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Abstract

Dynamic compaction vibrations (DCV) cause significant environmental impacts. Quantifying key influencing factors is essential for
mitigation. This study examines how tamper radius, tamping energy, tamping times, and tamping settlement affect DCV velocity
(4000-25000 kN-m energy range) in a miscellaneous fill site. A BP neural network model was developed with these four parameters
as inputs and vibration velocity as output, and the influence of each factor on vibration velocity was evaluated in combination with
Sobol sensitivity analysis. The results show that Vibration velocity and tamper radius follow a negative exponential power function
relationship. 97% of total vibration attenuation occurs within a 60 m radius. Vibration velocity growth rate decelerates with increasing
tamping energy. 98% of velocities are below 30 mm/s, demonstrating strong data clustering. With the increase of tamping times or
tamping settlement, the vibration velocity first rises to the "peak point", and the peak point corresponds to 4-6 tamping times and
tamping settlement at 0.68-0.82 m and 3.08-4.30 m, and then declines or stabilizes. The tamper radius is the main factor affecting the

vibration velocity. Optimizing or controlling the tamper radius can significantly reduce the vibration of DCV. The influence of tamping

settlement is second, and the tamping energy and tamping times have a smaller impact.
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1 Introduction
The dynamic compaction is a foundation treatment tech-
nique that uses tamping energy and shock waves to rapidly
improve foundation strength, soil compaction, and eliminate
collapsibility. It offers notable advantages in cost-effective-
ness, efficiency, and convenience [1, 2]. Currently, it finds
widespread application in various sectors, including con-
struction [3], transportation [4], port development [5, 6], rec-
lamation projects [7, 8], and more. However, the construc-
tion process of dynamic compaction is often accompanied
by substantial energy conversion and the generation of pow-
erful vibration waves, which can significantly impact nearby
structures, construction personnel, and residents [9, 10].
Itiswidely accepted that the primary frequency of dynamic
compaction vibrations typically falls within the range of
5-20Hz [11, 12] representing low-frequency vibrations. This

frequency range aligns with the natural vibration frequency
of buildings, potentially inducing a 'resonance' effect [13].
Consequently, numerous scholars have extensively investi-
gated the influence patterns of dynamic compaction vibra-
tions. For instance, Li and Sun [14] examined the correla-
tion between vibration acceleration and tamping energy,
soil characteristics, and distance from the tamping point
in an artificial filling site based on the measured results of
vibration acceleration under a tamping energy of 3768kN-m.
Concurrently, the vibration isolation efficacy of the vibra-
tion isolation trench was confirmed through the analysis of
vibration acceleration. Wu et al. [15] conducted a compre-
hensive examination of the impact of tamping times and
compaction duration on velocity, spectrum waveform, peak
ground velocity (PGV), peak ground acceleration (PGA),
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and average frequency under an energy level of 3200 kN-m
in a stone foundation treatment project. The study revealed
that the decay pattern of PGV and PGA in the all-rock foun-
dation follows the power law with negative exponents with
distance. An et al. [16] and Wiss [17] analyzed the attenua-
tion patterns of maximum ground surface vibration veloc-
ity with propagation distance, employing tamping energies
of 6000 kN'm and 43.39 kN'm, respectively. Both studies
revealed a consistent adherence to the power-function rela-
tionship. Assessments of safety distances for adjacent struc-
tures were made by integrating measured data.

Applying a similarity criterion, Wu et al. [12] and
Wei et al. [18] delved into the propagation and evolution of
vibration velocity and waveforms under tamping energies of
1000 kN‘m and 1171 kN'm based on test results of soil-rock
mixture filling sites. Their analysis included exploring the
vibration response of internal particles within the soil-rock
filling body and examining the dynamic compaction rein-
forcement mechanism. Applying the principles of similarity
theory, Gong et al. [19] conducted indoor model tests to exam-
ine the deformation characteristics and dynamic response
features of slopes under tamping energy ranging from 3000
to 12000 kN'm. Their investigation explored the impact
range of dynamic compaction on slopes. Ghanbari Alamooti
and Hamidi [20] investigated the impact of distance on the
peak particle velocity and peak particle displacement of
slope test points through numerical simulation. Their find-
ings indicated a reduction in both parameters as the distance
increased. Taking a unique approach, Pasdarpour et al. [21]
employed genetic algorithms and a fuzzy system to sys-
tematically analyze the influence of tamper weight, height
of tamper drop, print spacing, tamper radius, number of
impact and soil layer geotechnical properties on the efficacy
of dynamic compaction. This study stands out from previ-
ous research by comprehensively considering the combined
impact of multiple factors on dynamic compaction effective-
ness, marking a significant contribution to dynamic compac-
tion construction practices.

The preceding analysis shows that the soil at the site
exhibits relative uniformity, whereas the soil uniformity
at the miscellaneous fill site is subpar. This disparity will
inevitably result in variations between dynamic compac-
tion vibrations and those of the uniform soil site. Limited
field studies have been conducted on the factors impacting
the propagation of ultra-high-level vibrations. These stud-
ies have predominantly focused on the influence of indi-
vidual factors on vibration velocity, making it challenging
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to determine the primary influencing factor of vibration
response. Additionally, the observed results and patterns
of the dynamic response to ultra-high-level vibrations on
slopes are relatively inconclusive.

Research studies [22, 23] with statistical analysis indicate
that significant damage is associated with particle velocity,
whereas minor damage is linked to acceleration. Therefore,
it is a prevailing practice to substitute particle velocity for
particle acceleration when predicting damage potential.
Therefore, the vibration speed is taken as the research object.

This study focuses on a miscellaneous fill site, explor-
ing the impact of various factors such as tamper radius,
tamping energy, tamping times, and tamping settlement on
vibration velocity under tamping energy of 25000 kN-m,
12000 kN'm, and 4000 kN-m. Subsequently, the Fisher-
Yates random shuffling algorithm was employed to sort the
data randomly based on different factors and their corre-
sponding vibration velocities, and input it into the Bp neu-
ral network model for regression training. The regression
model is used to perform Sobol sensitivity analysis, which
accurately quantifies the relative importance of each influ-
encing factor. This method effectively determines the pri-
mary controlling factors governing vibration velocity in
dynamic compaction construction. The research outcomes
aim to serve as a valuable reference for dynamic compac-
tion vibration control in similar projects.

2 Dynamic compaction vibration test

2.1 Site overview

The survey site is situated in Yinying Town, on the outskirts
of Yangquan City, Shanxi Province, with coordinates at
113°34'35.0" E, 37°58'39.9" N, as shown in Fig. 1. Itis an elec-
trochemical energy storage power station affiliated with a
power plant boasting a project scale of 500 MW—-1000 MWh.
No visible surface water was evident during the survey.
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Fig.1 Geographical location of the test site
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Examining specific stratigraphic sections, as depicted in
Fig. 2, reveals a sequence of miscellaneous fill (Q,™) 1 and
sandy shale (C) 2 from top to bottom. The miscellaneous
fill is widely dispersed across the site, displaying varie-
gated and slightly damp characteristics. Comprising mainly
gravel and cinder, it incorporates cohesive soil and coal ash.
The gravel composition primarily consists of sandstone,
shale, mudstone, and limestone, exhibiting varying sizes
and containing a small quantity of block stone. The struc-
ture is loose to slightly densely packed, showcasing poor
uniformity and stability. Backfill thickness fluctuates with
terrain variations, with an average thickness of 13.58 m.
Sandy shale (C) exhibits hues ranging from grayish black to
grayish green, featuring a sandy structure and layered com-
position. The rock core is fragmented, occasionally form-
ing short columnar structures, with the local inclusion of
thin mudstone. The rock mass is soft, displaying fractures
encountered during the investigation process. Table 1 pres-
ents the physical indicators, indicating average values.

Sandy shale (C )
E=50 MPa

Fig. 2 Stratigraphic profile

Table 1 Physical parameters of rock and soil mass

Physical parameters Miscellaneous Sandy
fill 1 shale 2
y/(KN/m?) 18.5 /
Number of dynamic penetrations N, 7.4 /
Single axis compressive strength (MPa) 0.07 13.42
Rock quality designation (RQD) / 20~30
Rock quality grade / v
Bearing capacity f, (kPa) / 600
Modulus of deformation £,/ (MPa) / 50

2.2 Test scheme

Three survey lines were laid out in the flat field of the site,
The relative positioning of the tampering point and check
point is shown in Fig. 3.

The dynamic tamping energy are 25000 kN-m,
12000 kN-m, and 4000 kN-m, respectively. Each tamping
energy corresponds to a survey line, with adjacent lines
spaced 8 m apart. Each line features 8 checkpoints set at
intervals of 10 m, 20 m, 30 m, 40 m, 60 m, 80 m, 85 m, and
90 m from the tampering point.

The number of tamping times ranged from 9 to 12.
The statistics of the tamping point, checkpoint and ram-
mer parameters are shown in Table 2.

The tampering and checkpoints are strategically
arranged based on the site plan to ensure monitoring reli-
ability. Once coordinates are determined, Real-time kine-
matic (RTK) positioning system is employed to produce a
precise layout. The dynamic compaction vibration test is
depicted in Fig. 4

2.3 Instrument and test principle
The testing apparatus includes a triaxial velocity sensor,
data acquisition device, as shown in Fig. 5. The triaxial
velocity sensor operates as a vector sensor, utilizing vector
synthesis principles to depict point motion states precisely.
It effectively captures acceleration signals even when the
motion direction is unknown. Before testing, ensure the
sensor securely attaches to the measured object, orienting
the side with the coordinate mark upwards and perpen-
dicular to the plumb line. Align the X or Y axis with the
tamping point's center for optimal alignment.

The data acquisition device can gather and store vibra-
tion signals from the triaxial velocity sensor, allowing for

Fig. 3 Tamping and check point arrangement of test area
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Table 2 Statistics of the tamping point, checkpoint and rammer parameters

. ) ) ) Rammer parameters
Tamping energy / kN'-m  Tamping point code Checkpoint
Tamper diameter /m  Tamper mass / tonnes Falling height /m
25000 e, e,-(1~8) 24 138 18
12000 a, a,-(1~8) 24 67 18
4000 c, c,-(1~8) 24 25 16

Fig. 5 Vibration vibrometer

customization of acquisition parameters. Its operational
range spans +35 mm/s, with recording and reading accu-
racy rated at 0.1 mm/s and 0.001, respectively. It maintains
high precision across temperatures ranging from —10 to
75 °C. The vibration trigger threshold is set to 20% of the
peak amplitude of the measured signal to reduce the false
trigger caused by non-test factors.

3 Test results and analysis
The distribution range of the master vibration frequency
during the dynamic compaction construction process is

shown in Fig. 6. The shaded area in the figure represents
the density of data distribution. The larger the area, the
larger the data volume. As can be seen from the figure,
when the tamping energy is 4000 kN'm, 12000 kN-m, and
25000 kN'm, the mean of the master vibration frequency is
14.88, 10.95, and 11.72 Hz, respectively, and the standard
deviation is 2.4, 2.0, and 3.8, respectively. According to
the mean value £ 1 times the standard deviation, the vibra-
tion velocity statistics of the energy levels of 4000 kN'm,
12000 kN'm, and 25000 kN-m account for 68%, which
are 12.52~17.24, 8.95~12.95, and 7.92~15.52 Hz, respec-
tively. Overall, the master vibration frequency under each
tamping energy is usually between 7 and 18 Hz, but with
the increase of tamping energy, the mean of the master
vibration frequency shows a trend of decreasing first and
then increasing. The standard deviation of the data under
12000 kN-m is small, the data concentration is the highest,
and the stability of the vibration frequency is high.

3.1 Influence of tamper radius on vibration velocity
The influence of tamper radius (the distance between
checkpoint and tampering point) on the vibration velocity
is shown in Fig. 7.

The correlation between vibration velocity and vibration
tamper radius exhibits a power function relationship with a
negative exponent. As the tamper radius gradually increases,
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Fig. 7 The influence of tamper radius on vibration velocity

the attenuation of vibration velocity displays characteristics
of rapid attenuation in proximity and slower attenuation at
a greater distance. The total attenuation of vibration veloc-
ity Av is the vibration velocity at the tamper radius of 10 m
minus the vibration velocity at the tamper radius of 90 m,

V V,, is the relative attenuation at 20 m; is the relative

10
attenuation at 30 m; v_— v, is the relative attenuation at the
tamper radius of y m; F'=(v_— v, )/Av is the relative vibration
velocity decay rate. Specifically, within the distance range of
10 to 20 m, the attenuation of vibration velocity under tamp-
ing energy of 4000 kN-m, 12000 kN'm, and 25000 kN-m
constitutes over 68% of the total attenuation. Extending the
distance range to 10 to 60 m encompasses more than 97%
of the total attenuation, signifying a rapid attenuation of
dynamic compaction vibration within a 40 m radius from
the tampering point. Outside this range, the influence of
dynamic compaction vibration is less than 3%, and the cor-
responding attenuation rate is listed in Table 3.

According to the Standard for allowable vibration of
building engineering [24], the allowable vibration velocity
ofbuilding (Structure) is determined by linear interpolation

based on frequency. Industrial buildings, public buildings
(Grade A) and residential buildings are sensitive to vibra-
tion and have protective value (Grade B). If they do not
belong to the first two categories, they belong to Grade C.
Table 4 lists the safe distances between the top floor and
the foundation of the building when the tamping energy is
4000, 12000 and 25000 kN-m.

Table 4 reveal that the safety distance is not directly pro-
portional to the tamping energy. Interestingly, the safety dis-
tance under 4000 and 25000 kN-m tamping energy is identi-
cal, while the safety distance under the 12000 kN-m tamping
energy surpasses that of both 4000 and 25000 kN-m.

3.2 Influence of tamping times on vibration velocity
The influence of tamping times on vibration velocity under
the tamping energy of 4000, 12000, and 25000 kN-m is
depicted in Fig. 8. Overall, the vibration velocity under the
tamping energy of 4000, 12000, and 25000 kN-m under-
went a phase of rapid increase followed by stabilization
with an increase in the tamping times.

At a tamping energy of 4000 kN'm and a tamper radius
of 10 m, the vibration velocity curve experiences rapid
growth initially, peaking at the sixth strike, followed by a
declining trend. Similarly, the curve trends at the tamper
radius of 20 m, 30 m, and 40 m from the tamping source
are generally similar, stabilizing after the peak value
of the fourth strike. Notably, the vibration velocity at 60
and 80 m does not increase significantly with the tamping
times. At a tamping energy of 12000 kN-m and a tamper

Table 4 Safety distance

Top floor/m Foundation /m
Tamping energy /kN-m
B C A B C
4000 40 60 60 30 40 60
12000 60 80 80 30 60 80
25000 40 60 60 30 40 60

Table 3 The influence law of tamper radius on vibration velocity attenuation rate

4000 kN'm 12000 kN'm 25000 kN'm

S/m v/(mm/s) Av/(mm/s) F% v/(mm/s) Av/(mm/s) F% v/(mm/s) Av/(mm/s) F%
10 55.3 - - 65.2 - - 111.50 - -
20 16.0 39.3 72.50 21.6 43.5 68.88 22.30 89.2 80.47
30 7.70 8.20 15.22 11.4 10.3 16.28 8.70 13.6 12.28
40 4.60 3.10 5.74 7.20 4.2 6.60 4.50 4.20 3.83
60 2.20 2.40 4.40 3.80 34 5.41 1.70 2.80 2.46
80 1.30 0.90 1.66 2.40 1.4 2.19 0.90 0.80 0.77
85 1.20 0.10 0.25 2.20 0.2 0.35 0.80 0.10 0.11
90 1.10 0.10 0.22 2.00 0.2 0.30 0.70 0.10 0.09
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Fig. 8 The influence of tamping times on vibration velocity:
(a) 4000 kN'm, (b) 12000 kN'm, (c) 25000 kN'm

radius of 10 m, the curve exhibits an ascending trend with
an increase in the tamping times. The curve at the tamper
radius of 20 m, 30 m, and 40 m stabilizes after reaching the
peak value at the sixth strike. Similarly, the curve trends
at 60 m, 80 m, 85 m, and 90 m are relatively stable, with
the vibration speed showing no significant change with
an increase in the tamping times. At a tamping energy of
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25000 kN'm and a tamper radius of 10 m, the curve expe-
riences rapid growth initially with an increase in the tamp-
ing times. It then shows a downward trend after its peak
at the fifth strike. When the tamper radius is 20 m, except
for the first strike, the curve generally increases first and
then tends to stabilize, reaching its peak at the fifth strike.
The curve at 30 m and 40 m from the tamping point tends to
stabilize after the peak value of the fifth strike. The curve
trends at 60 m, 80 m, 85 m, and 90 m are relatively sta-
ble, with the vibration speed showing no significant change
with an increase in the tamping times.

There is a distinct stable 'critical point' in the impact of
tamping times on the vibration velocity of dynamic com-
paction. Specifically, the 'critical point' for 4000 kN'm is
at 10 m, with six strokes as the critical point, and at 20 m,
30 m, and 40 m, with four strokes as the critical point;
for 12000 kN'm, the critical point is at the sixth stroke;
for 25000 kN'm, the fifth strike is the critical point.
Identifying the critical points of tamping times can guide
controlling dynamic compaction vibration.

3.3 Influence of tamping energy on vibration velocity

The three-dimensional maximum vibration velocity dis-
tribution under the tamping energy of 4000, 12000, and
25000 kN'm is shown in Fig. 9. Under the tamping energy
of 4000 kN'm, 12000 kN-m, and 25000 kN-m., the average
values of the maximum vibration velocity are 16.32 mm/s,
17.12 mm/s and 19.11 mm/s respectively, indicating that
with the increase of dynamic tamping energy level,
the average value of maximum vibration velocity under
each energy level does not change much. Under varying
energy levels, a discernible threshold demarcates the aggre-
gation characteristics of vibration velocity data. When the
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vibration velocity exceeds 30 mm/s, pronounced dispersion
is observed among the measured values, whereas veloci-
ties at or below 30 mm/s exhibit significant clustering pat-
terns. Statistical analysis indicates that vibration velocities
<30 mm/s account for 98% of the total sample population,
demonstrating a concentrated distribution characteristic.

The vibration velocity survey data of dynamic compac-
tion are analyzed according to the boundary of 30 mm/s
aggregation degree, as shown in Fig. 10. The maximum
vibration velocity under each energy level is connected,
and the growth rate Line 1 of vibration velocity with the
increase of energy level is obtained. Connect the maximum
vibration velocity in the data sample less than or equal to
30 mm/s, and get the broken Line 2 of the vibration velocity
growth rate. Line 1 and Line 2 indicate that the vibration
velocity increases with rising tamping energy. The change
rate of maximum vibration velocity is 0.529% when the
energy level increases from 4000 kN-m to 12000 kN-m, and
0.219% when the energy level increases from 12000 kN-m
to 25000 kN-m, with the former being more than twice that
of the latter. However, when the vibration velocity is less
than 30 mm/s, the maximum change rate of vibration veloc-
ity is 0.119% when the energy level is from 4000 kN-m to
12000 kN'm, and the change rate is —0.007% when the
energy level is from 12000 kN-m to 25000 kN-m, show-
ing a decreasing trend, indicating that with the increase of
tamping energy, there is an inflection point in the growth
rate of vibration velocity at 12000 kN-m.

3.4 Influence of tamping settlement on vibration velocity
The influence of tamping settlement on vibration velocity
is depicted in Fig. 11(a)—(c). The vibration velocity shows
a trend of first rapid growth and then stabilization with the
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Fig. 10 The influence of tamping energy on vibration velocity
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Fig. 11 The influence of tamping settlement on vibration velocity:
(a) 4000 kN'm, (b) 12000 kN-m, (c) 25000 kN'm

increase of cumulative tamping amount. When the com-
paction energy is 4000 kN-m and the compaction radius is
10 m, the vibration velocity reaches a peak value at a cumu-
lative settlement of 0.82 m and then fluctuates slightly, and
tends to be stable overall; when the compaction radius
is 20 m, 30 m, and 40 m, the vibration velocity reaches
a maximum value at a cumulative settlement of about



0.68 m and tends to be stable, and the vibration velocity
at 60 m and 80m changes little. When the tamping energy
is 12000 kN'm and 25000 kN'm, as the cumulative tamp-
ing amount increases, the vibration velocity tends to be sta-
ble after reaching the maximum value, and the cumulative
tamping amount corresponding to the maximum value of
the vibration velocity is generally 3.08 m to 4.30 m.
Research indicates that [25] dynamic compaction
vibrations disperse outward from the hammer's bottom
and sides through elastic wave propagation. Analysis
of the dynamic compaction process reveals a progres-
sive decrease in settlement amounts during initial blows,
accompanied by a transition in soil consistency from soft
to hard. Soft soil can absorb some of the vibration energy,
resulting in relatively low vibration velocities at ground
test points during this phase. As soil settlement under the
hammer diminishes and the soil continues to harden, the
soil's ability to absorb vibration energy decreases, lead-
ing to increased vibration velocities at ground points.
Subsequent hammering leads to slow increases in set-
tlement and pit depth and a continuous increase in the
distance between the test point and the hammer's cen-
ter. This increased distance weakens the propagation of
vibration energy. At the tamping energy of 4000 kN-m,
where the rammer's weight is light, settlement increments
per tamping are small, with minimal impact on vibration
velocity, especially with enhanced elastic wave effects
on the rammer's side. Conversely, settlement increases
rapidly at the compaction energies of 12000 kN'-m and
25000 kN-m, leading to a notable impact of pit depth on
vibration velocity, particularly at 10 meters. At distances
between the tamping point ranging from 20 to 90 m, side
elastic waves from the hammer significantly influence
vibration velocity, resulting in relatively stable readings.

4 Sobol sensitivity analysis
The studies mentioned above only examined the impact of
individual factors, such as tamping energy, tamper radius,
tamping times, and cumulative tamping settlement, on
vibration velocity. However, determining the combined
effects of multiple factors on vibration velocity remains
challenging, and even more difficult is establishing the rel-
ative significance of each factor. As a result, it becomes
hard to provide systematic guidance for the design and
construction of dynamic tamping vibration reduction.
Sobol sensitivity analysis is a Monte Carlo method based
on variance decomposition [26]. The principle involves
decomposing the model into single parameters based on
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two and an increasing sequence function composed of
parameters. Subsequently, the influence of the variance
of the single parameter and the combined parameter on
the total variance is calculated to assess the importance of
the parameter, thus deriving the sensitivity method [27].
Sobol sensitivity analysis comprises sensitivity indica-
tors such as the local sensitivity index and the total effect
index. The local sensitivity index reflects the influence of
a single parameter on the output. A larger index indicates
a greater parameter influence on the output. The total
effect index is used to measure the total contribution of the
model input parameter to the variance of the output result,
including the independent effect of the parameter and all
its interactions with other parameters [28].

Assume that the functional relationship of the model is
y = fix) where x = (x,, x,, ... , x), with 'n' representing the
n-dimensional input, and y is the output. The model y = f(x)
is decomposed into the sum of 7 increasing terms based on 2:

FE=f4 2 f(5)+ T f(x)+

1<i <j<n (1)
ot S (xl,xz, xn)
fi=E(y)=1f(x)dx Q)
fi=E(y/x)—f,=1f)Tdx, - f, 3)

z#1

fi,j :E(y/xiaxj)_fi_fj _fo

)
=lf) M de, ~fi~ 1~ 1,
z#1,j
Then the total variance of function f{x) is:
D=]f*(x)dx—f; ®)
The deviation is
Di, P A J‘f;iiz,...,iz (xil s Xy 5eees Xy, )dxil dxr'z "'dxiz 6)
1<i<..<i <n, z=12,.n
Then the total variance of function f{x) is:
D .
_ iy iy e (7)

S[ i i,
1512 50000l D

When z = 7, the main influence of the parameter x, on
the output f(x) is represented.

When conducting multi-factor analysis, it is very com-
plex to establish a multivariate nonlinear model f{(x) includ-
ing the vibration source distance S, the number of tamping
times N, the tamping energy E, the tamping settlement J
and the vibration velocity v. Based on the universal function
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approximation characteristics of the BP neural network
(Back Propagation Neural Network) [29], this study will use
the BP neural network to construct the S-N-E-J-v mapping
relationship model. A total of 217 sets of vibration data were
collected on site, covering tamping energy of 4000, 12000,
and 25000 kN-m, vibration source distances of 10, 20, 30,
40, 60, 80, 85, and 90 m, tamping times (1, 2, 3, ...), and set-
tlement amounts of 220 mm to 6740 mm. In order to reduce
the influence of the original data arrangement order on the
modeling accuracy, the Fisher-Yates random shuffling algo-
rithm [30] was used to randomly sort the data to disrupt the
correlation between the original adjacent data rows.

The BP neural network training and Sobol sensitivity
analysis process are shown in Fig. 12. The 217 data sets
were divided into "training group G" and "prediction group
H". In the training stage, the optimal structural parame-
ters were determined by experimental method: single hid-
den layer architecture with 7 nodes and initial learning rate
of 0.01. Taking the "G/H = 180:37" group as an example,
the training used the adaptive moment estimation opti-
mizer (Adam). When the loss function of the validation set
decreased by less than 1076 for 1000 consecutive iterations,
the early stopping mechanism was triggered, and the train-
ing was completed after 42 iterations. Table 5 lists the sim-
ulation accuracy of different training groups and prediction
groups. When "G/H = 180:37", the MAE (mean absolute
error), MBE (mean deviation error) and RMSE (root mean
square error) of the model were relatively small, and the
coefficient of determination R? was as high as 0.98. Save the

Initialization
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Random shuffle 4{
algorithm :
Import input [S, N, E, J ]
and output [v] vectors

|

Moditfy the structural
parameters of the network

—

Find the target value and the Calculating error
actual output deviation e gradient

v -

End the network .
.. Calculate the
training, fixed Whether e meets .
. <+Yes- . =\ o= error of neurons
weights and expectayions
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1

uonededoad yoeq Jowo

<«—uoneSedoid premioy induy

v
v=f(S, N, E, J)
v

Sobol sensitivity
analysis
v
End

Fig. 12 BP neural network modeling and Sobol sensitivity analysis

Table 5 The influence of the ratio of training group to prediction group
on the accuracy of the model

R? MAE MBE RMSE
G H G H G H G H

G/H

100:117 0.82 0.77 0.62 066 -015 -028 1.04 137
12097 073 0.62 077 086 -0.10 -029 132 178
140:77 092 086 035 050 -0.13 -031 072 113
160:57 089 0.84 033 050 -0.11 -026 0.80 131
180:37 098 098 023 026 —0.09 -0.12 035 044
190:27 095 096 034 041 -0.02 -0.12 0.58 0.60

"G/H = 180:37" group model. Figs. 13(a) and 13(b) show the
training and prediction effects of the model, respectively.
After calculation, the sensitivity indexes of various fac-
tors affecting dynamic compaction vibration were deter-
mined, as shown in Table 6. The sensitivity histogram of
tamping energy, tamper radius, tamping times, and tamp-
ing settlement to vibration velocity is shown in Fig. 14.

15or ——QObserved values
——Predicted values
P 120}
F
£ 90r
=)
L
g 60f
()
&
30
0 L L L 1 1
0 40 80 120 160 200
Sample data
(@
1401
——QObserved values
) 140t ——Predicted values
E
© 1501
=)
24
3100
bS]
g
A 50t
0 C . L 1 Il
0 10 20 30 40

Prediceted date

(®

Fig. 13 Bp neural network model at A:B = 180:37: (a) Training samples
and observed values, (b) predicted date and observed date



Table 6 Sensitivity index of dynamic compaction construction

parameters
Variable . Local sensitivity ~ Total sensitivity
number Variable index SL index ST
1 Tamping 0.0043 0.0206
energy
2 Tamper radius 0.5974 0.8229
3 Tamping 0.0130 0.0466
times
Tamping
4 0.1352 0.3721
settlement
Ir
s

0.8 EST
>
- -
5 0.6
=
w2
5 0.4}
N

0.2F

0 1 2 3 4 5
Input variable

Fig. 14 Sensitivity indicators

From Table 6 and Fig. 14, it can be seen that the sensitiv-
ity of vibration velocity to tamping energy, tamper radius,
tamping times, and tamping settlement is ranked as follows:

Tamper radius > Tamping settlement > Tamping times
> Tamping energy

Table 6 demonstrate that the local sensitivity index (SL)
of the tamper radius on vibration velocity is 138.93 times
higher than that of tamping energy and 46 times higher
than that of tamping times. The total effect index (ST) for
the tamper radius is 39.9 times that of tamping energy and
17.7 times that of tamping times, indicating that the tam-
per radius not only significantly contributes to vibration
velocity but also interacts notably with other variables.
Tamping settlement ranks second, with an SL 31.4 times
that of tamping energy and 10.4 times that of tamping
times, and an ST 18.1 times that of tamping energy and
7.98 times that of tamping times. In contrast, the sensitiv-
ities of tamping energy and tamping times are relatively
low, indicating their minimal impact on vibration velocity.

The above research shows that the tamper radius is the
main factor affecting the vibration velocity. Its optimization
or control can significantly reduce the vibration of strong
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compaction; the impact of tamping settlement is second,
which needs to be paid attention to in design or construction;
the tamping energy and tamping times have little impact and
can be regarded as secondary factors of concern.

The research indicates that the tamper radius is the pri-
mary factor affecting vibration velocity. Optimizing or
controlling it can significantly reduce vibrations. Tamping
settlement has a less significant impact and should be con-
sidered during design and construction. In comparison,
tamping energy and tamping times have minimal effects
and can be considered secondary factors.

5 Conclusions

In this study, the influence of four factors-namely tamping
energy, tamper radius, tamping times, and tamping settle-
ment-on vibration velocity at 25000 kN-m, 12000 kN-m,
and 4000 kN-m was investigated at a miscellaneous fill
site. A nonlinear model of the relationship between these
four factors and vibration velocity was established using a
BP neural network. The Sobol sensitivity analysis method
was employed to determine the order of influence of these
factors on dynamic tamping vibration velocity. The fol-
lowing conclusions were drawn:

1. The vibration velocity and tamper radius have a
power function relationship with a negative expo-
nent. Within a tamper radius of 60 meters, 97% of
total vibration attenuation occurs, indicating a sig-
nificant influence. There is a 'turning point', in the
safety distance, and the safety distance decreases
after exceeding the 'turning point'. From the current
site test situation, the safety distance is equal when
the tamping energy is 4000 kN-m and 25000 kN-m.
In all kinds of buildings, the safety distance of the
roof and foundation should not be less than 60 m,
and when the tamping energy is 12000 kN-m, should
not be less than 80 m.

2. An evident and stable 'critical point' emerges in the
impact of tamping times on the dynamic compaction
vibration velocity. For 4000 kN-m, when the tamper
radius is 10 m, the critical point is after six strikes,
and for tamper radius of 20, 30, and 40 m, the critical
point is after four strikes. At 12000 kN-m, the critical
point occurs at the sixth stroke, while at 25000 kN-m,
the fifth strike serves as the critical point.

3. With the increase of tamping energy, the growth
rate of vibration velocity changes from fast to slow.
The vibration velocity of different tamping energy is
concentrated below 30 mm/s, accounting for 98% of
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the total data. When it exceeds 30 mm/s, the vibra-
tion velocity data is obviously dispersed.

. The vibration velocity first increases rapidly with the

increase of the cumulative tamping settlement, and
then tends to be stable after reaching the peak point.
When the tamping energy is 4000 kN-m, the cumu-
lative tamping settlement corresponding to the peak
point of the vibration velocity is 0.68—0.82 m. When
the tamping energy is 12000 kN-m and 25000 kN-m,
the cumulative tamping settlement corresponding to
the peak point of the vibration velocity is 3.08—4.30 m.

. The local sensitivity index of tamper radius on vibra-

tion velocity is 138.93 times that of tamping energy and
46 times that of tamping times. The total effect sensi-
tivity index is 39.9 times that of tamping energy and
17.7 times that of tamping times. The local sensitiv-
ity index of tamping settlement on vibration velocity
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