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ABSTRACT

The mechanical behavior of rock fractures, particularly their normal stiffness, is a
fundamental factor governing fracture aperture closure and the resultant hydraulic
conductivity of rock masses. This study presents an experimental assessment of the
normal stiffness of granite fractures under controlled, stepwise shear offsets using a
direct shear testing system. To isolate fracture deformation, the net fracture closure was
quantified by comparing the normal deformation response of a fractured specimen
against an intact reference block of equivalent geometry under varying normal loads. In
the test series, shear offsets were applied in increments up to a total of 10 mm under
zero-stress conditions to simulate various dislocated states. Subsequent normal
compression cycles were conducted at each stage to characterize the stiffness evolution
of the dislocated surfaces. The findings reveal a progressive decrease in the normal
stiffness of granite fractures under normal loading as the degree of shear dislocation
advances. Specifically, a robust logarithmic relationship was identified between the
applied normal stress and the magnitude of fracture closure. These results highlight that
the history of shear displacement significantly modifies the mechanical compliance and
structural integrity of rock fractures, providing critical insights for the stability of deep
geological disposal systems.

1. INTRODUCTION

The normal stiffness of rock fractures is a fundamental parameter governing the
mechanical and hydraulic behavior of fractured rock masses under changing stress fields.
As external normal stress fluctuates, fractures undergo closing and opening responses,
and the magnitude of this fracture closure is directly linked to the hydraulic conductivity
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of the media because fluid flow pathways are strictly controlled by the mechanical
aperture. Consequently, normal stiffness serves as an essential input parameter for the
engineering design and numerical modeling of structures built within fractured rock
masses. Under normal compression, rock fractures consistently exhibit non-linear
closure behavior (Bandis et al. 1983; Zhang et al. 2023). This normal deformability is
dependent on multiple geological factors including fracture roughness, matedness, rock
matrix strength, weathering state, and the presence of infill materials (Fardin 2008;
Ghazvinian et al. 2013; Heidari et al. 2026; Infanti and MA 1978; Yoshinaka and Yamabe
1986). Furthermore, rock fractures under cyclic normal loading show a distinctive
hysteretic behavior (Bandis et al. 1983; Pyrak-Nolte et al. 1987). This hysteretic response
is primarily driven by the progressive crushing of micro-asperities and subsequent
structural rearrangements during repetitive compression and decompression stages.

In deep geological repositories designed for high-level radioactive waste disposal,
the coupled thermo-hydro-mechanical behavior of rock fractures is a critical factor
determining the long-term structural safety of the system (Kim et al. 2025; Radakovic-
Guzina et al. 2023; Rutqvist et al. 2009). For repositories situated in crystalline host rocks
such as granite, the role of rock fractures becomes even more dominant because
groundwater inflow into the disposal drifts occurs almost exclusively through the fracture
networks (Guo 2023; Zou and Cvetkovic 2023). Therefore, the near-field host rock, which
is continuously exposed to thermal and mechanical stress perturbations during the
repository lifetime, undergoes significant mechanical and hydraulic alterations.
Understanding the long-term evolution of fracture normal stiffness under these conditions
is of paramount importance. Specifically, deep geological environments often contain
pre-existing sheared or dislocated fractures, and fractures may undergo further shear
displacement due to tectonic or thermal stresses over extended periods. Fracture
shearing causes fracture dilation and a subsequent geometric mismatch of the mating
surfaces. This dislocation process leads to a significant reduction in the actual contact
area supported by interlocking asperities, ultimately causing a severe degradation of the
normal stiffness (Bandis et al. 1983). In this dislocated state, the mechanical response
of the fracture in the normal direction becomes highly sensitive to subsequent stress
changes. Understanding the evolution of normal stiffness under sheared conditions,
rather than focusing solely on well-mated interlocked states, is therefore crucial for
predicting the structural integrity of repository systems.

Numerous researchers have evaluated the normal stiffness of rock fractures across
various scales using laboratory experiments and large block tests (Evans and Wyatt 1984;
Makurat et al. 1990; Pratt et al. 1977; Raven and Gale 1985; Sun et al. 1985). Historically,
extensive laboratory testing has focused on establishing empirical relations for well-
mated interlocked fractures under normal loading. Previous studies successfully
captured the non-linear fracture closure under cyclic normal loading and fitted the
experimental data to empirical models such as hyperbolic or semi-logarithmic
formulations (Bandis et al. 1983; Zangerl et al. 2008). Specifically, the hyperbolic model
proposed by Bandis et al. (1983) has been widely accepted to describe the non-linear
closure behavior of interlocked joints, where the model parameters are linked to the initial
aperture through the maximum closure limit. Bandis et al. (1983) further reported that a
semi-logarithmic relationship is well-suited for dislocated fractures, showing that the
normal stiffness varies as a function of the Joint Roughness Coefficient (JRC) and Joint
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Compressive Strength (JCS). Despite these early findings, systematic investigations on
dislocated fractures remain extremely limited. Considering that the normal stiffness of
dislocated fractures can be sensitive to the degree of shear displacement, cyclic loading
history, and acting shear stress levels, further experimental research is required.

To address these limitations, this study experimentally evaluates the normal
stiffness characteristics of rough granite fractures dislocated in the shear direction. The
primary objective is to systematically investigate the degradation and evolution of normal
stiffness under both stepwise shear offset and cyclic normal loading conditions. A key
novelty of this study lies in its experimental control. Furthermore, a continuous direct
shear test was conducted on a separate specimen to directly compare the idealized
dislocation states with actual sheared states. This comparison allows us to discuss the
potential influence of actual shear history and real-time asperity degradation on the
normal stiffness. The stiffness characteristic parameter is tracked throughout these
varying stages using semi-logarithmic regression analysis, providing a comprehensive
experimental database and new physical insights to ensure a more realistic evaluation
of deep geological repository systems.

2. Experimental methods

To evaluate the normal stiffness characteristics of dislocated rock fractures, five
granite specimens containing a medium-rough fracture generated through splitting
tensile tests were prepared. For three of the specimens, stepwise shear offsets were
applied, and normal compression was exerted at each shear offset stage to evaluate the
fracture closure behavior under varying normal stress. Another specimen was subjected
to a total of 12 normal compression cycles at both the interlocked state of 0 mm offset
and the dislocated state of 1 mm offset to examine the cyclic effect on normal stiffness.
For the remaining fractured specimen, a direct shear test was conducted to describe the
potential influence of actual shear history. Finally, two intact granite block specimens
without fractures were also prepared and tested to derive and subtract the elastic
deformation of the rock matrix from the total measured displacements of the fractured
specimens.

2.1 Rock specimens

Many countries considering the deep geological disposal of high-level radioactive
waste evaluate crystalline rocks as the potential host rock. Representative examples
include Sweden, Finland, Canada, and South Korea, where crystalline formations like
granite are widely distributed (Allan and Dormuth 1999; Choi et al. 2005; Glamheden et
al. 2007; McEwen and Aikas 2000). Therefore, this study utilized Hwangdeung granite,
which was quarried from Hwangdeung-myeon, Iksan-si, Jeolla-do, South Korea, as the
experimental material. The basic engineering properties of the Hwangdeung granite are
summarized in Table 1. A total of seven intact rock blocks were prepared with dimensions
of 120 mm in width, 130 mm in length, and 150 mm in height. The opposing faces of
each block were precisely ground to be parallel, and the adjacent faces were made
perpendicular to ensure alignment during loading. Among the seven blocks, two intact
rock blocks were used to determine the elastic deformation of the intact rock matrix.
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These values were later used as the reference data to quantify the net fracture closure
of the rough fractures by subtracting the matrix deformation. For the remaining five
specimens, tensile-induced rough fractures were artificially generated through splitting
tensile tests (Fig. 1a). The induced fractures were classified as a medium-rough fracture,
with the Joint Roughness Coefficient (JRC) ranging from 11 to 13. To determine the JRC
of the fractures, the fracture surfaces were digitized using a high-resolution 3D laser
scanner. The statistical roughness parameter Z2 was calculated from the scanned
surface topography, and the JRC values were derived using the empirical correlation
equation proposed by Tse and Cruden (1979).
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Fig. 1 Photographs of (a) rock specimens and (b) direct shear testing system

Table 1 Basic engineering properties of Hwangdeung granite

Properties Values Methods

Young’s modulus 65.66 + 9.46 GPa Uniaxial compression test
Uniaxial compressive strength 184.49 £ 10.54 MPa Uniaxial compression test
Brazilian tensile strength 10.51 £ 1.16 MPa Brazilian tensile test

Porosity 0.74 £ 0.07 % Saturation and caliper methods

2.2 Test setup and loading schemes

A direct shear testing system was utilized to apply shear offsets and normal
compression on the rock specimens (Fig. 1b). The system consists of a servo-hydraulic
rock mechanics testing system (816.04 Rock Mechanics Test system, MTS Systems) for
normal loading and a compatible direct shear subsystem (816 Direct Shear Package,
MTS Systems) for shear loading. The testing system can apply a maximum normal load
of 500 kN and a maximum shear load of 250 kN. The shear box can accommodate rock
specimens with dimensions up to 200 mm x 300 mm x 340 mm.

For the two intact specimens, normal compression tests were performed to
determine the elastic deformation evolution of the intact rock matrix under varying normal
stress. The normal stress was increased up to 6 MPa and then decreased back to zero
for two consecutive cycles. The loading and unloading rate for the normal stress was
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fixed at 0.01 MPa/s across all tests in this study.

For the five specimens containing a rough fracture, three different loading schemes
were implemented to investigate the shear offset effect, cyclic effect, and shear history
effect. In the stepwise shear offset series, three rough fracture specimens designated as
F11, F12, and F13 were tested. The specimen nomenclature in this study is defined such
that the prefix letter indicates the specific loading scheme representing F for stepwise
shear offset, C for cyclic loading, and D for continuous direct shear, while the subsequent
number denotes the nominal JRC of the respective fracture surface. At each designated
shear offset stage, the normal stress was increased to 6 MPa and decreased once. The
shear offsets were applied from 0 mm up to 10 mm, with smaller offset increments
programmed in the initial stages of shearing. This dense sampling in the early stage was
chosen because the peak shear strength of rock fractures typically occurs within 1 mm
of shear displacement. In addition, complex normal contraction and dilation responses
occur within this narrow range, which is expected to cause distinct changes in normal
stiffness. When transitioning from one shear offset to the next, the fracture surfaces were
separated in the normal direction, to establish a zero-stress state before inducing the
next offset (Fig. 2). This separation minimized the potential influence of asperity
degradation during the offset process on the normal stiffness evaluated at subsequent
stages.
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Fig. 2 Schematic diagram of the stepwise shear offset loading scheme

To evaluate the cyclic effect on normal stiffness, 12 normal compression cycles up
to 6 MPa were applied to one rough fracture specimen designated as C12. These
continuous cycles were performed at two shear offset positions including the interlocked
state at 0 mm offset and a dislocated state at 1 mm offset. This test aimed to quantify
how much the normal stiffness increases due to cyclic asperity degradation and plastic
compression under both interlocked and dislocated conditions.

The final rough fracture specimen, designated as D12, was subjected to a standard
direct shear test under a constant normal stress boundary condition of 1 MPa. The shear
slip was induced at a constant shear displacement rate of 0.2 mm/min. The purpose of
this test was to compare the resulting shear stress and normal displacement evolution
against the normal stiffness variation obtained from the compression tests at the stepwise
shear offsets.
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The forces and displacements in the shear and normal directions were monitored
continuously throughout the testing program. The normal and shear loads were
measured using dedicated load cells integrated within each loading axis. The normal
displacement of the fracture was captured by four linear variable displacement
transducers located at the four corners of the shear box. Two additional displacement
transducers were positioned symmetrically along the fracture plane to record the shear
displacement. All load and displacement data were logged at a continuous sampling
interval of 0.1 seconds.

3. Results and discussion
3.1 Stiffness evolution under stepwise shear offsets

Figure 3 shows the normal displacement (un) evolution of the rock fractures under
varying normal stress (on) for specimens F11, F12, and F13 subjected to stepwise shear
offsets (us) from 0 mm to 10 mm. In the figure, an increase in the normal displacement
value represents fracture closure, whereas a decrease in the value indicates fracture
opening. Across all three specimens, an increase in the shear offset induced fracture
dilation, which led to a progressive shift in the initial normal displacement at the start of
normal loading at each shear offset stage. The dilation response was relatively minor at
early shear offsets between 0 mm and 0.2 mm, but became significantly more
pronounced after the shear offset exceeded 0.2 mm. At each specific shear offset stage,
the changes in normal displacement under normal loading demonstrated the typical non-
linear closure behavior of rock fractures. As the applied normal stress increased, the rate
of normal displacement variation slowed down, indicating that the rock fracture became
progressively stiffer. However, with the increasing shear offset, the total magnitude of
normal displacement variation induced by each normal stress cycle became visibly larger.
This phenomenon implies that a larger shear offset significantly reduces the overall
stiffness of the fracture surfaces. As the degree of dislocation advances, the mating
asperities become geometrically mismatched and the effective contact area decreases,
leading to a systematic degradation of the fracture normal stiffness.

The net fracture closure was calculated by subtracting the average normal
displacement of the two intact rock specimens from the total measured normal
displacement of the fractured specimens shown in Fig. 3. Fig. 4 illustrates the total net
fracture closure (urtot) induced by a normal stress increase from 0 MPa to 6 MPa, along
with the initial normal displacement (un,0) recorded at the start of normal loading for each
stepwise shear offset stage. According to Fig. 4a, the evolution of the total net fracture
closure exhibited three distinct stages as a function of the shear offset. When the shear
offset was less than approximately 0.2 mm, the total net fracture closure increased
rapidly. Beyond this initial stage, a more gradual and progressive increase in the total net
fracture closure was observed up to a shear offset of 6 mm. After exceeding the 6 mm
shear offset, the closure values reached a plateau without showing further distinct
increases. This multi-stage behavior can be interpreted through the changing contact
states of the fracture surfaces. In the early stage of shearing, the initially well-mated
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Fig. 3 Normal stress (on) versus normal displacement (un) curves under stepwise shear
offsets (us) for specimens (a) F11, (b) F12 and (c) F13
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fracture surfaces undergo rapid geometrical mismatching, leading to a sharp decrease
in the initial fracture stiffness. In the intermediate stage up to 6 mm, the gradual increase
in net fracture closure suggests further stiffness degradation as the mismatched fracture
walls slide over macro-asperities. Finally, as the fracture enters a residual state at large
shear offsets, the overall contact configuration does not experience significant further
alterations, keeping the total net fracture closure relatively stable Notably, the overall
evolution of the total net fracture closure was highly consistent across specimens F11,
F12, and F13. Furthermore, Fig. 4b confirms that a continuous and progressive fracture
dilation occurred due to the stepwise shear offsets, as evidenced by the decreasing initial
normal displacement values, which also showed negligible differences among the three
tested specimens.
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Fig. 4 Total net fracture closure (ustot) and initial normal displacement at each normal
loading (un,0) under stepwise shear offsets (us)

3.2 Effect of cyclic normal compression

Fig. 5 shows the normal displacement evolution of a rock fracture under 12 cycles
of cyclic normal loading for specimen C12 evaluated at two different structural states
including the interlocked state at 0 mm offset and the dislocated state at 1 mm offset. At
the interlocked state of 0 mm shear offset, the total variation of normal displacement
induced by the normal stress increase from 0 MPa to 6 MPa progressively decreased as
the compression cycles were repeated. This reduction in displacement amplitude implies
a gradual increase in the fracture normal stiffness due to the progressive adjustment and
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tightening of the mating asperities under cyclic loading. When the shear offset was
increased to 1 mm, the initial normal displacement at the start of the first cycle shifted
substantially toward a negative value, reflecting the clear fracture dilation induced by the
shear dislocation. Similar to the interlocked state, the dislocated fracture also exhibited
a systematic decrease in the normal displacement variation with cumulative cycles.
However, a highly distinctive fracture closure response was observed during the first
compression cycle of the 1 mm offset. The first loading path produced a remarkably large
fracture closure, which was accompanied by a massive irrecoverable plastic deformation
after unloading. From the second cycle onward, the fracture closure amplitude decreased
abruptly and the loading-unloading loops began to stabilize, showing a progressive
convergence toward a stable state. This pronounced difference in the first cycle behavior
between the 0 mm and 1 mm offset states can be attributed to the altered contact
configuration of the roughness profiles. In the dislocated state, the fracture surfaces are
poorly mated and the contact is concentrated on the vulnerable peaks of the asperities.
The application of the first normal stress cycle inevitably induces severe asperity damage
including the crushing and grinding of these highly stressed contact areas, causing an
immediate structural shifting and a subsequent rapid stabilization of the fracture normal

stiffness.
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Fig. 5 Normal stress (on) versus normal displacement (un) curves under 12 cycles of
cyclic normal loading at interlocked 0 mm and dislocated 1 mm shear offset (us) states

To quantitatively evaluate these variations, the total net fracture closure and the
initial normal displacement at the start of each compression cycle were extracted as a
function of the number of cycles, as presented in Fig. 6. It should be noted that the total
net fracture closure in Fig. 6a was measured during the application of normal stress from
0 MPa to 6 MPa, whereas the initial normal displacement in Fig. 6b was recorded at the
seating stress state before the start of each compression cycle. For the interlocked
fracture at 0 mm shear offset, Fig. 6a shows that the total net fracture closure during the
first cycle was approximately 0.04 mm. From the second cycle onward, this value
dropped significantly and exhibited a highly gradual decrease, stabilizing near 0.02 mm.
This continuous reduction in closure amplitude is primarily driven by the progressive
structural stabilization of the well-mated fracture surfaces. In contrast, the dislocated
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fracture at 1 mm shear offset experienced a remarkably large net fracture closure of
approximately 0.40 mm during the first cycle, which is ten times greater than that of the
interlocked fracture. As the number of cycles accumulated, the total net fracture closure
for the 1 mm offset stage systematically decreased, eventually reaching about 0.06 mm
at the 12th cycle. Notably, the dislocated fracture displayed a much steeper decline in
the closure magnitude compared to the interlocked fracture throughout the entire cyclic
loading process. This sustained rapid steep decline occurs because the poorly mated
asperities in the dislocated state undergo intensive localized crushing and geometric
rearrangement, which accelerates the structural tightening of the fracture surfaces
across all subsequent cycles. The underlying mechanism for this stiffening behavior is
clearly reflected in the evolution of the initial normal displacement shown in Fig. 6b. For
both shear offset states, the initial normal displacement measured at the start of each
compression cycle shifted systematically toward the positive direction as the
compression cycles progressed. Since an increase toward a positive value represents a
higher degree of fracture closure, this upward shift indicates the progressive
accumulation of irrecoverable plastic fracture closure induced by the cyclic loading-
unloading process. In the case of the 0 mm offset, this permanent closure accumulated
continuously and moderately. For the 1 mm offset, a massive plastic closure occurred
immediately after the first cycle, followed by a much slower accumulation rate in
subsequent cycles. The accumulation of this permanent closure yields a highly
compacted and stable contact configuration, directly resulting in the enhanced fracture
normal stiffness and the reduced closure amplitudes shown in Fig. 6a.
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Fig. 6 Total net fracture closure (urtot) during normal compression and initial normal
displacement recorded at the start of each compression cycle (un,0) under 12 cycles of
cyclic normal loading at interlocked 0 mm and dislocated 1 mm shear offset (us) states
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3.3 Logarithmic fitting and evaluation of stiffness parameters

To mathematically characterize the non-linear closure behavior of rock fractures,
various empirical formulations have been implemented in literature. The hyperbolic
model proposed by Bandis et al. (1983) has been widely accepted as a representative
framework for describing the normal stiffness of well-mated interlocked fractures. On the
other hand, for dislocated fractures under shear offsets, Bandis et al. (1983) reported
that a semi-logarithmic relationship is well-suited to represent the closure behavior.
Furthermore, Zangerl et al. (2008) demonstrated that this semi-logarithmic relationship
exhibits strong correlations for interlocked fractures across diverse rock types. Fig. 7
illustrates the relationship between the natural logarithm of the applied normal stress and
the net fracture closure (ur) evaluating the fractured specimens F11, F12, and F13 across
the entire shear offset range from 0 mm to 10 mm. The linear regression lines plotted on
these semi-log scales represent the mathematical fitting results based on the semi-
logarithmic model. For all three specimens, the experimental data points align well with
the linear regression lines across almost all shear offset stages. As displayed in the inset
histograms of each subplot, the majority of the computed coefficients of determination R?
exceed 0.9. This high correlation proves that the semi-logarithmic model can successfully
replicate the normal stress versus fracture closure relationships regardless of the degree
of shear dislocation. The consistent linear slope observed at each stage confirms that
the rate of stiffness evolution under normal compression follows a predictable logarithmic
function throughout the progressive advancement of the shear offset.
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Fig. 7 Semi-logarithmic linear regression analysis between the natural logarithm of
normal stress (In(on)) and net fracture closure (uf) under stepwise shear offsets (us)
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Fig. 8 Variations of stiffness parameters under stepwise shear offsets, including (a)
stiffness characteristic Ck and (b) normalized stiffness Ck ratio

The slope obtained from the semi-logarithmic linear regression in Fig. 7 is defined
as the stiffness characteristic Ck which serves as a key parameter to describe the non-
linear closure behavior of rock fractures. Fig. 8 shows the variation of the Ck and its
normalized ratio as a function of the shear offset. As presented in Fig. 8a, the evolution
of Ck with increasing shear offset exhibits three distinct stages, highly consistent with the
trend observed in the total net fracture closure behavior shown in Fig. 4. At early shear
offsets below 0.2 mm, where fracture dilation was previously found to be minor in Fig. 4b,
the Ck values drop sharply from approximately 170 mm-" to 10 mm-"'. As the shear offset
advances from 0.2 mm to 6 mm, where progressive geometric mismatching occurs, the
Ck values exhibit a gradual and continuous decrease toward approximately 7 mm-.
Beyond a shear offset of 6 mm, no significant further reduction is observed, and the
parameters stabilize with minor fluctuations. This multi-stage degradation confirms that
the normal stiffness parameter is highly sensitive to the initial geometric mismatch during
early shear displacement, even though the fracture dilation at the early phase of the
shear offset is considerably minor compared to the subsequent stages as observed in
Fig. 4b.

To quantify the degradation of the fracture normal stiffness in dislocated states
compared to the initial interlocked state, the normalized Ck ratio was calculated as shown
in Fig. 8b. The ratio was determined by normalizing the Ck values at dislocated states
with shear offsets greater than 0 mm by the corresponding value at the 0 mm interlocked
state for the three tested specimens F11, F12, and F13, followed by an interpolation and
averaging procedure. The averaged Ck ratio decreases rapidly to approximately 0.2 at a
shear offset of 0.2 mm, indicating that the Ck in the dislocated state drops to 20% of its
initial interlocked value during the initial offset phase. As the shear offset further
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increases, the ratio continues to decrease and asymptotically approaches a lower bound
of 0.074. This convergence demonstrates that large shear dislocations reduce the Ck of
the rock fracture to less than 10% of its original interlocked capacity.

Fig. 9 presents the relationship between the natural logarithm of normal stress and
the net fracture closure under 12 cycles of cyclic normal loading for specimen C12. The
experimental results and the corresponding linear regression lines are plotted for both
the interlocked 0 mm offset state and the dislocated 1 mm offset state. For both offset
states, the experimental data points align well with the linear regression lines throughout
the repetitive loading cycles. As indicated by the inset histograms, the vast majority of
the calculated coefficients of determination R? exceed 0.9. This high correlation
demonstrates that the semi-logarithmic relationship remains highly valid under cyclic
loading conditions ensuring a predictable characterization of the non-linear fracture
closure behavior regardless of the accumulation of loading cycles.
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Fig. 9 Semi-logarithmic linear regression analysis between the natural logarithm of
normal stress (In(on)) and net fracture closure (ur) under 12 cycles of cyclic normal
loading at (a) interlocked 0 mm and (b) dislocated 1 mm shear offset (us) states

Fig. 10 shows the variation of the Ck and its evolution ratio as a function of the
number of loading cycles. As presented in Fig. 10a, the Ck values in the interlocked state
of 0 mm shear offset exhibit a sharp increase from approximately 90 mm-' to 100 mm-"
when transitioning from the first cycle to the second cycle, followed by a gradual and
progressive increase during subsequent cycles. A highly similar evolutionary trend is
observed for the dislocated state of 1 mm shear offset. Throughout the entire cyclic
loading history, the magnitude of Ck in the dislocated state remains consistently lower
than that in the interlocked state.
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Fig. 10 Variations of stiffness parameters 12 cycles of cyclic normal loading at
interlocked 0 mm and dislocated 1 mm shear offset (us) states, including (a) stiffness
characteristic Ck and (b) normalized stiffness characteristic ratio

To evaluate the relative increase in the Ck compared to the first cycle induced by
repetitive loading, the Ck ratio was determined by normalizing the Ck values from the
subsequent cycles (N > 1) by the initial value obtained at the first cycle (N = 1) as depicted
in Fig. 10b. For the interlocked state of 0 mm offset, the ratio increases progressively up
to approximately three times the initial value as the loading cycles accumulate.
Conversely, for the dislocated state of 1 mm offset, the ratio exhibits a much more
pronounced enhancement, rising from approximately four to seven times the initial value
with the increasing number of cycles. This pronounced enhancement in the dislocated
state indicates that the intensive localized crushing and rearrangement of mismatched
asperities under cyclic compression lead to a more significant relative improvement in
the fracture stiffness parameter compared to the well-mated interlocked condition.

Fig. 11 compares the stiffness ratio derived from the Ck in this study with the
empirical stiffness ratio bounds reported by Bandis et al. (1983) for dislocated fractures.
In this study, the normalized stiffness ratio is determined as the ratio of the Ck in the
dislocated state to that in the initial interlocked state, Ck (us > 0 mm) / Ck (us = 0 mm),
which corresponds to the normal stiffness ratio, Kn (us > 0 mm) / Kk (us = 0 mm),
presented in the literature. Bandis et al. (1983) described the normal stiffness ratio as a
function of the fracture opening ratio defined as the ratio of the fracture opening under
dislocation (aj — un,o) to the initial aperture (aj). To ensure a valid comparison, data
corresponding to high JRC and high JCS conditions from Bandis et al. (1983) were
selected to match the rough and fresh fracture properties investigated in this study. The
initial aperture for the current specimens was determined using the empirical equation
(Eq. (1)) proposed by Bandis et al. (1983) where identical values for the Uniaxial
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Compressive Strength (UCS) and Joint Compressive Strength (JCS) were assigned
owing to the fresh condition of the fractures.

JRC(__UCS
a= 0.2—= —0.1

5 JCS ™M

The empirical dataset from Bandis et al. (1983) indicates that the stiffness ratio
rapidly degrades to approximately 0.1 to 0.2 during the early stages of fracture opening
followed by a significantly lower rate of reduction. The experimental results of the
stepwise shear offset tests in this study, indicated by blue dashed line, exhibit a high
consistent agreement with the empirical range proposed by Bandis et al. (1983).
However, a sharp reduction in the stiffness ratio is observed at a smaller fracture opening
ratio compared to the Bandis dataset. This difference is attributed to the fact that the
stepwise shear offset approach utilized in this study captures the gradual evolution of
stiffness at much lower shear offsets than the 0.5 mm to 1.0 mm offsets employed in the
literature thereby providing a more detailed characterization of the initial degradation
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Fig. 11 Comparison of the normal stiffness ratio (Kn (us > 0 mm) / Kn (us = 0 mm))

versus fracture opening ratio ((aj — un,0) / aj). between the empirical bounds of Bandis

et al. (1983) and the experimental results of this study under progressive shear offsets
and cyclic loading conditions

The stiffness ratio obtained under cyclic normal loading conditions, indicated by red
stars, also falls within the empirical bounds of Bandis et al. (1983). As the number of
loading cycles increases the cumulative closure induced by loading and unloading cycles
leads to a decrease in the fracture opening ratio. Consequently, the stiffness ratio shifts
progressively toward the upper bound of the empirical range. This trend implies that
under actual in-situ conditions where geological fractures are subjected to sustained
overburden pressure over extended periods, the cumulative compression effect may
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induce substantial fracture closure. Therefore, in-situ dislocated fractures potentially
maintain a higher stiffness capacity that approaches or exceeds the upper limit of
conventional empirical predictions and non-cyclic sheared states.

3.4 Discussion on stiffness evolution based on continuous direct shear test

Fig. 12 presents the experimental results of the continuous direct shear test
conducted on specimen D12 under a constant normal stress of 1 MPa showing the
evolution of shear stress (0s) and normal displacement (un,1mpa) as a function of shear
displacement (us). To compare the fracture dilation evolution of the fractured specimen
during direct shearing with those obtained from the stepwise dislocation and cyclic
loading conditions, the normal displacements recorded at 1 MPa normal stress during

normal loading are plotted together.
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Fig. 12 Continuous direct shear test results for specimen D12 under 1 MPa constant
normal stress comparing shear stress (0s) and normal displacement (un,1mpa) with the
normal displacement data of stepwise dislocation and cyclic loading tests at 1 MPa
normal stress levels

In the continuous direct shear test, the shear stress increases sharply to a peak
shear strength of approximately 2.0 MPa at a shear displacement of 0.16 mm (us,peak).
Beyond this peak, the shear stress gradually decreases exhibiting a distinct shear-
softening behavior and stabilizes at a residual state after a shear displacement of
approximately 5 mm to 6 mm. This stress-displacement response under direct shearing
shows a strong physical consistency with the three distinct stages of the Ck described in
Fig. 8. Specifically, the pre-peak state corresponds to the rapid reduction of Ck within the
early shear offset of 0.2 mm. The shear-softening phase aligns with the gradual and
progressive decrease of C«k between 0.2 mm and 6 mm. Finally, the residual state
corresponds to the stabilized Ck values observed beyond 6 mm. This highly consistent
correlation demonstrates that the evolution of normal stiffness can be actively predicted
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through the shear stress evolution where the transition points of the normal stiffness
phases precisely coincide with the occurrences of peak shear strength and the onset of
residual shear strength of the fracture surface.

Furthermore, a comparison of the normal displacement curves reveals that the
downward normal displacement at any given shear displacement is larger in the
continuous direct shear test compared to those in the stepwise dislocation and cyclic
loading tests. A larger normal displacement under a constant normal stress of 1 MPa
represents a smaller cumulative dilation during shearing. This response indicates that
the specimen in the continuous direct shear test experienced continuous and intensive
asperity degradation compared to the specimens subjected to stepwise dislocation and
cyclic loading where shear loading was absent. Considering that the progressive
increase in stiffness during cyclic loading is highly associated with the cumulative fracture
closure at the seating stress as discussed in Fig. 6, the larger normal closure induced by
the shearing history under a constant normal stress of 1 MPa suggests a critical physical
implication. The extensive shear damage and consequent flattening of asperities under
direct shear generate a larger contact area and tighter fracture interlocking under the
same normal stress level. Consequently, this shearing-induced closure history implies
that the actual stiffness of a dislocated rock fracture can become higher under continuous
shearing compared to simple dislocated states without a shearing history.

4. CONCLUSIONS

This study investigated the normal stiffness degradation and evolution of rough
granite fractures under stepwise shear offset, cyclic normal loading, and continuous
direct shearing. Fractured specimens were systematically tested to evaluate the non-
linear relationship between normal stress and net fracture closure using semi-logarithmic
regression to track the stiffness characteristic parameter. The results provide key
physical insights for evaluating the long-term structural and hydraulic stability of deep
geological repositories.

The stiffness characteristic Ck of granite fractures exhibits a distinct three-stage
degradation response as a function of the shear offset, representing rapid reduction,
gradual decrease, and a stabilized residual state. This multi-stage degradation shows a
strong physical consistency with the stress-displacement response of continuous direct
shear tests. The transition points dividing the rapid reduction, gradual decrease, and
stabilized residual stages of Ck correspond precisely to the peak shear strength and the
onset of residual shear strength during direct shearing. This systematic alignment
confirms that the evolution of normal stiffness can be actively predicted from the shear
stress response because the normal stiffness phases are physically coupled with the
shear failure stages of the fracture surface.

The semi-logarithmic model highly correlates with the net fracture closure behavior
under both stepwise shear offset and cyclic loading, providing a reliable description of
the non-linear fracture closure behavior. Under cyclic loading, the dislocated state
exhibits a much faster relative increase in stiffness compared to the interlocked state.
This enhancement is driven by intensive localized crushing and subsequent structural
rearrangement of mismatched asperities under repetitive compression. In actual
geological environments, sustained overburden pressure and cumulative compression
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induce substantial fracture closure causing the in-situ stiffness of dislocated fractures to
approach or exceed empirical upper limits. Furthermore, continuous shearing histories
could generate larger normal closure and contact areas than simple dislocations,
indicating that sheared fractures maintain higher stiffness capacities. Future research
should focus on sheared fractures incorporating continuous shearing histories and multi-
axial confinement to ensure precise evaluations of geological repository systems.
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