the reservoir preconditioning technique can be useful.  

Finally, some limitations of this study are: (1) it is noteworthy that our experiments simulate a young fracture with no pre-existing shear 

displacement, and no clogging. If  the fractures are ‘clogged’ (due to the presence of frictional wear products or by mineral precipitation), 
it is highly possible that shear reactivation, followed by an unclogging treatment (chemical or hydraulic for example) does increase the 

fractures transmissivities (Elkhoury et al., 2011). This should be studied in future work and can lead to a new view on hydro-shear 

stimulations. (2) The experiments presented by Acosta et al. (2020) were run in calcite bearing samples. Calcite has a yield stress od ~200 

MPa, meaning that asperity contacts will plastify under low nominal fracture normal stress. In the case of silicate-bearing rocks, the yield 

stress should be 10-50X larger thus, the evolution of the aperture field should be drastically different with increasing stress. The wear 
processes will also differ in silicate bearing rocks thus the flow channeling should differ with increasing shear displacement. This is the 

target of ongoing work. 

 

Figure 8: Conceptual diagram of the influence of normal stress and shear displacement on fracture’s geometrical and hydraulic 

aperture. a. four different fracture contact states with increase of normal stress (left to right) and increasing shear 
displacement (top to bottom). The hydro-shear stimulation technique assumes that reactivation in shear leads to dilatancy 

and thus to increased transmissivity. This could be true at low effective normal stress  conditions if the contacts are not 

broken but rather ‘ride’ past one another (top left and bottom left panels, Engelder and Scholz, 1976). At high effective 

normal stress, the transmissivity of the fracture is much lower than at low values. When shear displacement occurs at such 

high stresses, the contacts are sheared rather than simply displaced (Engelder and Scholz, 1976), this process results in a 
near constant (or decreased) transmissivity with increasing shear displacements. The production of gouge can also block 

hydraulic channels, as has been shown in this study. b. Depiction of the evolution of transmissivity with increasing 

displacement as measured in this study for all surface roughness configurations: when irreversible shear displacement 

occurs, transmissivity remains almost constant, as observed also by Rutter and Mecklenburgh (2018) in other rock 

lithologies. 

5. CONCLUSIONS  

We presented the results of Acosta et al. (2020) that developed an experimental technique to customize the surface roughness of real-rock 

samples which had a fully controlled geometry, precisely measured, and analyzed. The fractures were experimentally loaded under deep 

reservoir conditions (both under normal and shear loading) to study fluid flow through them. 
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We observed that the main controls on fluid flow through rough fractures are the surface geometry and the stress applied on the fracture 
(normal to the fracture plane). Regarding surface geometry, we observed that the imbrication of the main wavelengths, the hRMS, and 

magnitude of the macroscopic wavelengths had a much larger influence on fluid flow than the Hurst exponent and the roll-off wave-vector 

of the power spectral density of heights. The application of normal stress significantly reduced fluid transp ort capacity compared to the 

application of shear stress. A numerical procedure could reproduce well hydraulic transport through rough fractures under normal stress 

by using a contact mechanics approach for the geometrical aperture distribution. Finally, small irreversible shear displacements (< 1mm) 
did not increase the fluid transport capacity of the rough fractures. For more details on experimental methods and results, the reader is 

referred to Acosta et al. (2020). 

Further work is needed to develop a numerical procedure that allows simulating fractures under both normal and shear stresses. The target 

model should also include examination of shear induced plastic deformation and wear processes. This would allow coupling the evolution 

of fault roughness with the hydraulic transport properties as shear reactivation occurs. In addition, the issue of porosity unclogging in the 
fracture’s core has been neglected in all this analysis. This should be the target of future experiments. Finally, the experiments of Acosta 

et al. (2020) were conducted in carbonate rocks, the flow channeling processes could be drastically different in silicates, reason why the 

conclusion should be re-evaluated in the light of experiments on silicates.  

In the light of our results, during EGS stimulations, small shear displacements will not significantly increase the reservoir’s permeability 

(unless porosity unclogging occurs). In turn, reducing the effective stress on the reservoir’s fractures and faults will generate large 
permeability increases and improve the ability to predict its evolution. We discussed possible improvements on stimulation strategies for 

EGS reservoirs. 
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