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Abstract

A large number of toxic gases such as carbon monoxide (CO) and nitrogen oxides (NOx) are
produced from the blast models during the drill and blast tunneling excavation. However, the emission
characteristics of blast design models have never been mentioned in previously published studies.
To acquire the cleanest blast model and reduce environmental pollution, this paper for the first time
compares the emission characteristics of CO and NOx from three traditional blast design models, i.e.,
NTNU, Swedish, and China models, which is the most used in tunneling. Firstly, the detailed blasting
parameters of three models are put forward based on one certain 42.3m? cross-section tunnel. After
that, the emission characteristics of each model is evaluated based on the indexes of total emission,
emissions per area, and emission increment. Meanwhile, the tunnel face of the models is divided
into four functional sections, i.e. cut zone, stoping zone, lifter zone, and contour zone to explore the
influence of functional blastholes on gas emissions. Finally, these results indicate that the CO and NOx
emissions of the China model are the least, followed by Swedish and NTNU models. And the total
emissions are dominated by the stoping blastholes. Therefore, it is effective to reduce environmental
pollution by adjusting the parameters of the stoping zone. This research can provide a reference for the

tunnel engineers to design blast models to reduce environmental pollution.
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Introduction of civil explosives has been increasing, which will

increase to 16 million tonnes in 2018 [1] . And in

The civil explosives are widely used in mining, drilling and blasting (D&B) tunnel, the extensive
extraction and construction industries, and play a great explosives are inevitably used. With the development of
role in our production and life. The world production tunnel construction rapidly in China [2] , the demand

for explosives is also increasing. Although the use of
explosives improves production efficiency and creates
benefits for enterprises, there is a source of concern
due to its associated environmental impact. On the one
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hand, blasting-induced vibrations may cause structural
damage and human discomfort [3—-6] . On the other
hand, the CO and NOx of post-blast fumes are the
direct product of the detonation process. Exposure to
these toxic gases can have a range of negative effects
on the health and safety of exposed persons and on the
surrounding environment [7, 8] . The NOx emissions
during the use of AN explosives contaminate the local
atmospheric environment of mining sites. Exposure to
the high concentration of NOx can induce a number of
chronic diseases, e.g., pulmonary oedema, acquired,
or type II methemoglobinemia [9] . Attalla et al., [10]
measured the concentrations of NOx by the mini-DOAS
spectrometer and the values can reach between 5.6
and 580 ppm which was exceeding the safe limits [11].
Sincerely, the chemical reactivity of NOx can produce
secondary pollutants, such as ozone, smog, and nitrate
aerosols, by the chemical interaction [12, 13].

All of the above researchers pay attention to the
blasting process of the open-cut coal mining because
dozens to hundreds of tons of explosives are used each
detonation and generally the orange/red cloud of NO,
can be seen clearly. Although in the tunnel blasting
operation fewer explosives are used per round, the CO
and NOx are easier to accumulate in a confined space.
Exposure of humans to these high concentrations can
lead to injuries. Therefore General Administration of
Quality Supervision [14], has made strict regulations on
the monitoring of the concentration of CO, NOx, and
other gases, so as to prevent excessive gas from causing
harm to the human body.

To date, researchers have extensively studied on
toxic fumes from underground blasting operations. Xu
et al., [15] mentioned the impact of explosives on the
environment in the study of greenhouse gas emissions
of a highway tunnel. Huang et al., [16] suggested that
the improvement of blasting efficiency and reduction
of explosive consumption can remarkably reduce
the environmental impacts. And the research mainly
focuses on migration characteristics of blasting
gases [17-19]. The methods for the control of gases
in underground spaces are: prevention, extraction,
isolation, containment and dilution. Dilution ventilation
is one of the most effective control measures against
blasting fumes and is universally applied [20, 21].
Torafio et al., [22] proved that the face ventilation
effectiveness (FVE), or proportion of fresh air reaching
the working face, ranges from 35% to 40% for a forcing
ventilation system, whereas it ranges from 10% to 12%
for an exhausting ventilation system. There are different
algorithms to calculate gas clearance after blasting in
development headings [20-24].

Considering the above mentioned studies, the CO
and NOx of post-blast fumes are extremely harmful to
production, human health, and the environment. And
the research on pollution reduction is mainly about
ventilation and migration characteristics. However,
there are no suggestions on emission reduction from the
source of gas generation. In other words, the researchers

can analyze emission characteristics from the blast
model itself to reduce gas emissions. The NTNU,
Swedish, and China models are the most widely used
in the drill and blast tunnelling. Therefore, the original
aim of this study to answer the following questions:

1. What are the emission characteristics of the three

blast design models?

2. Which blast design model is the cleanest?

In order to identify the processes and inputs with
the highest post-blast fumes impacts, this study build
three blast design models based on one certain tunnel.
To wunderstand the emission characteristics of the
blast design models, we then propose three indexes of
total emission, emissions per area, and emission
increment.

The paper was organized as follows, including
this introduction. Section 2 introduced the research
framework, blast design models, and evaluation
indicators. Section 3 presented the main findings.
Section 4 discussed the results in detail. Section 5
summarized the conclusions of the study.

Materials and Methods

Fig. 1 presents the concepts and procedures of this
research work. The general procedure for the research
method consists of the following steps:

1. Through the existing experimental model of gas
emissions, the emission per per unit charge is
determined including emission of CO, NOx, and
relative general toxicity.

2. The detailed blasting parameters of three models
are put forward based on one certain 42.3 m?
cross-section tunnel. And charge data of different
functional zones, i.c., cut, stoping, lifter, and contour,
are also acquired.

3. Put forward the evaluation indexes, i.e., total
emissions, emission per area, and emission
increments.

4. Calculate the gas emissions of three models through
the above steps.

5. The emission characteristics of CO and NOx from
three models are discussed and the cleanest blasting
model is acquired.

Mechanisms of CO and NOx Formation

There are many kinds of industrial explosives.
Cardarelli  [25] subdivided them into three main
classes i.e., primary high explosives, secondary high
explosives, and tertiary high explosives, according to
the sensitivity of high explosives to detonation. The
emulsion explosives discussed in this paper belong to
the tertiary high explosives. The emulsion explosives
are the most recent varieties of explosives used in
underground tunnel excavation. Their basic components
include oxidizing agents most common of which is
ammonium nitrate (AN) [26].
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Fig. 1. Concepts and procedures of the research. TE, EPA, and EI indicate the total emissions, emission per area, and emission increments,

respectively.

Most industrial explosives consist of four chemical
elements, i.e., carbon, hydrogen, oxygen, and nitrogen.
During the detonation process, gases evolve contain
gaseous products, for example, carbon oxides, nitrogen
oxides, N,, H,, and H,0, etc. Different products depend
on “oxygen balance” (OB) which describes the reaction
stoichiometry. It is calculated according to Equation (1),
with the inclusion of metal term [27]:

16(0-2C—2H-M
op = 2020
MW )

..where MW refers to the molecular weight in g mol-1 of
a compound (e.g., 80 g mol-1for NH,NO,), the symbols
O, C, and H correspond to the number of oxygen,
carbon and hydrogen atoms, respectively, and M denotes
the number of atoms of metal which is converted into
metallic monoxide, MO. The OB value of the constituent
component of an explosive mixture expresses the
amount of oxygen atom, in mass fraction unit, in excess
or deficiency with respect to stoichiometry. Cook and
Talbot [28] proposed the zero oxygen balance in a
general reaction as follows:

(3% + D)NHyNO5 + CoHizy42) =

(3x + 1)N, + (7x + 3)H,0 + xCO, @)

Water in emulsion explosives can affect the oxygen
and prompt the formation of CO and NO. For example,
nitric oxide can be generated by lean fuel (“oxygen
positive”) explosives according to reactions similar to

(3) or carbon monoxide can be generated by excess fuel
(“oxygen negative”) explosives according to reactions
similar to (4):

+0B(lean fuel)

—O0B(excess fuel)

The NO gas oxidizes rapidly in the atmosphere into
orange-colored NO,.

2NO + 0, - 2NO, )

Furthermore, as shown in Fig. 2a), the interaction
of fuel with AN under fuel-lean conditions leads to
NOx species via the nitrous acid, nitro- and nitroso-
hydrocarbon intermediates [29]. Sensitization of
emulsion explosives with chemically-generated nitrogen
bubbles (~400 mm in size) can also contribute to the
emission of NOx. Fig. 2b) demonstrates the formation
mechanism of NOx in the chemical gassing of emulsion
explosives [29].

Study Purpose and Scope

The purpose of the study is to compare the emission
characteristics of three blast models and acquire the
cleanest model. The detailed blasting parameters of
three models are put forward based on one certain
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Fig. 2. The process of NOx formation.

42.3 m? cross-section tunnel which is presented by Zare
& Bruland, [30] .

The emulsion explosives are the most recent
varieties of explosives used in underground tunnel
excavation. Their basic components include oxidizing
agents most common of which is ammonium nitrate
(AN) [26] . It can also contribute to the emission of
NOx and CO [29] . Each country applies its own rules
and normative requirements for testing the content
of toxic gases formed by the detonation of industrial
explosives. Liu et al., [31] adopted the closed blast
cartridge with the volume of 50 liters and 110 grams of
emulsion explosives which are produced by six different
manufacturers to analyze the composition of gases. The
mean values of carbon oxides, nitrogen oxides, and
general relative toxicity are used in this paper (Table 1).

Relative general toxicity (RGT) emissions are
described using the following equation [26]:

LCO =CO+ 6.5 x NOX (6)

b NaNo,

(Sensitising agent)

LEmulsion

CH;COOH

(Nuclephilic agents)

..where CO is the amount of carbon monoxide per unit
charge in L/kg. NOx is the number of nitrogen oxides
per unit charge in L/kg.

Case Study of Certain 42.3 m?
Cross-Section Tunnel

Design of NTNU and Swedish Models

This section introduces the design of the NTNU and
Swedish models. Swedish blast design model started
with [32], and has been further developed afterward
[33]. Persson et al., [34] published the complete blast
design model and was later updated by Persson (2001).
The tunnel face is divided into five separate sections
i.e.,, cut, two stoping sections, contour, and lifter, as
shown in Fig. 3.

The NTNU blast design model is described in the
Project Report 2A-95 [30, 35]. Compared with the
Swedish model, the tunnel face divides into the cut,

Table 1. The tests results of CO, NOx, and RGT emissions by LIU et al., (2010).

Emulsion explosives
Tests number
L. /L kg' VL kg Vio/L kg L,=CO+6.5xNO/L kg
1 362 25.7 0.17 26.8
2 366 359 0.55 39.5
3 364 28.4 0.59 322
4 356 19.9 3.85 449
5 354 24.6 0.61 28.5
6 356 29.7 1.32 383
Mean 360 27.4 1.18 35.0
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stoping (easers), lifter (invert), row nearest contour and
contour in the NTNU model. The design for each part
should be determined by the following parameters in
advance [30]:

1. Rock mass blastability.

2. Drill hole diameter.

3. Drill hole length.

4. Skill level of the tunnel crew.

In both models, the parallel hole cut with an empty
hole(s) is used. Shokrollah Zare et al, [30] had
introduced these two models in detail including the cut
design, drilling pattern, charging, and look-out angle,
etc. This paper will refer to these design parameters.

Design of China Model

However, Shokrollah Zare et al., [30] did not
introduce the design of the China model. Therefore, the
following will introduce it in detail. The tunnel face
is divided into four sections, i.e., cut, easers (stoping),
lifter, and parameter (contour), which is consistent with
the other two models basically. The main difference is
that the China model uses the V cut instead of a parallel
hole cut.

(1) Cut Holes

At present, the tunnel blast design of railway,
highway, or metro tunnels mainly adopts V cut in
China. The V cut is designed according to its name and
it has a symmetrical design. Cutting forms are mainly
divided into single-stage and multi-stage V cut. And
the multi-stage V cut e.g., 2-stage and 3-stage, etc, is
widely used in engineering (Fig. 4). The determination
of cutting forms is shown in Table 2.

The key technologies of the V cut are the following
wang et al, [36]:

1. The angle of the V cut is related to rock mass and
tunnel sections. Generally, the angle is 60°~75° and
the spacing is 40~90 cm.

2. When the large tunnel cross-section adopts the
V cut, the angle of first stage blastholes should be

D Contour

C
Stoping

B A B
Stoping Cut Stoping
E Lifters

Fig. 3. Different tunnel sections of the Swedish model.

decreased and the horizontal distance should be
increased.

3. When the length of boreholes is greater than 2.5 m,
a third of the bottom holes should be charged.

4. Uncharged length is 20% of the blastholes generally

and not less than 40 cm.
5. 'V cut should be initiated by millisecond delay with
a 50 ms interval among different stages.

o
v
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Fig. 4. Different cutting forms. a) 2-stage; b) 3-stage; 3) Multi-
stage.
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Table 2. Reference values of advance per round using V cut. Unit:m.

Cut type Single-stage 2-stage 3-stage Multi-stage
Moderately hard rock 1.5~2.0 2.0~3.0 2.5~4.0 >4.0
Hard rock 1.2~1.5 1.5~2.5 2.0~3.5 >3.0
(2) Drilling Pattern generally by charge coefficient. The calculation formula

The spacing and burden of the lifter and stoping
holes are related to rock mass mainly. The relationship
between spacing and burden (S/B) is usually 1.25~1.70
[36]. The spacing of perimeter holes is generally using
the following formulation:

[o]*S-L<F<[o]-d-L ©)

S<|[oc/lo]-d<K;-d ®)

..where o is the tensile strength of rock (unit, Pa), 6
is the compressive strength of rock, (unit, Pa), F is the
explosion pressure (unit, N), d is the hole diameter
(unit, m), E is the perimeter spacing (unit, m), L is the
hole length (unit, m), K. is the spacing ratio coefficient,
K, = [6.)/[c]. The S also can be calculated using the
following formula:

S=k-d ©)

k = 10~18, d is the hole diameter (unit, m).

The ratio between B and S is very important for a
smooth blasting pattern. Wang et al, [36] suggested that
the ratio of spacing to the burden of 0.8 is well.

B=10.8S (10)

(3) Charging
Different functional blastholes play different roles,
and the charge amount of each kind of functional

holes is also different. If smooth blasting is necessary,
the charge of the lifter and stoping holes is adjusted

Table 3. Reference value of charge coefficient ¢.

is as follows:

Qi = qiLe (11)
1
q = Z“dezpe (12)

.where Q, is the charge per hole (unit, kg), q, is the
linear charge concentration in kg/m, L is the borehole
length in m, ¢ is the charge coefficient, as shown in
Table 3, d_ is the borehole diameter in meters, p_ is the
explosive density (unit, kg/m*). The charge of contour
holes can be referred to the Table 4.

In engineering, tunnel crew usually adopt the
decoupled charge which is a non-full charge along
a borehole axis, i.e., the charge diameter is smaller than
borehole diameter (Fig. 5b). And also while using the
air deck (Fig. 5a), it can reduce the bottom damage of
the holes due to changing energy distribution [37].

(4) Firing Pattern

Firing pattern must be planned so that each hole or
group of holes get as favorable confinement and throw
conditions as possible. The general sequence is cut,
stoping, row nearest the contour, contour, lifter, and
finally corner holes of the lifter in NTNU and Swedish
models. However, in the China model, there is a minor
difference. The sequence is cut, stoping, lifter, and
contour.

Data Collection

Persson et al., [34] proposed an example of blast
design using the Swedish model for a tunnel with

Blastholes name V cut Stoping Lifter Remarks
0% 85~93 62~80 82~85 Full-face
Table 4. Reference value of smooth blasting.
Classification S/cm B/cm B/S Linear charge concentration/kg - m™
Hard rock 55~70 60~80 0.7~1.0 0.30~0.35
Moderately hard rock 45~65 60~80 0.7~1.0 0.20~0.30
Soft rock 35~50 40~60 0.5~0.8 0.07~0.12
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Fig. 5. The structure of the charge.

the 19.5 m? cross-section. Shokrollah Zare et al., [30]
designed a blast pattern with the NTNU model based
on the same tunnel cross-section. The main input of
these two models are as follows:

Drillhole diameter = 45 mm.

Blasthole length = 3.2 m.

Empty hole diameter = 102 mm.

Explosive type = cartridged explosives.

Explosive density = 1200 kg/m?.

Rock constant = 0.4.

In this paper, the China model is redesigned with
these parameters. It should be noted that the tunnel
cross-section is enlarged in a certain proportion in order
to adopt the V cut. The tunnel cross-section is changed
from 19.5 m? to 42.3 m? The rock constant C = 0.4 is
assumed to be equivalent to medium blastability [30] in
this example. For the China model, the same input is
used. For the Swedish and NTNU models, authors only
increase several rows of perimeter blastholes based on
the original design of Shokrollah Zare et al., [30] and
Persson et al., [34]. The other parameters of holes, i.e.,
cut holes, stoping holes, and lifters, are still the same as
the original design. Four-section cut burden is referred
to the Table A.l1. Shokrollah Zare et al, [30] offered the
S/B relationship and burden values for the NTNU and
Swedish models (Tables A.2~A.4). Finally, the authors
put forward the detailed design parameters, as shown in
Figs A.1~A.3.

The tunnel face of three design models is divided
into four functional sections, i.e. cut zone, stoping zone,
lifter zone, and contour zone. The cut zone refers to the
part where the cutting holes are located, e.g., parallel
holes or V cut holes. The stoping zone includes the
horizontally breaking and downward breaking, i.e.,
sections B and C of Fig. 3. The row nearest contour of
NTNU belongs to the stoping zone. The contour zone
only refers to the part where the perimeter holes are
located. The rest of the parts is defined as a lifter zone.
The design parameters of different zones are shown in
Tables A.5~A.7.

A e e

Evaluation Indexes
Total Emission

In order to compare the gas emissions of three
models and acquire the cleanest model, this paper

_

air deck primer

proposes the index of the total emission. The CO, NOx,
and RGT emissions of three models are calculated by
the following equation:

Ugas = Vgas xQ (13)

..where U, is the CO (U_,), NOx (U, ) and relative
general toxicity (U,) emissions respectively in L, V__
is the emissions per unit charge in L - kg™ (Table 1),
Q is the charge of blast design in different zones (kg)
(Fig. A.1~A.3). Therefore, the gas emissions of three
blast design models are shown in Fig. 6.

Emission Per Area

In the blast design model, the blastholes of four
functional sections play different roles. For example,
the cut zone provides space for the necessary
expansion of the rock that will be blasted. And also
different functional sections have different effects on
the emission characteristics of the model. In order to
explore the influence of functional blastholes on gas
emissions, the emissions of the functional zone to its
action area are taken as the index. The emissions per
area are calculated by the following equation:

U
V., = 8=
a7 s, (14)

..where V_is the emissions per area in L - m? U, is
defined as the above, S is the action area in m’ i.e.,
area of tunnel section occupied by functional zones. The

action area of each functional zone is shown in Table 5.

Table 5. The Area of different zones (unit: m?).

Function Swedish NTNU .
China model
zones model model
Cut 2.0 1.6 4.7

Stoping 20.1 22.7 21.6

Lifter 8.2 5.4 4.4
Contour 12.0 12.6 11.6

Total 423
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Emission Increment for Firing Pattern

With the processes of firing, the emissions of
blast design models may change. These changes in
emissions can be expressed in increments, which are
the emission differences from the firing processes.
This paper compared the emissions of three models in
adjacent firing conditions. The comparison between the
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Fig. 6. CO, NOx, and RGT emissions of three blast models. a)
CO; b) NOx; ¢) RGT.

emission of firing Fi and firing Fj was expressed as a ..
i,joed{l,2 3 4 ={,IL I IV}, i = +
The comparison matrix among the firing sequence was
as follows.

¢
Apy ¢
A3 ra ¢

Ar4r3 ¢

A=

This paper defined ‘the relative distribution of firing
processes in emission increment’, shown in Equation

(15).
EFlm EF]m
apipim = ——— X 100%
Fi,Fj,m EF] n (15)
..where a_ . represents the ratio of emission during

the ﬁrlng process of different models, E is the gas
emission of firing Fi from model m, EJm is the gas
emission of firing Fj from model m, m € {ml, m2, m3} =
{Swedish model, NTNU model, China model}. The
relative contribution of each firing process from three
models was shown in Table 6.

Results and Discussion
Gas Emissions Each Model

Fig. 6a) provides the CO emission data of different
blast design models, i.e., China, NTNU, and Swedish
models. The CO emissions of the three models are 3358 L,
5281 L, and 4107 L, respectively. The sequence of CO
emissions is China<NTNU<Swedish. The dashed black
line expresses the maximum emissions of different
functional zones. And in the stoping zone, the CO
emissions are the largest.

Fig. 6b illustrates NOx emissions data of different
blast design models. The NOx emissions of the three
models are 145 L, 227 L, and 177 L, respectively.
Fig. 7c) illustrates RGT emissions data of different blast
design models. The RGT emissions of the three models
are 4298 L, 6759 L, and 5256 L, respectively. The
emission law of NOx and RGT from three models is the
same as the CO emission. The China model has fewer
gas emissions than the other two models. The NTNU
and Swedish models emit 1.57 and 1.22 times as much
as the China model, respectively.

Table 6. Relative emission distribution of firing processes.

a Swedish model/ | NTNU model/ | China model/
FiFj % % %

ap b, 25.0 45.8 -40.0

a, -37.2 -20.0 160.0
3.F2

a, -52.3 -51.8 -40.4
4.F3
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Fig. 7. The emission percentage of functional zones.

Fig. 7 reveals the emission percentage of functional
zones, i.e., cut, stoping, lifter, and contour zones. In
the China model, the sequence of emission percentage
is stoping (38%) >cut (24%) >contour (23%) >lifter
(15%). In the NTNU model, the sequence of emission
percentage is stoping (35%) >contour (28%) >cut (24%)
>lifter (13%). In the Swedish model, the sequence of
emission percentage is stoping (37%) >cut (29%) >
contour (23%) >lifter (11%). The emission percentage
of stoping zone is the largest in all three models. And
the emissions percentage of the lifter zone is the least.
The emissions percentage of contour and cut zones is
basically the same.

Gas Emissions from Functional Zones

In order to illustrate the emissions of different
functional zones in different design models, the
emissions of the China model are used as a criterion.
And the relative emissions of different zones of NTNU
and Swedish models are shown in Fig. 8. In the cut zone,
the sequence of emissions is NTNU (1.54) >Swedish
(1.47) >China (1.00). In the stoping zone, the sequence
of emission is NTNU (1.44) > Swedish (1.18) >China
(1.00). In the lifter zone, the sequence of emission is
NTNU (1.44) >China (1.00) >Swedish (0.92). In the
contour zone, the sequence of emission is NTNU

Proportion
=
|

Lifters

W
Stoping Q‘,b'

0.5- &
""""""""""""""""""""""""""""""""""""" Cut Q,‘Q’
0.0 T 1 Q’
China NTNU Swedish
Models

Fig. 8. Emissions comparison of functional zones from three models.



5512

Chen J., et al.

(1.93) >Swedish (1.24) >China (1.00). In all zones, the
emissions of the NTNU model is the largest. Only in
the lifter zone, the emissions of the China model are
slightly larger than the Swedish model. But in the rest
of the zones, the emissions of the China model is the
least.

Fig. 9 shows the emission per area (EPA) of CO
gas in different zones. In the China model, the total
emissions of the cut zone are larger than the stoping
zone. But, the emission per area presents the inverse
relationship, i.e., cut zone (175 L - m™?) >stoping zone
(59 L - m™?) (Fig. 9a). The NTNU and Swedish models

1400
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Fig. 9. Emission per area of CO of functional zones. a) China
model; b) NTNU model; ¢) Swedish model.

also illustrate the same results (Figs 9b,c), e.g., cut zone
(788 L - m™?) >stoping zone (75 L - m™?) in the NTNU
model. The EPA of the stoping zone is the least in
three models except the Swedish model in which the
sequence is lifter (55 L - m™) <stoping (75 L - m™).
Among the three models, the EPA of the cut zone is
the largest. The EPA of the V cut (175 L - m™) is lower
than the parallel hole cut in which it is 788 L - m™? and
602 L - m? in NTNU and Swedish models, respectively.

Emission Transition Path

With the process of the firing, the amounts of gas
emissions rose sharply. The CO and NOx emissions leap
from the low emission level to a high level. Xu et al. [15]
described the phenomenon as an “emission transition
paths” in the study of GHG emission evaluation of
tunnels. The relative contribution of each firing process
from three models was shown in Table 7. Although the
total emissions are increasing gradually during blasting,
the relative increments of various firing processes may
be negative. For example, the China model contributes
-40.0% increment when the firing sequence changes
from firing I to II, while the increment ratio of Swedish
and NTNU models is 25.0% and 45.8% respectively.
When the firing sequence changes from firing II to
II1, the increment ratio of NTNU, Swedish, and China
models is -20.0%, -37.2%, and 160.0%, respectively.
From firing III to IV, all three models contribute about
-40%~-50% increments. Consequently, in NTNU and
Swedish models, the transition path is from positive
increment to negative, and then to negative increment.
However, in the China model, the transition path is from
negative increment to positive, and then to negative
increment.

Discussion
Effect of Charge

The differences in blast model conditions determine
the difference of charge, and the emissions of CO and
NOx could also be changed. In brief, three factors,
i.e.,, charge concentration, spacing, and burden, affect
the charge of the blast models, thereby influencing
the gas emissions. The NTNU model gives longer
uncharged length than the Swedish model in stoping
holes. However, in cut, lifter, and contour zones,
the Swedish model has less charge than the NTNU
model. Meanwhile, the Swedish model indicates a
lower number of holes than the NTNU model due to
the longer spacing and burden. Therefore, the Swedish
model uses fewer explosives and produces fewer gases
than the NTNU model. The China model not only
designs the fewest linear charge concentration but also
the highest spacing and burden values in the stoping
zone. Ultimately, the emission sequence of NOx, CO,
or relative general toxicity is China<NTNU<Swedish
models.
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Effect of Functional Zones

The stoping zone occupies nearly half of the cross-
section for tunnel blasting (Table 6). And stoping zone
gives higher explosives consumption. Therefore in
three models, the emission percentage of the stoping
zone is larger than other zones. The lifter holes which
are located at the bottom contour of the tunnel give
the lowest number of holes. And generally, the lifter
holes are detonated after the cut and stoping holes.
The existing opening gives enough expansion space
for the lifter. Therefore, the lifter zone gives the lowest
explosives consumption and emission percentage in
three models.

The EPA value is better than the total emission
value to reflect the blasting contributions of the
functional zones. For example, the cut zone generally
gives higher explosives consumption to provide space
for the necessary expansion of the rock that will be
blasted, e.g., stoping and lifter zones. However, the
total emissions indicate that emissions of the cut zone
are lower than the stoping zone. But the EPA of the cut
zone is higher than the stoping zone, which indicates
the contribution of the cut zone. Remarkably, The EPA
of the V cut is lower than the parallel hole cut (Sect.
3.2). This is because the V cut requires fewer explosives
and a larger blast area than the parallel hole cut. The
EPA depends on the function of different zones. The
contour holes control the smoothing of tunnel profile,
e.g., overbreak and underbreak. Its blast design adopts
the shorter spacing and burden than the stoping zone.
Therefore, the EPA of the contour zone is higher than
the stoping zone (Fig. 10). The rocks of cut and stoping
zones are blasted in a heap near the lifter zone under
the gravity. Therefore, the lifter zone needs to give

higher explosive consumption. And the EPA of the
lifter zone is higher than stoping in China and NTNU
models. However, in the Swedish model, the result is
the opposite. This is because the spacing of lifter holes
is too large in Swedish blast design [30] .

Fig. 8 illustrates that the emissions of the stoping
zone are the largest among the four functional zones in
three models. In the stoping zone, the blast design of
charge quantity and spacing is relatively flexible, e.g.,
the range of value is wider. It neither needs to increase
the charge for expanding the space like the cut zone
nor to reduce the spacing for controlling overbreak
like the contour zone. Changing the design of cut and
contour zones also may lead to blasting difficulties.
Consequently, it is highly effective to control gas
emissions by adjusting the charge and spacing of
the stoping zone. Actually, we can see reductions
in emissions when this paper adopts the stoping
parameters of the China model.

Non-Consistency of Emission Transition Path

Fig. 10 illustrates that along with the processes of
the firing, the discharge amount of function zones
leaps from the low level to the high level in all three
models. However, the transition paths are inconsistent
in different models. This is determined by the
characteristic of the firing patterns, actually. In NTNU
and Swedish models, the firing pattern is cut, stoping,
row the nearest contour, contour, lifter, and finally
corner holes of the lifter. However in the China model,
the firing pattern is cut, lifers, horizontally stoping,
downward stoping, and finally contour blastholes. For
example, the sequence from I to II, the CO emissions
are 1204.2 L to 1505.3 L and 1261.2 L to 1839.2 L
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in Swedish and NTNU models, respectively. In the
China model, the CO emissions are 821.1 L to 492.6 L.
Therefore, in NTNU and Swedish models, the emission
increment is positive from I to II. On the contrary, the
emission increment is negative in the China model.

Conclusions

The originality of the work lies in comparing the
emission characteristics of traditional blast design
models, i.e., NTNU, Swedish, and China models, and
acquiring the cleanest model. The authors proposed
the indexes of total emission, emissions per area,
and emission increment to compare the emission
characteristics. The conclusions can be addressed as
follows:

1) The China model gives the minimum explosive
consumption due to the longest spacing, burden, and the
lowest charge concentration of the blastholes. Therefore,
the CO and NOx emissions of the China model are
the least, followed by Swedish and NTNU models.
Although the total emissions are different in different
models, the emission percentage of different functional
zones in each model is basically the same.

2) All in three models, the total emissions are
dominated by the stoping zone. And emission
percentage of the stoping zone is about 35%. The blast
design of charge quantity and spacing of the stoping
zone is relatively flexible. Therefore, it is highly
effective to control CO and NOx emissions by adjusting
the parameters of the stoping zone.

3) The EPA of V cut is lower than the parallel
hole cut due to the V cut requires fewer explosives and
a larger blast area. The emissions can increase along
with the blasting process. However, the paths from
the low emission levels to the high levels are usually
inconsistent due to the characteristic of the firing
patterns.”

Acknowledgements

National Natural Science Foundation of China
(Grant No. 71942006 and No. 51991395).

Conflict of Interest

The authors declare no conflict of interest.

Appendices A
Table A.1. Four-section cut burden and side length, m. Table A.3. Burden values in meters for the NTNU model.
Model Blastability
Quadrangle Hole type
NTNU Swedish Good Poor

First quadrangle burden B, 0.13 0.12 Lifter 1 0.8
Second quadrangle burden B, 0.16 0.16 Stoping 1.15 1

Third quadrangle burden B, 0.30 0.37 Row nearest contour 1 0.9
Fourth quadrangle burden B, 0.55 0.62 Contour (average value) 0.8~1(0.9) 0.7~0.9(0.8)
Fourth quadrangle side length 1.25 1.42

Table A.2. S/B relationship.

Model
Hole type
NTNU Swedish
Lifter 1 1
Stoping 1.2 1.25
Row nearest contour 1.1 -
Contour ~0.9 0.8

Table A.4. Burden values in meters for the Swedish model.

Explosive
Lifter 1.3 1.25
Stoping, horizontally breaking 1.2 1.1
Stoping, downward breaking 1.3 1.23
Contour (average value) 0.8~0.9 (0.85)| 0.8~0.9 (0.85)
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Fig. A.1 The NTNU blast design model.
Table A.5. The parameters of the NTNU blast design model.
Function zone Delay period Number of blastholes Hole length/m | Charge per hole/kg | Total charge/kg
Cut 1,3,5,7,9,11~17 3,4 (ms) 16 32 2.88 46.08
Stoping 5~12 (s) 30 32 2.24 67.2
Contour 13~15 (s) 24 32 2.24 53.76
Lifter 16,17 (s) 9 32 2.88 25.92
Total - 79 - - 192.96
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Fig. A.2. The Swedish blast design model.
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Table A.6. The parameters of the Swedish blast design model.

Function zone Delay period Number of blastholes Hole length/m Charge per hole/kg | Total charge/kg
Cut 1,3,5,7,9,11~17 3,4 (ms) 16 32 2.75 44
Stoping 5~9 (s) 20 32 2.75 55
Contour 10~12 (s) 27 32 1.28 34.56
Lifter 13,14 (s) 6 32 2.75 16.5
Total — 69 - — 150.06
A
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Fig. A.3. The China blast design model.
Table A.7. The parameters of the China blast design model.
Function zone Delay period/ms Number of blastholes Hole length/m Charge per hole/kg | Total charge/kg
Cut 1,3,5~8 18 1.5~3.2 1.0~2.3 30
Stoping 10,11,13~15 26 32 1.8 46.8
Contour 9,12,19 9 32 2.0 18.0
Lifter 16~18 31 32 0.9 279
Total - 84 - - 122.7
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