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Abstract
The hydromechanical properties of single self-propping fractures under stress are of fundamental interest for fractured-
rock hydrology and a large number of geotechnical applications. This experimental study investigates fracture closure and 
hydraulic aperture changes of displaced tensile fractures, aligned tensile fractures, and saw-cut fractures for two types of 
sandstone (i.e., Flechtinger and Fontainebleau) with contrasting mechanical properties, cycling confining pressure between 
5 and 30 MPa. Emphasis is placed on how surface roughness, fracture wall offset, and the mechanical properties of the con-
tact asperities affect the self-propping potential of these fractures under normal stress. A relative fracture wall displacement 
can significantly increase fracture aperture and hydraulic conductivity, but the degree of increase strongly depends on the 
fracture surface roughness. For smooth fractures, surface roughness remains scale-independent as long as the fracture area 
is larger than a roll-off wavelength and thus any further displacement does not affect fracture aperture. For rough tensile 
fractures, these are self-affine over a larger scale so that an incremental fracture wall offset likely leads to an increase in 
fracture aperture. X-ray microtomography of the fractures indicates that the contact area ratio of the tensile fractures after 
the confining pressure cycle inversely correlates with the fracture wall offset yielding values in the range of about 3–25%, 
depending, first, on the respective surface roughness and, second, on the strength of the asperities in contact. Moreover, the 
contact asperities mainly occur isolated and tend to be preferentially oriented in the direction perpendicular to the fracture 
wall displacement which, in turn, may induce flow anisotropy. This, overall, implies that relatively harder sedimentary rocks 
have a higher self-propping potential for sustainable fluid flow through fractures in comparison to relatively soft rocks when 
specific conditions regarding surface roughness and fracture wall offset are met.

Keywords  Self-propping fracture · Mechanical aperture · Hydraulic aperture · Normal stress · Fracture wall offset · Surface 
roughness

1  Introduction

Sufficient amounts of fluid need to be circulated through 
rock masses in the upper crust at depths as deep as 4–5 km 
for an economic utilization of reservoirs, e.g., as enhanced 
geothermal systems (Blöcher et al. 2016; Kushnir et al. 
2018) or for unconventional oil and gas extraction. Frac-
tures, predominantly controlling fluid flow in low perme-
able rocks, are crucial in this regard. Consequently, the 

hydromechanical properties of rock fractures have received 
attention in numerous studies in the past (e.g., Bandis et al. 
1983; Raven and Gale 1985; Zimmerman and Bodvarsson 
1996; Sausse 2002; Konzuk and Kueper 2004; Rutqvist 
2015). The property of single self-propping fractures under 
normal stresses is the one of the most fundamental prob-
lems in fractured-rock hydrology and is the starting point to 
understand more complex systems, e.g., shear fractures or 
fracture networks. To quantitatively characterize fluid flow 
through a single rock fracture, which is deformable under 
normal stresses, the notions of mechanical and hydraulic 
aperture are commonly considered (Witherspoon et al. 1980; 
Barton et al. 1985; Zimmerman et al. 1992). The mechanical 
aperture is the arithmetic mean of the separation distance 
between the opposing fracture surfaces, while the hydraulic 
aperture represents the equivalent flow through a fracture 
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idealized as two smooth, parallel plates applying the so-
called “cubic law” (Zimmerman and Bodvarsson 1996).

Numerous experimental studies on the hydromechani-
cal properties of single fractures have previously been per-
formed, generally considering a lithostatic load equivalent 
to 1–3 km crustal depth (23 MPa/km) (Bandis et al. 1983; 
Hofmann et al. 2016; Milsch et al. 2016; Vogler et al. 2016; 
Crawford et al. 2017) but in some cases down to 7 km depth 
(Kranzz et al. 1979; Durham and Bonner 1994). Experi-
mentally it showed, that a mismatched joint in granitic rocks 
remains hydraulically conductive under normal stresses up 
to 160 MPa (Durham and Bonner 1994). Moreover, fractures 
in granite and granodiorite are hard to completely close, 
either mechanically or hydraulically, under purely normal 
stresses (Hofmann et al. 2016; Vogler et al. 2016) unless the 
fracture surfaces are mated and/or subjected to extremely 
high loads (Kranzz et al. 1979; Durham and Bonner 1994). 
In addition, studies on fractures in other rock types, such 
as slate, sandstone, dolerite, and limestone, essentially 
yielded similar results (Bandis et al. 1983; Crawford et al. 
2017), which permit to conclude that the permeability of 
mismatched fractures is more sustainable in comparison to 
aligned fractures at the same normal stress conditions.

In the past, valuable insights into the mechanisms of 
stress-dependent hydromechanical properties of self-prop-
ping fractures were obtained. The main factors that control 
fracture deformation and fluid flow are the surface rough-
ness (Bandis et al. 1983), fracture wall offset or shear dis-
placement (Plouraboué et al. 1995; Vogler et al. 2016; Fang 
et al. 2018; Kluge et al. 2021), number of loading–unload-
ing cycles (Brown and Scholz 1985; Hofmann et al. 2016; 
Milsch et al. 2016), fracture size (Raven and Gale 1985), 
direction of fluid flow relative to the fracture wall displace-
ment (Thompson and Brown 1991; Auradou et al. 2005; 
Watanabe et al. 2008; Nemoto et al. 2009; Lang et al. 2018), 
and fracture types, i.e., either natural or artificially generated 
(Kling et al. 2016; Vogler et al. 2016). The main conclusions 
drawn from these previous studies can be summarized as fol-
lows: (1) the irreversible deformation (permeability decline) 
after each loading–unloading cycle reduces with the number 
of cycles. Generally, 3–4 full cycles can efficiently eliminate 
any inelastic deformation component. (2) The degree of frac-
ture closure strongly depends on the fracture surface topog-
raphy as well as on the elastic properties of the material. (3) 
Artificially displaced fractures show shear dilation due to the 
mismatch between the surfaces. (4) The larger the relative 
fracture wall displacement, the less is the stress-dependent 
permeability reduction and anisotropy. (5) A shear fracture 
under normal stress shows shear dilation with gouge pro-
duction and permeability variations depending on fracture 
surface properties. (6) A permeability reduction is more 
pronounced when the flow direction is oriented in parallel 
to the fracture wall displacement. (7) Flow channelling and 

tortuosity increase with increasing normal stress. (8) The 
contact area ratio, defined as the ratio between the contact 
area of the asperities and the nominal fracture area non-
linearly varies with aperture closure. Overall, the intrinsic 
rock properties, e.g., the fracture surface roughness and its 
mechanical behavior, fundamentally determine the proper-
ties mentioned before.

Previously, most experimental studies were performed on 
igneous rocks. However, for enhanced geothermal systems 
(Blöcher et al. 2016) or unconventional oil and gas exploita-
tion, the fracture behavior in low permeability formations 
consisting of sedimentary rock such as tight sandstones, silt-
stones, and shales is of paramount interest. In this context, 
hydraulic fracturing is crucial for increasing the transmis-
sivity of the formations (Blöcher et al. 2016; Zimmermann 
et al. 2018; Hofmann et al. 2019). Here, the generated frac-
tures are tensile or shear fractures, depending on the stress 
field. Hydraulic fractures, generally, propagate in the direc-
tion perpendicular to the minimum principal stress (Zhuang 
et al. 2020). However, for sedimentary formations contain-
ing bedding layers or other anisotropic structural features, 
the fracture plane orientation will be strongly affected by 
the present structure-stress correlation encountered in situ 
(Cosgrove 1995; Huang and Liu 2017). In addition, frac-
ture surfaces generated in sedimentary rocks show differ-
ent spatial correlations (e.g., the Hurst exponent H is about 
0.5 for tensile fractures in sandstone) compared to the ones 
in igneous rocks (e.g., H ≈ 0.8 for fractures in granite and 
basalt) (Boffa and Allain 1998; Ponson et al. 2007; Schmitt-
buhl et al. 2008). Other features (e.g., bedding layers, grain 
sizes) in sedimentary rocks may also affect fracture surface 
roughness. Consequently, it is necessary to investigate the 
self-propping potential of sedimentary rock fractures with 
different features to conclude whether these fractures are 
sustainable, thus allowing for sufficient fluid flow under 
stress. This information will then help to decide whether 
proppants should be used in such reservoirs or not.

In summary, the fracture surface roughness, the degree 
of geometric matching of the opposing fracture surfaces, 
and the mechanical properties of the fracture are the key 
factors that determine fracture deformation and fluid flow. 
In this study, sedimentary rocks, i.e., two types of sandstone 
are investigated regarding the mechanical and hydraulic 
response of different fracture configurations on effective 
pressure cycles. A softer, more compressible rock is com-
pared to a stronger one, as are tensile fractures with different 
degrees of displacement and saw-cut fractures. This study 
emphasizes how the key factors mentioned before affect 
fracture aperture, both mechanically and hydraulically, 
when the normal stress on the fracture plane is varied and, 
moreover, what the correlation between the aperture distri-
bution, the fracture wall offset, and the contact area ratio 
is. Comprehensive flow-through experiments and drained 
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compression tests were conducted and complemented with 
microstructural investigations by fracture surface scans as 
well as X-ray microtomography (µCT).

2 � Rock Samples and Methodology

2.1 � Sample Preparation and Experimental 
Apparatus

In this study, two types of sandstone were selected for 
hydromechanical experiments to examine the characteris-
tics of single fracture flow subject to normal stress cycles. 
The two rock types were Flechtinger sandstone, quarried 
from an outcrop of the Lower Permian (Upper Rotliegend) 
near Flechtingen, Germany and Fontainebleau sandstone, 
quarried near Fontainebleau, France. The geology, petro-
physics, and mechanical properties of both rocks are well 

known (Fischer et al. 2012; Saadi et al. 2017) and have been 
intensively investigated (Zang et al. 1996; Hassanzadegan 
et al. 2012, 2013; Schepers and Milsch 2013). Fontainebleau 
sandstone is an almost monomineralic sandstone (> 99.5 
wt% quartz), while Flechtinger sandstone is composed of 
quartz (63 wt%), K-feldspar (14 wt%), albite (12 wt%), illite 
(7 wt%), calcite (2 wt%), and hematite (1 wt%) as deter-
mined by X-ray diffraction (XRD). Figure 1 shows optical 
micrographs of the two rock types, where the Fontainebleau 
sandstone possesses a relatively uniform grain size in com-
parison to Flechtinger sandstone. The average grain size of 
both rocks is in the same order of magnitude, i.e., 200 µm for 
Fontainebleau sandstone and 125 µm for Flechtinger sand-
stone as derived from 2-D image analyses.

The basic physical parameters of the two rock types dis-
play significant differences, as shown in Table 1. These sand-
stones represent relatively “soft” (Flechtinger sandstone) 
and “hard” rock (Fontainebleau sandstone), respectively. 

Fig. 1   Optical micrographs and grain size distributions derived from 2-D image analyses using ImageJ (Schneider et al. 2012). a Fontainebleau 
sandstone and b Flechtinger sandstone
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However, both sandstone types used in this study are of low 
matrix permeability in the order of 10–18 m2, as determined 
with a gas permeameter.

The Fontainebleau sandstone used in this study appears 
isotropic and homogeneous. The Flechtinger sandstone is 
relatively homogeneous but microscopically shows bed-
ding layers. The mechanical properties, consequently, vary 
in dependence of the stress orientation relative to bedding 
(Zang et al. 1996). In addition, generated fractures along the 
bedding layers may significantly differ in roughness depend-
ing on whether the layers consist of finer or coarser grains. 
To minimize any influence of bedding on the fracture rough-
ness and the permeability measurements, all sample cores 
were drilled from larger blocks perpendicular to bedding. 
Three cylindrical samples of each rock type (Flechtinger 
sandstone: FF1, FF2, and FF3; Fontainebleau sandstone: 
FOF1, FOF2, and FOF3) with a diameter of 30 mm and a 
length of 40 mm were prepared. The six samples were split 
into two halves using a Brazilian test setup (Fig. 2a) at a 
displacement rate of 2 × 10–6 m/s, yielding negligible edge 
damage. In addition, a rock block was cut using a saw and 
the obtained halves were then tightly attached. Subsequently, 
cylindrical core samples were drilled along the fracture 
located in the core center. Thin section images (Fig. 16) of 
the generated fractures indicate that sawing results in intra-
granular fracturing while tensile fractures mainly form along 
the grain boundaries in Flechtinger sandstone as well as both 
across grains and along grain boundaries in Fontainebleau 
sandstone.

Examples of separated sample halves are displayed in 
Fig. 2b. The respective subsamples were labelled A and B. 
The sample halves were subsequently assembled with or 
without PEEK spacers on the top and the bottom ends to 
create a fixed displacement with offsets of 0.2 mm (FF2 and 

FOF2) (Fig. 2e) and 0.75 mm (FF1 and FOF1) (Fig. 2f). FF3 
and FOF3 were aligned without pre-displacement (Fig. 2d), 
and saw-cut samples (FF4 and FOF4) were obtained 
(Fig. 2c). All samples were then assembled with two plugs 
that connect to the pore fluid system of the flow-through 
apparatus. A heat-shrink tubing jackets the sample to isolate 
the pore fluid system from the confining pressure fluid (sili-
cone oil) and a thin metal sheet placed between the fracture 
gap and the jacket was introduced to minimize any risk of 
jacket punching at elevated confining pressure conditions.

A flow-through apparatus comprising a hydrostatic pres-
sure vessel was used in this study (Milsch et al. 2008). The 
specimen assembly was mounted in the vessel and connected 
to the pore fluid system, which comprises an upstream and 
a downstream syringe pump (ISCO 260D). The hydrostatic 
confining pressure is generated with silicone oil using 
another syringe pump (ISCO 65D). During a flow-through 
experiment, the downstream pump was maintained in con-
stant pressure mode with the upstream pump providing a 
constant fluid flow rate. The flow direction during a test is 
from the bottom to the top of the sample. The differential 
pore pressure between the sample ends is monitoring by 
a differential pressure transducer (IPD 40, ICS Schneider 
Messtechnik) with a range of 0–0.6 MPa and an accuracy 
of < 0.2%.

2.2 � Experimental Procedures

2.2.1 � Determination of Hydraulic Aperture

The assembled samples were vacuum-saturated with deion-
ized water before the experiment. After the installation, 
under an initial confining pressure pc of 2 MPa, water was 
continuously flown through the entire pore fluid system, 
keeping the downstream side open to the atmosphere, until 
the system was free of air as evidenced by the absence of 
air bubbles in the effluent. The pore pressure pp was then 
increased to 1 MPa and maintained constant throughout the 
experiment. The confining pressure was further increased 
to 5 MPa as the starting point of a loading–unloading cycle 
[5 ↔ 30 MPa for all samples except FF1 (10 ↔ 35 MPa)]. 
During the experiment, the confining pressure was increased 
or decreased stepwise with a regular interval of 5 MPa, and 
the sample permeability was measured at each pressure 
level.

The linear Darcy’s law is commonly used to describe 
fluid flow through porous media (Darcy 1856),

where Q is the flow rate, ΔP is the differential pressure over 
the sample length L, µ is the dynamic fluid viscosity, A is the 

(1)Q =
kA

�L
ΔP,

Table 1   Basic physical parameters of the two rock types

Notes: ϕ is porosity measured by saturation and weighing and ρ is 
the bulk density. The uniaxial compressive strength (UCS) and the 
drained bulk modulus (Kb) of Flechtinger sandstone were taken from 
previous investigations (Hassanzadegan et  al. 2012). Flechtinger 
sandstone is anisotropic, where the UCS parallel and perpendicular 
to the bedding layers shows different values of up to 100 MPa (Zang 
et al. 1996). The permeability k of Flechtinger sandstone was meas-
ured with the flow direction oriented perpendicular to the bedding. 
UCS and Kb of Fontainebleau sandstone with a porosity of ~ 4% are 
reported in Baud et  al. (2014) and Arns et  al. (2002), respectively. 
One can infer that the present Fontainebleau sandstone having a 
porosity lower than 4% is mechanically stronger, implying that the 
values reported in the table for UCS and Kb should be considered 
lower bounds

Rock type ϕ (%) ρ (g/cm3) k (m2) UCS (MPa) Kb (GPa)

Flechtinger 8.1 2.40 10–17–10–18 56.7–100 15.9
Fontaineb-

leau
2.5 2.56 10–18 122.3 33.0
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cross-section area of the sample, and k is its intrinsic per-
meability. For fluid flow through a single rock fracture, one 
commonly idealizes the fluid to flow through two smooth, 
parallel fracture plates. With the assumptions that Darcy’s 
law is valid and that the flow of an incompressible Newto-
nian fluid is laminar, the so-called “cubic law” is derived by 
applying the parallel-plate model (Zimmerman and Bodvars-
son 1996),

(2)Q =
b3
h
W

12�L
ΔP,

where W is the width of the fracture, and bh is the separation 
distance between the two smooth, adjacent fracture plates. 
In rough fractures, however, the latter parameter is consid-
ered as an equivalent aperture, called the hydraulic aperture. 
Based on the “cubic law”, the fracture permeability kf can 
then be expressed as (Witherspoon et al. 1980),

Although the present sandstone samples are frac-
tured porous media, the fracture permeability is orders of 

(3)kf =
b2
h

12
.

Fig. 2   Preparation of the fractured samples. a Tensile fracture gen-
erated by a Brazilian test setup; b representative fractured Fon-
tainebleau sandstone (white) and Flechtinger sandstone (red) cores; 
schematic illustrations of the assembled specimens, with c aligned 

saw-cut sample core, d aligned tensile fracture, e mismatched tensile 
fracture with an offset of 0.2 mm, and f mismatched tensile fracture 
with an offset of 0.75 mm
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magnitude higher than the matrix permeability, which, 
consequently, is considered to be negligible. In this study, 
the equivalent hydraulic aperture bh was calculated for the 
principal purpose to compare its value to the mechanical 
aperture (i.e., the geometric separation distance between the 
two fracture surfaces).

2.2.2 � Determination of Mechanical Aperture Changes

There are several direct and indirect methods of measur-
ing mechanical aperture changes during loading–unloading 
operations. Bandis et al. (1983) measured the total vertical 
deformation of a fractured sample in a uniaxial compression 
device, where the fracture is placed perpendicular to the 
normal stress. By subtracting the corresponding deformation 
of the solid rock without a fracture (obtained from separate 
measurements on intact samples), fracture aperture defor-
mation was determined. Raven and Gale (1985) performed 
a direct measurement of the axial deformation of a circu-
lar fracture in a cylindrical sample core with three linear 
variable differential transformers (LVDT) evenly distributed 
around the sample and oriented in parallel to the longitudi-
nal axis. Vogler et al. (2016) measured the volume changes 
of the confining pressure fluid during loading–unloading 
cycles. An additional test on an intact sample was conducted 
as a reference to calibrate the effects of compression of the 
rubber jacket and the confining pressure fluid. In addition, 
Hofmann et al. (2016) measured the axial and lateral strain 
of a sample, where a single fracture was in parallel to the 
sample axis, using two axial extensometers and one circum-
ferential chain extensometer in a triaxial experimental setup. 
Fracture aperture deformation was indirectly determined 
by subtracting the elastic axial strain from the total lateral 
strain.

In this study, the pore pressure was maintained constant 
at 1 MPa throughout the experiment, and the total volume 
changes ΔV of the pore fluid were monitored with the down-
stream pump during the loading–unloading cycles. The 
mechanical aperture changes Δbm can then be expressed as,

where ΔVpore is the corresponding pore volume change of 
the rock matrix. For Flechtinger sandstone samples, ΔVpore 
was obtained from previous loading and unloading cycles 
on intact samples of the same rock at hydrostatic stress 
conditions (Hassanzadegan et al. 2012, 2013). The only 
calibration parameter, here, is the sample bulk volume. For 
Fontainebleau sandstone samples, due to the low matrix per-
meability (~ 1 × 10–18 m2), the low porosity (~ 2.5%), and 

(4)Δbm =
ΔV − ΔVpore

WL
,

the short experimental duration of each loading/unloading 
interval (5 MPa; about 4 min), ΔVpore for this rock type is 
assumed negligible.

The total volume changes during initial loading can be 
attributed to both fracture and pore volume changes and may 
also result from an adjustment of the specimen assembly, 
e.g., the closure of small gaps between individual assembly 
parts. Therefore, in the following, only those results are com-
pared that were obtained at confining pressures between 5 and 
30 MPa.

In addition to directly measuring mechanical aperture 
changes, a complementary analysis was performed using the 
fracture surface topographies obtained from white light inter-
ferometry (Sect. 2.3).

2.3 � Fracture Surface Topography

2.3.1 � Fracture Surface Measurements and Roughness 
Determination

The methods applied to measure the topography of solid 
surfaces, including contacting and non-contacting methods, 
evolved with technological progress and a concurrent increase 
in efficiency: from early studies using profilometry (Bandis 
et al. 1983), image analysis of polished cross-sections perpen-
dicular to the fracture (Hakami and Larsson 1996), laser scan-
ning (Neuville et al. 2012; Singh et al. 2015), photogrammetric 
scans (Vogler et al. 2016, 2018), X-ray computed microtomog-
raphy (µCT) (Renard et al. 2009; Diaz et al. 2017), to white 
light interferometry (Renard et al. 2012; Zou et al. 2019). In 
this study, the fracture surface topographies of samples FF2, 
FF3, FF4, FOF2, FOF3, and FOF4 were measured before the 
experiments using white light interferometry (Keyence VR 
3000). The resolution of the horizontal x–y coordinates is 
23.518 µm and the vertical resolution is 1.0 µm, which yields 
approximately 2 million data points for each surface.

Numerous parameters have been defined to characterize 
surface roughness (Li and Zhang 2015), such as the joint 
roughness coefficient (JRC) (Barton 1973), which is an 
empirical parameter obtained by comparing fracture profiles 
to standards, developed further with the introduction of sta-
tistical parameters (Tse and Cruden 1979). In this study, we 
apply statistical expressions to directly analyze the scanned 
3-D surface data, i.e., the peak asperity height Rp, the average 
roughness Rm, and the root-mean-square roughness Rrms,

(5)Rp = max||zi − za
||,

(6)Rm =
1

n

n∑

i=1

|
|zi − za

|
|,
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where zi is the height of the ith point and za is the mean 
height of the elevation plane, which is discretized by n 
points. The global statistical parameters provide a direct 
comparison between samples, helping to distinguish the 
different surface topographies quantitatively.

In addition, rock interfaces (e.g., faults, natural fractures, 
and artificial fractures) are commonly classified as self-affine 
structures over a large range of length scales (Candela et al. 
2012), which are used to numerically generate fractures for 
simulations (Schmittbuhl et al. 2008; Lang et al. 2015, 2016). 
In such simulations, it is assumed that the fracture surface 
remains invariant under the transformation:

where λ is the wavelength and H is the Hurst exponent (Pers-
son et al. 2004; Schmittbuhl et al. 2004), indicating a self-
affine behavior if H is between 0 and 1. H can be estimated 
based on the 1-D Fourier power spectrum,

where q = 2π/λ is the wavevector varying between 2π/l and 
2π/a, and l is the observed length, and a is the smallest 
wavelength, i.e., 23.518 µm. In this study, the 1-D power 
spectrum of the profile z(x,y0) along the sample length is 
analyzed, where x indicates the direction parallel to the 
displacement. The intrinsic spatial correlation behavior of 
the surface fluctuations along the displacement can thus be 
derived.

2.3.2 � Mechanical Aperture Calculations

Since the fracture surfaces are not identical between samples 
it is difficult to quantitatively analyze whether the permeabil-
ity changes are related to parameter differences (i.e., the dis-
placements) or the intrinsic properties of the fracture surfaces. 
Thus, further numerical investigations were performed based 
on the surface topography measurements to obtain correla-
tions between the mechanical aperture and surface roughness, 
surface displacement, as well as contact area ratio. Mechani-
cal aperture can be determined by measuring the upper, and 
the lower fracture walls relative to a reference plane (Hakami 
and Larsson 1996) or by measuring the separation distances 
oriented perpendicular to the local trend of the fracture walls 
(Mourzenko et al. 1995; Ge 1997). Both methods yield very 
similar results (Konzuk and Kueper 2004). In this study, the 
former definition of mechanical aperture was used by apply-
ing a best-fitting plane. The mean mechanical aperture bm can 
then be expressed as,

(7)Rrms =

√√√
√1

n

n∑

i=1

(
zi − za

)2
,

(8)Δx → �Δx,Δy → �Δy,Δz → �HΔz,

(9)C(q) ∝ q−1−2H ,

where Af = W(L − δ) is the nominal fracture area of the 
adjacent fracture surfaces, with δ being the displacement 
along the sample length, and Δz(x,y) is the height differ-
ence between the adjacent points on the upper and the lower 
fracture surfaces.

For the saw-cut samples FF4 and FOF4, the two surfaces 
of the halves were used for the calculation. For tensile frac-
tures, the initial matching of the aligned halves is difficult 
since the data obtained for the adjacent fracture surfaces 
cannot be exactly related, the datum plane of each scan may 
be not identical, and the initial contact area is hard to esti-
mate. To simplify the dynamic adjustment (e.g., movement 
or rotation) of two surface topographies, duplicate fracture 
surfaces were used (i.e., the surfaces A and B are identical to 
one set of the fracture surface data). Therefore, the fracture 
aperture at aligned conditions, theoretically, is equal to zero 
when applying this method. In practice, due to the loss of 
some grains on the fracture surfaces after separation, the two 
opposite surfaces do not perfectly match. Furthermore, the 
tensile fractures generated by the Brazilian test method may 
display a slightly concave surface geometry resulting from 
damage transfer during splitting since the fracture edges are 
subject to compression and the maximum tensile stress and 
strain occur about 5 mm away from the load contact (Li and 
Wong 2013). Consequently, the tensile fractures display a 
slightly larger contact area along the fracture edges com-
pared the interior of the fracture surfaces. However, this fea-
ture was found to be more obvious in Flechtinger sandstone 
than in Fontainebleau sandstone (see Sect. 3.4 and Fig. 11).

Figure 3a illustrates the procedure of fracture displace-
ment, where the lower surface A is fixed, and the upper 
surface B is allowed to move along the sample length cor-
responding to specimen B of the true sample. The contact 
area is maintained at a minimum but > 3 contact points, and 
any rotation due to the surface adjustment is omitted. In this 
way, one obtains the correlation between the initial mechani-
cal aperture and the displacement of each fracture surface.

Fracture deformation resulting from normal stresses has 
been extensively studied by applying purely elastic, elasto-
plastic, and interpenetration contact models (Li et al. 2015; 
Kling et al. 2018; Zou et al. 2019). The interpenetration 
model is a rather simple analytical model yielding fairly 
good agreement with the results of fluid flow measurements 
(Watanabe et al. 2008; Nemoto et al. 2009). In this model, 
the two fracture surfaces are displaced relative to each other, 
where the overlapping parts of the asperities (Δzi < 0) are 
removed and their distance is taken as zero (i.e., contact-
ing asperities). Kling et al. (2018) compared the three mod-
els and found that the interpenetration model yields the 
largest contact area. It should be noted that this model is 

(10)bm =
1

Af
∫ Δz(x, y)dA,
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incapable of accounting for loading–unloading cycles that 
comprise both elastic and irreversible deformation. In this 
study, the aim is to analyze how the geometrical parameters 
affect aperture closure to better understand the correspond-
ing experimental results. The interpenetration model was 
applied in all surface analyses and only geometrical varia-
tions and fracture deformation were considered. Figure 3b 
shows an example of the aperture distribution and the areas 
of contact for a fracture with an offset. The contact area ratio 
is expressed as,

where Ac is the contact area.

2.4 � Determination of the Fracture Characteristics 
using X‑Ray µCT Scans

To investigate the microstructural changes of the fracture 
before and after the experiments, the assembled samples 
were scanned using an X-ray µCT scanner (GE Phoenix 
nanotom m 180) at atmospheric conditions. All scans were 
performed with dried but jacketed sample cores using the 
same scanning parameters (i.e., timing 500 ms, voltage: 
120 kV, current: 90 µΑ, and same sample position rela-
tive to the X-ray source and detector) to obtain comparable 
results. A total of 1080 two-dimensional slices with a voxel 
size of 20.63 µm were obtained for each scan and were then 
used to reconstruct the three-dimensional models. The frac-
ture void spaces Vf-ct were detected and extracted from the 
corresponding models and the respective mean mechanical 
apertures bm-ct were derived from the following equation:

(11)Rc = Ac∕W(L − �),

(12)bm−ct =
Vf−ct

Af−ct

,

where Af-ct is the area of the projection of the 3-D fracture 
void, which is oriented in parallel to the nominal fracture 
plane. In addition, the extracted 3-D fracture void was pro-
jected onto the nominal fracture plane from which the con-
tact areas Ac-ct were further derived (Fig. 11). The contact 
area ratio Rc-ct was then calculated from,

Note that due to the voxel size limit of the reconstructed 
CT models (voxel sizes in xyz-directions: 20.63 µm), fracture 
apertures smaller than the voxel size could not be accurately 
detected. Thus, the fracture aperture might be underesti-
mated in contrast to the contact area ratio, which may be 
overestimated with this method. Also, the results are numeri-
cal products that potentially are not fully equivalent to the 
true physical parameters. The comparison of the aperture 
data provides an overall understanding of how the fracture 
permanently deforms when subjected to normal tress. Not 
least, the µCT scans were performed at zero-stress and dry 
conditions. Thus, the fracture apertures at experimental 
in situ conditions may also show discrepancies with the 
measured ones.

3 � Results

3.1 � Hydraulic and Mechanical Aperture Changes 
during Loading–Unloading Cycles

The evolution of hydraulic apertures (calculated with 
Eq. 2) of Flechtinger and Fontainebleau sandstones result-
ing from the loading–unloading cycles is displayed in 
Fig. 4. One notices that the initial hydraulic apertures of 
the mismatched tensile fractures are significantly larger 

(13)Rc−ct = Ac−ct∕Af−ct.

Fig. 3   Schematic illustration of fracture aperture determination using 
the representative example of sample FOF2. a The upper fracture sur-
face is displaced along the sample length relative to the lower surface. 
b A fracture aperture distribution with an offset of 1.1759  mm (50 

steps of displacement) is shown as an example. The contact area is 
determined for the deformed state of the fracture surfaces resulting 
from the applied normal stress
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than those of both the aligned and the saw-cut fractures 
for both rock types. The lowest sample permeabilities 
(calculated with Eq. 1) of FF3 (aligned) and FOF4 (saw-
cut) at stressed conditions are approximately 4 × 10–16 m2 
and 2 × 10–16 m2, respectively, and thus still two orders 
of magnitude larger than the corresponding matrix per-
meability (~ 1 × 10–18 m2), indicating that the introduced 
fractures are the dominant flow paths even for the small-
est fracture apertures and that all fractures are far from 
being completely closed. Further, it is found that the initial 
hydraulic aperture increases with an increase of the frac-
ture wall offset. However, the increment of the offset does 
not proportionally relate to the increment of the initial 
hydraulic aperture, as distinctly shown in Fig. 4b, where 
the samples FOF1 and FOF2 with offsets of 0.75 mm 
and 0.2 mm, respectively, have an almost identical initial 
hydraulic aperture. For the two saw-cut samples it showed 
that the hydraulic aperture of FF4 is about one order of 
magnitude larger than that of FOF4, which mainly should 
be the result of differences in fracture surface roughness 
as related to the intrinsic rock microstructure, e.g., grain 
size distribution and porosity (Sect. 3.2).

Hydraulic aperture decreased with increasing confin-
ing pressure during loading for all samples. Most experi-
ments display a hysteretic behavior during the stress cycle 
in a way that the respective aperture is larger during load-
ing than during unloading at the same stress level, except 
for sample FOF1, whose hydraulic aperture was slightly 
enhanced after unloading. It is noticed further, that for most 
samples, except for FF2 and FOF3, the hydraulic aperture 
decrease tends to converge, where a further stress increase 
results in progressively less reduction in hydraulic aperture. 

Finally, irreversible hydraulic aperture changes after the 
loading–unloading cycles are larger in Flechtinger sandstone 
samples in comparison to the corresponding Fontainebleau 
sandstone samples with the same respective offset.

The drained compression tests for determining the 
variations in mean mechanical aperture started from 
pc = 5 MPa or pc = 10 MPa (FF1). Therefore, the mechan-
ical aperture changes between ambient pressure and 
pc = 5 MPa were not measured. Hence, changes in mean 
mechanical aperture were obtained relative to the respec-
tive starting point. The correlation between the mean 
mechanical aperture changes (calculated with Eq. 4) and 
the confining pressure, as illustrated in Fig. 5, indicates 
that these aperture variations are significantly larger than 
the corresponding hydraulic ones (Fig. 4). Similarly, the 
mean mechanical apertures of all samples decreased with 
increasing confining pressure and also clearly depict the 
formerly observed hysteretic behavior during loading 
and unloading. Irreversible partial closure of the fracture 
after the respective loading–unloading cycle occurred in 
all samples, most pronounced in FF2, except in FOF4. 
Excluding FF1, which is not directly comparable since the 
confining pressure range is 10 ↔ 35 MPa, the total varia-
tions in mean mechanical aperture of the mismatched frac-
tures are significantly larger than those of the aligned frac-
tures in both rock types. Again, the amount of irreversible 
fracture closure in the saw-cut sample FF4 is significantly 
larger than that in FOF4. It is further noticed that even for 
the same fracture setting (i.e., tensile or saw-cut, identical 
fracture wall offset), the deformation of the fractures in the 
two rock types differs significantly. Not least, this empha-
sizes the dominant role of, both, the rock’s mechanical 

Fig. 4   Hydraulic aperture bh as a function of confining pressure for a Flechtinger sandstone samples and b Fontainebleau sandstone samples
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properties as well as the fracture’s surface roughness in the 
deformational response of a fracture to changes in stress.

3.2 � Surface Roughness

Figure 6 shows 3-D views of the scanned fracture surfaces 
and the corresponding central profiles along the specimen 
for samples FOF4 and FF4 (saw-cut fractures) as well as 
FOF2, FOF3, FF2, and FF3 (tensile fractures). The sta-
tistical parameters of the fracture surface roughness, as 
calculated with Eqs. (5–7), are listed in Table 2. It should 
be noted that these parameters are scale-dependent and 
related to the length scales of the measured data (i.e., the 
separation distance between two adjacent points in the raw 
surface data). However, all surfaces were measured at the 
same scale and with the same resolution (i.e., 23.518 µm 
on the x–y plane and 1 µm in the vertical direction). This 
resolution proved appropriate to observe most of the 
microstructural features (Fig. 1) and also permits a direct 
comparison between samples.

The scanned surface data quantify the roughness of the 
different fracture types. Saw-cut fractures of both rock 
types are much smoother than all tensile fracture surfaces. 
Rm and Rrms of FOF4 and FF4 are almost one order of mag-
nitude smaller in comparison to the corresponding values 
of the tensile fractures. However, the fracture surface of 
FOF4 is significantly smoother compared to the FF4 sur-
face, which is also directly visible in Fig. 6a, b. Again, for 
saw-cut samples, this implies a significant effect of the 
respective rock microstructure (e.g., grain size distribution 

and porosity; Fig. 16) on the fracture’s surface topogra-
phy. For tensile fractures, surface roughness varies slightly 
between samples within one order of magnitude.

Figure 7 shows the 1-D power spectra of the central 
profiles of the fractures presented in Fig. 6. It is noticed 
that unlike for many igneous rocks such as granite, where 
the Hurst exponent H was found to be approximately 0.8 
(e.g., Boffa and Allain 1998; Schmittbuhl et al. 2008), sug-
gesting that the fracture surfaces obey a universal invari-
ance over a larger scale, the present fractures in sandstones 
likely have two main scaling regimes (Table 2). These two 
main scaling regimes display a larger slope at the smaller 
wavelengths and a smaller slope at the larger wavelengths. 
For tensile fractures, the Hurst exponent (Eq. 9, derived 
from the slopes in Fig. 7) takes a value of H1 = 0.54 ± 0.04, 
distinctly smaller than H2 = 3.34 ± 0.21. H1 shows a good 
agreement with previous studies on sandstone samples (H 
≈ 0.5 for a wavelength larger than the cut-off wavelength, 
i.e., the grain size) (Boffa and Allain 1998; Ponson et al. 
2007), which indicates that fractures in tight sandstones are 
not self-affine on all scales but that a self-similarity may 
only be valid within a certain range, again, different from 
igneous rocks. Moreover, the crossover wavelength can be 
well characterized by an intersection wavelength λ* between 
about 300–400 µm, which is about twice the average grain 
size and roughly equal to the largest grain size (Fig. 1). At 
characteristic length scales below λ*, the fracture surface 
roughness is not self-affine.

Particularly for saw-cut fractures, a tendency of the power 
spectrum to flatten out (i.e., the roll-off region) is observed 

Fig. 5   Mechanical aperture changes Δbm as a function of confining pressure for a Flechtinger sandstone samples and b Fontainebleau sandstone 
samples
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Fig. 6   3-D views of the fracture surfaces of the scanned specimens 
and their corresponding central profiles along the sample length. The 
arrows indicate the flow direction in the experiments. a FOF4 saw-
cut smooth fracture surface; b FF4 saw-cut rough fracture surface; c 

FOF3 tensile Fontainebleau fracture surface; d FF3 tensile Flecht-
inger fracture surface; e FOF2 tensile Fontainebleau fracture surface; 
f FF2 tensile Flechtinger fracture surface
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as the wavelength increases above a certain wavelength 
λ* = 420–430 µm, which corresponds to the largest grain 
size. Since power is proportional to the roughness ampli-
tude, one consequence of this is that the fracture surfaces are 
independent of the observational length l for l ≫ λ* (Persson 
et al. 2004).

3.3 � Numerical Fracture Apertures

The initial mean mechanical aperture (calculated with 
Eq. 10) between the two adjacent fracture surfaces of the 
selected samples was derived as a function of the fracture 
wall offset, as shown in Fig. 8a. The mean mechanical aper-
ture of all tensile fractures, initially, drastically increases 
with increasing offset and then progressively tends to con-
verge, where a further increase of the displacement yields 
only small aperture fluctuations. Thus, the trend can be 
roughly classified into three regimes as shown in Fig. 8a. 
This is consistent with experimental observations regarding 
the shear dilation of fractures (Chen et al. 2000). In a theo-
retical study, Plouraboué et al. (1995) concluded that a rigid 
mechanical aperture with ongoing horizontal displacement 
is supposed to scale as bm ∝ ZδH if the fracture surfaces are 
self-affine and invariant over a larger scale (e.g., H = 0.83 
for a granite fracture investigated in the cited study). Here, 
Z is a correction term which is inversely proportional to the 
displacement δ. The present results indicate that the fracture 
aperture variations cannot be described by a simple power 
law (Fig. 8b). In addition, the self-affinity is only valid when 
the wavelength > λ*. For δ < λ*, this may not strictly apply, 
in contrast to Plouraboué et al. (1995). Furthermore, it was 
found that the fracture aperture remains approximately con-
stant when further displacing the surface beyond one-tenth 
of the sample size.

The respective convergence aperture values of each rock 
sample are directly related to the individual fracture’s sur-
face roughness. In contrast, for the saw-cut fractures FF4 and 
FOF4, the initial mechanical apertures show to be more or 
less independent of the offset, resulting from the existence of 
a roll-off wavelength (Sect. 3.2), which is consistent with the 
mathematical analyses of Plouraboué et al. (1995). Here, the 

initial mechanical aperture is only determined by the surface 
roughness, which is related to the intrinsic microstructure 
of the rock matrix. Accordingly, the average bm of FF4 and 
FOF4 during shearing from 0 to 4 mm (i.e., one-tenth of the 
sample length), as calculated based on the surface models, 
are 0.42 mm and 0.09 mm, respectively. In addition, the 
mean bm of FF2 and FOF2, which were calculated with a 
pre-offset of 0.2 mm, equivalent to the true experimental set-
ting, are 0.4086 mm and 0.2584 mm, respectively. Figure 8c 
shows a comparative (numerical) example of the variations 
in aperture distribution of sample FOF2 for two different 
offsets (i.e., 0.2 mm and 0.75 mm).

By applying the interpenetration model to the fracture 
surfaces (Sect. 2.3.2), one further obtains the evolution of 
the mean mechanical aperture as a function of the contact 
area ratio (Eq. 11), as shown in Fig. 9. The initial aper-
tures of the aligned saw-cut fractures in FF4 and FOF4 are 
0.517 mm and 0.0868 mm, respectively. For tensile frac-
tures, Fig. 9b demonstrates that a decrease of the mean 
mechanical aperture leads to a nonlinear increase in contact 
area ratio. It is inferred that the residual mechanical aperture 
and thus the maximum aperture closure value are propor-
tional to the initial mechanical aperture, which well explains 
the differences in fracture aperture changes observed in the 
experiments (Fig. 5).

3.4 � Evolution of Fracture Aperture and Contact 
Area Ratio based on X‑ray µCT

The initial and final fracture apertures were determined 
based on the 3-D reconstructed µCT models shown in 
Fig. 10. As an exception, the samples FF4 and FOF4 were 
only scanned before the experiment. It is noticed that all 
tensile fractures show a substantial change after the experi-
ments, where the contact area has drastically increased. For 
the aligned tensile fractures FF3 and FOF3, the aperture uni-
formly decreased so that the residual voids, as detected in the 
models, appear disconnected after the experiment. Although 
the initial (unstressed) mechanical aperture can be deter-
mined by the CT scans, there is a remaining observational 
gap between zero-stress conditions and the experimental 

Table 2   Statistical surface 
roughness parameters of 
selected samples (Eqs. 5–7)

Note: H1 and H2 represent the Hurst exponents for small and large wavevectors, respectively (Fig. 7). In the 
regimes of H2 > 1, the spectra do not follow a self-affine-like power-law, which implies that the surface can-
not be classified as fractal. A negative H1 in saw-cut fractures indicates a roll-off wavevector region

Parameters FF2 FF3 FF4 FOF2 FOF3 FOF4

Rp (mm) 0.810 1.155 0.388 0.935 0.685 0.167
Rm (mm) 0.194 0.251 0.034 0.214 0.152 0.011
Rrms (mm) 0.238 0.317 0.044 0.267 0.191 0.015
H1 (–) 0.56 0.58 -0.08 0.50 0.55 -0.24
H2 (–) 3.55 3.49 3.37 3.13 3.14 2.86
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Fig. 7   1-D surface roughness power spectra of the central profiles 
in the direction parallel to the displacement of fracture surfaces in a 
FOF4, b FF4, c FOF3, d FF3, e FOF2, and f FF2 (see Fig. 6), where 

H1 and H2 represent the Hurst exponents for small and large wavevec-
tors, respectively, and λ* indicates the crossover (black triangles) of 
the two regimes
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Fig. 8   a Evolution of the initial mean mechanical aperture with 
increasing offset of the two adjacent fracture surfaces along the sam-
ple length. b Log–log plot of the initial mean mechanical aperture 
with normalized offset δ/L. The dotted line indicates a simple power 

law, bm = (δ/L)H, where H = 0.54 corresponds to the present sand-
stones (Fig.  7). c Representative aperture distributions of sample 
FOF2 with offsets of 0.2 mm and 0.75 mm, respectively

Fig. 9   Variations of the mean mechanical aperture bm (Eq. 10) with increasing contact area ratio Rc (Eq. 11) for a saw-cut fractures in FF4 and 
FOF4 and b tensile fractures in FF2, FF3, FOF2, and FOF3
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effective starting stress of 4 MPa. Therefore, only the initial 
and final mechanical apertures at atmospheric conditions 
are compared.

Figure 11 shows the projections of the extracted fracture 
voids, from which the respective contact area ratio before 
and after the experiment was derived. The µCT-derived 
contact areas show a good agreement with the observed 
damage areas in the fracture surfaces after the experiments, 
particularly for the displaced Flechtinger samples (Fig. 17). 
The contact areas in the mismatched tensile fractures, 

representing the permanent damage zones, either enlarged 
from pre-existing asperities in contact or occurred as new 
contacts. The contacts are mostly isolated but some asperi-
ties have merged resulting in a larger contact area. This is 
particularly observed in Flechtinger sandstone and in the 
Fontainebleau sample with the largest offset (FOF1). In 
addition, the extension of the contact area is oriented per-
pendicular to the direction of the shear displacement, which 
is consistent with previous observations (Auradou et al. 
2005; Nemoto et al. 2009). Due to resolution limitations, a 

Fig. 10   3-D reconstructed 
models of the assembled dry 
rock samples of Flechtinger 
sandstones a before and b after 
the experiments as well as Fon-
tainebleau sandstones c before 
and d after the experiments, 
respectively. The images were 
obtained from X-ray µCT scans 
at atmospheric conditions. The 
fracture void spaces (in blue) 
of each sample were extracted 
and the pore spaces in the rock 
matrix (porosity: 8.1% for 
Flechtinger samples and 2.5% 
for Fontainebleau samples) were 
considered to be negligible. The 
areas in the fractures shown in 
the same color as for the matrix 
indicate the contacting asperi-
ties, where the fracture void 
space is considered to be zero. 
The yellow arrow indicates 
the line of sight perpendicu-
lar to the fracture projections 
displayed in Fig. 11
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Fig. 11   2-D projections of the 
extracted fracture void space 
from the µCT models shown in 
Fig. 10. Flechtinger sandstones 
a before and b after the experi-
ments as well as Fontainebleau 
sandstones c before and d after 
the experiments, respectively

Table 3   Evolution of 
mechanical aperture and 
contact area ratio determined by 
analyzing the 3-D X-ray µCT 
models

Notes: bm-ct and Rc-ct are the mechanical aperture and the contact area ratio obtained from Eqs. 12 and 13, 
respectively. bh is the first and last hydraulic aperture measured at the respective effective stress pe

Sample Offset (mm) bm-ct (µm) Δbm-ct / bm-ct (%) Rc-ct (%) bh (µm) pe (MPa)

Before After Before After Initial Final

FF1 0.75 508.2 279.1 45.08 0.99 11.43 72.5 61.8 9
FF2 0.2 352.9 107.6 69.51 0.36 25.11 67.1 32.2 4
FF3 Aligned 160.8 24.7 84.64 3.89 73.77 23.9 6.1 4
FF4 Saw-cut 119.6 – – 9.69 – 51.3 46.2 4
FOF1 0.75 365.4 186.7 48.91 0.75 3.67 57.7 61.9 4
FOF2 0.2 185.5 99.2 46.52 0.88 15.54 57.8 56.3 4
FOF3 Aligned 89.3 15.3 82.87 11.33 88.26 36.5 29.1 4
FOF4 Saw-cut 23.5 – – 61.75 – 9.4 5.4 4
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similar analysis of the aligned and the saw-cut fractures was 
difficult to perform.

Table 3 lists the statistically obtained mean mechani-
cal apertures and contact area ratios of the samples before 
and after the experiments based on the µCT models and the 
fracture projections. For both rock types, an increase in the 
fracture wall offset significantly increases, both, the initial 
and final apertures and decreases the final contact area ratio. 
Generally, the mismatched Flechtinger sandstone samples 
show a larger contact area ratio than the corresponding 
Fontainebleau sandstone samples. However, a quantitative 
comparison between samples may lead to misinterpretation 
due to the differences in surface roughness (Table 2). Finally, 
when comparing the derived initial and final mechanical 
apertures and the measured initial and final hydraulic aper-
tures, both, at a given offset and between offsets, it shows 
that the variability of the mechanical apertures is signifi-
cantly larger than that of the hydraulic apertures. A direct 
comparison and validation of mechanical apertures derived 
from surface topography calculations and µCT models is 
difficult, as shown in Table 4. This is because of the assump-
tions of a grid-body and a minimum contact area in surface 
analyses and the resolution differences between the methods.

4 � Discussion

4.1 � Correlations Between Hydraulic Aperture 
and Mechanical Aperture

For all experiments, the measured hydraulic apertures and 
the mechanical apertures derived by the drained compres-
sion tests (Sect. 3.1) and the µCT scans (Sect. 3.3) showed 
significant differences. Figure 12 shows the correlation 
between the changes of the hydraulic and mechanical aper-
tures at effective stresses in the range between 4 and 29 MPa 
in comparison to a previous study on an aligned and a mis-
matched granodiorite fracture (Hofmann et al. 2016). It is 
noticed that the changes of the mechanical and the hydraulic 
apertures of the aligned fractures are in better agreement 
compared to the other samples as these data are closer to 
the “Δbh = Δbm line”. In addition, there is no significant 

difference between the sandstone samples used in this study 
and the granodiorite rock reported in the literature (Hof-
mann et al. 2016), even though their mechanical proper-
ties are significantly different. Considering a simple linear 
correlation Δbh = SΔbm during loading (where S is a slope) 
for all mismatched fractures (including saw-cut fractures, 
which also represent a kind of mismatch at the microscale) 
Smis < Sali < 1, indicating that the variations in mechanical 
aperture are significantly larger than those of the hydraulic 
apertures, which is also consistent with previous studies on 
granitic fractures (Durham and Bonner 1994; Chen et al. 
2000; Hofmann et al. 2016; Vogler et al. 2016). Moreover, 
in comparison to Rc-ct after the experiments (Table 3), it 

Table 4   Comparison of initial mechanical apertures obtained from surface topographies (Sect. 3.3) and µCT models (Table 3)

Methods FF2 (δ 0.2 mm) FOF2 (δ 0.2 mm) FF4 (saw-cut) FOF4 (saw-cut)

Surface data bm (µm) 408.6 258.4 517.0 86.8
µCT models bm-ct (µm) 352.9 185.5 119.6 23.5

Fig. 12   Changes of hydraulic aperture |Δbh| as a function of mechani-
cal aperture changes |Δbm| at different effective stresses as calculated 
from a comparison with the starting values at an effective stress of 
4 MPa (loading in solid lines and unloading in dotted lines). Results 
for an aligned granodiorite fracture and a similar fracture with an off-
set of 1  mm at effective stresses in the same range (i.e., between 4 
and 29 MPa) were taken from Hofmann et al. (2016), where confin-
ing pressure was continuously varied during the measurements (bold 
lines), in contrast to the present study where confining pressure was 
changed stepwise in intervals of 5 MPa (filled and open dots)
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is found that S ∝ Rc-ct, implying that the contact area ratio 
controls the slopes of this linear correlation. Furthermore, 
the range of mechanical aperture changes under stress is 
proportional to their initial apertures (Table 3).

The main reason for this discrepancy is the assumption 
of the smooth parallel-plate model “cubic law” for the cal-
culation of the hydraulic aperture (Witherspoon et al. 1980). 
Fracture surfaces are in contact at the propping asperities, 
which are local features rather than being expanded over a 

larger area (Fig. 11). Fracture surfaces are rough rather than 
ideally smooth and hence fluid flow is tortuous within chan-
nels defined by the asperities. Therefore, a reduction of the 
mechanical aperture induced by stress variations does not 
have an equivalent effect on the flow channels. However, 
the aperture of an aligned fracture between the opposing 
fracture surfaces is likely more uniform and fluid flow may 
be only affected by the surface tortuosity rather than by flow 
channels.

Fig. 13   Normal stiffness of the fractures for a Flechtinger sandstone samples and b Fontainebleau sandstone samples as a function of confining 
pressure

Fig. 14   Conceptual model of 
fracture closure for different 
fracture types: a ideal smooth 
fracture; b aligned rough frac-
ture; c displaced rough fracture. 
The respective correlations 
between hydraulic and mechani-
cal apertures are depicted on 
the right
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This behavior likely results from the differences in nor-
mal fracture stiffness. Figure 13 shows the normal stiffness 
of the fractures as calculated based on the stress and the 
deformation of the fractures during loading. The respective 
stiffness is almost linearly correlated to confining or effec-
tive pressure (Raven and Gale 1985) and the slope of the 
correlation decreases with increasing fracture wall offset. 
When compared to the contact area ratio (Table 3), the stiff-
ness of the specific rock type shows the same sample order 
(e.g., Rc-ct: FOF3 > FOF4 > FOF2 > FOF1 and slope of the 
stiffness-pressure curve: FOF3 > FOF4 > FOF2 > FOF1). 
Consequently, the fracture stiffness is mainly determined 
by the contact area ratio and the mechanical properties (e.g., 
Young’s modulus) of the asperities that bear the normal 
stress. This affects the correlation between Δbh and Δbm 
significantly.

A conceptual model is proposed to describe the corre-
lation between hydraulic and mechanical aperture changes 
under normal stress (Fig. 14), where the ideal parallel-plate 
model is presented as a comparison. An aligned rough frac-
ture yields a large contact area ratio and a small initial aper-
ture due to the matching geometry of the fracture surfaces. 
The flow is mainly affected by the surface tortuosity and thus 
the correlation slightly deviates from the ideal case. How-
ever, fracture dilation occurs when the surfaces are displaced 
(Fig. 8a) leading to a larger initial aperture and a smaller 
contact area ratio (Table 3). Thus, mechanical aperture 
changes increase under stress. Depending on the strength 
of the contact asperities to withstand high normal stresses, 
hydraulic aperture changes much less upon loading. There-
fore, the displaced self-propping fractures should possess 
rather sustainable hydraulic properties under normal stress. 
The quantitative effects of surface roughness and offset on 
fracture aperture will be discussed in Sect. 4.2.

Previous theoretical and experimental studies on fluid 
flow in deformable fractures indicate that the hydraulic 
aperture can be significantly smaller than the mechanical 
aperture and a threshold may be reached below which a fur-
ther reduction in mechanical aperture has no effect on the 
hydraulic aperture (Raven and Gale 1985; Renshaw 1995). 
Most existing correlations between hydraulic and mechani-
cal apertures include either the standard deviation of the 
aperture (Zimmerman et al. 1991; Renshaw 1995), the joint 
roughness coefficient (JRC) (Barton et al. 1985), or the con-
tact asperity ratio (Walsh 1981). However, recent experimen-
tal investigations imply that a stress-dependent anisotropic 

flow occurs in tensile fractures with displacement (Auradou 
et al. 2005). The permeability (i.e., the hydraulic aperture) in 
the direction parallel to the displacement can be three orders 
of magnitude smaller than that in the direction perpendicular 
to the displacement, at stresses up to 70 MPa (Nemoto et al. 
(2009), as also supported by numerical studies (Thompson 
and Brown 1991; Méheust and Schmittbuhl 2001; Matsuki 
et al. 2006; Lang et al. 2018). Zimmerman et al. (1992) con-
clude that the permeability of a fracture not only depends 
on the size of the contact area but also on the shape of the 
propping asperities. The present direct observations on 
contact asperities show that a preferential orientation of the 
contact area (i.e., perpendicular to the shear displacement) 
is induced when the adjacent fracture walls are offset. How-
ever, this is less obvious as the displacement is increased 
(Fig. 11). In summary, without considering the aforemen-
tioned effects, the prediction of hydraulic aperture solely 
based on the average surface roughness, the mean aperture, 
or the contact area ratio would result in large uncertainties 
in comparison to the measured value, especially for fractures 
with a shear displacement.

4.2 � Fracture Roughness and Displacement‑Related 
Fracture Aperture

The fracture apertures with displacement are likely deter-
mined by the scale-dependent surface roughness. For saw-
cut fractures, where a roll-off region occurs, fracture aper-
ture remains invariant when the offset δ is larger than λ* 
(Fig. 7a, b), which is consistent with the numerical analysis 
of the measured surface data (Fig. 8a). For tensile fractures, 
a drastic increase of fracture aperture occurs during the ini-
tiation of displacement until about 300–400 µm [regime (1) 
in Fig. 8a)], which is equal to the crossover wavelength λ* 
of these fractures (Sect. 3.2). This behavior is probably con-
trolled by the intrinsic roughness at the grain scale (mostly 
intergranular fracturing, Fig.  16). Moreover, a further 
increase in displacement δ > λ* yields slightly less increase 
in aperture [regime (2) in Fig. 8a] and a tendency of the 
mean aperture to converge is observed in regime (3). The 
former may be related to the self-affine invariance of the 
surface. The latter regime (convergence), however, consider-
ing a larger fracture size (e.g., dm to m, rather than cm as in 
this study), may not exist unless a roll-off region occurs at 
some wavelength scale.
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This scale-dependence issue commonly exists in labora-
tory studies due to the limitations of the sample size (Hof-
mann et al. 2016; Vogler et al. 2016; Crawford et al. 2017). 
However, for hydraulic fracturing induced fractures, which 
are in the scope of this study, and unlike faults, these are 
commonly not displaced by large amounts. A small offset 
may already sufficiently enhance the fracture transmissivity 
and thus larger displacements are not necessary for this pur-
pose. Therefore, laboratory studies on core samples may pro-
vide a well-founded lower bound for fracture permeability.

4.3 � Aperture Changes with Effective Stress

The initial contact area, the fracture surface roughness, and 
the strength of the asperities that are in contact are com-
monly considered as the factors that mainly determine the 
deformation of the fracture when subjected to normal tress 
variations (Bandis et al. 1983; Kling et al. 2018; Zou et al. 
2019). Figure 15 shows the variation ranges of the hydrau-
lic and mechanical apertures for all samples. Flechtinger 
samples yield consistently larger changes in comparison 
to the corresponding Fontainebleau samples at the same 
stress conditions. This likely results from the differences 
in the mechanical properties of the asperities because the 
initial contact area ratios and the initial fracture apertures of 
the different samples with the same offset are in about the 
same range (Table 3), although the fracture roughness var-
ies slightly between samples (Table 2). Moreover, when the 
fracture walls are offset, both rock types maintain relatively 

high hydraulic aperture values in comparison to the aligned 
samples due to shear dilation. The trend of dilatancy likely 
follows the same behavior as obtained from the numerical 
calculations in Fig. 8a, where a drastic mechanical aperture 
increase occurs initially upon a one–two grain size offset and 
any further displacement then has progressively less effect. 
With ongoing brittle asperity failure during loading, the con-
tact area ratio increases. The µCT results clearly demonstrate 
that the contact area ratios of the mismatched Flechtinger 
samples are significantly larger than those of the correspond-
ing Fontainebleau samples after the experiments (Table 3), 
which indicates that more permanent damage has occurred 
in the Flechtinger samples (Fig. 17). However, an increase 
in fracture wall displacement leads to a noticeable reduction 
of the final contact area ratio in both rocks by increasing the 
mismatch of the adjacent fracture surfaces. The mechanical 
damage of the contact asperities only occurs locally, unless 
the adjacent fracture walls are aligned (see cross-section 
images of the sample ends after the experiments in Figs. 18, 
19). It is noticed that the larger the initial mean aperture, the 
larger is the final aperture (Table 3). The smallest contact 
area ratio of 3.7% (FOF1) was sufficient to keep the fracture 
open at effective stresses up to 29 MPa. Overall, the contact 
area is determined, first, by the mismatch of the fracture 
walls and, second, by the strength of the asperities. There-
fore, a stronger rock (i.e., Fontainebleau sandstone in the 
present case) displays a significantly smaller contact area 
ratio than a comparatively softer rock.

Fig. 15   Hydraulic aperture (a) and mechanical aperture changes (b) at the corresponding confining pressure as a function of the respective frac-
ture wall offset
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4.4 � Implications

Hydraulic fracturing in a tight reservoir formation to 
enhance its conductivity to fluid flow requires a preceding 
understanding of the target formation. Unlike randomly open 
fractures in granitic rocks, fractures generated in sedimen-
tary formations might be largely affected by their intrinsic 
structure (e.g., bedding, anisotropy) that developed over 
geological time scales. The fracture surface roughness may 
be significantly different depending on the rock’s individual 
microstructure. By analyzing the fracture surface roughness 
of an analog rock, one may estimate the maximum self-
propping potential upon fracture wall displacement based 
on the fracture surface information. By conducting labora-
tory flow-through experiments at varying normal stress, one 
can further estimate the sustainability of fracture permeabil-
ity, which can be used as first-hand information to decide 
whether or not to use proppants in the target reservoir. For 
example, for a fracture surface roughness with a clear roll-
off wavelength (Sect. 4.2), a shear displacement larger than 
this value would consequently have a rather limited effect on 
mechanical aperture. If the corresponding hydraulic aperture 
remains significantly small, in this case, proppants would 
be indispensable since self-propping of the fracture would 
not be sufficient to allow for substantial fluid flow. This cir-
cumstance may occur in anisotropic formations with well-
oriented bedding layers and fractures generated along the 
bedding planes.

At the long term, self-propping fractures undergo a fun-
damental change in surface roughness by the destruction of 
asperities induced either by plastic deformation or pressure 
solution. The fracture surface is thus permanently reshaped 
in a way to ultimately be flat. Hydraulic stimulation treat-
ments in such pre-existing fractures would be less efficient in 
comparison to freshly generated ones. Under these circum-
stances, again, introducing proppants into the fracture would 
be very helpful. It is worth noting that the contact asperities 
have a preferential orientation that generally is perpendicular 
to the displacement (Durham and Bonner 1994; Méheust 
and Schmittbuhl 2001; Nemoto et al. 2009), which is more 
pronounced when the offset between the adjacent fracture 
surfaces is small (Sect. 3.4). Therefore, an increase of the 
displacement would not only increase the aperture but also 
decrease the flow anisotropy within the fracture.

5 � Conclusions

In the present study, stress-dependent hydraulic and mechan-
ical fracture aperture changes of displaced tensile fractures, 
aligned tensile fractures, and saw-cut fractures of two sand-
stones (i.e., Flechtinger and Fontainebleau) were experimen-
tally investigated at cyclic confining pressures between 5 and 
30 MPa. Fracture surface topographies were determined by 
white light interferometry and the spatial fracture configura-
tions, including information on the contact asperities, were 
analyzed with X-ray microtomography.

It was found that a relative fracture wall displacement 
can significantly enhance fracture aperture both hydrau-
lically and mechanically, but dependent on the fracture 
surface roughness. For saw-cut fractures, where a roll-off 
wavelength exists for the present sample size, the fracture 
surfaces remain scale-independent above this wavelength, 
where any increment of offset would not change the aperture. 
For tensile fractures, these are likely self-affine with a Hurst 
exponent of 0.54 ± 0.04 over a larger scale, and thus, fracture 
aperture is scale-dependent and is consequently increasing 
with an increase in offset unless a roll-off wavelength occurs. 
A comparison between the mechanical and hydraulic aper-
tures showed that the mechanical apertures varied signifi-
cantly more than the corresponding hydraulic apertures for 
all samples, as is also illustrated in the proposed conceptual 
model.

It was found that the contact area ratio (after a load-
ing–unloading cycle) is inversely correlated with the dis-
placement, resulting from, first, the surface roughness and, 
second, the strength of the asperities that are in contact. The 
contact areas, generally, are oriented in a preferential direc-
tion perpendicular to the displacement causing an anisotropy 
of fluid flow. This anisotropy is more pronounced for small 
fracture wall offsets.

This study demonstrates the effects of surface roughness, 
fracture wall offset, and mechanical rock properties on hydrau-
lic and mechanical aperture variations. These factors do not 
operate independently but act coupled. Rough fractures, an 
induced fracture wall offset, and relatively strong fracture 
asperities are essential to keep a fracture sufficiently conduc-
tive for fluid flow at stressed conditions. As shown with this 
study, the self-propping potential of sedimentary rocks can 
be investigated using analog rock materials of contrasting 
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mechanical properties to obtain information on how to better 
design hydraulic stimulation treatments of reservoir formations.

This study should stimulate a number of follow-up inves-
tigations with different focuses. Real-time in situ X-ray CT 
measurements permit monitoring of fracture closure with 
increasing stress and the evolution of mechanical aperture. 
Repeat measurements on samples with identically introduced 
fractures will disclose to what degree possible differences 
in surface microstructure affect the outcome of the present 
experiments for the different fracture types. Not least, a more 
detailed method comparison (i.e., between surface scanning, 

µCT, and numerical approaches) to derive the mechanical 
aperture fields and the corresponding contact area ratios will 
prove valuable for method evaluation and improved relation-
ships between hydraulic and mechanical apertures.

Appendix: Images of the Fracture 
Microstructures

See Figs. 16, 17, 18 and 19.

Fig. 16   Thin section images of fractures in a saw-cut Fontainebleau 
sandstone, b saw-cut Flechtinger sandstone, and c tensile fractured 
Fontainebleau sandstone. Note that these representative fracture fea-
tures were taken on other samples of the same respective rock type. 

The tensile fractures in Flechtinger sandstone are mainly intergranu-
lar (see Fig. 18) due to its relatively low strength and weak cementa-
tion (Zang et al. 1996)
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Fig. 17   Images of fracture 
surfaces after the experiments. 
a Flechtinger samples and b 
Fontainebleau samples. Areas 
of microdamage can be identi-
fied in the displaced Flechtinger 
samples but show to be highly 
localized

Fig. 18   Images and sketches of 
the fracture void space taken on 
the Flechtinger sandstone sam-
ple ends after the experiments at 
dry and unconfined but jacketed 
conditions. a–d Samples FF1 
through FF4
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