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A B S T R A C T   

In an underground repository for high-level radioactive waste disposal, fracture transmissivity in an excavation 
damaged zone (EDZ) along tunnels or deposition holes can decrease during the post-closure period via processes 
such as self-sealing by clay-swelling at the EDZ’s fracture surface or an increase in effective normal stress acting 
on the fractures owing to swelling of backfilling or buffer materials. Hydromechanical coupling models for the 
stress-dependence of fracture transmissivity are helpful to estimate the change in an EDZ’s fracture transmissivity 
after closure. The applicability of the applied models should be confirmed by in situ tests at the given site; this 
appears to be facilitated by using constant-head step injection tests. However, injection testing is rarely applied 
to EDZ fractures. To investigate the applicability of injection tests, the present study performed them on single, 
tensile EDZ fractures in the Horonobe Underground Research Laboratory hosted by poorly swelling mudstone. 
Furthermore, the Barton–Bandis normal stress-dependent fracture-closure model quantified the stress- 
dependence of EDZ facture transmissivity. The fracture’s hydraulic aperture increased gradually during injec-
tion, and its variation was well reproduced by fitting the model. Although the model requires the normal stress, 
this parameter was reasonably estimated by the fitting analyses. Constant-head step injection tests coupled with 
the Barton–Bandis model is believed to be a convenient method for preliminarily quantifying or verifying the 
stress dependence of EDZ fracture transmissivity, at least for poorly self-sealed, tensile EDZ-fractures.   

1. Introduction 

In an underground repository for high-level radioactive waste 
disposal, any excavation damaged zone (EDZ) along tunnels or deposi-
tion holes can be a pathway for radionuclides, which may leak into 
groundwater from waste during the post-closure period. The EDZs can 
also act as efficient escape channels for any gases produced from the 
degradation of repository engineering materials during the post-closure 
period. Therefore, the long-term permeability of any EDZ must be 
considered when designing a repository and assessing its safety.1 The 
permeability of EDZs in underground research laboratories built in 
mudstone has been reported to be several orders of magnitude higher 
than that of the host rock. However, an EDZ’s permeability can be 
reduced by self-sealing its fractures via clay swelling at the fracture 
surfaces owing to re-saturation of the EDZ or by increasing the effective 
stress generated by swelling of buffer or backfilling materials.2–4 Not 
limited to mudstone, the permeability of EDZs may also change by 
variation of effective stress resulting from the thermal effects of waste, 

uplift and denudation, and glaciation.5–10 Thus, assessment of the 
long-term permeability of an EDZ needs to consider such changes 
occurring post-closure. 

Numerous in situ experiments to understand changes in the perme-
ability of an EDZ in mudstone have been performed at underground 
research laboratories. At the Mont Terri rock laboratory (Switzerland) 
and the Meuse/Haute Marne site (France)—which are both hosted in 
mudstone with a high capacity for swelling—in situ experiments 
investigated changes in permeability of re-saturated EDZs over a period 
of years; they confirmed that hydraulic conductivity/transmissivity 
eventually reduced by 2–4 orders of magnitude.11–13 This reduction in 
permeability has been attributed to swelling of smectite at the EDZ’s 
fracture surface related to matric suction or osmotic suction.13,14 

Changes in EDZs’ permeability due to stress variation have also been 
investigated by in situ plate-loading experiments: loading up to 5 MPa 
against the tunnel wall from the inside has been reported to reduce the 
EDZ’s fracture transmissivity by 2 orders of magnitude at Mont Terri, 
and loading up to 4 MPa reduced the transmissivity by 1–4 orders of 
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magnitude at Meuse/Haute Marne.13,15 Changes in EDZ permeability 
due stress variation have been further investigated at Mont Terri using a 
micro tunnel (diameter = 1 m; length = 13 m) with a mega-packer 
system installed inside: the packer applied pressure up to 2 MPa, 
which reduced the EDZ permeability by 1–2 orders of magnitude.16,17 

These loading experiments are very useful for confirming the stress 
dependence of fractures’ transmissivity. However, they require large, 
specialized loading equipment, and are not easily conducted. 

Hydromechanical coupling models for quantifying the stress 
dependence of fracture transmissivity in EDZs have been proposed; 
these can help estimate changes in the permeability of an EDZ.17,18 

However, before adopting any model, its applicability must be 
confirmed by in situ experiments at the given site. Constant-head step 
injection testing is an effective in situ test method for confirming the 
stress dependence of fracture transmissivity on the field scale; it can be 
feasibly conducted using a conventional packer system without 
large-scale, specialized equipment such as a plate-loading system or 
mega-packer.19–21 Constant-head step injection testing may also be 
helpful for quantifying or verifying the stress dependence of fracture 
transmissivity on the field scale. Nevertheless, although case studies 

Fig. 1. Locations of (a) the Horonobe URL and (b) the study area (Niche No. 4) and operating area (Niche No. 3) at 350 m below ground level in the URL.  

Table 1 
Properties of the host rock30–35.  

Property Value 

Mineralogy (wt.%) 
Silica (mainly opal–CT) 40–50 
Clay 19–33 
Smectite 10–18 
Quartz 9–13 
Feldspar 7–13 

Unconfined compressive strength (MPa) 15.4 (±2.59) 
Indirect tensile strength (MPa) 1.83 (±0.37) 
Young’s modulus (GPa) 1.82 (±0.38) 
Poisson’s ratio 0.17 (±0.07) 
Swelling pressure index (MPa)a <0.04 
Swelling strain index (%)b <0.2 
Effective porosity (%) 41.6 (±0.54) 
Skempton’s coefficient, B 0.82–0.93 
Effective stress coefficient, α 0.80–1.05 
Intrinsic permeability (m2) ≤10− 18  

a Swelling pressure under conditions of zero volume change.36 

b Swelling strain for a radially confined specimen with axial surcharge.36 

Fig. 2. Layout of boreholes H4-1 and H4-3 drilled from Niche No. 3 and the packered-off test sections (a: plan view; b and c: cross-section). Positions and directions 
of EDZ fractures detected by core logging and borehole-wall imaging are derived from previous investigations.37 
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have reported constant-head step injection testing in an EDZ,22 reports 
of using injection tests to quantify or verify the stress dependence of 
EDZs’ fracture transmissivity are scarce. 

To investigate the applicability of constant-head step injection tests 
for quantifying or verifying the stress dependence of EDZs’ fracture 
transmissivity on the field scale, the present work reports injection 
testing of single EDZ fractures in siliceous mudstone at the Horonobe 
Underground Research Laboratory (URL; Fig. 1a) and verification of the 
applicability of the Barton–Bandis normal stress-dependent fracture- 
closure model23,24 as a case study. The siliceous mudstone includes 
smectite, but consists mainly of a large amount of opal–cristobalite/-
tridymite (opal–CT). Its swelling capacity is therefore very poor; i.e., the 
swelling pressure index is <0.04 MPa, and the swelling strain index is 
<0.2% (Table 1), whereas those parameters for mudstone capable of 
swelling well are typically ≥1 MPa and ≥1%, respectively.3 Siliceous 
mudstone is thus advantageous in that the effect of self-sealing by clay 
swelling is ruled out when evaluating any change in EDZ fracture 
transmissivity, so the stress dependence of fracture transmissivity can be 
evaluated more directly. The Barton–Bandis model is adopted here for 
the following reasons. (1) It is a widely known hydromechanical 
coupling model for fracture transmissivity.25–28 (2) It is applicable if 
three easily measurable parameters are available: the hydraulic aperture 
of the fracture; the joint coefficient roughness (JRC0) on the laboratory 
scale (~0.1 m in length) for the fracture surface; and the tensile strength 
of the intact rock.29 

2. Geological setting 

Constant-head step injection tests were performed on two single 
fractures in an EDZ formed along Niche No. 4 at 350 m below ground 
level in the Horonobe URL (Fig. 1b). The host rock is a Neogene siliceous 
mudstone of the Wakkanai Formation. Table 1 lists its properties. Two 
boreholes (H4-1 and H4-3; drilling length, 14.0 m; diameter, 0.1 m) 
were drilled from Niche No. 3 (Fig. 1b) to the EDZ that formed above the 
crown of Niche No. 4 after its excavation (Fig. 2). These niches are EW- 
extending and horizontal tunnels, which were mechanically excavated 
toward west using a breaker in horizontal steps of 1.0 m (Fig. 3). After 
each step, 0.2 m-thick shotcrete and a steel arch rib were installed 
(Figs. 2 and 3). The maximum inner diameter is 4.0 m for Niche No. 3 
and 5.0 m for Niche No. 4 (Fig. 2c). Observations of the boreholes’ cores 
and walls confirmed the positions and directions of fractures in the 
boreholes,37 which depend on the structure of the tunnels (Fig. 2); i.e., 
fracture strikes are nearly parallel to the tunnel axis near the tunnel 
sidewall and nearly normal to the tunnel axis near the crown (Fig. 2a), 
while the fractures’ dip directions are nearly parallel to the tunnel 
wall/crown (Fig. 2b and c). The fracture surfaces exhibit plumose 
structures indicating tensile failure.37 Furthermore, a previous borehole 
investigation prior to the tunnel excavation confirmed the occurrence of 
few natural fractures in the study area,38 and fractures were only 
observed in the two boreholes near the tunnel (Fig. 2). Thus, the frac-
tures can be interpreted as EDZ fractures.30,39 Although fractures are 
also observed 1.6 m from Niche No. 3 and 2.3 m from Niche No. 4 

Fig. 3. Photographs of excavation faces during tunneling for Niche No. 4 at locations immediately below boreholes (a, b) H4-1 and (c, d) H4-3. Numerous EDZ 
fractures with trace lengths of dozens of centimeters are visible on the excavation faces. 

Fig. 4. Borehole-wall images for each test section and sine curves (solid lines) fitted to the fractures.37  

E. Ishii                                                                                                                                                                                                                                             



International Journal of Rock Mechanics and Mining Sciences 159 (2022) 105229

4

(Fig. 2)—these can be regarded as fractures in the outer part of the 
EDZ40—the extent of the EDZ in which fractures are well developed (i.e., 
the inner part of the EDZ40) is typically limited to ≤0.6 m from the 
tunnel wall in the study area.30 Mechanical aperture of EDZ fractures 
were also observed by in situ resin-injection testing around Niche No. 3; 
the mechanical aperture was 0.08–0.31 mm within 0.2 m of the tunnel’s 
excavation wall and 0.03–0.13 mm at 0.4–0.7 m from the tunnel’s 
excavation wall, which decreased with distance from the tunnel’s 
excavation wall.41 Geological wall-mapping during tunnel excavations 
of Niche No. 4 confirmed numerous EDZ fractures on the excavation 
wall (Fig. 3). Surface-based borehole investigations established the 
initial principal stress conditions in the study area prior to construction 
of the URL as being 7.6 MPa for the EW direction (horizontal), 5.5 MPa 
for the NS direction (horizontal), and 5.6 MPa vertically.30 

Packered-off test sections were set at the two single EDZ fractures: 
one 9.95 m along borehole (mabh) H4-1 and the other 9.92 mabh H4-3 
(the test sections were 9.8–10.2 mabh H4-1 and 9.7–10.4 mabh H4-3; 
Fig. 2). The directions of fracture (given as dip direction/dip angle) 
are 316◦/49◦ for H4-1 and 292◦/49◦ for H4-3 (Fig. 4), which are oblique 
to the direction (225◦/35◦) of bedding planes that are weakly developed 
in the host rock (Fig. 2). The JRC0 required to adopt the Barton–Bandis 
model is ~4.5 for H4-1 and ~9.3 for H4-3 (Fig. 5). This was computed 
by the following empirical relationship42 using the maximum height of 
the fracture surface profile (Rz, mm; equal to the vertical distance be-
tween the highest peak and the lowest valley in the profile) measured 
with a profile gauge: 

JRC0 = 4.4192R0.6482
z . (1)  

Although numerous methods for determining JRC0 have been proposed, 
that using Rz is simple, practical, and insensitive to the problem of the 
sampling interval of data points.42 

The test sections in boreholes H4-1 and H4-3 are both located ~0.4 
m from the shotcrete (thickness, 0.2 m) of the crown in Niche No. 4, but 
their hydromechanical test conditions differ. The west side of Niche No. 
4 has been backfilled with 60% rock and 40% bentonite, and closed with 
a concrete plug (thickness, 3 m; Fig. 2). In situ groundwater (saline 
water) collected from other locations was supplied into the backfilled 
tunnel and surrounding EDZ. The water pressure in the test section 
(called “the test-section pressure”) in H4-1 increased gradually from 0 
MPa after contact-sealing around the plug and the groundwater supply, 
and total pressures monitored by two pressure cells43 installed near the 
crown in Niche No. 4 (TPB018 and TPB019 in Fig. 2a and b) also 
increased accordingly (Fig. 6). The total pressure in the pressure cells 
increased owing to increasing water pressure within the tunnel and the 
swelling pressure of backfilling materials. Abrupt changes in water/total 
pressures shown in Fig. 6 are attributed to changes in the flow rate of the 
groundwater supply into the tunnel and surrounding EDZ. The 
test-section pressure of H4-1 immediately before the injection test was 
~0.15 MPa; the test section and surrounding area are thought to have 
been saturated, although previous investigations37,44 have indicated 
that the test section may contain gases (CH4 and CO2)45 degassed from 
the groundwater. In borehole H4-3, the east side of Niche No. 4 has not 
been backfilled, thus the test-section pressure here was almost 0 
MPa.37,44 

3. Method 

3.1. Injection testing 

Two constant-head step injection tests were performed to the single 
fracture in each test-section of boreholes H4-1 and H4-3 (Fig. 2). The 
tests employed multi packer systems previously installed in the bore-
holes. A plunger pump (12 L min− 1 maximum injection flow rate) and 
accumulator tank were used for injection, and poly-ether-ether-ketone 
(PEEK) tubes (inner diameter 6–8 mm), stainless-steel rods (inner 
diameter 10 mm), and pressure-resistance hose (inner diameter 25 mm) 
were used as an injection line into each test section. The test-section 
pressure was increased in steps of ~0.1 MPa; it was manually 
controlled by adjusting the injection flow rate with a releasing valve 
installed on the downstream side of the pump. The injection flow rate 
was monitored by a mass flow meter (maximum measurable flow rate, 
10 L min− 1), and the test-section pressure was monitored by a pressure 
sensor installed in the operating area (Niche No. 3 in Fig. 1b); connec-
tions were by PEEK tubes. Water injection was continued at a constant 
head for 5 or 10 min during each step (10 min for the first test and 5 min 
for the second). The water pressures in the upper and lower packers of 
the test section were maintained at 4.6 MPa through continuous pres-
surization with nitrogen gas. The recording interval was 1 s. 

Fig. 5. Fracture surfaces on drill cores of tested fractures for boreholes (a) H4-1 and (b) H4-3. Trace profiles on the fracture surfaces, measured Rz, and calculated 
JRC0 for boreholes (c) H4-1 and (d) H4-3. Rz is maximum height of fracture-surface profile (mm), and JRC0 is joint roughness coefficient at laboratory scale. 

Fig. 6. Test-section pressure of borehole H4-1 and total pressures monitored by 
pressure cells installed near the crown of Niche No. 4 (TPB018 and TPB019 in 
Fig. 2a and b) during from the contact-sealing around the plug to the injec-
tion test. 
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3.2. Estimation of fracture transmissivity and hydraulic aperture during 
injection testing 

To estimate the transmissivity of the single fracture in each test 
section during injection testing, the test-section pressure and injection 
flow rate were analyzed using well test analysis software (nSIGHTS, n- 
dimensional Statistical Inverse Graphical Hydraulic Test Simulator46,47). 
This program simulates a single-phase, radial/non-radial flow regime 
with a borehole at the center of the modeled flow system. The present 
study determined the transmissivity of the single fracture during each 
injection step by fitting the measured and simulated flow rates, while the 
simulation considered entire injection steps as the pressure history 
(Fig. 7), similar to previous studies.21 Each single fracture was modeled 
as a homogeneous, horizontal, and finite aquifer with the same thickness 
as the test section (i.e., 0.4 m for H4-1 and 0.7 m for H4-3) and sur-
rounded by a constant-head boundary, where a radial laminar flow was 
assumed. This boundary condition is based on the assumption that the 
tested EDZ fractures link hydraulically to numerous other EDZ fractures 
(as observed on the excavation faces in Fig. 3), which may together 
behave as a significantly more permeable zone than the tested “single” 
EDZ fractures; thus the tested single fractures can be considered to be 
hydraulically surrounded by a constant-head boundary (Fig. 8a). 

Assuming the tested fractures are disk-shaped, their radii are inferred to 
be dozens of centimeters from geological wall-mapping during tunnel 
excavation (Fig. 3). The static formation pressure was the same as the 
test-section pressure immediately before injection for each test section. 
The compressibility of each test section within the borehole was 5 ×
10− 8 Pa− 1 based on results from previous pulse tests37,44 and thus 
apparently higher than those of water and the packers, indicating that 
the test sections contained gases (CH4 and CO2) that were degassed from 
the groundwater, as reported previously.37,44 The fitting parameters 
were the transmissivity, storativity, and radius of the assumed aquifer. 
During fitting analysis, 50 simulations were performed for each injection 
step, and the geometric mean value of the simulated transmissivity, and 
the geometric mean value of storativity, and the arithmetic mean value 
of the simulated radius were determined as the transmissivity, stor-
ativity, and radius of the assumed aquifer during each injection step. 
Finally, the hydraulic aperture e (m) (a theoretical smooth wall aper-
ture) of the tested EDZ fractures was derived from the estimated trans-
missivity based on the parallel-plate model48: 

T = ge3/12ν (2)  

where T is the transmissivity of a fracture (m2 s− 1); g is the acceleration 
due to gravity (9.806 m s− 2); and ν is the kinematic viscosity of the fluid 
(1.0 × 10− 6 m2 s− 1 for pure water at 20 ◦C). In addition, (1/T1) × (dT/ 
dh) (m− 1) was also calculated from the estimated T to further charac-
terize the stress dependence of fracture transmissivity,49 where T1 is the 
baseline transmissivity (m2 s− 1) and h is the hydraulic head (m). 

Furthermore, to check the validity of the assumption that T is 
distributed homogeneously in the tested EDZ fractures, the flow 
dimension50 in the tested fractures during each injection step was also 
investigated by the fitting analysis. An estimated flow dimension close to 
2.0 (i.e., two-dimensional radial flow) would indicate the transmissivity 
distribution in the tested EDZ fractures to be homogeneous under the 
applied conditions; i.e., the fracture transmissivity is scale-independent. 
The possibility of scale dependence under certain conditions is an 
important consideration when applying laboratory-scale data to 
field-scale modeling.51 If the simulated flow dimension in the tested EDZ 
fractures is close to 2.0, then the Barton–Bandis model based on 
laboratory-scale tests will be applicable to evaluate the stress depen-
dence of the EDZ’s fracture transmissivity. More-precise checking of the 
homogeneity of the transmissivity distribution requires a fully coupled 
model, as proposed by Murdoch and Germanovich.52 

3.3. Application of the Barton–Bandis model 

To apply the Barton–Bandis model to the variation in hydraulic 
aperture of the tested fractures during injection, fitting analyses were 
performed here and the coefficients of determination (r2) were calcu-
lated. The Barton–Bandis normal stress-dependent fracture-closure 
model is expressed as follows23,24: 

e = JRC2.5
0

/
(E/e)2

(e and E; in microns) (3)  

E=E0 −
(
1
/

Vm + Kni
/

σ′

n

)− 1
(4)  

E0 =Vm + Er (5)  

where E is the mechanical aperture of a fracture (mm); E0 is the initial 
mechanical aperture (mm) under self-weight stress (~1 kPa); Vm is the 
maximum closure (mm); Kni is the initial normal stiffness (MPa mm− 1); 
σ′

n is the effective normal stress (MPa); and Er is the residual aperture 
(mm). Note that the units of e and E in Eq. (3) are microns. 

Eq. (3) is only valid for E ≥ e and when shear displacement is small 
and gouge production is negligible.24,53 If it results in E < e, the E and e 
are assumed to be equal.23 This equation relates E and e, even at the field 
scale, as it is unlikely that fracture closure is size-dependent, unlike 

Fig. 7. Representative fitting analysis between measured and simulated flow 
rates for each injection step. Step 3 during the second test for borehole H4-1 is 
the given example. 

Fig. 8. Schematic model showing changes of transmissivity (T) of the assumed 
aquifer and its outer region with increasing radius of investigation during in-
jection testing. The extent of the assumed aquifer is from the injection point to 
the constant-head boundary. 
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shear strength–displacement behavior.23,54,55 The equation is approxi-
mate,56 but is widely used to convert measured e to E or simulated E to e 
at field scale in a variety of geoengineering problems.57–61 Nevertheless, 
Eq. (3) is validly applicable at the field scale when the fracture trans-
missivity can be assumed to be homogeneous and scale-independent (i. 
e., the flow dimension in the fractures is close to 2.0). Conversely, it may 
be invalidated by significant scale dependence. 

The following equations are applicable for the values of E0 and Kni
29: 

E0 ≈ Vm (or Er ≈ 0) (6)  

Kni = 0.2899σt
/

Vm
(
r2 = 0.826

)
(7)  

where σt is the indirect tensile strength of the intact rock (MPa), which 
can be determined from laboratory tests.62 Eq. (7) was empirically 
derived using the laboratory-experimental data of Bandis et al.63 for 
natural fractures in a variety of rocks including of limestone, sandstone, 
siltstone, slate, and dolerite, and Eq. (7) showed the best fit among some 
relationships29 (Fig. 9). This equation is reasonable, considering that the 
indirect σt of intact rocks correlated well with Young’s modulus29 

(Fig. 10). Integrating Eqs (4), (6) and (7) leads to the following 
equation29: 

E0 = E
(
1 + σ’

n

/
0.2899σt

)
. (8)  

The value of σ′
n for a fracture is given as follows: 

σ′

n = σn − αp (9)  

where σn is the total normal stress (MPa); α is the effective stress coef-
ficient (or Biot’s coefficient65); and p is the water pressure (MPa). 

Although α is usually assumed to be 1 for a fracture,66–68 it may be 

much lower for a rough fracture, depending on the σn, particularly when 
the intact rock behaves as impermeable.69 The value of α for a fracture 
should be greater than (or equal to) that for the intact rock if the host 
rock is regarded as permeable/porous.70 The host rock studied here has 
very low permeability (Table 1), and was thus effectively impermeable 
during injection testing, given the very short test time. For an imper-
meable host rock, the value of α for a rough fracture can be expressed as 
follows69: 

α = (1 + (σn − p)/KniVm )
− 1

(σn ≥ p) (10)  

α = 1 (σn < p). (11)  

Eq. (10) can be modified to the following equation by integrating Eq. 
(7): 

α = (1 + (σn − p)/0.2899σt )
− 1
. (12)  

Thus, the value of σ′
n for the fractures during injection testing is given as 

follows: 

σ′

n = σn − p0 − (p − p0)
/
(1+(σn − p) / 0.2899σt) (13)  

where p0 is the initial water pressure immediately before injection. 
The unknown parameters σn and E0 were determined here by fitting 

values of e estimated by the flow simulation and calculated using least 
squares from the hydromechanical model expressed by Eqs (3), (8) and 
(13). The inputted value of JRC0 was 4.5, 4.2, and 4.7 for H4-1 and 9.3, 
8.4, and 10.7 for H4-3 (i.e., the mean, minimum, and maximum values 
shown in Fig. 5, respectively); σt was 1.83, 1.46, and 2.21 MPa (i.e., the 
mean, and its +1σ and − 1σ values, as shown in Table 1); p was the test- 
section pressure; and p0 was 0.152 and 0.153 MPa for the first and 

Fig. 9. Kni versus (a) JCS0/Vm, (b) UCS/Vm, and (c) σt/Vm,29 based on the laboratory-experimental data of Bandis64 for a variety of natural fractures and rocks. JCS0 
is joint wall compressive strength at laboratory scale (MPa), Kni is initial normal stiffness of fracture (MPa mm− 1), Vm is maximum closure of fracture (mm), UCS is 
unconfined compressive strength of intact rock (MPa), and σt is indirect tensile strength of intact rock (MPa). 

Fig. 10. (a) Young’s modulus and (b) Young’s modulus/B versus indirect tensile strength of various intact rocks, and the approximation lines,29 where B is un-
confined compressive strength (MPa)/indirect tensile strength (MPa). 1–3: siliceous mudstone, 4–5: marl, 6–9: granite/granodiorite, 10: gneiss, 11: granite/gneiss, 
12: slate, 13: dolerite, 14: limestone, 15: siltstone, and 16: sandstone. 
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second tests in H4-1 and 0 MPa for all tests in H4-3. 
The normal stiffness of the fractures during injection testing was also 

calculated from the simulated σn and E0. The normal stiffness can be 
converted to the storativity of the fractures,71 which can then be 
compared with the storativity estimated by the flow simulation to verify 

the validity of the simulated values of σn, E0, and other parameters. The 
normal stiffness Kn (MPa mm− 1) of a fracture can be derived as 
follows63: 

Kn = Kni
(
1 − σ’

n

/(
VmKni + σ’

n

) )− 2
. (14) 

Fig. 11. Test-section pressure and injection flow rate during the first and second tests for borehole (a, b) H4-1 and (c, d) H4-3. The steps in the constant-head step 
injection tests are numbered. Data are available in Supplementary Material. 

Fig. 12. Injection flow rate vs test-section pressure at the end of each injection step during the first and second tests for borehole (a, b) H4-1 and (c, d) H4-3. Each 
point is labeled with the step number. 
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Using the mean value of σt (i.e., 1.83 MPa), the value of Kn was deter-
mined and converted to the unitless fracture storativity, S49: 

S ≈ 10− 9γα
/

Kn (15)  

where γ is the unit weight of water (9.8 kN m− 3). 

4. Results 

The test-section pressure and injection flow rate during the first and 
second injection tests are shown in Fig. 11, and Fig. 12 gives values at 

the end of each step. The injection flow rate increased gradually to ≥8.8 
L min− 1 as the test-section pressure increased to 1.8 MPa for H4-1; it 
reached ≥5.0 L min− 1 as the test-section pressure increased to 1.3 MPa 
for H4-3. During the injection steps for H4-1, the total pressures moni-
tored at the pressure cells (TPB018 and TPB019 in Fig. 2a and b) did not 
vary significantly, unlike the test-section pressure (Fig. 13). 

The estimated S was 1.50 × 10− 8 to 6.44 × 10− 6 for H4-1 (Table 2) 
and 8.55 × 10− 8 to 1.34 × 10− 5 for H4-3 (Table 3). However, steps 1–3 
of the first test for H4-1, steps 1 and 2 of the second test for H4-1, and 
step 1 of the first and second tests for H4-3 resulted in S over one order of 
magnitude higher than those for the other steps (Tables 2 and 3). 

Fig. 13. Test-section pressure of borehole H4-1 and total pressures monitored by pressure cells installed near the crown of Niche No. 4 (TPB018 and TPB019 in 
Fig. 2a and b) during the first and second tests. 

Table 2 
Injection flow rate q (L min− 1) and test-section pressure p (MPa) measured at the end of each injection step, transmissivity T (m2 s− 1), storativity S (− ), radius r (m), 
hydraulic aperture e (mm), and (1/T1) × (dT/dh) (≡M, × 10− 2 m− 1; T1 is baseline T, and h is hydraulic head (m)) estimated by flow simulation, and mechanical 
aperture E (mm), effective stress coefficient α (− ), effective normal stress σ′

n (MPa), fracture normal stiffness Kn (MPa mm− 1), and S estimated by the hydromechanical 
model (Eq. (3), (8), and (13)) when given the mean values for JRC0 and σt for each injection step in H4-1.  

Step no. Measurement Flow simulation Hydromechanical model 

q p T S r e M E α σ′
n Kn S 

H4-1 first test 
1a 0.045 0.250 1.40 × 10− 7 3.06 × 10− 6 0.63 – – – – – – – 
2a 0.098 0.348 3.14 × 10− 8 1.18 × 10− 6 0.55 – – – – – – – 
3a 0.158 0.449 3.25 × 10− 8 1.74 × 10− 7 0.53 – – – – – – – 
4 0.255 0.550 4.15 × 10− 8 2.09 × 10− 8 0.61 0.037 – 0.038 0.26 1.80 61.91 4.12 × 10− 8 

5 0.323 0.653 4.16 × 10− 8 2.33 × 10− 8 0.59 0.037 0.01 0.038 0.27 1.77 60.14 4.46 × 10− 8 

6 0.385 0.751 4.08 × 10− 8 3.99 × 10− 8 0.60 0.037 − 0.09 0.039 0.29 1.74 58.29 4.85 × 10− 8 

7 0.508 0.846 4.55 × 10− 8 6.32 × 10− 8 0.56 0.038 0.31 0.040 0.30 1.70 56.34 5.29 × 10− 8 

8 0.610 0.954 4.74 × 10− 8 2.00 × 10− 8 0.56 0.039 0.34 0.040 0.32 1.65 53.89 5.90 × 10− 8 

9 0.715 1.052 4.85 × 10− 8 9.16 × 10− 8 0.54 0.039 0.33 0.041 0.34 1.60 51.43 6.57 × 10− 8 

10 0.815 1.155 4.98 × 10− 8 8.24 × 10− 7 0.53 0.039 0.32 0.043 0.37 1.54 48.55 7.46 × 10− 8 

11 0.980 1.249 5.46 × 10− 8 9.56 × 10− 8 0.53 0.041 0.44 0.044 0.40 1.47 45.63 8.49 × 10− 8 

12 1.210 1.349 6.18 × 10− 8 1.10 × 10− 7 0.53 0.042 0.60 0.046 0.43 1.40 42.17 9.93 × 10− 8 

13 1.598 1.440 7.38 × 10− 8 1.44 × 10− 7 0.51 0.045 0.86 0.048 0.46 1.31 38.64 1.17 × 10− 7 

14 2.260 1.560 9.32 × 10− 8 1.26 × 10− 7 0.50 0.048 1.21 0.051 0.51 1.18 33.35 1.51 × 10− 7 

15 3.405 1.652 1.30 × 10− 7 2.15 × 10− 7 0.47 0.054 1.90 0.055 0.57 1.06 28.73 1.93 × 10− 7 

16 5.638 1.744 1.94 × 10− 7 2.18 × 10− 7 0.46 0.062 3.01 0.061 0.63 0.91 23.57 2.61 × 10− 7 

17 10.448 1.852 3.28 × 10− 7 2.36 × 10− 7 0.45 0.074 5.20 0.072 0.72 0.69 16.83 4.18 × 10− 7 

H4-1 second test 
1a 0.060 0.249 5.62 × 10− 8 6.44 × 10− 6 0.67 – – – – – – – 
2a 0.105 0.350 3.59 × 10− 8 2.08 × 10− 6 0.56 – – – – – – – 
3 0.158 0.449 3.36 × 10− 8 2.84 × 10− 8 0.59 0.035 – 0.037 0.25 1.84 64.81 3.73 × 10− 8 

4 0.210 0.547 3.39 × 10− 8 1.82 × 10− 8 0.60 0.035 0.08 0.037 0.26 1.82 63.24 4.00 × 10− 8 

5 0.253 0.649 3.43 × 10− 8 1.50 × 10− 8 0.66 0.035 0.11 0.038 0.27 1.78 61.47 4.33 × 10− 8 

6 0.343 0.752 3.52 × 10− 8 6.53 × 10− 8 0.58 0.035 0.15 0.038 0.29 1.75 59.52 4.73 × 10− 8 

7 0.423 0.850 3.82 × 10− 8 3.58 × 10− 8 0.60 0.036 0.34 0.039 0.30 1.71 57.48 5.17 × 10− 8 

8 0.480 0.951 3.84 × 10− 8 4.35 × 10− 8 0.59 0.036 0.28 0.040 0.32 1.66 55.17 5.71 × 10− 8 

9 0.625 1.050 4.23 × 10− 8 3.44 × 10− 8 0.56 0.037 0.43 0.041 0.34 1.61 52.67 6.37 × 10− 8 

10 0.750 1.151 4.56 × 10− 8 1.09 × 10− 7 0.52 0.038 0.50 0.042 0.37 1.55 49.83 7.20 × 10− 8 

11 0.953 1.255 5.39 × 10− 8 4.69 × 10− 8 0.56 0.040 0.74 0.043 0.39 1.48 46.57 8.30 × 10− 8 

12 1.183 1.348 5.97 × 10− 8 1.74 × 10− 7 0.51 0.042 0.85 0.045 0.42 1.41 43.32 9.58 × 10− 8 

13 1.573 1.454 7.25 × 10− 8 1.13 × 10− 7 0.52 0.045 1.13 0.047 0.46 1.32 39.15 1.16 × 10− 7 

14 2.263 1.551 9.45 × 10− 8 1.44 × 10− 7 0.51 0.049 1.62 0.050 0.51 1.21 34.83 1.42 × 10− 7 

15 3.443 1.648 1.29 × 10− 7 2.18 × 10− 7 0.47 0.054 2.32 0.054 0.56 1.08 29.97 1.82 × 10− 7 

16 5.463 1.749 1.89 × 10− 7 1.83 × 10− 7 0.47 0.061 3.48 0.060 0.62 0.92 24.27 2.52 × 10− 7 

17 8.838 1.849 2.84 × 10− 7 2.27 × 10− 7 0.45 0.070 5.22 0.070 0.71 0.72 17.97 3.85 × 10− 7  

a Possibly affected by gas left within the tested fractures. 
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Considering that these steps might have been affected by gas (degassed 
CH4 and CO2)45 left within the tested fractures, the simulation results for 
those steps were excluded from the following discussion. 

Fig. 14 plots T and (1/T1) × (dT/dh) with respect to the test-section 
pressure, where T1 for each injection test is the T during step 4 for the 

first test in H4-1, T during step 3 for the second test in H4-1, and T during 
step 2 for the first and second tests in H4-3. Both T and (1/T1) × (dT/dh) 
gradually increased with increasing test-section pressure, where T 
increased from 3 to 4 × 10− 8 to 3 × 10− 7 m2 s− 1 for H4-1 and from 1 to 2 
× 10− 8 to 2 × 10− 7 m2 s− 1 for H4-3 (Fig. 14; Tables 2 and 3). The value 

Table 3 
Injection flow rate q (L min− 1) and test-section pressure p (MPa) measured at the end of each injection step, transmissivity T (m2 s− 1), storativity S (− ), radius r (m), 
hydraulic aperture e (mm), and (1/T1) × (dT/dh) (≡M, × 10− 2 m− 1; T1 is baseline T, and h is hydraulic head (m)) estimated by flow simulation, and mechanical 
aperture E (mm), effective stress coefficient α (− ), effective normal stress σ′

n (MPa), fracture normal stiffness Kn (MPa mm− 1), and S simulated by the hydromechanical 
model (Eq. (3), (8), and (13)) when given the mean values for JRC0 and σt for each injection step in H4-3.  

Step no. Measurement Flow simulation Hydromechanical model 

q p T S r e M E α σ′
n Kn S 

H4-3 first test 
1a 0.018 0.077 2.89 × 10− 8 4.84 × 10− 6 0.88 – – – 0.26 1.58 26.16 9.68 × 10− 8 

2 0.053 0.175 1.80 × 10− 8 8.55 × 10− 8 0.70 0.028 – 0.082 0.27 1.55 25.48 1.04 × 10− 7 

3 0.090 0.277 1.88 × 10− 8 1.04 × 10− 7 0.65 0.028 0.42 0.083 0.29 1.52 24.71 1.14 × 10− 7 

4 0.125 0.376 1.95 × 10− 8 1.36 × 10− 7 0.60 0.029 0.41 0.084 0.30 1.49 23.89 1.24 × 10− 7 

5 0.168 0.476 2.28 × 10− 8 1.59 × 10− 7 0.67 0.030 0.86 0.086 0.32 1.45 22.97 1.37 × 10− 7 

6 0.218 0.575 2.21 × 10− 8 1.43 × 10− 7 0.61 0.030 0.56 0.088 0.34 1.40 21.97 1.52 × 10− 7 

7 0.267 0.676 2.45 × 10− 8 1.93 × 10− 7 0.59 0.031 0.70 0.090 0.36 1.35 20.84 1.72 × 10− 7 

8 0.338 0.780 2.63 × 10− 8 1.96 × 10− 7 0.59 0.032 0.75 0.093 0.39 1.29 19.54 1.97 × 10− 7 

9 0.443 0.882 3.10 × 10− 8 2.84 × 10− 7 0.58 0.034 1.00 0.097 0.42 1.23 18.10 2.30 × 10− 7 

10 0.608 0.980 3.70 × 10− 8 3.51 × 10− 7 0.53 0.036 1.28 0.101 0.46 1.15 16.55 2.73 × 10− 7 

11 0.950 1.073 5.50 × 10− 8 3.79 × 10− 7 0.54 0.041 2.24 0.107 0.50 1.06 14.89 3.30 × 10− 7 

12 2.015 1.177 9.83 × 10− 8 4.73 × 10− 7 0.52 0.049 4.36 0.115 0.56 0.95 12.79 4.26 × 10− 7 

13 4.965 1.278 2.14 × 10− 7 6.24 × 10− 7 0.48 0.064 9.65 0.128 0.62 0.80 10.47 5.83 × 10− 7 

H4-3 second test 
1a 0.020 0.078 2.37 × 10− 8 1.34 × 10− 5 0.87 – – – 0.26 1.53 25.80 1.44 × 10− 7 

2 0.055 0.179 1.49 × 10− 8 1.97 × 10− 7 0.58 0.026 – 0.081 0.28 1.50 25.07 1.56 × 10− 7 

3 0.085 0.275 1.70 × 10− 8 2.01 × 10− 7 0.63 0.027 1.44 0.082 0.29 1.47 24.32 1.69 × 10− 7 

4 0.118 0.374 1.93 × 10− 8 1.86 × 10− 7 0.70 0.029 1.50 0.084 0.31 1.43 23.46 1.86 × 10− 7 

5 0.163 0.478 1.97 × 10− 8 1.77 × 10− 7 0.63 0.029 1.06 0.086 0.33 1.39 22.47 2.06 × 10− 7 

6 0.205 0.576 2.07 × 10− 8 2.24 × 10− 7 0.60 0.029 0.97 0.088 0.35 1.35 21.43 2.30 × 10− 7 

7 0.273 0.684 2.35 × 10− 8 1.98 × 10− 7 0.63 0.031 1.13 0.090 0.38 1.29 20.16 2.64 × 10− 7 

8 0.345 0.778 2.50 × 10− 8 2.47 × 10− 7 0.59 0.031 1.11 0.093 0.41 1.23 18.91 3.01 × 10− 7 

9 0.458 0.879 3.01 × 10− 8 3.48 × 10− 7 0.57 0.033 1.43 0.097 0.44 1.16 17.42 3.55 × 10− 7 

10 0.693 0.980 4.03 × 10− 8 2.95 × 10− 7 0.55 0.037 2.09 0.102 0.48 1.08 15.72 4.29 × 10− 7 

11 1.233 1.075 6.94 × 10− 8 5.46 × 10− 7 0.58 0.044 4.00 0.109 0.53 0.98 13.93 5.30 × 10− 7 

12 2.668 1.175 1.31 × 10− 7 9.68 × 10− 7 0.54 0.054 7.70 0.118 0.59 0.86 11.78 6.96 × 10− 7 

13 5.653 1.273 2.48 × 10− 7 1.21 × 10− 6 0.47 0.067 14.01 0.132 0.66 0.71 9.41 9.77 × 10− 7  

a Possibly affected by gas left within the tested fractures. 

Fig. 14. Fracture transmissivity (red circles) and (1/T1) × (dT/dh) (blue crosses) estimated by flow simulation with respect to test-section pressure during each 
injection step. T1 is baseline transmissivity (m2 s− 1), T is transmissivity (m2 s− 1), and h is hydraulic head (m). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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of (1/T1) × (dT/dh) was of the order of 10− 2 m− 1 or less, with H4-1 
showing a lower value than H4-3 (Fig. 14; Tables 2 and 3). 

The estimated S gradually increased with increasing test-section 
pressure by a factor of 8–11 for H4-1 and by a factor of 6–7 for H4-3 
(blue circles in Fig. 15). The simulated radius was 0.45–0.66 m for 
H4-1 (Table 2) and 0.47–0.70 m for H4-3 (Table 3), which gradually 
decreased with increasing test-section pressure (Fig. 16). Another fitting 
analysis adding the flow dimension as a fitting parameter resulted in 
flow dimensions of 1.95–2.20 for H4-1 and 1.83–2.32 for H4-3 (Table 4), 
which are close to 2.0. 

Figs. 17 and 18 show the results of the fitting analysis using the 
hydromechanical model expressed by Eqs (3), (8) and (13). They plot 
the flow-simulation-based e and the hydromechanical model-based e 
(fitted curves) with respect to σ′

n. Table 5 lists the estimated σn, E0, and 
Kni; the best estimations of σn were 2.02–2.13 MPa for H4-1 and 
1.54–1.61 MPa for H4-3, the former being 0.41–0.59 MPa higher than 
the latter. The best estimations of E0 were 0.129–0.214 mm for H4-1 and 
0.236–0.454 mm for H4-3. The coefficients of determination were 
0.94–1.00 for H4-1 and 0.95–0.99 for H4-3, both of which are very high. 
The Kni was 2–5 MPa mm− 1 for H4-1 and 1–3 MPa mm− 1 for H4-3, 
following Eqs (6) and (7). 

Tables 2 and 3 and Fig. 19 show other parameters E, Kn, α, and σ′
n 

estimated using Eqs (8) and (12)–(14) and the mean values for JRC0 and 
σt. With decreasing σ′

n, E increases from 0.04 to 0.07 mm for H4-1 and 
from 0.08 to 0.13 mm for H4-3, Kn decreases from 62 to 65 to 17–18 
MPa mm− 1 for H4-1 and from 25 to 9–10 MPa mm− 1 for H4-3, and α 

increases from 0.3 to 0.7 for H4-1 and from 0.3 to 0.6–0.7 for H4-3. The 
range of E was 0.04–0.13 mm, and Kn was of the order of 10 MPa mm− 1; 
H4-1 had a lower Kn than did H4-3, and α was apparently lower than 1.0 
(Fig. 19). Fracture storativity calculated from Kn and Eq (15) increased 
gradually by up to a factor of 10 for H4-1 and by up to a factor of 6 for 
H4-3 with increasing test-section pressure (red curves in Fig. 15); 
changes in S were very similar to those estimated by flow simulation 
(blue circles in Fig. 15). 

5. Discussion 

5.1. Reliability of the estimated values of σn, E0, and other parameters 

The present study applied the Barton-Bandis model involving Eqs 
(3), (8) and (13) to determine σn, E0, and other parameters by fitting the 
flow simulation-based e and hydromechanical model-based e during the 
injection tests. The fitting analysis gave very high coefficients of deter-
mination (i.e., 0.94–1.00 for H4-1 and 0.95–0.99 for H4-3; Table 5). 
Thus, the hydromechanical model appears able to quantify σn, E0, and 
other parameters. This result is also supported by the following 
discussion.  

(1) The value of σn for H4-1 was estimated to be 0.41–0.59 MPa 
higher than that for H4-3. This means the two boreholes have 
differing principal stress states, as the tested fractures exhibit 
similar directions and are located at similar positions against 
Niche No. 4 (Fig. 2). At the west side of Niche No. 4, the total 
stress of ~0.2 MPa was widely applied to the shotcrete from in-
side the tunnel owing to the groundwater (saline water) supply 
and weak swelling of backfilling materials, as shown in Fig. 6. It is 
therefore reasonable that the value of σn for H4-1 was higher than 
that for H4-3. Although the applied total stress (~0.2 MPa) is 
smaller than the difference of σn (i.e., 0.41–0.59 MPa), this 
shortage can be attributed to heterogeneity of stress disturbance 
caused by tunnel excavation; i.e., more numerous EDZ fractures 
develop in and around the H4-3 test section compared with that 
of H4-1 (Fig. 2). Thus, the stress magnitude around the H4-3 test 
section may be smaller than that of H4-1 because of the greater 
stress relaxation associated with more intensive EDZ fracturing. 
As the pressure cells installed on the shotcrete near the test sec-
tion of H4-1 (TPB018 and TPB019 in Fig. 2a and b) did not 
measure significant change during injection (Fig. 13), any vari-
ation in total stress around the test sections during injection 
testing was insignificant.  

(2) The estimated values of E0 were 0.129–0.214 mm for H4-1 and 
0.236–0.454 mm for H4-3. These values are consistent with other 
results. Previous hydromechanical characterization of the EDZ 
and related numerical analysis indicated that the transmissivity 
of poorly self-sealed EDZ fractures is similar to that of water- 
conducting fractures in fault zones if they are under the same 
stress conditions.30 Other previous work29 has indicated that the 
stress dependence of transmissivity along water-conducting 
fractures in fault zones can be explained by the Barton–Bandis 
model, and showed that the range of E0 (from its minimum, E0min, 
to its maximum, E0max) for such fractures in fault zones can be 
represented empirically by the following equations: 

E0max = 0.737Rz (16)  

E0min = 0.037Rz. (17)  

From the Rz values of 0.9–1.1 mm for H4-1 and 2.7–3.9 mm for H4-3 
(Fig. 5), these equations give the expected ranges of E0 as 
0.033–0.811 mm for H4-1 and 0.100–2.874 mm for H4-3. The estimated 
values of E0 (i.e., 0.129–0.214 mm for H4-1 and 0.236–0.454 mm for 
H4-3) seem reasonable, as they are within the expected ranges (Fig. 20). 

Fig. 15. Fracture storativity estimated by flow simulation (blue circles) and 
from the hydromechanical model (Eq (3), (8), and (13)) (red curves) with 
respect to test-section pressure during each injection step. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 16. Radius of the assumed aquifer estimated by flow simulation during 
each injection step. 
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(3) Estimates of other related parameters such as Kn and E also seem 
reasonable. The estimated Kn was of the order of 10 MPa mm− 1 

(Fig. 19b), which is within the range (1–1000 MPa mm− 1) 
commonly reported by previous field investigations.49,72–79 The 
value of S derived from Kn also varied similarly to that derived 
from flow simulation (Fig. 15). The value of Kn should also be 
related to (1/T1) × (dT/dh), as both parameters indicate the stress 
dependence of fracture transmissivity49; the estimated Kn was 
higher for H4-1 than for H4-3 (Fig. 19b), consistent with the 
relation for (1/T1) × (dT/dh) observed between H4-1 and H4-3 
(Fig. 14; conversely lower for H4-1 than for 4-3). The estimated 
range of E (0.04–0.13 mm) was also consistent with the range 
(0.03–0.31 mm) observed in previous resin-injection tests in the 
study area.41 

Consider next the radius estimated by flow simulation, which was 
0.45–0.70 m (Tables 2 and 3), consistent with (but somewhat larger 
than) the expected size of the tested fractures based on geological 
wall-mapping during tunnel excavation (Fig. 3). Therefore, the 
estimated radius may involve not only the tested single EDZ fractures 
but also other EDZ fractures linked to the tested fractures. As the 
estimated radius decreased with increasing test-section pressure 
(Fig. 16), the following is inferred. Some EDZ fractures were 
geologically linked to the tested fractures but were not initially 
linked to them hydraulically (e.g., because of the amount of contact 
area within the fractures, as indicated by the low α; Fig. 19c); 
however, the contact area within those fractures gradually reduced 
with decreasing σ′

n (as indicated from Fig. 19c). The tested fractures 
thus began to connect hydraulically with other EDZ fractures at lo-
cations closer to the test section (injection point), and the effective 
radius of the assumed aquifer was consequently reduced by the 
shifting of the constant-head boundary (as shown in Fig. 8b). 

5.2. Usability of the method applied here 

The method combining constant-head step injection testing and the 
Barton–Bandis model involving Eqs (3), (8) and (13) appears useful for 
quantifying/verifying the stress dependence of EDZ’s fracture trans-
missivity, as the fracture e estimated by flow simulation during injection 
was well reproduced by the model, and the estimated values of σn, E0, 
and other parameters were also reasonable compared with other 
observational data or simulation results. The applied method also ap-
pears useful in terms of determining the σn acting on a fracture. How-
ever, the method’s applicability might be limited to tensile EDZ fractures 
in a poorly self-sealed EDZ, as discussed below.  

(a) The method requires that fracture-normal displacement occurs 
before water pressure reaches the σn acting on the fracture, as the 
Barton–Bandis model is applicable when the σ′

n is positive 
(compressive). This requires the EDZ fracture to be initially 
permeable. If it is not initially permeable (e.g., due to self-sealing 
by clay-swelling), fracture-normal displacement may occur when 
or after water pressure reaches the σn acting on the fracture.80,81 

In such cases, theoretical analyses considering only fracture Kn (i. 
e., Eq (8) or (4)) cannot easily capture the hydromechanical 
behavior of the fracture, and fully coupled hydromechanical 
numerical simulations also considering the elasticity of sur-
rounding rock are required.19,68 Even if fracture-normal 
displacement occurred before water pressure reaches the σn, the 
water pressure may reach the σn during injection. However, such 
possibility can be assessed by analyzing the coefficient of deter-
mination, and the highest coefficient should result when the σ′

n is 
positive. 

(b) Shear-induced dilation may occur during injection.80 The frac-
tures tested here are tensile EDZ fractures; such fractures tend to 
be normal to the minimum principal stress. This is supported by 

Table 4 
Transmissivity T (m2 s− 1), storativity S (− ), radius r (m), and flow dimension n (− ) estimated by flow simulation during each injection step for H4-1 and H4-3.  

Step no. Flow simulation Step no. Flow simulation 

T S r n T S r n 

H4-1 first test H4-3 first test 
4 3.66 × 10− 8 1.24 × 10− 8 0.66 2.14 2 2.13 × 10− 8 9.90 × 10− 8 0.67 2.03 
5 3.98 × 10− 8 1.41 × 10− 8 0.58 2.05 3 2.42 × 10− 8 1.12 × 10− 7 0.64 1.99 
6 3.53 × 10− 8 2.89 × 10− 8 0.44 2.11 4 1.76 × 10− 8 1.33 × 10− 7 0.63 2.27 
7 5.20 × 10− 8 1.23 × 10− 8 0.59 1.95 5 2.24 × 10− 8 1.00 × 10− 7 0.68 2.20 
8 4.81 × 10− 8 1.37 × 10− 8 0.54 2.06 6 2.57 × 10− 8 1.15 × 10− 7 0.64 2.08 
9 4.93 × 10− 8 4.17 × 10− 8 0.29 2.01 7 3.80 × 10− 8 1.03 × 10− 7 0.65 1.83 
10 5.30 × 10− 8 4.88 × 10− 8 0.33 1.96 8 2.80 × 10− 8 1.13 × 10− 7 0.57 2.01 
11 5.34 × 10− 8 5.75 × 10− 8 0.38 2.01 9 4.15 × 10− 8 1.30 × 10− 7 0.57 1.87 
12 5.95 × 10− 8 8.74 × 10− 8 0.31 2.05 10 3.73 × 10− 8 1.05 × 10− 7 0.52 2.00 
13 7.14 × 10− 8 1.26 × 10− 7 0.21 2.05 11 5.79 × 10− 8 2.31 × 10− 7 0.48 1.97 
14 8.90 × 10− 8 1.60 × 10− 7 0.20 2.04 12 9.91 × 10− 8 4.35 × 10− 7 0.49 1.99 
15 1.19 × 10− 7 1.35 × 10− 7 0.15 2.09 13 1.93 × 10− 7 6.14 × 10− 7 0.48 2.10 
16 1.71 × 10− 7 1.75 × 10− 7 0.17 2.12      
17 2.97 × 10− 7 1.58 × 10− 7 0.18 2.10      

H4-1 second test H4-3 second test 
3 3.21 × 10− 8 1.15 × 10− 8 0.61 2.14 2 1.85 × 10− 8 1.84 × 10− 7 0.65 2.10 
4 2.89 × 10− 8 7.21 × 10− 9 0.58 2.20 3 2.07 × 10− 8 2.35 × 10− 7 0.64 2.13 
5 3.56 × 10− 8 7.51 × 10− 9 0.60 2.07 4 1.93 × 10− 8 2.70 × 10− 7 0.59 2.14 
6 2.96 × 10− 8 1.08 × 10− 8 0.56 2.17 5 1.88 × 10− 8 2.74 × 10− 7 0.59 2.24 
7 3.39 × 10− 8 9.22 × 10− 9 0.50 2.09 6 2.56 × 10− 8 2.73 × 10− 7 0.63 2.04 
8 4.10 × 10− 8 1.47 × 10− 8 0.55 1.95 7 2.66 × 10− 8 2.70 × 10− 7 0.63 2.06 
9 4.43 × 10− 8 2.30 × 10− 8 0.55 2.00 8 2.69 × 10− 8 2.79 × 10− 7 0.61 2.12 
10 4.22 × 10− 8 9.81 × 10− 8 0.50 2.07 9 3.61 × 10− 8 2.77 × 10− 7 0.57 2.01 
11 5.33 × 10− 8 9.82 × 10− 8 0.49 1.98 10 3.79 × 10− 8 2.38 × 10− 7 0.55 2.10 
12 5.81 × 10− 8 1.63 × 10− 7 0.50 2.03 11 4.59 × 10− 8 3.89 × 10− 7 0.44 2.32 
13 6.96 × 10− 8 1.50 × 10− 7 0.51 2.04 12 1.41 × 10− 7 6.63 × 10− 7 0.51 1.96 
14 8.80 × 10− 8 1.58 × 10− 7 0.49 2.06 13 2.05 × 10− 7 9.33 × 10− 7 0.48 2.19 
15 1.16 × 10− 7 1.54 × 10− 7 0.48 2.10      
16 1.67 × 10− 7 1.56 × 10− 7 0.46 2.12      
17 2.57 × 10− 7 1.53 × 10− 7 0.45 2.10       
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the directions of the fractures being nearly parallel to the wall/-
crown of Niche No. 4 (Fig. 2), as the direction of minimum 
principal stress around a tunnel tends to be normal to the tunnel 
wall/crown. Therefore, although there is possibility that the EDZ 
fractures were slightly sheared at/after their formation (i.e., the 
EDZ fractures are hybrid fractures82), shear displacement appears 
unlikely to have occurred significantly during injection; the high 
coefficients of determination of the fitting analyses (Table 5) and 
the reasonable estimates of σn, E0, and other parameters (Section 
5.1) indicate that the e during injection was controlled mainly by 
σ′

n-dependent fracture-normal displacement. However, shear 

EDZ fractures83 might shear during injection testing. Therefore, 
their analysis might require a model that also considers 
shear-induced dilation10,25 and specialized equipment to mea-
sure shear displacement precisely during injection.84–86 

Another problem is the scale effect due to hydrogeological hetero-
geneity in EDZ fractures. The present study confirmed the flow dimen-
sion of the tested EDZ fractures to be close to 2.0 (Table 4). This 
supported the assumption of homogeneous transmissivity distributions 
in those fractures, and hence the Barton–Bandis model based on 
laboratory-scale results could be applied. However, the α estimated by 

Fig. 17. Results of fitting analysis, showing the relationship between the hydraulic aperture and effective normal stress during the (a) first and (b) second injection 
tests for H4-1 when given JRC0 and σt which are shown in each figure. JRC0 is joint roughness coefficient at laboratory scale, and σt is indirect tensile strength of 
intact rock (MPa). 
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the hydromechanical model was 0.3–0.7 (Fig. 19c), which is lower than 
1.0 and indicates a large amount of contact area within the tested 
fractures. The estimated radius of the assumed aquifer being dozens of 
centimeters (Fig. 16) and very small likely led to the flow dimensions of 
the tested fractures having values close to 2.0, despite the low α. If σ′

n 
further increases and α further decreases, the flow dimension may no 
longer be close to 2.0, even within such a limited region around the test 
section. When the flow dimension reduces to 1.0 or less owing to 
increased contact area within the fractures, an assumption of homoge-
neous transmissivity distribution of the EDZ fractures would no longer 

hold, as the “effective” transmissivity may decrease with the increasing 
radius of investigation, even within a limited region. Given this scale 
effect, the method applied here will predict the minimum reduction in 
effective transmissivity of EDZ fractures when assuming that σn in-
creases by the swelling of backfilling materials; the actual effective 
transmissivity may be lower than that predicted by the present method. 

Fig. 18. Results of fitting analysis, showing the relationship between the hydraulic aperture and effective normal stress during the (a) first and (b) second injection 
tests for H4-3 when given JRC0 and σt which are shown in each figure. JRC0 is joint roughness coefficient at laboratory scale, and σt is indirect tensile strength of 
intact rock (MPa). 
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5.3. Estimation of the EDZ fracture transmissivity in the post-closure 
period as a case study 

As a case study, the present study simulated the increase in σ′
n 

required to reduce the transmissivity of the tested EDZ fractures based 

on the results of the second injection tests when given the mean values 
for JRC0 and σt. The two curves in Fig. 21 show the simulation results, 
where a 2 MPa increase in σ′

n causes fracture transmissivity to reduce by 
two orders of magnitude, leading to values of T of the order of 10− 10 m2 

s− 1 (Fig. 21); i.e., if σ′
n increases by 2 MPa owing to the swelling of 

Table 5 
Inputted joint roughness coefficient at laboratory scale JRC0 (− ) and indirect tensile strength of intact rock σt (MPa), and estimated normal stress σn (MPa), initial 
mechanical aperture E0 (mm), coefficients of determination r2, and initial normal stiffness Kni (MPa mm− 1) based on the hydromechanical model (Eq (3), (8), and (13)).  

Input Simulation result Input Simulation result 

JRC0 σt σn E0 r2 Kni JRC0 σt σn E0 r2 Kni 

H4-1 first test H4-3 first test 
4.5 1.83 2.06 0.166 1.00 3.20 9.3 1.83 1.60 0.321 0.96 1.65 
4.5 1.46 2.05 0.200 1.00 2.12 9.3 1.46 1.58 0.381 0.97 1.11 
4.5 2.21 2.07 0.143 1.00 4.48 9.3 2.21 1.61 0.279 0.95 2.30 
4.2 1.83 2.02 0.154 1.00 3.44 8.4 1.83 1.60 0.282 0.96 1.88 
4.2 1.46 2.02 0.188 1.00 2.25 8.4 1.46 1.59 0.339 0.97 0.93 
4.2 2.21 2.02 0.133 1.00 4.82 8.4 2.21 1.61 0.246 0.95 2.60 
4.7 1.83 2.11 0.178 1.00 2.98 10.7 1.83 1.60 0.382 0.96 1.39 
4.7 1.46 2.09 0.214 1.00 1.98 10.7 1.46 1.58 0.454 0.97 1.25 
4.7 2.21 2.12 0.153 1.00 4.19 10.7 2.21 1.61 0.332 0.95 1.93 

H4-1 second test H4-3 second test 
4.5 1.83 2.07 0.164 0.97 3.23 9.3 1.83 1.55 0.310 0.98 1.71 
4.5 1.46 2.06 0.198 0.97 2.14 9.3 1.46 1.54 0.371 0.99 1.14 
4.5 2.21 2.08 0.141 0.96 4.54 9.3 2.21 1.55 0.268 0.98 2.39 
4.2 1.83 2.02 0.151 0.99 3.51 8.4 1.83 1.55 0.273 0.98 1.94 
4.2 1.46 2.02 0.183 0.99 2.31 8.4 1.46 1.54 0.326 0.99 1.30 
4.2 2.21 2.02 0.129 0.99 4.97 8.4 2.21 1.55 0.236 0.98 2.71 
4.7 1.83 2.12 0.176 0.95 3.01 10.7 1.83 1.55 0.369 0.98 1.44 
4.7 1.46 2.10 0.212 0.97 2.00 10.7 1.46 1.54 0.442 0.99 0.93 
4.7 2.21 2.13 0.152 0.94 4.21 10.7 2.21 1.55 0.319 0.98 2.01  

Fig. 19. (a) Fracture mechanical aperture, (b) fracture normal stiffness, and (c) the effective stress coefficient with respect to effective normal stress during the 
injection tests simulated from the hydromechanical model (Eq (3), (8), and (13)) using the mean values of JRC0 and σt. 

Fig. 20. Initial mechanical aperture estimated by fitting analysis for the in-
jection tests in boreholes H4-1 and H4-3. 

Fig. 21. Change in fracture transmissivity with respect to effective normal 
stress, estimated by flow simulation and by the hydromechanical model using 
the results of the second injection tests for H4-1 and H4-3. 
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backfilling materials, the transmissivity will become very low. The 
simulation results in Fig. 21 do not consider the possibility of further 
reduction of the flow dimension in fractures on a scale of dozens of 
centimeters; the effective transmissivity may be further reduced when 
σ′

n further increases above the current σ′
n (i.e., 1.92 MPa for H4-1 and 

1.55 MPa for H4-3) and the flow dimension approaches 1.0 or less, as 
mentioned in Section 5.2. 

The present investigation method can promptly evaluate the stress 
dependence of transmissivity for single EDZ fractures on the scale of 
dozens of centimeters using measurements from a single borehole. It can 
also preliminarily evaluate the hydraulic conductivity of the entire EDZ 
along a tunnel in the post-closure period. However, precise evaluation of 
an EDZ’s hydraulic conductivity requires in situ tunnel-scale experi-
ments and relevant numerical simulations.18,87 For such large-scale ex-
periments and simulations, the present investigation method can 
provide reference values of hydromechanical parameters or in situ stress 
conditions in EDZs. 

6. Conclusions 

Predicting the permeability of an EDZ during the post-closure period 
requires quantification of the stress dependence of its fracture trans-
missivity on the field scale. The present study demonstrates that 
constant-head step injection tests coupled with the Barton–Bandis σ′

n- 
dependent fracture-closure model involving Eqs (3), (8) and (13) can 
potentially quantify/verify the stress dependence of the fracture trans-
missivity of EDZs at a scale of dozens of centimeters for at least poorly 
self-sealed, tensile EDZ fractures. The method applied here can also 
estimate the σn acting on the fracture. The injection tests for two single 
EDZ fractures in the Horonobe URL estimated mechanical parameters. 
Estimated values of σn, E, and Kn during injection were 1.54–2.13 MPa, 
0.04–0.13 mm, and 9–65 MPa mm− 1, respectively, consistent with other 
observational data or storativity estimated by flow simulation. Based on 
the estimated parameters, the transmissivity (of the order of 10− 8 m2 

s− 1) of the tested EDZ fractures was estimated to decrease by at least two 
orders of magnitude (to 10− 10 m2 s− 1) when assuming a 2 MPa increase 
in σn due to the swelling of backfilling materials. The proposed inves-
tigation method is expected to allow prompt assessment of the stress 
dependence of EDZs’ fracture transmissivity at a given site, and to 
provide reference values of hydromechanical parameters or in situ stress 
conditions during precise evaluation of the hydraulic conductivity of the 
entire EDZ along a tunnel during the post-closure period using in situ 
tunnel-scale experiments and numerical simulations. 

Future works should compare the results of the present study with 
results from laboratory experiments using core samples containing 
fractures similar to the tested EDZ fractures and with results from in situ 
tunnel-scale experiments and numerical simulations. 
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