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Abstract

A high-level radioactive waste repository requires a rock mass to have good retardation properties. However, because a fault zone
can be a potential seepage conduit for nuclides, its influence on the hydraulic conductivity of that fault zone must be assessed.
Key sets of fractures were found based on an assessment of the statistical characteristics of fracture orientations and the tectonic
analysis of a representative north—east fault in the Jijicao rock block in the Beishan region of Gansu Province, China. The trace
midpoint density of each set was calculated using ArcGIS, a geographic information system, and a model of the hydraulic
conductivity in the fault zone was developed based on a water pressure test and calculations, such that the respect distance and
margin for excavation of this fault could also be determined. The calculated results show that the fault core and host rock are less
conductive when the damage zone is 10- to 100-fold more conductive due to its greater density of fractures. The density is stable
at 100 m, while the key set is stable until 65 m, and the calculated hydraulic conductivity is stable until 25 m; these results are
consistent with the results of water pressure analysis.

Keywords High-level radioactive waste repository - Fault zone - Respect distance - Margin for excavation - Trace midpoint
density - Water pressure test - Hydraulic conductivity

Introduction

The Jijicao rock block in the Beishan region of Gansu Province
has been selected as a candidate site for the disposal of high-
level radioactive waste (HLW). The structure of the rock mass
is uniform and dense, and the Jijicao block is a stable rock mass
(Chen et al. 2015). Because HLW contains long-lived radioac-
tive nuclides, there are strict requirements for its disposal. Over
time, HLW seeps into the groundwater supply, and its radioac-
tive nuclides will eventually dissolve into groundwater, which
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will then migrate into the biosphere and cause harm to both
human health and the ecological system; consequently, the
seepage field produced by the migration of radioactive nuclides
through a fault zone cannot be ignored (Lee and Jeong 2011;
Lee and Kim 2016). Compared to intact rock masses, faults and
their surrounding areas usually have greater porosity and per-
meability. The Jijicao rock block has faults and secondary
structures that characterize the seepage field. The surrounding
area is considered to likely represent a future potential conduit
for nuclide transport and, therefore, it plays an important role in
determining the suitability of the Jijicao rock block as a site for
the disposal of HLW. During the treatment and operation of the
Jijicao rock block as an HLW disposal site, radionuclide mi-
gration could occur. It is therefore very important and timely to
study the range of effects this potential HLW disposal site may
have on human health and the ecological system and to deter-
mine its layout (Pere et al. 2012; Ishibashi et al. 2016).

The structure and conductivity of a fault zone have impor-
tant effects on nuclide traps during the operations period of a
HLW disposal site (Yoshida et al. 2005, 2013a, b, 2014;
Ishibashi et al. 2016). The structure of a fault zone has been
widely agreed upon to comprise two parts: the core of the
fault, which includes the fault slip surface and fault breccia,
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fractured rock and mud, and the damage zone, which includes
secondary faults, fractures and fault folds (Chester and Logan
1986; Knipe and Lloyd 1994; McGrath and Davison 1995;
Caine et al. 1996; Storti et al. 2003; Molli et al. 2010; Bauer
etal. 2015). McCaig (1988) and Sibson (1996) argued that the
dominant effects of fault zones are on surface and superficial
seepage. It has also been widely accepted that the role of a
fault zone may be that of a conduit, a barrier or a combined
conduit-barrier structure (Caine et al. 1996; Knipe 1993;
Rawling et al. 2001; Storti et al. 2003; Micarelli et al.
2006; Matonti et al. 2012; Walker et al. 2013). Fisher
and Knipe (1998) and Doughty (2003) noted that gouges,
which control fault seals, reduce permeability along a fault
and thus function as sealants for rocks. A similar
conclusion was reached by Storti et al. (2003) who ana-
lyzed the size distribution of gouge particles. Evans et al.
(1997), Haneberg et al. (1999) and Agosta et al. (2007)
argued that the permeability of a fault zone may be several
orders of magnitude higher than that of the host rock and
that the former is clearly the more favorable setting for
conducting water. Bruhn et al. (1994) and Caine et al.
(1996) reported that the permeability and intensity of fault
zones are controlled by both existing and nascent struc-
tures, regional stress fields, fault geometries and lithologi-
cal changes, as well as by forces, heat, seepage, geochem-
istry and other factors.

The fault deformation zone often strongly influences the
transport of fluids through rocks. During the hydrogeological
analysis of a deformation zone, the Swedish Nuclear Fuel and
Waste Management Company (SKB) found high hydraulic
conductivity values ranging from 1x107* to 1 x 107 m/s
for the near-surface deformation zone (plastic deformation
results in a plastic shear zone and brittle deformation results
in a brittle fault zone) and near-horizontal zones. The hydrau-
lic conductivity values measured in other deformation zones
ranged from 1x10*-1x107% to 1x107°-1x10"® m/s.
Walker and Gylling (1998, 1999) and Andersson (1999) ar-
gued that if the hydraulic conductivity is 10~ m/s for only a
small part of the rock mass (e.g. on a scale of 30 m), the rock
can retard the release of nuclides during the operations period
of the repository. These authors also stated that there will be a
very large hysteresis effect which will greatly delay the mi-
gration of nuclides, with a Darcy flow rate of < 0.01 m/year. In
addition, the seepage rate of the treatment hole during the
period of disposal must also be controlled so that it is < than
10 L/min. The hydraulic conductivity of the surrounding rock
mass (on a scale of 10-30 m) should not exceed 10°-10" m/
s (Walker and Gylling 1998, 1999; Andersson 1999). Based
on these reports, the SKB suggested that the permeability of
the host rock and internal deformation zone are significantly
lower than that near the surface close to the horizontal defor-
mation zone. With the injection of cement slurry, the hydraulic
conductivity value can be reduced to 1 x 107° m/s, and the
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hydraulic conductivity value near the surface and close to
the deformation zone can be reduced to 1 x 10™8 m/s; that is,
a better hysteresis effect can be achieved that will delay the
migration of nuclides.

Regarding the division of the internal boundaries of fault
zones, Haneberg et al. (1999) reported that the fracture density
in the rock of a fault zone is much greater than that of the host
rock, where the fracture network of the fault zone is usually
related to the direction of the main section of the fault. It is
generally believed that fracture frequency can be used to char-
acterize the influences of the fault on the surrounding rock mass
(Haneberg et al. 1999; Lei et al. 2016; Ishibashi et al. 2016).
Munier et al. (2003) argued that the fracture density can be
4 m™', a density which can act as the boundary between the
fault zone and the host rock, and that it may reach 9 m ! be-
tween the damage and core zones. Yang et al. (2006) and Gao
et al. (2010) simulated the density at the midpoint of the joint
and obtained the range of stability of the fault. Wang et al.
(2013) carried out a geostatistical analysis of the fracture den-
sity based on a geographic information system (GIS) method
and found that the fracture density values have obvious spatial
autocorrelation and distribution characteristics. Guo et al.
(2015) used Real Time Kinematic Global Positioning System
(RTK-GPS) analysis to study the discontinuities of fractured
rock masses and to categorized the studied regions. Lei
et al. (2016) examined the joint densities and other sta-
tistical parameters of different parts of faults from a
candidate rock mass in the vicinity of the Jijicao rock
block and analyzed its geological structures. These au-
thors found that when the distance exceeds the width of
the fault damage zone, the mean joint density and trace
length fluctuate within certain values.

However, it is not sufficient simply to determine the influ-
ence of a fault based on fractures to calculate the density.
Differences in the spatial distribution, occurrence and aperture
of fractures, as well as their influence on the seepage field,
must be taken into consideration. It is also necessary to discuss
the differences between the origin and characteristics of these
fractures to assess the range of their influence and respect
distance (RD). The damage zone between the core zone and
the host rock must be considered. The RD which we propose
here differs from that proposed by general engineering con-
struction projects, and the core zone index includes the hy-
draulic conductivity of the factors that inhibit the migration of
nuclides.

Although field surveying is an intuitive and reliable meth-
od for examining fault zones, it is limited by human activities
and outcrop conditions, such that the measuring range can
hardly cover the entire research area. Although the use of
GIS facilitates the analysis, enabling a large volume of data
to be obtained, the use of GIS makes it difficult to accurately
examine the areas close to the nuclear waste repository.
Therefore, fine manual analyses (e.g., scanline sampling,



Influence of fault zone on the respect distance and margin for excavation: a case study of the F4 fault in...

2655

mineral analysis) are performed. In the study reported here, we
used both analyses reported in previous studies that were ob-
tained from GPS data as well as manual field measurements.
The location, distribution and other information about fracture
spacing can be obtained from field measurements. Based on
the statistically obtained distribution and the structural back-
ground information of the area, we have examined a represen-
tative set of fractures that has a significant influence on the
seepage field according to the number of fractures and the
degree of aperture. The influence range of the fault can be
obtained by analyzing the overall fracture density with respect
to the density of a representative set of joints. Additionally, by
testing and analyzing field water pressure, we obtained a sim-
plified conceptual model of changes in the spatial distribution
of hydraulic conductivities at variable distances from the main
section of the fault and the distribution of the seepage field of
the fault and its surroundings. The methodology applied in
this research is shown schematically in Fig. 1.

Geological background

The studied site is the Jijicao rock block, which is located in
the Beishan region of Gansu Province, China. It is one of the
main candidate sites for the construction of a Chinese HLW
repository. The studied site is located to the southwest of the
Xinchang rock block and in the mid-east region of the Jijicao
rock block. The northwest (NW) border of the rock block is
4 km long, and the northeast border is 3 km wide. Rocks are
well exposed in outcrops in this region, which covers an area

Fig. 1 Schematic of
methodology. GPS Global

of 12 km?. The main lithology is biotite monzonite granite.
The tectonic deformation in this area is characterized by brittle
fractures and joints, along with ductile shear deformation that
has not been fully developed. Since the Indosinian—
Yanshanian orogeny, the tectonic stress field has been domi-
nated by left-lateral strike-slip movement; therefore, this area
is characterized by the continuous development of low-angle
fractures. The boundary faults in the east-west direction were
thus cut and offset by the fault in the north—east (NE) direc-
tion. The long fractures and fracture zones are mainly charac-
terized by steep dip angles. The rock block structure is primar-
ily affected by the NE fault. The hydrogeological characteris-
tics in this area are mainly controlled by the joints, fractures
and faults in the rock mass and strata. The locations and ori-
entations of seven main faults were determined based on in-
terpretations of satellite images and observations of the sur-
face (Fig. 2).

Main fault zone

The seven types of faults in this region, as defined by Chen
et al. (2009), are listed in Table 1. There are faults with ten-
sional structures, extensional faults with tense-shearing, faults
with compressive structures and faults with sinistral shear
zones under tension. Among these, four faults (F1, F2, F4
and F6) are similar, although the west side of F4 is located
further away from the other faults, and it has a longer distri-
bution. Therefore, F4 was considered to be ideal for examin-
ing the range of influence of the fractures (Table 1; Fig. 2).
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Fig. 2 Locations of fracture
measurements and relationships
with faults in the Jijicao block. A—
N, P-S Measured zones, FI-F7
primary faults. The discernible
surface lengths of F1-F6 are over
1 km, while the length of F7 is <
1 km. Modified from Zhao et al.
(2013), with permission
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The F4 fault is located in the eastern part of the studied area. It
is one of the larger faults in the area and extends from north to
south, with a total length of 2.9 km, and northward to the work
area. While F6 is closer to F4 and its west side is more ideal
for analysis, F6 is located farther away from the other large
faults, and there is less impact due to these faults (see Fig. 2).

The general orientation of F4 is N40°W, with a dip of
300°-320° and a dip angle of 50°-60° in the fault
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outcrops; hematitization is present, especially near the
hanging wall of the fault, with a width of up to 2 m
(see Fig. 3). Based on satellite images and field measure-
ments, the measurement zone of the F4 fault was divided
into three sections. The strike of the north section is
38.1°, that of the middle section is 48.5° and that of
the south section is 38.2°. The measurement zone in
the north section is denoted as N, and those in the mid-
dle section are denoted as P, S and K; see Fig. 2 (Guo
et al. 2015).
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Table 1 Primary faults in the

Jijicao block Fault Strike and dip Tectonic stress Length (km)
angle of fault
F1 320°L 66° Tensional structure 1.8
F2 310° £ 65° Tensional structure 1.5
F3 168° ~ 57° Extensional, with tense-shearing 29
F4 310° £ 55° Tensional structure (in north and south 2.9
parts), compressive structure (in middle)
F5 340° . 75° Sinistral shear zone under tension 1.2
F6 310° £ 56° Compressive structure 2.65
F7 253° £ 76° Tensional structure 0.45

Fault structure
Fault core

Mineral analysis revealed that mica and gypsum represent the
main mineralogical components of the core of the fault. Close
to the fractured zone, there are regions with weathered monzo-
nite granite that contain small amounts of illite and weathered
and dark diabase that contains chlorite. Particle size analysis
showed that in the core of the fault samples, more than 30% of
soil particles are > 2 mm in size and that more than 40% of soil
particles are < 0.075 mm in size. The material distribution and
mineral composition data thus indicate that the core should
have low permeability. Moreover, many fractures are present
on both sides of the fractured rock that have good connectivity
and high permeability. Based on the analysis of the core sam-
ples and the categorization of the site, we determined the thick-
ness of the fault core to be approximately 2 m.

Tomographic analysis of a sectional trench revealed the
structure of the core (Fig. 4). There is fragile diabase near
the hanging wall of the fault. The footwall is mainly composed
of fractured granite. The fault core zone is mainly composed
of chlorite, mud, hematite minerals and psephite. The core

z

Y(NE40°)T-
‘
X

Footwall

Hanging wall

Host rock Faultzone Potential transport zone

Core zone Damage zone

Schematic: not to scale

Fig.3 Sketch of the F4 fault. Arrows indicate the movement of each plate

represents mud that has been mineralized by red hematite
and is covered by loose Quaternary sediment.

Fault damage zone

In this study, the Kamb contours of the poles are used to show
the distribution of the orientation of the fault rupture zone
(Kamb 1959; Vollmer 1995). In addition to analyzing the ori-
entation of all fractures in the measurement zone, we also
made measurements based on a uniform size window starting
from the main section of the fault zone and extending outward
equally. Fractures are planes that intersect the sampling win-
dow as line traces (Fig. 5). When a fracture intersects a circular
window of finite size, the traces in which both ends are cen-
sored, one end is censored or both ends are observable with
the sampling window are selected to analyze the orientations.

The initial purpose of the measured window is to calculate
the trace midpoint density of the fracture. Further elaborations
are provided in the section Fracture density.

Figure 6 shows that although more samples are taken from
all of the fractures in the measurement zone than density has
been mapped, after using the sampling window, we created
Schmidt and rose diagrams, which are more clear and intui-
tive. The reason for this methodology is because some areas

Psephite

Chlorite, mud and Psephite

hematite minerals Granite

Diabase
Fig. 4 Trench in core of the F4 fault
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Circular (c) Both ends are observable
sampling

window

(a) Both ends are censored

(b) One end is censored

Fig. 5 Fractures intersect a circular sampling window in three ways
(Zhang and Einstein 1998)

are covered by loose Quaternary sediment. The weights of the
orientations in the total distribution of different distances from

Fig. 6 Fracture orientations in
Zones S and K. a. Data presented
with the Schmidt and rose
diagrams of Zones S and K. b.
Data filtered by window sampling
with the Schmidt and rose
diagrams of Zones S and K. c.
Schmidt and rose diagrams after
the modification of fracture trace
lengths using window screening

the main plane of the fault are not consistent, and the actual
statistically produced characteristics are distorted.
Additionally, the Kamb method has the advantage that density
is only minimally affected by the number of samples (Kamb
1959; Vollmer 1995; Zhou et al. 2012). Thus, the Schmidt
diagram obtained after using the sampling window more ac-
curately reflects the produced characteristics of the entire area,
which is also supported by the rose diagram.

Additionally, because the fault damage zone is not
strictly measured using the order of magnitude of the
fracture trace length in this study, the correction of the
fracture trace length in Zones S and K is carried out, in
which fractures that are < 2 m in length are removed. The
results before and after this correction can be seen in the
revised and unmodified chart and Schmidt diagram. The
Schmidt diagram shows little changes, and there is no
obvious deviation in the peak position due the trace
length not being long in these measured zones. The dif-
ference between the longest and shortest trace length is
an order of magnitude, and there are few fractures of <
2 m in length, which is convenient for calculations as the
fracture length of the measurement does not need to be
modified.

c. Schmidt and rose diagrams after the modification of fracture trace lengths using window screening
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Representative set of fractures

The tectonic stress field affects movement, such that the
fault zone often produces a series of shear faults that are
parallel to the main plane of the fault (i.e. the principle
slip zone). Moreover, during the relative movement of
two plates, pinnate and shear fractures often develop on
one or both sides of the fault. The acute angles of the
pinnate fractures and the main fault section show the rel-
ative trend of the fault wall. In addition, a set of fractures
with orientations similar to that of the main cross section
developed due to the characteristics of the regional tec-
tonic stress field (see Fig. 7).

Therefore, three representative sets of fractures are se-
lected in Zone N. These sets are divided based on their
strike direction, with an interval of 30°, and each set is
established based on the principle a the dip direction dif-
ference of 180°. Based on these criteria, there are 119
samples in set A, 144 samples in set B and 122 samples
in set C (see Table 2).

Using the same principle as in Zone N, two representative
sets of fractures are selected in Zone P, including 130 samples
in set A and 50 samples in set B. Two representative sets of
fractures are selected from Zones S and K, including 90 sam-
ples in set A and 50 samples in set B (see Table 3).

Rose diagrams: a. Zone N b.

c. Zones S and K

d. ZonesN, P, S, and K

Fig. 7 Fracture orientations in the target zones. a—d Rose diagrams of
Zone N (a), Zone P (b), Zones S and K (¢), Zones N, P, S and K (d)

Table 2  Clustering based on orientation in Zone N
Zone N Representative sets of fractures

Set A Set B Set C
Strike direction (°) 0-30 330-360 60-90
Dip direction 1 (°) 90-120 60-90 150-180
Dip direction 21 (°) 270-300 240-270 330-360

Density

The node endpoints of the GPS-RTK data were exported as
WGS84 coordinates and inputted into the GIS platform. After
registration, the traces were generated and then the distribu-
tion of the fractures was obtained. Because fracture traces
have line features, we can use a polyline or a straight line that
is controlled by two or more points to represent a trace. By
changing the trend of the fracture density, we can determine
the effects of the NW plate on fault F4 (Zheng 2016).

Fracture density

The endpoints of the trace lengths measured by the RTK anal-
ysis were projected onto the horizontal plane using ArcGIS, a
GIS for working with maps and geographic information; a
circular window was drawn from the equidistant position of
the main section of F4 for calculations. For the fracture density
calculations, the circular window sampling method proposed
by Zhang and Einstein (1998) was used to estimate the mean
trace length, and the calculation method of fracture density
proposed by Mauldon (1998) was used. This method does
not need to consider the distribution of orientations, and it
does not require integration; it is only necessary to know the
number of traces in which both ends are censored, one end is
censored or both ends are observable.

Table 3  Clustering based on orientation in Zones P, S and K
Zones Representative sets of fractures
Set A Set B
Zone P
Strike direction (°) 0-30 330-360
Dip direction 1 (°) 90-120 60-90
Dip direction 2 (°) 270-300 240-270
Zones S and K
Strike direction (°) 30-60 300-330
Dip direction 1 (°) 120-150 30-60
Dip direction 2 (°) 300-330 210240
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When a fracture trace intersects a circular window of finite
size, this intersection may occur in one of three ways: (1) both
ends are censored, (2) one end is censored and one end is
observable or (3) both ends are observable, as is shown in
Fig. 5. If the number of traces in each of the above three types
are defined as Ny, N; and N,, respectively, then the total num-
ber of traces, NN, will be

N=No+N;+N, (1)

The mean trace length can be calculated using the follow-
ing formula:

o ’/T(N-I-N()_Nz)

FooN-No+ V) € @)

where p is the mean trace length, and c is the window sam-
pling radius.

The fracture density can be calculated using the following
formula:

_ N1 +2N;
T 2w

A (3)
where ) is the fracture density of the trace midpoint, and ¢ is
the radius of the sample window.

In this paper, we first discuss the fracture density and
trace length calculated using a circular window with dif-
ferent radiuses. As a result, when the radius is 5~6 m,
there is little change in density, which is also supported
by the findings obtained by Zhang and Einstein (1998)
and Laslett (1982), who provided a formula to calculate
trace lengths using different radiuses. Although, theoreti-
cally, the results are more likely accurate with a longer
window radius, the width of the measurement zone is only
20~30 m. Therefore, when the radius of the window is

longer than half the width of the measurement zone, the
density and trace results will deviate from the actual
values and gradually decrease. For the convenience and
accuracy of calculation, a window radius of 5 m is used
for consistency with that used in a previous study (Fig. 8)
(Li et al. 2011).

Figure 9 shows that the fracture density gradually signifi-
cantly decreases with increasing distance from the main sec-
tion of the fault in Zones N and P. From 10 to 100 m, the
fracture density decreases by nearly an order of magnitude,
from 0.6-0.8 to 0.1-0.2 n/m*. While this decreasing trend of
fracture density is not obvious in Zones S and K, there are
abnormally high density values at 90-100 m, mainly because
the outcrops near the section of the main fault are covered by
Quaternary sediments; thus, these are not good indicators of
actual density changes.

Here, the trends of fracture density in Zones N and P are
fitted.

The fitting results for Zone N are:

A = 0.1290 + 1.9277 ¢ L/184341
The fitting results for Zone P are:
A = 0.1804 + 0.8505%¢ L/14:9937

In both equations, A is the density of the trace midpoint,
and L is the distance from the main section of the fault.

Examination of the trend of the fitting curves and the
average fracture density obtained using multiple window
sampling values in the homogenous zone reveals that the
fault influence is 98.73 m in Zone N. The fracture density
of Zone P may not converge to the threshold; however,
near 100 m, the fitting curve is stable. Therefore, the
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influence of the fault that extends to the NW boundary is
set at 100 m, which is consistent with that proposed by
Gao et al. (2010).

Density of representative sets of fractures

The calculated density of all fractures provides a range of
values representing the influence of the fault, but these results
do not take into account the differences between the different
sets of fractures. Therefore, the differences in the spatial dis-
tribution of density, orientation and aperture are not reflected
in the final spatial distribution. These results were based on
section Representative set of fractures, and the densities of the
representative sets of fractures in Zones N and P were ana-
lyzed (Fig. 10).

The density distributions of the three sets of fractures
in Zone N are not the same: set A becomes very dense at
65 m; set B does not become dense due to the abnormal
elevation of the second half of the range; set C becomes
dense at 150 m. In Zone P, set A becomes dense at 45 m;
set B does not become dense due to the abnormally high
elevation of the second half of the range. However, at
65 m, the set is already at a lower level. Therefore, in
our analysis we consider the influence of set B also to
be 65 m.

The density distribution of each set of fractures is dif-
ferent. This is closely related to the attributes of each set.
Tension is applied to the set of fractures because the slid-
ing drag along the main section of the fault is directly
controlled by the fault. Therefore, with increasing dis-
tance from the main fault section, the attenuation of

98.73

80 100 120 140 160 180 200 220

Distance from major fault (m)

fracture density becomes more effective. The densities of
the other two sets, which are controlled by the regional
stress field, attenuate more slowly.

These sets of fractures exert important influences on
seepage. Among them, the measured hydraulic conduc-
tivity values of the fractures in the representative set of
tension fractures are larger, and they should thus have
relatively strong impacts on seepage in the damage
zone.

Fracture frequency

Restricted by the precision of GPS, outcrop conditions
and other factors, the method described above cannot re-
liably define the density of the fracture pattern near the
core of the fault. Therefore, to obtain the distribution of
the fractures in the vicinity of the core, we selected an
outcrop near the F4 trench in Zone P for detailed exami-
nation. The measurement of the field fracture frequency
(denoted as the density of fractures in Fig. 11) was carried
out by measuring the line. Based on these data, combined
with field observations, we divided the measured area of
F4 near the core of Zone P (denoted as C) into severely
affected (Hj), moderately affected (Hy;) and mildly affect-
ed (Hy) areas. The locations of these three affected areas,
as well as of the core of the fault and footwall (denoted as
F), are shown in Fig. 11.

As shown in Fig. 12, moving from the areas that are very
close to the fault towards the main section of the fault, the
fracture frequency decreases from 50-60 n/m to < 10 n/m at
a distance of 10 m from the main section of the fault. Values of
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b. Density of different sets of fractures in Zone P

0-2.4 m are defined as very high fracture frequency values
(70-35 n/m), values of 2.4 m—7.1 m are defined as moderate
fracture frequency values (35-10 n/m) and values of 7.1 m—
10 m represent the lower range of fracture frequency values

(10-5 n/m).

Due to the limited length of the gouge and poor out-
crop conditions, it was difficult to obtain measurements at
a distance of 8.9 m from the main section of the fault;
therefore, the follow-up fracture frequency was measured
by GPS-RTK. The fracture frequency of the field survey
line in Zone K is consistent with that measured using
ArcGIS simulations, which demonstrates that this method

@ Springer

is robust. Using this method, we obtained the mixed-

fracture frequency trend of Zone P (Fig. 13).

Seepage characteristics

Experimental setup

Water pressure analysis was carried out on the severely
influenced zone, homogenous zones and core of F4. In

this analysis, a section of the borehold to be

tested is

sealed using inflatable plugs, which are called packers.
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Fig. 11 Segmentation of F4, hanging wall and Zone P. C Core of Zone P, HI, HM, HL measured areas of F4 which were severely affected, moderately

affected and mildly affected, respectively, F* footwall

The sealed borehole section is located either between a
packer and the bottom of the borehole (i.e. a single
packer test, as shown in Fig. 14) or between two packers
(i.e. a double packer test). Water is then injected into the
sealed section of the borehole under a defined pressure p.
The pressure is increased in steps, and after the maximum
pump pressure is reached, the pressure is decreased. The
volume of water that escapes the test section (at a flow
rate ) is measured at each pressure step. Using this
method, we then obtained the hydraulic conductivity

Fig. 12 Fracture frequency of 70 4
Zone P

Fracture frequency(n/m)

10

values of the core of F4 and the damage zone and mea-
sured the hydraulic conductivity of a single fracture was
measured.

Analysis of results
The results of the measured waterflood tests show that the

Reynolds number is much lower than 2300. Therefore,
Darcy’s law and the cubic law can be applied to assess the
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Fig. 13 Fracture frequency of
Zone P (together with those
obtained using GIS) 100

10

Fracture frequency(n/m)
AR T |

Ll

0.1 r

® Statistical samples

water pressure of a hole of a single fracture in a homogeneous
region.

The effective aperture of a single fracture can be calculated
using the cubic law:

P 12cos6~yQ ()
2mwRgt

where R is the drilling radius, ¢ is the time, +y is a kinematic
viscosity coefficient when the water temperature is 20 °C, 7y is
1.004 x 10°° m%/s, Q is the flow rate and 6 is the fracture dip
angle.

Pressure cylinder

Pressure gas
supply system

Flow Flow
meter regulator

Fracture

Fig. 14 Schematic representation of the apparatus used in the water
pressure test
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The hydraulic conductivity K is given by:

~qcost
 2maH

(5)

where ¢ is the flow rate, 6 is the fracture dip angle, « is the
degree of aperture and H is the water head difference.

The fault gouge and the fractured rock are considered to be
porous media, and ¢ < 10Lu; thus, the results of the water
pressure test can be obtained using the Babushkin formula
(Li et al. 2007):

L
K =0.525 xwxlg% (6)
_ 0
w_lxp ™

where K is the hydraulic conductivity (m/s), w is water absorp-
tion (L/ (min'm-Mpa)), L (m) is the length of the drill hole
section, Q(L/ min) is the length /(m) of the tested section of
water seeping into the rock per minute, p(Mpa) is pressure,
and R(m) is the borehole radius. When the distance
between the tested section and the aquifuge is greater than
L,a=0.66.

The error bars represent the variability of the data (Fig.
15). The top and bottom of the short bars represent the
addition or subtraction of the standard deviation, respec-
tively; the longer the error bars are, the greater is the
variability of the data. Figure 15 shows that Zone P, the
fault core and host rock are less conductive when the
damage zone is 10- to 100-fold more conductive due to
the greater density of fractures, which is consistent with
the results of mineral and grain size analysis.
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Fig. 15 Error bars of hydraulic 1E-3
conductivity. Error bars represent
the variability of the data. See text
for a more detailed explanation
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Calculation of equivalent hydraulic conductivity

The altitude of the northwestern area is higher than those of
the other hydrogeological areas in Beishan where orientations
were measured. However, this difference is relatively mini-
mal. As a result, the northwestern region is a groundwater
supply area. The main stream of groundwater in this region
flows from west to east, and the drainage area eventually
flows into the Heihe River Basin. The supply and discharge
conditions of the flow field can be seen in Fig. 16. Near F4, the
groundwater flows from north to south. Considering that the
medium of nuclear storage is silty sand, there is a greater fine
content; thus, there are more fine particles filling in pores, and
the permeability of the soil is low. Therefore, the water flow
should be parallel to the orientation of the main fault section.

Therefore, in our study we examine a section that is per-
pendicular to the main section of the fault in Zone P of the
measurement zone, and the following assumptions were
made:

Fig. 16 Schematic diagram of
hydraulic conductivity

2 4 6 8 10 12 14 16 18

Distance from major fault (m)

(1) Each cross section is given the same hydraulic gradient
@)k

(2) The vertical thickness of the section is assumed to be
uniform;

(3) The orientation of the water diverted from a single frac-
ture is neglected, and only the flow through the section is
analyzed;

(4) The vertical flow is neglected;

(5) The fracture aperture and hydraulic conductivity in one
set are the same.

In this section, the length of the segment is L; assuming that
there are N fractures in this section and that the cross-sectional
area is A, then:

n n
O,=2%0,=% KA J=NKALJ (8)
=1 =1

To simplify N fractures into a set P based on their orienta-
tion, a set of fractures is formed because it has similar tectonic

The damage zone of hanging wall
Fault core

Migration pathway

The calculated hydraulic conductivity section
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characteristics. A set of fractures has the same hydraulic con-
ductivity and aperture. Then, the following equation can be
used to obtain the generalized hydraulic conductivity of a
single fracture:

n P
Ko = ( K,~A,~J> /NALJ = (Z K,-A,-N,-) /NAL 9)
i=1 i=1

If L is taken as the unit length, then N can be replaced by
the fracture frequency f; of a set of i fractures in that section,
and the equivalent hydraulic conductivity of the length is
used:

ﬁ KiAif;
Keg=52L — 7, (10)

P
e

We use the measured hydraulic conductivity and the aper-
ture of a single representative fault to obtain the equivalent
hydraulic conductivity of any unit length based on the change
in fracture frequency over space. Zone P of F4 is calculated
using this method (Fig. 17).

As shown in Fig. 17, the equivalent hydraulic conductivity
and the measured hydraulic conductivity are similar. Both the
fault core and host rock are less conductive, and the fractured
zone is more conductive. There is a difference of two orders of
magnitude between the two; the equivalent hydraulic conduc-
tivity shows stability at 25 m from the main section of the
fault, and there is a minimum at 65 m, which corresponds well
to the trend of fracture frequency in set B (which has a ten-
sional structure) in Zone P, and the subsequent variation is
small. These results show that the algorithm is reliable. In
application, it is only necessary to confirm the hydraulic con-
ductivity of the representative fractures in the field. By

Fig. 17 Measured and calculated 1E-3 3
results on hydraulic conductivity C

measuring and calculating the locations and orientations of
the fractures, the preliminary results of conductivity changes
in this area can be obtained without performing extensive
repeated penetration tests.

Influence of fault zone on engineering

Some issues and concerns are usually involved in the process
of underground construction, such as the identification of
faults and their RD, as well as the assessment and reinforce-
ment of stability after excavation (Zhang and Goh 2015; Li
etal. 2017; Jin et al. 2018). Various countries have established
specifications to consider RD, but many are based on the
seismic considerations of buildings, which are not suitable
for the research area and research objectives of the study re-
ported here. During the implementation of their HLW disposal
project, the SKB used RD and the margin for excavation
(MFE) to control the deformation zone (Munier and
Hokmark 2004). RD refers to the minimum allowable dis-
tance between the disposal hole and the deformation belt,
and it is based on the influence of future seismic activity on
storage tank safety. When the outcrop of the fault is larger than
3 km, the distance of the RD is set to 100 m. When the outcrop
of'the fault is less than 3 km, a disposal tunnel can be installed
directly through the fault zone, but the nearest disposal hole
must be located at a minimum distance equal to half the width
of the deformation zone plus 5 m from the center of the de-
formation. The MFE is the minimum allowable distance be-
tween a tunnel or underground cavern and the deformation
zone, which is the minimum distance between the outer edge
of the hole and the center of the deformation belt. The specific
value is half the width and variation of the deformation band,
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plus the safety margin. For a fault that is less than 3 km, the
safety margin is generally 5 m. However, if there is a stability
problem, the safety margin is increased to 10 m, and if there is
an infiltration problem, the safety margin must be increased to
20 m.

The SKB concluded that after grouting treatment, the hy-
draulic conductivity of the rock is often reduced to 10™® m/s in
a rock mass with a hydraulic conductivity value of 10 m/s.
When the results of fracture density and seepage analyses are
combined, a hydraulic conductivity threshold of 10~® m/s is
considered appropriate. Considering the impact of conduct on
a bandwidth of 25 m using a hydraulic conductivity of 10 m/
s, the safety margin is 5 m. Therefore, an MFE of 30 m is more
appropriate in this case.

Discussion

We report here our study of the NW range of the influence of
the F4 fault. We found that both the host rock and the fault
core are less conductive and that fractures are more developed
and have a great influence on the seepage characteristics.
Therefore, we assessed here the spatial distribution patterns
and statistical characteristics of the orientation features in the
damage zone and obtained the variations in the overall density
of fractures with increasing distance from the main section of
F4. Based on the number of fractures, as well as their orien-
tations and apertures, specific sets of fractures related to the
permeability of the fractured zone are classified, and their
variability is examined. The water pressure analysis of these
sets of fractures revealed that the tensional structure of F4
exerts a significant influence on its hydraulic conductivity.
The changes in hydraulic conductivity allow the RD and
MEFE to be determined. Additionally, the changes in hydraulic
conductivity provide a reference for a layout that will deter-
mine the disposal repository and can be used to calculate the
storage capacity. A simplified method for estimating the hy-
draulic conductivity of similar sites is also proposed. The
method we present here differs from a previous method that
considers the density of all fractures in that our method con-
siders the influence of tectonic history and geostress on the
rock mass. Consequently, more accurate conclusions can be
derived from using our method.

Conclusions

Based on the research presented in this paper, the following
conclusions can be made.

(1). In granitic areas similar to the region studied here, the
hydraulic conductivity values of the host rock and fault
core are relatively low, and their hydrogeological

characteristics are mainly controlled by the fault damage
zone.

(2). If the overall fracture density is taken into account, the
calculated range of the influenced area is too large, and
reinforcements will be wasted; additionally, no direct
relationship between fracture density and permeability
has been defined. The analysis reported here shows that
the tensional fracture frequency exerts a significant in-
fluence on hydraulic conductivity. However, the fracture
frequency decreases rapidly with increasing distance
from F4; compared with the fracture frequency of the
other sets of fractures, the degree of tensional fracture
frequency is not very obvious. If only tensional fracture
frequency is considered, the results are not reliable.

(3). The comprehensive comparison of the fracture frequen-
cy of tensional fractures with other representative sets
reveals that the calculated hydraulic conductivity is sta-
ble at 25 m, which is consistent with the results of water
pressure analyses. Accordingly, the MFE is 30 m.
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