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Numerous mountain highway tunnels in China do not satisfy the current traffic design standards and therefore need to be
rebuilt or expanded. The drilling-blasting method is the primary method employed in China for expanding mountain
highway tunnels, and it is crucial to monitor the vibrations caused by blasting. This study conducted a field investigation of
the vibrations caused by blasting during the expansion of Yujiaya tunnel, which was built in 1999. The blasting-induced
vibrations in the new and old concrete linings were monitored and analyzed during the expansion. The measured values of
the peak particle velocity (PPV) varied within the range of 0.097-8.246 cm/s. The attenuation law of the PPV was determined
via a regression analysis using Sadovsky’s empirical formula. The relationship between the main vibration frequency and the
distance from the blasting source was expressed as a power function. Finally, the safety distances of the concrete linings

subject to blasting vibrations were analyzed and discussed.

1. Introduction

In China, numerous old mountain highway tunnels have
undergone local collapse, water leakage, and lining
cracking, among other issues [1-5]. These highway tunnels
are in a subhealth state, have entered the “high mainte-
nance” management period, and do not satisfy current
traffic design standards; thus, they must be rebuilt or ex-
panded [6]. The drilling-blasting method is the primary
method employed in China for the construction of
mountain tunnels [7-9], where blasting control is the key
issue faced during the process of expanding old tunnels
[10-13]. During tunnel expansion and the construction
processes involved, blasting vibrations of different
strengths inevitably cause macroscopic damage or mi-
croscopic cumulative damage to underground structures or
adjacent buildings [14-18]. If the blasting control is not
reasonable, it may cause a continuous collapse of the old

concrete lining, introducing considerable difficulty to the
expansion of tunnels [19-22]. Therefore, it is important to
monitor blasting-induced vibration during the process of
expanding old tunnels for ensuring safety [23-26]. Several
studies have investigated the effects of underground en-
gineering blasting on adjacent structures (in terms of the
critical limit, dynamic response caused by blasting, etc.) via
field tests, numerical simulations, and model tests [27-31];
however, most of them focused on the linings of existing
tunnels, adjacent buildings, airport runways, and hydro-
power stations [32-36]. In the case of a wireless sensor
network, Lai et al. [37] investigated the effects of blast-
induced vibrations on the structure of the existing tunnel.
Feldgun et al. [14] proposed a comprehensive approach to
simulate an explosion occurring inside a buried axisym-
metric lined cavity. However, there have been few studies
on the effects of blasting vibrations caused by in situ ex-
pansion of highway tunnels, which require close attention.
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This study aimed to perform a field test to investigate the
vibrations caused by blasting during the in situ expansion of
the Yujiaya tunnel, which was built in 1999; it is the first in
situ expansion project conducted in the Shaanxi Province. In
this study, the vibration velocity and the main vibration
frequency in the new and old concrete linings were mea-
sured. The attenuation law of the peak particle velocity
(PPV) for the new and old concrete linings was analyzed.
The relationship between the main vibration frequency and
the distance to the blasting source was examined. Addi-
tionally, the safety distances of concrete linings subject to
blasting vibrations were investigated.

2. Project Background

Yujiaya tunnel is a single-hole tunnel located on the S309
line of the highway from Lueyang County to Kang County,
Shaanxi province, as shown in Figure 1. After complete
construction, it was opened to traffic on June 15, 1999. On
July 14, 2015, because the top lining concrete of the tunnel
partially collapsed, the tunnel was analyzed and tested in
detail to verify its quality status. As shown in Figure 2, the
test results indicated that Yujiaya tunnel had the following
damage: a partial collapse of the lining, cracks in the lining
and water leakage, an insufficient lining thickness and de-
fects, an insufficient lining strength, drainage system failure,
no lighting, no fire protection, safety facilities, and so forth.
Figure 3 presents cross-sectional views of the Yujiaya tunnel
before and after expansion. As shown, the height and width
of the old Yujiaya tunnel were 7.8 and 8.5 m, respectively. To
improve the traffic conditions, they were increased to 8.75
and 10.0 m, respectively, in the new Yujiaya tunnel. Figure 4
presents a longitudinal view of the Yujiaya tunnel and the
geological conditions. As shown, the Yujiaya tunnel was
approximately 518 m long (medium-long tunnel) with
mileage piles of K101 +850-K102+368. The geological
conditions for the Yujiaya tunnel are also presented in
Figure 4. As shown, the strata in the tunnel area were mainly
composed of phyllite rock, and the Yujiaya tunnel crossed
three fault fracture zones and limestone strata. The un-
confined compressive strength of the phyllite rock ranged
from 12.8 to 39.6 MPa.

The in situ expansion process of the tunnel is mainly
divided into two phases: demolition of the old lining
structure and excavation of local surrounding rock. The
old lining is demolished mainly via the cutting method
along with low-magnitude vibration and loose, weak
blasting. Moreover, the excavation of the surrounding
rock is mainly conducted via weak blasting, and me-
chanical machines can be used for this process. In the in
situ expansion, two and three rows of boreholes are
arranged around the rock in the upper and lower steps,
respectively, which are perimeter holes and auxiliary holes
from the outside to the inside, as shown in Figure 5. The
perimeter holes are spaced and uncoupled charge struc-
tures, whereas the auxiliary holes are continuous
uncoupled charge structures. A slight delay in blasting is
applied between each row of holes (different-colored holes
use different detonator segments). The detonator
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segments correspond tol,2, and 5, and the delay between
adjacent detonator segments is 100ms (determined
according to the blasting engineer’s experience). Thus,
layer-by-layer detonation is performed from the adjacent
free face to the outside, eliminating the stress wave su-
perposition effect caused by the explosion.

3. Field Monitoring Program

3.1. Monitoring Principle Using TC-4850. The blasting vi-
bration testing system was primarily composed of a signal
sensor (picker) and a data recorder. A three-vector vibration
sensor and a TC-4850 self-recording instrument (Chengdu
Zhongke Instrument Co., Ltd.) were used during the
monitoring process. The sensor converted the blasting vi-
bration signals to electrical signals, which were then con-
verted to digital signals through analog-to-digital conversion
via the self-recording instrument. Finally, the data recorder
was connected to the computer through a special data line
after the test, and the vibration signals were extracted,
stored, processed, and analyzed using the Blasting Vibration
Analysis software [38]. The test process is depicted in Fig-
ure 6. In the field test, the PPV and main vibration frequency
were monitored. The PPV and the main vibration frequency
were in the ranges of 0-35 cm/s and 0-10 kHz, respectively,
and their test accuracies were 0.0001 cm/s and 0.1 Hz,
respectively.

3.2. Monitoring Scheme and Layout of Test Points. The layout
of the monitoring points adhered to the following principles:
(1) the location and direction monitoring of the maximum
PPV; (2) real-time monitoring of the blasting vibrations; and
(3) observation of the attenuation law of the blasting vi-
brations. According to the foregoing monitoring principles
and the propagation law of blast stress waves, the monitoring
sections were arranged on both sidewalls of the new and old
sections of the Yujiaya tunnel. Two monitoring points were
set in each section. The monitoring points were determined
to be at the same height as that of the side walls: approxi-
mately 1.5 m above road level, at which it was convenient to
perform measurements. As shown in Figure 7, four moni-
toring points were arranged for each blasting process
denoted as C1, C2, C3, and C4.

The distances between the monitoring points on each
side and the blasting source were Ry, R,, R;, and Ry. A three-
vector sensor was installed at each monitoring point to
measure three vibration velocities: the horizontal radial
velocity Vx, horizontal tangential velocity Vy, and vertical
velocity V. Because the terrain at each monitoring point
was relatively flat and the height difference between adjacent
monitoring points was small, the influence of the height
difference on the propagation of the blasting stress wave
could be neglected in the field test.

4. Results and Discussion

4.1. PPV. In the field test, the vibration velocities in different
directions were measured. Figure 8 presents typical curves of
the measured vibration velocities (Vy, Vy, and V) in the
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FIGURE 2: Damage to Yujiaya tunnel: (a) partial collapse of the lining; (b) cracks in the lining; (c) leakage; (d) poor traffic conditions.

new concrete lining for one test. As shown, the peak vi-
bration velocities (PPVs) in the three directions were 0.197,
0.280, and 0.384 cm/s, respectively. To further study the
attenuation law of the peak vibration velocities caused by
blasting in the expansion of the Yujiaya tunnel, 10 field tests
were conducted during the construction process, and a large
amount of PPV data was collected, as shown in Table 1.
Many researchers have proposed prediction formulas for

blasting vibration, which are generally based on Sadovsky’s
empirical formula, and the parameters are revised and
perfected in actual blasting engineering. Additionally, for-
mulas for predicting the relationship among the PPV, tri-
nitrotoluene (TNT) weight, and safe distance were also
proposed in China and were incorporated into the Safety
regulations for blasting in China [39]. The PPV can be
predicted as follows:
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= K[PD] %,

1

(2)

where PPV represents the PPV (in cm/s); Q represents the
TNT weight (kg); R represents the linear distance from the
blasting source to monitoring points (m); K and « are pa-
rameters related to the blasting vibrations, which are
influenced by the rock characteristics, site conditions,
blasting methods, and so forth; and [PD] represents the
proportional distance (m/kg'").



6 Advances in Civil Engineering

0.30

~| Vx=0.197cm/s |

0.15

0.00

-0.15

Particle velocity in
X direction V (cm/s)

~0.30 i i i i i i
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time ¢ (s)

0'30 T T T T T T

0.15

0.00

-0.15

Particle velocity in
Y direction Vy (cm/s)

-0.30 [ PR T I R R
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time ¢ (s)

0'50 T T T T T T

V,=0.384cm/s|. .

0.25

0.00

-0.25

Particle velocity in
Z direction V, (cm/s)

_0.50 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time t (s)

FiGure 8: Typical curve of measured vibration velocities (Vy, Vy, and V) for the new concrete lining (in test 1, R,=110.8).

TaBLE 1: Measured PPVs in this case history.

. . . PPV of new concrete PPV of the old

Test TNT weight  Distance to blasting lining (cm/s) Distance to blasting source (m) concrete lining (cm/s)

number  per delay (kg) source (m)
Vx Vy Vz Vx Vy Vz

1 504 R,=20.3 7258 6.501  6.647 R3=29.6 4.572  6.875 5.006

R, =427 2904 2206 1.324 R,=110.8 0.197 0.280 0.384

) 273 R,=19.7 6.465 5.535 4.943 R5;=20.0 5701 8.246 5.476

Ry =52.6 1.346  0.640 1.674 Ry=74.2 0.375 1165 1.211

3 312 R,=22.7 4121 3194 3.030 R;=40.4 3307  3.641 2741

R;=44.0 1122 1.067 1.846 Ry=957 0.445 1.265 0915

4 273 R,=31.6 2100 2911 2120 R3=50.8 1.865 2.273 1978

R;=98.0 0.505 0.194 0.178 R4=70.9 1.996 1997 1.044

5 312 R,=489 1474 1826 0.807 R;=372 3.653 4919 2.007

R, =109.5 0.170  0.170  0.242 R4=70.8 0.403 1.824 1.189

6 273 R,=29.9 3.617 2.654 1.637 Ry=424 1.279  2.289 1.686

Ry =117.2 0.180 0.137 0.378 R,=101.5 0.359 0.804 0.840

7 312 R,=26.5 4181 2209 3.261 R;=553 1.666 2.851 1.798

R, =713 0.790  0.289  0.256 Ry=135.2 0.406 0.488 0.703

3 273 R,=36.2 1.272 2167 2122 R;=44.8 0.910 2.541 1.345

R, =79.2 0.649 0.292  0.323 R,=156.6 0.422  0.658 0.256

9 312 R,=28.4 1.840 2.492 1.715 R;=87.0 0.840 0.988 1.697

R,=78.6 0.294 0.693 0.867 Ry=114.2 0.206  0.740  0.193

10 273 R,=429 1.673 2195 0.730 R;=98.1 0.686 0.216 0.363

R;=140.4 0.159  0.097  0.409 R4=120.4 0.545 0.452 0.938
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According to the field test data for the blasting vibrations
in Table 1, the variations of the PPV with respect to the
proportional distance ([PD]) for the new and old concrete
linings were analyzed via regression analysis. Figures 9 and
10 present the variation of the PPV with respect to [PD] for
the new concrete lining and the old concrete lining, re-
spectively. As shown, the measured PPVs in the new and old
concrete linings of the Yujiaya tunnel decreased with an
increase in the proportional distance, indicating that the
PPV was higher for a larger TNT weight and lower for a
longer distance to the blasting source. Because the sur-
rounding rock structure of the new tunnel differed from that
of the old tunnel lining, the incident and reflection modes of
the stress wave were different, resulting in significant dif-
ferences in the PPV between the new and old concrete
linings. According to the regression analysis using equations
(1) and (2), the corresponding attenuation parameters K and
o of stress wave propagation were determined, and then the
empirical formula for the attenuation of the PPV in each
direction was obtained, as follows (as shown in Figures 9 and
10):

New concrete lining:

Vy =170.15 [PD] ¥, R*=0.82,
Vy =206.92 [PD] ", R*=0.79, (3)
V, = 68.69 [PD]"°*, R*=0.73.

Old concrete lining:
Vy = 12441 [PD] ", R*=0.78,
Vy =216.59 [PD] "%*,  R*> =0.84, (4)
vV, = 7432 [PD]"*°, R*=0.70.

Comparing the fitted curves in Figures 9 and 10 reveals
that the K value of the new concrete linings varied between
68 and 206 and that « varied greatly, ranging from 1.523 to
1.965. However, the K value of the old concrete linings
varied widely (between 74 and 216), and « varied from 1.359
to 1.623. Therefore, the PPV caused by blasting was at-
tenuated faster in the new concrete lining than in the old
concrete lining. In the case of the new concrete lining, when
the stress wave encounters a free surface, joint fissure, or
fault during the propagation process, it may be reflected and
refracted, which can result in energy loss of the stress wave
and rapid attenuation of the PPV. Additionally, because the
new tunnel excavation forms a circular cutting groove,
similar to the artificial damping belt, the blasting stress wave
cannot directly act on the primary support structure; rather,
it affects the primary support structure through the tunnel
floor and the vault diffraction at the monitoring points of the
new concrete linings. It was mainly affected by the stress in
the X and Y directions; thus, the PPV in the Z direction was
lower than that in the other directions for the new concrete
linings. Additionally, the correlation coefficients of the fit-
ting curves (R”) were relatively small, ranging from 0.70 to
0.84. This is explained as follows: the geological surrounding
rock conditions in the tunnel were complex, the blasting
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FIGURE 9: Variation of the PPV with respect to [PD] for the new
concrete lining.

conditions and environmental factors changed significantly,
and the difference between the installation position and the
height of the instrument may have led to an error in the
measurement of the PPV. However, overall, the attenuation
law of the PPV was consistent with Sadovsky’s empirical
formula.

4.2. Main Vibration Frequency. In many countries, the in-
fluence of the main vibration frequency of the blasting stress
wave is considered during the formulation of the Blasting
Safety Regulations. Previous studies indicated that the main
vibration frequency of blasting vibrations affects the damage to
buildings and structures [40-42]. The main vibration frequency
closer to the natural frequency of the buildings results in greater
damage to the buildings. A large amount of data for the main
vibration frequency induced by blasting in this case history was
collected, as shown in Table 2. Additionally, the distribution of
the measured main vibration frequency was analyzed for the
new and old concrete linings. As shown in Figures 11 and 12, the
measured main vibration frequency was divided into five in-
tervals: 0-30, 30-60, 60-90, 90-120, and >120 Hz. The main
vibration frequency in this case history was mainly distributed in
the range of 0-90 Hz (approximately 85% of the data). Figure 13
presents the variation of the main vibration frequency with
respect to the distance to the blasting source. As shown, the main
vibration frequency measured in the blasting was higher (be-
tween 11.72 and 147.45 Hz), but with the increasing distance to
the blasting source, the main vibration frequency decreased,
similar to the investigation results for the frequency variation
reported by Singh et al. [36, 43]. This confirms the accuracy of
the test results. Additionally, because the natural frequencies of
most ground structures are relatively low, it is more difficult for
high-frequency vibration to resonate with adjacent structures,
and the vibration does not damage buildings or structures. To
quantitatively evaluate the relationship between the main
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TaBLE 2: Observed main vibration frequency for the examined case history.
Main vibration Main vibration
Test TNT weight Distance to frequency of new Distance to blasting source (m) frequency of old
number per delay (kg) blasting source (m)  concrete lining (Hz) § sou concrete lining (Hz)
Fx Fy Fy Fx Fy Fy
1 504 R,=20.3 45.62 11714  89.65 R3=29.6 12325 9395 113.28
’ R, =427 40.25  23.53 18.90 R,=110.8 11.72 2343 2345
) 273 R,=19.7 119.61 127.97 64.52 R3=20.0 118.60 83.32 108.76
' R;=52.6 27.35 3587  54.60 Ry=74.2 3745  27.62 18.55
3 312 R,=227 62.55 112.36 108.42 R;=40.4 28.98 127.65 105.26
’ Ry =44.0 44.68 50.29  72.68 R4=95.7 2292 6930 2015
4 273 R,=31.6 75.69  67.45  25.68 R3=50.8 87.82  65.05  49.60
' R;=98.0 35.89  20.58  26.50 R,=70.9 17.87 3565  28.37
5 312 R,=489 56.67  69.85  29.62 R3=37.2 122.05 78.62  60.25
' R;=109.5 29.68 2546  19.60 R4=70.8 35.80 42.68  39.07
6 273 R,=299 39.83 6779 130.34 R3;=424 55.54  65.06 46.58
' R,=117.2 19.62  15.67 2218 R4=101.5 2215  32.58  28.40
7 312 R,=26.5 127.65 86.20 147.45 R3=553 78.52  65.43  45.09
’ R, =713 38.66 42.18 19.57 R4=135.2 1256 2411 19.50
3 273 R,=36.2 83.34  69.22  74.05 R;=4438 85.62  76.53  55.45
' R;=79.2 23.80 56.49  79.52 R,=156.6 13.68 1798  26.80
9 312 R,=284 112.36  56.26  78.32 R;=87.0 25.68 102.60 39.86
’ R, =78.6 4232 6524  25.60 R4=114.2 25.64 2230  32.05
10 273 R,=429 57.29  61.07 87.00 R;=981 72.58  45.62  19.82
' R;=1404 17.85 24.68  20.55 R,=120.4 4226  22.80  21.09

vibration frequency and the distance to the blasting source, a
regression analysis of the observed data was performed, which
indicated that a power function (y =2018x %, R*=0.77) may
be reasonable, as shown in Figure 13.

4.3. Discussion on Safety Distance of Concrete Linings. In this
study, the PPVs at different distances from the blasting

source were determined via the field test. However, the PPV's
close to the blasting source could not be monitored, owing to
safety considerations. Therefore, the PPVs at different dis-
tances from the blasting source were calculated using
equation (4). Figure 14 presents the variation of the PPV in
different directions with respect to the distance from the
blasting source for the concrete lining. The PPV curve is
based on equation (4). As shown, for the TNT weight of
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Qumax = 50.4 kg, if the PPV is >20 cm/s, damage may be in-
duced to the concrete lining, and the safety distance for the
case of 10 < Vx <20 cm/s is 16-24 m. The safety distances for
the cases of 10<Vy<20cm/s and 10<V,<20cm/s are
12-18 and 10-17 m, respectively. The obtained safety dis-
tances are valuable references for similar tunnel construction
projects.

5. Conclusions

At present, several old mountain highway tunnels in China
need to be rebuilt or expanded because of the declining
health of concrete linings and the growing traffic demands. It
is important to monitor the vibrations caused by blasting to
avoid the continuous collapse of the old concrete lining
during the expansion of old mountain highway tunnels. In
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FIGURE 13: Variation of the main vibration frequency with respect
to the distance to the blasting source.
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FIGURE 14: Variation of the PPV with respect to the distance from
the blasting source for the concrete lining.

this study, a case history of the expansion of the Yujiaya
tunnel, located in Shaanxi Province and constructed in 1999,
was analyzed. During the expansion process, the blasting-
induced vibrations in the new and old concrete linings were
monitored. The results indicated that the measured values of
the PPV varied within the range of 0.097-8.246 cm/s. By
performing a regression analysis with Sadovsky’s empirical
formula, the attenuation law of the PPV was determined. A
power function was established to quantitatively evaluate the
relationship between the main vibration frequency and the
distance to the blasting source. The results indicated that the
safety distance of concrete linings for the case of
10 < Vx <20 cm/s is 16-24 m, and the safety distances for the
two cases of 10<Vy<20cm/s and 10<V,<20cm/s are
12-18 and 10-17 m, respectively.
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