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DESIGN AND FIELD-SCALE DEMONSTRATION OF PRE-FRACTURING

WITH A PRACTICAL MODEL FOR THE SIZE ESTIMATION OF BLAST-INDUCED

DAMAGED ZONE

Pre-fracturing is introduced as an auxiliary method for mechanical excavation, aiming to weaken
the hard rock and control the Excavated Damaged Zone (EDZ). Pre-fracturing necessitates re-optimised
charge and hole layouts due to its objectives, which differ from conventional single-free-face blasting. This
motivates a rigorous estimator of the blast-damage extent surrounding a blast hole. A practical model for
estimating the Blast-Induced Damaged Zone (BIDZ) around a blast hole was analytically derived under
quasi-static conditions while accounting for dynamic rock strength, in-situ stress, spherical symmetry, and
blast-induced changes in hole radius. The validity of the practical model was confirmed via comparisons
with dynamic numerical models, empirical relations, and experimental data from previous research. The
practical model shows good agreement with empirical relations and reproduces trends observed in dynamic
numerical simulations, with discrepancies below 45% across the tested conditions. Based on experimental
data, the maximum crack length from a blast hole was approximately 1.3 times the BIDZ estimated by the
practical model. A field-scale demonstration of pre-fracturing was conducted on a hard-rock quarry slope.
Rock weakening with decreasing hole spacing was verified through surface observations and laboratory
tests. The EDZ extent was effectively controlled to 9-10 cm from the contour, which is below the typical
extent produced by the conventional excavation method. Based on the pre-splitting cases and the present
field-demonstration, the optimal hole spacing was proposed as 1.5-3.0 times the BIDZ estimated by the
practical model. A blast-pattern design for pre-fracturing is also suggested, considering the optimal hole
spacing and maximum crack length estimate based on the practical model.
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1. Introduction

As urban densification intensifies, the demand for underground space continues to increase,
and such infrastructure has traditionally been constructed using blasting methods. To address
public complaints and safety concerns in urban areas, mechanical excavation has been increas-
ingly adopted. Applications such as deep geological disposal repositoriesoften require mechanical
excavation because it offers low vibration, reduced noise, and a small excavation damaged zone
(EDZ). However, excavating hard rock with a strength exceeding 100 MPa reduces penetration
rates and accelerates cutter wear, thereby lowering productivity. Consequently, a pre-fracturing
method has been developed to induce fractures in the hard-rock face using small explosive charges
before mechanical excavation, thereby increasing productivity and controlling the extent of EDZ.

Pre-fracturing is distinct from other conventional single-free-face blasting methods for hard
rock, such as pre-blasting, destress blasting, and pre-splitting, as shown in TABLE 1. Pre-blasting
is used to facilitate ripping and excavation [ 1,2], to penetrate boulders during shield tunnelling [3],
or to weaken the unconsolidated confined aquifer above the coal seam [4]. Destress blasting,
typically applied in highly stressed deep underground, relieves the stress concentration to prevent
rockbursts [5-7]. Pre-splitting is designed to create fracture planes between closely spaced blast
holes. These conventional methods have predominantly relied on empirical design approaches.
To date, no research on the detailed design of pre-blasting has been reported, likely because the
sole purpose is rock weakening. The effectiveness of destress blasting has only recently been
analysed numerically [8]. Pre-splitting often adopts simple empirical rules, such as setting the
hole spacing at 12 times the blast-hole diameter [9] or employing formulas that account for ten-
sile strength and borehole wall pressure [10]. However, pre-fracturing requires precise design
considerations to balance the dual objectives: weakening the rock face and controlling EDZ. The
hole spacing of pre-fracturing can exceed that used for pre-splitting, as the creation of a fracture
plane is not required. Conversely, the hole configuration is denser than that used for destress
blasting, as the entire tunnel face needs to be sufficiently weakened. This necessitates rigorous
analyses beyond empirical estimations to optimise the explosive charge and hole configurations,
considering properties of both explosives and surrounding rocks.

A pre-fracturing design framework can be developed by determining the crack length from
a blast hole, referred to here as the Blast-Induced Damaged Zone (BIDZ). This parameter can be
directly correlated to the hole spacing. The BIDZ can be estimated using peak particle velocity
(PPV), awidely used approach [11]; however, the parameters required for this approach can only
be determined after test blasting. Alternatively, property-based formulas avoid testing, yet many are
limited by oversimplified fracture models or omission of rock strength [12-15]. Ouchterlony [16]
developed an equation for BIDZ that avoids the need for test blasting, uncommon laboratory tests,
or extreme simplification, but it relies on empirical parameters fitted to limited data. Numerical
methods have been utilised to simulate the fracture mechanism and estimate the BIDZ. Although
advances in computing have made numerical simulations more feasible, it is often impractical to
rely on high-fidelity analyses alone to explore the full design space, because substantial effort is
still required for parameter specification, model set-up, and verification/validation. Therefore,
for effective design of pre-fracturing by filling the gap of knowledge, a practical and validated
method for estimating BIDZ is needed.

This study introduces pre-fracturing as an auxiliary method for mechanical excavation and
evaluates its application on a hard-rock quarry slope. The first objective is to develop and validate
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a practical, quasi-static model for estimating the BIDZ from a single blast hole, accounting for
dynamic rock strength, blasting-induced hole-radius change, spherical symmetry of a concentrated
charge, and in-situ stress; the plausibility of the quasi-static assumption is also addressed. The
second objective is to translate this model into a design methodology for pre-fracturing to weaken
the rock face and control the EDZ. The working hypotheses are that (i) the practical BIDZ model
is adequate for design when benchmarked against established dynamic numerical models and
empirical relations, (ii) the practical BIDZ model can be used to estimate the maximum crack
length, which can be regarded as EDZ, and (iii) a BIDZ-based hole-spacing threshold exists such
that rock-face weakening occurs only when spacing is below that threshold. The research ques-
tions are how the BIDZ estimate relates to EDZ and what BIDZ-normalised threshold governs
the occurrence of weakening. Model validity is examined through comparisons with dynamic
simulations and empirical relations, and the link between BIDZ and maximum crack length is
established using experimental data from previous studies. A field-scale demonstration is then
used to determine the BIDZ-normalised hole-spacing threshold for weakening: spacing-dependent
rock-face weakening is documented by surface observations and laboratory tests, and EDZ control
is assessed using PPV data. Because the EDZ generated by mechanical excavation is limited
relative to blasting, pre-fracturing was not followed by mechanical excavation, and the damaged
zone produced by pre-fracturing is regarded as EDZ in this study. Finally, the study proposes
hole-spacing ranges and blast patterns for effective pre-fracturing.

TABLE 1

The comparison of pre-fracturing against general blasting and pre-splitting

Pre-existing blasting Pre-fracturin
-] urm
General blasting Pre-splitting Destress Blast g
. Fracture plane | Relieve stress Rock weakening &
Purpose Excavation . .
generation concentration EDZ control
Excavation Drill and Blast Drill and Blast | Drill and Blast Mechan¥ca1
excavation
Noise& Vibration . . .
Tolerance High High High Low
Number of free face 2 1 1 1
Hole spacing Wide Narrow Very wide Less narrow
Hole distribution Whole face Contour Partly around Whole face
corner and face
Empirical models Empirical
Blast design by Hauser, p Empirical model Not established
model
Langefors, and etc.

2. Size estimation of blast-induced damaged zone

2.1. Practical model

The crack length induced by blasting, defined as BIDZ in this study, can be analytically
evaluated considering the properties of the explosive and the rock. According to Persson etal. [17],
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the pressure in the borehole wall decreases due to the high decoupling ratio, and the borehole
pressure (Py) is given by Eq. (1). The value of a typically ranges from 2.0 to 2.6 [16,18-21].
In this paper, a value of 2.2 is used.

7 P
R =—1——pyop’ (—] (1)
(7+1) ag

where y is adiabatic expansion exponent; p, is explosive density (kg/m?); YOD is the velocity of
detonation (m/s); r, is the radius of explosive; a is the radius of the borehole. Adiabatic expan-
sion exponent can be estimated as Eq. (2) [22].

, 2
y=dit VOD @)
2e

where VOD is the velocity of detonation (m/s), e is the reaction heat of the explosive.

In this paper, a quasi-static state is assumed, and analytic formulas are derived by divid-
ing the region from near the hole into the compressive failure zone (ay ~ r,41eq), the tensile
failure zone (7,550q ~ eraci)> @and the elastic zone (7,4, ~ ) [12,13,23,24]. This assumption is
consistent with recent experimental work on saturated granite that maps early-stage clustering
of tensile-mode micro-cracks and a subsequent transition to shear-dominated failure near global
instability [25]. First, under the conditions of cylindrical symmetry and plane strain, the force
equilibrium equation is given by Eq. (3).

do, L9~ 0p
dr r

=0 3)

where o, is the radial stress; oy is the tangential stress; r is the radial coordinate centered at the
hole center.

Considering that displacement and strain are zero at infinity and 6,(* = r,4¢) = 0, gynamic + 25,
the radial displacement at r,,,.; can be obtained using the elastic solution, as shown in Eq. (4).

(O-t,dynamic + ZS) Terack (t)

2u

4)

u (rcrack’t) =

where 7, 1s the distance from the hole center to the boundary of the tensile failure zone;

E
2(1+v)

Oy, dynamic 18 the dynamic tensile strength; S is isotropic in-situ stress; u = [ ] is dynamic
shear modulus; # represents a certain time after the explosion.

In the tensile failure zone, due to the development of radial cracks, the condition, oy = 0,
can be applied. By using the condition of o,.(r = 7,yshed) = 0 EQs. (5)-(6) are derived as below.

(O-t,dynamic + 2S> Terack = Oclerushed (5)
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2
u(a,1) = Zelermted () {lﬂn L +2S} (6)

2/!(1 O-t,dynamic

where 7,4 1 the distance from the hole center to the boundary of the compressive failure
zone; o, is the compressive strength; a is the expanded hole radius; u is the radial displacement.

1%/ 1%/
Under the assumption of Z—u ~0, da/dt=dul dtz[ u J[ r"’g;”ed J and a(t = 0) =
a 7.

crushed
Ferushed (= 0) = ay. Solving this, Eqgs. (7)-(8) can be derived as below. For compactness, L, is de-
fined in Eq. (7)

A %

Lyp =
o 1| — T
O-t,dynamic +28

-2 >
a
Terushed = Qo I:L2D [70) + (1 -Lp )} (8

In the compressive failure zone, where the radial and tangential stress are the principal
stresses, Coulomb’s law (r = —g,tan¢ + c) is satisfied, leading to failure. Combining this with
the force equilibrium equation, Eq. (9) is obtained.

2sing

o, = [ o+ [ Verushed 1+sing (9)
tang tang a

where c is cohesion; ¢ is friction angle.

Unlike previous studies that ignored the change of borehole radius (¢, = a), this study as-
sumes thermal expansion of explosive gas from a, to @, and derives Eq. (10).

sing

P(@jzy—— o +——| Ly+(1-L )(a—ojz e 10
0|7, = tang O, tang 2D )| 7, (10)

If the borehole pressure does not exceed the compressive strength, the compression failure
zone does not form. However, if it exceeds the compressive strength, the ratio a(/a satisfying
Eq. (10) must be determined. It can be determined by the iterative method. Consequently, the
BIDZ corresponding to 7., is given by Eq. (11).

O,
Terack |2D = 28 Yerushed (PO 2 O, )
O-t,dynamic +
F,
0
+28 ) (o-t,dynamic +S<PO <O—c) (11)

O-t,dynam[c
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If the explosive charge is concentrated at a point, spherical symmetry may be valid. In this
case, the force equilibrium equation is given by Eq. (12).

do, 2(0, —0y)
dr r

=0 (12)

Under the aforementioned assumptions, we obtain the following solutions with o,.(¥ = 7,.,4.1)
=204 gynamic + 35: Egs. (13)-(16). For compactness, L3 is defined in Eq. (13).

Lyp = > 24 = (13)
O, .+
3O_C [1 . t,dynamic }

20

c

4sing

3y 3 \3(1+sing )
Q| ___¢ _c - % 14
PO(aJ tan¢+(o-c+tan¢J[L3D+(l LsD)(aj J (14)

1
a ) 3
Terushed =@ | Lap (zoj +(1-Lyp) (15)

o 2
Perack |3D = < Perushed
2Gt,alynamic +38

P 2
P> -0 F
( ’ O-C)[zat,dynamic +3Sj “ ( ° <O-C) (16)

In hard rock, it has been observed that the initial pressure from the explosive is maintained
for several milliseconds, and it takes approximately 0.5 ms to reach this initial pressure [26]. In
this study, it is assumed that 0.3 ms is required to reach the initial pressure at the borehole wall.
Thus, the strain rate (¢) at the end of the crack can be estimated as Eq. (17).

c = M (Z—dimension)M (3—dimension) (17)
0.0003(2,u) 0.0003(/1)

In general application, the strain rate in Eq. (17) is in the range of 10~'~10!, where quasi-
static state assumption can be applied. Although the compressive strength does not vary signifi-
cantly within this range [27,28], the tensile strength shows a significant difference. Therefore,
the Cowper-Symonds strain rate model, as shown in Eq. (18), was employed to determine the
dynamic tensile strength, with D and p values set to 10 and 6, respectively [29].

1

O't,static _ 1+(£J1’ (18)
D

Ut,dynamic
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There are various rock-related properties that influence crack propagation, including satu-
ration and mineral composition. For example, saturation increases internal energy dissipation
during rock failure, thereby amplifying damage [30]. Because these factors modify key material
properties such as strength and stiffness [31-33], their effects can be indirectly incorporated into
the practical BIDZ model by parameterising those properties. Further experimental data and
validation on these aspects are needed as future work.

2.2. Empirical model

The CANMET Pit Slope Manual [34] proposed the following design relationship of hole
spacing, s, for pre-splitting, as stated in Eq. (19) [10].

s P +o ; P
< o t,dynamic _ o 1 (19)
2aO O-t,dynamic Gt,dynamic

The Swedish National Road Administration (SNRA) suggested a table correlating the dam-
age zone depth, corresponding to the BIDZ, to the charge concentration of Dynamex (g) [15],
based on the experiments by Sjoberg [35,36]. The SNRA table is empirically accepted and widely
used by many experts. It matches well with the widely used model by Holmberg and Persson
[11,37,38]. Ouchterlony et al. [38] proposed Eq. (20) fitting the SNRA table.

k k
Forar = {1.9¢ [q < o.sf]o.%(q +0.5)[o.5 <q< 1.6;‘%] (20)

Swedish Rock Engineering Research Foundation (Stiftelsen Svensk Bergteknisk Forskning,
SveBeFo) directly measured the maximum crack radius according to the charge density of the
outermost hole in bench blasting performed at the Vanga quarry [10,39-41]. By fitting this data,
Ouchterlony [16] proposed an empirical formula considering the characteristics of the explosive
and the fracture mechanics properties of the rock (Eq. (21)).

KIC

2
Terack = o (P—k}{ v, J - Forack =3'30\/g 2y
crac 0

where Vp is p-wave velocity of rock, and K¢ is mode 1 fracture toughness of rock.

2.3. Validation of practical model

2.3.1. Comparison with numerical models

Numerical analyses from previous studies incorporating the dynamic effect and the Jones—
Wilkins-Lee equation show reasonable agreement with the results of the practical model used
in this study. Yang et al. [42] and Saadatmand Hashemi and Katsabanis [8] used LS-DYNA,
and the 2D model with emulsion and the 3D model with ANFO were established, respectively.
Comparison of the BIDZ estimated by the practical and numerical models, as shown in Fig. 1,
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indicates a similar trend with respect to in-situ stress, with discrepancies less than 45% observed
in stress ranges below 50 MPa. In addition, because of the uncertainty of numerical models,
the evaluation of which model more accurately represents reality should be conducted through
comparisons with empirical measurements.

4 1200
(@) 1400 m o Numerical BIDZ (b) ¢ Numerical BIDZ
1200 F (Yang ct al., 2021) 1000 (Saadal@d and Katsabanis, 2021)
1000 L OPractical BIDZ (7qcr) A OPractical BIDZ (e
i E 800
E 800 | X ued E Do Xt
= * ~ 600 O
Neol * o N gy
2 400 | O E % 2 400 | O
O X X
L 200 b = X
200 X X x =S AL & e e o
0 1 1 1 1 0 1 1 1
0 5 10 15 20 25 0 50 100 150 200

Average in-situ stress (MPa) Average in-situ stress (MPa)

Fig. 1. The comparison between the practical and numerical BIDZ according to (a) Yang et al. [42]
and (b) Saadatmand Hashemi and Katsabanis [8]

2.3.2. Comparison with empirical relations and experimental data

Firstly, the practical model is approximately identical to the CANMET design relationship.
Under the condition of no in situ-stress, cylindrical symmetry and the borehole pressure below
compressive strength, Eq. (19) can be transformed into Eq. (11) if's = 27,40 and Py/o; gyamic > 1.
It means that the newly derived estimation is essentially consistent with the conventional formula.

The practical model is also validated by matching with the SNRA table, as shown in Fig. 2.
It indicates that the estimation of borehole pressure and dynamic tensile strength is applicable.
The general properties of Swedish granite in TABLE 2 were used. The branch point of two
graphs at around 0.5 kg/m is due to the large borehole pressure over compressive strength. As
the practical model underestimates the BIDZ after 0.5 kg/m, it is inferred that conditions ignored
in the practical model, such as thermo-dynamic effect, become significant.

TABLE 2
Properties of Swedish granite and Dynamex [43] for SNRA table
Uniaxial Tensile Dynamic Dynamic | Internal . Rock P-wave
. . .. Cohesion . .
compressive strength | Young’s modulus | Poisson’s | friction (MPa) density | velocity
strength (MPa) (MPa) (GPa) ratio angle (°) (kg/m3) (m/s)
200" 12" 76 0.25 497 374+ | 2750 | 5759+

density (kg/m?)

Unexploded explosive

Ideal detonation
velocity (m/s)

Complete reaction

heat (kJ/kg)

Hole radius (mm)

Charge radius

(mm)

1400

5000

4500

25

3.1

("Vanga granite [41], TAspé granite [44], *calculated)

The maximum crack lengths were measured in field experiments conducted in Sweden and
Finland [10,39-41,45,46]. Fig. 3 shows a comparison of measured maximum crack lengths with
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25

BIDZ (m)
»<
| 3

0.5 X SNRA table
A Practical model
0 1 1 1

0 0.5 1 L5 2

Eq. charge concentration
(kg DxM/m)

Fig. 2. Size estimation of blast-induced damaged zone by SNRA table and practical model

BIDZ estimated by the practical model (Eq. (11) or Eq. (16) and empirical models by SNRA
table (Eq. (20)) and Ouchterlony [16] (Eq. (21)). When fracture toughness was not provided,
it was estimated using an empirical relationship with rock properties [47]. For model comparison
considering the heteroscedasticity, the coefficients of variation for the measured-to-estimated

a - o b
(a) 1.0 m=4 m=1 (b) 1.0 m=1
(a) Practical (b) SNRA table
08 r 0.8 °
’g m=0.23 E m=0.2
;0.6 ;0.6
o @
: :
204 g04 x
= =
0.2 ® O&B 0.2
O J&Y ® O&B
0.0 i X Ittner 0.0 i X Ittner
0 1 2 0 1 2
Estimated (m) Estimated (m)
(C)] 0 m=4 m=1 (d) 10
e (c) Ouchterlony E’ (a) Practical
0
ey I EEREEEEE
g m=0.23 @ S N
- = 10
< 06 z (b) SNRA table
£ g0
504 x| 2 n Mmoo — Y
o = 3 T o oS A~ —aANA®
= e 9 N
0.2 ® 0&B z 10 (c) Ouchterlony
0o J&Y 5
X Ittner = 0
0.0 & 1 =2 MY YWY Y Y @
g S¥INSAMeAdn oA
0 1 2 = Voo —=r——=+—dadadad
Estimated (m) Measured / Estimated

Fig. 3. Comparison of maximum crack length against estimated values by (a) practical model, (b) SNRA table,
(c) Ouchterlony’s model
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values using the practical model, SNRA table, and Ouchterlony [16] were calculated as 0.66,
0.81, and 0.73 (TABLE 3), respectively, indicating comparable correlations between the practi-
cal and empirical models. The measured maximum crack length was approximately 1.3 times
greater than the BIDZ estimated by the practical model, likely attributable to rock strength het-
erogeneity. One thing to note is that most of the data in Fig. 2 were measured in the low stress
range close to 0, where the numerical model relatively underestimates the BIDZ with respect
to the practical model.

TABLE 3
Coefficient of variation for the measured-to-estimated values
In-situ stress Practical model SNRA table Ouchterlony’s model
Total 0.66 0.81 0.73
over 0.9 MPa 0.94 0.38 0.75
near 0 MPa 0.57 0.69 0.62

2.4. Sensitivity analysis of practical model

A sensitivity analysis of the practical BIDZ model was performed (Figs. 4-5). Baseline
rock-mass and explosive properties were taken from PF-2 of the field-scale experiment in this
study (TABLE 4). As UCS increases, the crushed zone contracts, and as tensile strength increases,
BIDZ decreases sharply. The internal friction angle and dynamic elastic modulus have only minor
effects. A column charge produces a larger BIDZ than a concentrated charge, and the influence
of hole radius acts in opposite directions for the two charge types. To clarify a seemingly coun-
terintuitive result: BIDZ can increase as UCS rises because, in the sensitivity setup, UCS was
increased while tensile strength was kept constant.

(a) 500 (b) 500 (©) 500
O Practical BIDZ (r,.,) O Practical BIDZ (r,,.;) O Practical BIDZ (r,,,.,)
400 400 (] 400
’g X ¥ orustred ‘E‘ Xt srushed E X Ferusped
£ 300 £ 300 O £ 300
~ o o o O
2 200 g N 200 a E w | 0O U
2 x x =) x x x ) x x
100 x 100 x 100 x X
0 : . 0 ; . i , 0 ; i
0 100 200 0 5 0 15 20 25 10 30 50
UCS (MPa) Static tensile strength (mm) Internal friction angle (degree)
d) 500 (e) 500 ) 500
OPractical BIDZ (Fqp00) OPractical BIDZ (7 6) OPractical BIDZ (740
400 400 400
5 R ponchod T X Forusod E‘ X Forushed
£ 300 £ 300 O g 300
= O o o o o 0 ~
N 20 2 200 B g 2 200 P
= x x x x | & X x B kx
100 100 X% wo £ %
0 i ; ; ; 0 ; i 0 i . i g
35 40 45 50 55 60 10 20 30 40 0 20 40 60 80 100
Dynamic elastic modulus (GPa) Hole radius (mm) Average in-situ stress (MPa)

Fig. 4. Sensitivity analysis of BIDZ and .., in concentrated charge with respect to (a) UCS, (b) Static tensile
strength, (c) Internal friction angle, (d) Dynamic elastic modulus, (¢) Hole radius, (f) Average in-situ stress
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(a) 2300 (b) 2500 (c) 2500
OPractical BIDZ () O  OPractical BIDZ (r,,.;) O Practical BIDZ (r,,,.4)
2000 F 2000 2000
’é‘ X Forused ’é‘ X erushed ‘E‘ X Ferushed
£ 1500 f g 1500 £ 1500 |
— ~ 0 E
N 000 + 5 o o N 1000 N 1000 | g O
= O 2 D = o “
500 “ 500 o 500
X x
0 ; X X o x X X X 0 X % X
0 100 200 0 5 o 15 20 25 10 30 50
UCS (MPa) Static tensile strength (mm) Internal friction angle (degree)
(d) 2500 (e) 2500 (fy 2500
OPractical BIDZ (r,,...) OPractical BIDZ (r,,,.+) OPractical BIDZ (r,.4)
2000 2000 2000 +
‘é‘ XF st g XForushed T X Ferphed
E 1500 £ 1500 £ 1500
E 1000 + o o o 0 E] 1000 o O O E 1000 +
= = . g
500 500 500
L
0 X X X X 0 x_ X X X% g BX i h
35 40 45 50 55 60 10 20 30 40 0 20 40 60 80 100
Dynamic elastic modulus (GPa) Hole radius (mm) Average in-situ stress (VIPa)

Fig. 5. Sensitivity analysis of BIDZ and r,,,. in column charge with respect to (a) UCS, (b) Static tensile
strength, (c) Internal friction angle, (d) Dynamic elastic modulus, (¢) Hole radius, (f) Average in-situ stress

TABLE 4
Properties of granitic gneiss and emulsion of field-scale experiment
Site Umaxm.l Tensile P—wa.v ¢ S—wa)/ ¢ Roc.k Friction Ferack Max crack
D compressive strength | velocity | velocity | Density angle (°) (mm) | length (mm)
strength (MPa) | (MPa) | (m/s) (mis) | (kg/m®) | "8 g

PF-1 106.3 12.6 5603.6 | 3102.8 2855 51" 243 316

PF-2 148.2 12.2 3988.2 | 2489.7 2658 51" 232 302
Unexploded explosive | Ideal detonation | Complete reaction Hole radius | Charge radius

density (kg/m%) velocity (m/s) heat (kJ/kg) (mm) (mm)

1200 5900 4602 22.5 16
* assumed.

3. Methodology for field-scale pre-fracturing experiment

3.1. Site description and investigation

A field-scale pre-fracturing experiment was conducted at a quarry in Gapyeong, Korea.
Two rock faces located within ~200 m were selected: PF-1, composed of biotitic gneiss, and
PF-2, composed of granitic gneiss. The rock mass is moderately weathered but only sparsely
fractured, with RMR > 60.

Rock cores were extracted from within the design contour before and after blasting, and
laboratory tests were performed to assess blast-induced changes in rock properties. The rock faces
were scanned pre- and post-blast using the LiDAR sensor on an iPhone 12 Pro to document the
as-drilled pattern and surface damage [48].
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3.2. Blast design of pre-fracturing in field-scale experiment

The primary explosive used was emulsion (0.16 kg x 200 mm x ®32 mm). Non-electric
detonators were utilized as in-hole detonators, arranged to initiate in a concentric sequence from
the central blast area to the contour. Vibrations were measured using six devices of SV-1 of SV
Corporation horizontally aligned at approximately 10-meter intervals in a straight line from the
blast source [49].

The basic design of the blast pattern was based on the empirical formula proposed by Hauser.
Adjustments were made to certain constants considering domestic blasting conditions and experts’
experience. Burn-Cut was applied with multiple uncharged small holes at the center to increase
the free face. The blast design is illustrated in Fig. 6. The charge per hole was 0.24 kg (=1.5 EA
explosives), and the specific charge amounts for PF-1 and PF-2 were 0.448 and 0.397 kg/m®,
respectively.

(a) PF-1 (a) PF-2
—T N ™
// oo / u \
9 T 10\ T S8 t 0N\ T
/Q o el ¢ QQ/\E o
/CBQ 3 \ /\- e
74 O, @1 ® g \ / @, @1 B 8 \
f oae 8 | 56 |8
J 000 | = [ 000 | % &5 L
g ~ 5
A e 8| | A o 3 Ore 3| 4
o (=
(=] o
Lgﬁ 2 Pl w | ’ o1 °°L4 e |4
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4. Results and discussion

4.1. Results of the field-scale experiment

4.1.1. Rock weakening on surface observation

The pre-fracturing weakened the part of the rock face by inducing fractures, as shown in
Fig. 7. Wedge-shaped fracturing due to pre-existing joints occurred on the left blast face of PF-1
(Figs. 7(b) and 7(d)), while new cracks were observed to develop around the joint crossing the
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upper right blast face of PF-2 (Fig. 7(h)). Additionally, Fig. 7(c) indicates that radial cracks
formed around the blast hole, unaffected by the existing joints. Furthermore, in both PF-1 and
PF-2, distinct fracturing was observed at the centre where holes were closely spaced. In contrast,
other areas with wider hole spacings only exhibited the extension of pre-existing joints without
inducing new fractures. This illustrates the visible outcomes of pre-fracturing relative to the
spacing of the blast holes.

(h) 861mm, O

Fig. 7. Application of pre-fracturing method in PF-1 (a) before and (b)-(e) after blasting
and in PF-2 (f) before and (g)-(j) after blasting. Numbers denote the average hole spacing,
and O/X indicate the success/failure of weakening the rock

4.1.2. Rock weakening in laboratory test

Changes in rock properties also indicate the effect of pre-fracturing. The rock face was cored
before and after pre-fracturing, and several laboratory tests were performed. Fig. 8(a) shows
a decreasing trend of rock properties after blasting. However, the decrease of rock properties
is not pronounced in Fig. 8(b), probably due to the large hole spacing in PF-2. The results of this
test are consistent with surface observations.
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Fig. 8. Ratios of rock properties to the average values in TABLE 4 before and after pre-fracturing.
(a) PF-1, (b) PF-2

4.1.3. EDZ control by vibration measurement

The EDZ was effectively controlled within approximately 10 cm from the contour using
pre-fracturing. Pre-fracturing generates the BIDZ starting at the outermost blast hole and extend-
ing into the rock mass, whereas mechanical excavation follows the design contour and therefore
forms its damaged zone inward from that contour. Accordingly, if the BIDZ is shorter than the
sum of the distance from the outermost hole to the contour and the EDZ produced by mechanical
excavation, the final EDZ is governed by mechanical excavation; if the BIDZ is longer, the final
EDZ is governed by pre-fracturing. In this study, the EDZ is taken to be the damage produced by
pre-fracturing alone (mechanical excavation was not performed), because the EDZ generated by
mechanical excavation is comparatively small and can be neglected for the present purpose [50].
The estimation of EDZ was conducted using Eq. (24) [51], derived from the PPV-distance rela-
tionship of Eq. (22) [11] and the critical peak particle velocity defined in Eq. (23) by linking peak
particle velocity to peak tensile strain and adopting a conservative tensile-failure criterion [52].

R a
PPV = A| — (22)
%
s
PPV, =0, (23)
1
(2o

Where R is the distance between the blast hole and the measurement point (m), o, represents tensile
strength (MPa), Vp is the P-wave velocity (m/s), £ is Young’s modulus (GPa), and QO represents
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the maximum charge per delay (kg/delay). In this study, due to limited tests, the constant a in Eq. (22)
was fixed at —1.6 as a commonly used assumption, and only 4 was optimised, as shown in Fig. 9.
The results show R, of 40 cm and 39 cm from blast holes for PF-1 and PF-2, corresponding to
the EDZ size of 10 cm and 9 cm from the contour. It is similar to the estimates of maximum
crack length for PF-1 and PF-2 with less than 25% discrepancy (TABLE 4). Both PPV-based
and BIDZ-based equations of EDZ size are not dependent on hole spacing, and the effect of hole
spacing was not pronounced in this study, probably due to the large spacing. The pre-fracturing,
by offsetting blast holes from the contour and utilising light charging, effectively constrained the
EDZ compared to both mechanical excavation and drill and blast, which typically produces an
EDZ of 0-0.3 m and 0-2 m, respectively [50]. Therefore, the combined application of mechanical
excavation and pre-fracturing shows potential for effectively controlling the extent of the EDZ.
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Fig. 9. Peak particle velocity versus scaled distance using the cube root of charge per delay.
(red) PF-1 and (blue) PF-2

4.2. Optimal hole spacing of pre-fracturing

The hole spacing of pre-fracturing is proposed based on the practical BIDZ model by
analysing cases of conventional pre-splitting [45,53,54] and current field-scale demonstration.
Cylindrical symmetry was assumed for pre-splitting cases, while spherical symmetry was assumed
for the current experiment because of the concentrated charge. According to Fig. 10, when the
spacing exceeds 3 times the BIDZ estimate, under-excavation or insufficient weakening of the
rock mass occurred. In conventional pre-splitting, the spacing is set to be less than 1.5 times the
BIDZ estimate to create fracture planes connecting the boreholes. Therefore, for pre-fracturing
aimed at weakening the entire rock face, it is advisable to set the hole spacing between 1.5
to 3.0 times the BIDZ estimate. This result enables design modifications according to ground
conditions and explosive properties, in contrast to traditional pre-splitting empirical approaches
that relied solely on blast pattern geometry.

In the case of Aspd, simultaneous blasting was carried out with an error margin within 1 ms,
leading to overlapping effects from adjacent blast holes, which successfully created pre-splitting
even with very large spacings. Simultaneous blasting has the advantage of forming fractures
over a wider spacing with the same amount of explosives in terms of fracture plane generation.
However, since vibrations may be amplified due to the overlapping effects, caution is needed
when applying simultaneous blasting in pre-fracturing.
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Fig. 10. Plots between hole spacing and practical BIDZ model

4.3. Proposed blast pattern of pre-fracturing and practical

implication

The blast pattern of pre-fracturing is proposed based on the practical BIDZ model. The hole
spacing is calculated as 1.5-3.0 times the BIDZ, and the offset from the contour is 1.3 times the
BIDZ, corresponding to the maximum crack length. It allows saving explosives and reducing
the extent of EDZ. The hole spacing of the contour hole is smaller than that of the inner face to
ensure that the blasting effect reaches the contour evenly. As an example in Fig. 11, the entire
face can be divided into equilateral triangles with sides equal to the optimal hole spacing, placing
blast holes at each vertex. In actual application, a burn-cut can be applied to induce additional
free faces, as applied in Fig. 6, and the charge per hole at the centre can increase to enhance

1.3 BIDZ

LT e N13BIDZ

&

%

s *

Fig. 11. Example of blasting pattern of pre-fracturing
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blast efficiency. However, these additional methods inherently lead to increased vibrations, so if
lower vibration thresholds are required, the use of a large-diameter cut-hole in the pattern can be
considered. In addition, as the method requires a hybrid construction process integrating blast and
mechanical excavation, it may pose certain disadvantages regarding the construction schedule
and cost. Thus, it is recommended for use in underground spaces with specialised objectives,
such as EDZ mitigation.

Field observations showed that pre-existing joints were either preferentially reactivated
by blasting or acted as barriers to newly formed cracks, consistent with prior reports on joint-
controlled crack evolution [55,56]. To prevent joint-controlled truncation of the BIDZ, blast
holes should be offset from mapped persistent joints by a standoff on the order of one predicted
BIDZ radius so that the BIDZ can develop without being clipped by the joint. Although the in-
fluence of rock anisotropy was not pronounced at this site, anisotropy is known to elongate the
BIDZ along weak fabrics [57,58]. In such cases, to achieve uniform rock-face weakening, hole
spacing should be governed by the minimum BIDZ radius across azimuths and the blast pattern
adjusted accordingly.

5. Conclusion

Pre-fracturing is an auxiliary method for mechanical excavation to weaken hard rock and
control the EDZ. The first objective was to develop and validate a practical, quasi-static model
that estimates the BIDZ around a single borehole, accounting for dynamic rock strength, in-situ
stress, spherical symmetry of a concentrated charge, and blasting-induced changes in hole radius;
the plausibility of the quasi-static assumption was also examined. The second objective was to
translate this model into a pre-fracturing design methodology aimed at rock-face weakening and
EDZ control. Accordingly, the study addressed two questions: (i) how the BIDZ estimate relates
to the effective damage extent (EDZ/maximum crack length), and (ii) what BIDZ-normalised
hole-spacing threshold governs whether weakening is achieved. Comparisons between the prac-
tical BIDZ model and dynamic numerical models showed similar trends, with discrepancies of
less than 45%, supporting the practical applicability of the quasi-static assumption. Empirical
relations of hole-spacing design in Canada and BIDZ estimation in Sweden aligned well with the
proposed practical model. Based on experimental data from Finland and Sweden, the maximum
crack length from a blast hole was, on average, approximately 1.3 times the BIDZ estimated
by the practical model, probably due to strength heterogeneity. The correlation of the practical
model was comparable to that of the empirical models, providing further validation. Field-scale
demonstrations of pre-fracturing were conducted at a rock slope in a quarry. Rock weakening with
decreasing hole spacing was validated through surface observations and laboratory tests, while
the EDZ extent, assessed via PPV measurements, was effectively controlled to remain below the
extent typically associated with conventional excavation methods. In addition, the EDZ extent
was comparable to the maximum crack length inferred from the BIDZ estimate. By combin-
ing data on hole spacing from existing pre-splitting cases and the field-scale demonstration, an
optimal hole spacing for pre-fracturing was proposed to be 1.5-3.0 times the BIDZ estimated
by the practical model. Furthermore, a blast-pattern design for pre-fracturing is suggested based
on the optimal hole spacing and the maximum crack length estimated by the practical BIDZ
model. In practice, a burn cut, a higher central charge, or a large diameter cut hole can improve
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efficiency. Because the pre-fracturing integrates blasting with mechanical excavation and can
affect schedule and cost, pre-fracturing is best applied in underground works with specialised
goals such as EDZ mitigation.
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