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ABSTRACT

The Kalan uranium exploration tunnel was one of the nuclear minerals research facilities in Indonesia. This
618 m long tunnel, located in West Kalimantan, Indonesia, was built on Eko Remaja Hill and operated from 1980-
2021. In this tunnel, uranium mineralization occurs as irregular veins (stockworks) in metasiltstone and metapelite.
The high density of these veins causes the formation of several weak zones in the tunnel. These weak zones cause
rock and soil failures at several locations in the tunnel. The study aims to evaluate the quality of the rock mass
surrounding the tunnel and determine the support requirements necessary to prevent further structural failures.
Scanline surveys were carried out in several zones that have not experienced failures to obtain Q-system parameters.
Based on the results of the analysis, the rock mass that makes up the Kalan tunnel has a Q value of 0.61-48.22, so
that it belongs to the class of very poor-very good rocks. By plotting the Q value with its equivalent dimension (ED)
on the rock support chart, it is estimated that the support required by the tunnel is average bolt spacing without fiber-
reinforced sprayed concrete. The ultimate pressures of the roof and wall support can bear are 0.04—0.24 MPa and
0.03-0.17 MPa, respectively.

Keywords: rock mass quality, support requirements, Q-system, Kalan tunnel

INTRODUCTION Until 2019, there have been several rock
The Kalan (or Eko Remaja) uranium and soil failures inside the Kalan tunnel (Table
exploration tunnel, located in West 1)[4],[6],[7]. Rocks mostly failed in a wedge-

Kalimantan, was one of the research facilities
for nuclear minerals (especially uranium) in
Indonesia [1]-[5]. This tunnel was constructed
on Eko Remaja Hill in 1980. In addition,
research, exploration, and mining activities
were conducted at this facility until they began
to scale back in 1991. The tunnel was closed
permanently in 2021.

type, while soils failed in a circular-type.
Wooden poles installed in several weak zones
are no longer considered capable of supporting
the tunnel safely. A comprehensive review of
the surrounding rock mass is required to assess
the tunnel’s stability.

This study aims to assess the rock mass
quality in the Kalan tunnel and to determine
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the support needed to prevent further failures.
The Q-System utilization in uranium-bearing
rocks is still limited [8], [9], so the study done
in this article can be considered novel,
especially in Indonesia. The Q-System was
selected for this study as it is a globally
recognized rock mass classification method,
widely considered the most appropriate for
assessing tunnel stability [10]-[12].

Table 1. The record of failure events at Kalan tunnel [4],
(6], [7]

No. Year of event Tunnel depth (m)
1 2009 314.25
2 2011 568
3 2011 598
4 2011 603
5 2014 560.68
6 2015 568.50
7 2019 600

The methods used in this study are the
scanline survey and Q-system rock mass
classification. The scanline survey aims to
record the physical properties of rock masses
(in this case, metasedimentary rocks) and
discontinuities (in this case, stockworks and
other geological structures) that make up the
tunnel body [13]-[17]. Based on these
parameters, the quality of rock mass will be
ranked through the Q-system rock mass
classification [18]. A Q value that reflects the
quality of the rock mass, combined with the
tunnel’s equivalent dimension (ED), can be
used to determine the type of support needed
by the tunnel [19].

RESEARCH LOCATION

The Kalan tunnel is located in Kalan
Village, Ella Hilir District, Melawi Regency,
West Kalimantan Province, Indonesia. The

Kalan area is located in the upper Kalan River
valley, situated on the left branch of the Ella
Hilir River, which eventually flows into the
Melawi River. The location of the study area is
shown in Figure 1.

The Kalan tunnel was built through Eko
Remaja Hill with entrances on both sides,
namely Remaja entrance and TRK-7 entrance
[1], [2]. The tunnel is located at an elevation of
450 m above sea level, has a length of 618 m,
and is directed N 50° E [7], [20]-[22]. The
Kalan tunnel has three zones that have been
installed with wooden supports, namely at
meters 0-50, meters 297-355, and meters
538-618 [4], [23]. A schematic illustration of
the tunnel can be seen in Figure 2 (modified
from [4]).

The regional geology of the Kalan area
and its surroundings is composed of the Pinoh
metamorphic rocks, Sepauk tonalites, and
Sukadana granites [24]-[28]. The Pinoh
metamorphic rocks date to the Carboniferous-
Triassic age and are composed of quartz-
muscovite schist, phyllite, slate, hornfels,
some meta-tuffs, and quartzite. These rocks
locally contain andalusite, cordierite, and
biotite, with rare sillimanite and garnet. The
Pinoh metamorphic rock was intruded by
Sepauk tonalites and was then intruded again
by Sukadana granites [23], [29]-[31].

The Kalan tunnel is in the lower series
type of volcano-sedimentary rocks group,
which is part of the Pinoh metamorphic rocks
[25], [29], [30], [32]-[34]. This group is
composed of an intercalation between
metasiltstone and metapelite containing
biotite, andalusite, cordierite, and rhyodacite
interbedding. The detailed geological map of
the Kalan tunnel is pictured in Figure 3.
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Figure 1. Map of the Kalan basin sector division; the green square marks the study location (modified from [2])

The geological structures in Kalan and its
surroundings are formed through two stages of
deformation, plastic deformation and brittle
deformation [2], [22], [30], [31], [35]-[38].
Plastic deformation initiated with folding and
progressed to the development of schistosity
within the Triassic rocks. The fold is in the
direction of N 70° E, while the schistosity is in
the direction of 70° to the north relative to the

fold axis. Initial brittle deformation during the
Cretaceous period created fractures parallel to
the schistosity; these were subsequently
mineralized with uranium, resulting in the
formation of stockworks. The second brittle
deformation formed another stockworks
containing calcite and gypsum that cut the
stockworks resulting from the first brittle
deformation.

[55]
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Figure 2. The schematic illustration of the Kalan tunnel (modified from [4])
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Figure 3. The geological map of the Kalan tunnel (modified from [20])
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DATA AND METHODS

The scanline data used in this paper are
obtained from the previous study [4]. Scanline
surveys were conducted along the sections of
the tunnel where wooden supports had not
been installed, specifically between distances
50-297 m and 355-538 m. The scanline

survey is carried out by stretching the tape on
a segment of the rock outcrop, then recording
the physical properties of the rock mass and
discontinuity along the segment passed by the
tape [13]-[17]. A schematic illustration of the
scanline survey can be seen in Figure 4 [39].
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Figure 4. The illustration of discontinuity properties on the rock mass recorded in a scanline survey [39]

The physical properties of the rock mass
recorded include color, type,
structure, block size, and degree of weathering
[13]-[15]. The recorded physical properties of
the discontinuities include type, dip, dip
direction, persistence, aperture, infill type and
groundwater

grain size,

strength, surface roughness,
conditions, and spacing. Both properties will
be used as materials to rank the quality of rock
masses with the Q-system [18].

The Q-system is a rock mass classification
developed at the Norwegian Geotechnical
Institute (NGI) in 1971-1974 [18]. This
classification is intended to assess the stability
of underground openings. Based on the
estimate of six parameters, a Q value can be
obtained. The Q value describes the quality of

the rock mass that makes up the underground
opening. The Q value, together with the
opening’s equivalent dimension (ED), can
indicate what type of support is needed to
maintain the stability of the underground
opening. The Q-System was developed based
on empirical cases involving jointed rock
masses and weak zones; therefore, it is a highly
appropriate classification method for the
conditions found in this study. There are 1260
case records to prove the efficacy of this
approach; it is the best classification system for
tunnel supports [12], [40]—-[42]. The Q value is
calculated using a formula as listed in Equation

1 as follows:
Q =R w
Jn Ja SRF

(M

7]
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where:

Q : Q value

RQD : Rock quality designation (%)
Jn : Joint set number

I : Joint roughness number

Ja : Joint alteration number

Jw : Joint water reduction factor
SRF  : Stress reduction factor

RQD was introduced to classify the rock
mass quality simply [43]. In this study, RQD
was empirically determined through Equation
2 as follows [44]:

RQD =100(0.11 + 1)e~ 014 (2)

where:
RQD
A : Discontinuity frequency (/m)

: Rock quality designation (%)

Jn 1s a value to express the number of
discontinuity sets that exist in a rock mass [18].
J- 1s a value that reflects the surface shape of a
joint wall [45]. J, is a value depicting how far
an alteration occurs in the rock mass. J,, is a
value describing the influence of water on the
joint wall.

In general, SRF describes the relation
between stress and rock strength around an
underground opening [45]. SRF can then be
calculated from the relation between the rock
uniaxial compressive strength (oc) and the
major principal stress (o1) or the relation
between maximum tangential stress (ce) and o¢
in massive rock. Since no in-situ stress
measurements have yet been conducted at the
tunnel, an empirical approach and expert
judgement are utilized to determine the SRF.

It was mentioned before that the Q value
can be used to evaluate the support design. In
addition to the Q value, two other factors are
decisive for the support design in underground
openings and caverns. These factors are the

dimensions (i.e., span or height of the
underground opening) and the safety
requirements. Generally, there will be an
increasing need for support with increasing
span and wall height. Safety requirements will
depend on the purpose of the excavation (i.e.,
aroad tunnel or underground power house will
need a higher level of safety than a water
tunnel or a temporary excavation in a mine).
To express safety requirements, a factor called
the excavation support ratio (ESR) is used
[46].

A low ESR value reflects a requirement
for more stringent safety standards and robust
support, whereas higher ESR values indicate
that a lower density of reinforcement is
acceptable. The classification of ESR is listed
in Table 2 [46]. In addition to span or wall
height and ESR, there is an “equivalent
dimension” formulated as in Equation 3.

Span or height inm

R = Equivalent dimension 3)

Table 2. ESR values [46]

Type of excavation

ESR

2-5
1.6-2.0

A Temporary mine openings, etc.

B Permanent mine openings, water
tunnels for hydro power (excluding
high-pressure penstocks), pilot
tunnels, drifts and headings for large
openings, surge chambers

C  Storage caverns, water treatment
plants, minor road and railway
tunnels, and access tunnels

D  Power stations, major roads, and
railway tunnels, civil defense
chambers, portals, and intersections
Underground nuclear power

E  stations, railway stations, sports and

1.2-1.3

0.9-1.1

0.5-0.8
public facilities, factories, and major
gas pipeline tunnels

The calculated Q value and the ED will
determine the requirements for permanent
support design. In the rock support chart [47],

[58]
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the Q values are plotted along the horizontal
axis and the equivalent dimension along the
vertical axis on the left-hand side. The support
chart gives an average of the empirical data
from examined cases. The chart does not use
rigid support classes; instead, it provides a
continuous scale for determining both bolts
spacing and the thickness of sprayed concrete.
Not only the type of support, but the chart also
indicates the energy absorption of the fiber-
reinforced sprayed concrete, as well as the bolt
length and design of reinforced ribs of sprayed
concrete.

RESULTS AND DISCUSSION
Using scanline data in the form of
discontinuity spacing, RQD calculations are

performed using Equation 2. The calculation
yielded an RQD value with a range of 72.61—
97.53% which means that the rock mass that
makes up the tunnel has fair to excellent
quality. The sample of the RQD calculation
result is listed in Table 3.

Using scanline data in the form of
discontinuity positions, plotting was carried
out on stereonets and rosette diagrams. The
results showed that there were four clusters of
Jn values in the discontinuity in the tunnel,
namely J,, = 2 (one joint set), /, =3 (one joint
set plus random), J,, =4 (two joint sets), and J,,
= 6 (two joint sets plus random). The sample
of each J,, cluster is pictured in Figure 5.

Table 3. The sample of RQD calculation

No. Station Number of Length of Frequency of RQD  Description
discontinuities  scanline  discontinuity (%)
1 50-55m 12 5 2.40 97.53 Excellent
2 55-60 m 12 5 2.40 97.53 Excellent
3 60—-65 m 22 5 4.40 92.72 Excellent
4 65-72 m 29 7 4.14 93.43 Excellent
5 75-80 m 50 7 7.14 83.88 Good
6 80-85 m 38 5 7.60 82.27 Good
7 85-90 m 40 5 8.00 80.84 Good
8 90-95 m 40 5 8.00 80.84 Good
9 95-100 m 33 5 6.60 85.76 Good
10 100-105 m 42 5 8.40 79.39 Good

Using scanline data in the form of a
description of surface roughness and shape, a
J- value was categorized for the discontinuity
surface in the tunnel. As a result, there are four
clusters of J, values, namely J,, = 1 (smooth,
planar), J,. = 1.5 (rough, irregular, planar), J, =
2 (smooth, undulating), and J, = 3 (rough or
irregular, undulating). The sample of some J,.
description result is listed in Table 4.

Based on scanline data in the type and
strength of infilling, the J, was determined to

characterize the degree of discontinuity

alteration within the tunnel. As a result, there
are two groups of J, values, namely J, = 0.75
(tightly  healed, hard, non-softening,
impermeable filling) and J, = 1 (unaltered joint
walls, surface staining only). The sample of
some J, description result is listed in Table 5.

Using scanline data in the form of a
description of groundwater conditions, a
categorization of J,,, values for discontinuity in
the tunnel are calculated. As a result, all
discontinuities are in the category of J, = 1
(dry excavation or minor flow).

[9]
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Table 4. The sample of each J,. description

No. Station Description I

19  145-150 m  Smooth, planar 1

34  240-245m  Rough, irregular, planar 1.5

41  282-287m  Smooth, undulating 2

57 427-432m  Rough or irregular, 3
undulating

Table 5. The sample of each ], description

No. Station
41 282287 m

Description Ja

Unaltered joint walls, 1
surface staining only
Tightly healed, hard,
non-softening,
impermeable filling

43 292-297m 0.75

The determination of SRF values in this
study involves the most assumptions because
stress measurements have never been carried
out at the location of this study. The
calculation of the SRF value is carried out with
the help of RocLab software, which is one of
Rocscience's products [48]. Plotting the value
of minimum stress (c3) on the x-axis and the
value of maximum stress (c1) on the y-axis
was carried out. Plotting was carried out with
the Hoek-Brown failure criteria [49]. Inputs
entered to create the plot include the
compressive strength of the intact rock (oci),
the Geological Strength Index (GSI), the
Hoek-Brown constant for the intact rock (mi),
and the disturbance factor (D).

The compressive strength of the intact
rock (oci) is obtained from the conversion of
the rock hardness measurement using the
Schmidt hammer by Equation 4 as follows
[50]:

oycs = 0.33(R,p)**° 4)
where:
oycs - Uniaxial compressive strength
(UCS) (MPa)
R; : L-type Schmidt hammer rebound
value

p : Natural density (g/cm?)

The Geological Strength Index (GSI) is
obtained empirically through Equation 5, as
follows [51]:

GSI = 1.5 JCondge + RQD /2 (5)

where:

GSI : Geological strength index
JCondgg: Joint condition rating of the RMRgo
RQD  :Rock quality designation (%)

The Hoek-Brown constant for intact rocks (mij)
is empirically obtained through an estimation
of m; values by rock type [52]. The rocks in
this study were fine-grained metasedimentary
rocks, so the closest type of rock was slates (m;
= 744). The disturbance factor (D) is obtained
through the estimation table of the D value
based on the degree of disturbance
experienced by the rock mass [49], [53]. The
D value used in this study was 0.8, with the
description “very poor-quality blasting in a
hard rock tunnel results in severe local
damage, extending 2 or 3 m, in the surrounding
rock mass”. In addition to these four
parameters, for the application of tunnels,
RocLab requires the input of unit weight and
tunnel depth. The unit weight and tunnel depth
input were 0.027 MN/m’ and 618 m,
respectively [54]. Figure 6 is an example of a
screenshot showing the plot results in the
RocLab software.

In some geotechnical practice, the major
principal stress value (c1) used to determine
the SRF value is usually obtained from the
intersection between the Hoek-Brown failure
criteria curve (red line) and the Mohr-
Coulomb (blue line) [48]. In Figure 6, there are
two intersection points; the upper intersection
point with a higher value, o1, was picked for
the SRF calculation. A higher o1 value results
in a higher SRF value, so the resulting Q value
is lower (pessimistic or conservative). Some
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examples of SRF calculation results are listed
in Table 6.
Using the six parameters obtained
previously, the Q value was calculated
according to Equation 1 (Table 7). The Q value
of the rock mass that makes up the Kalan
tunnel ranges from 0.61-48.22 (very poor-
very good) with the following details:
e Very poor category (0.1 <Q <1) by
3.85%;
e Poor category (1 <Q <4) by 14.10%;
e Fair category (4 <Q < 10) by 26.92%;
e Good category (10 < Q < 40) by
53.85%; and
e Very good category (40 <Q < 100) by
1.28%.

Next, the calculation of the Equivalent
Dimension (ED) was carried out using
Equation 3. For roof support, span is used,
while for the wall support, wall height is used.
The ED value is required to plot on the rock
support chart. As a result, the ED value for roof
support was 0.67, while four groups of ED
values for wall support were obtained, namely
1.67 (by 85.90%), 1.87 (by 3.85%), 2.00 (by
7.69%), and 2.67 (by 2.56%). Because the

minimum ED value listed on the chart is 1, the
ED value of 0.67 was assumed to be 1. For the
wall support, the Q values must be adjusted as
in Table 8 [18].

Analysis of Rock Strength using RocLab

Hoek-Brown Classification

intact uniaxial compressive strength = 290.94 MPa

GSI=68.26 mi=7 Disturbance factor=0.8
Hoek-Brown Criterion

mb=1.058 s=0.0082 a=0.502
Mohr-Coulomb Fit

cohesion = 5.363 MPa friction angle = 43.06 deg

Rock Mass Parameters
tensile strength = -2.242 MPa
uniaxial compressive strength = 26.079 MPa
global strength = 43.876 MPa
modulus of deformation = 17165.29 MPa

Maijor principal stress (MPa)

Shear stress (MPa)

202 46 8 10121416 1820
Minor principal stress (MPa) Normal stress (MPa)

Figure 6. The sample of the RocLab plot result for
Station 1 (50-55 m); the red line represents the Hoek-
Brown failure criteria, while the blue one represents the
Mohr-Coulomb failure criteria

Table 6. The sample of the SRF calculation

No. Station o.i (MPa) Upper Lower Upper Lower Upper  Lower
intersection 61  intersection o1 G.i/G1 G.i/G1 SRF SRF
(MPa) (MPa)
1 50-55m 290.94 55 22 5.3 13.2 5 1
14 120-125m 290.94 35 13.5 8.3 21.6 3.5 1
25  186-191m 290.94 29.5 11.5 9.9 253 27.5 1
40 277-282m 290.94 51.5 19.5 5.6 14.9 50 2
Fourteen representative points, picked from bolting without fiber-reinforced sprayed

various rock mass quality classes and ED
values, were plotted on the chart (Table 9 and
Figure 7). Both the roof and wall support cases
and all points were in Zone 1, meaning that the
support needed by the tunnel is average space

concrete. It should be clarified that being in
Zone 1 does not mean the rock mass is
inherently “good”; under given tunnel
geometry and ESR, the average bolting is
sufficient. The unsupported zones of the Kalan
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tunnel are in a safe condition and do not need
any significant reinforcement.

The previous study concludes that the
tunnel is comprised of fair-good rocks (RMR
52-71) and needs two kinds of support with
specific size (3—4 m-long rock bolt with 1.5—
2.5 space and 50—100 mm-thick conventional
shotcrete) [4]. Compared to the previous study,
this paper suggests a wider range of rock mass
quality categories and a more optimistic
estimate of the support requirement.

Besides the support requirements, the
ultimate support pressures could also be
calculated. The support pressures for both the
roof and wall can be determined using
Equations 67 [18] as follows:

_0.2),1/?

p = (6)
02,12 = _
pr="7—0Qu " (M
where:

py : Ultimate roof support pressure (MPa)
pr : Ultimate wall support pressure (MPa)

Jn :Joint set number

J- : Joint roughness number
Q : Actual Q values

Q, : Adjusted Q values

Table 10 lists the support pressure calculation
results of the 14 sample points. The results
indicate that the ultimate pressure capacity of
the roof support ranges from 0.04 to 0.24 MPa,
while the capacity for the walls ranges from
0.03 to 0.17 MPa.

This study serves as a preliminary step
toward a comprehensive safety assessment of
the Kalan tunnel, particularly regarding its
potential reactivation for nuclear mineral
exploration and exploitation. This paper still
contains some limitations on its data and
methods. The assessment can be further
refined by incorporating primary data, such as
rock strength and in-situ stress measurements,
and utilizing advanced analytical techniques
like numerical modeling.

Table 7. Some samples of the Q value calculation

No Station RQD (%) J. Jr Ja Jw SRF Qvalue Quality description
78  532-538m 80.84 4 15 1 1 50 0.61 Very poor

34 240-245m 91.55 3 15 075 1 50 1.22 Poor

75  517-522m 80.12 3 1 1 1 5 5.34 Fair

54  410415m 76.47 3 2 1 1 5 10.20 Good

14 120-125m 84.38 2 3 075 1 35 48.22 Very good

Table 8. Conversion from actual Q values to adjusted Q values for the design of wall support [18]

Rock mass quality Q values Wall factor (Qw)
Good >10 5Q
Intermediate 0.1-10 2.5Q
Poor <0.1 Q
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Table 9. The sample points to plot on the rock support chart

Station Span  Wall height ESR ED ED Q Qw
(m) (m) (roof support) (wall support)
532-538 m 2 5 3 0.67 1.67 0.61 1.53
240-245 m 2 5 3 0.67 1.67 1.22 3.05
477482 m 2 5 3 0.67 1.67 3.86 9.65
517-522 m 2 5 3 0.67 1.67 5.34 13.35
492497 m 2 5 3 0.67 1.67 10.00  25.00
410—415m 2 5 3 0.67 1.67 10.20  51.00
75-80 m 2 6 3 0.67 2.00 1491  74.55
9 95-100 m 2 5.6 3 0.67 1.87 17.15  85.75
85-90 m 2 5.6 3 0.67 1.87 21.56 107.80
110-115m 2 8 3 0.67 2.67 22,13 110.65
125-130 m 2 6 3 0.67 2.00 3234 161.70
115-120 m 2 8 3 0.67 2.67 33.05 165.25
135-140 m 2 5 3 0.67 1.67 3347 167.35
120-125m 2 5 3 0.67 1.67 4822 241.10
Roof support Wall support
ROCK MASS QUALITY AND ROCK SUPPORT ROCK MASS QUALITY AND ROCK SUPPORT
I 1) W e ) S = | B 11 i B+ 4 4 LAl
RSl s I R i s 7 (o B
5% ] :’;0 39 - /, % §% . P 0y | // ( //m\g , g
i _ 3 5 o |
A o Al // 3 / g /, - pact % ) ; A }// 3 / - // - padt ..:- 2 i=
]I‘y'/ “”1!/ < 4’(9"' el A AL I{g/ ‘Q’;“ & é}’f’l ]o el e oo |00
0.001 0.004 0.01 004 0. 04 1 a 10 40 100 400 0.001 0.004 0.01 004 0.1 04 4 10 40 100 400
Rock mass quality @ = %x%x% Rock mass quality Q = ?xj—;xs%

Figure 7. The plotting results on the rock support chart [47]; the blue dots represent the sample points

Table 10. Calculated support pressure values for specific sample points

No. Station  J, J, Q Qw  pv(MPa) pu(MPa)

78 532-538m 4 1.5 0.61 1.53 0.24 0.17
34 240-245m 3 15 122  3.05 0.16 0.12
67 477482m 6 1.5 386  9.65 0.16 0.12
75 517-522m 3 1 534 1335 0.07 0.05
70  492-497m 2 1 10.00 25.00 0.04 0.03
54 410415m 3 2 1020 51.00 0.11 0.06
5 75-80m 3 2 1491 7455 0.09 0.05
9 95-100m 2 2 17.15 85.75 0.07 0.04
7 &8-9%0m 2 2 2156 107.80 0.07 0.04
12 110-115m 3 3 2213 110.65 0.12 0.07
15 125-130m 2 3 3234 161.70 0.09 0.05
13 115-120m 2 3 33.05 165.25 0.09 0.05
17 135-140m 2 3 3347 167.35 0.09 0.05
14 120-125m 2 3 4822 241.10 0.08 0.05
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CONCLUSION

The rock mass surrounding the Kalan
tunnel ranges in quality from 'very poor' to
'very good,' with a Q value between 0.61 and
48.22. Notably, 53.85% of the assessed rock
mass is classified as 'good' (10 < Q < 40). By
plotting the Q values together with the ED
values on the rock support chart, it is known
that the support requirement for both the roof
and wall of the tunnel is average space bolting
without fiber-reinforced sprayed concrete. The
allowable ultimate pressures for roof and wall
supports are 0.04-0.24 MPa and 0.03-0.17
MPa, respectively.
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