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ABSTRACT: Major metropolitan areas increasingly require the construction of underground spaces such as
a tunnel for the effective use of limited urban areas. The blasting method is broadly used for rock excavation
worldwide because of its efficiency. The blasting induced overbreak and underbreak occur in the vicinity of
the underground opening; the overbreak and underbreak can decrease the reliability of underground spaces
and increase support (reinforcement) cost and time. An abrasive waterjet technology can be effectively utilized
along with the blasting method during the rock excavation process by forming a clear outline of a tunnel and
underground space in advance, which results in a reduction of overbreak and underbreak during the blasting
process. In this study, an alternative excavation method using the abrasive waterjet to minimize the overbreak and
underbreak is introduced. In addition, experimental and analytical studies are performed to verify the minimizing
effects of the overbreak and underbreak in tunnelling.

1 INTRODUCTION

In developed urban areas, underground excavation is
required for efficient use of space. In such areas, the
drill and blast method is often used to excavate rock for
construction of underground structures because of its
advantages of lower cost and shorter time, compared
with mechanized excavation methods such as tunnel
boring machines (TBM).

However, the drill and blast method can cause
over-breakage (too much volume removed) and
under-breakage (too little volume removed), both of
which are undesirable for efficient excavation (Fig-
ure 1). Over-breakage-areas require added reinforce-
ment (e.g., with shotcrete and wiremesh) to replace
the missing rock. In cases of under-breakage, addi-
tional excavation is required to remove the remaining
rock. Although researchers and engineers have tried
to reduce the amount of the over-breakage and under-
breakage, they still remain a serious problem in rock
blasting (Singh & Xavier 2005). The level of these
problems depends on geological conditions and blast-
ing factors (Ibarra et al. 1996). It is difficult to
control the breakage level due to unexpected geologi-
cal conditions such as orientation of joints and quality
of the rock mass (Chakraborty et al. 1994, Mahtab
et al. 1997).Thus, various controlled-blasting methods
were developed to reduce overbreak and underbreak.
These include line drilling, pre-splitting, and smooth-
blasting methods. In addition, assessment methods

have been developed to precisely measure the amount
of overbreak and underbreak using light-sectioning
and digital-image processing (Maerz et al. 1996), or
using 3D laser scanners (Lee et al. 2011).

In this study, we introduce an abrasive waterjet-
aided excavation method focused on positive effects
for minimizing overbreak and underbreak during rock
blasting. The abrasive waterjet-aided rock-excavation
method includes a procedure for generating artificial
free surfaces on the perimeter of the tunnel. The artifi-
cial free surface minimizes overbreak and underbreak
during tunnel blasting. To verify the beneficial effects
of abrasive waterjet-aided excavation method for min-
imizing these problems, field tests were performed. In
addition, measurements and analysis of data for over-
break and underbreak with abrasive waterjet-aided
excavation method were compared with results from
the smooth blasting method.

Figure 1. Over-breakage in tunnel blasting.
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Figure 2. Artificial free surface along the perimeter of
tunnel (after Oh 2012).

2 ARTIFICIAL FREE SURFACE FOR
EXCAVATION

2.1 Artificial free surface

The amount of overbreak occurring depends on peak
particle velocity (hereafter, PPV), which has been
widely accepted as a parameter to assess the rock dam-
age (Murthy et al. 2003, Arora & Dey 2010). The
excavation damaged zone occurs when the peak parti-
cle velocity is higher than 700 mm/s (Rustan 1985, Dey
2004). The cracks caused by blasting are propagated at
PPVs of 1,300 to 2,000 mm/s, after which overbreak
occurs (at PPVs of 2,800 to 5,200 mm/s (Murthy et al.
2003).

When free surface is generated, particle velocities
(waves) induced by blasting energy can be reflected at
the free end of a rock material. For this reason, gen-
erating artificial free surface along the perimeter of a
tunnel is a good approach for preventing overbreak.
Figure 2 shows artificial free surface in a tunnel exca-
vation and the mechanism of reflected blasting energy
during tunnel blasting.

2.2 Abrasive waterjet cutting technology

Abrasive waterjets can remove target material by
means of impacts by abrasive particles accelerated by a
high-speed water flow. The rock cutting performance
of a waterjet is affected by a number of parameters
(e.g., water pressure, water flow rate, abrasive feed
rate, and standoff distance) (Oh and Cho 2013).

An abrasive waterjet can easily cut both soft and
hard rocks. In addition, it can achieve high accuracy in
rock cutting, and generate no heat or mechanical stress
near the cutting zone. For these advantages, abrasive
waterjets alone have been applied for rock cutting, and
have also been used to assist mechanical excavation
(Summers 1995, Wang 2003, Oh 2012).

3 EXPERIMENTAL VERIFICATION

3.1 Test preparation

Field tests were performed at a hard-rock quarry
site (rock type of phyllite and uniaxial compressive

Figure 3. Rock cutting result using the abrasive waterjet
system (Oh et al. 2013).

strength of 111.0 MPa). The abrasive waterjet-aided
excavation method and the smooth blasting method
were performed under the same blasting conditions
(e.g., site, charge weight, and blasting pattern; refer
to Oh 2012) to compare the blasting results of both
methods. The size of the target tunnel was somewhat
smaller (i.e., diameter of 3.56 m) than a real tunnel.

To generate the artificial free surface (an arch-
shaped cut) on the perimeter of the target tunnel, a
high-pressure water pump, an abrasive supply tank,
a nozzle, and a nozzle movement system were used.
A plunger pump was used to generate water pressure
of 250 MPa. Abrasive particles (40 mesh garnet) from
a tank were fed into the high-pressure waterjet, which
was projected towards the target rock surface through
the nozzle. The nozzle movement system allows con-
trol of the nozzle along the perimeter (projected line)
of the tunnel to generate a continuous arch-shaped line.

3.2 Artificial free surface generation using an
abrasive waterjet

An artificial free surface line is generated with depth
along the perimeter of the tunnel using an abrasive
waterjet system (Figure 3). The free surface line was
formed with a cutting width of approximately 0.1 m
and a cutting depth of approximately 1.3 m.

After the cutting process, holes (depth: 1.3 m) were
drilled, and explosive charges placed using the same
blasting pattern for both the abrasive waterjet-aided
excavation method and the smooth blasting method.

3.3 Test results

After blasting, overbreak and underbreak were mea-
sured for both abrasive waterjet-aided excavation
method and smooth blasting method (shown in
Figure 4). For the abrasive waterjet-aided excavation
method, overbreak and underbreak (less than 3 cm)
were rarely observed; on the other hand, overbreak and
underbreak for smooth blasting method were found to
be approximately 30 cm and 5 cm, respectively (Figure
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Figure 4. Measuring overbreak and underbreak in the field.

Figure 5. Excavation results: abrasive waterjet aided rock
excavation method – left, and smooth blasting method – right
(After Oh 2012).

5). The overbreak resulting from abrasive waterjet-
aided excavation method was up to 90% less than that
caused by the smooth blasting method.

According to the Korea Expressway Corporation,
the level of overbreak is strongly restricted to 10 cm
for Type I and II, 15 cm for Type III, and 20 cm for
Types IV andV. By these criteria, the abrasive waterjet-
aided excavation method would be acceptable and
broadly applicable for rock excavation regardless of
construction type.

4 CONCLUSIONS

This study introduces an abrasive waterjet-aided exca-
vation method and compares it with the results from
the smooth blasting method for minimizing overbreak
and underbreak with experimental verification. It is
shown that abrasive waterjet cutting is an efficient
method for generating artificial free surface along
the perimeter of the tunnel. Furthermore, the artifi-
cial free surface thus generated serves as a barrier
against blasting energy, and can thereby minimize
overbreak and underbreak. The test results clearly
show much lower levels of over and underbreak,

compared with the smooth blasting method. In prac-
tice, the reduced levels of overbreak and underbreak
are influenced by geological conditions (e.g., joint
orientation) and blasting factors (e.g., blasting pat-
tern). Thus, in future studies, the effects of abra-
sive waterjet-assisted, rock excavation for minimizing
overbreak and underbreak will be verified experimen-
tally for a variety of geological conditions and blasting
factors.
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