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Summary 
In many construction works in urban areas vibratory driving is the most widely used technique to 
install sheet piles. But due to vibration-sensitive equipment and structures the amount of induced 
ground vibration need to be minimized. Hence, it is important to select appropriate vibrator 
parameters that will minimize the level of induced ground vibration.  

The main objective of this thesis is to study the effect of the vibratory parameter eccentric 
moment (vibrator displacement amplitude) on the induced ground vibration during sheet pile 
driving. To achieve the objective, a literature review and a full-scale field test has been 
conducted. The literature review was conducted to provide guidance for the evaluation of the 
field test results. 

The field study was performed in Uppsala in June 2018, where a series of six sheet pile driving 
tests were conducted, the first three sheet piles were driven with lower vibrator displacement 
amplitude and the next three with higher vibrator displacement amplitude, but the same driving 
frequency was used for all six sheet piles. Five tri-axial accelerometers were used to measure the 
vibration amplitude on vibrator, sheet pile and ground. 

Important findings of the field study confirmed that, driving sheet piles with higher eccentric 
moment will induce lower ground vibration and higher sheet pile penetration speed in 
comparison to driving with lower eccentric moment. Limitations and possible future research 
works are pointed out. 
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Sammanfattning 
I många byggnadsarbeten i tätorter är vibrerade drivning den mest använda tekniken för att 
installera sponter. Men på grund av vibrationskänslig utrustning och konstruktioner måste 
mängden inducerad markvibration minimeras. Därför är det viktigt att välja lämpliga 
vibratorparametrar som minimerar graden av inducerad markvibration. 

Huvudsyftet med detta examensarbete är att studera effekten av vibrationsparameterns 
excentriskamoment (vibratorförskjutningsamplituden) på den inducerade markvibrationen under 
spontdrivning. För att uppnå målet har en litteraturöversikt och en fullskalig fältundersökning utf
örts. Litteraturstudien genomfördes för att ge underlag för utvärderingen av fältundersökningen 
resultanten. 

Fältstudien utfördes i Uppsala i juni 2018, där en serie av sex spontdrivnings test utfördes, de 
första tre sponten kördes med lägre vibrator-förskjutningsamplitud och de närmaste tre med 
högre vibrator-förskjutningsamplitud, men samma körfrekvens användes för alla sex sponter. 
Fem treaxiala accelerometrar användes för att mäta vibrationsamplituden på vibratorn, sponten 
och jorden. 

Slutsatserna från fältstudien bekräftade att körsponter med högre excentriskt moment kommer att 
inducera lägre vibrationer och högre penetrationshastighet för sponten i jämförelse med körning 
med lägre excentriskt moment. Begränsningar och möjliga framtida forskningsarbeten påpekas. 

 

 

 

Nyckelord: markvibrationer, vibrerade drivning, spont, excentriska moment.  



 

 List of notations 
Abbreviations  Represents 

SP                           Sheet pile 

SMP                       Sheet pile measurement point 

GMP                       Ground measurement point 

Greek letters 

Symbols  Represents  Unit 

ρ                         Material density                       kg/m3 

𝜔𝜔                          Angular frequency                           rad/s 

χ                           Sheet pile profile perimeter              m 

θ                           Angle of rotation of eccentric mass    degr 

Ф                        Friction angle                                degr 

γ                      Unit weight                              kN/m3 

 

Roman letters 

Symbols  Represents  Unit 

𝑎𝑎                        Acceleration                              m/s2  

𝐴𝐴p                        Sheet pile section area                 m2 

𝐶𝐶p                        Longitudinal wave velocity in the pile m/s  

𝐶𝐶c                        Calibration coefficient            (m/s2)/V 

𝐶𝐶u                        Undrained shear strength        kPa 

C`                      Drained shear strength             kPa 

E                       Young’s modulus                      MPa 

𝐹𝐹c                        Centrifugal (dynamic) force  N 

𝑓𝑓d                        Frequency of vibration       Hz 

𝐹𝐹d                     Driving force                      N 
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Symbols  Represents  Unit 

𝐹𝐹v                       Centrifugal force            N  

 𝑓𝑓n                     Longitudinal natural frequency of a free slender bar   Hz 

𝐹𝐹o                      Static surcharge force                          N 

𝑔𝑔                     Acceleration due to gravity             m/s2   

L                     Sheet pile length                                  m 

m                     Eccentric mass                                       kg 

𝑀𝑀et                  Total eccentric moment                    kgm 

𝑀𝑀ei                    Weight of the eccentric mass              kg 

𝑚𝑚o                     Bias mass                                              kg        

𝑚𝑚cl                   Weight of clamping device                kg   

𝑚𝑚dy                 Dynamic mass                                kg 

𝑚𝑚p                    Weight of sheet pile                     kg 

𝑚𝑚vib                 Vibrating mass at vibrator                     kg 

r                      Radial distance                                      m 

𝑟𝑟ei                     Eccentric radius                                   m 

𝑆𝑆                       Single displacement amplitude                mm 

𝑇𝑇d                     The period associated to the driving frequency s  

𝑇𝑇𝑠𝑠                      Suspension force                N 

𝑉𝑉of                    Voltage output at 30Hz frequency  mV/ (m/s2) 

Vo                     Voltage output from DAT Recorder    V 
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1 Introduction  
1.1 Back ground  

Ground vibration generated by human activities is becoming a serious problem in today’s society. 
The man-made vibration can be categorized into different forms like the vibration from traffic 
loads, from blasting for tunnels and foundations and from construction of new housing and 
infrastructure. As the population is increased, the demand for infrastructure is increased, which 
leads to expansion and new development of infrastructures in urban areas. Many construction 
works in urban areas involve sheet pile driving. Installation of sheet pile driving is a cause of noise 
and vibration that could lead to disturbance and structural damage. Nowadays the vibratory driving 
technique is becoming one of the most widely used methods to drive sheet piles in construction 
projects. But there are limitations to the method regarding understanding of the performance of the 
equipment and the influence of the vibratory parameters with respect to environmental impact. As 
a result, the selection of vibratory equipment and related parameters to achieve maximum 
drivability with minimized environmental impact is based on site verification and experience. The 
different vibratory driving parameters i.e. vibration frequency, vibration amplitude and eccentric 
moment are believed to play a major role on the vibration induced during piling. Even though 
problems related with vibration caused by installation of sheet piles are not completely avoidable 
they can be minimized.  

This thesis work is a continuation of a PhD study, performed at NCC Teknik and KTH, (see 
Deckner, 2017). This thesis focuses more on the vibratory equipment and its parameters, and study 
the effect of parameters associated with the vibratory driving equipment on the vibration induced 
in the ground during sheet pile driving. The aim is to come up with suggestions related to 
optimization of driving equipment to minimize vibrations. Field tests are performed, and the data 
is analyzed in order to compare the effect of the driving equipment parameter eccentric moment 
on induced ground vibrations with the intention of testing the initial hypothesis that higher 
eccentric moment leads to higher ground vibration. This thesis work has been carried out at NCC 
Teknik, Stockholm and the KTH Royal institute of Technology. 
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1.2 Aim  

The main aim of this thesis work is to determine if a higher eccentric moment will induce a higher 
ground vibration. Moreover, the study is intended to come up with suggestions on how the induced 
ground vibrations can be minimized based on the field test results obtained.  

 

1.3 Limitations 

Driving sheet piles has different impact on the surrounding society and structures like pollution, 
noise, vibration and settlement. Here only the vibration effect is considered. In this project, only 
sheet pile driving is investigated. There are different methods of sheet pile installations, however 
only vibratory driving is considered. The field test is limited to the specific project site with the 
specific geotechnical condition. 

 

1.4 Method 

This project work is organized in to two main parts; namely the literature review and the field test 
including analysis of the results. The literature review will look at available literature related to 
the subject and summarize and synthesize it. The conclusions drawn from the literature study will 
provide guidance for the evaluation of the field test results. The literature review is presented in 
Chapter 2. 

The field study is presented in Chapter 3, which includes the site description, the vibratory driver 
system, instrumentation, data collection, processing, and presentation followed by field test 
execution. In Chapter 4 results and analysis are described. MATLAB is mainly used for the field 
test data analysis. Discussion and general conclusions drawn from the field test with possible future 
work of interest are presented in Chapter 5 and 6.  
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2 Literature study  
2.1 Introduction 

As one method of the thesis work a review of literature related to the topic has been conducted. To 
have an adequate understanding of the topic the literature review has compared  previous studies 
and be used as guidance to come up with a scientific conclusion after the field test analysis. Even 
though there are a limited number of scientific publications on the topic, the available literature 
has been reviewed and presented as follows: 

In the first section vibratory driving of sheet piles is reviewed along with driving equipment and 
different components, mechanism of driving and basics of vibratory mechanics. The next section 
addresses current understanding on vibratory parameters related to vibrations followed by previous 
field test results. Finally, conclusions of the literature review are provided. 

 

2.2 Vibratory driving of sheet piles 

Installation of sheet piles is accomplished with different methods which include impact driving, 
installation by drilling, and vibratory driving (Deckner, 2013). Vibratory driving is the most widely 
used technique for sheet pile driving due to its reduced period of installation time and less impact 
to the surrounding environment (Viking 2002). Modern vibratory sheet pile driving has the 
advantage that it is possible manipulate the different parameters to achieve efficient driving 
(Massarsch et al, 2017). 

 

2.2.1 Machine system 

The two main categories in which vibratory driving systems are divided depend on the means of 
how the vibratory hammer is supported (Massarsch, 2000, Viking 2002). 

Free hanging systems: the vibrator is lifted and suspended by a carrier (mobile crane). Based on 
operation and cost, free hanging systems are cheaper and more flexible, which allow work on a 
wider range of areas, like sea shores and soft soil where the bearing capacity is low.  It allows 
installation of large diameter piles that can be handled and installed without a limit. One of the dis-
advantages of a free hanging system is the problem of positioning the pile to be driven and the 
difficulty in changing the surcharge force during driving. Mainly a free hanging vibratory system 
includes (see Figure 2-1): the vibrator unit, where the vertical movement is generated; a power 
transmission system, which includes electrical cables and hydraulic hoses; a hydraulic power unit, 
which is usually a diesel engine driving a generator or a hydraulic pump; clamps and carrier of the 
vibrator unit (Viking, 2002). 
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Pile

Hydraulic 
clamp
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Vibration 
suppressor

Eccentric weight

 

 

Figure 2-1: Main parts of a free-hanging vibratory system (OMS pile driving equipment 
manufacturer’s brochure) 

 

Leaded systems: the vibrator is guided with a telescopic leader, usually mounted on an adapted 
excavator machine, which provide the power source and controls the inclination and load (static 
surcharge) applied on the vibrator, see Figure 2-2. One advantage of the leaded system is that it 
provides better control and maneuverability of the hammer-pile system and the static surcharge 
can be regulated in a wider range during installation than in free-hanging systems. 
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Figure 2-2: The main parts of a leader-mounted vibratory-machine system (after the ABI    
vibratory-machine manufacturer’s brochure). (Viking, 2002) 

 

2.2.2 Vibratory hammers 

Vibratory hammers have different design types but most of them have two main parts, the exciter, 
see Figure 2-3, and the power pack. The driving vibration force is generated from the exciter. The 
important energy to rotate the eccentrics found on the hammer is provided by the power pack 
(Warrington, 1992). 
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Figure 2-3: Different components of a vibratory hammer exciter unit and accessories (OMS pile 
driving equipment manufacturer’s brochure) 

 

The exciter unit: the vertical vibration of the system is generated in this part. It has three main 
component parts; vibrator case, clamp and suspension. 

• Vibrator case: this part creates the actual vibration and contains the eccentric weights. 
Due to the rotation of these eccentrics a sinusoidal force is generated. The dynamic force 
generated by the eccentric weights has only a vertical component as the lateral forces 
eliminate each other. The vertical motion is transmitted to the case using anti-friction gears 
which also facilitate rotation. 

• Clamp: is located at the lower part of the exciter unit with the main purpose to connect the 
vibrator case to the pile and thus transmit the vibrator motion to the pile. The connection 
can be done using hydraulic jaws or using bolt or pin connection to the vibrator case. 
According to Viking (2002) the following five types of hydraulic vibratory clamps are 
available see Figure 2-4. 
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Single clamps Double clamps Caisson clamps

Clamps with double sheeting clamp 
jaws

Clamps for wooden piles

 

Figure 2-4: the five different types of vibratory clamping with their arrangement (after Viking 
2002) 

 

i) Single clamps  

ii) Double clamps 

iii) Caisson clamps 

iv) Double sheeting clamp jaws 

v) Wooden and concrete pile clamping devices. 

• The suppressor housing: This part is coupled to the lifting crane and connected to the 
dynamic part using elastomers, which allow traction during driving and extraction without 
damage to the crane. 

The elastomers: they connect the suppressor housing with the exciter unit and are made of steel- 
reinforced rubber bounds. They separate the effect of vibration coming from the vibrator case to 
the crane or leader mast (act as shock absorbers). 

The power pack:  two main types of vibrators are commercially available: the electrical and the 
hydraulic vibrators. For both types, the motors are located in the exciter block. In hydraulic systems 
the motor on the exciter is driven through a hydraulic pump that is operated by a diesel engine. 
Where-as electrical systems are powered by a diesel‐electric power pack.  Due to the size, lighter 
weight and capabilities to control the driving frequency, the hydraulic system is more commonly 
used. (Holeyman, 2002), (Whenham, 2011). 
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2.2.2.1 Classification of vibratory drivers 
According to Viking (2006) modern vibratory drivers can be classified in to five different types 
considering the eccentric moment and frequency, see Table 1. 

Standard frequency vibratory drivers: they consist of many of the vibro-drivers available today. 
These are used to drive heavy piles with large toe resistance. 

High frequency vibratory drivers: this category minimize vibration problem to nearby structures 
using high driving frequency. They are less effective if toe resistance is high and less powerful 
comparing to the standard type (Viking, 2006). 

 Variable eccentricity (Resonant free vibratory drivers) 

Vibrators normally produce the largest vibration in the soil during start up and shut down phase, 
because of resonance phenomena. Resonant free vibratory drivers are vibratory sheet pile drivers 
which does not vibrate during the startup and shut down phase (Viking 2006, Ahlqvist and 
Enggren, 2006). Resonant free vibrators eliminate start up and shut down vibration by increasing 
the eccentric moment from 0% to 100% first after the right driving frequency has been reached, 
this gives the resonant free vibrator great advantage when driving sheet pile in sensitive soils and 
near buildings (Ahlqvist and Enggren, 2006).The comparison on vibration amplitude created by 
standard, high frequency and resonant free vibratory pile drivers can be seen in Figure 2-5. 

 

Table 1: Types of modern vibratory drivers (after Viking, 2006) 

Type Frequency 
Range (Hz) 

Eccentric 
moment (kgm) 

Maximum 
centrifugal force 
(kN) 

Displacement 
amplitude (mm) 

Standard 
frequency 

<30 Up to 230 Up to 4600 Up to 30 

High frequency >30 6-45 400-2700 13-22 

Variable 
eccentricity 

30-40 10-54 600-3300 14-17 

Excavator 
mounted 

30-50 1-13 80-557 6-20 

Directional flow 
Not commercially 
available 

30-40 - - - 
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Figure 2-5 : chart shows the relative amplitude created by standard, high frequency and resonant 
free vibratory pile drivers (OMS pile driving equipment manufacturer’s brochure) 

 

2.2.3 Mechanism of driving 

Vibratory driving uses an alternating and rapidly repetitive force. Based on Warrington (1992) the 
three basic explanations for mechanisms of vibratory driving are the following: 

Thixotropy: According to this theory, the soil resistance is minimized due to liquefaction when 
the soil is excited by vibration, as a result the pile system drops by its weight during penetration 
and is extracted from the ground by the force of the crane. The main parameters in this theory are 
the applied dynamic force, the vibration frequency and the power supplied. 

System amplitude: the generation of a centrifugal force through the exciter with the turning of 
the eccentrics, causes the pile to vibrate. The nature of this vibration, in turn, is determined by a 
number of other factors, which includes the eccentric moment, the driving frequency, the total 
dynamic mass, and soil type. The installation of the pile greatly depends on the amplitude of the 
system. According to Erofeev et al. (1985) ‘‘at low vibration amplitude, displacement of the soil 
with respect to the side surface of the element being inserted does not exceed the limit of its elastic 
deformation and the pile is not sunk in to the ground. As the amplitude of the vibration increases, 
residual deformation of the soil occurs and the pile begins to slip relative to the soil’’. 

Dynamic force: in this mechanism the adhesion force between the pile and the surrounding soil is 
broken due to the rotational force created by the eccentrics. 

2.2.4 Basic parameters in vibro-driving mechanism 

According to Viking (2002) and Massarsch et al. (2017) the basic vibratory parameters that affect 
performance of vibratory driving are; eccentric moment, driving frequency, vertical resultant of 
the centrifugal force, static surcharge force, dynamic mass and displacement amplitude. These 
parameters are further explained. 
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2.2.4.1 Eccentric moment 
Eccentric moment is one of the key factors in vibrator performance. It is defined as the product of 
the weight of the eccentric mass and the distance measured from the center of the motor shaft to 
the center of gravity of the eccentric mass (the radial distance). It is given as Equation 1 
(Warrington, 1992, Woods 1997, Massarsch, 2000, Viking, 2000 and 2004). The total eccentric 
moment of the vibrator is the sum of the individual eccentric moments, see Equation 2. 

Equation 1               𝑴𝑴𝐞𝐞𝐞𝐞 = 𝒎𝒎𝒆𝒆𝒆𝒆 ∗ 𝒓𝒓𝐞𝐞𝐞𝐞                                       

 Where   𝑀𝑀ei  = eccentric moment (kgm) 

                                𝑚𝑚ei = weight of the eccentric mass (kg) 

                                  𝑟𝑟ei = eccentric radius (m) 

Equation 2               𝑴𝑴𝐞𝐞𝐞𝐞 = ∑𝑴𝑴𝐞𝐞𝐞𝐞                                                                                            

 Where                     𝑀𝑀et = total eccentric moment (kgm) 

Since the 𝑚𝑚ei turn at the same frequency but in opposite directions the horizontal components of 
the forces will be eliminated leaving only the vertical components, which is the axial load for 
driving, see Figure 2-6 (Whenham, 2011). 

Eccentric masses in balance state
The phase shifter changes the position 

of the eccentric masses to ballance 
situatiion by remote control or controll 

panel which means no resonance

Eccentric masses in unbalance state 
The phase shifter changes the position of 
eccentric masses from 0°  to 180 ° that 

vibratory pile driver can work in 
maximum amplitude.

Eccentric masses in 
unbalance state

 (180° full power)

 

Figure 2-6: working principle of variable moment vibratory hammers. (OMS pile driving 
equipment manufacturer’s brochure) 
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2.2.4.2 Driving frequency  
The driving frequency (fd) is specified by the number of turns per second or minute of the eccentric 
weights and is expressed in Hertz (Hz) or revolutions per minute (rpm). It can also be expressed 
as the angular frequency, see Equation 3 (Warrington, 1992, Massarsch, 2000, Viking, 2000 and 
2004), 

 

Equation 3                  𝝎𝝎 = 𝟐𝟐 ∗ 𝝅𝝅 ∗ 𝒇𝒇𝐝𝐝                                           

Where                 ω = angular frequency (rad/s) 

                          𝑓𝑓d  = frequency of vibration (Hz) 

2.2.4.3 The sinusoidal vertical force (vertical centrifugal force) 
The sinusoidal vertical load generated by the vibrator can be evaluated by Equation 5 when the 
Mei and fd parameters are known. When the centrically supported masses rotate at a distance r and 
 𝜔𝜔  it produces a centrifugal force 𝐹𝐹𝑐𝑐 given by - Equation 4  (Woods, 1997, Massarsch, 2000b). 

 

Equation 4              𝑭𝑭𝒄𝒄 = 𝑴𝑴𝐞𝐞𝐞𝐞 ∗ 𝝎𝝎𝟐𝟐                                               

Where   𝐹𝐹c  = centrifugal (dynamic) force (N) 

                      𝑀𝑀et = total eccentric moment (kgm) 

 

Equation 5          𝑭𝑭𝐯𝐯 = 𝑭𝑭𝐜𝐜𝒔𝒔𝒆𝒆𝒔𝒔𝒔𝒔 = 𝑴𝑴𝐞𝐞𝐞𝐞𝝎𝝎𝟐𝟐𝒔𝒔𝒆𝒆𝒔𝒔𝒔𝒔                                 

Where                      ω = angular frequency  

                                    𝐹𝐹v= centrifugal force (N) 

                               θ = angle of rotation of eccentric mass (°)    

The maximum value of 𝐹𝐹v  acting in the vertical direction will be given as Equation 6 (Massarsch 
et al, 2017). The 𝐹𝐹v  variation due to difference in θ can be seen in Figure 2-7.                       

                      

Equation 6              𝑭𝑭𝐯𝐯 = 𝑴𝑴𝐞𝐞𝐞𝐞𝝎𝝎𝟐𝟐                                 
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θ
 

θ 
 

 

Figure 2-7 : vertical force variation due to difference in angle of rotation of eccentric mass θ (from 
PVE piling & vibro-equipment manufacturer’s brochure). 

 

The driving force 𝐹𝐹𝑑𝑑 generated during driving, which is expected to be applied on to the pile, is a 
combination of the static surcharge force 𝐹𝐹o and the centrifugal force 𝐹𝐹v and is given by Equation 
7. 

Equation 7              𝑭𝑭𝒅𝒅 = 𝑭𝑭𝐨𝐨 + 𝑭𝑭𝐯𝐯                                               

Where        𝐹𝐹d= driving force (N) 

                         𝐹𝐹o= static surcharge force (N) 

    𝐹𝐹v= centrifugal force (N) 

 

The 𝐹𝐹𝑜𝑜 can be evaluated as - Equation 8. 

Equation 8         𝑭𝑭𝒐𝒐 = 𝒈𝒈𝒎𝒎𝒐𝒐 − 𝑻𝑻𝐬𝐬                                           

Where          𝑔𝑔 = gravity (m/s2)   

              𝑚𝑚o =bias mass (kg)        

                𝑇𝑇s= suspension force (N) 

 

2.2.4.4 Dynamic mass 
The dynamic mass 𝒎𝒎𝒅𝒅𝒅𝒅 is the sum of all oscillating masses in the vibratory system, normally 
defined as Equation 9 (Viking, 1997 and 2002). 
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Equation 9            𝒎𝒎𝐝𝐝𝐝𝐝 = 𝒎𝒎𝐯𝐯𝐞𝐞𝐯𝐯 + 𝒎𝒎𝐜𝐜𝐜𝐜 + 𝒎𝒎𝐩𝐩                

Where                   𝑚𝑚dy=dynamic mass (kg) 

              𝑚𝑚cl= weight of clamping device (kg) 

                𝑚𝑚vib= vibrating mass at vibrator (kg) 

  𝑚𝑚p =weight of sheet pile (kg) 

 

2.2.4.5 Displacement amplitude  
For a vibrator suspended above the ground surface the displacement amplitude (S) can be 
determined according to Equation 10. Most manufacturers represent the displacement amplitude 
as double displacement as shown in Figure 2-8. The displacement amplitude is not affected by the 
operating frequency of the vibrator (Viking, 2002, Massarsch et al., 2017). 

 

Equation 10              𝑺𝑺 = 𝑴𝑴𝐞𝐞𝐞𝐞
𝒎𝒎𝐝𝐝𝐝𝐝

                                                    

Where  S = single displacement amplitude (mm) 

                  𝑀𝑀et = total eccentric moment (kgm) 

 

2.2.5 Sheet piles 

Steel sheet piles are vertical structural element with thin interconnecting sheets of steel to create a 
continuous wall, most often used to retain either soil or water. Based on its application it can be 
classified as permanent, which remain in the ground and serve as permanent retaining structure, or 
temporary, which are designed to provide safe access during construction, and are then removed.  
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Figure 2-8: free hanging double displacement amplitude. (Viking 2002) 
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The performance of sheet piles depends mainly on its geometry and the soil characteristics in 
which it is driven. Different sheet pile parameters affect the ground vibration induced during 
installation. These include effects of interlock friction and clamping (Viking, 2002, Whenham, 
2011), material sectional profile (Holeyman, 2002) and dynamic behavior (Whenham, 2011). 

2.2.5.1 Effects of interlock friction 
During sheet pile driving interlock resistance arises due to soil grains found in the locks and the 
friction between the sheet piles. According to Viking (2002) and Whenham (2011) this influence 
ground vibrations. Viking (2006) stated that, the ground vibration has shown an increase of 2-5 
times when interlock friction was present during sheet pile driving.  

2.2.5.2 Clamping  
Based on Whenham (2011), the connection of the clamping device related to the sheet pile profile 
has an effect on the movement actually imposed to the top of the sheet pile. With eccentric 
clamping higher ground vibration can be caused due to the lateral flexibility of the sheet pile 
(Viking, 2002b). This is due to the bending moment introduced at the pile head due to the driving 
force and eccentric distance from the neutral axis of the sheet pile as seen in Figure 2-9 left (Viking, 
2006). Lidén (2012) has also stated that horizontal movement can arise due to this effect, which 
can lead to increased levels of longitudinal ground vibrations. This can be reduced by attaching 
the clamp to the sheet pile with minimized eccentric distance between the sheet pile neutral axis 
and the axis of the driving force from the vibrator (Viking, 2002). For stability Whenham (2011) 
has also suggested to place the two clamps symmetrically with respect to the neutral axis of the 
sheet pile to be driven, see Figure 2-9 right. 

e

   Fd

Neutral 
axis

u

Clamp

Laterally 
displacemnet 
of sheet pile

  

Neutral axis

Clamps

 

 

Figure 2-9 : Left: Lateral sheet pile movement. Modified after Viking et al. (2000).                                                                 
Right: Position of the clamps with respect to the neutral axis Modified after Whenham (2011). 
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2.2.5.3 Material sectional profile 
Based on Viking (2002), Holeyman (2002) and Whenham (2011) sheet pile section profile is 
characterized by the following geometrical and mechanical parameters:  

𝐴𝐴p = sheet pile section area (m2), 

L = length of pile (m),  

Χ = sheet pile profile perimeter (m),  

E = Young’s modulus (MPa) and  

ρ = Material density (kg/m3) 

According to Equation 10, the mass of the sheet pile driven that is calculated as Equation 11  
influences the nominal vibration displacement amplitude (Whenham, 2011). Based on Gonin 
(2006); Whenham (2011) stated the mass of the sheet pile has an influence on the force 
transmission from vibrator to the soil profile. 

Equation 11            𝒎𝒎𝐩𝐩 = 𝝆𝝆𝑨𝑨𝐩𝐩𝑳𝑳                                

 

2.2.5.4 Dynamic behavior: rigid body motion 
When installing piles with vibratory systems both vibrator and pile moves at the same time up and 
down having the same displacement amplitude and acceleration (Viking, 2002) hence the system 
can be considered as a rigid body. 

Based on Viking and Bodare (1998) a vibratory pile driving system is considered to behave as a 
rigid body when it fulfills Equation 12 (Viking 2002). This can be explained as twice the duration 
of time (𝑡𝑡n) it takes for a stress wave to travel back and forth along the pile should be less than or 
equal to one fourth of the period of the vibration. 

 

Equation 12           𝟏𝟏
𝟒𝟒 𝒇𝒇𝐝𝐝

= 𝑻𝑻𝐝𝐝
𝟒𝟒
≥ 𝟐𝟐𝒕𝒕𝐧𝐧                                                 

 

Equation 13             𝒕𝒕𝒔𝒔 = 𝟐𝟐𝑳𝑳
𝑪𝑪𝐩𝐩

                                                            

Where      𝑇𝑇d = the period associated to the driving frequency (s) 

                         𝑓𝑓d= driving frequency (Hz) 

  𝐶𝐶p= longitudinal wave velocity in the pile (m/s) and is calculated using            

                     𝐿𝐿 = pile length (m) 

Equation 14            𝑪𝑪𝐩𝐩 = �𝑬𝑬
𝝆𝝆

𝟐𝟐  
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According to Whenham (2011) another rule of thumb for considering the vibratory system as a 
rigid body is that they should fulfill Equation 15 . 

 

Equation 15     𝒇𝒇𝐝𝐝 ≤ 𝟎𝟎.𝟏𝟏𝒇𝒇𝐧𝐧 = 𝒄𝒄𝐩𝐩
𝟐𝟐𝟎𝟎𝐿𝐿

                                

Where   𝑓𝑓d = driving frequency (Hz) 

       𝑓𝑓n = longitudinal natural frequency of a free slender bar (Hz) 

                                                                                                                                                 

2.3 Current understanding on vibrator performance and selection 

Looking at the historical development of vibrators shows that there has been a tremendous progress 
in terms of their range of operating parameters, power, and controlling of the installation process. 
In this section, current understanding of the vibrator performance, and how different vibratory 
parameters and equipment are selected are described.  

2.3.1 Vibrator performance parameters 

Development of vibrators begun with fixed  𝑀𝑀et with an operating  𝑓𝑓d of 22 to 33 Hz. This was 
followed by the introduction of the step wise variation of 𝑀𝑀et according to driving conditions by 
manually adjusting the weights. Finally, modern vibrators with variable  𝑓𝑓d   and S that allow 
resonance free starting and stopping has come to operation (Viking, 2006, Massarsch et al., 2017). 

Even though there is advancement in the system of vibro-driving regarding time of penetration as 
well as minimizing vibration and noise, the selection of vibratory equipment and related 
parameters to achieve maximum drivability with minimized environmental impact is based on site 
verification and experience (Viking, 2002). 

Massarsch et al. (2017) and Whenham et al. (2009) also pointed out the importance of performing 
extensive field tests to address the problem linked to vibratory parameters and the vibratory driving 
and extracting machine performance related to the environmental impact.   

2.3.2 Selection of required vibrator parameter and capacity 

There is no exact displacement amplitude parameter selection for drivability and minimum ground 
vibration. However, both Whenham (2011) and Viking (2002) has cited the work of Rodger & 
Littlejohn (1980), saying that the displacement amplitude is to be between 20 and 30 mm for site 
conditions with large toe resistance and between 5 and 20 mm for site conditions with low toe 
resistance in order to maximize drivability. Both Viking (2002) and Whenham (2011) stated the 
importance of the choice of  𝑓𝑓d  for dynamic toe resistance whereas the dynamic shaft resistance 
is almost independent of the  𝑓𝑓d selection. 
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Table 2: A Summarized description of how to choose vibratory parameters after Rodger and 
Littlejohn, (1980) and (Viking 2002) 

Cohesive soils  Dense    cohesionless soils Dense cohesionless soils 

All cases  Low Point 
resistance  

High Point 
resistance 

Heavy 
piles 

Light piles 

High 
acceleration. 
Low displace-
ment amplitude 
 
Predominant 
side resistance. 
 
Requires high 
acceleration for 
either shearing 
or thixotropic 
transformation 

High acceleration 

- 
 
 
Predominant side 
resistance. 
 
Requires high 
acceleration for 
fluidization. 

Low frequency. 
Large displacement amplitude. 
 
 
 
Predominant End resistance. 
 
 
Requires high displacement 
amplitude and low frequency 
for maximum impact to permit 
elastoplastic penetration. 
 
 
 

High acceleration. 
 
- 
 
 
Predominant side 
resistance. 
 
Requires high 
acceleration for 
fluidization. 

Recommended parameters  

𝑓𝑓d > 40 𝐻𝐻𝐻𝐻 

     𝑎𝑎 = 6 − 20g  

𝑠𝑠 = 1 − 10 𝑚𝑚𝑚𝑚 

𝑓𝑓d = 10 − 40 𝐻𝐻𝐻𝐻 

     𝑎𝑎 = 5 − 15g 

 𝑠𝑠 = 1 − 10 𝑚𝑚𝑚𝑚 

𝑓𝑓d = 4 − 16 𝐻𝐻𝐻𝐻 

                        𝑎𝑎 = 3 − 14g 

     𝑠𝑠 = 9 − 20 𝑚𝑚𝑚𝑚 

𝑓𝑓d = 10 − 40 𝐻𝐻𝐻𝐻 

     𝑎𝑎 = 5 − 15g 

    𝑠𝑠 = 1 − 10 𝑚𝑚𝑚𝑚 

 

Based on Rodger and Littlejohn (1980), Viking (2002 and 2006), has reproduced the above table 
(see Table 2) for the selection of the driving parameters (driving frequency, acceleration and 
displacement amplitude) for different soil types and piles. According to MÜLLER Vibrator 
technology a higher displacement amplitude is required for efficient driving and extracting in 
cohesive soils. 

2.3.3 Vibrator selection charts 

Different vibrator manufacturers have developed vibrator selection charts that help users to select 
the right vibrator capacity for optimized use. According to the manufacturers’ guides, selecting a 
suitable vibrator depends on the size and weight of the pile section, the driving depth and the type 
of soil. The two figures below (Figure 2-10 & Figure 2-11) are from two different manufacturers. 
They show the  𝐹𝐹v needed to install sheet piles with different length, weight and soil conditions.  
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Figure 2-10:  Vibrator selection chart from MÜLLER Vibrator technology brochure 

 

According to the example in Figure 2-10 , it is assumed a 25 m long sheet pile with a weight of 10 
tons that is to be driven in to medium dense sand. The required  𝐹𝐹v to drive the sheet pile will be 
approximately 1150 kN. Similarly based on Figure 2-11  for a 25 m sheet pile with weight 10 tons 
that is to be driven in to medium dense soil the required  𝐹𝐹v is around 2000 kN. Comparing the two 
manufacturers’ guides a higher  𝐹𝐹v is required for the Bruce vibro type for the same soil condition, 
sheet pile length and weight. 

Based on MÜLLER vibrator technology to satisfy the moment requirement  𝐹𝐹v of the vibrator, the 
power source should be high enough even in strong geotechnical condition. For each 10 kN of 𝐹𝐹v 
2–3 kW driving output is required. 
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Figure 2-11: Vibrator selection chart from Bruce vibro-technology brochure 

 

2.3.3.1 Limitation of the vibrator selection charts  
Practical guidelines must be treated with care and require that the user understands the limitations 
involved (Massarsch et al., 2017).  

According to (Massarsch et al., 2017) one important limitation is that the sheet pile cross sectional 
area, that has great impact on toe resistance, is not considered. The efficiency of driving is affected 
by the relative displacement between the soil and the pile to be driven. Hence it should be 
considered when selecting a vibro- hammer. 

For the same geotechnical condition, similar length and weight of sheet pile, the required 
centrifugal force of vibrator is different for different manufacturer. The vibrator selection chart 
does not consider the environmental impact, it takes the maximum drivability in to account. It 
considers the parameters centrifugal force and amplitude in a way to overcome shaft friction and 
tip resistance between the soil and the pile.   

 

2.4 Ground vibration measurements  

One way to see the correlation between the vibratory equipment parameters and the induced 
ground vibration is to compare the magnitude of the vibration levels with different vibrator 
parameters. In this section the different vibration measurement instruments, how to quantify, 
present and monitor ground vibration are described. 



Vibration caused by sheet pile driving – effect of driving equipment 

 

20 
 

2.4.1 Ground vibration measurement instruments  

The three general types of transducers for vibration measurements are; acceleration transducers, 
velocity transducers and displacement transducers (Richart et al., 1970). The dynamic transducers 
respond to the change of the physical quantity to be measured and give as output an electrical 
signal, which is related to the physical quantity by a conversion factor of the respective sensor 
(Krogh, 1997). In this thesis, only acceleration transducers are further explained. 

Deckner (2013) has stated that, velocity transducers and acceleration transducers are more 
common when measuring induced ground vibration due to pile driving. 

2.4.1.1 Acceleration transducers (Accelerometers) 
An accelerometer is an electromechanical sensor, used to observe the motion of a medium, 
explicitly its acceleration (Krogh 1997).  Important characteristics of accelerometers include range 
of acceleration, frequency response, transverse sensibility, temperature sensibility and weight 
(Krogh, 1997). 

Even though the size of accelerometers are small compared to geophones (velocity transducers), 
they have a larger frequency and dynamic range (Srbulov and Dean, 2010, Deckner, 2013).  
However, accelerometers need a power supply and are more vulnerable to backgrounds noise than 
geophones (Hiller and Crabb, 2000).  

There are several kinds of accelerometer types: piezoelectric, piezo resistive, potentiometric and 
servo (force balance) (Krogh, 1997, Srbulov and Dean, 2010). According to Dowding (1996), the 
most widely used accelerometers are the piezo resistive and piezoelectric types. The piezo resistive 
accelerometer offers the advantage of direct-current response. 

According to Srbulov and Dean (2010) piezo electric accelerometers utilize the property of a 
certain crystal that when exposed to a force or is deformed to yield provides a voltage difference 
between their faces. The accelerometer can be of compression or shear type, depending on how 
the piezo electric crystal is oriented (Dowding, 1996). 

Accelerometers that work based on the piezo electric crystal are large in size, in order to fabricated 
smaller accelerometers; people became interested in the field of microelectronics (Andrejašič, 
2008). Based on Guillemet (2013) in the last two decades a rapid development of micro-
electromechanical systems or MEMS has been observed. MEMS devices consist of three-
dimensional microstructures like micro beams and micro-cantilevers with their manufacturing 
scale related to microelectronics (Beeby et al., 2004, Guillemet, 2013). Comparing the geometrical 
characteristics, the microelectronics are compact and solid, but MEMS have different holes, cavity, 
channels, cantilevers like structures as seen in Figure 2-12 (Andrejašič, 2008). 
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Figure 2-12 : Piezoelectric MEMS accelerometer after Guillemet (2013). 

 

2.4.2 Quantifying, recording and presenting vibration level 

Amplitude, velocity and acceleration are the three different quantities of vibration that can be 
measured (Deckner, 2013). From the vibratory acceleration, one can convert the acceleration 
signal to velocity and displacement with the aid of electronic integrators (Brüel and Kjær, 1982). 
According to Deckner (2013), to avoid errors of conversion it is advisable to measure the required 
parameter directly. 

2.4.2.1 Recorders  
Different types of field vibration recording devices include tape recording, transient recording and 
digital recording (Smith, 1989). Recorders should cover the frequency domain of interest, so it is 
vital to determine which range is relevant ahead of tests.  

Nowadays digital recording dominates vibration measurement work, as all information must be 
converted to digital form and stored if any of the mathematical analysis techniques are to be used 
(Smith, 1989, Woods,1997). 

2.4.2.2 Peak particle velocity 
In most cases the maximum particle velocity is taken as a measure of ground vibrations (Dowding, 
1996, Athanasopoulos and Pelekis, 2000, Deckner, 2013, Daniels and Lovén, 2014). Peak particle 
velocity of a wave is directly related to the square root of the energy of the wave (Hope &Hiller, 
2000). 

Based on Head and Jardine (1992), Hiller and Hope (1998), Athansopoulos and Pelekis (2000) 
and Deckner (2013) the different definitions of peak particle velocity are as follows: 

a) The peak value of the vertical component vibration (particle velocity) 

b) The square root of (the vector sum of) the maximum velocity vibration in the three 
orthogonal directions. 
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c) The peak value of the three velocity components of vibration (particle velocity) 

d) The peak true vector sum of the three velocity components of vibration (particle velocity) 

2.4.3 Transducer attachment 

To measure vibration properly the different transducers should firmly couple to either the ground 
or the vibrating object (Richart et al., 1970). 

One of the most vital features of vibration monitoring is the mounting and attachment of 
transducers in the field (Dowding, 1996, Chameau et al., 1998). In ground vibration measurement, 
in addition to the right choice of instrument type and their location, method of attachment of 
transducers to their bases is a significant issue (Srbulov and Dean, 2010). If the maximum particle 
acceleration is less than 0.3g the transducers can be placed on a horizontal surface without any 
fastener. For maximum particle acceleration between 0.3g and 1g the transducers should be fully 
or partially buried in the soil (Dowding, 1996).  

If the measurement surface consists of hard stratum the transducer should be bolted or cemented 
to the surface (Langefors and Kihlström ,1976). According to Brüel and Kjær (1982), the 
accelerometer should be mounted so that the anticipated measuring direction matches with its’ 
main sensitivity axis. 

 

2.5 Previous field test results  

The following section describes the main results and deduced conclusions from previous studies 
related to different vibrator parameters effect on driving and environmental impact. 

2.5.1  Massarsch et al., 2017 

This paper focuses on the analysis and optimization process of sheet pile driving by considering 
different machine parameters with case study.  

2.5.1.1 Driving equipment and sheet pile  
The driving equipment consisted of an MS-10 HFV vibrator with variable vibration amplitude 
and variable vibration frequency, see Table 4. Properties of the sheet pile used in the field test 
are summarized above in Table 3. 

 

Table 3: Sheet pile properties 

Type  Length Cross sectional 
area 

perimeter Mass 

PSp 370 9.5 m 155 cm2 2.25 m 1159 kg (122 kg/m) 
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Table 4: Performance parameters of the MS-10 HVF vibrator 

Type  Magnitude  

Centrifugal force (𝐹𝐹v) 610kN 

Eccentric moment(Met) 0-10kgm 

Operating frequency (𝑓𝑓d ) 39Hz/2358rpm 

Dynamic mass of vibrator (𝑚𝑚vib)  1700kg 

Mass of clamping device (𝑚𝑚cl) 770kg 

Total mass of vibrator (𝑚𝑚dy) 3629kg 

Vibrator amplitude (s) 11.8mm 

 

2.5.1.2 Geotechnical conditions  
The soil consisted of gravely sand of variable density and was classified as loose to medium dense. 
The ground water table was located at a level of 5.4 m below the ground surface. 

2.5.1.3 Installation process and measurement results  
During the installation process, tests were performed at vibration 𝑓𝑓d of 25, 30 and 40 Hz. At the 
beginning it was planned to drive the sheet pile at 𝑓𝑓d of 20, 30 and 40 Hz. But the 20 Hz 𝑓𝑓d could 
not drive the sheet pile. The 𝐹𝐹v  related to the driving frequencies were 247, 355 and 600 kN 
respectively. The displacement amplitude was found to be 7 mm. The penetration speed of the 
sheet piles can be seen in Figure 2-13. 
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Figure 2-13: Sheet pile penetration speed measured at three different vibration frequencies two 
test per frequency given from Massarsch et al. (2017) 

  

2.5.1.4 Conclusions  
• The penetration speed is dependent on the vibration frequency. Direct proportionality was 

found between the vibration frequency and the sheet pile penetration speed. An increase in 
the vibration frequency, increases the sheet pile penetration speed.   

• The vibration generated from the vibrating pile is strongly influenced by the operating 
frequency of the vibrator with highest effect when operated at resonance frequency.  

• The relative displacement between the driven pile and the soil increased when the operating 
frequency is increased as a result of decreased side friction. Hence, to achieve efficient pile 
driving with minimum vibration, the pile should be driven at a vibration frequency at least 
1.5 times the system’s resonance frequency. 

2.5.2 Whenham et al., 2009 

This is based on the field test performed at the test site of Limelette (Belgium). The main aim was 
to study the effect of different vibratory parameters and the sheet pile profile movement on the 
vibrator performance, penetration resistance and environmental vibration. 
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Table 3: Performance parameter of ICE 36RF vibrator from ICE specification brochure.  

Type  Magnitude  

Max Centrifugal force (𝐹𝐹v) 2030 kN 

Eccentric moment (𝑀𝑀et) 0-35 kgm 

Max Operating frequency ((𝑓𝑓d ) 39 Hz/2300 
rpm 

Dynamic mass of vibrator (𝑚𝑚vib) 4400 kg 

Mass of clamping device 320 TU sheet pile clamp (𝑚𝑚cl) 2400 kg 

Total mass of vibrator (𝑚𝑚dy) 9932 kg 

Max vibrator amplitude including 320 TU sheet pile clamp (2s) 13.7 mm 

 

A series of 11 driving and extraction tests were carried out using the same sheet pile but varying 
the driving frequency from 20 to 38 Hz, the displacement amplitudes from 1.4 mm to 4.5 mm and 
the clamping system from single to double. 

2.5.2.1 Driving equipment and sheet pile 
The driving equipment consisted of an ICE 36RF vibrator with variable vibration amplitude and 
variable vibration frequency, see Table 3. Properties of the sheet pile used in the field test are 
summarized above in Table 4. 

2.5.2.2 Geotechnical conditions  
The soil consisted of a 1m top layer of fill over 2-5m of loam soil followed by sand up to 60 m 
depth. The ground water table from previous studies was reported to be around 60 m depth. 

 

Table 4: Sheet pile properties summarized from Whenham et al. (2009). 

Type  Length Cross 
sectional 
area 

sectional 
modulus  

perimeter Mass 

AZ14  20 m 199 cm2 1880 cm3 1.65 m 3132 kg (156.6 kg/m) 

 

 



Vibration caused by sheet pile driving – effect of driving equipment 

 

26 
 

  

 

Figure 2-14: Position of the transducers on the sheet pile along with sheet pile and vibratory 
equipment from (Whenham et al., 2009) 

 

2.5.2.3 Installation process and measurement results 
The test sheet pile was instrumented with accelerometers and longitudinal strain gauges as shown 
in Figure 2-14. The soil particle acceleration at the ground surface was measured with piezoelectric 
accelerometers. They were installed on the ground surface at distances varying from 3 m up to 30 
m from the sheet pile. The vertical soil vibration was measured with dual seismic cone penetrations 
tests (SCPT equipment) which provided acceleration measurements at various depths.  

During installation with driving frequency 20 Hz refusal was attained at a depth of 6.4 m, but with 
frequency 32 Hz the pile penetration continued to a depth of 7 m. The driving frequency variation 
can be described as in Figure 2-15 related to the penetration velocity and energy consumption. 
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Figure 2-15: Driving frequency, penetration velocity and energy consumption as functions of 
the penetration depth from (Whenham et al., 2009) 

 

2.5.2.4 Conclusions  
• An increased soil particle velocity is observed due to the increase in soil resistance and 

minimized penetration speed.  

• It is difficult to generally characterize the effect of driving frequency, as the influence of 
the driving frequency depends on the site stratification and soil properties. 

 

2.6 Conclusion from the literature review  

The three most important parameters in vibratory driving are vibration frequency, vibration 
amplitude and eccentric moment. There are no exact criteria of vibratory parameter selection for 
drivability and minimum ground vibration.  

Sheet pile driving vibrators have undertaken rapid progress in terms of power, range of operating 
parameters and controlling of the installation process. The development from the standard 
frequency vibratory drivers to the resonant free vibratory drivers lead to advancement of the system 
regarding improvements time of penetration as well as, minimizing vibration and noise. However, 
the selection of vibratory equipment and related parameters to achieve maximum drivability with 
minimized environmental impact is still based on site verification and experience. 

Optimized sheet pile driving with minimal environmental effect can be achieved with Vibratory 
driving. But, this can be achieved, if vibratory driving is chosen with cautious consideration of 
each projects condition, especially the specific geotechnical property of the project.  
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As an initial guide the manufacturers’ vibrator selection chart can be considered for maximum 
drivability.  According to the manufacturers’ guides, selecting a suitable vibrator depends on the 
size and weight of the pile section, the driving depth and type of soil. These empirical guides have 
limitations; hence care should be taken one important limitation is that the sheet pile cross sectional 
area, that has great impact on toe resistance, is not considered. 

The driving frequency affects the penetration speed of the pile and the vibration generated. As the 
driving frequency increases the pile penetration speed increases, but its effect on the induced 
ground vibration depend on the geotechnical conditions. If the soil resistance increases the soil 
particle velocity increases. 
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3 Field study  
3.1 Introduction 

The field study was executed on June 25 and 26, 2018. It was performed with support from Kent 
Allard, Metrometrik AB, Kent Lindgren, KELI Mätteknik, Fanny Deckner, NCC Teknik, and 
Christian Ramel, NCC. Hercules Grundläggning provided access to a suitable construction site, 
machines, material and staff. A series of six driving tests were conducted, the first three sheet piles 
were driven with lower vibrator displacement amplitude and the next three with higher vibrator 
displacement amplitude. The same driving frequency was used for all six sheet piles. 

The main objective of the field study was to measure and compare the induced ground vibrations 
and penetration speed due to vibratory driving with different eccentric moments (vibrator 
displacement amplitude). 

3.2 Site description 

The project site, owned by the Uppsala University, is an expansion of the Ångström Laboratory 
that includes two new buildings located south of down town Uppsala, see Figure 3-1 and Figure 
B-1 in Appendix B. 
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Figure 3-1: Location of the project area related to the existing building 
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3.2.1 Geotechnical condition 

According to Bjerking AB’s geotechnical report dated 2016-07-01, the surface layer is 1 to 1.5 
meters of fill. Beneath the fill layer about 4-5 meters of cohesive soil is present, under which 
there are layers of frictional soil above rock. The fill has varying composition with elements of 
stone, gravel, sand and clay. The cohesive soil consists of clay with dry crust properties, i.e. high 
shear strength, all the way down to the frictional soil. The lowest derived shear strength is 
approximately 109 kPa (corrected 92 kPa) on 5.5 m depth in investigation point 16BG32. 
The frictional soil consists of silty sand or sand with clay and silt layers. At greater depths, the 
frictional soil changes to moraine. The depth of the moraine is increasing towards east. 
Performed soundings have stopped against bedrock, block or in solid moraine at between 12 to 
17 m depth. The soil properties of the characteristic profile are illustrated in Figure 3-8 . CPT 
soundings taken from Markteknisk undersökningsrapport (soil investigation report) dated 2016-
07-01 can be seen in Appendix B. Earlier studies for previous stages of construction of the 
Ångström laboratory show that the groundwater level is about 25-26 meters below ground level 
and 15-16 meters below sheet pile foundation level. 
 

3.3 The vibratory driver system 

The vibratory driver system used to drive the sheet piles during the field test was a leader-mounted 
high frequency vibrator and a multi-task Liebherr piling and drilling rig LRB 125, see Figure 3-2 
and Appendix C. The sheet pile driving was executed by Hercules Grundläggning AB with their 
own machine and personnel. 

3.3.1 The vibrator unit 

The vibrator unit used is a high frequency variable eccentric moment type, see section 2.2.2.1, 
manufactured by Liebherr Gmbh model 1100 H, see Figure C-1 in Appendix C with technical 
specification as shown in Table 5.  

3.3.2 Sheet pile properties 

The sheet piles used in the field test were a steel sheet pile type Larsen 603 with the cross-
sectional properties as shown in Figure 3-3 and in Table 6.  
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Vertical travel device

Inclination device

Parallel kinematics

Undercarriage 

Radius adjustment 
device

Leader rotation 
device

Tool with quick 
connection

Leader 12.5m 

Leader top
Auxiliary winch 

Counter weight 3.9 t

 

Figure 3-2: the characteristics of the Liebherr piling and drilling rig LRB 125 (after Liebherr 
brochure) 

 

Table 5: Basic performance data of the vibrator used (1100 H). 

Basic performance data Value Unit 

Eccentric moment (𝑀𝑀et) 0–20 kgm 

Maximum frequency (𝑓𝑓d) 38 Hz 

Maximum centrifugal force (𝐹𝐹v) 1160 kN 

Maximum amplitude (2𝑆𝑆) 19 mm 

Total weight without clamp 3250 kg 

Total weight with single clamp 4200 kg 

Dynamic weight with clamp (𝑚𝑚dy) 2980 kg 

 



Vibration caused by sheet pile driving – effect of driving equipment 

 

32 
 

600600

31
0

9.
7

377

60.6

11
6.

4

8.2

YY

 

 

Figure 3-3: Sheet pile profile of Larsen 603 modified after (Guillemet, 2013). 

 

3.4 Instrumentation and data collection 

 The following five instrumentation parts were used during the field test. 

• The vibrator instrumentation: The vibrator instrumentation consisted of a tri-axial 
accelerometer located on the side of the vibrator, see Figure 3-5 left.    

• The sheet pile instrumentation: The sheet pile instrumentation consisted of tri-axial 
accelerometers positioned around 1.5 m from the top of the sheet pile, see Figure 3-5 center. 

•  The ground instrumentation: The ground instrumentation consisted of tri-axial 
accelerometers located at three different positions, see Figure 3-7 and Figure 3-5 right. For 
detailed explanation see section 3.4 below. 

• The data acquisition system: A 16 channel data acquisition system was used during the 
field test. From the 16 channels, three channels were used for the output voltages of vibrator 
instrumentation, three channels for the output voltages of sheet pile instrumentation and 
nine channels for the output voltages of ground instrumentation. 

• The video camera: A video camera was used to monitor the penetration of the sheet pile 
with time. The penetration speed of the sheet piles was evaluated based on the recorded 
video. 

 

Table 6: Section properties of Larsen 603 sheet pile 

Type  Sectional 
area (cm2) 

Circumference 

(cm)  

Mass per 
meter (kg/m) 

Elastic 
section 
modulus 
(cm3) 

Second 
moment of 
inertia (cm4) 

L603 83 180 64.8 330 3830 
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3.4.1 Measurement Equipment 

A. Accelerometers 

Two different types of accelerometers were used for the sheet pile, vibrator and soil 
instrumentation. The accelerometers attached to the vibrator and sheet pile were a piezo resistive 
tri-axial accelerometer of model ADXL377. Whereas for the soil instrumentation piezo resistive 
tri-axial accelerometers of model ADXL335 are used. The two types of accelerometers in their 
casings can be seen in Figure 3-4. Detailed specifications are found in Table A-2. 

B. Signal conditioning box 

A 16-channel signal conditioning box was used during the field test. The main general objective 
of signal conditioning box is to overcome the noisy effect of the output voltage using a low-pass 
filter and regulate the sensitivity of the output voltage with an amplifier. 

The signal conditioning box used consists of: a terminal board, a power source for the 
accelerometer, an amplifier, a low -pass filter set at 250 Hz, an output to the digital audio tape 
recorder 

C. Digital Audio Tape (DAT) recorder. 

Sony PC216AXD digital audio tape recorder was used to record the output from the signal 
conditioning box. The DAT recorder has 16 channels and uses 3000 Hz sampling frequency to 
record the output from the signal conditioning box. The data recorded on the DAT is in the form 
of output voltage signals from the different accelerometers. 

                                                                 

       

 

Figure 3-4: Accelerometers used during the field test in their casings (accelerometer for the soil 
instrumentation left and accelerometer for sheet pile and vibrator right) 
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D. Laptop accompanied with PCscan 

The laptop with the PCscan software was used to view the data in real time during recording. As 
the data obtained during the field test was recorded in the form of output voltage signal, a software 
package called PCscan was used to view the amplitude data in real time domain during and after 
recording. The PCscan display of the different channels can be seen in Appendix C, Figure C-1.  

 

3.5 Data processing and presentation 

Matlab software was used to process the recorded field test data. For enabling  comparisons the 
peak particle acceleration is considered .The peak particle acceleration is obtained by taking the 
absolute maximum values of the recorded data in every second. The different results are presented 
in different graphs, related to time, penetration depth, and distance from source. 

3.5.1 Accelerometer calibration factor 

Prior to the field test, the different accelerometers were calibrated in three orthogonal directions. 
The accelerometers were subjected to a known reference acceleration and frequency range. The 
voltage output,𝑉𝑉of, of the accelerometers were noted for frequency level of 30 Hz so that the 
calibration coefficients of each accelerometers were determined using Equation 16. The calibration 
coefficients were used to transform the voltage output obtained during the field test to acceleration 
using Equation 17. A brief description of the calibration of the accelerometers is found in Appendix 
A. 

Equation 16       𝑪𝑪𝐜𝐜 = 𝟏𝟏𝟎𝟎𝟎𝟎𝟎𝟎
𝑽𝑽𝒐𝒐𝒇𝒇

           Where    𝑉𝑉of=voltage output at 30Hz frequency (mV/ (m/s2)) 

 

Equation 17         𝒂𝒂 = 𝑪𝑪𝐜𝐜𝑽𝑽𝐨𝐨          Where 

                                                                      a = acceleration (m/s2) 

                                                                      𝐶𝐶c =calibration coefficient (m/s2)/ (V) 

                                                                      𝑉𝑉o=voltage output from DAT Recorder (V) 

 

3.6  Execution of field study 

The field study was executed on June 25 and 26, 2018. On the first day the connector (the 
attachment) of the accelerometer with the sheet pile was welded on. On the second day the 
attachment for the vibrator accelerometer was screwed in place and all the accelerometers were 
attached to the vibrator, sheet piles and in the ground according to Figure 3-5, with their respective 
cables to the signal conditioning box, see Figure 3-6 left.  
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3.6.1 Measurement procedure 

The field measurement was conducted according to Figure 3-7, where six sheet piles were driven 
one after the other and three ground vibration measurement points were considered. 

During the field measurement the following procedure was followed. 

• The six sheet piles driven were marked every 0.1 m to see the penetration depth.  

• The location and position of the ground accelerometers were identified. A hole of depth 
0.3-0.4 m was dug at the location and the accelerometer was pushed into the clay. The 
accelerometer was thereafter covered with wet clay and thereafter the hole was refilled 
with sand to ensure stability.  

• The cables from the accelerometers were connected to the signal conditioning box. 

• The first three sheet piles (sheet pile 1, 2 and 3) were driven with lower eccentric moment 
(vibrator displacement amplitude) whereas sheet pile 4, 5 and 6 were driven with higher 
eccentric moment. 

• The sheet pile driving was recorded with a video camera to determine the sheet pile’s 
penetration speed. 

The cable connections to the signal conditioning box, marked sheet pile depth and buried 
accelerometers are illustrated in Figure 3-6. 

 

 

 

Figure 3-5: The different accelerometer attachments (vibrator accelerometer attachment left, 
sheet pile accelerometer attachment center, ground accelerometer attachment right.) 
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Figure 3-6:  Left: signal conditioning box, Center: buried ground accelerometers and Right: 
sheet pile depth marked and driving process. 

 

During the sheet pile installation all the sheet piles were not fitted with accelerometers. Table 7 
shows the different sheet piles, measurement points and measurements available.                         

 

Table 7: Different measurement points during the installation of the six sheet piles 

Driven sheet 
pile 

Measurement points 

 Vibrator Sheet pile 

SMP 

Ground 

GMP1 GMP2 GMP3 

SP1 Yes Yes Yes Yes Yes 

SP2 Yes No Yes Yes Yes 

SP3 Yes Yes Yes Yes Yes 

SP4 Yes No Yes Yes Yes 

SP5 Yes Yes Yes Yes Yes 

SP6 Yes No Yes Yes Yes 
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Figure 3-7: Top view of measurement points and sheet pile arrangement. 

 

Figure 3-7 above and Figure 3-8 below shows the plan and cross section view of the measurement 
points, position of the sheet piles and geotechnical conditions. 

3.6.2 Limitations  

The field study was limited to the specific geotechnical site and its soil conditions. The specified 
ground accelerometers location is used for all the ground vibration measurements of the six driven 
sheet piles. Also, due to technical problem in the driving equipment itself we could not drive the 
sheet piles with a known value of eccentric moment. Other limitation of the study associated with 
the site condition include the tightness of the site area which hindered taking ground measurement 
point at large distance. 
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Figure 3-8: Section view of the soil profile and measurement points (not to scale). 
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4 Results and analysis   
4.1 Introduction 

This chapter describes the results and analysis of the vibration measurements of the field test. The 
measured particle accelerations are presented in different graphs, related to time, penetration depth 
and distance from source. A comparison between the ground vibration and penetration speed of 
driving with lower and higher vibrator displacement amplitude is described. Due to their location 
related to the measurement points and smooth driving, the results obtained from driving sheet pile 
three (SP3) and sheet pile four (SP4) are mainly used for comparison. 

4.2 Magnitude of vibrations 

4.2.1 Average ground vibration level 

The ground vibration results are provided by the three tri-axial accelerometers buried in the ground 
as seen in Figure 3-7 and Figure 3-8. For enabling comparison, the average peak particle 
acceleration is considered as a measure of ground vibration level. To obtain a value of average 
peak particle acceleration for the whole driving, the absolute maximum values of the recorded data 
every second is derived. The sum of the derived peak accelerations are then divided by the total 
recording time in seconds. According to the result of ground measurement point 1 (GMP1) in 
Figure 4-1, the sheet piles driven with lower eccentric moment (SP1, SP2 and SP3) generated 
higher ground vibration in all the three directions than the sheet piles driven with higher eccentric 
moment. Similar results have been obtained from measurement point 2 (GMP2) and measurement 
point 3 (GMP3) see Figure 4-2 and Figure 4-3. 

Figure 4-1: Average peak particle acceleration at GMP1 in the three directions from the six 
sheet piles driven 
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Figure 4-2: Average peak particle acceleration at GMP2 in the three directions from the six sheet 
piles driven 

Figure 4-4 and Figure 4-5 show the time histories obtained from GMP1 during driving of sheet 
pile 3 and sheet pile 4 respectively. The rest of the ground accelerometer results at measurement 
point two and three are available in Appendix D. 

Figure 4-3: Average peak particle acceleration at GMP3 in the three directions from the six sheet 
piles driven 
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Figure 4-4: Time histories of soil particle acceleration at GMP1, i.e. 1 m from the sheet pile line 
generated from sheet pile 3. 

Figure 4-5: Time histories of soil particle acceleration at GMP1, i.e. 1 m from the sheet pile line 
generated from sheet pile 4. 
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Figure 4-6: Peak particle acceleration at GMP1, i.e. 1 m from the sheet pile line generated from 
sheet pile 3. The soil corresponds to the soil present at the level of the sheet pile toe. 

Figure 4-6 and Figure 4-7 present peak particle acceleration results for tests with lower eccentric 
moment at measurement points 1 and 2. Figure 4-8 and Figure 4-9 correspond to peak particle 
acceleration results with higher eccentric moment. In the figures the soil present at the level of 
the sheet pile toe at the corresponding time is also presented. 

Figure 4-7: Peak particle acceleration at GMP2, i.e. 4.5 m from the sheet pile line generated 
from sheet pile 3. The soil corresponds to the soil present at the level of the sheet pile toe. 
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Figure 4-8: Peak particle acceleration at GMP1, i.e. 1 m from the sheet pile line generated from 
sheet pile 4. The soil corresponds to the soil present at the level of the sheet pile toe 

Figure 4-9: Peak particle acceleration at GMP2, i.e. 4.5 m from the sheet pile line generated 
from sheet pile 4. The soil corresponds to the soil present at the level of the sheet pile toe. 
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4.2.2 Maximum ground vibration level 

The maximum ground vibration is one comparison criteria and important to be considered as it 
helps to evaluate and compare with allowable vibration limits. Hence these measurements values 
obtained are compiled in Table 8. The sheet piles driven with lower eccentric moment has shown 
to have higher particle acceleration. 

4.2.3 Attenuation with distance 

From all the results, see Table 10, Figure 4 1, Figure A 1 and Figure A 2, in Appendix D, it can be 
observed that vibration acceleration decreases with distance from the source of vibration (sheet 
pile). The ground vibration attenuation in the three directions from the six sheet piles driven can 
be seen in Figure 4 10 to Figure 4 12. A similar pattern of attenuation with distance from source 
of vibration can be seen in all directions. In some cases, the vibrations are larger at longer distance 
from the sheet piles, this could be due to the addition of different waves at the measurement points. 

Table 8: Maximum particle acceleration in the three directions at the three ground measurement 
points 

Sheet pile 
no. Direction 

amax (m/s2) at 
GMP-1  

amax (m/s2) at 
GMP-2  

amax (m/s2) at 
GMP-3 

1 Transversal 
Longitudinal 
Vertical 

11.14             
14.40
15.33 

2.66               
3.93       
5.85 

1.84            
5.26
6.22 

2 Transversal 
Longitudinal 
Vertical 

13.23              
10.13
12.88 

3.25
3.80
6.30 

1.64           
2.33
3.59 

3 Transversal 
Longitudinal 
Vertical 

16.13             
17.52
13.05 

3.33
4.99
6.14 

1.64           
3.45
3.93 

4 Transversal 
Longitudinal 
Vertical 

7.64
5.21
8.03 

2.79
3.32
3.67 

2.64            
2.48
2.97 

5 Transversal 
Longitudinal 
Vertical 

6.01
3.00
3.84 

2.07               
2.00
3.31 

1.56           
2.83
3.04 

6 Transversal 
Longitudinal 
Vertical 

2.90
2.26
2.50 

0.97               
1.40               
2.62 

0.90           
1.74           
2.93 
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Figure 4-10: Transversal vibration attenuation with distance from the source for the six sheet 
piles. 

Figure 4-11: Longitudinal vibration attenuation with distance from the source for the six sheet 
piles. 
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Figure 4-12: Vertical vibration attenuation with distance from the source for the six sheet piles. 

4.3 Vibrator and sheet pile vibration levels 

From the result of the acceleration levels of driving SP1, SP3 and SP5, see Figure 4-13, Figure 
4-14 and Appendix D we can see a similar pattern of time histories on both the sheet pile and the
vibrator. From the magnification of the acceleration time histories for the vibrator and sheet pile
shown in Figure 4-13, a more harmonic motion is observed in the vertical acceleration on the
vibrator than the sheet pile. This could be due to some kind instability of the attachment of the
accelerometer on the sheet pile.
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Figure 4-13: Magnification of vertical acceleration time history of the vibrator and sheet pile. 

It can be seen in Figure 4-14 that the sheet pile and vibrator time history has similar patterns, the 
vibration from the vibrator is propagated on the sheet pile. It can be observed that the acceleration 
level on the sheet pile is a little bit higher than the acceleration level on the vibrator.  

Figure 4-14: Comparison of vertical acceleration on vibrator and sheet pile during driving of 
SP1. 
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4.4 Sheet pile penetration speed and depth 

The penetration depth and speed of the sheet piles are estimated from the video recordings and 
chalk markings on the sheet pile. Looking to Figure 4-15 the penetration speed for SP4, which is 
driven with higher eccentric moment, is higher than the penetration speed for SP3, which is driven 
with lower eccentric moment. From the video recording it was observed that, during driving from 
depth 6.5 m to 7.5 m of SP4, SP3 was pushed down an additional 0.5 m along with SP4, which 
reduces the penetration speed indicating a lot of friction in the interlock.  

As can be seen in Figure 4-4 higher transversal ground vibration is observed when the sheet pile 
penetrates the dry clay layer than when penetrating the sand layer, but an increase in longitudinal 
and vertical ground acceleration is observed at time 160 s of sheet pile penetration in the sand 
layer. 

4.5 Frequency spectrum 

The frequency content of the vibrator, the sheet pile and the ground vibrations were obtained using 
MATLAB Fast Fourier Transform and can be seen in Figure 4-16 and Figure 4-17 . The dominant 
frequency in the spectral analysis of the vibrator, sheet pile, and ground vibration acceleration 
corresponds to the driving frequency of 31 Hz. 

Figure 4-15: Penetration depth vs time of SP3 and SP4. 
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Figure 4-16: Frequency spectrum of vibrator during driving SP1. 

Figure 4-17: Frequency spectrum of ground vibration at GMP1 during driving SP6. 
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5 Discussion 
5.1 Introduction 

The main results and observations of the field test related to induced ground vibrations and 
penetration speed are discussed in this section.  

5.2 Field study 

During the field test the location of the ground accelerometers (GMP1, GMP2, and GMP3) was 
not changed in reference to the location of the driven sheet pile, see  

Figure 3-7. Even though it does not have an effect for comparison reasons, it might influence the 
magnitude of the measured ground vibrations. 

Due to limitation in the driving equipment we could not drive the sheet piles with a known value 
of eccentric moment, but we could manage to drive with lower and the same eccentric moment for 
the first three sheet piles and higher and the same eccentric moment for the last three sheet piles.  

5.3 Magnitude of vibration 

From the main results it was observed (see Figure 4-1, Figure 4-2, Figure 4-3 and Table 8 ) that 
the ground vibrations induced during installation of the sheet piles with higher vibrator eccentric 
moment were lower than these derived with lower vibrator eccentric moment. At the beginning it 
was hypothesized that the ground vibration induced with higher eccentric moment would be 
greater. This was based on the higher vibration energy that would be transmitted from the sheet 
pile to the ground, which would induce higher particle movement. But instead it seems as though 
the higher vibration energy is used to penetrate the soil layer with less energy available to be 
transferred to the ground as vibration. Another possible explanation is that the higher eccentric 
moment disturbs the soil more and induces a higher strain level, which in turn reduces the soil 
ability to transfer vibrations. A less disturbed soil transfers vibrations better than a highly disturbed 
soil.     

A sharp increase in longitudinal and vertical ground vibration amplitudes appears when the pile 
penetration reaches a depth of 4.8 m (at time 160 s) during installation of SP3, see Figure 4-4, 
where the lowest penetration speed of 0.016 m/s was observed. This is consistent with the 
observation of an increased soil particle velocity due to the increase in soil resistance and 
minimized penetration speed in the study of Whenham et al. (2009). This sharp change in the 
magnitude of the vibration with depth could also be correlated to the propagation property of the 
material. As vibration propagate more in stiff soil, higher vibration in friction soil compare to 
cohesive soil layer was expected. 

Based on Massarsch (2000), the sources of vibration can be toe or shaft depending on the soil strata 
during sheet pile driving. From the current field test it was observed that ground vibration increased 
with depth in the clay layer during installation of SP3 (with lower eccentric moment) at the three 
measurement points see Figure_ A-3 to Figure_ A-5,in Appendix D . This increase in ground 
vibration with depth could be related to that the vibration came mostly from shaft resistance and 
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the increasing contact area between sheet pile and soil with depth. During installation of SP4 (with 
higher eccentric moment) a uniform ground vibration with depth in the clay layer is observed see 
Figure A-6 to Figure A-8, in Appendix D, which could indicate that here the toe resistance was 
the key source of vibration. This could make sense that with a higher eccentric moment the soil 
around the shaft is highly disturbed and almost unable to transfer vibrations, thus more vibrations 
emanate from the toe. In the sand layer the results show a fluctuating vibration magnitude with 
increasing penetration depth, hence, the source of vibration could be either toe resistance and/or 
shaft resistance.  

The measured ground vibration results when it comes to magnitude and distance from source, are 
consistent with previous field test results. From the average particle acceleration at the three 
measurement points see Figure 4-1, Figure 4-2 and Figure 4-3 the vertical vibration is the dominant 
component which is consistent with previous study reports. The dominancy of the vertical 
component increases with increasing distance from the source of vibration. 

Deckner (2013) has stated that the effect of the geotechnical conditions as well as distance from 
the source have large impact on the generated vibrations, from all the measurement points this is 
observed; as the distance from the source increase the measured ground vibration decrease. This 
can be explained as vibration loses energy during propagation which attributes to decrease in 
amplitude of vibration with distance from source.  

A higher ground surface longitudinal vibration and lower penetration speed was observed during 
driving of SP3, see Table 8 and Figure 4-15, this observation can be correlated with the lateral 
flexibility of the sheet pile with higher toe resistance. This can be a verification of the discussion 
section 2.2.5 on effect of lateral flexibility of vibratory sheet pile driven. 

5.4 Penetration speed 

The results have shown a trend of increasing penetration speed with higher eccentric moment. This 
can be explained according to Warrington (1992) “At low vibrational amplitude, displacement of 
the soil with respect to the side surface of the element being inserted does not exceed the limit of 
the elastic deformation and the pile does not penetrate the ground. As the amplitude of the vibration 
increase, residual deformation of the soil occurs, and the pile begins to slip relative to the soil.” 

Massarsch et al., (2017) have stated the importance of higher displacement amplitude (higher 
eccentric moment of vibrator) in cohesive soil to overcome the adhesive resistance along the sheet 
pile, based on this reasoning SP4 with higher eccentric moment, required a time of 73 s to penetrate 
the clay layer (4 m), whereas for SP3 with lower eccentric moment, the penetration of the clay 
layer took 96 s. 

Looking to the video recording shows that, driving from depth 6.5 m to 7.5 m of SP4, SP3 was 
pushed down an additional 0.5 m along with SP4, which reduces the penetration speed (lower 
production capacity) indicating a lot of friction in the interlock. 
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6 Conclusions and proposals for further research 

6.1  Conclusions  

Based on the field study presented in this thesis, the following conclusions can be drawn: 

• For all the driven sheet piles the geotechnical characteristics of the soil strongly affected
the induced ground vibration. A higher longitudinal and vertical ground vibration was
induced when the sheet pile toe was driven through frictional soil (sand layer) than when
driven through the clay layer.

• The results from the field study shows that, driving sheet piles with lower eccentric moment
will induce higher ground vibration in comparison to driving with higher eccentric
moment. This result was not expected and it led to the falsification of the hypothesis that
higher eccentric moments will lead to higher ground vibration.

• A higher penetration speed can be achieved when driving sheet piles with higher eccentric
moment than with lower eccentric moment.

• Based on this specific field test it can be concluded, for an optimized vibratory sheet pile
driving it is better to use higher eccentric moment in terms of induced ground vibrations
and penetration speed.

6.2 Proposal for further research  

• Evaluate how the induced ground vibration differs in different soil strata, with known
eccentric moment and by shifting the position of the ground accelerometers in reference to
the specific sheet pile driven.

• Evaluate how the vibratory sheet pile driving can be optimized considering at large distance
from the source of vibration.
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Appendices 
Appendix A. Dynamic calibration of accelerometers 
Prior to field test, the accelerometers were calibrated on March 16, 2018 at Kent Lindgren’s 
work shop in Älvsjö, Stockholm. Calibration of accelerometers was achieved based on the back-
to back calibration technique.  

Calibration setup 

The accelerometers were calibrated based on the back to back calibration technique. The 
accelerometer to be calibrated, with unknown sensitivity, is mounted in back to back way with a 
standard reference accelerometer, and both in combination were mounted on vibration exciter 
4805 as shown in Figure A-1. The voltage output cable of the reference accelerometer is directly 
connected to the function generator and dynamic signal analyzer. Whereas the voltage output 
cable of the accelerometer to be calibrated was connected to the function generator and dynamic 
signal analyzer via the signal conditioning box, which will be used during the field test. The 
setup of the calibration can be seen in  

Figure A-1. 

Calibration equipment 

The equipment used during the calibration is shown in Table A-1 and figure A-2 

Table A-1 equipment with their mode used during calibration  

Equipment Brand and model 

Vibration exciter Brüel & Kjær 4808 
 

Function generator dynamic 
signal analyzer 

Hewlett Packard 3562A 

Amplifier Ling TPO 300 

Refrence accelerometer PCB 301A11 

Oscilloscope Nicolet 410 

Signal conditioning box 
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Table A-2: Sheet pile, vibrator and ground instrumentation accelerometers properties (taken from 
Analog Devices Product selection table) 

Accelerometer type 
(model) 

ADXL377(used for Sheet 
pile and vibrator 
instrumentation) 

ADXL335(used for 
Ground accelerometer) 

Axis sensing X, Y, Z X, Y, Z 

Sensitivity  6.5 mV/g 300 mV/g 

Temperature range – 40 to 85°c – 40 to 85°c

Band width 0 Hz to 1600Hz 0Hz to 1600Hz 

Output type Analog Analog 

Accelerometer range – 200g to 200g – 3g to 3g

Power 300µA 

Shock survival – 10000g to 10000g – 10000g to 10000g

Accelerometer to be 
calibrated

Reference accelerometer

Vi
br

ati
on

 di
rec

tio
n

Steel adapter

Vibration exciter
Type 4808

Figure A-1: Back to back accelerometer calibration setup. 
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A) Vibration exciter B) signal conditioning box

C) Dynamic signal analyzer D) Oscilloscope

Figure A-2: Different equipment used during the calibration 

Calibration measurement 

All the accelerometers were calibrated in the three orthogonal (the longitudinal, transversal and 
horizontal) directions with in the frequency range of 5-205Hz. The voltage output, Cc, of each 
axis of the accelerometer was noted for frequency level 10 Hz, 20 Hz and 30 Hz from the 
dynamic signal analyzer as shown in  

Figure A-3. The results from frequency level 30 Hz was used for the processing of the results. 
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Figure A-3: Signal analyzer showing accelerometer calibration curve for the frequency range 5-
205 Hz. 
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Appendix B. Site description 
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Figure B-1: Top plan of the site 
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Geothecnical condition 

CPT soundings taken from Markteknisk undersökningsrapport dated 2016-07-01. The CPT 
soundings that are closest to the installed sheet piles are exploration points 13BG28, 13BG29, 
and 13BG30 as it can be seen in Figure_ B-2 and the readings can be seen in  Figure_ B-3. 

Hus 7

Hus 8
Sheet pile line

Figure B-4: Top plan of CPT sounding of the site 
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Figure B-5: CPT- sounding of section H-H which includes location of 13BG28, 13BG29 and 
13BG30. 
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Appendix C. - Specification of driving equipment

Table C-1: Technical description of LRB 125 pilling and drilling rig. 

Leader length 12.5 m 

Maximum pull, leader on 
ground  

200 kN 

Maximum torque 120kNm 

Working radius machine 

Center of rotation-center pile 3.15-5.35 m 

Stepless rig inclination 
adjustment  

Lateral inclination 
± 2.8° 

Forward inclination 1:6 

Backward inclination 1:3 

Vertical leader adjustment 
above ground level (depending 
on radius) 5 m 

Leader swing range ± 90° 

Figure C-1: Vibrator used during the field test (left), the PCscan display of the different channels 
(right). 
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Appendix D. Additional results 
Complete time histories 

Figure D-1: Time histories of soil particle acceleration at GMP1, i.e. 1 m from the sheet pile line 
generated from SP3.

Figure D-2: Time histories of soil particle acceleration at GMP2, i.e. 1 m from the sheet pile line 
generated from SP3. 
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Figure D-3: Time histories of soil particle acceleration at GMP3, i.e. 7 m from the sheet pile line 
generated from SP3. 

Figure D-4: Time histories of soil particle acceleration at GMP1, i.e. 1 m from the sheet pile line 
generated from SP4. 
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Figure D-5: Time histories of soil particle acceleration at GMP1, i.e. 1 m from the sheet pile line 
generated from SP4. 

Figure D-6: Time histories of soil particle acceleration at GMP3, i.e. 7 m from the sheet pile line 
generated from SP4. 
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Figure D-9: Time histories of soil particle acceleration at GMP1for sheet SP3 (red) and SP4 
(blue) 
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