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Abstract: Buildings close to the ground treated by the resonance- free vibratory hammer method
are often vulnerable to excessive vibrations. An in situ test of an urban soft site was carried out
to investigate the resonance-free vibratory hammer induced vibration effects during construction.
Vibration pickups were set at the positions with distances of 15 m, 30 m, 50 m, and 100 m away
from the vibration source. On the basis of the results obtained from this investigation, vibration
effects of the resonance-free vibratory hammer and safe construction distances were systematically
analyzed. The testing results indicate that the vibration in the vertical direction is stronger than
that in the other two horizontal directions. The vertical vibration should be the main reference
quantity for the foundation treatment by using the resonance-free vibratory hammer method. The
predominant frequency of each measuring point in the same direction decreased with an increase of
the distance from the vibration source (DFTVS). In terms of the measuring point with a DFTVS of
30 m, the peak values of velocity in all directions were within 5 mm/s, which meet the requirements
of the allowable limit of building vibration. According to the in situ testing results, a model for
calculating the acceleration exponent of the vibration caused by the resonance-free vibratory hammer
technology was established by comprehensively considering the amplitude of acceleration, the
attenuation coefficient of THE DFTVS, and the vibration correction factor. Finally, the reliability of
the calculation model was verified through the comparison between the calculated results and field
vibration experimental results, in which all the correlation coefficients of validation example were
above 0.9.

Keywords: vibration effect; resilience evaluation of structures; disaster prevention and mitigation;
field test; soft soil site

1. Introduction

Shoddy geological conditions usually restrict the utilization of construction sites [1–3].
The dynamic compaction method is applicable to enhancing the soil strength [4–8]. The
resonance-free vibratory hammer method [9] is a novel dynamic compaction technology
that is effective in reinforcing soft foundations. Compressibility and uniformity of soil
can be well-improved by using the resonance-free vibratory hammer technology, and then
the capacity and stability of foundations can be efficiently enhanced. As the awareness of
structural vibration, soil deformation, and construction noise issues derived from dynamic
tamping construction grows among residents, storekeepers, tourists, office staffs, designers,
and contractors, there is a corresponding requirement for an appropriate prediction model
to verify the vibration effects [10].

A method for estimating the dynamic compaction effect on sand is necessary. Lee
et al. [11] proposed a method for predicting the degree and depth of enhancement resulting
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from dynamic compaction on sandy soil. Cheng et al. [12] proposed a novel method
for evaluating the effective range, including effective buried depth and effective zone of
compaction degree by utilizing a string of microelectromechanical system accelerometers.
Jia et al. [13] revealed the macro and micro mechanisms of granular soils during dynamic
compaction by using the PFC/FLAC coupled method. They also emphasized that the
dynamic compaction is composed of two stages: compaction caused by the transient impact
and compaction due to the vibration of soil particles.

The dynamic compaction method is a widely used soil treatment technique. To
measure the ground response to dynamic compaction, Scott et al. [14] conducted a full-scale
field test, in which the acceleration response of rolling dynamic compaction was measured
in three orthogonal directions. It was found that the vertical accelerations are dominant.

Pile driving is a complex dynamic process, which can cause ground vibrations. To
investigate the effect of the position of the sheet pile toe on ground vibrations at buried
depth, the study [15] introduced an instrumentation system and carried out a field test.
The field test indicated that the toe contributed to more ground motions than the shaft.
As vibration sources are often not pinpointed during the pile-driving construction pro-
cess, Wang et al. [16] conducted a three-dimensional finite element modeling of vibratory
sheet pile-driving in an infinite half-space soil domain to pinpoint the localization of vi-
bration sources, which suggested that the field tests as well as empirical formulas should
be noted. To enable estimation of ground vibrations, Deckner et al. [17] exhibited vi-
bratory sheet pile-driving-induced wave patterns, which indicated that wave patterns
tended to become more irregular with an increase in distance from the source. Through the
combined utilization of a three-dimensional finite element and field test, Wang et al. [18]
proposed a two-stage impact source localization method to estimate the ground vibra-
tions induced by pile-driving. As ground-borne vibrations can limit the development of
impact pile-driving, Colaco et al. [19] proposed an axisymmetric finite element method
to predict the impact pile-driving-induced vibrations. Furthermore, the nearby sensitive
people and buildings (i.e., hospitals and cultural relics) are usually vulnerable to excessive
vibrations caused by pile-driving. Zhu et al. [20] evaluated the potential effect of pile-
driving-induced ground vibrations on sensitive medical equipment by conducting a field
test and numerical simulation. The potential risk to the sensitive medical equipment was
illustrated. Following a comprehensive analysis of the research topic on man-made ground
vibrations, Athanasopoulos and Pelekis reported the measurements of the vibratory sheet
pile-driving-induced ground vibrations in recent soil deposits [21]. They suggested that the
understanding of ground vibration effects on buildings during the reinforcement treatment
of loose soil should be continuously studied.

Due to multifidus of infrastructure activities, the research about the vibration gener-
ated by construction activities has gained significance in recent years. According to [22],
the foundation shape can significantly influence the characteristics of a vibrational system.
The vibration attenuation law from a series of block vibration tests was investigated by
Surapreddi et al. [23]. The dynamic response at diverse locations from the dynamic source
was exhibited, and the results indicated that the damping features of the vibration waves
can influence the attenuation laws of horizontal and vertical vibrations at the far-field mea-
suring points. The transmission and development characteristics of vibration waves caused
by vibratory rollers are crucial to the stability and safety of train operation. Yang et al. [24]
analyzed the relationship between vibration acceleration peak and buried depth by con-
ducting field prototypes tests, which can be helpful for optimizing the compaction quality
control models. To propose a methodology for predicting the vibro-flotation-induced
ground vibration, Das et al. [25] collected a large amount of recorded data and established
relations between vibration parameters and source to receiver distance by using artificial
neural network modeling and regression. Chen et al. [26] investigated vibration induced
by a high-power vibratory roller. The influence of different soil conditions was considered.
The study showed that the effective influence distance of the high-power vibratory roller
varied from 10 m to14 m. Dong et al. [27] proposed that the evaluation of engineering-
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construction-induced vibration should be according to source characteristics. The ground
vibration due to a full-stone foundation treatment project was studied by Wu. et al. [28].
It was found that increasing dynamic compaction times can effectively enlarge PGV and
PGA. Wang et al. [29] put forward a model to evaluate the site deformation caused by
dynamic compaction. Li et al. [30] studied the influence of particle breakage on the dynamic
compaction for ground through 3D PFC. Wang et al. [31] analyzed the reinforcement effect
of dynamic compaction by using a 3D simulation method. As for different particle sizes,
the stress diffusion angle and the horizontal deformation caused by dynamic hammer
are alike [32]. To further study the soil–hammer interaction mechanism, Wang et al. [33]
made a simulation with a consideration of various hammer sizes, and finally they pointed
out that the compaction mechanism of the convex-bottomed hammer, the flat-bottomed
hammer, and the concave-bottomed hammer must be different. Gong et al. [34] carried out
an indoor dynamic compaction model test at a loess slope site. Acceleration, velocity, and
displacement at the point with a distance of 50 m away from the compaction point was
obtained, which indicated that the amplitude of the vibration response magnified with the
increasing slope gradient.

A model describing the rule of vibration propagation in soil is meaningful to the
estimation of ground vibrations. The vibration propagation in soil was studied on the basis
of the damping mechanism proposed by Rayleigh, and a linear-elastic model for describing
the ground treated by pile-driving was introduced in [35]. Concentrating on the damping
mechanism and illustration of the prominent variability of the deformation features for
small strains, Lupiezowiec [36] built a finite-element model that can be used to describe the
propagation mechanism of the vibration waves resulting from ground improvement.

The construction-activity-induced ground vibration can cause annoyance to residents
living in nearby buildings, pose a threat to the structural stability, and interfere with
instrumentation works in diverse industries. The use of trenches as a way to mitigate
ground vibration caused by Rayleigh waves is worth studying. The key factors influencing
the vibration isolation efficiency of two different trenches were identified by Bose et al. [37];
the findings also reveal that trench is an easy and effective means of reducing ground
vibrations. To prevent the structural damage, the active isolation method was proposed for
the pile-driving operation [38]. The efficiency of a circular open trench in shock absorption
was verified by executing finite element simulations.

However, previous studies mainly focus on the traditional dynamic-compaction-
induced ground vibrations. There is still lack of research into new technologies (i.e., the
resonance-free vibratory hammer method), induced surface waves, and an effective calcula-
tion model based on field tests. The resonance-free vibratory hammer method (Figure 1) is a
novel ground treatment way combining advantages and improving construction frequency
of the ordinary dynamic compaction method and the column hammer impact pile method.
The method is applicable for reinforcing soft foundations. The main advantages of this
technology are high construction efficiency, low cost, and good economic benefit. Never-
theless, the problems such as site vibration caused by foundation reinforcement using the
resonance-free vibratory hammer method and safe construction distance need to be studied.
The vibration effects of the resonance-free vibratory hammer construction have been inves-
tigated. Subsequently, the safe construction distance of the novel ground treatment method
has been put forward. Finally, a calculation model for predicting the ground vibrations
has been proposed and verified. Dynamic characteristics such as acceleration, velocity,
displacement, and Fourier spectrum of the surface ground positions with a different DFTVS
during the in situ test have been systematically analyzed. Furthermore, the acceleration
calculation model proposed in the study can provide a reference for engineering design,
site construction, and technical promotion of the resonance-free vibratory hammer method
in civil engineering construction.



Buildings 2022, 12, 2204 4 of 16Buildings 2022, 12, x FOR PEER REVIEW 4 of 17 
 

  
(a) (b) 

Figure 1. Resonance-free vibratory hammer and dynamic compaction construction: (a) Resonance-
free vibratory hammer. (b) Testing site. 

2. In situ Test Scheme 
2.1. Site Situation and Evaluation Basis of Vibration Effect 

A site in Nanchang (a city located in Jiangxi province, China) was selected for the 
dynamic compaction test. The stratum distribution parameters from the geological survey 
report are shown in Table 1. 

Table 1. Stratum distribution parameter. 

Layer Number Soil Name Category Thickness 
①-2 Plain fill Soft soil 1.70 m 
③-1 Silty clay Medium soft soil 1.80 m 
③-1-1 Mucky soil Medium soft soil 2.00 m 
③-2 Fine sand Medium soft soil 4.10 m 
③-3 Medium sand Medium soft soil 2.60 m 
③-4 Coarse sand Medium hard soil 1.80 m 
③-5 Gravel sand Medium hard soil 10.00 m 
③-6 Round gravel Medium hard soil 9.40 m 
⑤-1-3 Moderately weathered argillaceous siltstone Soft rock 4.60 m 
⑤-4-2 Moderately weathered calcareous mudstone Soft rock 2.90 m 

Allowable vibration values of buildings and structures can refer to the Chinese stand-
ard for allowable vibration of building engineering [39]. The peak velocity values of dy-
namic-compaction-induced vibration of utility buildings, residential buildings, and vibra-
tion-sensitive buildings are 12 mm/s, 5 mm/s, and 3 mm/s, respectively. Those reference 
values can contribute to the evaluation of a safe and civilized construction scope of the 
resonance-free vibratory hammer method. 

2.2. Monitoring Scheme 
Technical parameters of the resonance-free vibratory hammer equipment used in the 

in situ test are shown in Table 2. 
  

Figure 1. Resonance-free vibratory hammer and dynamic compaction construction: (a) Resonance-
free vibratory hammer. (b) Testing site.

2. In Situ Test Scheme
2.1. Site Situation and Evaluation Basis of Vibration Effect

A site in Nanchang (a city located in Jiangxi province, China) was selected for the
dynamic compaction test. The stratum distribution parameters from the geological survey
report are shown in Table 1.

Table 1. Stratum distribution parameter.

Layer Number Soil Name Category Thickness

1©-2 Plain fill Soft soil 1.70 m
3©-1 Silty clay Medium soft soil 1.80 m

3©-1-1 Mucky soil Medium soft soil 2.00 m
3©-2 Fine sand Medium soft soil 4.10 m
3©-3 Medium sand Medium soft soil 2.60 m
3©-4 Coarse sand Medium hard soil 1.80 m
3©-5 Gravel sand Medium hard soil 10.00 m
3©-6 Round gravel Medium hard soil 9.40 m

5©-1-3 Moderately weathered argillaceous siltstone Soft rock 4.60 m
5©-4-2 Moderately weathered calcareous mudstone Soft rock 2.90 m

Allowable vibration values of buildings and structures can refer to the Chinese stan-
dard for allowable vibration of building engineering [39]. The peak velocity values of
dynamic-compaction-induced vibration of utility buildings, residential buildings, and
vibration-sensitive buildings are 12 mm/s, 5 mm/s, and 3 mm/s, respectively. Those
reference values can contribute to the evaluation of a safe and civilized construction scope
of the resonance-free vibratory hammer method.

2.2. Monitoring Scheme

Technical parameters of the resonance-free vibratory hammer equipment used in the
in situ test are shown in Table 2.
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Table 2. Parameter of apparatus.

Type Electric
Shock Power

Static
Eccentric
Moment

Maximum
Vibration
Frequency

Exciting
Force

Vibration
Mass

EP240 180 kW 1500 N·m 860 r/min 124 ton 13.320 kg

As shown in Figures 2 and 3, 12 vibration pickups developed by the Institute of
Engineering Mechanics, China Earthquake Administration, were arranged at the positions
with DFTVSs of 15 m, 30 m, 50 m, and 100 m, respectively. The acceleration, velocity, and
displacement time history curves of each monitoring point can be observed through these
vibration pickups. Each monitoring point contained three vibration pickups corresponding
to vertical direction, east–west direction, and south–north direction. Meanwhile, a signal
amplifier and a dynamic data acquisition instrument was used to collect vibration data. The
vibration pickups were concatenated to one side of the signal amplifier; meanwhile, the other
side of the signal amplifier was connected to the dynamic data acquisition instrument. Finally,
the dynamic data acquisition instrument should be linked to a computer to directly classify and
analyze the experimental signals. The sensitivity coefficient of the vibration pickups ranged
from 0.0902 to 0.0997 V·s2/m. The sampling frequency of the vibration pickups ranged from
0.5 Hz to 80 Hz. The service frequency of the signal amplifier ranged from 0.15 Hz to 100 Hz.
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3. Results and Analysis

The resonance-free vibratory hammer used here was working without counterweight
and with an eccentricity of 30 cm. In order to facilitate the analysis of the testing results, a
symbolic convention rule of A–B was proposed, in which A denotes the distance between
the motoring point and the vibration source (the dynamic compaction point), B denotes
the vibration direction, i.e., 15-1, 15-2, and 15-3, can denote 15 m away from the vibration
source in the vertical, east–west, and south–north direction, respectively.

3.1. Vibrational Signal Analysis

The acceleration time history curve in each direction can be monitored by vibration
pickups, and the corresponding vibration spectrum can be obtained through Fourier
transform. The spectral characteristics were measured through a 3 Hz high-pass filter and a
60-Hz low-pass filter, with 3 and 60 as the lower and upper cutoff frequencies. Meanwhile,
peak values of velocity and acceleration of each monitoring point were obtained through
acceleration signal processing. The detailed values are shown in Table 3.

Table 3. Peak vibration values of monitoring points.

DFTVS

Vertical Direction East-West Direction South-North Direction

Peak
Acceleration Peak Velocity Peak

Acceleration Peak Velocity Peak
Acceleration Peak Velocity

(m/s2) (m/s) (m/s2) (m/s) (m/s2) (m/s)

15 m 0.128872 0.006957 0.08639 0.005853 0.1145 0.006109
30 m 0.02878 0.00429 0.06101 0.00474 0.04209 0.003165
50 m 0.02327 0.003584 0.01029 0.004634 0.006808 0.001288

100 m 0.010935 0.002238 0.004863 0.002133 0.00391 0.001125

As shown in Figures 4–9, there is a trend that the larger the DFTVS is, the smaller the
vibrational magnitude is. The modes of vibration curves from all the measuring points are
basically consistent. Given the same DFTVS, there is little difference between the east–west
acceleration records and south–north acceleration records. According to the acceleration
records, the peak acceleration values in the vertical direction are more significant than those
in the other two horizontal directions. This kind of dynamic compaction construction leads
to the compression wave propagating along soil depth, which is namely a longitudinal
wave, as well as a transverse wave that is perpendicular to the forward direction of the
particle. As in general, the vertical vibration of the soil layer is greater than the two
horizontal vibrations.
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Figure 5. Fourier spectrum curves of acceleration in the vertical direction: (a) 15-1; (b) 30-1; (c) 50-1;
(d) 100-1.
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Figure 6. Acceleration time history curves in the east–west direction: (a) 15-2; (b) 30-2; (c) 50-2; (d) 100-2.

Buildings 2022, 12, x FOR PEER REVIEW 9 of 17 
 

Figure 6. Acceleration time history curves in the east–west direction: (a) 15-2; (b) 30-2; (c) 50-2; (d) 
100-2. 

0 100 200 300 400 500

0

1×10−5

2×10−5

3×10−5

4×10−5

5×10−5

 15-2

Frequency (Hz)

A
m

pl
itu

de

 
0 100 200 300 400 500

0.0

5.0×10−6

1.0×10−5

1.5×10−5

2.0×10−5

2.5×10−5

 30-2

Frequency (Hz)

A
m

pl
itu

de

 
(a) (b) 

0 100 200 300 400 500

0

1×10−5

2×10−5

3×10−5

4×10−5

5×10−5

 50-2

Frequency(Hz)

A
m

pl
itu

de

 
0 100 200 300 400 500

0.0

4.0×10−6

8.0×10−6

1.2×10−5

 100-2

Frequency (Hz)

A
m

pl
itu

de

 
(c) (d) 

Figure 7. Fourier spectrum curves of acceleration in the east–west direction: (a) 15-2; (b) 30-2; (c) 50-
2; (d) 100-2. 

0 200 400 600 800 1000
−1.5×10−1

−1.0×10−1

−5.0×10−2

0.0

5.0×10−2

1.0×10−1
 15-3

A
cc

el
er

at
io

n 
(g

)

Time (s)  
0 200 400 600 800 1000

−4.0×10−2

−2.0×10−2

0.0

2.0×10−2
 30-3

A
cc

el
er

at
io

n 
(g

)

Time (s)  
(a) (b) 

0 200 400 600 800 1000

−4.0×10−3

0.0

4.0×10−3

8.0×10−3

 50-3

A
cc

el
er

at
io

n 
(g

)

Time (s)  

0 200 400 600 800 1000

−4.0×10−3

−2.0×10−3

0.0

2.0×10−3

4.0×10−3  100-3

A
cc

el
er

at
io

n 
(g

)

Time (s)  
(c) (d) 

Figure 7. Fourier spectrum curves of acceleration in the east–west direction: (a) 15-2; (b) 30-2; (c) 50-2;
(d) 100-2.
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Figure 8. Acceleration time history curves in the south–north direction: (a) 15-3; (b) 30-3; (c) 50-3; (d) 100-3.
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It can be noted that the peak acceleration values of the vibration pickups 15-1, 15-2,
and 15-3 are 0.129 m/s2, 0.086 m/s2, and 0.1145 m/s2, respectively. Meanwhile, the
peak acceleration values of the vibration pickups 100-1, 100-2, and 100-3 are 0.011 m/s2,
0.005 m/s2, and 0.004 m/s2 respectively, which are only 8.5%, 5.8%, and 3.5% of those
observed from the vibration pickups 15-1, 15-2, and 15-3, respectively. It reveals that the
amplitude of the acceleration decreases greatly with an increase of the DFTVS, which is due
to the fact that the propagation of the resonance-free vibratory hammer induced vibration
wave can be affected by factors such as site soil damping and energy dissipation. The
acceleration amplitude decreases greatly with the increase of the DFTVS. The vibration
duration of each monitoring point approaches 960 s.

Given that Fourier spectrum, the predominant frequency of measuring points in the
vertical direction is in the range of 9–15 Hz. The predominant frequencies of the vibration
pickups 15-2, 30-2, 50-2, and 100-2, are 60 Hz, 35 Hz, 25 Hz, and 16 Hz, respectively.
The predominant frequencies of the vibration pickups 15-3, 30-3, 50-3, and 100-3, are
52 Hz, 51 Hz, 19 Hz, and 18 Hz, respectively. Comparing with the predominant frequency
of measuring points in the vertical direction, the predominant frequency of measuring
points in the east–west and south–north direction is more susceptible to the resonance-free
vibratory hammer construction. Therefore, the working frequency of the resonance-free
vibratory hammer can be adjusted according to the site vibration characteristics to reduce
surface ground vibration effects.

As shown in Table 3, the peak value of velocity attenuates with the increase in THE
DFTVS. As for the peak values of velocity in the vertical, east–west, and south–north
directions, results obtained from the vibration pickups 100-1, 100-2, and 100-3 are about
32.1%, 36.4%, and 18.4%, of those observed from the vibration pickups 15-1, 15-2, and 15-3.

3.2. Determination of the Safe Construction Distance

According to the Chinese standard for allowable vibration of building engineering,
the peak value of velocity in each direction can be selected as evaluation index to estimate
the surface ground vibration caused by the resonance-free vibratory hammer. The limit
of peak value of velocity for residential buildings is 5 mm/s, and the limit of peak value
of velocity for protective buildings (buildings those are more sensitive to vibration and
historic buildings) is 3 mm/s. When using the EP240 resonance-free vibratory hammer for
dynamic compaction construction, the peak values of velocity obtained from the vibration
pickups 15-1, 15-2, and 15-3 all exceed 5mm/s. As for the vibration pickups 30-1, 30-2,
and 30-3, the peak values of velocity are 4.3 mm/s, 4.7 mm/s and 3.1 mm/s, respectively,
which meet the vibration allowable index of building engineering. Meanwhile, the peak
values of velocity calculated from the vibration pickups 50-1, 50-2, and 50-3 are 3.6 mm/s,
4.6 mm/s, and 1.2 mm/s, respectively. Fortunately, the peak values of velocity obtained
from the vibration pickups 100-1, 100-2, and 100-3 are within 2.3 mm/s. Comparing the
data of the standard mentioned above and the supervised data from the in situ test, there
should not exist buildings available for housing units and official purpose within 30 m
away from the construction region by using the resonance-free vibratory hammer method.
Furthermore, there also should not exist buildings that are more sensitive to vibration,
historical and cultural relics, and various building structures with special requirements
for environmental vibration within 50 m away from the construction region by using the
resonance-free vibratory hammer technology.

3.3. Assessment of Structural Safety

According to the Chinese code for seismic design of buildings [40], the peak accel-
eration value of the ground motion time history curve selected for dynamic analysis of
building structures should refer to the peak acceleration value corresponding to frequent
earthquakes and rare earthquakes under the condition of seismic fortification intensity. The
frequent earthquakes are used to check the elastic stress limit state of building structures,
while the rare earthquakes are adopted to estimate the plastic stress limit state of building
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structures. Considering the safety of residential building structures, the peak acceleration
value under frequent earthquakes should be selected as the main safety evaluation index
of building structures located in dynamic compaction sites.

According the Chinese code for seismic design of buildings and the seismic ground
motion parameter zoning map of China [41], the seismic fortification of the testing site is
grade VI, and the basic seismic acceleration value is 0.05 g. It can be seen from Table 3
that the peak vertical acceleration value of the measuring point with A DFTVS of 15 m is
12.9 cm/s2, which does not exceed that under frequent earthquakes in the area of grade VI
(the peak acceleration is 18 cm/s2). Therefore, the EP240 resonance-free vibratory hammer
used in this paper can ensure the structural safety of the buildings near the consolidated
site during the construction process.

It should be noted that there are residential and official buildings but no cultural
relics around the testing site. Combining the experimental data in this study with civilized
construction and people’s requirements for living environment and official conditions, the
safe construction distance is 30 m when using the EP240 resonance-free vibratory hammer
without counterweight to reinforce an urban soft site. Given that the safe construction
distance is 50 m when using the common dynamic compaction method in the similar
site [42], as a result of comparison, the safe DFTVS of the resonance-free vibratory hammer
method have shown an obvious superiority.

In addition, instantaneous spectral entropy was recently proposed for detecting the
sudden damage related structural changes (especially linear stiffness reductions and non-
linear breathing cracks), which provides a new idea for structural health monitoring [43].
The specific evaluation method should be selected according to the application scenarios.

4. Acceleration Attenuation Model and Verification
4.1. Establishment of Acceleration Attenuation Model

The physical state of soil, vibration source, tamping energy, and frequency can affect
the propagation of dynamic-compaction-induced vibrations. Wang [44] combined the
propagation of a vibration wave with the attenuation coefficient, DFTVS, the area of
vibration source, and the soil attenuation coefficient, and then proposed a prediction model
for the peak acceleration dominated by a point source wave caused by dynamic compaction,
as shown in Equation (1).

ar = a0

√
r0

r

[
1− ξ0

(
1− r0

r

)]
exp

[
−β(r− r0)

]
(1)

where r denotes the DFTVS; ar denotes the amplitude of a vibration source from the surface;
a0 denotes the amplitude at the vibration source; ξ0 denotes the attenuation coefficient
related to vibration source region; r0 denotes the radius of vibration source; β denotes
energy absorption coefficient of soil layer.

Equation (1) is derived from the vibration time history caused by ground vibration.
It can also be adopted as a reference for the estimation of the vibration induced by the
resonance-free vibratory hammer method in the paper. The in situ testing acceleration
result aforementioned can be adopted as the fitting condition. Furthermore, the vibration
acceleration amplitude, THE DFTVS attenuation coefficient, and vibration correction factor
were selected as the main control factors, and the empirical Equation (2) of vibration
acceleration attenuation is then deduced.

axyz = a + axye−β r
r0 + ∧ (2)

where axyz denotes the ground vibration acceleration in each direction; a denotes the
attenuation coefficient of distance; axy denotes the vertical acceleration of vibration source;

e−β r
r0 denotes the attenuation term of surface vibration with THE DFTVS caused by the

resonance-free vibratory hammer method; ∧ denotes the correction factor.
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According to the in situ testing results, the radius of vibration source r0 = 1 m, so
Λ = 0. Here we assume that y = axyz, A = a, B = axy, x = r

r0
, β = C, Equation (2) then can

be transformed to Equation (3):
y = A + Be−Cx (3)

By nonlinear regression of the measuring data of the in situ test using the resonance-
free vibratory hammer, the calculation models of the resonance-free vibratory hammer
induced vibration accelerations can be obtained. The east–west, south–north, and vertical
vibration acceleration calculation model can be seen as Equations (4)–(6), respectively:

ax = −0.00271 + 0.16306e−0.03778 r
r0 (4)

ay = 0.00148 + 0.33342e−0.07189 r
r0 (5)

az = −0.01633 + 0.95282e−0.14244 r
r0 (6)

According to nonlinear regression, the mean square deviations of the Equations (4)–(6)
are 0.00368, 0.00497, and 0.00601, respectively; meanwhile, the correlation coefficients are
0.93876, 0.99702, and 0.99237, respectively, which exhibit high fitting accuracy.

4.2. Verification of the Acceleration Calculation Model

Given that the soil condition of the testing site was consistent with the foregoing site,
a resonance-free vibratory hammer with a counterweight of 20 ton was used to verify the
acceleration calculation model proposed above. Three measuring points were arranged at
the places with DFTVSs of 15 m, 30 m, and 50 m, respectively. Given the peak values of
accelerations obtained from test and calculation model, the comparison results are shown
in Figure 10. It should be noted that the red line denotes predicted data, and the black dot
denotes measured data. The measuring results are consistent with the predicting results. It
can be observed that the correlation coefficients of the peak acceleration results in three
directions are all above 0.9 (shown in Table 4), which indicates that the vibration calculation
models (4)–(6) can be adopted to predict the vibration effects caused by the resonance-free
vibratory hammer method in this kind of urban site. Owing to the counterweights, the
tamping energy was improved, so the peak acceleration value observed from the same
DFTVS of the field test here is larger than that from Table 3.
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Table 4. Analysis results of attenuation curve regression.

Item Regression Formula Verification Correlation Coefficient

East-west acceleration y = −0.00271 + 0.43207e−0.03718 r
r0 0.908

South-north acceleration y = 0.00148 + 1.30374e−0.07189 r
r0 0.979

Vertical acceleration y = 0.01633 + 7.70335e−0.14244 r
r0 0.962

5. Conclusions and Prospects
5.1. Conclusions

As a novel construction technology contribution to urban soft-foundation reinforce-
ment, the ground vibration effects of the resonance-free vibratory hammer method are
worth investigating. Based on the in situ testing results, the attenuation law of vibration
acceleration and velocity during the process of dynamic compaction construction from
two aspects, i.e., a different DFTVS and diverse vibration directions were systematically
analyzed. The minimum safe construction distance and structural safety of the surrounding
buildings were taken into account to estimate the civilized construction distance of the
resonance-free vibratory hammer method. On the basis of the calculation model of the
resonance-free vibratory hammer induced surface ground acceleration proposed in the pa-
per, the reliability of prediction results was verified by the field test. The main conclusions
are as follows:

(1) The resonance-free vibratory hammer induced vibrations in the vertical direction is
larger than those in the other two horizontal directions, which should be selected as
the primary monitoring value during the evaluation process of the resonance-free
vibratory hammer induced vibration effect.

(2) The ranges of spectrums of the east–west, south–north, and vertical acceleration
caused by the resonance-free vibratory hammer method are basically identical. In
the same vibration direction, the predominant frequency decreases with the increase
of the DFTVS, and the attenuation trend of the east–west and vertical predominant
frequency with the DFTVS is more obvious.

(3) When the DFTVS exceeds 30 m, the peak velocity of each measuring point is within
5 mm/s, and the peak acceleration at each measuring point is lower than 18 cm/s2,
which is less than the seismic acceleration limit adopted in the dynamic analysis of
fortified building structure according to grade VI. It indicates that the resonance-free
vibratory hammer construction in this scope does not affect the structural safety of
buildings. If there are no cultural relics, historic buildings, and other buildings that
need to consider special requirements of the environment nearby, the minimum safe
construction distance can be determined at 30 m away from the vibration source.
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(4) It presents a nonlinear relationship between attenuation of the surficial acceleration
caused by the resonance-free vibratory hammer method and the DFTVS. The calcula-
tion model of surface ground acceleration established in this paper can quickly and
accurately predict surficial vibration effects during the construction process of the
resonance-free vibratory hammer method, which is also instructive and meaningful
to the formulation of governmental construction guidance and decision-making of
the construction organizations and relevant departments.

5.2. Prospects

Through the in situ test and theoretical analysis, the resonance-free vibratory hammer
induced site vibration effects and structural safety of the buildings in the construction
region were investigated in this paper. The study is aiming at providing a reference for
determination of the safe construction distance and the improvement of the applicability of
the resonance-free vibratory hammer method. It also has important realistic meaning and
reference value to related dynamic compaction research. However, there still exists room
for improvement because of practical constraints. In the future, the following research
related to the resonance-free vibratory hammer method needs to be carried out:

(1) The effects of soil properties on the propagation of the resonance-free vibratory ham-
mer induced stress wave should be further studied. Therefore, the application scope
of this construction method can be further refined by referring to the classification of
soil layers.

(2) There are no unified and generally recognized standards to the evaluation program of
the resonance-free vibratory hammer method induced vibration effects. The consult
peak vibration velocity in this paper is recognized as 5 mm/s by referring to the
existing specifications, which are based on the perspective of safety and conservatism.
To put forward the evaluation threshold value that is suitable for the resonance-free
vibratory hammer method, more in situ data and theoretical research are needed in
the future.
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