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Abstract: This paper analyses the construction time and advance rate of a 3 km long drill and blast
tunnel under various geological conditions using an upgraded NTNU drill and blast prediction
model. The analysis was carried out for the five types of Korean tunnel supports according to the rock
mass quality (from Type 1, meaning a very good rock mass quality; to Type 5, meaning a very poor
rock mass quality). Four kinds of rock properties, as well as the rock mass quality, for each tunnel
support type were applied to simulate different geological conditions based on previous studies and
the NTNU model. The construction time was classified into five categories: basic, standard, gross,
tunnel and total, according to the operation characteristics to more effectively analyse the time. In
addition, to consider the actual geological conditions in tunnelling, the construction times for the
three mixed geological cases were analysed. It was found that total construction time of a tunnel
covering all the operations and site preparations with a very poor rock mass quality was more than
twice that of a tunnel with a very good rock mass quality for the same tunnel length. It is thought
that this study can be a useful approach to estimating the construction time and advance rate in the
planning or design stage of a drill and blast tunnel.

Keywords: construction time; advance rate; NTNU drill and blast model; tunnel support; equivalent
rock mass quality

1. Introduction

In tunnel construction, it is typical to compare the advantages and disadvantages
of two major methods, drill and blast (D&B), and TBM, in the planning or design stage.
Essentially, a tunnel excavation method is chosen as a result of interaction among various
elements such as safety, cost and time schedule [1]. The construction time is an impor-
tant factor in the selection of the construction scheme (number of construction lots and
intermediate construction access) and the construction method (excavation method, lining
system) [2].

Hence, for a TBM tunnel, many studies focused on estimating advance rates [3-9],
and thus CSM model [10], NTNU model [11], Qrgm [12], etc., were established.

Meanwhile, the D&B method is a very flexible and adaptable process with respect to
the excavation of intermediate cross sections or cross sections of any shapes and sizes, and
it has advantages in installing the various types of primary rock supports such as shotcrete,
wire-mesh, rock-bolt and forepoling. Furthermore, D&B has a short time-mobilisation,
as standard equipment is used during the excavation, and has a lower advance rate
(performance rate) in most cases, compared to the TBM technology [13].

For a D&B tunnel, some researchers also studied and suggested the usual advance rate
of a D&B tunnel. Daller (2017) found that in tunnelling by the New Austrian Tunnelling
Method (NATM), the average daily advance rates could reach 10 to 15 m in favourable rock
conditions with peak rates up to 20 m/day. Even in poor conditions (e.g., in fault zones),
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rates of 2 to 3 m/day are possible due to the high flexibility of the method. In crushed
zones, it can be easier than TBM to advance due to the high versatility of the method [3],
and the advance rate of D&B in a good rock mass is usually 6 m/day [14] or generally
3-9 m/day [15] Hence, when analysing or mentioning advance rates, geological conditions
always need to be taken into account.

In addition, some previous studies estimated the construction time or advance rate
for the D&B method. Einstein et al. [16,17] suggested Decision Aids for Tunnelling (DAT),
a computer-based simulation tool used to determine tunnel construction cost and time
through a probabilistic approach. Spatkova et al. [18] also suggested a probabilistic model
considering the uncertainties in geotechnical conditions, excavation performance, and
the risk of extraordinary events based on the Dynamic Bayesian Network technique to
estimate tunnel construction time. Nataadiningrat et al. [19] simulated the operations of
NATM (New Austrian Tunnelling Method) to analyse the productivity and sensitivity of
the method using CYCLONE softwares. Periku and Aga [20] defined the time needed for
any particular process using the drill and blast tunnel excavation method with 737 field
measurements, concluding that the best construction performance is reached when distance
from tunnel adit and tunnel face is smaller than 200 meters.

Kim et al. [21] estimated the tunnel construction time for three tunnels by using the
Korean Standard of Construction Estimate, which is usually applied to tunnel design in
Korea and was established on a deterministic basis, and the results showed differences of
between 7% and 50% from the actual operation times.

Meanwhile, in Norway, the model for prediction of advance rate as well as excavation
cost of D&B tunnels has been developed since 1975 [22-24], which is called a NTNU D&B
prediction model. This is an empirical prediction model established on the basis of a
substantial amount of field data from various subsurface excavations such as road and
railway tunnels, hydropower, and rock caverns in Norway [25,26]. Using the NTNU model,
the productivity and efficiency of the D&B and TBM options for excavating certain size
tunnels were also examined [27].

Finally, this study aims to analyse the variations in the construction time and advance
rates for the tunnels with various sizes, tunnel supports, and mixed geologies by using the
NTNU D&B prediction model, which is one of the most integral parts of a D&B tunnel
design or plan.

2. Updated NTNU Drill and Blast Prediction Model

The NTNU D&B model consists of three models for the blast design, advance rate, and
excavation cost models. Among these, the advance rate model can estimate the advance
rate of tunnel excavation, including drilling, charging, loading and hauling, scaling, and
regular rock supports, such as shotcrete and rock bolts, for tunnel cross-sections between
10-120 m? [22,26]. The tunnel geometry, blast design parameters (drillhole diameter and
length and type of explosives), and rock properties (i.e., blastability and wear quality) are
considered in the model.

For a fast calculation of the advance rate and excavation cost, a simulation tool,
TUNSIM (Tunnel Simulation), was developed as an Excel spreadsheet [26], with which the
effect of variation in any input parameter related to the advance rate and excavation cost
could be calculated. Since the NTNU model is an empirical model established through
investigations on the time spent on detailed operation activities, the time calculation for
every operation is performed by the combination of detailed sub-operation time as depicted
in Figure 1.

The analysis of the construction time and advance rate in the TUNSIM; however, is
available only for the excavation, without considering the rock supports and installations
in the tunnel [28]. In addition, even though the rock properties such as the Rock Blastability
Index (SPR of “SPRengbarhet” in Norwegian, rock blastability), Drilling Rate Index (DRI),
and Vickers Hardness Number Rock (VHNR) that are produced from lab tests are used in
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the model, the effects of the rock mass quality, which is generally used in a tunnel by the
Q-value or RMR, are not considered.
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Figure 1. Typical examples of the NTNU advance rate prediction model (Modified from [23]) and TUNSIM-Q.

Thus, in this study, TUNSIM-Q, updated in 2009 [29,30] and based on project reports
of NTNU [31,32], is used, where the effects of rock properties such as SPR, DRI, VHNR,
as well as the rock mass quality in the Q-value, can be considered. In addition, the usual
tunnel supports and various installation methods such as shotcrete, rock bolts, steel ribs,
forepoling, water protection, and concrete lining, etc., were included in the updated model.

Meanwhile, the construction method of a Korean tunnel that is analysed for this study
is different from the one of a Norwegian tunnel, which is the basis of the NTNU model,
as well as for the tunnel sizes. For example, rock mass classification is conducted by the
Q-value, and a concrete lining is installed for an extremely poor rock mass quality in
Norway. On the other hand, the rock mass quality is classified by RMR, and a concrete
lining is always installed for the whole length of a tunnel in Korea. Additionally, the
amount and kinds of tunnel supports are different. Hence, the NTNU model is slightly
modified for this study.

Initial SPR, DRI and VHNR are automatically given according to the rock mass quality
(Q-value) in the Excel simulation sheets unless they are provided by the user, and the
variation of Q-values in the model influences the initial SPR, round/drill length and others
factors, as shown in Figure 2.

Scheme 3 needs to break the rock to a certain degree of fragmentation, where 50%
of the blasted rock size is under 250 mm (dsg = 250 mm) [22]. Furthermore, the variation
of SPR leads to the adjustment in time of the number of charge holes, time determinant
charging time, incidental lost time, and scaling time. The variation in round/drill length
results in an adjustment of the time for drilling and moving to the other holes, as well as
the volume of the blasted muck pile.
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Figure 2. Effects of rock mass quality variation in the NTNU model (Modified from [29]).

The DRI is determined from the brittleness value, which is a measure of the rock
resistance from repeated impacts until crushing, and the SJ value, which is a measure of
the rock resistance to miniature drill penetration (surface hardness) [23]. The DRI affects

the penetration rate of the charge holes and rock bolt holes in the model.

The Vickers Hardness Number (VHN) is used as a measure of the abrasiveness of
each mineral. The mineral hardness numbers are combined to generate a hardness number
for the rock VHNR according to the mineral percentages of the actual rock [33,34]. VHNR

has an influence on the bit changing factor in drilling [23].

3. Tunnel Size and Support Types

The tunnel shapes and sizes used for the construction time analyses are presented in
Figure 3, which are the standard tunnel cross-sections and tunnel support designs estab-
lished by the Korean Ministry of Land, Infrastructure and Transport (MOLIT) in 2021. The
design is for a tunnel with two lanes and consists of a total of five sizes and tunnel sup-
port types according to RMR. The tunnel widths and heights are between 10.5 and 10.7 m,
and between 7.0 and 7.4 m, respectively, as shown in Table 1, which is summarised from
MOLIT [35]. The allowed overbreak and drill length decreases from 19 cm to 12 cm, and

from 3.8 m to 1.3 m, respectively, with lower RMR (higher tunnel support types).

Table 1. Tunnel specifications by support type.

Tunnel RMR Bottom Height Contour Overbreak (m) Cross-Sectional Rock Volume Drill/Round

Support Type Width (m) (m) Length(m) ——————— Area (m?) /Round (m®) Length (m)
Arch  Wall

Type 1 100-80 10.484 7.009 22.14 0.19 0.18 76.805 268.8 3.8/3.5

Type 2 80-60 10.484 7.399 22.14 0.19 0.18 76.805 268.8 3.8/3.5

Type 3 60-40 10.554 7.399 22.26 0.19 0.18 78.457 156.9 2.2/2.0

Type 4 40-20 10.648 7.279 22.16 0.12 0.12 79.397 119.1 1.6/15

Type 5 20-0 10.740 7.279 22.33 0.12 0.12 81.533 97.8 1.3/1.2
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Figure 3. Analysed tunnel size and support types (Modified from [35]).

The kinds and number of tunnel supports increased from Tunnel Support Type 1
through 5, as presented in Table 2, summarised from [35]. In Tunnel Support Type 1, 5
cm of shotcrete and 3 m of rock bolts were randomly installed. For Type 1 through Type
3, only shotcrete and rock bolts were installed. For Tunnel Support Type 4, steel ribs or
lattice girders were also installed with a 1.5 m interval, in addition to the shotcrete and rock
bolts. For Type 5, forepoling was added to the tunnel supports used in Type 4. In Korea,
a concrete lining of at least 30 cm thickness is installed for the whole length of a typical
tunnel after the breakthrough of the tunnel or far behind the face.
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Table 2. Tunnel support specifications in Korea.

Tunnel Support Type 1 2 3 4 5 Remarks
RMR 100-80 80-60 6040 40-20 20-0 RMR =9-LN@ + 44
(Q-value) (Q>54) (54>Q>6) (6>Q>06) (06>Q>007) (0.07>Q) by Bieniawski [36]
Shotcrete Thickness > > 8 12 16 (Inclugiilségsjibreak
(cm) (14.5) (14.5) (17.5) 18) (22) and robound)
Length 3 3 4 4 4
Roc(l:nl))olt Spacing Random 2 1.5 1.5 15
Interval Random 3.5 2 1.5 1.2
Steel Interval
rib/lattice - - - 15 12
- (m)
giraer
Length - - - - 4
Forepoling -
Spacin - - - - 0.5
(m) pacing
Interval - - - - 1.2
Concrete Thickness
.. 30
lining (cm)
The rock mass quality in the updated NTNT D&B model is expressed by a Q-value;
however, the tunnel sizes and support types vary with RMR. Hence, the RMR values in
Table 2 are converted into Q-values by the relationship suggested by Bieniawski [36].
4. Classification of Construction Time
The construction time in this study is separated into five categories: basic, standard,
gross, tunnel, and total according to tunnel support and operation types in Korea. Table 3
shows the definitions of these categories of construction time and the kinds of tunnel
supports, as well as the operations for each construction time type.
Table 3. Classification of construction time and operations in this study.
Parameter Categories Definition Included Operations
Basic = Time spent for pure excavation " Drllhng, charglpg, ventilation, loading
and hauling, scaling
m Basic + m Shotcrete, rock bolts, steel ribs/lattice
Standard - . -
» Time spent for usual tunnel support girder, forepoling
m Standard + = Final scaling, water protection,
Gross . .
. . = Time spent for permanent support concrete lining
Construction time
(week) m Gross + ..
Tunnel = Time spent for installation m Roads, electricity, etc.
m Site preparation, portal construction, and
s Tunnel + unforeseen rock condition
Total » Time spent for site preparation m Three months (13.5 weeks) before site

and mobilisation

preparation, 2 weeks for portal excavation,
1 week/km for demobilisation

Advance rate (m/week)

» Tunnel length advanced during each construction time except the tunnel and total construction time

Others

s Tunnel length: 3 km
» Working hours per week: 120 h (20 h/day x 6 day/week)

The basic construction time is the time spent on pure excavation operations such as
drilling, charging, ventilation, loading and hauling, and scaling. The standard construction
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time includes the implementation of the usual tunnel supports to ensure tunnel safety such
as shotcrete, rock bolts, forepoling, steel ribs, and injection (grouting), as well as the basic
construction time in the NTNU model. The grouting operation time is excluded from this
study since it is not included in the tunnel support types described in Table 2.

The gross construction time is the time spent on permanent or secondary tunnel
supports after the tunnel breakthrough, in addition to the standard construction time. The
pure gross construction time in this study consists of final scaling, water protection and
concrete lining. The tunnel construction time is related to the installation operations inside
the tunnel to finalise tunnel construction.

Lastly, the total construction time includes the site preparation time, portal excavation,
and unforeseen rock conditions. Regarding this, Macias and Bruland [37] concluded that
it would take 5-6 months for a tunnel start-up when using a new machine. Daller [2]
mentioned that 3-4 months are needed for mobilisation, site installation and portal excava-
tion. Accordingly, it is assumed in this study that the time required for site preparation,
portal excavation, and demobilisation is 3 months (13.5 weeks), 2 weeks, and 1 week/km,
respectively, based on values reported in previous studies and the author’s experiences.
Furthermore, uncertainties in the geology and complexity of tunnel construction processes
often result in construction delays and cost overruns [38]. Hence, for additional time due to
unforeseen rock conditions, 7% of the standard construction time covering tunnel supports
is recommended to be used in the NTNU model.

Meanwhile, advance rates are the tunnel length excavated during each construction
time, excluding the tunnel, and total construction time.

5. Analysis and Results

The construction method of a Korean tunnel is different from the one of a Norwegian
tunnel, not to mention tunnel sizes. For example, the rock mass classification is conducted
by the Q-value, and a concrete lining is installed for extremely poor rock mass quality in
Norway. On the other hand, the rock mass quality is classified by RMR, and a concrete lin-
ing is always installed for the whole length of a tunnel in Korea. Therefore, to consider the
characteristics in the tunnelling practice of Korea, the analysis starts from the modification
of TUNSIM-Q that was established based on a Norwegian tunnel specification.

The second step is to set up the tunnel sizes, such as the cross-sectional area, perimeter
length of a tunnel, round length, etc., as well as the tunnel support types based on a Korean
tunnel specification. The rock mass conditions such as SPR, DRI, and VHNR are set up
according to the converted Q-value given for each tunnel support type.

The final step is to analyse the operation times for each tunnelling operation such as
drilling, charging and blasting, shotcreting, and rock bolting, etc., for the standard Q-values
given by each tunnel support type, followed by the basic, standard, gross, tunnel and total
construction time by summing up the operation times corresponding to each construction
time category and correction factors.

5.1. Construction Time with Tunnel Support Types

Table 4 shows the summary for rock and rock mass conditions for each tunnel support
type that is given from the Korean government [35]. The Q-value is converted from RMR
by this relationship [36] and the rock properties; SPR, DRI and VHNR are automatically
given from the Q-value in this study.

When applying these conditions, as well as the tunnel and support conditions given
in Tables 14, the construction time determined from the NTNU Dé&B model is presented
in Table 5 and Figure 4a.
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Table 4. Rock properties and rock mass conditions for each case.

Support Type 1 2 3 4 5 Range
Q-value 166 18 2 0.2 0.02 _
(RMR 1) (90) (70) (50) (30) (10) 0.001-1000 [39]
SPR 0.32 0.41 0.5 0.59 0.69 Normally, 0.3-0.8 [22]
DRI 27 38 50 63 77 Normally, 26-82 ([22,33])
VHNR 1313 804 493 302 185 Normally, 100-2000 ([22,33])

I RMR = 9-LN@ + 44 by Bieniawski [36].

Table 5. Construction time and advance rates with tunnel support types.

Category Support Type 1 5 3 4 5
. % 852;?;;2%;‘13%?3&{(’; 57 550 797 1103 1459
(® Advance rate (m/week) 52.9 54.6 37.6 27.2 20.6
@ Operation time (week) 16.9 19.9 37.6 63.5 113.0
Standard @ Construction time (week) 73.6 749 117.3 173.8 258.9
(® Advance rate (m/week) 40.8 40.1 25.6 17.3 11.6
@ Operation time(week) 50.3 50.3 50.4 49.6 49.7
Gross @ Construction time (week) 123.9 125.2 167.7 2234 308.7
(® Advance rate (m/week) 24.2 240 17.9 13.4 9.7

@ Operation time(week) 19.7 19.7 19.8 19.9 20.1
Tunnel = - nstruction time (week) 1435 1449 1875 2433 3287
(@ Operation time(week) 23.6 23.7 26.7 30.7 36.6
Total o Construction time (week) 1672 1686 2142 2740 3654

(D Operation time: pure operation time for each category. ) Construction time: each operation time + construction
time in the subordinate category. (e.g., gross construction time = gross operation time + standard construction
time). @ Advance rate: tunnel length/ construction time.

Construction time (week)
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Figure 4. Construction time and advance rates with tunnel support types.

Table 6 shows the operation time for each specific operation and how the basic,
standard and gross operation times result from each operation time. Each operation time is
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the time needed to perform the operation during one blasting round, and thus the time unit
used is minutes. The subtotal time in hour for one whole tunnel length (3 km) is calculated
by the subtotal time (min) of one round/60 (min) x 3000 m/round length (m), as indicated
in Table 5.

Table 6. Breakdown of each operation time.

Tunnel Support Types

Category Operations " ) 3 7 5
Drilling (min) 144 118 71 61 62
Charging and blasting 88 94 89 102 119
O ilng and blasting (i) 7! 5 5 5 5
One round Ventilation (min) 28 28 28 28 28
) Loading and hauling (min) 129 129 84 70 61
Basic Scaling (min) 43 50 73 99 112
St 0 000
Subtotal time (min) 482 468 387 402 426
Tunnel Subtotal time (h) V) 6887 6679 9685 13,407 17,738
(3 km) Subtotal time (week) 2 57 55 80 110 146
Shotcrete (min) 123 123 121 116 165
Rock bolt (min) 20 46 62 71 75
One round Steel rib/Lattice (min) girder - - - 45 45
Standard Forepoling (min) - - - - 44
Subtotal time (min) 144 170 183 231 330
Tunnel Subtotal time (h) ! 2053 2422 4572 7716 13,730
(3 km) Subtotal time (week) 2 17 20 38 63 113
Final scaling (h) 108 108 106 108 106
Water protection (h) 1571 1571 1581 1573 1585
Gross 9 f‘;‘;ﬁ)‘ Concrete lining (h) 4438 4438 4441 4350 4355
Subtotal time (h) P 6117 6117 6128 6031 6046
Subtotal time (week) 2 50 50 50 50 50

1 Subtotal time for Tunnel (3 km) in hour = Subtotal time (min) of one round/60 (min) x 3000 m/round length (m); 2) Subtotal time for

Tunnel (3 km) in week = Subtotal time for Tunnel (3 km) in hour/Effective working hours per week (121.5 h); 3) Gross operation time is
calculated for whole tunnel length since the operations are conducted after excavation.

In Figure 4a, the numbers inside each bar in the chart indicate the ratios of the
respective construction times to the total construction time, and the numbers above each
bar indicate the total construction times.

The results show that the basic construction time, i.e., the pure excavation time not
considering tunnel supports, increases from about 57 weeks to 146 weeks for a 3 km tunnel
with a variation of tunnel support types from type 1 to type 5, except for type 2. Despite
the higher number of holes drilled in Type 2 (96 holes) than Type 1 (88 holes), the reason
that more basic construction time is needed in Type 1 is mainly because the drilling rate in
Type 1 (177 cm/min) is slower than that in Type 2 (198 cm/min) due to the very hard rock
mass quality, even though the drill length is the same for the two types. In other words,
the drill times in Types 1 and 2 are 144 and 118 min, respectively, as shown in Table 6. The
ratios of the basic construction time to the total construction time increase from 34% to 40%
with higher tunnel support types, as the round length decreases considerably from 3.5 m
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for Type 1 to 1.2 m for Type 5, even though the round cycle time needed for one blasting
round, excluding the tunnel supports, decreases slightly from 482 min to 426 min with
higher tunnel support types; in turn, the basic construction time (= round cycle time X
tunnel length/round length) increases.

For the standard construction time, which includes the usual tunnel supports such as
shotcrete and rock bolts, etc., in addition to the basic construction time, the time gradually
increases from 74 weeks to 259 weeks with higher support types, and more time is needed
for Type 2 than Type 1, unlike the basic construction time. The ratio of the standard
operation time increases from 10% to 31% with higher tunnel support types (Figure 4a),
which is attributed to the increase in the kinds and amount of tunnel supports, as indicated
in Table 2. In addition, the standard advance rate, which is generally used as the usual
advance rate of a D&B tunnel, decreases from 40.8 m/week to 11.6 m/week with the
variation of support types from Type 1 to Type 5 (Figure 4b), corresponding to 6.8 m/day
for Type 1 and 1.9 m/day for Type 5 because there are assumed to be six working days per
week (Table 3) in this study. This means that 1.9 and 1.6 blasting rounds can be performed
during one day for Types 1 and 5, respectively. For Type 3, in which the round length is 2 m,
however, the standard advance rate is 25.6 m/week, i.e., 4.3 m/day, which corresponds to
more than two blasting rounds per day. In connection with this, Kim et al. [21] investigated
the blasting cycle time (the time spent for one blasting round including the usual tunnel
supports) for three Korean tunnels and the results showed that the typical cycle time for
Type 3 was approximately 8 h. Hence, it is thought that the advance rate determined in
this study is within a reasonable range.

The gross construction time covers the operation time for final scaling, water protection
and concrete lining in addition to standard construction time, and the gross operation time
accounts for between 30% and 14%, decreasing with increasing tunnel support types since
little variation occurs in the gross operation time (Table 6), 50 weeks for all the types, but
the total construction time increases.

The tunnel construction time consists of pavement and various installations in the
tunnel, in addition to the gross construction time. It is found that the tunnel operation time
excluding the gross construction time is approximately 20 weeks, almost the same for all
the tunnel support types, taking between 12% and 5% of total construction time.

Lastly, the total construction time covering all the operations, site preparations, and un-
foreseen rock conditions, etc. (at least 7% of the standard construction time is recommended
in the NTNU model), is between 167 and 365 weeks, which corresponds to between 3.8
and 8.2 years, provided that one year is 44 weeks. This means that total construction time
of a tunnel of very poor rock mass quality is more than twice that of a tunnel of very good
rock mass quality for the same tunnel length.

Meanwhile, Table 6 shows a breakdown of the basic, standard and gross operation
times. For Type 1, it is found that the operation in which the most time is taken is drilling
(144 min), due to the very hard rock mass quality, followed by loading and hauling (129 min)
because of the longest round length of Type 1. The rig time is the time needed to move
the drilling jumbo to the face, and connect and disconnect the power supply and water,
etc. The incidental lost time for drilling and blasting covers the technically dependent lost
time occurring at random during tunnelling operations, e.g., machine breakdown, which
is assumed to be 10% of the total operation time in the NTNU model [23]. The correction
factor for tunnel length and job training is used to consider the variation in operation time
resulting from the efficiency in operations according to excavated tunnel length, which is 1
for 3 km tunnel length, i.e., no additional time, as can be seen in Figure 5.
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Figure 5. Correction for tunnel length and job training (Modified from [23]).

Regarding the tunnel support operations, shotcrete is generally placed all at once for
small thickness, on the other hand, twice or three times in small thickness in the case of
large thickness. Hence, much time is required to place shotcrete for Type 1 due to a long
round length (3.5 m and a thickness of 14.3 cm including the overbreak and rebound) as
well as for Type 5 due to a great thickness (22 cm including the overbreak and rebound).
Furthermore, for Type 1, rock bolts are installed randomly when necessary, which are
quantified into two bolts per 3.5 m round length [33], and it takes an average of 20 min
per round to install the bolts. The operation time for the steel rib/lattice girders installed
in Type 4 and Type 5 is, on average, 45 min per round, and the forepoling installed in
Type 5 only takes an average of 44 min per round for the given conditions in the NTNU
model. Finally, it is estimated that the total operation time for the tunnel supports is only
between 144 min and 330 min per round, which corresponds to 17 weeks and 113 weeks,
respectively, for the whole length of the tunnel.

Furthermore, it is shown that the operation time of the final scaling, water protection
and concrete lining that are included in the gross construction time of 50 weeks is almost
the same for all the types.

5.2. Construction Time with Mixed Geological Conditions

In the actual tunnelling, the geological condition is not identical for the whole tunnel
length; rather, the geological types vary from a soft rock or soil to a hard rock. Hence,
based on the study on the effects of the five different tunnel supports varied with the
Q-value on the construction time in Section 5.1, three cases (Table 7) representing mixed
geological conditions are analysed. Figure 6 shows a typical example for the ratios given in
Table 7. Case A, a good condition, consists of 20%, 30%, 30%, 10%, and 10% of the 3 km
tunnel lengths for Types 1, 2, 3, 4, and 5, respectively, which are given in Table 2, where a
favourable rock mass quality of over 60 in RMR forms 50% of the length, assuming that the
tunnel excavation is carried out in the geological conditions presented in Figure 6. In Case
B, the tunnel support types in medium geological conditions are made up of 10%, 25%,
30%, 25%, and 10%, respectively. In Case C, a bad geological condition, the distribution of
the support types is 10%, 10%, 30%, 30%, and 20%, respectively, and a rock mass quality of
below 40 in RMR forms 50% of the tunnel length.
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Table 7. Assumed ratio and tunnel length for each tunnel support type.
Rock Mass RMR 100-80 80-60 60-40 40-20 20-0
Quality Q-Value  >54 54-6 6-0.6  0.6-0.07  <0.07
Total
Tunnel Support Type
Case Unit
Typel Type2 Type3 Type 4 Type 5
A % 20% 30% 30% 10% 10% 100%
(Good) [m] 600 900 900 300 300 3000
B % 10% 25% 30% 25% 10% 100%
(Medium) [m] 300 750 900 750 300 3000
C % 10% 10% 30% 30% 20% 100%
(Bad) [m] 300 300 900 900 600 3000
Legend
Type 1 Type 2 Type 3 Type 4 Type 5
[] [ |
RMR :100-80 80-60 60-40 40-20 20-0
Q-value: >54 6-54 0.6-6 0.07-06 <0.07
Unit : %

Tunnel entrance Tunnel entrance

Figure 6. Typical example of the ratios of tunnel support types for analysed cases.

Meanwhile, the terms used to define the geological condition of a tunnel in this
study, i.e., good, medium or bad conditions, are only qualitative expressions, which
leave ambiguity as to how good or bad these conditions are. Hence, a quantitative term,

equivalent to the rock mass quality (ERQ), is suggested with Equation (1) to express the
overall rock mass condition of a tunnel:

ERQ = it Li-RMR; or it L )
L L

where n is the number of total tunnel sections, L; is the length of each tunnel section (m),
RMR; or Q; represents RMR or Q for each tunnel section, and L is whole tunnel length (m).

If ERQ is applied to this study, the overall rock mass quality of Cases A, B and C
become 58, 50 and 42, respectively, based on RMR in Table 4 and the length of each tunnel
section in Table 7.

The analyses show that basic construction times for Cases A, B and C are 77, 85, and
97 weeks, respectively, and account for 36-38% of total construction time, as shown in
Figure 7a. Additionally, the basic construction time of Case C in bad geological conditions
increases by 26% compared to Case A under good conditions (Table 8), meaning that the
time spent for basic operations (pure excavation), excluding tunnel supports, increases by
26% when the geology worsens from good to bad conditions.
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Table 8. Construction time and advance rates by case.
Case B C
A
Category Value Ratioto A Value Ratioto A
(@ Operation time (week) or o o
Basic @ Construction time (week) 773 85 1% 973 26%
(® Advance rate (m/week) 388 351 —10% 30.8 —21%
@ Operation time (week) 383 451 18% 56.6 48%
Standard @ Construction time (week) 115.6 130.6 13% 154.0 33%
(® Advance rate (m/week) 259 230 —11% 19.5 —25%
@ Operation time (week) 50.2  50.1 0% 50.0 0%
Gross @ Construction time (week) 1659 180.7 9% 204.0 23%
(® Advance rate (m/week) 181 16.6 -8% 14.7 —19%
T 1 @ Operation time (week) 198 198 0% 19.9 0%
unne @ Construction time (week) ~ 185.6 200.5 8% 2238 21%
Total @ Operation time (week) 26.6 276 4% 29.3 10%
ota @ Construction time (week)  212.2 228.2 8% 253.1 19%

(@ Operation time: pure operation time for each category; 2 Construction time: each operation time + construc-
tion time in the subordinate category; (e.g., gross construction time = gross operation time + standard construction
time); 3 Advance rate: tunnel length/each construction time.

The increase ratio in the standard operation time is 18% and 48% for Case B and
Case C, respectively, compared to Case A, which is much more than the ratio in the basic
operation time. This is because the increased ratio of the standard operation time with
higher tunnel support types is much more than the ratio of the basic operation time. In
other words, as shown in Table 5, the basic operation time for Type 5 increases 2.6 times
(= 146 weeks /57 weeks) relative to that of Type 1; on the other hand, the standard operation
time for the Tunnel Support Type 5 increases 6.6 times relative to that of Type 1. This means
that although the ratio of the basic operation time to the total construction time, i.e., 34—40%
(Figure 4a), is generally more than that of standard operation time (10-31%), the increase
ratio of the standard operation time is far more than that of the basic operation time, with
an increasingly poor rock mass quality. Meanwhile, the standard advance rate that is
usually used as the advance rate of a D&B tunnel, shows about 26, 23, and 20 m/week for
Cases A, B, and C, respectively (Figure 7b), corresponding to 4.3 m/day (=25.9 m/6 days),
3.8 m/day (=23.0 m/6 days), and 3.3 m/day (19.5 m/6 days) for good (Case A), medium
(Case B) and bad rock mass quality (Case C), respectively. This implies that the advance
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rate of a D&B for a bad rock mass quality tunnel decreases by 25% compared to those of
a tunnel with a good rock mass quality, even though this ratio can be varied with given
geological conditions, tunnel sizes and operation conditions.

Regarding the gross operation time and the tunnel operation time, it is found that the
variation in time with a worsening rock mass quality is almost 0 since the variation in the
operation time of final scaling, water protection, and concrete lining in the gross operation
time, as well as roadway construction and the installation of electricity, etc., in the tunnel
operation time, is hardly related to geological conditions, as can be seen in Table 8.

Lastly, it is shown that total construction time for Case A is 212 weeks and increases to
8% or 19% compared to Case A with worsening geological conditions. Furthermore, when
considering that the ERQ of Case B is 52, the total construction time of Case B (228 weeks)
shows a similar level to Type 3 (214 weeks) in Table 5, of which the RMR is 50.

6. Conclusions

This paper analyses the construction time and advance rate of a 3 km long D&B tunnel
under various geological conditions using an upgraded NTNU drill and blast prediction
model. The analysis was carried out for the five types of Korean tunnel supports according
to rock mass quality, ranging from Type 1 (very good rock mass quality) through to Type
5 (very poor rock mass quality), and four kinds of rock properties, as well as the rock
mass quality for each tunnel support type, were applied to simulate different geological
conditions based on the previous studies and the NTNU model.

The construction time was classified into five categories: basic, standard, gross, tunnel
and total, according to the characteristics of the operations for a more effectively analysis
of the construction times; the standard construction time covers not only the operations for
excavation, such as drilling, charging, loading and hauling, etc., but also usual the tunnel
supports such as shotcrete and rock bolts, etc., In addition, to properly consider the actual
geological conditions in tunnelling, the construction times for the three mixed geological
cases were analysed.

The primary conclusions of the study are summarised below:

(1) The ratio of the basic construction time to total construction time increases from 34%
to 40% with the increasing tunnel support type. Despite the greater number of drill holes
in Type 2 (96 holes) relative to Type 1 (88 holes), the reason for a more basic construction
time in Type 1 is mainly that the drilling rate in Type 1 (177 cm/min) is slower than that in
Type 2 (198 cm/min) due to the very hard rock mass quality, even though the drill length
is the same for the two types.

(2) The ratio of the standard operation time for the operations of the usual tunnel
supports to total construction time increases from 10% to 31% with a worsening rock mass
quality, which is attributed to the increase in the kinds and amounts of tunnel supports. In
addition, the standard advance rate that is generally used as the usual advance rate of a
D&B tunnel decreases from 40.8 m/week to 11.6 m/week with the variation of support
types from Type 1 to Type 5, which correspond to 6.8 m/day for Type 1 and 1.9 m/day
for Type 5; it is assumed that there are six working days per week in this study. This
means that 1.9 and 1.6 blasting rounds can be performed during one day for Types 1 and 5,
respectively.

(3) The gross construction time covers the operation time for the final scaling, water
protection and concrete lining, in addition to standard construction time. The gross opera-
tion time accounts for between 30% and 14%, decreasing with the increase in the tunnel
support types since little variation occurs in the gross operation time (50 weeks for all the
types) but the total construction time increases.

(4) The total construction time covering all the operations, site preparations, and
unforeseen rock conditions, etc., is between 167 and 365 weeks, which corresponds to
between 3.8 and 8.2 years, provided that one working year is considered to be 44 weeks.
This means that the total construction time of a tunnel in a very poor rock mass quality is
more than twice that of a tunnel in very good rock mass quality for the same tunnel length.
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(5) Three cases representing mixed geological conditions, i.e., Case A (good geological
conditions; 20%, 30%, 30%, 10%, and 10% of a 3 km tunnel length for Tunnel Support Types
1,2, 3,4, and 5, respectively); Case B (medium geological conditions; 10%, 25%, 30%, 25%,
and 10%, respectively) and Case C (bad geological conditions; 10%, 10%, 30%, 30%, and
20%, respectively) were also analysed. The results show that the standard advance rate
is 26, 23 and 20 m/week for Cases A, B and C, respectively, and the total construction
time for Case A is 212 weeks and increases to 8% or 19% compared to Case A with worse
geological conditions.

(6) A quantitative term, equivalent rock mass quality (ERQ), is suggested in this study
to intuitively express the overall rock mass condition of a tunnel. The total construction
time of Case B (228 weeks) in the ERQ of 52 shows a similar level to the Tunnel Support
Type 3 (214 weeks), of which RMR is 50.
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