Effects of rock pressure on crack generation during

tunnel blasting
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We performed a stress analysis in the area around a smooth blasting borehole on the expected
fracture line of a tunnel in order to clarify the effect of rock pressure on crack generation during
tunnel blasting. We also carried out test blasts on PMMA plates, marble plates and sandstone
blocks those were assumed the borehole on the expected fracture line in the tunnel was under
initial rock pressure. In addition, we made a numerical simulation of a blast and compared with
the results of the test blasts.

Our results showed that tensile stress was generated around the borehole by the effect of initial
rock pressure. Moreover, around the borehole in the side wall and in the shoulder part of the
tunnel, i.e. the intermediate point between the roof and the side wall, tensile stress was always
generated vertically with respect to the expected fracture line. However, around the borehole in
the roof of the tunnel, the position where the tensile stress was generated varied depending on the
state of the rock pressure. Moreover, the results of the test blasts using plates and blocks clearly
indicated that cracks were generated and spread in the same direction as the applied pressure,
and that blasting in the area around the borehole in the initial stress state had the effect of
creating and lengthening cracks. The results of blast simulation showed a good agreement with

the experimental results.

1. Introduction

When excavating underground caves and moun-
tain tunnels by blasting, the formation of a flat
excavation surface and damage to the walls have to
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be controlled as much as possible in order to reduce
overbreak. For this reason, smooth blasting has
been used, and quantitative research by which to
assess the level of damage caused by blasting to the
surrounding rock mass and the area influenced by
excavation has been investigated " ™.

During excavation of caves and tunnels deep un-
derground or in mountains, the initial rock pressure
within the rock mass is released and the stress in
the bedrock around the underground cave or tunnel
is redistributed. Knowing the degree to which stress
is concentrated in the side walls of an underground
cave or tunnel by such redistribution is important
from a safety point of view, and much research on
this topic has already been completed® .

The fracture mechanism of rock in smooth blast-
ing is now known to be as follows. First, a closed
crack is generated in an adjacent hole by the stress



wave from the blast initially detonated in the bore-
hole. Next, this generated closed crack is developed
by the blast in the adjacent hole and a fracture
surface is generated'”. Katsuyama et al.'”’ clari-
fied the effect of the guide hall in smooth blasting,

12,13 axecuted an

and Yamaguchi and Shimomura
experimental model and gave it theoretical consid-
eration from the viewpoint of the state of the static
stress. Moreover, boring and detonation accuracy
to control the crack have improved in recent years

1) ~17) How-

due to the advancement of technology
ever, until now, explanations of the smooth blasting
mechanism have not considered the concentration
of stress inside the side walls around the tunnel that
originates from rock pressure. In particular, the
effect of the distribution of stress around the bore-
hole is unclear at present.

The purpose of this research is to elucidate how
the distribution of stress originating from rock
pressure in the area around the borehole affects
crack generation when blasting a tunnel. We first
performed a stress analysis of the area around the
smooth blasting borehole on the expected fracture
line. We also carried out test blasts that were
assumed the borehole for smooth blasting, and the
generation and progress of the crack were confirmed.
Finally, we simulated a blast and observed the crack,
then compared them with the results of the test
blasts.

2. Stress distribution around a smooth blasting
borehole
2. 1 Conditions of analysis and analytical model

We employed the finite element method to ana-
lyze the distribution of stress in the area around a
smooth blasting borehole. For the calculation, we
used the general-purpose finite element analysis
program ANSYS installed by the calculation center
at the Tsukuba Advanced Computing Center of the
Agency of Industrial Science and Technology.

In the analytical model, the blast holes other than
the borehole for smooth blasting on the expected
&Me were assumed to have already deto-
nated immediately before the detonation of the
charge in the borehole for the smooth blasting in
the tunnel from the surface of the earth to a depth
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Table 1 Physical properties of sample materials

= e

.+ | Density v { Cp” | E™
|
_ Material * Tig/m?)| (-] | [m/s] | (GPa)
Granite | 258 | 0.1 | 3950 | 56.8
PMMA 1170 | 0.35 | 2800 | 5.37
Marble 2650 | 0.12 | 3145 | 20.7
Sandstone | 2000 0.21 | 2710 6. 50

* : Poisson’s ratio
** : Velocity of propagation of longitudinal wave
*re

: Young’s modulus
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Fig. 1 Finite element meshes of the model

of 200 m. A complex value for the initial rock
pressure was indicated in various places. In our
analysis, however, we examined two kinds of rock
pressure: a dead load in the vertical direction and
hydrostatic pressure acting as rock pressure. We
also assumed that the bedrock consisted completely
of granite. Table 1 shows the various values of physi-
cal properties of the materials. The finite element
model (Fig. 1) was divided into elements with
120, 234 nodes and 59, 806 elements. We took the
shape of a tunnel cross-section to be the same as
the large cross-section tunnel on the second Tomei -
Meishin expressway.

2. 2 Results of analysis

Figs. 2 and 3 show the maximum principal stress
distributions around the borehole on the expected
fracture line in the tunnel’s side wall (borehole A),
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Fig. 2 Stress distribution of maximum principal stress around a borehole
(A dead load in the vertical direction)
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Fig. 3 Stress distribution of maximum principal stress around a borehole

(hydrostatic pressure)

roof (borehole B) and the intermediate shoulder part
(borehole C) with a dead load in the vertical direc-
tion and with hydrostatic pressure acting as the rock
pressure, respectively. The stress shown is the
tensile stress in units of Pascals. First, the rock
pressure was taken as a dead load in the vertical
direction. At borehole A (Fig. 2(a)), a tensile stress
of 5. 64 MPa was generated in a horizontal direction
at the top and bottom of the borehole (points a and
b). At borehole B (Fig. 2(b)), 5. 45 MPa of tensile
stress was generated in a horizontal direction at the
top and bottom of the borehole (points 8’ and b’). In
addition, at borehole C (Fig. 2(c)), a tensile stress
of 3. 05 MPa was generated perpendicularly at points
a” and b” along the expected fracture line.
Secondly, rock pressure was taken as hydrostatic
pressure. At borehole A (Fig. 3(a)), 4. 47 MPa of
tensile stress was generated in a horizontal direc-
tion at the top and bottom of the borehole (points c
and d). At borehole B (Fig. 3(b)), a tensile stress
of 4. 07 MPa was generated in a vertical direction to

the left and right of the borehole (points ¢’ and d’).
Finally at borehole C (Fig. 3(c)), 4. 06 MPa of
tensile stress was generated perpendicularly at
points ¢” and d” along the expected fracture line.
From the above results, it can be seen that
tensile stress was generated around the borehole
by the effect of initial rock pressure. Moreover,
around the boreholes of the side wall and the shoul-
der part of the tunnel, the tensile stress was always
generated perpendicularly with respect to the
expected fracture line. However, around the
borehole in the roof of the tunnel, the position where
the tensile stress was generated was different
according to the state of the rock pressure.

3. Test blasts on plates and blocks
3. 1 Test samples

We used plates made from two kinds of materials
in which cracks can be seen easily, marble and
polymethyl methacrylate (PMMA), and blocks made
from sandstone. Table 1 shows some of the physical
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Fig. 4 Schematic diagram of test blast on plates and
blocks
properties of the samples.

3. 2 Test method

We carried out test blasts on PMMA plates (200
mm X 200mm X 21 mm), marble plates (200mm X
200mm X 23mm) and sandstone blocks (300 mm X
300mm X 300mm). Fig. 4 shows a schematic of the
experimental equipment. In the test, we used a flat
jack to apply vertical pressure on the side of the test

sample. In this state of applied pressure, a precise .

detonator '®

set up in the center of the sample was
initiated. We used a high-speed camera to check
the generation and progress of the cracks caused by
the detonation. We used color 35-mm film taking 26
frames at a speed of 2 X 10° frames/s (frame inter-
val of 5 18). We also performed a test blast without
added pressure for comparison. The precise deto-
nator was initiated with an accurately-controlled
blasting machine made by Nippon Kayaku K K., and
the high-speed camera we used was the Model 124
Framing Camera made by Cordin. To judge the
value of the pressure applied with a flat jack to the
side of the test sample, we used a material tester
manufactured by MTS, and determined beforehand
the relationship between pressure and strain (Fig.
5). Using this relationship the pressure value was
obtained from the amount of strain on the test
sample due to pressurized flat jack. Strain was
measured from a point of 30 mm away from the
center of the borehole.

3. 3 Resuits and discussion
From high-speed camera photographs of fracture
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Fig. 5 Relation between pressure and strain

process during blasting in a PMMA plate when there
was no pressure (Fig. 6), we can observe initially
that radial cracks were generated, which continued
to progress radially, On a high-speed camera pho-
tograph of a blasting test when a pressure of 15 MPa
was applied in a vertical direction to the side of a
PMMA plate (Fig. 7), radial cracks could clearly be
seen 50 s after detonation. Because the tensile
stress is generated horizontally in the upper and
lower part of the borehole by vertical pressure, we
can observe 70 us after detonation that the crack
was growing only in a direction orthogonal to the
direction in which the tensile stress acted, that is,
in a vertical direction (the direction of the applied
pressure). Then 125 us after detonation, those
cracks had expanded into one long crack (marked
with arrows). From photographs of the PMMA
plates taken after the test blast (Fig. 8), we can
observe that in the case when there was pressure
applied there was a large single vertical crack, which
was very different from when no pressure was
applied.

Photographs taken after test blasts on marble
plates (Fig. 9) reveal that when pressure was not
applied, radial cracks spread mainly in the vicinity
of the borehole. However, with a vertical pressure
of 5 MPa applied to the marble plate (Fig. 9(b}), we
can observe that one long crack was created in the
same direction as the applied pressure. This is the
same result as obtained with the PMMA plates.

Fig. 10 shows a core with a radius of 100 mm and
a length of 300 mm including the vicinity of the
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Fig. 6 High-speed camera photographs of fracture process during blasting in a PMMA plate
(without pressure on the side of the sample)
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Fig. 7 High-speed camera photographs of fracture process during blasting in a PMMA plate
(with pressure of 15MPa)

15MPa

(b) With pressure of 15MPa

(a) Without pressure on the
side of the sample
Fig 8 Photographs of PMMA plates after blasting
Size:200mm X 200mm X 21 mm

applied pressure not only on the free surface but
also at the bottom of the borehole. Therefore, we
obtain the same results in the blast tests on both

borehole that was taken from the sandstone block
after a test blast. We can observe that cracks are
generated and extend in the same direction as the
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(a) Without pressure on the
side of the sample

€
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(b) With pressure of 5MPa

Fig. 9 Photographs of marble plates after blasting
Size:200mm X 200mm X 23mm

(a) Setup photograph of sandstone
block before blasting
Fig. 10 Photographs of the core near the borehole of a sandstone block
before and after blasting (with pressure of 5MPa)
Block size: 300X 300 X 300, Core size: ¢ 100, Length 300, Unit: mm

the block and the plate. Furthermore, a vertical
pressure of 5 MPa was applied to the sandstone
block.

All of the above results confirm experimentally
that pressure applied to PMMA plates, marble plates
and sandstone blocks affects the generation and
development of cracks, and that the cracks appear
and progress in the direction in which the pressure
is applied.

4. Blast simulation
4. 1 Conditions of analysis and analytical model
We performed a blast simulation using elements
that enabled a fracture simulation in ANSYS, a
general-purpose finite element analysis program.
Our analytical model (Fig. 11) assumes a test blast
on marble plates, as described above. A half-scale
model was assumed. The figure shows the division
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Fig. 11 Finite element mesh of model of marble plate

of elements in the model; the number of nodes and
of elements were 1,322 and 4,724, respectively. We
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used dynamic strength for compressive strength and
tensile strength which became the judgment stan-
dard for crack generation. Table 1 lists the values
for various physical properties of the materials.

To find the dynamic strength, we first used re-
sults of the blasting test on a PMMA plate to obtain
the strain rate (¢ =7.37(1/sec)) upon detonation.
We then measured the dynamic tensile strength by
a method based on Hopkinson’s effect. In the case
of marble, we were able to obtain a relationship
between the dynamic tensile strength S, and the
strainrate (¢) that is expressed by

S,=13.86¢ %% (1)

where ¢ is the strain rate. From this equation, the
dynamic tensile strength when the strain rateis 7. 37
(1/8) is 28. 17 MPa, which is 4. 54 times the static
tensile strength (6. 2 MPa). Because the dynamic
compressive strength of the marble was not ob-
tained, a value 4. 54 times the static compressive
strength of 301. 39 MPa was assumed here.

Fig. 12 shows the change of the pressure accord-
ing to time due to a detonation®™, acting on the
inner wall of a borehole. Analysis shows that the
results of both the explosion experiment using the
PMMA plate and the simulation correspond to the

(a) 10us

1000
800
600

400

Pressure [MPa]

200

0 50 100 150 200

Time [ ps]
Fig. 12 The pressure formation due to blasting in a
borehole
following equation:
P=P, (e-lml_e-ml) (2)

where t represents time (us) and P, is 1, 042 MPa.

4. 2 Results and discussion

Figs. 13 and 14 show the simulation results for
the generation and development of cracks with no
pressure applied and with a vertical pressure of 5

(b) 258

Fig. 13 Simulation result for the generation and development of cracks
(without pressure on the side of the model)

gy
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(a) 10us

L 5MPa ’

~— Crack

(b) 25us

Fig. 14 Simulation result for the generation and development of cracks

(with pressure of 5MPa)
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MPa applied, respectively. In the case of no pres-
sure, we observe that radial cracks were generated
around the blast hole, and that 25 us after the deto-
nation, the cracks continued to progress radially.

When a vertical pressure of 5 MPa was applied,
radial cracks were initially generated around the
blast hole in the same way as when no pressure was
applied. And 25 u s after detonation, they became
one long crack in the vertical direction.

5. Conclusions
We performed a stress analysis in the area around

a smooth blasting borehole on the expected fracture
line of a tunnel in order to clarify the effect of rock
pressure on crack generation during tunnel blast-
ing. We also carried out test blasts on PMMA plates,
marble plates and sandstone blocks which were
assumed as a borehole on the expected fracture line
in the tunnel under initial rock pressure. In addi-
tion, we made a numerical simulation of a blast and
compared with the results of the test blasts. We
obtained the following information.

(1) The tensile stress was generated around the
borehole by the effect of initial rock pressure.
Moreover, around the borehole in the side wall
and in the shoulder part of the tunnel, i.e. the
intermediate point between the roof and the side
wall, tensile stress was always generated verti-
cally with respect to the expected fracture line.
However, around the borehole in the roof of the
tunnel, the position where the tensile stress was
generated varied depending on the state of the
rock pressure.

(2) The results of the test blasts using plates and
blocks clearly indicated that cracks were gener-
ated and spread in the same direction as the
applied pressure, and that the initial stress in
the area around the borehole had the effect of
creating and lengthening cracks.

(3) The results of blast simulation showed a good
agreement with the experimental results.
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