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There have been civil disputes and complaints regarding the negative effects of blasting vibration on buildings around the blasting
site. By considering the effect of blasting vibration on a human body as a process of energy transfer and conversion, the human
body absorbed blasting vibration energy (ABVE) index has been developed for comfort evaluation. Using dynamic monitoring
and theoretical analysis, the elevation amplification effect and selective amplification effect on different frequency components of
the ABVE have been investigated. The elevation amplification factor and selective amplification coefficients on different frequency
components of the ABVE index for a typical 4-storey brick and concrete building have been determined. Based on the results,
the magnitude and frequency components of the ABVE index in different parts especially in different storeys for the typical
building have been determined. According to the characteristics of human body’s response to vibrations of different frequencies,
the frequency-based weighting method of ABVE index has been simplified. By calculating the combined effect of vibrations from
all directions, the total human body ABVE and its frequency components at different floors of the building can be determined
accurately. This can be used to evaluate the human body comfort against blasting vibration at different floors.

1. Introduction

In recent years, with more projects in hydropower, railway,
highway, and urban construction, there is more blasting
near residences and businesses. As such, the number of civil
disputes, complaints and lawsuits induced by the blasting has
been increasing [1, 2]. Many studies have shown that human
body is sensitive to the blasting vibrations. The sensitivity
of human body is more than 10 times greater than that of
buildings [3, 4]. At present, when blasting operations are
conducted near residential areas, attention tends to be paid
only to the impact of blasting vibrations on the safety of
buildings [5, 6]. The vibration strength which meets the
vibration comfort requirement is less than the safety limit for
cosmetic cradling.Hence, the complaints anddisputes cannot
be solved from the perspective of structural safety [7]. Rather
than safety, the problem is a typical issue of comfort that
needs to resolve the annoyance, anxiety, and even complaints
of residents, which are mainly caused by annoyance effects of

blasting activities, fear of building damage, and disturbance
effects [7, 8]. In recent years, blasting vibration comfort has
become a research topic in United States, Canada, United
Kingdom, Australia, and India [9–13]. The problem, as many
researchers put it, has transferred from limiting structural
damage to reducing lawsuits. The sensitivity of people to
vibration is an important area and a new research topic in
studying blasting vibration [14, 15].

There are many factors that affect the reaction of people
to blasting vibration. The main factors are the amplitude,
frequency, and duration of blasting vibration [16–18]. Cur-
rently, the widely used indices for the evaluation of the
blasting vibration comfort are the blasting vibration peak
intensity in United States, Canada, United Kingdom, and
Australia, maximum weighted vibration intensity (KB𝐹max)
in Germany, quadric vibration dose value (VDV) interna-
tionally, and annoyance rate index in China [18]. While the
blasting vibration peak intensity is easy to understand and to
determine, it neglects the effects of frequency and duration

Hindawi
Shock and Vibration
Volume 2017, Article ID 9567657, 12 pages
https://doi.org/10.1155/2017/9567657

https://doi.org/10.1155/2017/9567657


2 Shock and Vibration

of the blasting vibration. The maximum weighted vibration
intensity, KB𝐹max, is the weighted peak vibration velocity
by frequency [19]. In order to calculate the VDV index,
the monitored blasting vibration velocity data needs to be
converted into acceleration through mathematic approach,
which likely imports some calculating errors [20–22]. The
comfort evaluation index of annoyance rate proposed by
Song [23] is more complicated and is still in doubt with
respect to its applicability to the transient vibration.

For different comfort evaluation methods, the comfort
evaluation criteria are also different. Reference [24] suggests
that the peak particle velocity (PPV) should not be greater
than 10mm/s, and, for PPV > 5mm/s, it should be limited
to 5% probability. For long-term blasting vibration, PPV
should be lower than 2mm/s. Zhang et al. [25] developed
the humanization control indexes for blasting vibration. The
thresholds for the ground sensible vibration and the psy-
chologically acceptable vibration are 0.7mm/s and 5mm/s,
respectively. Yu [26] studied the reaction of a multistorey
building and the people inside the building to the blasting
vibration. He developed the vibration control indexes for
day time, which are 3mm/s (<10Hz), 3–5mm/s (10–50Hz),
and 5–7mm/s (>50Hz). Li and Deng [27] evaluated the
effects of blasting vibration on human comfort. They found
that, for KB𝐹max < 3.0, the peak vibration velocity is<5mm/s. At this level, the blasting vibration does not annoy
humans. Wu et al. [28] used the blasting monitoring data
and found that the negative impact of blasting vibration
is lowest and the harmonic production can be achieved
when the acceleration is less than 110 dB. By analyzing the
wavelet analysis energy evaluation index E𝑘 and combining
it with engineering practice, Chen et al. [29] developed
the comfort evaluation method. Currently, there are various
blasting vibration comfort indexes and standards and the
difference between them is large. Hence, it can be concluded
that different blasting vibration comfort evaluation methods
and standards are different and, sometimes, the evaluation
results are even the opposite [18].

As high-rise buildings exhibit dynamic responses to
blasting vibration, people inside buildings, especially high-
rise buildings, are affected by the energy and frequency of the
blasting vibration. Yu [26] monitored the vibration response
at different buildings and at different heights. He found
that with low frequencies of blasting vibration, high-rise
buildings can produce large vibration amplification effect.
On the other hand, with frequencies much higher than the
natural frequency of the building, the vibration amplification
with the floor is not increased easily. Y. Zhang and Y. Zhang
[30] monitored and numerically simulated the vibration
velocity of buildings located above tunnels. They found that
the peak vibration velocity showed significant amplification
effect which increases with building height. Wang et al.
[31] carried out field tests and numerical simulation stud-
ies on the dynamic response of framed buildings under
blasting vibration. They found that the vibration velocity
was amplified significantly when the natural frequency of
the building was close to that of the blasting vibration.
Wierschem et al. [32] validated the efficacy of a proposed
passive nonlinear mitigation system to rapidly and efficiently

attenuate the global structural response. Currently, research
on the amplification effect has been used to evaluate the safety
of buildings. However, there is little research on the effect of
blasting vibration energy on human comfort in multistorey
buildings. The mentioned comfort evaluation methods, such
as the blasting vibration peak intensity, maximum weighted
vibration intensity KB𝐹max, and quadratic VDV, are those on
the ground. Hence, sometimes when an evaluation gives a
comfort conclusion, it does not fully reflect human comfort
in the actual situation.

In this study, first, the human absorbed blasting vibration
energy (ABVE) index on the comfort evaluation has been
developed. Through analysis of a typical 4-storey brick and
concrete building and human vibration characteristics, the
elevation amplification effects onABVE and frequency-based
quantitative influence coefficients have been determined. By
correcting the ABVE evaluation index quantitatively, the
total blasting vibration energy and frequency components
received by people at different floors have been accurately
determined. As compared to the traditional evaluationmeth-
ods, the method developed in this study is more accurate
and more objective in the evaluation of the blasting vibration
comfort.

2. Absorbed Blasting Vibration Energy (ABVE)

Thehuman body is not only affected by the blasting vibration
intensity but also by the vibration frequency, duration, and
other dynamic factors. In this study, the effect of blasting
vibration on people is considered as an energy transfer and
conversion. Blasting is an energy source, blasting seismic
waves can be considered as energy carriers, and a human
body inside a building can be treated as an energy acceptor.
The final reaction of a human body can be seen as the
reaction results of the receptor. Under certain input and
deformation conditions, the body can be regarded as a linear
system. A linear parameter centralized system can be used
to approximate a vibration system consisting of lifeless mass,
flexible and damping elements. Different body parts have
their natural vibration frequency. When the blasting seismic
waves are transmitted to the floor or seats that are in contact
with the body, the vibration energy is transferred into the
body, and the energy is transmitted along the body. Energy
transfer and conversion concepts can be used to evaluate
the vibration response of the human body, which is referred
to as the “absorbed blasting vibration energy (ABVE)” [33].
The ABVE can be used as a parameter to characterize the
interaction between humans and the vibration environment.
Based on the assumptions of human energy transmission
and absorption, the absorbed blasting vibration energy per
unit time can be described as power, and the mechanical
simulation of power can be described as work. As absorbed
energy is a measure of the dissipated energy input by the
vibration, the absorbed energy by the body during time𝑇 can
be expressed as follows:

𝐸 = ∫𝑇
0

𝐹 (𝑡) ⋅ 𝑉 (𝑡) 𝑑𝑡, (1)

where E is the absorbed energy by the body; 𝐹(𝑡) is a function
of the input force; and 𝑉(𝑡) is a function of the input speed.
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Figure 1: The vibration monitoring points.

ABVE index is a scalar that has a definite physical mean-
ing and is suitable for periodic and random vibration inputs.
The vibrating kinetic energy is considered for evaluating BV
comfort [34]. Assuming that the mass is denoted by Δ𝑚, the
absorbed energy at time t is determined by

𝐸 = 12Δ𝑚V2 (𝑡) , (2)

where E represents the BV energy and V(𝑡) is the BV velocity.
Equation (2) can be rewritten as

𝐸 = V2 (𝑡) . (3)

Therefore, ABVE at time t can be expressed by the square
of the corresponding velocity. With integration, the absorbed
energy during a certain period can be determined by

𝐸𝑇 = ∫𝑡2
𝑡1

V2 (𝑡) 𝑑𝑡, (4)

where 𝐸𝑇 represents the absorbed energy during a certain
period and 𝑡1 and 𝑡2 are the starting time and ending time,
respectively.

Since the monitored BV velocities are discrete digital
signals, (4) can be rewritten as

𝐸 = (𝑖=𝑛∑
𝑖=1

V2 (𝑡𝑖)) ∗ Δ𝑡, (5)

where V(𝑡𝑖) is the discrete digital signal of BV velocity, 𝑛 is the
total number of samples, and Δ𝑡 is the sampling interval.

The total blasting vibration energy 𝐸 accounts for the
change in energy over time without including the effect of
frequency. The power spectral density PSD(𝑓) can describe

the relative magnitude of the harmonic component energy
within a certain frequency range. Based on the spectral
analysis on the blasting vibration velocity, different frequency
bands 𝑓𝑖 and the corresponding power spectral density PSD𝑖
can be determined. Then, the ratio of the energy in any one
of the frequency bands (𝑓𝑚 ≤ 𝑓 < 𝑓𝑛) to the total energy is

𝑃𝐸𝑓 = ∑𝑛−1𝑖=𝑚 PSD𝑖∑PSD𝑖
, (6)

where 𝑃𝐸𝑓 is the proportion of the energy within the fre-
quency range 𝑓𝑚 ≤ 𝑓 < 𝑓𝑛 in the total energy.

After determining the blasting vibration energy and the
spectral analysis of the blasting vibration signal, the entire
frequency domain has been segmented. Combining (5), (6),
and (7), the energy ratio and magnitude in each frequency
band and the total absorbed blasting vibration energy can be
determined.

𝐸𝑓 = 𝑃𝐸𝑓 ⋅ 𝐸. (7)

3. Dynamic Response Characteristics
of Multistorey Buildings to Blasting
Vibration Load

Buildings respond to blasting vibration dynamically. To accu-
rately determine the blasting vibration energy received by a
human body in different parts of a building, it is necessary to
ascertain the dynamic response of the building. To gain fur-
ther quantitative understanding of the amplification effect of
the building floor elevation on the blasting vibration energy,
response of a four-storey brick and concrete building has
beenmonitored. Figure 1 shows that the vibrationmonitoring
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Table 1: The amplification factor of the absorbed blasting vibration energy at each floor.

Floor Amplification factor 𝛾𝐸
Horizontal radial Horizontal tangential Vertical direction

Foundation 1 1 1
Second floor 1.9 1.3 1.23
Third floor 2.2 1.7 1.81
Fourth floor 2.8 2.3 2.61
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Figure 2: The typical blasting vibration waveforms at each floor.

points of #1∼#4 are at the building foundation (first floor),
second floor, third floor, and fourth floor, respectively. There
are 20 groups of blasting vibration velocity monitoring data.
Figure 2 shows typical blasting vibration waveforms at each
floor.This is an indication that the building has responded to
the blasting vibration. There is also more blasting vibration
energy at the higher floor. According to a statistical analysis
of the 20 groups of data, Figure 3 shows the amplification
of the peak particle velocity. It can be seen that the peak
velocity fluctuates in each direction. Using the calculation
method for the ABVE index in Section 2, the total blasting
vibration energy at all the floors in all the directions has
been determined. Figure 4 and Table 1 show the amplification
factor of the ABVE at each floor, which means the ratio of
ABVE of each layer to the ABVE of the foundation layer.
It can be seen that the amplification is greater at the higher
floor. This suggests that the people at the higher floor will
absorbmore blasting vibration energy than those at the lower
floor. Based on the monitoring data, the quantitative energy
amplification factors of each floor in the 4-storey brick-
concrete building have been determined, as shown in Table 1.

4. Building Response to Different Frequency
Components of Blasting Vibration Energy

4.1. Selected Amplification Effect of Buildings on Different
Frequency Components of Blasting Vibration Energy. Due to
the complexity of the blasting vibration frequency compo-
nents and the vibration characteristics of buildings, there is
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Figure 3: The amplification of the peak particle velocity.
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Figure 4: The amplification factor of the blasting vibration energy
at each floor.

a selective amplification of the blasting vibration wave by
the buildings. Blasting earthquakes contain many frequency
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Figure 5: The forced vibration model of a single degree of freedom
system with damping.

components, which can be considered as superpositions of
sine or cosine functions of different frequencies. Further, the
building response to seismic blasting can be considered as
a superposition of vibration excitation responses of differ-
ent frequency components. When blasting vibration wave
enters the structure, the structure amplifies certain frequency
components, which are close to or the same as the natural
frequency of the structure and component of the structure,
and allows them to pass through. For the other frequency
components which are not close to the natural frequency of
the structure, they are filtered out or suppressed [35, 36].

The building response to different frequency components
of blasting vibration can be studied by forced vibration of
a single degree of freedom system with linear damping.
Blasting seismic wavemay be considered as the superposition
of a series of sine waves.

𝐴 (𝑡) = 𝑛∑
𝑖=1

𝐴 𝑖 sin (𝜔𝑖𝑡 + 𝜑𝑖) , (8)

where 𝐴 𝑖 is the amplitude of 𝑖th sine wave component, 𝜔𝑖 is
the circular frequency of 𝑖th sine wave component, and 𝜑𝑖 is
the first phase of 𝑖th sine wave component.

Assume that there is a component in the blasting seismic
wave with its acceleration being

𝑎𝑖 = 𝑎 sin𝜔𝑖𝑡, (9)

where 𝑎 is the amplitude of the acceleration and 𝜔𝑖 is the
angular velocity of the sine wave component.

To simplify the calculations, the structural system has
been assumed to have only a single degree of freedom. The
forced vibration model of a single degree of freedom system
with damping is shown in Figure 5.

In a single degree of freedom system, the equivalent
compulsion force on the system is

𝐹 = 𝐹𝑖 sin𝜔𝑖 (𝑡) , (10)

where 𝐹𝑖 = −𝑚𝑎. The dynamic equation is

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 𝐹𝑖 sin𝜔𝑖 (𝑡) , (11)

where 𝑚, 𝑐, and 𝑘 are mass, viscous damping coefficient,
and stiffness of the system, respectively; 𝑥 is the structural
displacement; �̇� is the structural vibration velocity; and �̈� is
the acceleration of the structural vibration.

Then,

�̈� + 2𝜁0𝜔0�̇� + 𝜔02𝑥 = 𝐹𝑖𝑚 sin𝜔𝑖 (𝑡) , (12)

where 𝜔0 = √𝑘/𝑚 is the natural frequency of the system and𝜁0 = 𝑐/2𝑚𝜔0 is the damping ratio of the system.
Since the external load (𝐹𝑖/𝑚) sin𝜔𝑖𝑡 changes harmoni-

cally, a particular solution of the equation can be assumed as

𝑥 = 𝑁1 sin𝜔𝑖𝑡 + 𝑁2 cos𝜔𝑖𝑡, (13)

where N1 and N2 are the undetermined coefficients.
Selecting appropriate N1 and N2, we have

[(𝜔20 − 𝜔2𝑖 )𝑁1 − 2𝜁0𝜔𝑖𝜔0𝑁2 − 𝐹𝑖𝑚] sin𝜔𝑖𝑡
+ [(𝜔20 − 𝜔2𝑖 )𝑁2 − 2𝜁0𝜔𝑖𝜔0𝑁1] cos𝜔𝑖𝑡 = 0.

(14)

Since sin𝜔𝑖𝑡 and cos𝜔𝑖𝑡 alternate between −1 and 1, there
are

(𝜔20 − 𝜔2𝑖 )𝑁1 − 2𝜁0𝜔𝑖𝜔0𝑁2 − 𝐹𝑖𝑚 = 0,
(𝜔20 − 𝜔2𝑖 )𝑁2 + 2𝜁0𝜔𝑖𝜔0𝑁1 = 0.

(15)

Then,

𝑁1 = 𝐹𝑖𝑚𝑔 𝜔20 − 𝜔2𝑖(𝜔20𝜔2𝑖 )2 + 4𝜁0𝜔2𝑖 𝜔20 ,

𝑁2 = 𝐹𝑖𝑚𝑔 −2𝜁0𝜔𝑖𝜔0(𝜔20𝜔2𝑖 )2 + 4𝜁0𝜔2𝑖 𝜔20 .
(16)

Assume

𝑁1 = 𝐴 cos𝜑,
𝑁2 = −𝐴 sin𝜑. (17)

Use constants 𝐴 and 𝜑 to substitute N1 and N2; then

𝐴 = √𝑁21 + 𝑁22
= 𝑥𝑔 1

√(1 − 𝜔2𝑖 /𝜔20)2 + 4𝜁20 (𝜔2𝑖 /𝜔20)
,

tan𝜑 = −𝑁2𝑁1 = 2𝜁0 (𝜔𝑖/𝜔0)
1 − (𝜔𝑖/𝜔0)2 ,

(18)

where 𝑥 is the static displacement under the effect of dynamic
load amplitude 𝐹.

By defining that 𝑓0 is the natural frequency of the struc-
ture, 𝑓𝑖 is the excitation frequency of the blasting vibration
component, and 𝜆 = 𝑓𝑖/𝑓0 under the effect of blasting
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Figure 6: Amplitude frequency characteristic curve of a single free
system (the damping is 0.05, 0.1, 0.15, and 0.2 from top to bottom
according to the peak value).

vibration load component 𝐹𝑖 sin𝜔𝑖𝑡, the displacement ampli-
fication factor of the structure is [37]

𝛽 = 𝐴𝑥 = 1
√(1 − 𝑓2𝑖 /𝑓20 )2 + 4𝜁20 (𝑓2𝑖 /𝑓20 )

= 1
√(1 − 𝜆2)2 + 4𝜁20𝜆2

.
(19)

From (19), the dynamic amplification factor 𝛽 is relevant
not only to the frequency ratio 𝜆 but also to the structural
damping ratio 𝜁0. For different values of 𝜁0, the relationship
between the dynamic amplification factor and the frequency
ratio can be determined, as shown in Figure 6. The damping
ratio, 𝜁0, of real-life engineering structures is typically small,
from 0.02 to 0.1 [37].

As can be seen in Figure 6, under harmonic excitation, the
displacement amplification factor of the building is entirely
determined by the frequency of the harmonic force, natural
frequency of the building (structure), and the damping ratio.
When the excitation frequency is close to the natural fre-
quency of the structure, if the damping ratio of the structure
is small, the vibration response amplification factor is large.
Otherwise, the amplification factor is small. For different
damping ratios, when 𝛾 = 1, the system displacement
amplification factor is largest. Under this condition, the
amplification factor reaches its maximum, which is affected
by the damping ratio. When the frequency ratio is not equal
to 1, that is, the excitation frequency is not close to the natural
frequency, the displacement amplification factor is small.
When the excitation frequency shifts to lower frequency, the
amplification factor approaches to 1; while the excitation fre-
quency shifts to higher frequency, amplification factor drops
rapidly and approaches 0. When the excitation frequency is
twice the natural frequency, the displacement amplification
factor is about 0.3. For systems with high frequencies, the
damping ratio has little effect on the amplification factor.

The blasting vibration can be considered as the super-
position of harmonic waves of different frequencies. If these
harmonic components are considered separately, based on
the discussion on the single degree of freedom system, when
they are acting on the same building but with different
frequencies, the corresponding displacement amplification
factors are also different. Only the harmonic components

0.5 1 1.5 20
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E

Figure 7: The energy frequency characteristic curve of a single
degree freedom system (the damping is 0.05, 0.1, 0.15, and 0.2 from
top to bottom according to the peak value).

close to the natural frequency of building have the maximum
amplification. The harmonic components with relatively low
frequencies can substantially maintain their amplitudes. On
the other hand, the harmonic components with frequencies
higher than the natural frequency of the building may
be weakened. The response characteristics of buildings to
different harmonic components can therefore be understood
by selecting an amplification effect on the energy components
with different frequencies in the blasting seismic waves.

Express the blasting vibration harmonic component as

𝑢 = 𝐴 sin𝜔𝑡, (20)

where 𝑢 is the displacement;𝐴 is the displacement amplitude;
and 𝜔 is the circular frequency. The speed history can be
expressed as

V = 𝐴𝜔 cos𝜔𝑡. (21)

According to the definition of (4), the blasting vibration
energy is

𝐸 = (𝐴𝜔)2 cos2𝜔𝑡. (22)

The relationship between the energy amplitude and the
displacement amplitude is

𝐸𝐴 = (𝐴𝜔)2 . (23)

Combining (23) with (19), the energy amplification factor
becomes

𝛽𝐸 = 1
(1 − 𝛾2)2 + (2ℎ𝛾)2 . (24)

Similar to the displacement amplification factor, using
(24), the energy frequency characteristic curve of a single
degree freedom system has been determined, as shown in
Figure 7.

As shown in Figure 7, for 𝛾 = 1, the extreme values
of the energy amplification factor are 100, 25, 11.1, and 6.25.
The effects of the damping ratios on the amplification factors
are significant. For a blasting vibration process with many
frequency components, when the structural damping ratio,ℎ = 0.1, is applied to the structure, the energy component
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Table 2: The natural frequency of common buildings.

Building
categories

Structure
type Building type

Building
storey
number

Natural
vibration
period (s)

Natural
vibration
frequency

(Hz)

Civil

Brick
concrete
structure

Civil house 1∼2 0.1∼0.2 5.0∼10.0
Office 3 0.34 2.9

Dormitory 3 0.25 4.0
Dormitory 4∼7 0.36∼0.60 1.7∼2.8

Frame shear
structure

Cast-in situ concrete structure 11 0.51 2.0
Precast fabricated concrete 13 0.53 1.9

Residential building 12∼13 0.65∼0.75 1.3∼1.5

with frequencies that are close to the natural frequency of
the structure are amplified 25 times. On the other hand,
those with lower frequencies remain essentially unchanged
and those with higher frequencies are suppressed. Therefore,
due to the structural response, the relative proportions of
vibration energy have been changed significantly. The energy
component with frequencies that are close to the natural
frequency of the structure becomes very prominent.

For harmonic components in the blasting vibration, when
the amplitude is the same, only the harmonic energy with
frequency close to the natural frequency of the building can
be amplified to the maximum extent. Due to the selected
amplification effect of the building to different energy com-
ponents, the blasting vibration becomes very sensitive when
its frequencies are close to the natural frequency. Based
on the blasting comfort analysis of the blasting vibration
characteristics and the dynamic properties of buildings, the
sensitive frequency band has been determined, which is
5–80Hz.

4.2. Frequency-Weighted Absorbed Blasting Vibration Energy
in Buildings. Define the weight of the blasting vibration
energy of each frequency as 𝑝𝐸𝑖 , which can be determined
using (6). Further, the weight of the blasting vibration energy
components of each frequency affected by the building is
defined as 𝛽𝐸𝑖 , which can be determined using the energy
amplification factors in (24). Then, the participating weight𝛼𝐸𝑖 accounts for the effects of energy in various frequencies
on the building, which can be determined as follows:

𝛽𝐸𝑖 = 1
(1 − 𝛾𝑖2)2 + (2ℎ𝛾𝑖)2 ,

𝛼𝐸𝑖 = 𝛽𝐸𝑖∑𝛽𝐸𝑖 ,
(25)

where 𝛽𝐸𝑖 is the energy amplification factor of each frequency
band; 𝛾𝑖 = 𝑓𝑖/𝑓𝑛 is frequency ratio;𝑓𝑛 is the natural frequency
of the building; and ℎ is the damping ratio of the building.

From (25), the amplification factor 𝛽 is the structural
energy response factor under the effect of blasting vibration.
From (25), the structural vibration energy response factor is
closely related to the natural frequency and damping ratio of

the building. When the excitation frequency of the blasting
vibration is close to the natural frequency of the building, the
damping ratio of the building is small, and the corresponding
vibration energy response factor is large; that is, the vibration
response is large. Otherwise, the vibration response is small.
Thus, according to the structural vibration energy response
factor, the energy response factor of each frequency band
under the effect of blasting vibration can be determined.

According to composition of blasting vibration energy
and the effects of energy with different frequency bands on
the building, the frequency of vibration energy is weighted.
This energy-weighted value is known as the frequency-
weighted absorbed blasting vibration energy of the building.

𝐸𝑓𝑖 = 𝐸𝑖 ⋅ 𝛾𝐸𝑖 ⋅ 𝑝𝐸𝑖 ⋅ 𝛼𝐸𝑖 , (26)

where 𝐸𝑓𝑖 is the 𝑖th frequency band-weighted response
energy, 𝐸𝑖 is the blasting vibration energy of each band on
the foundation, 𝛾𝐸𝑖 is the elevation amplification factor of the
building, 𝑝𝐸𝑖 is the proportion of the energy of 𝑖th frequency
band 𝑓𝑖, and 𝛼𝐸𝑖 is the weight of the 𝑖th frequency band that
has been affected by the building.

By summing up the frequency-weighted response energy
of each band, the frequency-weighted blasting vibration
energy of the building under the effect of blasting vibration
can be determined. With the frequency-weighted blasting
vibration energy, it does reflect not only the effects of the three
elements of the blasting vibration but also the response of
inherent characteristics of the building to blasting vibration
energy. In this study, the structural damping ratio is ℎ =0.05. The natural frequency of buildings is generally less
than 10Hz, and the building only has amplification effect for
certain frequency components. Hence, the entire frequency
range has been divided into several frequency bands, and
the weight corresponding to each band has been determined
based on the natural frequency of the building.

This study focuses on the open-air blasting at ground-
level structures by an explosive source. As shown in Table 2,
the natural frequency of common buildings is mainly within
1∼10Hz. For a given building, in addition to the natural
frequency listed in Table 2, there are higher order natural
frequencies. Thus, 10Hz has been taken as the reference
natural frequency of the building.
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Figure 9: The corrected energy amplification factors.

Table 3: The energy weighting factor for each frequency band.

Sequence number 1 2 3 4 5
Frequency band (Hz) 0∼10 10∼20 20∼40 40∼80 >80
Energy amplification factor 100 75 37.5 25 0
Weighting factor 𝛼𝐸𝑖 0.4211 0.3158 0.1579 0.1053 0

For a building with the natural frequency of 10Hz and
the structural damping ratio of 0.05, Figure 8 shows the
calculated frequency characteristics curve of the energy for
this building.

As for the existence of high modes for buildings, accord-
ing to the security control standard by the United States,
Office of Surface Mine Reclamation Authority (OSMRE),
the frequency range has been divided into five segments:
0∼10Hz, 10∼20Hz, 20∼40Hz, 40∼80Hz, and >80Hz. The
calculated and the corrected energy amplification factors are
shown in Figure 9 [38, 39].

Based on the results in Figure 9, the average frequency
band has been determined. Further, using (25), the energy
weighting factor for each frequency band has been deter-
mined, as shown in Table 3.

5. Human Body Frequency-Weighted
Response Energy

Human body is very sensitive to vibrations and blasting,
and its feeling towards them is complex and affected by a
number of factors. Even for blasting vibrations of the same
amplitude, the human feelings are different for different
vibration directions and frequencies. Studies have shown
that, for the same vibration, the responses of a human body
and a building structure are very different. Building structure
is more sensitive to low frequency vibrations, while the body
is more sensitive to high frequency vibrations [20, 21]. The
reaction and endurance of a human body to vibration are
totally different to those of buildings.

The sensitivity of human body is different for different
vibration frequency. Thus, to evaluate the human comfort
to vibration, the vibration frequency is a basic parameter.
The human body is particularly sensitive to the vibrations
within 1∼80Hz, since the main natural vibration frequencies
of several organs in the body are within 1∼80Hz. When
exposed to an environment whose frequency is close to
the natural vibration frequency of human organs, those
organs resonant. As such, the amplitude increases rapidly and
produces relative displacement, thereby causing people to
feel uncomfortable.Thus, even though the building elevation
amplification and the frequency weighting of the absorbed
blasting vibration energy have been evaluated, the body
frequency weighting response still needs to be determined in
order to achieve a more accurate evaluation of the impact of
blasting vibration on the human body.

Blast vibration is transitory phenomenon lasting for a
second or so. There is only limited literature on the response
of the human body and communities to blasts. Several
researchers recognized that the duration of vibrationwas crit-
ical to its undesirability [40–42].Wiss andParmelee [40] con-
ducted a shaking table test to provide acceleration thresholds
for different perception levels of vertical transient vibrations,
which are the most objectionable type of vibrations in the
floors of residential buildings. Forty subjects were subjected
to various series of vibration input signals having frequencies
ranging from 2.5 to 25Hz, amplitudes ranging from 0.00254
to 2.51mm, and damping ratios ranging from 1 to 10%. The
signals were generated for simulating a vibration induced
by one-foot fall impact having a duration ranging between
0.33 and 5 seconds. Wiss and Paramelee [40] demonstrated
that the human response to transitory vibrations is related to
damping of the motion rather than frequency.

Siskind et al. [43] attempted to correlate the response with
human annoyance. Siskind et al. [43] reported that particle
velocities of 0.5 in/s from typical blasting (1 s vibration) had
to be tolerable to about 95% of the people perceiving it
as “distinctly perceptible.” They pointed out also to the
importance of the blast duration in forming of human
response. Generally, as blast duration increases, the potential
for adverse human response increases.

The vibration limits required for reasonable comfort from
a long-term vibration source are certainly more restrictive
than for sources of short duration and infrequent occurrence.
Transient vibrations characterized by larger amplitudes and
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Figure 10: The 1/3 times bandwidth frequency weighting methods
in ISO 2631.
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Figure 11: The frequency-weighted curve within 0.01∼100Hz in
ENV 12299.

quick dissipation are more easily tolerated by humans than
a continuous steady-state vibration [44]. Therefore, at a
given amplitude, human perception is much greater under
steady state than under transient vibrations, and steady-state
vibrations are more likely to be viewed as annoying. This
difference becomes important when vibrations are applied
and evaluated for design purposes.Therefore, a good planned
shot duration (generally less than 2 s) has a high priority in
blasting practice to provide human comfort [17].

ISO 2631 does not contain vibration exposure limits.
People expose to periodic, random, and transient mechanical
vibration which can interfere with comfort, activities, and
health. For vibration signal frequency-weighted methods,
there are frequency-domain filtering weighting methods of
international standards such as the entire frequency weight-
ing and 1/3 times bandwidth frequencyweightingmethods, as
shown in Figure 10. In 2009, the EU issued a business comfort
evaluation criteria ENV 12299, which specifies the frequency-
weighted curve within 0.01∼100Hz, as shown in Figure 11
[45].
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Figure 12: The simplified frequency-weighted curve.

A comparison of the results of these studies shows that
although the results are in different forms, but the meaning
of the expression is similar. In the lower frequency range (i.e.,<4Hz), the frequency-weighted value is small indicating that
these vibration signals are small after weighting and they have
little impact on the human body. In general, the biological
effect of vibrations on the humanbody ismainly caused by the
resonance with the human organs and the whole body whose
natural frequency is larger than 4Hz. Thus, the human body
is not sensitive to vibration lower than 4Hz.

For vibration signals with higher frequencies (i.e., 4∼
80Hz), the weightages are higher. This is because, for this
band, it has greater effect on the human body. Although the
body is most sensitive to the vibration frequency within 4∼
8Hz, the natural frequencies of many organs in the human
body are in the higher frequency range. Hence, the vibration
signals with higher frequencies can cause a variety of bad
human subjective experiences. In addition, for the vibration
generated by the open-air blasting, the energy of ground
motion is mainly concentrated in the high frequency band
(i.e., 4∼80Hz), which is the main component of the blasting
vibration energy [33].

For blasting vibrations greater than 80Hz, the human
body is not very sensitive to these frequencies.This is because
even before these vibrations are transmitted to the human
body,most of themhave already been absorbed by the clothes
and shoes. The vibrations may not even reach the body skin.
So, the human body may not feel the vibrations. Thus, the
impact on the human body is small.

The frequency-weighted method as described above is
suitable for vibration acceleration, but the calculation is
complicated [7, 18, 22]. For the transient blasting vibration,
the duration is very short. The frequency-weighted method
can be simplified without any significant effect on the
calculation results. Figure 12 shows the existing frequency
weighting curve. It can be seen that, in the vertical direction,
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Table 4: The vibration energy weighting coefficient of each fre-
quency band of human response.

Sequence number 1 2 3 4 6
Frequency range (Hz) <10 10∼20 20∼40 40∼80 >80
Weighting coefficient 𝜂𝐸𝑖 1 0.93 0.49 0.25 0

the weighting coefficients are the same. For the weighting
coefficients in the horizontal direction greater than 3Hz,
there are minor differences, but the variations are the same.
Since the duration of the blasting vibration is short,more than
90% of the energy is concentrated in 10∼80Hz. The envelope
of frequency weighting curves can be used to linearize the
frequencyweighting curve, as shown in Figure 12 and Table 4.
Using the simplified method, the effect on the calculated
blasting vibration energy is very small, and the calculation
process is greatly simplified. Further, the frequencyweighting
of the human body under the action of the blasting vibration
can be unified with the blasting vibration response of the
building.

Therefore, by considering different human body absorb-
ing levels for different frequency components of the blasting
vibration energy, the energy in each band is multiplied by the
weighting coefficients of human vibration response, and the
frequency-weighted absorbed blasting vibration energy in a
human body can then be determined.

𝐸𝑓 = 𝑖=𝑛∑
𝑖=1

𝐸𝑓𝑖 ⋅ 𝜂𝐸𝑖 , (27)

where 𝐸𝑓 is the frequency-weighted absorbed blasting vibra-
tion energy in a human body at different parts of the building,𝐸𝑓𝑖 is the 𝑖th band frequency-weighted response energy of the
structure, and 𝜂𝐸𝑖 is the 𝑖th band frequency component of the
human vibration response-weighted coefficients.

The blasting seismic waves propagate forward in three
directions (i.e., horizontal radial, horizontal tangential, and
vertical). The traditional methods use physical parameters
such as the vibration velocity and acceleration to evaluate
the blasting vibration comfort. With these methods, only
one vibration peak in each of the three directions can be
considered. However, the blasting vibration comfort evalua-
tion method developed in this study is based on the energy
principle. The energy index is used as a scalar index, in
which the vibration energies in the three directions are added
together giving the total vibration effect, which is only an
assumption. For the transient blasting vibration, the total
vibration energy can be determined by adding the vibration
energies from the three directions, as follows:

𝐸𝑡 = 𝐸𝑓𝑥 + 𝐸𝑓𝑦 + 𝐸𝑓𝑧, (28)

where 𝐸𝑡 is total blasting vibration energy from all three
directions absorbed by a human body in different parts of
a building and 𝐸𝑓𝑥, 𝐸𝑓𝑦, and 𝐸𝑓𝑧 are the respective human
frequency-weighted blasting vibration energy from the hori-
zontal radial, horizontal tangential, and vertical directions.

6. Discussions

For the traditional blasting vibration comfort indexes, such
as the blasting vibration peak intensity and VDV, the dis-
advantages include little consideration of various factors,
complex calculation procedure, lack of close combination
of the blasting vibration characteristics, and the vibration
characteristics of buildings and humans.Multistorey building
has different sensitivity to energy components with different
frequencies in the blasting seismic waves. There is amplifica-
tion effect for selective frequencies. The traditional comfort
indexes do not and cannot consider this characteristic of the
building. Hence, the evaluation results by different indexes
and criteria are large. In practice, the different blasting
vibration comfort evaluation methods and standards may
give different conclusions; some of results can be opposite
to each other. Therefore, in this study, an ABVE index for
comfort evaluation has been developed. Through analysis
of a typical 4-storey brick-concrete building and human
vibration characteristics, the elevation amplification effect on
the ABVE index and the quantitative impact factors for dif-
ferent frequencies have been determined.Through correcting
the ABVE evaluation index quantitatively, the total blasting
vibration energy and its frequency components absorbed
by a human body at different floors of the building can be
accurately calculated. As the blasting vibration characteristics
and vibration characteristics of buildings and humans have
been combined, theABVE evaluation index is objective in the
evaluation of the blasting vibration comfort. In the analysis
of the vibration characteristics of multistorey buildings, this
study has analyzed a typical 4-storey brick-concrete building.
In reality, due to the diversity of building types, the impact
on the blasting vibration energy varies. Based on the research
ideas in this work, future blasting vibration monitoring and
theoretical research can be carried out so as to determine
the factors that affect different types and heights of buildings
by the blasting vibration energy. Then, the blasting vibration
energy in different parts of buildings with different types and
heights can be determined.

7. Conclusions

By monitoring numerical simulation and theoretical analysis
of the blasting vibration, the response characteristics and
the elevation amplification effect of different frequency com-
ponents of the blasting vibration energy in blasting seismic
waves have been investigated. The results show that blasting
vibration energy is greater at higher floor. Based on the
structural and seismic wave characteristics, the amplification
degree has been determined. These characteristics should
be taken into account in the evaluation of the blasting
vibration comfort.Throughmonitoring the blasting vibration
of a typical 4-storey building, the amplification coefficients
for different floors have been determined. The response
characteristics of the building to different energy compo-
nents in the blasting seismic wave have been investigated.
It has been found that there is extreme amplification of
the energy component with frequency that is close to the
natural frequency of the structure. On the other hand, the
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energy components with frequencies lower than the natural
frequency essentially remain unchanged, and there is sup-
pression for the energy components with higher frequencies.
Theweighting coefficients of response to different frequencies
in the typical 4-storey building have been determined. The
quantitative corrected coefficients have been determined for
the absorbed blasting vibration energy and frequency com-
ponents. Combining with the human vibration, a new body
frequency-weighted simplified method has been developed.
By summing up all the blasting vibration energies in all
directions, the total blasting vibration energy absorbed by a
human body at different floors has been determined. This
index is more accurate in the quantitative evaluation of the
blasting vibration comfort.
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