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A NEW VARIABLE FOR TUNNEL BLAST EFFICIENCY: THE ANGLES
OF BREAKAGE OF EXPLOSIVE CHARGES

Tunnel excavation by drill and blast requires creating an effective opening cut to provide a free
surface for subsequent rock breakage. While numerous studies have examined blast design parameters,
the exact shape and dimensions of the rock volume assigned to each blasthole have yet to be recognised
as critical variables. This study introduces the angle of breakage as a measurable parameter and evaluates
its influence on tunnel advance efficiency in blast rounds with parallel-hole cuts. More than 60 tunnel
blast designs, as recorded in the Atlas of Blasting Rounds for Tunnel Driving, were analysed. The angles
of breakage were determined from blast layouts by using CAD tools and following the delay sequence.
Only holes with defined initiation timing were considered. Contour holes and simultaneous delays were
excluded. For each blast, the average angle of breakage was calculated and correlated with advance ef-
ficiency, defined as the ratio between actual pull (PR) and designed pull (PD). Measured angles ranged
from 35° to 140°, with typical industrial averages above 50°. The results show a clear inverse relationship
between the average angle of breakage and advance efficiency. A threshold behaviour was identified
at approximately 60°, above which efficiency decreases systematically. The highest efficiencies were
observed for average angles near 65°. Statistical analysis indicates that the angle of breakage presents
a stronger correlation with efficiency (R up to 0.67 for homogeneous lithological sets) than conventional
design parameters such as burden, spacing, powder factor, or hole diameter. Three lithological clusters
were identified. A heterogeneous set shows scattered behaviour. A second set, representing the majority
of cases across mixed lithologies, exhibits a consistent inverse trend. A third set, composed mainly of
competent intrusive igneous rocks, displays a more defined correlation between increasing angle and
decreasing efficiency. These results indicate that lithology modulates the sensitivity of efficiency to
geometric design parameters. The findings demonstrate that the angle of breakage is a relevant design
variable for tunnel blasting. Increasing the angular width of the rock prism assigned to each blasthole
increases resistance to breakage and reduces advance efficiency. Blast designs, based on narrower angles
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of breakage, provide more favorable conditions for rock fragmentation and displacement. The results
support the inclusion of this parameter in blast design methodologies and in the interpretation of tunnel
excavation performance.

Keywords: Explosives; tunneling; angle of breakage; drill and blast; pull efficiency

1. Introduction

The drill-and-blast technique is the most typical method of tunnel excavation for medium
to hard rock conditions. Key features are versatile equipment, quick startup, and low equip-
ment costs. The drill-and-blast method, being cyclic, demands effective site organisation. Blast
vibrations and noise also restrict the use of drill and blast in urban areas [1]. However, tunnel
excavation by drill and blast can achieve any shape of cross-section and any angle of the tunnel
axis’s horizontal and vertical curves.

To enhance explosive performance, it is necessary to produce a free face against which
the shockwave induced in the rock can reflect to generate a tensile stress that breaks the rock;
furthermore, said free surface enables the expansion of the broken rock. To provide this free face
for the blast’s production holes, an opening cut must be created; in the words of [2]: “The first
holes in the sequence aim at creating an opening towards which the rest of the rock is succes-
sively blasted. This opening, the cut, is the key that opens the rock.”

[3] analysed a database of tunnel blasts, dividing them according to the type of opening
cut: “For simplicity’s sake, two types are distinguished: i. parallel hole cuts: the initial cavity
(cut volume) is prismatic; holes density and powder factor are practically constant along the cut
length; dummy holes are usually needed; ii. inclined cut holes: the initial cavity is pyramidal or
wedge-shaped (symmetrical or asymmetrical); the hole density and powder factor increase along
the cut length, from the face to the end of the pull; dummy holes are not usually needed.” The
literature on the subject is vast and approaches the concepts of tunnel blasting rounds from dif-
ferent points of view. [4] discussed the opportunity of extending the dummy hole’s length beyond
the production hole’s drilled pull to achieve better efficiency (for the concept of pull efficiency,
see Section 1.1). [5,6] elaborated on the subject of rock damage related to the perimeter holes,
suggesting charge and burden limits to manage the holes’ radius of damage based on the response
to seismic waves. [7] provided a formal procedure to calculate the charge of tunnel blasts con-
sidering the hole diameter-burden distance relationships to achieve a cleanly blasted rock. In the
following, this method will be interpreted and integrated with that of [6,8] including parameters
ofthe rock mass to be included in blast design: density of the intact rock, rock strength in terms of
the Protodyakonov Index (generally regarded as 1/10 of the uniaxial compressive strength of the
intact rock expressed in MPa), rock mass joint spacing, and joint orientation. [9] indicated that the
fracturing conditions and orientation of the tunnel face influence the number of blastholes required
per unit area of the tunnel, a result that agrees with [3] the concept of the difficulty of tunnelling.
In [10,11], the reader can find critical discussions of rock-related and dimensionless parameters
related to tunnelling efficiency. [15] showed the influence of rock mass quality indexes on the
performance of tunneling, especially with respect to the contour and overbreak. [16] demonstrated
an effective reduction in the confinement of blasting holes along the evolution of a parallel-hole
opening cut, called a “burn cut.” The present study focuses on tunnel blasts with parallel-hole cuts
because of the concept of the angles of breakage, which is explained in Section 1.2 of this paper.
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1.1. Tunnel efficiency

When a tunnel is excavated by drill and blast, a key issue is the efficiency of advance. The
issue is the efficiency of breakage at the toe (bottom of the hole). The drilled length of the blast-
holes (designed pull, Pp) rarely breaks in its entirety. The actual pull (real pull, Py) obtained by
the blast is frequently lower, often leaving visible “sockets” (the bottom of the holes that remain
unblasted and are therefore visible on the tunnel face). The ratio between the actual and designed
pulls is the efficiency of advance (Eq. 1):

n=Pr/Pp (D

The goal of every blast is to achieve # = 1, which minimises the time and effort required
to excavate the tunnel. [3] pointed out that a mere difference in 1 of 0.02 can be critical: “aver-
age 11 = 0.93 [compared to] # = 0.91 [...]. The meaning of this difference can be explained as
follows: for a drilled length of 4 m, it is about 8 cm of advance gained per blast; for a tunnel of
1 km, it means 6 fewer blasts necessary for the completion of the tunnel.”

Finding parameters strictly related to pull efficiency is a difficult task. In order to achieve
n=1,[17] employed a multidisciplinary approach integrating geophysical exploration, geologi-
cal modelling, and advanced software simulation.

[3] analysed a vast industrial database of tunnel rounds from around the world. The atlas
[18] contained key geometric and charging parameters for the blasting patterns. Vis-a-vis variable
research led to the conclusion that no direct correlation can be found between efficiency and any
of the other variables in the database. As [3] wrote: “Blast pull efficiency is not linearly related
to any variable in a univocal way. Tunnel driving is evidently a complex system [...] General
conclusions suggest that treating rock blasting with non-linear, holistic analysis can detect hidden
patterns not detectable by traditional statistics. Research on pull efficiency would benefit from
being oriented accordingly.”

The original atlas contained the graphic schemes of the blast design, and among the an-
notated parameters, the timing, initiation sequence, burden, and breaking angle were visible in
the blast plans but not listed in the database.

The present work consists of an analysis of the variables not previously considered, focusing
on the most solid variable measurable in the database: the angle of breakage of every hole in the
blast. The analysis focuses solely on blast schemes that use parallel hole cuts.

1.2. Angles of breakage

The angle of breakage is defined as the amplitude of the angle of the prism of the rock
that a given hole is called to break during the blast. Fig. l1a provides a conceptual illustration
of the angles at which breakage occurs, analysing the first round of a parallel hole opening cut
with a single dummy hole. It is evident that the angles depend not only on the drilling pattern’s
geometry but also on the initiation sequence.

[19] were among the first to conceptualize the idea of the blastholes’ prisms of competence,
as shown in Fig. 1b. However, those authors did not investigate the angle of such prisms as
a variable, as is done instead in the present study.

For the design of the initial cut, Olofsson [20], with similarities to the method of Holm-
berg [6], considered an evolution in quadrangles around a central dummy hole. He suggested
the following steps for the design of the blast, considering the parameters indicated in Fig. 2.
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Fig. 1a. Conceptual visualisation of angles of breakage in a parallel-hole opening cut. Roman numerals
(I, 11, 111, IV) indicate the delay sequence of initiation. Dashed: charged holes; white: dummy hole
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Fig. 2. Parameters for the design of the first quadrant of the cut. Adapted from [20]
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For the first quadrangle (or square, or round) of the cut, the center-center distance between
the dummy hole and the first charged hole is recommended according to Eq. (2).

a=1:20 )

where O is the diameter of the dummy hole, resulting in an approximate range of angles between
20° and 45°.

For the remaining quadrangles of the cut, the distance B between the surface of the previ-
ously created cavity and the center of the first charged hole is recommended according to Eq. (3).

B=05+15W 3)
where W is the width of the cavity, resulting in an approximate range of angles between 40° and 90°.

The angles of breakage obviously tend to widen when developing beyond the area of the
cut. This is shown in Fig. 3: a trend of evolution of the angles of breakage that increase according
to the initiation sequence; the values shown in Fig. 3 are an average of the angles measured on
the analysed blasts from the database. One observes that the angles of breakage increase from
the opening cut to stoping holes. It is notable that the angles around the cut are well aligned
along the trend while became somehow more scattered for stoping holes: this is due to the fact
that the disposition of cut holes is more or less similar independent of the cut fashion, while the
distribution of stoping holes is related to more aspects such as geometry, explosive used and
necessity or not of smooth blasting for contour control.
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Fig. 3. Evolution of the width of the angle of breakage along the initiation sequence
as an average of the analysed blast patterns

The present paper aims to answer two research questions:

1. Is the angle of breakage a significant variable in designing and evaluating tunnel blast
performance?

2. How do the angles of breakage influence tunnel blast efficiency?
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2. Materials and methods

To perform the present study, the following methodology was adopted to measure the break-
ing angles, as referred to in Fig. 4:

» The angles were measured according to their delay number, as shown in Fig. 4. After the
opening cut (dashed), the first delays are 2, 3, 4, and 5. The figure shows the measurement
method of the angles of breakage relative to holes with delays 4 and 5.

»  When delays were not annotated on the blasting pattern, it was impossible to determine
the angles of breakage, which would be the internal delays of the opening cut.

»  When two adjacent holes were blasted simultaneously, the angle of breakage was not meas-
ured. i.e., the angles of breakage of the holes with delay numbers 2 and 3 were not taken.

*  When simultaneous holes were distributed in the blasting pattern in such a way as to
obtain different angles of breakage, the delay number was not taken into account.

» The angle of breakage of contour holes was not taken into account: this refers to delays
6, 7 and 8.

Fig. 4. Measuring the angles of breakage according to delay numbers using AutoCAD. A: Measuring the angle
formed by points 2, 4, and 3 (66°) for the hole with delay number 4. B: Measuring the angle formed by points
4,5, and 3 (85°) for the hole with delay number 5. Dashed lines: the opening cut

This was done for every blasting pattern with parallel hole cuts reported in the atlas [18].
Every blasting pattern is associated with the lithological type of rock through which the tunnel
was driven. Therefore, it is possible to associate the angles of breakage with the lithotype, as
shown in Fig. 5. For this, a bias must be noted: the original database created by [18] reported
merely lithology and no information regarding the strength of the rock or the characteristics of
the rock mass (fractures, joints, faults, and water, among others).

3. Results and discussion

Fig. 5 shows the obtained correlation between angles of breakage and pull efficiency for
different sets of lithologies.

Each dot (angle of breakage) in Fig. 5 corresponds to the average of all angles measured
on the blast face. This is an indicator of the general tendency of the prism shape (angle, width,
burden) adopted in the blast design. The minimum value of the breaking angle measured on the
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Fig. 5. Angles of breakage and efficiency of advance. The angle of breakage is the average
of all the angles measured on the blast face

blast plans was 35°, and the maximum was 140°. A correlation appears above 60°: with a widened
angle of breakage, the efficiency seems to decrease. Less clear correlations were encountered
when plotting efficiency vs. the average angle of the cut or the angle of the first hole and are,
therefore, not reported here for the sake of clarity of exposition.

Fig. 5 shows three clusters of points:

* SET A: outliers with heterogeneous lithology.

» SET B: data points grouped within a broad but consistent lithological spectrum, represent-
ing the main population of the dataset and capturing the general trend of blast performance
across typical rock types.

« SET C: data points associated with high-strength, competent lithologies, predominantly
intrusive igneous rocks, characterised by a distinct and more coherent response, with the
exception of a fine-grained, high-resistance sedimentary rock (leptite).

TABLE 1 details the lithology of the points of the three clusters.

All sets show the same trend: lower efficiency for wider angles of breakage. Lithology
also seems to play a crucial role. Whereas the outlier set comprises transversal types of lithol-
ogy, a specific cluster can be isolated for highly competent intrusive rocks, such as granites and
gneisses. This aspect needs further investigation.

As can be seen in TABLE 2, the only variables that show an individual (moderate) correla-
tion with pull efficiency are the break angles of sets B and C. The low correlation in set A can be
explained by the heterogeneity of the rock types. For example, the lithologies ‘Igneous mix’ and
‘Hematite’ have nearly the same average break angle, but their efficiency differs by 10 percent-
age points. Nevertheless, even in set A, a visual analysis suggests that pull efficiency and break
angle are inversely proportional.

As commented above, the atlas did not give information regarding the characteristics of the
rock mass [18]. For example, consider a system of joints in the rock that intersects the tunnel
face at a determined angle; in such a case, the preferential planes of breakage are along the sur-
faces of these joints. The positioning of holes can favour or disfavour this preferential breakage
(Figs. 6 and 7 from [21]).
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TABLE |
Lithology type associated with the angle of breakage, divided into the three data clusters
SET A SET B SET C
Average Angle Average Angle Average Angle
Rock of brgeakagge Rock of brgeakagge Rock of br%akagge

Gneiss-granite 75 Mixed geology 62 Greywacke 101

Igneous mix 88 Granite 75 Leptite-pegmatite 100

Limestone 68 Mixed geology 67 Granite-gneiss 98

Gneiss 55 Slate 79 Igneous mix 98

Dacite 83 Leptite 75 Igneous mix 89

Hematite 87 Mixed geology 75 Granite 89

Limestone jointed 79 Gneiss-granite 83

Mixed geology 76 Granite 85
Calcareous Schist 69
Mixed geology 73
Igneous mix 83
Gneiss-granite 80
Igneous mix 77
Granite 65
Granite 77
Granite 75
Shale 74
Mixed geology 84
Limestone 87
Granite 89
Sandstone 89
Granite-gneiss 88
Granite 86
Limestone 86
Greywacke 84
Mixed geology 94

joints

a) Across \i
" [

Fig. 6. Effects of joint orientation on the performance of holes. Adapted from [21]
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TABLE 2
Coefficient of determination of the efficiency of the pull

Parameter R? Parameter R?
Cross Section 0.09 Cut holes density 0.02
Design Pull 0.25 Cut Cross Section 0.13
Actual Pull 0.35 Cross section of dummy holes 0.09
Blasted Volume 0.14 Cut Volume 0.15
Charge 0.16 Rock Expansion Freedom — REF 0.03
Powder Factor 0.07 Cut REF 0.06
Linear charge 0.15 Sc/SS 0.08
Blastholes Diameter 0.18 Round slenderness 0.18
Dummy Holes Diameter 0.3 Cut Slenderness 0.18
Dummy Holes Number -0.3 D2/D1 0.01
Blastholes number 0.08 Vc/V 0.08
Total number of holes 0.08 Angle of breakage — Set A 0.12
Cut blastholes number 0.01 Angle of breakage — Set B 0.61
Blastholes Density 0.01 Angle of breakage — Set C 0.67

Fig. 7. Breakout angles in jointed rock. Adapted from [21]

Other authors have recently studied the versatility of drill and blast for tunnel excavation [22].
In agreement with our study, parameters considered critical to the successful excavation of rock
masses include the amount and type of explosives, the drilling patterns, and the sequence of ini-
tiation [23-29]. [27] discussed the susceptibility to errors, inefficiency, and excessive demand for
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personnel deployment in tunnelling by drill and blast: this demonstrates the importance of a study
like ours working on real field data that includes all field constraints encountered in the real cases.
[28] considered the importance of real-time data acquisition of the tunnel face conditions while
drilling. [29] clearly stated the importance of working on a multi-variable dataset such as the one
we considered: “While there have been many individual studies on tunnel blasting, few studies
have provided an overall pattern of tunnel blasting. Individual research efforts, while valuable,
often lack a holistic view that synthesises these disparate findings into a coherent framework.”

[30] discussed the function of the cut holes, comparing a design method proposed by the
Norwegian University of Science and Technology (NTNU) and another proposed by the Swedish
school by the same authors [6,7,31]

[32] suggested, for a given blasthole diameter, arranging the burden and spacing to keep
a constant charge concentration that has been calculated according to the most common literature
sources. [31,33] also noted the influence of the rock’s structure and the distance between the
charge hole and the dummy hole, as mentioned in the previous paragraph.

The firing pattern must be designed so that each hole has a free surface for breakage. The
timing and sequence are also critical, and we recognise that our study does not take these aspects
into account due to the unavailability of this parameter in the database we used. In the cut area,
delays must be long enough to allow time for breakage and for rock to be thrown through the
narrow dummy hole. Rock has been shown to move at a speed of 40-70 m/s [20]. A cut drilled
to a depth of 4-5 m would therefore require a delay time of 60-100 ms to be cleaned. Normally,
delay times of 75-100 ms for the cut and 100-500 ms for the stopping holes are of general use.

4. Conclusions

This study introduces the angle of breakage as a geometric parameter for the analysis and
design of tunnel blast rounds with parallel-hole cuts. The parameter defines the angular width of
the rock prism assigned to each blasthole and represents a direct measure of the resistance that
the explosive charge must overcome during breakage and displacement.

The analysis of an industrial dataset of tunnel blasts shows that the angle of breakage is sys-
tematically related to advance efficiency. Measured angles range between 35° and 140°, with
typical average values above 50°. The results indicate the existence of a threshold behaviour:
for average angles above approximately 60°, a progressive reduction in efficiency is observed.
The highest efficiencies are associated with average angles close to 65°.

The correlation between angle of breakage and efficiency is stronger than that observed
for conventional design variables. Coefficients of determination up to 0.67 were obtained for
lithologically consistent datasets. This indicates that the geometric configuration of the breakage
prism is a controlling factor in blast performance.

The influence of lithology is evident. Three data clusters were identified. Heterogeneous
lithologies show dispersed behaviour. Mixed lithologies define a consistent inverse trend between
angle and efficiency. Competent intrusive rocks show a more pronounced response, indicating
higher sensitivity to geometric constraints. This suggests that the angle of breakage interacts with
rock strength and structure, affecting the mechanism of failure.

From a mechanistic standpoint, the angle of breakage governs the balance between two re-
sisting components: (i) the burden, defined as the distance to the free surface, and (ii) the lateral
resistance associated with the width of the rock prism. Increasing the angle increases the volume
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and confinement of the prism, requiring higher energy for breakage and reducing the effective-
ness of stress wave reflection and gas expansion. Narrower angles reduce lateral resistance and
promote more efficient fragmentation and displacement.

The results support the following implications for design and analysis:

» The angle of breakage constitutes an independent design variable and should be explicitly
considered in blast geometry definition.

» Blast designs that impose wide prisms of competence, particularly with obtuse angles,
tend to reduce advance efficiency.

* Optimal performance is associated with controlled angular configurations rather than
maximisation of burden or charge concentration alone.

» The parameter provides a framework to reinterpret existing blast designs and to compare
performance across different geological conditions.

The study is subject to limitations related to the available dataset. The absence of detailed

rock mass characterisation (jointing, fracturing, in situ conditions) and precise timing informa-
tion limits the resolution of the analysis. These factors are expected to interact with the angle of
breakage and should be incorporated in future work.

Further research should focus on integrating the angle of breakage with rock mass properties

and initiation timing, as well as on validating the observed trends through controlled field experi-
ments and numerical modelling. The inclusion of this parameter in design methodologies has the
potential to improve the prediction of blast performance and reduce variability in tunnel advance.
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