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Abstract 
Vibratory driving is the most efficient method of sheet pile installation. The 
elimination or at least reduction of harmful consequences of sheet pile vibra-
tory driving becomes an increasingly important and often the decisive factor 
in the selection of the excavation protection technology. In difficult soil con-
ditions with strength soil parameters, pressure water jetting precedes sheet 
pile driving. This technique changes the soil properties, destroying its existing 
structure near the installed sheet pile. Unfortunately, the results and achieve-
ments of contractors using this technique are very often held confidential or 
simply remain in the records and it is difficult to find papers on this subject. 
This article features a detailed description of jet-assisted sheet pile driving, in-
cluding a prefabrication description for the sheet pile toe used to jet water 
through, water pressure and quantity data and the results with regard to re-
duce vibrations and noise, as well as to the increase in sheet pile vibratory 
driving performance. 
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1. Introduction 

Vibratory driving is the most efficient method of sheet pile installation [1]. The 
advantages of this method are simplicity, speed, correction possibilities, as well 
as gentle material handling in comparison to impact driving and hydraulic 
press-in. 
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Due to the rising concern with the environment and projects being located in 
urban areas, close to existing buildings, the elimination or at least reduction of 
harmful consequences of sheet pile vibratory driving becomes an increasingly 
important and often the decisive factor in the selection of the excavation protec-
tion technology. 

Free-hanging and leader-mounted vibrators (Figure 1(a) and Figure 1(b)) 
are the two most common methods of sheet pile vibratory driving. Each ma-
chine consists of a vibrator, a hydraulic power unit, high-pressure hoses, a hy-
draulic clamp and a vibrating hammer carrier, i.e. wheeled crane (Figure 1(a)) 
or a pile driver with a mast (Figure 1(b)). Additionally, the machine can be 
supplemented with additional equipment, e.g. a low or high pressure pump 
[2]. 
 

 
(a) 

 
(b) 

Figure 1. (a) Free-hanging vibrator; (b) Leader-mounted vibrator. 
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The vibrating hammer drive force is crucial to the sheet pile installation oper-
ation. If the soil resistance equilibrates the sheet pile drive force, then the sheet 
pile installation is subject to difficulties. This may result in further negative con-
sequences of vibratory driving, namely vibrations or noise stretching over ex-
tended time. 

The vibration propagation pattern is always the same and it consists of: the 
transmitter, e.g. the source of vibration, the transmission medium, e.g. the soil, 
and the receiver, namely structures and/or people [3] (Figure 2). 

The models used to project the vibrations caused by sheet pile vibratory driv-
ing are still subject to extensive research and numerous publications. 

It is possible to reduce the negative impact on the environment at every stage, 
i.e. at the vibration source, at the propagation stage and at the receiver, i.e. 
structures and/or people. 

For example, modern vibrating hammers operate at high frequencies (approx. 
38 - 40 Hz). During start-up and shut-down through a system of moveable 
counterweights, they do not work at interim frequencies, i.e. from 0 Hz to ap-
prox. 38 Hz. The vibrations occur already at the maximum frequency, contrary 
to the legacy machines, in which the interim frequencies during the start-up and 
shut-down process caused resonance hazard to structures. This is an example of 
counteraction to the negative consequences vibrations at their source. 

It is also possible to reduce vibrations at the structure that may be subject to 
dynamic influence in the future. This is a standard procedure in areas affected by 
earthquakes or mining damages. A typical example would be to place the struc-
ture on slab foundation instead of spot or continuous footing. This is counte-
racting the impact of vibrations at the receiver through additional load 

 

 
Figure 2. Propagation of vibrations and noise [4]. 

https://doi.org/10.4236/wjet.2018.61002


A. Jaroń et al. 
 

 

DOI: 10.4236/wjet.2018.61002 20 World Journal of Engineering and Technology 
 

and stiffness in the structure. 
Moreover, it vibrations may be reduced by using underground protective bar-

riers, e.g. open trenches, filled trenches (with concrete or bentonite), barriers of 
steel sheet piles and pile walls. 

This article considers the possibility of reducing vibrations at the stage of in-
teraction between the sheet pile and the soil, which may be classified as vibration 
reduction at the source. 

In difficult soil conditions, with strength soil parameters, pressure jetting or 
pre-drilling precedes sheet pile driving. Both techniques change the soil proper-
ty, destroying its existing structure near the installed sheet pile. 

Pressure jet-assisted sheet pile driving, a technique that has been known for 
decades, is of interest to the Authors and constitutes the subject of this article. 
The principle of this technique is to feed water through small diameter pipes 
along the sheet pile, to its toe. The water jet loosens the soil precisely below the 
sheet pile toe and lubricates its lateral surface. There are many methods of using 
this technique. Utmost care should be taken, because the side effect is the loo-
sening of the soil surrounding the sheet pile. A change soil properties in an ex-
cessive area around the sheet piles is undesirable, because in can disrupt e.g. the 
excavation shoring structure static diagram. 

Initially, in the 1960s, contractors would use pipes with the diameter of up to 
4 inches to supply large amounts of water to the soil. Consequently, the soil 
properties were much worse than originally. Controlled feeding of the water 
medium was applied in 1970s in Munich [5]. Unfortunately, the results and 
achievements of contractors using this technique are very often held confidential 
or simply remain in the records and it is difficult to find papers on this subject. 

This article features a detailed description of jet-assisted sheet pile driving, in-
cluding a prefabrication description for the sheet pile toe used to jet water 
through, water pressure and quantity data and the results with regard to vibra-
tions and noise, as well as to the increase in sheet pile vibratory driving perfor-
mance. 

Noise pollution generated through construction works may cause health 
damage and annoyance in people nearby the construction site and above all in 
the workers themselves. This article, apart from vibration measurements, in-
cludes a noise measurement performed at the distance of 10 m from the source, 
as well as the answer to the question, whether pressure jet-assisted sheet piles 
reduced not only the vibration level, but also the noise level. 

2. Objective and Scope 

There are no general solutions to the problems related to dynamic influence 
that could be applied to every construction site. Each case has to be considered 
individually. The legal basis of determining allowable dynamic influence on 
structures is included in numerous European standards. The allowable vibra-
tion levels are usually given in the vibration velocity unit, Peak Particle Veloc-

https://doi.org/10.4236/wjet.2018.61002


A. Jaroń et al. 
 

 

DOI: 10.4236/wjet.2018.61002 21 World Journal of Engineering and Technology 
 

ity (in short: PPV) [mm/s]. Approaching and exceeding those values could 
cause cracking in plasters and façades, while a significant excess in extreme 
cases can lead to structure construction elements damage. The PPV value 
usually is the highest vibration velocity measurement [6]. In some cases, the 
PPV value is interpreted as the resultant of vibration velocity in three, mutual-
ly perpendicular direction [7] [8]. Ground vibrations, as well as noise, can also 
cause human disturbance. Numerous European standards indicates threshold 
values with regard to human sensitivity (Figure 3 and Figure 4). While it is 
easier to determine threshold values for structures, for human beings these 
values are to a large extent estimates. Some vibration levels could be perfectly 
acceptable to one person and unacceptable to another one. According to noise 
level humans can hear sounds between 0 and 140 decibels. 0 decibel does not  
 

 
(a) 

 
(b) 

Figure 3. Comparison of various threshold vibration criteria for structural damage and 
human disturbance [6]. 
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Figure 4. Variation of noise level with the distance from various types of piling operation 
[7]. 
 
mean that there is no sound, merely that we cannot hear it. 0 decibel is the 
so-called hearing threshold for the human ear. While we can hear more than 140 
decibels, it is too painful for our ears and if you expose yourself to such a loud 
noise you are at extremely high risk of permanent damage to your hearing. Var-
iation of noise level with the distance from various types of piling operation is 
shown in Figure 4. 

Most standards and technical literature defines allowable thresholds as a func-
tion of vibration velocity and frequency, at which these vibrations occur. 

For example, following Athanasopoulos and Pelekis [6], in one case the 
measured particle velocity was 20 mm/s at the frequency of approx. 20 Hz 
(Figure 3). This value coincides with the USA OSM limit and it is lower than 
the BS7385 limit. At this site, some minor cracks on the brick walls of a 
three-floor reinforced concrete building and settlement on the walkway adja-
cent to the building were observed. Similar examples prove that the limits in-
dicated in standards are only reference values and they do not guarantee 100% 
safety. While approaching the limits, one should analyse the possibility to re-
duce vibrations by 10% - 20%, because this could be crucial to the final success 
of the construction works. 

Nowadays high frequency vibrating hammers are standard. High vibration 
frequency of approx. 38 Hz moves the PPV value in comparison to legacy ma-
chines operating at 20 Hz, which allows to accept higher PPV values. Nonethe-
less, caution should be maintained. 

Construction standards usually include vibration limits for distinct structure 
types, such as historic buildings, residential buildings, commercial and/or in-
dustrial buildings (Figure 5). This division is necessary due to the diverse sen-
sitivity of these objects to dynamic influence. Apart from the structure  
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Figure 5. Eurocode 3: Maximum acceptable vibrations to avoid structural damage [9]. 
 
function, measured vibrations are affected by such factors as building weight, 
foundation type, construction materials etc. As mentioned in the introduction, 
this article considers the possibility to reduce vibrations at their source, during 
the interaction between the sheet pile and the soil. Therefore, in order to prevent 
these factors from determining the results, the PPV values were measured at the 
soil surface. A logical assumption was made, that the reduction in vibrations in 
the soil indicates that the measured vibrations has also decreased at the struc-
ture. 

Measurements were made at three points, at the distance of 5 m, 10 m and 15 
m (Figure 6). No underground and aboveground obstacles, such as foundations, 
pipelines, walkways etc. were found. In order to assure precise measurements, 
they were made in three different directions, using 3 geophones. For detailed 
description of geophones, see Section 4. The first step was to compare measure-
ment results of different instruments. Therefore before the beginning of the 
tests, all 3 geophones were placed at the distance of 10 m from the source of vi-
brations, i.e. the sheet pile vibration driving point. 

The results, consisting of PPV measurements at the interval of 10 seconds, are 
shown in Figures 7(a)-(c). The differences between measurements are attri-
buted to such factors as differences in stand setting on the ground and the sto-
chastic character of the soil. Furthermore the measuring instruments had been 
produced by different manufacturers and calibrated in different periods of time. 
Some measurement points are 100% discrepant and some are consistent. 

The main objective of the research was to verify the impact of jet-assisted 
sheet pile driving on vibration reduction, sheet pile installation and possible 
noise reduction. Hence, insignificant differences among the geophones shown in 
Figures 7(a)-(c) are not cause for concern. 

During the essential tests, 13 sheet piles were installed. The type of sheet piles 
used and the order, in which they were installed, is shown in Figure 8. GU20N  
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Figure 6. Situation plan (order of driving sheet piles—Figure 8). 
 

 
(a) 

  
(b)                                                          (c) 

Figure 7. Comparison of 3 different geophones: (a) vertical direction (Z); (b) radial direction (X); (c) transverse direction (Y). 
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Figure 8. Order of driving sheet piles GU20N (G and S symbol) and GU16-400 (G62 symbol). 

 
type sheet piles were new. GU16-400 type sheet piles had been used several times 
in the past and their clutches were in poor condition. The difference between the 
new and used sheet pile clutches is shown in Figure 9. 

4 of the GU20N sheet piles were made with different tubes to feed water to the 
sheet pile toe. The sheet piles were marked with letters S1, S2, S3 and S4. For de-
tailed description, drawings and pictures of these sheet piles, see Table 1. 

It had been decided to perform measurements at the soil surface in order to 
avoid structural effects of the particular buildings (their dimensions, founda-
tion, construction materials) on vibration propagation and results. Moreover, 
the influence of sheet pile vibratory driving was evaluated in people in direct 
vicinity, especially in employees that were the most exposed to vibrations and 
noise. 

The analysis of ground vibration propagation is not the subject of this article. 
Nonetheless, it is worth noting that the vibration values at the distance of 15 m 
from the source are much higher than at the distance of 10 m (Appendix A, 
Appendix B). In fact, the values at the distance of 15 m are close to those at 5 m. 
It was clearly felt by all research participants. 

3. Ground Vibration Propagation 

The sources of vibrations, such as sheet pile vibratory driving, generate body 
waves and surface waves that propagate in the soil. Longitudinal waves and 
transverse waves (respectively: P-waves and S-waves) are the main types of 
waves considered at the relatively short distance from the vibration source. Sur-
face waves, the most important of which is the Rayleigh wave (R-waves), propa-
gate at the soil surface. With respect to structures, the Rayleigh wave is the most 
useful due to the fact that structure foundations are generally placed directly 
under the soil surface [3] [10]. Besides, surface waves transfer more than 66% of 
all energy carried by waves, so their influence on the measured PPV values is 
dominant. Also for this reason, an anti-vibration screen of apparently insignifi-
cant size in the ground or a simple trench constitute efficient anti-vibration bar-
riers and significantly reduce further wave propagation. Considering this phe-
nomenon, it seems that performing measurements at the soil surface is the most 
sensible solution. 

The propagation mechanism of seismic waves generated by vibratory or im-
pact pile driving is shown in Figure 10 [11]. 

The process of pile vibratory driving process is controlled by three compo-
nents shown in Figure 11, namely: 1) the pile (sheet pile) to be driven, 2) the vi-
brator and 3) soil conditions [12]. 
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Table 1. Jet-assisted sheet piles 

a. b. c. 

  

Sheet pile symbol: S1 
Pressure: 90 bar 

Number of holes: 8 
Diameter of holes [mm]: 5 
Area of holes[mm2]: 157 

Cross section area [cm2]: 103.4 
Weight of sheet pile [kg/mb]: 81.1 

  

Sheet pile symbol: S2 
Pressure: 70 bar 

Number of holes: 2 
Diameter of holes [mm]: 3.5 
Area of holes [mm2]: 19.24 

Cross section area [cm2]: 103.4 
Weight of sheet pile [kg/mb]: 81.1 

  

Sheet pile symbol: S3 
Pressure: 120 bar 

Number of holes: 4 
Diameter of holes [mm]: 3.5 
Area of holes [mm2]: 38.48 

Cross section area [cm2]: 103.4 
Weight of sheet pile [kg/mb]: 81.1 

  

Sheet pile symbol: S4 
Pressure: 80 bar 

Number of holes: 1 
Diameter of holes [mm]: 20 

Area of holes[mm2]: 314 
Cross section area [cm2]: 103.4 

Weight of sheet pile [kg/mb]: 81.1 

 
 

Sheet pile symbol: G1, G2, G3, G4 and G5 
Pressure: 0 bar 

Number of holes: 0 
Width: 600mm 

Cross section area [cm2]: 103.4 
Weight of sheet pile [kg/mb]: 81.1 

 

 

Sheet pile symbol: G62-1, G62-2, G62-3_4 
Pressure: 0 bar 

Number of holes: 0 
Cross section area of single pile: 78.9 cm2 

Width: 400 mm 
Cross section area [cm2]: 78.9 

Weight of sheet pile [kg/mb]: 62 
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(a) 

 
(b) 

Figure 9. Clutches of several used sheet piles (a) and new sheet piles (b). 
 

 
Figure 10. Generation mechanism of seismic waves during vibratory (or impact) driving 
of piles in homogeneous soil (adapted from Woods [11]). 
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Figure 11. Issues concerning vibratory driving [12]. 

 
They influence the vibration levels, sheet pile installation rate, soil settlement 

[13] and, to a smaller extent, the noise. 
With respect to the vibrating hammer (2), the most important properties are 

i.a. machine operating frequency, static-surcharge force (bias mass for the 
free-hanging system) and eccentric moment [1]. During the research presented 
in this article, a ICE 28 RF type vibratin hammer was used, of which the para-
meters are described in Section 5. 

Regarding the sheet pile to be driven, the important factors are its geometry 
and frictional resistance of the sheet pile clutches. The difference in the ap-
pearance between severely used and new sheet pile clutches is shown in Figure 
9. 

Steel sheet piles are referred to as low-displacement piles. Here toe and lateral 
surface areas are important. A sheet pile with a larger cross-section moves a 
larger volume of soil, so its impact on the soil is larger than of a sheet pile with a 
smaller cross-section. Two types of sheet piles, i.e. GU20N and GU16-400, are 
described in more detail in Sections 2 and 6. The shearing force generated at the 
pile clutches has adverse influence on the vibration levels. 

https://doi.org/10.4236/wjet.2018.61002


A. Jaroń et al. 
 

 

DOI: 10.4236/wjet.2018.61002 29 World Journal of Engineering and Technology 
 

During the sheet pile driving operation, it is possible for the sheet pile clutches 
to become jammed, which causes the sheet pile being driven to pull the sheet 
pile that has been driven. A similar situation may occur during the sheet pile ex-
tracting operation. If the sheet pile clutches are in a poor condition, the vibration 
amplitude value at the soil surface may increase by as much as 100% [1], which 
is shown in Figure 12. That situation occurred while driving the sheet pile S1, 
which in the middle of the installation (6 m) began pulling the adjacent sheet 
pile (G1). In effect, it was necessary to pull up the sheet pile G1, level it with the 
sheet pile S1 and drive them as a pair. At the same time, it should be added that 
the resistance occurring at the sheet pile clutches diminishes significantly on 
non-cohesive, but waterlogged soils [14].  

In some cases, when the vibration measurement is exactly opposite, i.e. the 
vibration levels are higher for the sheet piles driven in pairs than for individual 
sheet piles. Such cases also occurred during the research described in this article. 
Nonetheless, this is an exceptional case. The G1 and G62_1 sheet piles were dri-
ven individually, while all other were driven on the previously driven sheet pile 
clutch. 

With regard to the soil conditions (3) during the sheet pile vibratory driving, 
there are three types of resistance. The resistance under the sheet pile toe, at its 
lateral surface and at the pile sheet clutch are distinguished. Regardless of the vi-
brator (1) or sheet pile type (2), the soil conditions have the most influence on 
vibration levels. First of all it is important whether the soils are cohesive or 
non-cohesive. In non-cohesive soils, saturation is a crucial factor. In other  
 

 
 

 
Figure 12. Comparisons of generated soil vibrations at two different radial distances, 
with and without presence of interlock frictions [1] after Legrand [15]. 
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words, the level of ground waters presence matters. Another important factor 
are the soil grain size and diversity, therefore its capacity or incapacity of com-
paction (Figure 13). At the first stage of sheet pile vibratory driving, clutch and 
lateral surface resistance are negligible. Only the resistance under the sheet pile 
toe is important. This is one of the reasons behind the results that indicate better 
results of vibration reduction during jet-assisted sheet pile driving at the initial 
stage of the operation (Figure 17, Table 2(a) and Table 2(b)). During the sheet 
pile driving operation, the resistance at the lateral surface and at the clutch is in-
creasing, while the resistance under the toe is losing its significance. While driv-
ing long sheet piles, at some point the resistance under the sheet pile toe has rel-
atively small significance in comparison to the lateral surface and clutch resis-
tance. 

4. Fieldwork 

Instrumentation and equipment used for vibration measurements 
Three different types of sensors, the so-called geophones, were used to per-

form measurements. The measurements were taken using: 
 two VIBRA geophones, manufactured by Profound BV, with the sampling 

frequency of 1024 Hz, marked as ZRI and PPI in Figures 7(a)-(c). 
 one Minimate Pro4 geophone with linear microphone, manufactured by In-

stantel, with the sampling frequency of 2048 Hz, marked as JR in Figures 
7(a)-(c). 

All geophones are three-channel sensors that measure signals in the directions 
x, y, x, where: 

X is the longitudinal direction (radial, perpendicular), 
Y is the diagonal direction (parallel), 
Z is the vertical direction, as shown in Figure 6.  

 

 
Figure 13. Results of the comparison of quasi-static, extraction, interlock resistance in 
saturated and dry sands (Vanden Berghe et al., 2001) [14]. 
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Tables 2. Summarise the maximum and average of maximum values in every direction 
and at every distance with additional separation of values that occurred during the first 4 
meters of sheet pile driving. (a) complete measurement to the full depth; (b) the first 4 
meters of sheet pile driving. 

(a) 

Sheet pile 

Direction X Y Z 
Time 

[min:sek] 
Distance [m] 5 10 15 5 10 15 5 10 15 

Amplitude 
         

G1 

Amax 9.056 5.56 6.06 8.11 2.03 2.35 9.99 3.78 4.47 

01:52 Aav 6.16 3.79 3.35 5.36 1.42 1.83 6.56 2.83 3.1 

Asum 690 424 375 600 159 205 735 317 347 

G2 

Amax 11.32 3.94 8.41 11.66 3.11 6.89 11.53 5.95 7.58 

04:14 Aav 6.05 1.91 5.11 6.99 1.93 3.54 7.06 2.95 4.42 

Asum 1538 485 1299 1776 489 900 1794 750 1123 

G3 

Amax 7.361 7.94 8.11 13.52 3.65 7.95 12.29 5.22 8.56 

04:42 Aav 4.56 2.7 5.23 8.8 1.98 3.99 9.65 3.29 6.99 

Asum 1286 762 1475 2482 557 1125 2722 928 1971 

G4 

Amax 4.932 6.77 8.11 19.95 2.77 6.06 12.27 5.53 9.02 

03:01 Aav 2.85 3.38 4.65 12.16 1.85 3.93 8.34 3.69 6.61 

Asum 516 612 843 2201 335 711 1509 667 1197 

G5 

Amax 8.282 3.63 5.83 15.84 2.38 7.42 10.83 3.98 8.18 

02:33 Aav 2.87 2.1 2.76 9.96 1.52 2.76 9.03 2.35 5.62 

Asum 438 321 422 1524 232 423 1381 360 860 

S1 

Amax 6.132 5.23 8.41 12.11 2.61 4.77 10.9 5.37 9.47 

02:23 Aav 3.56 2.36 3.54 6.71 1.45 2.15 7.06 3 4.4 

Asum 509 338 506 959 208 307 1009 428 629 

S2 

Amax 7.842 3.04 5.91 17.96 3.36 6.89 13.94 4.49 7.88 

02:55 Aav 5.68 2.38 4.39 12.12 1.89 4.44 9.64 2.69 6.31 

Asum 995 416 768 2119 331 777 1686 470 1104 

S3 

Amax 6.083 3.97 6.59 10.31 2.95 5.23 11.1 4.26 8.11 

02:23 Aav 3.38 2.12 4.02 6.6 1.61 2.74 8.68 2.19 6.02 

Asum 483 303 575 944 230 392 1241 313 861 

S4 

Amax 2.747 2.59 1.67 10.9 1.8 3.11 10.62 4.51 5.23 

01:42 Aav 2.06 1.39 1.03 7.57 1.27 2.12 8.04 2.31 3.15 

Asum 211 142 105 772 130 216 820 236 322 

G62-1 

Amax 5.497 3.96 3.94 12.96 2.52 4.62 12.78 2.96 8.11 

01:56 Aav 3.43 1.35 1.59 7.35 1.61 2.34 8.87 1.87 4.99 

Asum 398 156 185 853 187 271 1029 217 579 

G62-2 

Amax 6.261 3.45 6.36 17 2.3 6.82 16.42 4.07 10.76 

03:27 Aav 4.59 2.61 5.28 11.57 1.86 5.09 11.84 2.61 7.76 

Asum 950 540 1093 2395 385 1055 2452 540 1607 

G62-3-4 

Amax 8.438 5.89 7.2 15.45 4.69 10.15 14.72 5.04 10.91 

02:05 Aav 6.46 4.25 6.4 10.72 3.29 6.73 12.82 4.09 8.72 

Asum 807 531 800 1339 412 841 1603 511 1091 

https://doi.org/10.4236/wjet.2018.61002


A. Jaroń et al. 
 

 

DOI: 10.4236/wjet.2018.61002 32 World Journal of Engineering and Technology 
 

(b) 

Sheet pile 

Direction X Y Z 

Distance [m] 5 10 15 5 10 15 5 10 15 

Amplitude 
         

G1 

Amax 7.256 5.56 6.06 7.899 1.8 1.97 9.99 3.78 4.47 

Aav 4.28 3.13 2.05 4.92 1.18 1.1 5.34 2.61 2.46 

Asum 150 109 72 172 41 39 187 91 86 

G2 

Amax 9.23 3.1 7.8 9.18 2.66 3.94 9.68 5.95 4.55 

Aav 5.83 1.55 4.56 7.19 1.79 2.83 6.93 2.84 3.81 

Asum 653 174 510 805 201 317 776 318 427 

G3 

Amax 4.118 2.2 5.15 13.52 3.65 4.85 11.68 4.56 8.56 

Aav 3.13 1.54 3.4 10.73 2.74 2.65 9.56 3.65 6.46 

Asum 313 154 340 1072 274 265 956 365 646 

G4 

Amax 3.855 3.21 5.61 19.95 2.73 5.45 12.27 5.53 8.11 

Aav 2.64 2.78 4.79 17.61 2.39 4.28 10.52 4.24 7.04 

Asum 213 226 388 1426 194 347 851 343 570 

G5 

Amax 8.282 3.34 5.83 15.84 2.12 7.42 10.83 3.98 7.35 

Aav 3.66 1.93 2.76 12.52 1.76 3.48 9.44 3.23 5.52 

Asum 190 100 143 651 91 181 491 168 287 

S1 

Amax 3.66 1.81 2.88 7.45 1.59 3.03 9.16 2.51 6.14 

Aav 3.07 1.53 1.34 5.47 1.08 1.77 6.45 1.96 2.72 

Asum 212 106 92 377 74.7 122 445 135 187 

S2 

Amax 6.91 3.04 5.45 16.23 3.36 6.82 11.31 3.33 7.27 

Aav 4.02 1.85 2.4 11.1 1.84 3.58 8.4 2.25 4.69 

Asum 245 113 146 677 112 218 512 137 286 

S3 

Amax 4.131 2.61 6.59 10.31 1.76 5.23 11.076 2.39 8.11 

Aav 3.2 1.56 3.59 8.24 1.29 2.99 8.64 1.59 5.31 

Asum 192 93 215 495 77 179 518 95 319 

S4 

Amax 2.299 1.4 1.67 6.625 1.56 2.35 7.766 2.98 4.47 

Aav 1.72 1.1 0.89 4.82 0.98 1.62 5.86 1.89 2.29 

Asum 65 42 34 183 37 61 223 72 87 

G62-1 

Amax 5.497 1.34 3.03 8.618 2.15 4.24 9.871 2.96 6.89 

Aav 4.23 1.12 1.64 7.24 1.77 2.59 9.16 2.07 5.3 

Asum 224 60 87 384 94 137 486 110 281 

G62-2 

Amax 4.868 3.45 6.21 16.17 2.3 6.82 13.72 2.97 9.17 

Aav 4.26 2.37 4.47 12 1.84 4.24 10.93 1.94 7.1 

Asum 332 185 349 936 144 330 853 152 554 

G62-3-4 

Amax 8.155 4.1 7.12 15.45 3.94 10.15 14.72 4.24 10.91 

Aav 5.99 3.68 6.31 11.13 3.53 7.8 12.76 3.69 8.95 

Asum 407 250 429 757 240 530 868 251 609 
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All directions, i.e. X, Y, Z, are perpendicular to one another. 
The memory of these sensors registers, by means of a portable computer, the 

maximum vibration velocity (PPV) values larger than 0.1 mm/s and stores the 
highest value within the 10 second interval. The geophone located at the dis-
tance of 5 m from the vibration source was configured with a one-second in-
terval. A continuous line was drawn between the measurement points in the 
10-second interval and 1-second interval plots. This resulted in a plot closed 
by the vibration value (PPV) axis, the sheet pile depth axis and the line drawn 
between the points. Based on the Authors own research presented in this ar-
ticle, the plot surface area for the device with a 1-second interval covers 87% of 
the plot surface area for the device with a 10-second interval, which is shown 
in Figure 14. 

The Minimate Pro4 geophone, marked as JR, registered also the noise level 
during the sheet pile driving operation in decibels [dB] using butli-in noise and 
anti-aliasing filters. It was located at the distance of 10 m from the vibration 
source. This device had been used for similar measurements before [16]. Fur-
thermore, a video camera was used to record the sheet pile driving operation. 
The purpose of the video camera was to support the geophone measurement  
 

  
(a)                                        (b) 

Figure 14. Plots of peak particle velocity vs depth of G4 and G5 sheet piles measured at 
the distance of 5 m in Z-vertical direction. G4 and G5 are measured with a 1-second in-
terval, and G4’, G5’ are measured with a 10-second interval. 
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results. The recordings allowed to estimate the sheet pile driving rate. Besides it 
was possible to determine, whether at the given moment the sheet pile was being 
driven or extracted, and whether the sheet pile being driven did not pull the pre-
viously driven sheet pile into the soil. Before driving, the sheet piles were marked 
with paint every 1 m. Thus, it was possible to determine the location of the sheet 
pile toe in the soil, which allowed data comparison with the resulting vibration 
velocity. In the end, it was possible to draw a plot with the PPV value and the 
sheet pile toe depth as axes. 

The VIBRA geophones (marked as ZRI and PPI) were installed on a steel 
support with the weight of 10.9 kg. The Minimate Pro4 geophone was also in-
stalled on a slightly smaller plate, pressed into the soil on 3 thin, 10 cm long 
rods. Each geophone was covered with a 25 kg sandbag to protect the sensors 
from noise and to obtain additional weight on the soil. The total weight of a steel 
support and a sandbag was approx. 36 kg. 

5. Equipment Used for Sheet Piling 

For the purposes of this study a ICE 28 RF (Resonance Free) free-hanging vi-
brating hammer was used. The vibrating hammer operating frequency was 2300 
rpm, which is equivalent to 38.3 Hz. The vibrating hammer weight was 7100 kg 
and its eccentric moment is 28 kgm. This vibrating hammer had been selected 
based on soil conditions, e.g. compacted sands. Furthermore, at present this type 
of vibrating hammers are commonly used in the European markets, especially in 
urban areas. To perform the jet-assisted sheet pile driving operation, a high 
pressure pump was used. The driven sheet piles were new GU20N type and se-
verely used GU16-400 type. Only GU20N sheet piles were used for the 
jet-assisted sheet pile driving. The sheet piles installed through jet-assisted driv-
ing were marked as S1, S2, S3 and S4. The others were marked as G1, G2 etc. For 
more details on sheet piles, see Table 1.  

6. Profiles 

Two types of sheet piles were used. The new GU20N and the used GU16-400. All 
of them had been manufactured by Arcelor Mittal in Poland as hot-rolled pro-
files. GU20N is a new product, manufactured in Poland after the merger of Ar-
celor and Mittal Steel. In Europe this profile is known as PU18 [17]. The 
GU16-400 is a legacy-type sheet pile, which is very common in Poland, because 
in the past it was a profile manufactured by Polish steelworks under the name of 
G62 (based on of the 1 meter sheet pile weight of 62 kg). The GU16-400 has 
poor endurance properties in relation to its weight, in particular with respect to 
static properties of excavation shoring. This is especially visible in comparison to 
the modern U-type profile. On the other hand, this sheet pile is much more 
durable for repeated use, e.g. as temporary protection [18]. 

7. Geological Conditions 

The measurements had been taken in October 2013, in Bojszowy Nowe (Śląskie 
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Voivodeship, Poland). The soil conditions are known based on the geotechnical 
calculations performed in 2006-2008 for the purposes of the analysis of jet 
grouting columns co-operation with the subsurface [19]. Additionally, in No-
vember 2013 one control borehole was made, mainly for the purposes of ground 
water level verification, which was found at 3.4 m below the ground level (pre-
viously, the ground water level had been determined at 1.8 - 2.3 m below the 
ground level) [19]. The dominant soils are non-cohesive Quaternary deposits, 
including fine sands and sandy gravel. An example geological hole with selected 
soil parameters and the modulus of compression variation distribution (M) with 
depth, determined using a DMT-type probe, are shown in Figure 15(a) and 
Figure 15(b). More over results of CPTu test are shown in Figure 15(c) and 
Figure 15(d). 

The higher modulus of compression (M) directly below the soil level is con-
nected with the steel pipes being stored in the area before geological examina-
tion, which increased the weight on this soil surface. During the research related 
to sheet pile driving, the pipes were no longer there and therefore the modulus 
values in Figure 15(b) are higher than they actually were. 

8. Results 

The research results reported in this section were obtained during the sheer pile 
driving operations in Bojszowy Nowe, Southern Poland. The basic results relate 
to the scope of: 

 

       
(a)                           (b)                               (c)                            (d) 

Figure 15. Geological conditions: (a) cross section with water Table level and density index of ground layers; (b) modulus of 
compression variation distribution with depth (DMT); (c) resistance of the cone (CPTu); (d) sleeve resistance (CPTu). 
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1) vibration amplitudes  
2) noise amplitudes 
3) duration of these disturbances. 
In the scope of vibration amplitude registration, a table summary (Table 2(a) 

and Table 2(b)) has been prepared, including: 
- Amax—maximum amplitude values (PPV values) [mm/s], 
- Aav—average amplitude values [mm/s], 
- Asum—total amplitude value for the given sheet pile [mm/s]. 

With regard to the standards that define allowable vibrations for structures, 
the most important parameter is the maximum amplitude. Nonetheless, in the 
opinion of the Authors, the average amplitude value and the total amplitude 
value are instrumental to a comprehensive analysis of results in order to answer 
the question, whether vibrations have been reduced and if so, to what extent. 

The average amplitude value gives a more precise indication of the possible 
vibration reduction due to the fact that the maximum amplitude value may al-
ways be somewhat random. For example, a sheet pile can hit a local obstacle 
with impact on the PPV value, e.g. an underground rock. In that case, calculat-
ing the average value for the whole vibratory driving process levels such anoma-
lies to some extent. Using the average value is even more justified, because the 
maximum PPV values measured at the soil surface cannot be related to the con-
struction standards. It is impossible to perform two identical measurements 
during the sheet pile driving operation. Indicating the average amplitude value 
reduces, to some extent, the occurrence of extreme results. 

On the other hand, the total amplitude value is important only because of 
perception of the vibration by people. It is the sum of maximum amplitude val-
ues during the period of time, in which they occurred. Hence, this value com-
bines in itself the reduction of amplitude values and the reduction of time, in 
which they occur. 

The results have been divided into two groups, depending on the sheet pile 
penetration depth: 

1) 0 - 11 m below the ground level—see plots in Appendix A and Table 2(a), 
2) 0 - 4 m below the ground level—see plots in Appendix B and Table 2(b). 
This division was introduced because of ground water at 3.4 m below the 

ground level.  
Furthermore, Table 2(a) and Table 2(b) contain the results in three direc-

tions (X, Y, Z) and at each distance (5 m, 10 m, 15 m) for every sheet pile. Table 
2(a) contains the results with regard to sheet pile penetration to the full depth, 
while Table 2(b) up to the depth of 4 m. The table also includes data related to 
the time, in which each sheet pile was driven. Due to the amount of data in-
cluded in the table and in order to present them more clearly and facilitate their 
interpretation, the Appendix A and Appendix B contain plots with maximum 
and average amplitudes for each sheet pile. The results presented in the form of 
plots have been prepared in the order of sheet piles driving. From the left side, it 
shows the results for the first sheet pile and then for the subsequent sheet piles 
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up to the last one, for which the result is on the right side of the plot. It should 
be noted that the vibration frequency measured with geophones was 36 - 38 Hz 
for all sheet piles, throughout the research. 

Due to the fact that the measurements were taken at the soil, their values 
should not be used to determine, whether the vibrations would have been al-
lowable with regard to buildings. Only in the case of light structures can the vi-
bration levels measured at the soil be similar to the levels measured at the struc-
ture. Still, even in such cases it is recommended to perform measurements at the 
structure and not at the soil. 

On the other hand, the results may be related to the influence on people, e.g. 
to the people in the vicinity of the construction site (Figure 16). 

Noise levels were measured at the distance of 10 m from the source. The fre-
quency was in the range of 80 - 110 Hz. The source of the noise, apart from the 
ICE 28 RF vibrating hammer, was the equipment used for the vibrating hammer 
operation, including the wheeled crane with the lifting capacity of 40 t and the 
power unit, located right next to the sheet pile driving point. The measurement 
was performed with an extremely unfavourable parallel equipment arrangement. 
The noise level was 119 - 122 dB for the sheet piles installed without jet-assisted 
driving, i.e.  

G3: 123.7 dB 
G4: 122.7 dB 
G5: 120.3 dB. 
For the sheet piles installed using jet-assisted driving, the noise level was ap-

prox. 3 dB lower, i.e.: 
S2: 119.6 dB 
S3: 119.5 dB 
S4: 117.5 dB. 

 

 
Figure 16. Maximum acceptable vibrations to prevent human disturbance—Eurocode 3 
[9]. 
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The difference of approx. 2.5% is not significant. Yet the 120 dB noise level is 
a dangerous threshold referred to as the pain threshold, which is dangerous to 
people because of the pain and the risk of permanent hearing loss. 

Apart from the reduction of vibrations and an insignificant reduction of noise, 
the time required for pressure jet-assisted sheet pile driving was much shorter. 
The installation was from 40 to 180 seconds faster. Individually driven G1 and 
G62_1 sheet piles, for which the time was similar to the S4 using jet-assisted 
driving, were an exception. 

The measurements at the soil surface resulted in points with a 1 or 10 s in-
terval. In order to facilitate the interpretation of results, the points have been 
connected, which in itself is a simplification of results. The plots shown in 
Figure 17 and Figure 18 include the PPV values [mm/s] related to the sheet 
pile toe level. 
 

  
Figure 17. Comparison of S1 - S4 with G4 (on the left) and with G3 (on the right) sheet 
piles (Z direction, 5 m). 
 

 
Figure 18. Comparison of G3 and S4 with G4 driveability on ppv vs time plot (X direc-
tion, 5 m). 
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9. Numerical Analysis 

Introduction. Creation of a model 
An attempt was made to obtain results similar to the in situ experimental plot 

in Bojszowy Nowe using finite element method FEM. For this purpose a version 
of Student program Z_Soil v11-with 4000 nodes limit [20]. The main task was to 
create a computational model that allows for the analysis of vibration velocity in 
the subsoil at any time and place. 

Modeling of the ground and sheet pile the boundary and initial condi-
tions 

In a two dimensional plane strain the numerical model with dimensions of 30 
m in the longitudinal direction X and 17 m in the vertical direction Y (in the 
previous section for the field trials, this direction is referred to as Z) was created. 
Infinite elements used in both directions. As the boundary conditions assumed 
typical support to prevent the movement of soil in the X and Y. The supports are 
located at the edges; at the edges of the vertical support in the horizontal direc-
tion only. Due to the use of finite element support also it is infinite. At t = 0 the 
displacement and speed of all points are 0. The method solves the problem of fi-
nite elements using a differential Equation (1): 

( )M u C u K u P t⋅ + ⋅ + ⋅ =�� �                      (1) 

where: 
u—vector of displacements, 
M, C and K—matrix of mass, damping and stiffness, 
P(t)—load matrix. 
The model shown in Figure 19, and the parameters listed in Table 3. Elas-

tic-perfectly plastic model of the surface Coulomb-Mohr was used. The mechan-
ism of suppression, which has a decisive influence on the disappearance of vi-
brations in the substrate and directly affects the scope of impact shock, adopted 
as proposed by Rayleigh: 
 

 
Figure 19. Sketch a model option I with 1471 nodes and 10 cm zone of contact between 
the sheet piling. 
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Table 3. Parameters of elastic-perfectly plastic surface Coulomb-Mohr model. 

l.p. 
Parameters 

Layers of soil assumed to model 
Young modulus 

[kPa] 
Ø 

[ ◌֯] 
c 

[kPa] 
H 

[m] 
Γ 

[kN/m3] 

1 IIa. FSa 60,000 39 0 1.0 20 

2 IIb, FSa 80,000 35 0 1.5 20 

3 IIa, Fsa 60,000 35 0 0.5 20 

4 IIb, FSa 80,000 35 0 0.4 20 

5 IIb, FSa 80,000 35 0 3.6 10 

6 IIc, MSa 80,000 34 0 10 10 

7 Infinite elements 250,000 - - - - 

 

C M Kα β= ⋅ + ⋅                           (2) 

For Łupieżowiec [21] the size of α and β are damping parameters. In the fol-
lowing analysis assumes that 11.0 sα −=  oraz 0.02 sβ = . 

The level of ground water taken into account by reducing the weight of the 
volume of land of 10 kN/m3. Diagnosis ground conditions are, in effect the area 
to 12 m below ground level assumed continuity of the deepest layer to a depth of 
17 m below ground level. At the edge of the model used elements of the infinite. 
They are designed to prevent wave reflection and limit the number of nodes in 
the model. Sheet pile in subsoil modeled as a steel section (key beam) having a 
predetermined cross-sectional area, moment of inertia, Young’s modulus and 
Poisson’s ratio as steel and who is a result of the weight of the weight difference 
of steel and ground. 

After performing a number of different simulations accepted for presentation 
in this paper, two versions of the model differentiated by: 
 the number of nodes, 
 the scope of the contact zone. 

Load function 
The function of the load modeled as mass vibro hammer acting on the sheet 

piling with reversible action, i.e. with the sign “+” and “−” on the vertical axis. 
Forced displacement elements simulating introduced sheet piling into the 
ground is obtained by changing the sign 38 times per second, which corresponds 
to the frequency of vibration hammer of 38 Hz. 

Contact modeling 
Simulation of contact in the early attempts included parameter changes the 

angle of internal friction Ø and cohesion c. However, even assuming very dif-
ferent values within the function interface is not observed a significant impact of 
changes in these parameters on the results obtained. Due to the lack of know-
ledge about the process taking place in the ground contact sheet piling driven 
dynamically, both during water jet-assisted and without water jet-assisted as-
sumes simplified consisting of: 
 for piling without water jet-assisted assumed that the value of the parameters 
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of the model parameters corresponds to the ground contact, which is a sheet 
pile, 

 for water jet-assisted piling parameters Ø and c are close to 0 (simulates a 
smooth glide). 

Two models that are presented are different because of range the area around 
the water jet-assisted sheet pile, where soil parameters have deteriorated since 
the actual presented in Table 3, to values close to zero. In the first case (variant 
v1) applied little affected zone of 10 cm. In the second (case v2) affected zone 
extends 100 cm. Furthermore, as previously mentioned variants differ in the 
number of nodes that are the option I: 1471 and option II: 2936. 

Results 
The results are presented in the form of graphs comparing the graph water 

jet-assisted sheet piling S4_v1 or S4_v2 and without water jet-assisted G3_v1 or 
G3_v2 by Table 4. The values similar between the computational model and 
field measurements were obtained at a distance of 15 m from the place of vibra-
tion excitation. The results of the calculation model in distance of 5 m and 10 m 
of the excitation points were higher than the measured in field. 

The results obtained in-situ at a distance of 15 meters from the source of vi-
bration were very much in line with numerical simulations. The results at 5 
and 10 meters in numerical analyzes are higher than those measured in-situ. 
This may result from the degradation of the soil stiffness at higher vibration 
amplitudes. In order to be able to include this in the analysis, a more complex 
constitutive model should be used in the analysis, which will be able to de-
scribe this type of non-linearity. This will be the subject of further research 
and analysis. 

Figure 20 comprises a measurement in the horizontal direction X and vertical 
direction Z within 5 m, 10 m and 15 m to v1 calculation program Z_Soil. Figure 
21 contains similar plots, but for v2 calculations in Z_Soil. 

Discussion of the results 
Based on the results obtained in the Z_Soil author makes the following con-

clusions: 
The assumptions: 

 
Table 4. Brief description of sheet piles and computational model. 

Sheet pile symbol Explanation 

S4_v1 
Prefabricated pile toe as a hole with a diameter of 20 [mm] (Table 1). 
The calculation model v1, the impact zone-10 [cm]; number of nodes 1471 

S4_v2 
Prefabricated pile toe as a hole with a diameter of 20 [mm] (Table 1). 
The calculation model v2, the impact zone-100 [cm]; number of nodes-2936 

G3_v1 
Ordinary sheet piles-without water jet-assisted (Table 1). 
The calculation model v1, the impact zone-10 [cm]; number of nodes 1471 

G3_v2 
Ordinary sheet piles-without water jet-assisted (Table 1). 
The calculation model v2, the impact zone-100 [cm]; number of nodes-2936 
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Figure 20. Changes to the maximum amplitude of the vibration velocity with respect to depth m for driving the piles G3_v1 and 
S4_v1 modeled in Z_Soil, 5 m, 10 m and 15 m (from left) and the X and Z direction (from the top). 

https://doi.org/10.4236/wjet.2018.61002


A. Jaroń et al. 
 

 

DOI: 10.4236/wjet.2018.61002 43 World Journal of Engineering and Technology 
 

 
Figure 21. Changes to the maximum amplitude of the vibration velocity with respect to depth m for driving the piles G3_v2 and 
S4_v2 modeled in Z_Soil, 5 m, 10 m and 15 m (from left) and the X and Z direction (from the top). 
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 for piling without water jet-assisted driving elements of the contact zone are 
consistent with the parameters of land, which is located piles, 

 for piling water jet-assisted parameters Ø and c are close to 0, 
 They are correct. This is evidenced by the results showing lower values of the 

amplitudes of the sheet pile S4_v1 and S4_v2 in comparison to G3_v1 and 
G3_v2, reflecting the trend in the measurements in the field, where the value 
of S4 are smaller than the G3. 

 amplitudes piling v2 are equal to or smaller than those v1. Thus, the assump-
tion of the division calculations for two different versions of the number of 
nodes (1471 and 2936) and the width of the contact zone (10 m and 100 m) 
may also affect the obtained results; 

 due to the stochastic nature of the soil medium and the specificity of vibra-
tory driving the piles, as well as a number of simplifications necessary nu-
merical modeling, modeling results reflecting the reality is fundamentally 
flawed. Nevertheless, it can serve as an effective tool for forecasting restricted 
zone outflows dynamic. 

10. Conclusions  

Lower vibration and noise levels connected with a significant reduction of sheet 
pile driving time prove the use of jet-assisted driving process justified. The con-
clusions are as follows: 
 Jet-assisted sheet pile driving reduces vibration and noise levels, and signifi-

cantly improves the sheet pile driving rate. The time of S4 sheet pile vibratory 
driving was 40 s - 180 s shorter in comparison to G1 - G5. 

 In jet-assisted driving, the sheet pile toe shape influences the results. The S4 
sheet pile, which offers the highest flow of water, also offers the best results. 

 Jet-assisted driving was used on non-cohesive soils, well compacted and wa-
terlogged, which are perfect for sheet pile vibratory driving. There were some 
concerns that no vibration reduction would occur below the ground water 
level. These concerns have not found confirmation. The efficiency of 
jet-assisted sheet pile driving on waterlogged soils is slightly lower, but no 
significant difference has been observed.  

 Jet-assisted driving has significant influence on sheet pile driving rate, which 
reduces the duration of vibration and noise. This may be indicated using the 
total vibration amplitude parameter. 

 Measurements were performed at the distance of 10 m to 15 m with a 10 
second interval. Only the measurement at the distance of 5 m was performed 
with a 1 s interval. The connection of measurement points with 1 and 10 
second interval leads to a closed plot, in which the abscissa represents the vi-
bration velocity value and the ordinate indicates the depth, at which the sheet 
pile toe was located during measurement. The plot area with the interval of 1 
s covers 87% of the plot area with the interval of 10 s. 

 There is a visible correlation between the decrease of vibration reduction ef-
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ficiency for sheet piles installed through jet-assisted driving with depth, 
which is related to ground water, but also to the increase of sheet pile lateral 
surface and clutch resistance with the simultaneous decrease of resistance 
under the toe. This tendency is visible on the plot shown in Figure 17. 

 With time, the occurrence of friction at the sheet pile clutches causes the vi-
bration level to increase by 100%. On the other hand, the presence of ground 
water is helpful. Also using new sheet piles instead of used sheet piles has a 
significant influence on these values. The vibration levels for the GU20N 
sheet piles, in which the single sheet pile surface area is 103.4 cm2 are more 
similar than for the used GU16-400 sheet plates, in which the cross-section 
surface area is 78.9 cm2. 

 In the case of new GU20N sheet piles (G2, G3, G4, G5), the measured vibra-
tion levels were sometimes lower with regard to clutch friction than in the 
case of a single GU20N sheet plate (G1). In the case of used GU16-400 sheet 
pile, it was the opposite. 

 The sheet pile shape and dimensions influence the obtained vibration levels. 
While comparing the values for the sheet piles driven individually (without 
resistance at the clutch), i.e. G1 and G62_1, one may notice better results of 
the G1 sheet pile for the directions Y and Z in comparison with the G62_1 
sheet plate. Despite the cross-section area of the G1 being larger than of the 
G62_1 by approx. 30%, the results are better by approx. 30% for the direction 
Z and 60% for the direction Y, but worse for the direction X, considering the 
Amax = PPV values. The time of sheet pile driving is almost identical. 

 By performing an analogical comparison for the sheet plates driven in the 
clutch of a previous sheet pile, i.e. for G2 and G62_2 sheet piles, one will no-
tice better results of the G2 sheet pile for the directions Y and Z than with the 
G62_2. The G2 results are better than the G62_2 results by 42% for the direc-
tion Z and by 46% for the direction Y, but worse by 80% for the direction X, 
considering the Amax = PPV values. The sheet pile driving time for the G2 was 
47 seconds, i.e. 23%, shorter than for the G62_2. 

 Results of numerical modeling presented in paper are promising. Further at-
tempts to develop a predictive model of dynamic range zone of influence 
based on more research will give a precise answer to the frequently asked 
question about the possibility of driving the vibrating steel sheet piling. 
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Appendix A 

1) Maximum amplitude—Complete measurement 
 

 
 
2) Average amplitude—Complete measurement 
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Appendix B 

1) Maximum amplitude—The first 4 meters 
 

 
 
2) Average amplitude—The first 4 meters 
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