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Abstract. Ground vibration is one of the most undesirable effects induced by blast operation in mountain tunnels, which could cause
negative impacts on the residents living nearby and adjacent structures. The ground vibration effects can be well represented by peak
particle velocity (PPV) and corner frequency (f.) on the ground. In this research, the PPV and the corner frequency of the mountain surface
above the large-span tunnel of the new Badaling tunnel are observed by using the microseismic monitoring technique. A total of 53 sets of
monitoring results caused by the blast inside tunnel are recorded. It is found that the measured values of PPV are lower than the allowable
value. The measured values of corner frequency are greater than the natural frequencies of the Great Wall, which will not produce resonant
vibration of the Great Wall. The vibration effects of associated parameters on the PPV and comer frequency which include blast charge,
rock mass condition, and distance from the blast point to mountain surface, are studied by regression analysis. Empirical formulas are
proposed to predict the PPV and the corner frequency of the Great Wall and surface structures due to blast, which can be used to determine

the suitable blast charge inside the tunnel.
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1. Introduction

When a mountain tunnel is excavated using the drilling
and blast method, the vibration due to blast inevitably
produces negative impacts on the surface structures (Ak et
al. 2009, Nateghi 2012, Verma et al. 2018). The appropriate
evaluation of the blast vibration is of fundamental
importance in safeguarding the existing structures adjacent
to tunnelling. The peak particle velocity (PPV) and the
corner frequency are the two key parameters, commonly
adopted to identify the blast vibration impacts on existing
structures (Hasanipanah et al. 2017).

The peak particle velocity refers to the maximum speed
of a particular particle as it oscillates about a point of
equilibrium that is moved by a passing wave, which is
proportional to the produced energy and dynamic stress due
to blast (Faradonbeh et al. 2016). The PPV is one of the
best descriptors for correlating case history data with
vibration-induced damage (New 1986, Sharif 2000). Both
the analytical solutions (Sambuelli 2009, Arora and Dey
2010) and empirical solutions (Sadovskii 1973, Jiang and
Zhou 2012, Xia et al. 2018) have been proposed to calculate
the PPV produced by blast. Numerical simulations (Saiang
and Nordlund 2009, Verma et al. 2018) have also been used
to obtain the PPV associated with blast. In addition, the
artificial intelligence methods, including artificial neural
networks, genetic algorithms, and fuzzy expert systems
have been conducted to predict the PPV value (Dehghani
and Ataee-Pour 2011, Monjezi et al. 2011, Amnieh et al.
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2012, Faradonbeh et al. 2016).

The corner frequency is defined by the frequency at
which the high and low frequency trends intersect, which
can be used to describe the predominant frequency due to
blast vibration (Wyss et al. 1971, Sato and Hirasawa 1973).
When the corner frequency is close to the natural frequency
of the structure, it may produce resonant vibration, and the
blast vibration effects will be aggravated (Dargahi-Noubary
et al. 1998, Li et al. 2008). Related studies on corner
frequency focus on the analysis of field measurement data
(Yang et al. 2016). Several theoretical solutions are
proposed to predict corner frequency (Aldas 2010, Lu et al.
2013).

The new Badaling tunnel is excavated below the
Badaling Great Wall using the drilling and blast method.
The ground vibration caused by blast may produce negative
effects on the Great Wall. To assess the effects of the
imposed vibration on the Great Wall, the microseismic
monitoring technique is adopted to record the PPV and
corner frequency on the mountain surface. The recorded
PPV values caused by the current blast are lower than the
guide value (0.3 cm/s), and the measured corner frequencies
are larger than the natural frequencies of the Great Wall,
which will not lead to resonant vibration of the Great Wall.
Therefore, the vibration safety of the Great Wall due to the
current blast can be ensured. Moreover, some empirical
formulas are obtained by regression analysis, which can be
used to predict the PPV and the corner frequency of the
mountain surface due to blast inside the tunnel.

2. Project overview

The Beijing-Zhangjiakou high-speed railway project is
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Fig. 1 Layout and typical cross section of new Badaling tunnel (unit: m)
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Fig. 2 Geological profile of large-span tunnel

under construction between Beijing and Zhangjiakou in
China, of which the total length is approximately 174 km.
The project serves for the 2022 Winter Olympics to be held
in Beijing and Zhangjiakou. The Badaling tunnel, with a
length of 12.0 km (from DK59+260 to DK71+270), is the
longest tunnel project of the Beijing-Zhangjiakou high-
speed railway. The overburden depth of the Badaling tunnel
varies from 4 m to 432 m. The tunnel is excavated below
the Badaling Great Wall for two times (at DK67+370 and
DK67+025), which may bring negative impacts on the
historical wall. The tunnel near the Badaling station (from
DK67+815 to DK68+285) is composed of three types of the
tunnel: triple tunnels, large-span tunnel with different cross-
sections, and standard double-track single-tube tunnel (Fig.
1).

Fig. 2 shows the typical geological profile of the large-
span tunnel from DK68+285 to DK68+448. The rock mass

is generally intact with only 3-4 sets of joints largely
developed. The joint fractures are considerable. The tunnel
passes through a large fault and fracture zone (F2) and two
small faults and fracture zones (F1, F3), with abundant
groundwater.

The maximum height and span of the large-span tunnel
are 195 m and 32.7 m, respectively, of which the
excavation sequence is shown in Fig. 3. The thicknesses of
the primary and the secondary linings are 32 cm and 75 cm,
respectively. Table 1 lists the simplified relationship
between the rock mass quality of the Chinese classification
basic quality (BQ) system and the widely used quality (Q)
system (Zhang et al. 2013). Fig. 2 also shows the rock mass
classification of the large-span tunnel.
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Table 1 Relationship between BQ System and Q System

Class Class Class Class Class
ass 1 \%
Parameter  (very ( 013 d) (f];}r) ( {)\gr) (very
good) g P poor)
BQ >550 451~550 351~450 251~350 <250
Q > 40 10~40 4~10 1~40 <1
—

19.5

Fig. 3 Cross section of large—span tunnel (unit: m), the
circle number indicating excavation

3. On-site monitoring

Microseismic monitoring technique, as an advanced and
effective method for tunnel blast monitoring (Ye et al. 2013,
Ye et al. 2014, Ye et al. 2018), has been widely applied to
the monitoring of many tunnels (Grechka et al. 2015, Xiao
et al. 2016). In this section, the microseismic monitoring
scheme and related monitoring results of the large-span
tunnel of the Badaling tunnel project are illustrated.

3.1 Monitoring system

The microseismic monitoring system comprises
vibration transducers, data collectors, a fibre switch, a data
storage server and a data processing system. Fig. 4 shows
the network diagram of the microseismic monitoring
system. Table 2 lists the monitoring devices and related
performance parameters. Fibre switch is used to connect the
microseismic collector and the remote monitoring terminal
to achieve remote view and control.

Table 2 Monitoring devices and performance parameters

Device Type Parameter

Sampling rate: 2000 Hz;
Trigger precision: £1 ps at
all sample rates

Three—channel
data collector

Microseismic
data collector

Microseismic Three— Sensitivity: 200 V/m/s;
vibration component Target acceptance
transducer transducer frequency:4.5-1000 Hz

Data Collector Fiber Switch Data Storage Server ‘ Data Processing

LR} 1
il
t

Tunnel

Fig. 4 Microseismic monitoring system network

3.2 Microseismic measuring points on mountain
surface

A total of nine three-component transducers are installed
on the mountain surface, each of which is accompanied by a
three-channel data collector and a battery. The measuring
points are numbered from 1# to 9#, and the measuring
envelope is formed by taking 9# point at Dk68+365 as the
centre with an 80 m radius (Fig. 5). The surface
microseismic measuring holes are drilled at a depth of 2 m
from surface. The diameter of the borehole is about 100
mm. Figs. 6 and 7 show the field installation photos.
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Fig. 7 Data collector and battery

Table 3Monitoring data of 3 sets of blast

x-PPV y-PPV z-PPV

) R A Rock
IDMWPomt(m) (Hz) (em  (em  (cm <k9>2?2§§
/s) /s) /s)

1# 1416 0.03854 0.02424 0.03642
2% 1449 0.04911 0.03193 0.04476
3# 1336 0.06337 0.03894 0.04288
44 1185 0.04650 0.07474 0.04705

1-01 5% 989 61  0.037480.066940.07978 120 I
6# 137.4 0.04088 0.03023 0.02336
# 1325 0.04056 0.03856 0.02571
8# 112.9 0.07978 0.05417 0.06095
o# 982 0.07978 0.07978 0.07978
1% 104.2 0.02164 0.01700 0.01519
2# 103.9 0.01349 0.01469 0.01727
3 124.2 0.03312 0.02252 0.03124
4% 100.1 0.02160 0.04512 0.05387

2 04 54 761 100 0.03544004304 004169 220 I
64 94.8 0.02275 0.02844 0.01837
7# 768 0.06611 0.07978 0.03862
8# 734 0.06389 0.06338 0.04652
o# 88 0.05256 0.06596 0.07978
1% 1234 0.01567 0.01835 0.01361
2% 1244 0.01954 0.01482 0.01585
3# 1013 0.02800 0.02252 0.03162
4% 109.3 0.02644 0.03503 0.02735

3 055 54 83.6 94 0.023740.02655 0.02688 0 v
6# 113.3 0.02104 0.01688 0.01448
7# 855 0.03879 0.03333 0.03575
8# 80.6 0.05054 0.07978 0.06957
o9# 84.6 0.06254 0.03422 0.07978

3.3 Monitoring results
Based on the microseismic monitoring system,

parameters including PPV, blast charge (Q), distance from
the blast point to the mountain surface (R), corner frequency
(f.), and moment magnitude (Mw) can be obtained. The
microseismic monitoring results due to 53 times of blast
inside the large-span tunnel are collected and analyzed. The
number of times of blast under Class II, I, and 1V rock

mass conditions are 16, 18, and 19, respectively. Table 3
lists 3 sets of the microseismic monitoring data on the
surface obtained by blast in typical rock mass conditions.

4. Analysis of measured data of peak particle
velocity (PPV)

4.1 Sadovskii-formula regression analysis method

For evaluation and control of the seismic effect of
blasting operations, the most commonly used equation is
that of M.A. Sadovskii. Sadovskii’s equation defines the
alteration in the velocity of rock mass vibration depending
on the distance, the quantity of explosives, blasting
conditions and geological characteristics of the rock mass,
and it is determined based on trial blasting for a specific
work environment (Sadovskii 1973, Lutovac et al. 2018).
Thus in tunnel engineering, the results of field vibration
monitoring are usually analyzed based on the regression
analysis using the Sadovskii-formula, which is an empirical
formula derived by considering a significant amount of
measured data and using the similar law principle, that is

o) M

R

V=K-

where V is the vibration velocity of the particle (cm/s); Q is
the total blast charge (kg); R is the distance from the blast
point to the mountain surface (m); and the parameters K and
o. are related to the specific site conditions.

Eq. (1) can be transformed into Eq. (2), that is

InV=InK +«-In ﬁ 2)
R

Substituting Y=InV, b=InK, and X=In(Q*/R) into Eq.
(2), a linear Eqg. (3) can be obtained

Y=b+a-X 3

Based on a large amount of measured data, linear
regression analysis is used to obtain a linear relationship
between Y and X data. The parameters K and o can then be
obtained.

4.2 Analysis of PPV data measured on surface

The PPV has been reported as either the 'maximum
vector sum' (vector sum using maximum of each
component regardless of time), the ‘peak component
particle velocity' (the maximum value in any direction), or
the 'peak true resultant particle velocity' (summing the three
orthogonal components coincident with time) (Sharif 2000).
The maximum vector sum is now discouraged as it includes
an unknown factor of safety. The peak component particle
velocity is widely used for the assessment as the majority
guide values are expressed in this form (BS 7385: part 2,
1993). In this research, we use the peak true resultant
particle velocity to represent PPV for analysis.
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Fig. 9 Fitting curve between PPV and Q**/R

A total of 447 sets of PPV data were collected from the
53 times of blast inside the large-span tunnel. The fitting
curves between In(PPV) and In(Q**/R), and between PPV
and Q"*/R, obtained using the Sadovskii-formula regression
analysis method, are shown in Figs. 8 and 9, respectively.
More than 99.5 percent of measuring data is bounded by the
upper and lower bounds. The fitting parameters of the upper
bound, the lower bound, and the mean value curves are
shown in Table 4. The mean value formula can be used to
predict the PPV due to blast vibration.

5. Frequency analysis of blast vibration

The effects on the Great Wall induced by blast inside
tunnel should be evaluated considering the magnitude,
frequency and duration of recorded vibration. If the
resonant frequency of the Great Wall is close to the
excitation frequency, the dynamic magnification of the
structure may occur. In addition, a frequency-based
vibration criterion is commonly adopted to evaluate the
vibration effects.

5.1 Corner frequency of blast vibration

The blast signal is processed using microseismic
analysis software. The waveform diagram, time-frequency
analysis diagram, and spectrum analysis diagram of a
typical blast are shown in Fig. 10. The time duration of a
blast varies from 1.3 to 2.0 s. The frequency of a blast is in
the range of 20 to 80 Hz, of which the frequency of the
predominant pulse (corner frequency) is 60 Hz.

The distribution of the corner frequency of the 53 sets of
blast signal is shown in Fig. 11. The frequency ranges from
40 to 140 Hz, of which 75.1% sets of data are in the range
of 60-110 Hz.
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Table 4 Fitting results of PPV

Upper limit formula

Mean formula Lower limit formula

Linear fitting of Y and X Y=18-X+32

Y =18-X+1.85 Y =18-X+0.5

Fitting of PPV

PPV::2453{§§E} PPV::GBG{SggJ

PPV :1.65-(§J

Table 5 Prediction formula of corner frequency under different rock mass conditions

Rock mass class Values g Prediction formula of corner frequency
13000 R*?
Class II 13000 f.= In o
7-R 1.65-Q
12000 R'®
Class III 12000 f.= In G
7R (1.65-Q
10000 R*?
Class IV 10000 f.= In o
7R (1.65-Q
5.2 Analysis of influencing factors of corner frequency
The corner frequency generated by blast is closely fo o) | R'3
related to many factors, such as the distance between the c _ﬁ n 1.65-Q° ®)

monitoring point and the blast location (R), the total blast
charge (Q), and the propagation parameters of the rock
mass. To investigate the factors that influence the corner
frequency, we propose a new formula by combining the
formula proposed by Ricker (1977) and the Sadovskii
formula (1973), that is

Rafl/Z
fc = %In(—K _Ql/Sa (4)
where £ is the absorption factor of the rock mass. According
to the results of the previous calculation, the parameters

K=1.65 and o=1.8 are used. Accordingly, the corner
frequency equation can be rewritten as follows

150
4+ ClassI
Fitting curve
e Class I
Fitting curve
. = ClassIV
fitting curve

100 |-

Corner Frequency £, (Hz)

! I I I I
60 80 100 120 140 160 180 200 220 240

0 1

R (m)

Fig. 12 Relationship between R and f, under different rock
mass class conditions

The relationships between R and f, under different rock
mass conditions can be obtained by fitting the measured
data, which are shown in Fig. 12. The formulas of corner
frequencies under different rock mass conditions are shown
in Table 5.

6. Safety assessment of blast construction
6.1 Assessment of vibration velocity of the Great Walll

The safety assessment of the blast vibration of buildings
adjacent to tunnel should be based on simultaneous
consideration of the PPV and the corner frequency.
Moreover, considering the historic and sensitive buildings
near the blast construction, the PPV on the mountain
surface should be strictly controlled. Different countries
have employed different criterions of blast vibration to
protect historic and sensitive buildings (Dowding 1992, Lu
et al. 2012, GB6722-2014 2014), which are shown in Table
6.

According to the analysis of the measured data above,
the corner frequency due to blast is largely concentrated in
the range of 60-100 Hz, and the maximum PPV of the
surface is 0.15 cm/s. Referring to the Chinese standards
shown in Table 6, the measured values of PPV are clearly
lower than the allowable values, indicating that the tunnel
blast inside tunnel has minor effects on the Great Wall.
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Table 6 Safety standards of blasting vibration velocity for protecting building in several countries

section and a photo of the Great Wall are shown in Fig. 13.

N\

Country Protection type Safety standard of blasting vibration velocity (cm/s)
. L . <10 Hz 10 Hz~50 Hz 50 Hz~100 Hz
Ch Hist build
na ISTOre bulidings 0.1~0.2 0.2~0.3 0.3~0.5
. - <10 Hz 10Hz~50Hz 50 Hz~100 Hz
Germany Sensitive buildings 0.3~08 0.8~1.2
Switzerland Historic and sensitive older 10 Hz~60 Hz 60 Hz~90 Hz
buildings 0.8 0.8~1.2
. - <8Hz 8 Hz~25 Hz >25 Hz
India Older buildings 0.2 05 1
6.2 Assessment of resonance safety of the Great 12
wall | £
Resonance is the tendency of a mechanical system to 5 | = §
absorb more energy when the frequency of its oscillations ol Sl
matches the system's natural frequency of vibration than it E
does at other frequencies. It may cause violent swaying 2 2 | §
motions to the concerned structures. A sketch of the cross 2 |
I
|
I
I
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Fig. 13 Sketch of the cross section and photo of the Great
Wall (unit: m)
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Fig. 14 Recorded corner frequencies of blasting signal and
natural frequencies of the Great Wall

According to the Chinese code (GB/T50452-2008
2008), the Great Wall can be considered as a single-storey
masonry structure. The ith order natural frequency of the
Great Wall (f;)) can be expressed as follows

(oL
27H

where H is the height of the structure. The value of the
parameter y is 230 m/s, which is obtained by table lookup.
The values of the parameters A, A, and A5 of the structure,
which are also determined by table lookup, are 1.571,
4.712, and 7.854 respectively. Therefore, the first three
orders of the natural frequency of the Great Wall are 7.37,
22.11, and 36.86 Hz respectively.

The first three orders of natural frequencies of the Great
Wall and the recorded corner frequencies due to blast inside
tunnel are shown in Fig. 14. We can see the values of the
recorded frequencies are larger than the values of the first
three orders of natural frequencies of the Great Wall. This
means the blast inside tunnel will not cause resonance
problems.

Ay (6)

7. Conclusions

The new Badaling tunnel is excavated below the
Badaling Great Wall using the drilling and blast method.
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The vibration due to blast inside the tunnel is a source of
concern for the safety of the Great Wall. To assess the
effects of the imposed vibration on the Great Wall, the
microseismic monitoring technique is adopted to record the
PPV and corner frequency on the mountain surface.

The recorded PPV values are lower than the guide value
(0.3 cm/s) in the frequency range of the predominant pulse
(from 40 Hz to 140 Hz). Meanwhile, the measured corner
frequency of due to blast is larger than the natural
frequencies of the Great Wall, which will not lead to
resonant vibration of the Great Wall. Therefore, it is
concluded that the vibration safety of the Great Wall due to
blast can be ensured.

Based on the microseismic monitoring data from
mountain surface, a series of empirical formulas are
obtained by regression analysis, which can be used to
predict the PPV and the corner frequency of the mountain
surface due to blast inside the tunnel. The proposed
empirical formulas can be applied to determine the blast
charge when the blast is performed adjacent to concerned
structures.
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