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Abstract
As the dynamic compaction operation is accompanied by heavy weights and hard tamping, its induced ground vibrations can 
cause the unfavourable effects on nearby pipelines and buildings, ranging from annoyance to structural damage. Therefore 
studying the performance of barriers is inevitable. The majority of these vibrations spreads as of surface (Rayleigh) waves. 
By spreading out the generated surface waves, wave barriers can be a successful way to minimize these effects. Based on 
this and due to the lack of previous field studies on wave barriers in dynamic compaction, conducting practical tests and 
direct measurements of wave characteristics such as peak particle velocity are considered urgent needs by the engineering 
community in order to obtain wave barrier design solutions. The effectiveness of open trenches, empty holes, and trenches 
filled with geofoam in reducing vibrations brought on by dynamic compaction was investigated in an experimental field inves-
tigation. The dimensions of 10 × 12 m are deemed big enough within the context of our study area to capture the pertinent 
characteristics and phenomena related to dynamic compaction. To assess the isolation efficiency, key parameters, including 
the barrier geometries, and their locations relative to the vibration source were examined. The Larger barrier dimensions 
and the closer proximity of barrier to the vibration source the better screening effects. The experimental results showed that 
for the applied range of dynamic compaction energy (6 t.m), open trench barriers reduced peak particle velocity in vertical 
direction by 50% and geofoam-filled barriers reduced it by 20%, proving a good contribution in mitigation of the aftereffects 
in terms of induced vibrations. Moreover, void holes provided the least protection with about a 12% decrease in the energy 
transferred. The results of these experimental field studies can be useful for design purposes.

Keywords Dynamic compaction · Peak particle velocity · Physical modelling · Wave barrier · Wave diffraction

Introduction

There are several ground-borne vibrations which can be 
induced by the machine foundations, high-speed trains, 
blast, rockfall and dynamic compaction dynamic. Most such 
vibrations transfer to the ground surface, and propagate in 
the form of surface waves which can travel for long dis-
tances. Ground-borne vibrations have the potential to upset 
nearby residential areas and may also have an impact on 

the functionality of delicate machinery. One of the most 
crucial aspects of vibration intensity, peak particle veloc-
ity, may be measured directly or using prediction models. 
This metric essentially serves as a benchmark for assess-
ing the negative consequences of waves that propagate from 
the vibration source [1–4]. Wave barriers in the ground are 
generally used to reduce the aftereffects of induced vibra-
tions. The geometry, location, and composition of a wave 
barrier will influence its performance. Wave barriers can be 
in the form of open trenches, in-filled trenches, sheet-pile 
walls, and the rows of solid or hollow piles (empty holes). 
Several analytical and numerical studies, as well as a few 
experimental studies surveyed the applicability of wave bar-
riers for vibration isolation (known as vibration screening) 
to improve understanding of vibration scattering. By placing 
open trenches close to a wave source (known as active isola-
tion) or next to an item like a machine or building that has to 
be protected (known as passive isolation), Woods [5] carried 
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out a series of scaled field tests on vibration isolation. Based 
on the data, Woods [5] provided recommendations for the 
size of open trenches to achieve a drop in ground amplitude 
equal to or higher than 75%. Better vibration reduction effi-
ciency can be obtained using empty (open) trenches com-
pared to in-filled trenches having the same geometrical and 
mechanical features [6–13]. To avoid instability associated 
with open trenches, the vertical edges of the barrier can be 
supported with concrete elements [14]. A similar beneficial 
stabilizing effect can be obtained using in-filled trenches, 
where the fill material provides larger elastic moduli values 
than the surrounding soil [15, 16]. Vibration reduction simi-
lar to that of in-filled vertical barriers was observed with the 
use of a sheet-pile wall or a row of piles [17–19]. It is pos-
sible to use weaker materials (smaller elastic parameters), 
such as geofoam, water, and bentonite as a filler [8–11, 16, 
20–25].

Baker [26] and Ahmad et al. [27] conducted a series of 
field model tests to study the effectiveness of barriers made 
of bentonite (a soft barrier), and concrete (a stiff barrier) 
installed either close to or at a distance from the source of 
disturbance. They made comparisons between the experi-
mental results and numerical findings from the literature 
that had been produced using the boundary element method 
(BEM) and empirical design equations created by Ahmad 
and Al-Hussain [28]. They discovered that compared to 
active isolation, passive isolation benefited more from the 
obstacles. Moreover, the bentonite barriers yielded slightly 
higher amplitude reduction ratios ( A

r
 ) than the concrete 

barriers. The empirical formula compared reasonably well 
with the field test results, as well as with other published 
experimental data.

Beyond wave barriers technique, other researchers pro-
posed an approach in the form of active wave generator for 
ground surface vibration reduction that are comparable to 
classic, and innovative vibration mitigation techniques [29]. 
The efficiency of approach was verified for harmonic excita-
tion and impact loads at points located on the ground surface 
or below it.

Numerical models, which are more developed compared 
to the experimental studies, are efficient tools for investigat-
ing wave propagation problems. The finite element method 
(FEM) and boundary element method BEM were widely 
used in wave barrier simulations. Haupt [30], El Naggar and 
Chehab [31], Andersen and Nielsen [15], Beskos et al.[32], 
Ahmad and Al-Hussaini [29, 33–35], Al-Hussaini and 
Ahmad (1991 and 1996), Al-Hussaini et al.[29], Saika [37, 
38], Bose et al. [39], Yao et al. [40] and Qiu [41] carried 
out numerical modelling to interpret the behaviour of open 
and infill wave barriers to reduce ground-borne vibrations. 
Saika [37, 38] showed that the isolation efficiency of open 
and in-filled trench barriers were largely governed by the 
impedance ratio (IR) of in-fill material in which IR is the 

ratio of impedance value (density × Rayleigh wave velocity) 
of the barrier to that of the surrounding soil. A reduction in 
IR was observed to boost the efficiency of isolation. Saika 
discovered that an in-filled trench had efficacy equivalent to 
an open trench with identical shape within an IR range of 
0.08 to 0.17.

It should also be mentioned that some novel approaches, 
have been made to improve the estimation of PPV by auto-
mated intelligent hybrid computing methods, especially in 
blasting operations [42–44].

The studies mentioned above indicate that wave barriers 
can be used to effectively screen ground-borne vibrations. 
However, as a first limitation of these studies, most of them 
focused on harmonic waves and paid little attention to waves 
produced by impact loads such as dynamic compaction. As 
the second limitation, the fewer investigations performed 
about using wave barriers in dynamic compaction are gen-
erally based on numerical models and not according to the 
field measurements.

Therefore, it is important to examine the application of 
suggested protective measures and their effectiveness for 
vibration isolation in non-harmonic heavy excitation like 
dynamic compaction due to the lack of efficient solutions to 
mitigate the side effects of dynamic compaction operations. 
Furthermore, as the third limitation of previous studies, in 
dynamic compaction, wavelength is not a constant parameter 
like harmonic waves, and it was felt that a more appropriate 
parameter is needed to normalize the dimensional param-
eters of this operation.

The current investigations were carried out in light of 
the above and the need for a manual for the design of wave 
barriers in dynamic compaction operations. The present 
experimental investigation looked at the efficiency of sev-
eral wave barriers (void holes, geofoam-filled trenches, and 
empty trenches) confronting waves that propagated owing to 
dynamic compaction and looked into the function of contrib-
uting elements. Finally, the effect of diffraction on efficiency 
of trenches and hole barriers has been precisely investigated.

Testing materials

Sub‑soils

The test site was a flat open area located in the city of Mah-
dasht in Alborz province of Iran (Fig. 1). The selected area 
was 10 × 12  m2 in plan. Based on investigation up to a depth 
of 10 m, the native soil was classified as sandy clay (CL) 
based on the Unified Soil Classification System (ASTM 
D2487-11), with a relative compaction of more than 85%. 
The effective depth of dynamic compaction used in the cur-
rent study was 1–1.5 m; thus, the upper 2-m thickness layer 
of the native soil was replaced with coarse-grained sandy 
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soil, which was classified as SC in the Unified Soil Clas-
sification System. This soil layer was replaced in medium 
dense conditions in order to meet the criteria for dynamically 
compactible soil as suggested by FHWA-SA-95–037. By 
examining the drilled boreholes within the examined area, 
which was quite uniform, it was possible to assess the impact 
of the spatial distribution of subsurface soil in the region. 
Table 1 contains a summary of the technical characteristics 
of both layers.

Geofoam

The geofoam used was ionolite with a density of 6.6 kg/m3 
and compressive strength of 23 kPa. This product is com-
monly used in the building construction.

Testing procedure

Using a cylindrical steel tamper that had a diameter of 
0.75 m, a height of 0.75 m, and a weight of 1.65 tons, 
dynamic excitation consisting of a non-harmonic short-
time vertical force was applied. With a drop height of 3.6 m, 
0.06 kJ (6 t.m) of energy was applied. A process scheme is 
shown in Fig. 2.

Before the barrier was excavated out, the vertical peak 
particle velocity (PPV) caused by the impact load was 
recorded at each selected location on an intact field. Then, in 
accordance with the testing protocol (Table 2), the specified 
physical conditions were implemented. To do so, a drilling 
machine was used to dig the barrier holes and trenches as 
shown in Fig. 3. For two of the tests, geofoam material was 
installed in the open trenches. In each test, the excitation due 
to dynamic compaction was applied and the vertical PPVs 
were recorded at the specified locations.

Fig. 1  Vicinity map of study area
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Instrumentations

Figure 4 shows the instrumentations’ locations and experi-
mental configurations. Figure 5 show images of the test-
ing field and instrumentations. The vertical PPVs were 
measured using geophones with a natural frequency 

of 4.5 ± 0.5  Hz. The geophones were deployed in a 
1.5 × 1.5 m gridded triangular area as shown in Fig. 4. The 
geophones were connected to a 24-channel data logger. In 
all tests, the data was recorded over the course of 16 s at 
a frequency of 1 kHz.

The maximum PPVs were essential to this investigation, 
hence this value could only be ascertained from the geo-
phones’ temporal histories. Except for the trenches filled 
with geofoam, which were tested exclusively at R = 6 m, 
impact distances (R: distance between the impact site and 
the barrier) of 3 m and 6 m were evaluated. In each of the 
performed tests mentioned in Table 2, ten drops were car-
ried out to trace the changes in terms of the densification 
of the bed. At the end of the tests, owing to the fact that the 
ground conditions changed with number of impacts, the 
average PPV was herein considered and reported.

Dimensional analysis was required for better assess-
ment and interpretation of acquired results [45, 46]. Con-
sequently, Eq. (1) is presented to define the contributory 
factors in the PPV appeared in terms of the impact load.

(1)
PPV = f(Di, Tb, Lb, d, Vss, Vsb, �s, �b, �s, �b, �s, �b)

Fig. 2  Schematic pattern of applied transient load in dynamic com-
paction

Table 2  Geometric parameters of the tests

Void holes (including 5 adjacent holes)

Test no. Test variables Test conditions

Hole diameter
(m)

Hole depth
(m)

Centre-to-centre 
distance between 
holes
(m)

1 0.40 2.0 0.4 Constant diameter and depth of holes, but variable centre-to-centre distance bet. 
holes2 0.40 2.0 0.9

3 0.40 1.0 0.9 Constant diameter and centre-to-centre distance bet. holes, but variable depths
4 0.40 1.5 0.9
2 0.40 2.0 0.9
5 0.40 2.5 0.9
2 0.40 2.0 0.9 Constant depth and centre-to-centre distance bet. holes, but variable diameter of 

holes6 0.65 2.0 0.9

Trench barriers

Test no. Test Variables Test conditions

Trench width 
(m)

Trench 
depth (m)

Trench length (m)

2 0.40 2.00 2.0 Open Trench: constant trench depth, but variable trench plan area (TL)
7 0.65 2.00 4.0
8 0.65 1.50 4.0 Open Trench: constant trench length and width, but variable depth
7 0.65 2.00 4.0
9 0.65 2.50 4.0
10 0.40 2.00 4.0 Trench in-Filled with Geofoam: constant trench depth and length, but variable 

width11 0.65 2.00 4.0
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where D
i
 is the depth of the effect of dynamic compaction 

based on the Lukas formula [47] and is proportional to the 
energy applied to the ground ( D

i
= n

√

W ⋅ H in which W 
is the tamper mass, H is the falling height and n is usually 

equal to 0.5), T
b
 , H

b
 , and L

b
 are the thickness, height, and 

length of the barrier, respectively; d is the distance of the 
particle from the barrier; V

ss
 and V

sb
 are the shear wave 

velocity in the soil and the barrier, respectively; �
s
 and �

b
 

Fig. 3  Images of: a open trench 
barrier; b empty hole barrier

Fig. 4  Instrumentation and experimental configurations
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are the density of the soil and the barrier, respectively; �
s
 and 

�
b
 are the damping ratio of the soil and the barrier, respec-

tively; and finally, �
s
 and �

b
 are the Poisson’s ratio of the soil, 

and the barrier, respectively. With the use of dimensional 
analysis, Eq. (2) consisting of the basic dimensionless con-
tributory factors can be considered.

Parameters T
b
/D

i
 , H

b
/D

i
 , L

b
/D

i
 , d/D

i
 were studied, some 

of which were recognized as effective parameters in previous 
studies (Ahmad and Al-Hussaini [28, 34], Alzawi [21]). 
Parameters V

sb
/V

ss
 , �

b
/�

s
 , �

b
/�

s
 , �

b
∕�

s
 are the ratios of the 

physical parameters of the barrier to the soil. Assuming the 
use of similar materials in prototype model, these parameters 
were disregarded in this study. Previous studies on the sub-
ject came to the conclusion that the influence of the soil 
barrier’s Poisson’s ratio is negligible and may be disregarded 
for the usual range of soil Poisson’s ratio (0.25 to 0.48). 
Figure 6 shows a schematic of a typical vibration isolation 
system, and Table 3 presents the dimensionless parameters 
of the test. For scaling during the dynamic compaction tests, 

(2)

PPV(with Barrier)∕PPV(without Barrier)

= f
[

Tb∕Di, Hb∕Di, Lb∕Di, d∕Di, Vsb∕Vss, �b∕�s, �b, �s, �b, �s
]

all parameters having dimension L were normalized 
toD

i
=
�

0.57 ×
√

6

�

m.

Experimental results and discussion

A discussion on how the barrier’s dimensionless shape 
affects its screening effect should come after a source of 
disturbance has been described. The term “screening effect” 
describes the act of minimizing or attenuating the adverse 
effects of waves on buildings by applying shielding or pro-
tective measures like wave barriers.

 General properties of ground response

To assess the effects of barrier geometry on the screening 
effect, all dynamic compaction tests were conducted under 
the same initial ground conditions and compaction energy 
(similar tamper mass and drop height). Figure 7 shows a typ-
ical Fourier amplitude spectrum obtained from the recorded 
signals measured on the ground, in test No.9.

From the PPVs of one sensor to the next, the amount of 
time was calculated. The interval between two successive 

Fig. 5  Images of: a installation of geophones in ground; b falling dynamic compaction tamper

Fig. 6  Schematic of typical 
vibration isolation system
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placed sensors was not equal because the impact wave and 
damping were non-harmonic. For multiple experiments, the 
average time delay between geophones was roughly 6 ms. 
Therefore, considering the geophones distance of 1.5 m, the 
average velocity of Rayleigh wave propagation is obtained as 
250 m/s. An average time period (T) and, in turn, frequency 
of the wave (f) were obtained 40 ms and 25 Hz, respectively. 
Moreover, the average wave length of impulses was esti-
mated to be about 10 m (λ = 250 × 0.040 = 10 m).

To evaluate the performance of the proposed physical 
experimental model and instrumentations, the PPVs meas-
ured in ground without a barrier were compared with the 
results obtained by Mayne et al. [48] and Lukas [47]. As it 
can be seen in Figs. 8 and 9, the measurements fall into the 
range as previous researchers highlighted.

 Velocity reduction factor (VRF)

The soil particle velocity at a particular site is often used 
in practice to analyse the impact of transmitted vibration. 
The effectiveness of a protective system may be defined in 
terms of a decrease in the soil particle velocity as the peak 
velocities have been chosen as a representation of ground 
vibration. Thus, the results were presented in the form of 
vertical PPV reduction factor (VRF). This can be defined 
as the ratio of a PPV (in vertical direction) with barriers 
(PPV)Barr to that of intact ground (PPV)Intact.

 Reliability of measured velocities

The intensity of the applied energy was determined by look-
ing at the data the geophones recorded after the test, and it 
was discovered that some of the geophones had achieved 
their maximum capacity (velocity of 8 mm/s). It was deter-
mined that the collected results at a distance of more than 

Table 3  Dimensionless test 
parameters

Parameter Values Normalized values

Trench width (thickness) t = 0.4, 0.65 m T = 0.29, 0.47
Trench or hole depth h = 1.0, 1.5, 2.0, 2.5 m H = 0.72, 1.07, 1.43, 1.79
Trench length l = 2, 4 m L = 1.43, 2.86
Trench plan area tl = 0.8, 2.6  m2 TL = 0.41, 1.33
Hole diameter di = 0.40, 0.65 m Di = 0.29, 0.47
Centre-to-centre distance between holes ccdh = 0.4, 0.9 m CCDH = 0.29, 0.65
Compaction to barrier distance cbd = 3, 6 m CBD = 2.15, 4.3

Fig. 7  Typical time-history 
Fourier amplitude spectrum of 
signals measured on the ground 
in test No.9
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6 m from the impact location were trustworthy. Therefore, 
for tests performed in smaller ground in which the distance 
from the impact point to the barrier was 3 m (CBD = 2.15), 
only a few of measured velocities after the barrier location 
could be considered reliable.

Given the above, only reliable data are presented and dis-
cussed in this paper.

Effect of trench barriers

Figure 10 shows the influence of the empty trench depth 
on reducing the induced vibrations in comparison with 
the intact ground. Figure 10a shows that, as barrier depth 
increased, the screening effect improved, especially at a 
closer distance behind the empty trench. Consequently, the 
trench with a normalized depth of H = 1.79 had the best 

screening effect of reducing PPV. Figure 10b shows the 
trench plan area (width × length) effect. As the trench plan 
area increased, the screening effect increased, especially at 
a closer distance after the empty trench (at a normalized 
distance of 1.25). D (normalized distance) is relation of dis-
tance to D = (0.57 × √6) m.

Figure 11 shows the effect of barrier dimensions on 
reducing the PPV of a trench in-filled with geofoam at differ-
ent distances behind the barrier. Figure 11a shows the effect 
of trench width and Fig. 11b shows the effect of the trench 
filler (air and geofoam). These numbers show an increase 
in the screening effect of thicker geofoam-filled trenches of 
roughly 20%. Particularly at a closer distance following the 
empty trench (to a normalized distance of 1.25), there was a 
stronger screening effect (at least 5%) for the empty trenches 
compared to the geofoam-filled ones.

Diffraction effects on amplification of wave velocity 
behind the barrier

In Figs. 8 and 9, it can be seen that VRF was more or less 
close to a value of 1 adjacent to the barrier. This reached a 
minimum value at a normalized distance of 1.25. Beyond 
this point, the VRF value rises and eventually reaches values 
larger than 1 as the distance grows. Wave diffraction may be 
responsible for these two actions. Wave superposition may 
result from the frequent wave diffraction from a barrier’s 
bottom and side edges. The combinations of in-phase waves 
in diffraction can increase the wave velocity before or after a 
barrier. It should be emphasized that a similar intensification 
effect was noticed in other studies, such as those on classic 
trenches or meta-barriers in selected areas [5, 49–60].

Existence of two layered soil causes noticeable Rayleigh 
waves during dynamic compaction in terms of the reflection 
of SV waves from the boundary among layers towards the 
ground surface. The induced Rayleigh wave moves near the 
ground surface and carries nearly two-thirds of the vibration 
energy [61]; so, it has the major effects on measured vertical 
PPV on the ground surface. Therefore, diffraction of Ray-
leigh waves from side and bottom edges of barriers in two 
layered soil would play a major role in increase of vertical 
PPV values measured behind barrier.

Figure 12 shows the different zones in terms of wave 
propagation, and interfering mechanisms. The zones were 
defined by measurements and VRF values as zone A (or 
A'), zone B (or B'), and zone C (or C'). In zones A (or A') 
and C (or C'), the governing waves were normally refracted 
waves which produced VRF values of less than 1. In turn, 
the diffracted waves that passed by the bottom edge and 
side edges of barrier interfered with the normally refracted 
waves and formed zones B and B', respectively. Diffraction 
makes the wave aftereffects tensified which normally occur 
after refraction and resulted in values of less than 1 in the 

Fig. 8  Influence of normalized barrier dimensions on screening effec-
tiveness of empty trenches at different distances after barrier: a effect 
of normalized trench depth; b effect of normalized trench plan area 
(thickness × length)

Fig. 9  Influence of normalized barrier dimensions on screening effec-
tiveness of trench in-filled with geofoam (L = 2.86, H = 1.43) at differ-
ent distances after barrier: a effect of normalized trench thickness; b 
effect of trench filler (air or geofoam)
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VRF diagram versus the distance from the barrier in zones 
A and C (or A' and C') and of more than 1 in zones B or B'. 
The screening effect generated VRF values larger than 1 in 
these zones because the impact of diffraction was stronger 
than the velocity reduction effect of the barrier. The high-
est barrier reduction impact in Figs. 9 and 11 provided the 

smallest VRF value after the barrier by offsetting the diffrac-
tion effect at the normalized distance of 1.25.

As an example, the mentioned diffraction effects on 
amplification of waves after a trench barrier with normalized 
dimensions of T = 0.29, H = 1.43, L = 2.86 are indicated in 
Fig. 13 and Fig. 14 by numerical modelling using Plaxis.3D 

Fig. 10  Measured PPVs vs. those obtained by Lukas [47]

Fig. 11  Influence of normalized barrier dimensions on screening effectiveness of trench in-filled with geofoam (L = 2.86, H =1.43) at different 
distances after barrier: a effect of normalized trench thickness; b effect of trench filler (air or geofoam)
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software. The parameters and assumptions of this modelling 
will be briefly discussed in “Experimental results and dis-
cussion” section and “Introduction” section, despite the fact 
that it is not the major subject or emphasis of this article and 
was only done in this part to better illustrate the phenom-
ena of diffraction. Figure 13 shows diffraction effect on the 
amplification of ground vibrations by comparing the con-
tours of vertical velocity when hammer impact applied to the 
ground at different elapsed times of 10, 20, 30 and 40 ms.1 
It is evident in Fig. 13c and Fig. 13d that amplification of 
velocity occurs before and after the barrier as Rayleigh wave 
reaches the barrier.

Diffraction effects on amplification can be observed in 
Fig. 14 by the comparison of vertical velocity contours 
on ground surface with and without trench barriers at an 
elapsed time of 40 ms.

The amount of diffraction (sharpness of wave bending) 
increased with a decrease in size of obstacle through which 
the wave passed. Therefore, if a barrier is sufficiently large, it 
is likely that unfavourable diffraction effects will be reduced, 
resulting in less interference and producing a lower VRF 
value.

 Numerical modelling

The area of interest must be sufficiently far from the reflect-
ing border since the transmitted and reflected waves from the 
model’s boundary have a significant impact on it. Therefore, 
the model’s chosen dimensions are (25, 25, 25 m). The soil 
is modelled as a two layered homogeneous and isotropic 
half space. To apply a special boundary condition, viscous 
boundaries are applied to the bottom and at X max and Y 
max direction for 3D model.

Based on data analysis from field test geophones, the 
vibration source is modelled as a single pulse of a vertical 

Fig. 12  Schematic of vibration isolation system: a section view of wave diffracted by bottom edge of barrier; b plan view of wave diffracted by 
side edges of barrier

1 40 ms is the time period of impact.
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harmonic load with an amplitude of 3201, a frequency of 
25 Hz, and a dynamic time interval of 0.04 s.The soil proper-
ties for following analysis are considered the same as those 
measured in the field test, which are presented in Table 1. 
Besides, material model of sand layer and clay layer are con-
sidered HS-small and Mohr–Coulomb, respectively and their 
Rayleigh damping coefficients are considered as (α = 3.888, 
β = 0.00000926) and (α = 0.9220 and β = 0.0001562), 
respectively.

The field test results for the ground without a barrier 
and the ground with a trench barrier (H = 1.43, T = 0.29, 
L = 2.86) were used to verify the created model. Figure 15 

shows the experimental and analytical peak particle veloc-
ities. As indicated in these figures, the Plaxis 3D model 
results are in line with the trends in the experimental 
results, and there is a reasonable agreement between the 
vertical soil particle velocities, obtained.

Also, the Nash–Sutcliffe model efficiency coefficient 
(NSE), which is a normalized statistical parameter that 
determines the relative magnitude of the residual variance 
(noise) compared to the measured data variance (informa-
tion), is calculated as 0.83 and 0.98 for presented data in 
Fig. 15a, b, respectively. The NSE can be computed based 
on Eq. (3):

Fig. 13  Diffraction effects on amplification of velocity for the ground with trench barrier (H = 2 m, t = 0.4 m, L = 4 m) by comparing the vertical 
velocity contours when hammer impact applied at different elapsed times of a 10 ms; b 20 ms; c 30 ms; d 40 ms
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where Yobs

i
 is the ith observation for the constituent being 

evaluated, and Ysim

i
 is the ith simulated value for the same 

constituent. Ymean is the mean of the observed data, and n 
is the total number of observations. The NSE ranges between 
−∞ and 1.0, with NSE = 1 being the optimal value. The 
values between 0.0 and 1.0 are generally viewed as accept-
able levels of performance. However, NSE < 0.0 below 0.0 
indicate that the mean observed data is a better predictor 
than the simulated value, which indicates unacceptable per-
formance of a model.

Given the above, the calculated NSE values indicates a 
good model results, as well.

(3)NSE = 1 −

∑n

i=1

�

Y
obs

i
− Y

sim

i

�2

∑n

i=1

�

Y
obs

i
− Ymean

�2

 Effect of hole barriers

Figure 16 and Fig. 17 show the influence of the barrier 
dimensions on screening effects of void holes at different 
distances after the barrier. Figure 17 shows that, as the 
barrier depth increased, the VRF values decreased. Con-
sequently, the holes with a normalized depth of H = 1.79 
produced the lowest VRF values. Figure 17a shows the effect 
of the centre-to-centre distance between the holes. As can 
be observed, the VRF values grew as the center-to-center 
distance did as well. This has to do with the fact that more 
waves remain on their regular route and speed without devi-
ating in the area between holes when they hit holes that are 
further apart. Figure 17b shows that, as the diameter of the 
holes increased, the VRF values decreased.

Diffracted waves were generated in the spaces among the 
void holes, as well as past the bottom and side edges of the 
barrier. It was found that diffraction primarily was the gov-
erning phenomenon in the tested void holes. The test results 
indicated that 1st to 3rd geophones after barrier were located 
in zone B of Fig. 12 and, with an increase in the normalized 
distance for 4th geophone, the VRF diagrams entered zone 
C. The maximum VRF value was reached at a normalized 
distance of 1.75 and was related to the strongest diffraction 
at this distance.

As shown in “Reliability of measured velocities” section, 
not all of the velocities observed after the barrier were accu-
rate on ground with a compaction-to-barrier distance of 3 m 
(CBD = 2.15). This made it impossible to thoroughly compare 
the various barriers using the test data. Table 4 does iden-
tify the instances when trustworthy data was provided. At 
CBD = 2.15, screening effect varied from the best condition 
(VRF = 0.4) which was related to the empty trench (T = 0.47, 
L = 2.86, H = 1.79) to the worst condition (VRF = 1.13) which 
was related to the empty holes. General comparison of the 
VRF values for the barriers in this section (CBD = 2.15) with 
those of previous sections (CBD = 4.30) in Table 5; indicated 
that, as the source of compaction became closer to the barrier, 
the screening effect increased at the same normalized distance 
recorded after the barrier. From a comparison of reducing 
trend of data in Table 5 for the empty trench barrier (T = 0.47, 
L = 2.86), it can be concluded that, to achieve a specific VRF 
value at a specific distance after the barrier, larger dimen-
sions are required for more distant sources of compaction. 
For example, at a normalized distance of 4.44, larger barrier 
dimensions (especially for depth) could be required for more 
distant sources of compaction (CBD = 4.30 at H > 1.79 and at 
CBD = 2.15 at H = 1.07) to obtain a VRF of about 0.8.

Fig. 14  Diffraction effects on amplification of velocity by comparing 
the vertical velocity counters on the surface of a Natural ground with-
out barrier and b Ground with trench barrier
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 Applicability of the results

The ground-borne vibrations produced due to, for instance, 
dynamic compaction can exert unfavourable effects on 
neighbouring structures. Some studies and standards pre-
sented guidelines to restrict the PPV of nearby structures 
based on the type of structure and the characteristics of 
the transferred waves. According on the impact’s duration 
(short-term vs. long-term vibrations), DIN 4150.3 catego-
rizes the side effects of impact vibrations on neighbouring 

buildings. The frequency and duration of short-term vibra-
tions are not adequate for causing appreciable increases 
in vibration from resonance in a given structure, and they 
do not build over time enough to produce material fatigue. 
Long-term vibration is any vibration that does not fall into 
the definition of short-term vibration. Using this classifica-
tion, dynamic compaction can be classified as a short-term 
vibration. Table 6 shows the guideline values for the vibra-
tion velocity, vi,max, used to evaluate the effects of short-term 
vibration on structures.

Table 6 shows that, for a residential structure and waves 
having a frequency range of < 10 Hz, the PPVs induced by 
dynamic compaction should be limited to 5 mm/s. This 
means that, by estimating the scaled distance from the aver-
age line of Mayne's graph in Fig. 18 (between maximum and 
minimum range), structures with distances of less than about 
3.1 times the square root of dynamic compaction energy 
( 
√

W ⋅ H ) from source of compaction could be at risk of 
unfavourable effects. In this situation, wave barriers can 
effectively reduce the PPVs to acceptable values for struc-
tures near dynamic compaction sources.

The findings of this study may be seen as a first step 
in identifying the practical criteria that will be utilized in 
designing barriers against unfavourable wave effects based 
on the information currently available in the area of decreas-
ing ground vibrations caused by dynamic compaction. As 
a practical example, let to consider a structure located in 
a distance of about 2.9 ⋅

√

W ⋅ H from a dynamic compac-
tion source which could, on average, lead to an unacceptable 

Fig. 15  Validation of numerical modelling based on the result of field test: a ground without barrier; b ground with empty trench barrier of 
(H = 1.43, T = 0.29, L = 2.86)

Fig. 16  Influence of normalized dimensions of barrier on screening 
of void holes at normalized depth



 Innovative Infrastructure Solutions (2024) 9:184184 Page 14 of 18

PPV of about 6 mm/s. Using an empty trench with normal-
ized dimensions (T = 0.47, L = 2.86, H = 1.79) at a distance 
of about 1.9 ⋅

√

W ⋅ H
2 from the source (about 1 ⋅

√

W ⋅ H
3 from proposed structure) will reduce the induced PPV to 
an acceptable value of at least 3 mm/s (= 0.5 × 6 mm/s). 
However, in case of using five void holes (CCDH = 0.65, 
H = 1.43, Di = 0.47) at a distance of about 2.4 ⋅

√

W ⋅ H from 
the source (about 0.5 ⋅

√

W ⋅ H from proposed structure) the 
induced PPV get reduced to a relatively acceptable value of 
about 5.1 mm/s (= 0.85 × 6 mm/s). To show a better descrip-
tion for application of the obtained result, the relevant safe 

distance of empty trench barrier with normalized dimensions 
of T = 0.47, L = 2.86, H = 1.79 and 5-void-hole barrier with 
normalized dimensions of CCDH = 0.65, H = 1.43, Di = 0.47 
from residential buildings are suggested in Table 7 for the 
specific guidelines’ values.

 Conclusions

An experimental testing program was carried out to study 
the protective effectiveness of open trenches, open holes and 
trenches filled with geofoam as wave barriers in the attenua-
tion of induced vibrations in the aftermath of dynamic com-
paction. The dynamic compaction vibration was simulated 
using a tamper drop. The protective effectiveness of the wave 
barriers with different dimensions and location to the impact 
load was evaluated based on the reduction of the soil particle 
velocity. The following conclusions were drawn based on 
analysis of the results:

• The field results showed that empty trench barrier can be 
considered a practical alternative for wave scattering with 
a protective effectiveness of 50%.

• All barriers were found to be generally more effective at 
H ≥ 1.79 (optimum barrier normalized depth).

• Trench barriers with a normalized thickness (T) of over 
0.47 and a normalized plan area (TL) of over 1.33 pro-
vided relatively good isolation effects.

• The void holes with normalized hole diameters (Di) of 
over 0.47 and normalized centre-to-centre distances 
between holes (CCDH) of less than about 0.29 provided 
relatively good isolation effects shifting VRF numbers to 
values less than 1.

• The results showad that larger barrier dimensions (espe-
cially for depth) were required as CBD ratio (normalized 
compaction to barrier distance) increased to achieve the 
same level of improvement in the system effectiveness.

It should be noted that the current conclusions only 
apply to the implemented variations, which include the 
applied dynamic compaction energy (6 t.m), the dimen-
sions of the barriers, the distance of the barriers from the 
impact source, and the ground properties. Also based on 
the difficulties of field tests and PPV measurements and 
considering the main purpose of the study which was a 
comparative study on the effects of different factors of 
considered wave barriers on ground vibration, the results 
of the current study have not been evaluated for reproduc-
ibility. Consequently, further research is needed to fulfil 
this technical matter. Additionally, the cost–benefit analy-
sis can be carried out in the future studies.

Fig. 17  Influence of normalized dimensions of barrier on screening 
of void holes by distance from barrier: a normalized centre-to centre 
distance; b normalized diameter

2 40 ms is the time period of impact
3 Normalized distance from the barrier, D=0.87
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Table 4  Test results for compaction-to-barrier distance of 3 m (CBD = 2.15)

Type of barrier Barrier conditions Influence of barrier versus velocity reduction factor

Empty trench H = 1.43, TL = 1.33 Normalized distance from centre of barrier, D 3.23 3.56 3.72 4.44 5.26
VRF 0.99 0.99 1.00 0.70 0.74

Empty trench T = 0.47, L = 2.86 (H = 1.07 to 1.79) Normalized distance from centre of barrier, D 4.44 5.26
H = 1.07 VRF 0.77 0.91
H = 1.43 0.70 0.74
H = 1.79 0.70 0.74

Empty holes Di = 0.29, H = 1.43, CCDH = 0.29 Normalized distance from centre of barrier, D 3.23 3.72
VRF 0.89 1.00

Empty holes Di = 0.47, Normalized distance  from centre of barrier, D 4.44 5.26
H = 1.43,
CCDH = 0.65 VRF 1.13 0.99

Empty holes Di = 0.29, Normalized distance from centre of barrier, D 4.44 5.26
H = 1.79
CCDH = 0.65 VRF 0.82 1.13

Table 5  VRF values barrier conditions at CBD = 2.15 and CBD = 4.30

Type of barrier Barrier  conditions Influence of barrier VRF

Empty trench H = 1.43, TL = 1.33 Normalized distance from centre of barrier, D 3.23 4.44
VRF CBD = 2.15 0.99 0.70

CBD = 4.30 0.97 1.15
Empty trench T = 0.47, L = 2.86 (H = 1.07 to 1.79) Normalized distance from centre of barrier, D 4.44

H = 1.07 VRF CBD = 2.15 0.77
CBD = 4.30 1.69

H = 1.43 CBD = 2.15 0.70
CBD = 4.30 1.14

H = 1.79 CBD = 2.15 0.70
CBD = 4.30 1.08

Empty void holes Di = 0.29, H = 1.43, CCDH = 0.29 Normalized distance from centre of barrier, D 3.23 3.72
VRF CBD = 2.15 0.89 1.00

CBD = 4.30 1.00 1.05
Empty void holes Di = 0.47,  H = 1.43,  CCDH = 0.65 Normalized distance from centre of barrier, D 4.44

VRF CBD = 2.15 1.13
CBD = 4.30 1.33

Empty void holes Di = 0.29,  H = 1.79  CCDH = 0.65 Normalized distance from centre of barrier, D 4.44
VRF CBD = 2.15 0.82

CBD = 4.30 1.33
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Table 6  Guideline values for vi,max for effects of short-term vibration on structures as proposed by DIN 4150.3: 2016–12

Type of structure Guideline values for vi,max in mm/s

Foundation frequency, all direc-
tions,  i = x,y,z

Topmost floor, 
horizontal direction,  
i = x, y

Floor slabs, 
vertical direc-
tion, i = z

1–10 Hz 10–50 Hz 50–100 Hz all frequencies all frequencies

Buildings used for commercial purposes, industrial buildings and 
buildings of similar design

20 20–40 40–50 40 20

Residential buildings and buildings of similar design and occu-
pancy

5 5–15 15–20 15 20

Structures that because of their particular sensitivity to vibration, 
cannot be classified in the previous rows, but are of great intrinsic 
value (e.g. listed buildings)

3 3–8 8–10 8 20

Fig. 18  Obtaining the minimum safe distance from a source of com-
paction for acceptable PPV of 5 mm/s using the average line between 
minimum and maximum limits in Mayne et al. [48]

Table 7  Suggestions for safe distance of empty trench barrier (normalized dimensions of T = 0.27, L = 1.6, H = 1.0) and 5-void-hole barrier 
(CCDH = 0.37, H = 0.8, Di = 0.27) from residential buildings (acceptable PPV values from DIN 4150.3: 2016–12)

Frequency level of PPV 1–10 Hz 10–50 Hz  + 50 Hz

Guideline values for PPV (mm/s) 5 5—15 15 – 20

Unsafe normalized distance of building (distance from source/
√

W ⋅ H ) from 
source of compaction

 < 3.1  < 3.1—< 1.45  < 1.45—< 1.2

Range of unsafe normalized distance of building from source of compaction (dis-
tance from source/

√

W ⋅ H ) for effective use of proposed empty trench barrier
2.0 ~ 3.1 (2.0 ~ 3.1)−(0.95 ~ 1.45) (0.95 ~ 1.45)−(0.86–1.2)

Normalized distance of proposed empty trench barrier from residential building 
(barrier distance from building/

√

W ⋅ H ) for acceptable PPV values induced by 
dynamic compaction

1.0 1.0–0.9 0.9–0.7

Range of unsafe normalized distance of building from source of compaction 
(distance from source/

√

W ⋅ H ) for effective use of proposed void holes barrier
2.85 ~ 3.1 (2.85 ~ 3.1)−(1.3 ~ 1.45) (1.3 ~ 1.45)−(1.05–1.2)

Normalized distance of proposed void-hole barrier from residential building 
(barrier distance from building/

√

W ⋅ H ) for acceptable values of PPV induced 
by dynamic compaction

0.5 0.5 0.5
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