
1. Introduction
Due to the effect of urbanization, for the efficient use of

limited space of city area has led to the development of
underground social infrastructure. Also, there has been
increasing demand for underground space and
underground traffic routes. However, the high cost of
undertaking construction underground in urban center as
well as the vibration, noise, possible fracturing of
neighboring buildings, ground subsidence, and civil
complaints associated with the construction process raise
various problems. Currently, blast method based on
explosive used to secure underground space was
considered to be the most effective in terms of economy
and ease of construction１）, but blast method inevitably
raise issues of vibration and noise. Such forms of blast
pollution are largely limiting the process of undertaking

blast work２）. As a means of remedying such forms of blast
pollution, methods such as smooth blasting and controlled
blasting have recently been used３）. When continual
artificial free face exist, seismic waves such as blast
vibration was not transmitted beyond the artificial free
face and was captured within the artificial free face４），５）.
This principle has been applied for use to undertake blast
work in which an artificial free face was shaped using an
abrasive material water jet system and wire-saw
method５）－８）.
In this study, we conducted the analysis of the blast

velocity and pressure that occur during single hole
blasting activities for the purpose of applying artificial
joint to tunnel excavation. The design of each numerical
analysis was used method of design of experiment. The
numerical analyses were conducted about the various
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artificial joint conditions and the blast velocity and
pressure were calculated at the same point. The
contribution rate of the different artificial joint parameter
was evaluated by ranking the measurement values
according to the robust design.

2. Parameter design
2.1 Design of experiment
For the purpose of evaluating the effect and

contribution rate of the parameters, the robust design was
used. The robust design involves the undertaking of
experiments independently, a limited number of times,
according to the values of an array in which the method
produces the same effect as undertaking an immensely
large number of experiments. Table 1 presents an
orthogonal array that is typically used.
The ������orthogonal array of Table 1 presents 2

levels, or in other words, a situation where there are 7
selectable parameters in which two need to be selected. In
this case, the total experiments were 128 cases. But we
were expected to obtained same result of data for total
experiment case through conducted only 8 experiments.
And the optimal conditions in which the parameters
reciprocally interact can be ascertained. The individual
effect and optimization of each parameter can be found
using analysis of means (ANOM) and the relative effects
and sensitivities of the parameters can be obtained using
analysis of variance (ANOVA). The adopted optimal
statistical volumes for such analyses were defined as
Equation 1. This was referred to as the SN ratio.
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Where, � is the number of measured values, and 	� is
the measured feature value.
The effect of the parameter level is defined as the

deviation of the parameter level results from the total
average９）.

2.2 Establishment of design parameters
For the purpose of undertaking contribution rate

analysis regarding blast velocity and pressure based on
multiple artificial joints, the selected parameters, as
presented in Figure 1, including the artificial joint
numbers, the artificial joint spacing, and the artificial joint

angle.
The experiment design was set to have 3 levels for each

parameter and thus a 3 level 3 parameters orthogonal
array ���
��was selected. Table 2 shows the orthogonal
array���
��.
Table 3 shows the parameter levels. Where A was the

artificial joint number, B was the artificial joint spacing,
and C was the artificial joint angle. The artificial joint
spacing was set as 5, 10, and 15 times the 11mm spacing of
the wire saw cutting surface area.
The characteristics for the contribution rate analysis

were calculated through numerical analysis and blast
velocity and pressure were selected as the characteristics.

Table１ Various orthogonal arrays.

Orthogonal Array Total case Actual case Remarks

����
� 8 4 2 levels 3 parameters
������ 128 8 2 levels 7 parameters
���
�� 80 9 3 levels 4 parameters
�������� 2,048 12 2 levels 11 parameters
�������� 32,768 16 2 levels 15 parameters
������� 1,024 16 4 levels 5 parameters
�������
�� 4,374 18 2 and 3 levels 8 parameters
������� 15,625 25 5 levels 6 parameters
����
�
� 1,594,324 27 3 levels 13 parameters
�
�,�
�,���etc. etc.

Table２ Orthogonal array���
��.

No. Parameter A Parameter B Parameter C Parameter D

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

Figure１ Parameter model of numerical analysis.
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3. Numerical analysis
3.1 Applied physical properties
The RHT (Reidel-Hermaier-Thoma) concrete model

established by Riedel et al.10）was a model used to analyze
general brittle material. The RHT concrete model was
used as the physical property model for brittle material in
dynamic analysis programs such as AUTODYN and LS-
DYNA. The RHT model was especially useful for the
modeling of concrete subject to dynamic loads. It was also
used to model other materials brittle material such as rock
and ceramics. And it also considered the effect of sheering
strength reduction, weakening of deformation rate due to
damage, stiffening of deformation rate velocity, stiffening
of deformation rate and stiffening of pressure. Table
4 presents the RHT model physical values applied in this
study. Air was modeled into the joint area. To establish
the atmospheric conditions of the air, internal energy was
set to standard atmospheric conditions of ��������� J·
kg－１, the ideal gas equation was used. The physical
properties of the applied explosives were as presented in
Table 5.

3.2 Analysis method and analysis result
For the numerical experiments, a total of 9 analyses

were undertaken using AUTODYN 2D according to the
conditions of the orthogonal array of Table 2. The rock
area was formed using a Lagrange solver and the outer
boundary of the rock area was set to have transmit
boundary conditions to represent infinity. The size of the
blast hole was set as�45mm, which is typically applied in
actual tunnel sites.
The gauges were installed as shown in Figure 1 to

obtain the data of blast velocity and pressure for all cases.
The initial blast velocity and pressure were measured by
installing a gauge 1 at the next node of the blast hole. The
blast velocity and pressure used for robust design analysis
were measured by gauge 2 in the equal location after
passing through all joint area. The result of the measured
initial blast velocity and pressure were 477.68m·s－１ and
3,529.6 MPa respectively, the all cases were obtained the
equal result value. Figure 2 shows time history graphs of
initial blast velocity and pressure of No. 3.
Numerical analysis indicated the development of

reflected tensile waves once the blast pressure reached
the artificial joint area (Figure 3a). Transmission of the
blast pressure was found to have occurred during the
analysis, after contact was made with the next rock
element as the joint area closed (Figure 3b). Regarding the
joint angle, blast pressure was transmitted first in the joint
area at a perpendicular angle with the blast source. The
reflected tensile wave and transmission of pressure were

occurred in that area (Figure 3).
Figures 4 and Figure 5 present graphs on the result of

the joint angle and joint spacing regarding the
normalization of blast velocity and pressure passing
through one joint area and two joint areas. The analysis
result indicated a tendency in which blast velocity

Table３ Three levels of design parameters.

Level
Artificial joint number (A)

[ea]
Artificial joint spacing (B)

[mm]
Artificial joint angle (C)

[°]

Level 1 2 55 45
Level 2 3 110 60
Level 3 4 165 90

Table５ Characteristics of explosives (JWL, C-J).

A
[GPa]

B
[GPa]

�� �� �

49.46 1.891 3.907 1.118 0.333

Table４ Parameters of the RHT model.

Parameter Value

Reference density 2.75 [g·cm－３]
Porous density 2.52 [g·cm－３]
Porous sound speed ���������[m·s－１]
Initial compaction pressure 93.30 [MPa]
Solid compaction pressure ���������[MPa]
Compaction exponent 3.000
Bulk modulus, �� ����	����[MPa]
Bulk modulus, �� ��
�����[MPa]
Parameter, �� 
��������[MPa]
Parameter,�� 1.220
Parameter,�� 1.220
Parameter,�� ����	����[MPa]
Parameter,�� 0.000 [MPa]
Reference temperature 300 [K]
Specific heat ���������[J·kgK－１]
Thermal conductivity 0.000
Shear modulus, G ���������[MPa]
Compressive strength, �� 93.75 [MPa]
Tensile strength, ��·���� 0.100
Shear strength, ��·���� 0.180
Intact failure surface constant, A 1.600
Intact failure surface exponent, N 0.610
Tens. ·Comp. meridian ratio－１,	��� ����������

Brittle to ductile transition, BQ ����������

G (elastic) ·G (elastic-plastic)－１ 2.000
Elastic strength·ft－１ 0.700
Elastic strength·fc－１ 0.530
Residual strength constant, B 1.600
Residual strength exponent,M 0.610
Compressive strain rate exponent,� 
��
������

Compressive strain rate exponent,� ����������

Max. fracture strength ratio ����������
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decreased as joint angle increased while blast pressures
showed a tendency of increasing (Figure 4). The result of
analyzing blast velocity by joint spacing and joint angle
indicated that when the joint angle was perpendicular, a
tendency in which blast velocity decreased as joint
spacing increased was presented. On the other hand, at
45°joint angle, blast velocity was found to decrease as
joint spacing decreased. For 60°joint angle, blast velocity
was found to decrease as joint spacing increased, yet blast
velocity increased for joint spacing of 110mm or greater.
Blast pressure overall indicated a tendency to decrease as
joint spacing increased (Figure 5).
The blast velocity and pressure measurement values to

be used for ANOM and ANOVA were ascertained from
the gauges in the same locations as presented in Figure 1
according to the numerical analysis of each cases of
analysis. The results were as presented in Table 6.

4. Results of analysis
The applied robust design method uncovers largely

influential parameters that can be controlled and
minimizes the effect of noise by maximizing the effects of
such parameters. To maintain robustness of quality, SN
ratio was used. The SN ratio means signal to noise ratio; it
was indicated the ratio between the force of the inputted
signal and the influence of noise. In other words, by

selecting parameter values that maximize the SN ratio; of
each of the control parameters, the selected value can
become robust against noise. The definition of SN ratios
differs according to the objective function or the
characteristics in which the characteristics are classified
into the characteristics of normal is best, smaller is better,
or larger is better11）. The applied method in this study was
smaller is better characteristic in which the smaller the
blast velocity and pressure the better. The calculation was
made using Equation 1 and the result was shown in
Table 7.
To find the optimal level, ANOM and ANOVA were

undertaken using the SN ratios of the blast velocity and
pressure. As an example of ANOM, the average SN ratio
of A parameter level 1 was calculated by averaging the
SN ratio of number of experiment 1, 2, and 3. Using such
method the effect of all parameter and level were
calculated. Furthermore, in the case of ANOVA,
calculation of the sum of the square of each parameter
using Equation 2 was undertaken

����������	
�������� ���������� ���������� ��

(2)

Where,� is the total SN ratio average,����is the average
SN ratio of each level of each parameter. The calculated
sum of square values was divided by the degree of
freedom of each parameter (level - 1) to find the square
average. Using the total sum of square average and the
square average ratio, the contribution rate of each
parameter were evaluated. The analysis results of blast
velocity and pressure were presented in Table 8 and
Table 9.
Figure 6 presents the SN ratio of each level of each

parameter and the optimal parameter having minimal
blast velocity was found to be A3B2C2 level in other
words 4 joints, a joint spacing of 110mm, and a joint angle
of 60°. The optimal parameter having minimal blast
pressure was found to be A3B2C1 in other words 4 joints,
a joint spacing of 110mm, and a joint angle of 60°. The
result analyzing the contribution rates indicated that the
parameter that affect blast velocity was ranked in the
descending order of joint angle at 64.68 %, joint number at
31.05 %, and joint spacing at 4.27 %. The parameter that
affect blast pressure was found to be ranked in the
descending order of joint angle at 77.05 %, joint number at
18.59 %, and joint spacing at 4.36 %. The evaluation result
indicated that the joint angle had the largest effect on
blast velocity and pressure.

5. Conclusion
The effect of blast velocity and pressure according to

different medium was numerically analyzed using
AUTODYN. A robust design method was used to evaluate
the optimal condition and contribution rate of each
artificial joint parameter. The table of orthogonal arrays
used in the analysis was������, and the parameters to use
analysis were artificial joint number, artificial joint
spacing, and artificial joint angle - each parameters
having 3 levels. Through ANOM and ANOVA, the

(a) Gauge 1.

(b) Gauge 2.
Figure２ Time-history graph of initial blast velocity and

pressure of No. 3.
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(a) Joint angle 45°. (b) Joint angle 45°.

(c) Joint angle 60°. (d) Joint angle 60°.

(e) Joint angle 90°. (f) Joint angle 90°.
Figure３ Occurrence of reflected tensile waves of each joint angle and propagation of blast pressure.
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following results were found.
(1) The result of numerical analysis through

normalization analysis seemed to indicate that blast
velocity decreased as joint angle increased yet showed a
tendency for blast pressure to increase and the result of
analyzing blast velocity according to joint spacing and
angle indicated that, when the angle was perpendicular,
blast velocity decreased as joint spacing increased. Also,
the result of analyzing blast pressure indicated a tendency
that revealed that, for all joint angles, blast pressures
decrease as joint spacing increase.
(2) The parameter that most largely affected blast

velocity was found to be joint angle, followed by the
parameters regarding the joint number and joint spacing.
(3) The optimal combination to minimize blast velocity

was found to be 4 joints, a joint spacing of 110mm, and a
joint angle of 60°.
(4) The parameter that most largely affected blast

pressure was found to be joint angle, followed by the
parameters regarding the joint number and joint spacing.
(5) The optimal combination to minimize blast pressure

was found to be 4 joints, a joint spacing of 110mm, and a
joint angle of 45°.
(6) The joint angle was found to have the largest effect

on blast velocity and blast pressure.
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Table６ Result of numerical analysis.

No.
A
[ea]

B
[mm]

C
[°]

Max blast velocity
[m·s－１]

Max blast pressure
[MPa]

1 1 1 1 2.1030 9.3619
2 1 2 2 1.2994 6.3027
3 1 3 3 3.3555 18.2540
4 2 1 2 1.3952 5.6916
5 2 2 3 2.3690 15.33
6 2 3 1 1.0823 46.3970
7 3 1 3 1.8669 12.0009
8 3 2 1 1.0002 2.7884
9 3 3 2 1.0035 5.4351

(a) Blast velocity.Figure４ Result of normalization analysis passing one joint
section.

(b) Blast pressure.
Figure５ Result of normalization analysis passing two joint

section.
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