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Abstract 

For construction sites where vibrations may be a problem to the surrounding environment, it is 

important to choose the right construction method that will create acceptable levels of vibrations. 

The vibrations created when installing bored steel pipe piles are considered to be of smaller 

magnitude than the vibrations generated from vibratory driven piles. Although, there are no 

reliable prediction models and no field studies available regarding ground vibrations generated 

from bored steel pipe piles.  

By comparing the vibrations generated when installing a bored RD-pile with a vibratory driven 

sheet pile in similar conditions, their different impact on ground vibrations could be evaluated. 

This was achieved by performing a field study where the ground vibrations were measured for 

both methods at the same construction site. The results showed that the vibrations were smaller 

for the bored RD-pile wall compared with the vibratory driven sheet pile wall and that the 

vibrations were of different character. The results indicated that boring, by destroying and 

removing the material ahead, will generate smaller vibrations compared with the pile being forced 

through the material.  

 

 

Keywords: bored piles, ground vibrations, RD-pile wall, sheet pile wall, vibratory driven piles. 
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Sammanfattning 

För grundläggningsarbeten på platser där vibrationer kan anses vara ett problem för omgivningen 

är det viktigt att välja installationsmetoder som kommer att generera acceptabla vibrationsnivåer. 

Vibrationer som skapas vid borrning av stålrörspålar anses vara mindre än vibrationer skapade 

från vibrering av spontplank. Trots detta finns det idag inga tillgängliga vibrationsstudier från 

borrade stålrörspålar eller tillförlitliga modeller för att förutse dessa vibrationer. 

Genom att jämföra vibrationerna som skapas vid installation av en RD-vägg med en vibrerad 

spont i liknande geologiska förhållande kunde deras inverkan på markvibrationer utvärderas. 

Detta uppnåddes genom en fältstudie där markvibrationerna mättes hos båda metoderna på 

samma plats. Resultaten som uppnåddes visade att vibrationerna genererade från RD-väggen var 

mindre jämfört med vibrationerna uppmätta hos sponten. Vibrationerna var också av olika 

karaktär. Resultatet indikerade att borrning, genom att bryta sönder och avlägsna materialet 

framför sig, genererar mindre vibrationer jämfört med en spont som blir tvingad genom 

materialet.  

 

 

Nyckelord: borrade pålar, markvibrationer, RD-vägg, spont, vibrerade pålar. 
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Nomenclature 

Abbreviations 

 
DTH Down the hole 
OCR Over consolidation ratio 
PI Plasticity index 
PPV Peak particle velocity 
RD Ruukki drilled 
SRSS Square root of the sum of squares 
TVS True vector sum 

 

Symbols 

 
Greek symbol Explanation Unit 

  Absorption coefficient - 

   Impedance ratio - 

  Tuning ratio - 

   Cyclic shear strain - 

  Degradation index - 

      Critical angle rad 

   Angle of incident wave ° 

   Angle of refracted wave ° 

  Wave length m 

  Poisson’s ratio - 

  Damping ratio - 

  Pi - 

  Density kg/m3 

  Stress Pa 

  Shear strength kPa 

   Cyclic shear stress Pa 

  Phase angle rad 

  Circular frequency rad/s 

 ̅ Load frequency rad/s 

   Natural frequency rad/s 

 

Latin symbol Explanation Unit 

  Amplitude m 

   Displacement amplitude of incident wave m 

      Area of loop J 

  Acceleration m/s2 

  Wave propagation velocity m/s 

  Damping (only for equation 2.6) Ns/m 

   Wave velocity in pile m/s 

   Wave velocity in hammer m/s 

   Compression wave velocity / P-wave velocity m/s 



viii 
 

   Shear wave velocity / S-wave velocity m/s 

  Diameter mm 

   Depth of pile m 

      Critical distance m 

  Young’s modulus Pa 

  Eccentric distance m 

   Static surcharge force N 

   Building factor - 

   Centrifugal force N 

   Driving Force N 

   Foundation factor - 

   Horizontal component of centrifugal force N 

   Material factor - 

   Vertical component of centrifugal force N 

  Frequency Hz 

   Driving frequency Hz 

  Shear modulus Pa 

     Initial shear modulus Pa 

     Secant shear modulus Pa 

     Tangent shear modulus Pa 

  Moment of inertia m4 

   Damping factor - 

  Stiffness N/m 

   Calibration coefficient (m/s2)/V 

   Hammer length m 

   Length of pile m 

   Wavelength in pile m 

  Oedometer modulus Pa 

   Specified eccentric moment kgm 

    Eccentric moment from a single eccentric mass kgm 

   Magnification factor - 

  Mass kg 

    Weight of single eccentric mass kg 

  Number of cycles with large strain - 

  Function of the wave (for equation 2.15) - 

  Rotation per minute (for equation 2.21) rpm 

  External force N 

   Amplitude of external force N 

  Distance from vibration source m 

   Dynamic soil resistance along pile shaft kN 

   Dynamic soil resistance at pile toe kN 

  Radius m 

    Eccentric radius m 

   Contact area between shaft and soil m2 

   
Sensitivity - 

  Period of vibration s 

  Time s 

   Degradation parameter - 

   Voltage output from DAT recorder V 



    
  

ix 
 

   Voltage output from calibration mV/(m/s2) 

  Displacement m 

 ̇ Velocity m/s 

 ̈ Acceleration m/s2 

   Lateral sinusoidal motion m 

  Peak value of vertical particle motion mm/s 

   Uncorrected vertical particle motion mm/s 

   Impact velocity m/s 

     Peak particle velocity (PPV) mm/s 

         PPV in form of True vector sum (TVS) mm/s 

             PPV in form of Square root of the sum of squares 
(SRSS) 

mm/s 

                   PPV in form of Peak component velocity mm/s 

   Particle velocity in pile mm/s 

       PPV in form of Peak vertical component mm/s 

   Particle velocity in x-direction mm/s 

   Particle velocity in y-direction mm/s 

   Particle velocity in z-direction mm/s 

  Elastic section modulus cm3/m 

   Dissipated energy J 

   Maximum strain energy J 

  Water content % 

   Liquid limit % 

   Hammer impedance Ns/m 

   Soil impedance Ns/m 

   Pile impedance Ns/m 

   Specific impedance kNs/m3 

    Specific impedance for P-wave kNs/m3 

    Specific impedance for S-wave kNs/m3 
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1 Introduction 

Foundation works, such as pile driving and installation of retaining walls, generates ground 

vibrations that can damage nearby structures, affect the soil negatively and disturb occupants. For 

areas where these problems could be a concern, it is important to choose the right method that 

will create acceptable levels of vibrations. In the Swedish standard there are limiting values that 

denotes the maximum vibration allowed in the foundation of a structure. 

The vibrations created, when installing bored steel pipe piles are considered to be of smaller 

magnitude than the vibrations generated from vibratory driven piles. However, there is no 

reliable model to predict the vibrations, neither are there any field studies available regarding the 

ground vibrations generated from bored steel pipe piles and thus the advantage of using bored 

piles cannot be motivated. To investigate the difference in vibrations generated from bored and 

vibrated piles, a comparison needs to be performed.  

Vibrations generated from vibratory driven sheet piles have been studied and several models have 

been published to predict the vibrations and to understand the generation of vibrations. Deckner 

(2013) has summarized several of these studies on models and methods. Her conclusion shows 

that there is yet no model, reliable and still easy to apply, to estimate vibrations generated from 

pile installation. Therefore, a comparison using models is not sufficient. To obtain comparable 

results a field study with both bored piles and vibratory driven was executed. 

This thesis analyses the difference in ground vibrations, regarding magnitude and character, 

caused by an RD-pile wall and a vibratory driven sheet pile wall, located at the same construction 

site in similar geological conditions. It intends to provide a useful comparison between the 

methods, and to serve as a support when vibrations from retaining wall installations can be a 

problem. Further, the thesis aims to provide reliable thorough results and metadata from the field 

study, which can be used in further research within the field. The analysis mainly focuses on 

bored RD-pile wall.  

The work is based on the hypothesis that the bored RD-pile wall will generate smaller vibrations, 

as in lower particle motion, to the surrounding soil than the vibratory driven sheet pile under 

similar geological conditions.  

This thesis was carried out for KTH, The Royal Institute of Technology and Skanska 

Grundläggning. It was supervised by Stefan Larsson, professor at KTH, and Joakim Berg, district 

manager at Skanska Grundläggning. 
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2 Literature survey 

2.1 Introduction 
The literature survey is conducted to provide basic knowledge about vibrations and soil 

dynamics. Further it aims to describe vibrations arising from pile installations.  It will also give 

understanding of the installation and measuring methods used and the results achieved from the 

field study. Finally it will serve as the basis for the discussion and conclusions. 

To the authors’ knowledge, there are no relevant studies on vibrations generated from bored 

piles. However, impact pile driving has some similarities with bored piles, why vibrations 

generated from impact pile driving is treated. 

Fanny Deckner’s licentiate thesis and Claire Guillemet’s MSc thesis, both from 2013, treats the 

subjects with regards of vibratory and impact piling. Their works has served as basis and guidance 

to this literature survey and therefore, the literature survey resembles with parts of theirs. 

The survey is divided into six main sections: 

 Section 2.2 provides information of soil dynamics and vibrations.  

 Section 2.3 treats the installation methods of the retaining walls that have been studied. 

 Section 2.4 explains the generation of vibrations from pile installation methods. 

 Section 2.5 deals with measurements and evaluation theory. 

 Section 2.6 summarizes the survey with conclusions and assumptions. 

2.2 Vibrations and soil dynamics 

2.2.1 Vibratory motion 
Dynamic loading acting on soil can induce a vibration to the soil. Holmberg, et al. (1984), 

describes a vibration as: “Vibration is an oscillatory movement around a state of equilibrium”. 

Vibratory motion can be divided into nonperiodic motion or periodic motion (Kramer, 1996).  

Non periodic motion does not repeat itself with a given interval. Sources to nonperiodic motions 

can be explosions, impact from falling objects or earthquakes. Periodic motions repeat 

themselves in regular periods of time. The simplest periodic motion is the simple harmonic 

motion where the displacement can be described as a sinusoidal motion that varies over time. 

Periodic motions are also referred to as deterministic motions in that sense that they can be 

predicted or mathematically described (Holmberg, et al., 1984). 
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Harmonic motion 
A harmonic motion is described by amplitude, frequency and phase through equation 2.1 

(Holmberg, et al., 1984; Kramer, 1996). 

(2.1)                   

Where                    [m] 

              [m] 

          [s] 

                       [rad/s] 

                [rad]   

For engineering purposes the phase angle can be neglected (Holmberg, et al., 1984). The particle 

movement in time can be described in three different ways: 

 Variation of position: displacement (Figure 2.1a). 

(2.2)                 [m]   

 Variation of movement: velocity (Figure 2.1b). 

(2.3)   ̇               [m/s] 

 Variation of movement: acceleration (Figure 2.1c). 

(2.4)   ̈                [m/s2]   

 

Figure 2.1: Harmonic motions. a) Variation of displacement, b) variation of velocity, c) variation of acceleration (from 
Deckner, 2013, modified after Möller, et al. 2000 and Holmberg, et al. 1984).  
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The motions amplitudes vary in relation to each other as shown in Figure 2.1 (Holmberg, et al., 

1984). The conversion from displacement to velocity and velocity to acceleration is made through 

integration. It can also be seen that the conversion is equal to the multiplication of the circular 

frequency and a phase displacement by  
 

 
. The other way around is made through derivation or 

division of the phase angle respectively. 

The frequency of a system is related to the period of vibration or the wavelength.  

(2.5)    
 

 
 

 

 
 

 

  
 

Where               [Hz] 

                         [s] 

                              [m/s] 

                [m]  

                        [rad/s] 

The period and the wavelength are both the same distance on a wave, usually measured between 

the wave crests (Dowding, 1996). The difference is the period being related to particle 

displacement as a function of time while the wavelength is related to displacement as a function 

of position (Kramer, 1996). 

According to Holmberg (1984) the wavelengths, for many practical cases, differ between 10-30 

m. The wavelength is of importance since it could cause stresses to a structure. The effect 

depends on the wavelength in relation to the length of the building, as explained by Thurner 

(1976) and Deckner (2013). A wavelength greater than the length of the building (Figure 2.2a) 

can cause lifting and sinking of the building while a much shorter wavelength (Figure 2.2c) 

generates bending stresses in the building. A wavelength equal to the length of the building 

(Figure 2.2b) will also give rise to bending stresses. 

 

Figure 2.2: The wavelength’s impact on buildings (from Deckner 2013, modified after Thurner, 1976). 
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Transient and steady state motion 
For a damped system subjected to force loading (see section 2.2.2) the response motion is 

divided into a steady state motion and a transient motion (Kramer, 1996). The Steady state 

motion is a periodic motion, consisting of one or several frequencies (Holmberg, et al., 1984). 

The transient motion is a non periodic motion, with a relative high frequency, where the 

amplitude is decreasing with time (Dowding, 1996). In Figure 2.3 both motions are described in 

time and frequency domain. For explanation of time and frequency domain see section 0.  

According to Dowding (1996) it can in general be said, that for a response motion of a damped 

system the transient motion only occurs for a short while. When the transient motion has 

attenuated, only the steady state motion will remain, why this motion can be observed after 

longer periods of time. Figure 2.4 shows the transient and steady state motion of the response 

motion from a damped system subjected to forced harmonic loading.  

 

Figure 2.3: a) steady state motion and b) transient motion in time and frequency domain (from Holmberg, et al. 1984). 

 

Figure 2.4: Response motion from a damped forced system including the transient and steady state part (modified after 
Kramer, 1996). 
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2.2.2 Vibration in systems 
There are two categories of vibrating systems: rigid systems and compliant systems (Kramer, 

1996). In rigid systems there are no internal strains and all points within the system moves in the 

same direction, at the same time. In a compliant system all points within the body can move in 

different directions. Compliant systems can be simplified by reducing the mass to a finite number 

of points. 

A Single Degree of Freedom system is a system that can be described by a single variable. There 

are four different kinds of vibrations for a system (Kramer, 1996): 

 Undamped free vibration 

 Damped free vibration 

 Undamped forced vibration 

 Damped forced vibration 

The damped forced vibration is most representative for soil excited by any external force e.g. 

earthquakes, construction works, traffic etc. In equilibrium the equation of motion is: 

 (2.6)    ̈    ̇          

Where           [kg] 

   ̈                [m/s2] 

              [Ns/m] 

   ̇             [m/s] 

                [N/m] 

                  [m] 

                                  [N] 

(2.7)              ̅    [N] 

Where                                 [N] 

   ̅                  [rad/s] 

When observing the system as a mass connected to a spring the energy of such system can be 

described by its kinetic and potential energy.  

 

Figure 2.5: Damped forced vibration of a single degree of freedom system (from Kramer, 1996). 
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2.2.3 Wave propagation 
Wave propagation can be seen as transportation of energy without transporting particles. Ground 

vibrations are different types of waves that propagate through the soil where each wave type 

affects the soil differently. Holmberg et al. (1984) point out the importance of having awareness 

and understanding about the existing waves, and how they propagate through the earth, in order 

to predict the behaviour of the soil caused by vibrations. The ground vibrations are developed 

from a vibrations source which will give rise to stresses in the soil (Hall, et al., 2012). These 

stresses disperse through the soil as stress waves. The stress waves are separated into two 

categories: body waves and surface waves.  

Body waves 
Body waves are waves that have the possibility to propagate, in a three-dimensional space, 

through the ground and solid materials (Holmberg, et al., 1984; Kramer, 1996). The body waves 

are divided into P- and S-waves which have different wave propagation velocities and different 

particle motions (Hall, et al., 2012). 

P-wave: also called compression, primary and longitudinal wave. P-waves propagates as a 

compression or tension wave in which the soil particle motion is parallel to the wave 

propagation, see Figure 2.6a and Figure 2.7a. 

S-wave: also called shear, secondary and transverse wave. The motion of a particle is 

perpendicular to the propagation of the S-wave which causes shearing of the material, see Figure 

2.6b and Figure 2.7b. S-waves can be divided into two components depending on the direction of 

the particle movement (Kramer, 1996). Particle motion in a vertical plane gives a SV-wave and in 

a horizontal plane gives a SH-wave. 

 

Figure 2.6: Particle motion vs. wave propagation direction (from Dowding, 1996). 
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Figure 2.7: Displacements caused by body waves (from Kramer, 1996). 

Wave propagation velocity for body waves 

According to Kramer (1996) the wave propagation velocity depends on density and stiffness in 

the material and how each wave type deforms the material that the wave propagates through. 

Higher stiffness gives higher wave propagation velocity. P-waves are the fastest waves due to the 

fact that soils are stiffer in compression than in shear.  

The wave propagation velocity for a P-wave is given by (Holmberg, et al., 1984; Kramer, 1996): 

(2.8)     √
 

 
 √

       

       
 

Where                     [m/s] 

                      [Pa] 

             [kg/m3] 

                  [Pa] 

                    [-] 

The wave propagation velocity for a S-wave is given by: 

(2.9)     √
 

 
 

Where                     [m/s] 

Table 2.1 gives some characteristic values of the wave propagation velocities for both the P- and 

S-wave. The P-wave has the ability to propagate through both solids and fluids (Holmberg, et al., 

1984; Kramer, 1996). The wave propagation velocity for the S-wave is governed by the shear 

modulus why S-waves cannot propagate through fluids, since fluids have no shear stiffness 

(Kramer, 1996). Although, the wave propagation velocity differs between dry and saturated soils 

since the density change (Bodare, 1998).  
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Table 2.1: Body wave velocities for some typical geological materials (summarized from Bodare, 1998). 

Material 
P-wave velocity 

   [m/s] 

S-wave velocity 

   [m/s] 

Clay and silt 
Dry 100 - 600  40 - 300 

Saturated 1450 40 - 250 

Sand and gravel 
Dry 150 - 1000  100 - 500 

Saturated 1450 80 - 450 

Moraine 
Dry 600 – 1500 300 - 750 

Saturated 1400 – 2000 250 - 700 

Sandstone and 
shale 

- 2500 – 3500 1200 - 1800 

Granite and gneiss - 3500 – 7000 1700 - 3500 

 
Surface waves 
Surface waves are created through interaction between P- and S-waves together with the surface 

and upper soil layers, also known as elastic half space (Kramer, 1996). Surface waves are 

dominant at greater distances from the source. The R- and L-waves are the surface waves of 

highest interest. 

R-wave: also called Rayleigh wave, is created as an interaction between SV- and P-waves with the 

free surface (Bodare, 1998; Kramer, 1996). The motion of a particle occurs in both vertical and 

horizontal direction which creates an elliptical motion (Figure 2.8a). The elliptical motion is 

retrograde relative to the wave propagation, but at a depth around 1/5 of the R-wave wavelength 

the motion change to become prograde (Bodare, 1998). The amplitude of the motion decreases 

rapidly with depth (Holmberg, et al., 1984). The variation in depth depends on frequency where 

waves with low frequency can generate particle motion at larger depths than waves with high 

frequency (Kramer, 1996). 

L-wave: also called Love wave, can only be created if the soil contains an upper layer with lower 

stiffness than the underlying (Kramer, 1996). It is created as an interaction between SH-waves 

and the softer upper layer. Hall, et al. (2012) describes the motion of an L-wave as a “trapped” 

SH-wave in the upper layer where the particle movement is horizontal and perpendicular to the 

propagation of the L-wave (Figure 2.8b). 

 

Figure 2.8: Displacements caused by surface waves (from Kramer, 1996). 
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Wave propagation velocity for surface waves 

Increased frequency decreases the velocity of the L- and the R-wave (Kramer, 1996). The 

radiation damping (section 2.2.5) of the R-wave is smaller compared with body waves, why it can 

travel longer distances from the source, and have more impact on the surrounding environment 

(Holmberg, et al., 1984). The L-wave velocity depends on the frequencies from the upper and 

lower layer (Kramer, 1996). At shallow depths there exists both high and low frequency R-waves, 

at larger depths only low frequency R-waves are present. The R-wave has the ability to propagate 

through both solids and fluids due to the fact that it consists of both P- and S-waves (Hintze, et 

al., 1997). 

Reflection and refraction 
When a stress wave reaches a perpendicular boundary to another material, parts of the energy will 

be transmitted into that material and parts of its energy will be reflected and travel backward in 

its old path (Kramer, 1996). If the wave is inclined towards the boundary, the wave will be 

transmitted into the other material with a new inclination, the wave is then said to be refracted. 

When the stress wave is inclined towards the boundary between the two materials, the reflected 

wave will not travel backward along its old path. 

The angle of a refracted wave can be computed with Snell´s Law: 

(2.10)  
     

     
 

  

  
 

Where                                                 [m/s] 

                                             [°] 

 

Figure 2.9: Refraction and reflection of waves with inclination towards a material boundary (modified after Deckner, 
2013). 

2.2.4 Specific impedance 
Specific impedance (equation 2.11) is the product of wave propagation velocity and density of a 

material (Kramer, 1996). The ratio of specific impedance between two different materials 

determines the amplitude, wavelength and angle towards the normal of the reflected and 

refracted waves.  

(2.11)         

Where                         [kNs/m3] 

                              [m/s] 

              [kg/m3]  
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Since the velocity of P-waves is dependent of the compressive stiffness of a material, and S-

waves are dependent of the shear stiffness of a material, their specific impedances are calculated 

respectively as: 

(2.12)            [kNs/m3] 

Where                                    [kNs/m3] 

                      [m/s] 

(2.13)            [kNs/m3] 

Where                                    [kNs/m3] 

                      [m/s] 

The impedance ratio is calculated as the specific impedance between material 1 and 2 through: 

(2.14)     
   

   
 

Where                        [-] 

                                            [kNs/m3] 

The impedance ratio governs how the wave will be reflected (Kramer, 1996). If the impedance 

ratio is smaller than 1, this can be seen as a wave travelling to a softer material which results in an 

increase of the transmitted wave amplitude and a decrease of  the reflected wave amplitude. The 

stress amplitudes, in the same scenario, would decrease for both the reflected and transmitted 

wave. When the impedance ratio is greater than 1, the wave will be travelling towards a stiffer 

material, the displacement amplitudes will decrease for both the transmitted and reflected wave. 

The stress amplitude will be increased in the transmitted wave and decreased in the reflected 

wave. 

2.2.5 Damping 
A wave’s specific energy is described, by Kramer (1996), as the “elastic energy per unit volume”. 

Damping influences the wave’s specific energy which will cause a decrease in amplitude. This 

phenomenon is explained by material damping and radiation damping.  

Material damping 
In a perfectly elastic material no energy loss occurs. However, soils are not perfectly elastic 

materials. Within the soil body there is internal friction and plastic yielding, this causes a waves 

specific energy to dissipate as heat and thereby reduce the motion and attenuate the wave 

(Holmberg, et al., 1984; Kramer, 1996). Damping in soil is often considered to be viscous and 

can be modelled as a Kelvin-Voigt solid, presented in Figure 2.10 (Kramer, 1996). According to 

Bodare (1998) viscous damping is considered to be easy to model mathematically and is therefore 

often used. 
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Figure 2.10: Viscous damping as modelled as a Kelvin-Voigt solid (modified after Kramer, 1996). 

Material damping increases with decreased wave velocity and frequency (Dowding, 1996; Hall, et 

al., 2012). Therefore, loose soils will have a greater material damping than stiff soils since a higher 

stiffness give rise to higher wave velocities and a longer wavelength. Non-cohesive soils are also 

known to have greater material damping than a cohesive soil (Holmberg, et al., 1984). 

Radiation damping 
Radiation damping is the main factor for wave attenuation. It causes no conversion of the wave’s 

specific energy. Although, the amplitude will decrease relative to the source since the energy will 

be spread over a larger area or volume (Hall, et al., 2012; Holmberg, et al., 1984; Kramer, 1996; 

Möller, et al., 2000). Surface waves will be spread over an area and the wave amplitude will 

decrease corresponding to 
 

√ 
. Body waves will spread over a volume and the decrease in wave 

amplitude will correspond to 
 

 
 . This is why surface waves are dominant at further distances from 

the source.  

Relationship 
The total effect of material and radiation damping is given by the correlation in equation 2.15 

(Dowding, 1996; Massarsch & Fellenius, 2008). A homogenous soil with large depth to rock is 

required (Möller, et al., 2000). 

(2.15)       (
  

  
)
 

           

Where                                                   [m] 

                                                   [m] 

                           [-] 

                             [-] 

The function of the wave is a factor that is related to radiation damping and represented in Table 

2.2 (Dowding, 1996).  

Table 2.2: Correlated numbers for the function of the wave expressed as factor n (summarized from Dowding, 1996). 

n Function of the wave 

1 Body wave within a soil layer 

2 Body wave at the boundary of a soil 
layer 

1/2 Surface wave 
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The absorption coefficient (equation 2.16), is related to material damping and is dependent on 

type of soil and frequency (Dowding, 1996; Hall, et al., 2012).  

(2.16)    
    

 
 

Where                            [-] 

               [Hz] 

                   [-] 

                              [m/s]  

It can be seen that high frequencies and low wave propagation velocities will increase the 

absorption coefficient, therefore, as explained by Hall, et al. (2012), vibrations with low 

frequencies in stiff soils can travel far distances. 

2.2.6 Natural frequency and resonance 
The natural frequency of a system is the frequency in which the system will move freely after 

being set in motion (Bodare, 1998). Each system has several natural frequencies but usually the 

lowest is of most interest (Möller, et al., 2000). Resonance occurs when a system is subjected to a 

vibration with a frequency that corresponds to the systems natural frequency (Hall, et al., 2012; 

Möller, et al., 2000). This will amplify the vibratory motion of the system e.g. an increase in wave 

amplitude and content of energy. Möller, et al. (2000) say that a thick, loose homogenous soil will 

amplify low frequency motions while a thin, dense homogenous soil will amplify high frequency 

motions. According to Holmberg (1984) resonance vibrations for separate building elements can 

occur in a frequency range between 10-20 Hz and according to Hall, et al. (2012) the natural 

frequency for a building or building element depends on its weight, stiffness and damping.  

The magnification of a system excited by a dynamic load with the same frequency as the natural 

frequency of the system is shown in Figure 2.11. 

 

Figure 2.11: Magnification factor,   , plotted vs. tuning ratio for different damping ratios, where   is the tuning ratio, 

 ̅ load frequency and    natural frequency (modified from Kramer, 1996). 
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2.2.7 Dynamic soil behaviour 
The behaviour of soils subjected to dynamic loading is governed by its dynamic soil properties 

(Kramer, 1996). The properties are shear modulus and damping ratio, which are affected by 

several other parameters. Lab tests performed by several authors, summarised by Kramer (1996), 

has shown that the dynamic properties are affected by shear strain amplitude, plasticity index 

(PI), void ratio, mean principal effective stress, over consolidation ratio (OCR) and number of 

loading cycles. 

A cyclically loaded soils behaviour can be represented as a hysteresis loop where the shear stress 

is plotted against shear strain, see Figure 2.12 (Kramer, 1996). The hysteresis loop is formed from 

the initial response known as the backbone curve. The backbone curve can be obtained from 

tests or empirical correlations.  

Kramer (1996) describes the hysteresis loop in two different ways: the first by the actual path 

where the tangent shear modulus is plotted vs. cyclic shear strain and the other by using two 

parameters; the inclination and width of the loop. The inclination of the loop is the average value 

of the shear modulus that varies with the cyclic shear strain. The average inclination can be 

represented as secant shear modulus, see Figure 2.13. 

(2.17)       
  

  
  

Where                           [Pa] 

                       [Pa] 

                       [-] 

The width of the hysteresis loop is related to its area and can be described as damping ratio. 

Damping ratio is related to the quota of the max strain energy and dissipated energy in a soil 

during a loading cycle; equation 2.18 and Figure 2.13 (Kramer, 1996). 

(2.18)    
  

    
 

 

  
 
     

      
  

Where                    [-] 

                        [J] 

                          [J] 
                      [J] 

                             [Pa] 

                          [-] 

The secant shear modulus and damping ratio are referred to as equivalent linear material 

parameters and are an approximation of the non-linear behaviour. The parameters that affect the 

dynamic properties of a soil under cyclic loading are listed below. 

In tests performed by Vucetic & Dobry (1988) clays and saturated sands where subjected to a 

harmonic loading, in which the strain was controlled. Results showed that the stress amplitude 

would decrease with an increase in number of loads. When soil undergoes undrained cyclic 

loading with large strain cycles it deteriorates and its shear modulus is reduced. The reduction can 

be described by the degradation index.  
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(2.19)         

Where                      [-] 

                                     [-] 

                         [-] 

Degradation parameter is assumed to be zero for strains under a threshold value where the 

deformations will be elastic. 

 

Figure 2.12: Backbone curve and hysteresis loop for soil under cyclic shear strain where      is the initial shear 
modulus (modified after Vucetic & Dobry, 1991). 

 

Figure 2.13: Dynamic soil properties represented in hysteresis loop (modified after Kramer, 1996). 
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Cyclic shear strain 
The level of shear strain affects the damping and soil degradation of the soil. Bodare (1998) and 

Gomes (2013), arranges the strains into three categories with respect to change in behaviour of 

the soil. Note that it is difficult to distinguish a precise strain level where the material behaviour is 

changed, the following values are approximations. 

         The dissipated energy is assumed to be negligible and the soil behaves as linear 

elastic material (Bodare, 1998). Several experiments, described by Kramer (1996), have shown 

that there exists a level of strain under which there is no damping present. This level of strain is 

often referred as a threshold value under which the material behaves linearly elastic. See Figure 

2.14a. 

              Most material will act plastic-elastic and a permanent deformation will 

remain after unloading (Bodare, 1998). The hysteresis loop is considered stable which means that 

damping and shear modulus reduction is considered to be independent of the number of loading 

cycles (Gomes, 2013). Although, damping and shear modulus reduction will increase with 

increased strain and thus the behaviour is non-linear. See Figure 2.14b. 

         Plastic deformations occur and the hysteresis is unstable, meaning that the number 

of loading cycles will affect shear modulus (Gomes, 2013). At these strains the strain rate will also 

affect the damping exhibited by the soil (Bodare, 1998). See Figure 2.14c. 

 

Figure 2.14: Behaviour of soil under cyclic shear strain of different levels (from Gomes 2013). 
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2.3 Installation methods 

2.3.1 Bored steel pipe piles 
A bored steel pipe pile is a casing that is bored down into solid ground or bedrock (Bredenberg, 

et al., 2010). The method is relatively new within the field of piling. The method is mainly used in 

areas with demanding ground conditions, since it can penetrate through e.g. blocks or old 

underground foundations (Ruukki Sverige AB, 2012a).  According to Bredenberg, et al. (2010) 

boring is today the gentlest method for installing piles.  

RD-pile wall 
A RD®-pile wall is a new kind of retaining wall developed by Ruukki. It is based on their own 

steel pipe piles, RD-piles, on to which interlock profiles are welded (Ruukki Sverige AB, 2012b). 

The piles are installed next to each other connected through the locks, creating a wall as 

visualised in Figure 2.15.  The lock profiles are available in two different designs, the Ruukki 

RM/RF (Figure 2.16a) and the Ruukki E21 (Figure 2.16b). Due to the lock profiles it is needed 

to have boring system that generates a borehole diameter larger than the outer diameter of the 

pile. The RD-pile wall is mostly used as a permanent installation why a centric system is used. For 

cases when the wall is not permanent the eccentric system is preferred due to price savings.  

 

Figure 2.15: The principle of the RD®-pile wall (from Ruukki Sverige AB, 2012b). 

 

Figure 2.16: Lock profiles: a) Ruukki RM/RF, b) Ruukki E21 (from Ruukki Sverige AB, 2012b). 

 

 

 



  2 Literature survey 
___________________________________________________________________________ 

19 
 

The equipment used for boring depends on several factors where each method has advantages 

and disadvantages. Boring of steel pipe piles is made by impact drilling; “a rotary percussive 

drilling technique” explained by Chiang & Elías (2000). Practically the drill bit is rotating between 

each impact, which causes crushing of the material (Atlas Copco, 2012). The basic functions is 

explained by Aalizad & Rashidinejad (2012) as the percussion producing impact, rotation to 

achieve impact on different positions and flushing for removing drill cuttings. 

The main systems for boring are centric or eccentric. The pile will, for both systems, be driven 

down without rotation (Atlas Copco, n.d.b). The impact is generated by a hammer and the most 

common are the Down the Hole-hammer and the top 

hammer. 

Centric boring 
In centric boring a casing shoe is welded onto the end of the 

pile, a ring bit is connected to the casing shoe creating a ring 

bit set (Figure 2.) (Atlas Copco, n.d.a). During an interview 

with Svensson (2014) he explained that the ring bit and the 

casing shoe can rotate relative to each other. 

After finish boring only the pilot will be extracted while the 

ring bit will be left in the ground as a part of the pile 

(Bredenberg, et al., 2010). This makes the centric method 

expensive but it has effective penetration ability and generates 

straighter bore holes. Figure 2.17 give a schematic description 

of the installation during and after drilling. Installation of the 

RD-pile wall is made by using ring bits with larger diameters 

due to the lock profiles (Ruukki Sverige AB, 2012b). 

 

 

Figure 2.17: Centric boring (from Bredenberg et al. 2010). 

Figure 2.17: One of Atlas Copcos 
Symmetrix system with a ring bit set 
(from Atlas Copco, n.d.a). 
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Eccentric boring 
In eccentric boring a drill bit is used together with an eccentric reamer (Atlas Copco, n.d.b). 

Visually, the reamer unfolds like “wings” when boring, generating a larger bore hole than the pile 

diameter, Figure 2.18 show this schematic. The impact energy from the hammer can damage the 

end of the pile why a casing shoe has to be installed (Atlas Copco, n.d.b) (Bredenberg, et al., 

2010). Since the drill bit penetrates further down than the casing will be installed, that space has 

to be injected with concrete to avoid the pile from standing on a “shelf” (Figure 2.18, right side 

of the picture) (Bredenberg, et al., 2010). The eccentric method does not have the same 

advantages as the centric method but since it is less expensive it is often used for non permanent 

installations.    

 

Figure 2.18: Eccentric boring (from Bredenberg et al. 2010). 

Down the Hole-hammer (DTH) 
The percussion acts down in the hole and impact directly on the pilot meanwhile the drill rod is 

rotating, see Figure 2.19a (Aalizad & Rashidinejad, 2012). The impact energy is transmitted with 

high efficiency and only small power losses occur why this method is suitable for larger casing 

diameters (Atlas Copco, 2012). The pilot is connected to the upper edges of the casing shoe and 

therefore, as explained by Svensson (2014), the impact energy from the hammer will not only 

propagate through the pilot but also to the ring bit. Simultaneously the pilot and ring bit rotate at 

constant speed. This accelerates down the pile, as if it is being “pulled” down. 

The hammer and drill rod are located within a hammer casing that stabilizes the drill bit achieving 

a straight bore hole (Atlas Copco, 2012). The hammer is mostly driven pneumatic and the return 

air generates winding of the cuttings (Bredenberg, et al., 2010). Usually the amount of cuttings is 

larger than the volume of the pile why this can create settlements in the surroundings of the pile. 

For sensitive areas a hydraulic system, so called Wassara, is preferred since it is gentler. 

 
 
 
 
 
 
 



  2 Literature survey 
___________________________________________________________________________ 

21 
 

Top hammer 
The percussion acts on top of the drill rods as well as the rotating mechanism, see Figure 2.19b 

(Aalizad & Rashidinejad, 2012; Atlas Copco, n.d.b). The impact energy will be transmitted as 

shock waves that travel through the rod down to the drill bit (Atlas Copco, 2012). The shock 

wave reaching the drill bit will be damped, therefore, top hammer is only suitable for smaller 

casing diameters (Bredenberg, et al., 2010). 

The winding of the cuttings is made either with a pneumatic or hydraulic system (Atlas Copco, 

2012). 

 

Figure 2.19: Hammers: a) Down the Hole, b) Top hammer (from Atlas Copco, 2012). 
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2.3.2 Vibratory driven sheet piles 
Dowding (1996) describes the installation of a sheet pile in a simple sentence: “The vibratory 

hammer advances the pile by vibrating it into place”. The achievement of this requires a vibratory 

driving system that consists of three main parts; a power source, a power transmission and a 

vibrator (Viking, 1997). To connect the sheet pile to the vibrator a clamping device is also 

needed. In Figure 2.20 the parts are shown on a leader-mounted vibratory-machine system, 

which is the most used vibratory driving system in Sweden (Viking, 2002). Together with the 

free-hanging system they represent the main vibratory-driving systems on the market. The 

systems are similar excluding that the free-hanging systems vibrator carrier is replaced by a 

telescopic leader mast on the leader-mounted system. 

The vibrations are created by the vibrator that is driven electrically or hydraulically. Most 

common is the hydraulic since the driving frequency can be adjusted and the vibrator has a lower 

weight (Viking, 2002). The main parts of the hydraulic vibrator is the suppressor housing, 

elastometer pads, an excitor block and a hydraulic clamp as shown in Figure 2.21. The 

mechanical action of the vibrator is generated as a stationary and a vibratory action (Holeyman, 

2000). Elastometer pads should prevent vibrations in the crane or leader mast (Viking, 2002). The 

pads also constitute the connection between the static and vibrated part (Massarsch, 2000). The 

stationary part of the vibrator is the suppressor housing, on top of the elastometer pads. Its task 

is to increase the penetration rate and confirm a gentle penetration. The static force it creates is 

called the static surcharge force (Viking, 2002). The vibratory part of the vibrator is generated by 

the excitor block. Within the excitor block there are counter-rotating eccentric masses. As the 

masses are rotating centrifugal forces are created (Holeyman, 2000; Massarsch, 2000; Viking, 

1997). The centrifugal forces generate a vertical vibration component while the horizontal 

components cancel each other out, seen in Figure 2.23. The vertical vibrations will be transmitted 

to the sheet pile through the hydraulic clamp (Viking, 2002). 

 

Figure 2.20: Main parts on a vibratory-driving system of type leader-mounted system (modified after Viking, 2002). 
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Figure 2.21: Hydraulic vibrator – main parts (modified after Deckner, 2013). 

During vibratory driving the pile moves up and down at a given frequency and forces the soil to 

vibrate in a steady state motion (Hintze, et al., 1997). As the pile is vibrating, the soil close to the 

pile loses its inner shear strength (Massarsch, 2000). The pile is then driven into the soil by the 

weight of the pile and suppressor housing. As the pile oscillates, the soil beneath the toe will be 

repeatedly loaded and unloaded. As the soil beneath the toe is unloaded a negative pressure is 

built up which further facilitates the driving. 

There are several important parameters that affect the driveability, some of them described here. 

The eccentric masses affect the specified eccentric moment as the sum of each mass movement 

represented with equation 2.20 and Figure 2.22 (Viking 2002). 

(2.20)     ∑       
 
    ∑    

 
    

Where                                [kgm] 

                                      [kg] 

                        [m] 

                                                    [kgm] 

 

Figure 2.22: Eccentric mass and radius (from Viking 2002). 
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The number of revolutions per second of the eccentric masses is known as the driving frequency. 

It can also be expressed as rotation per minute or the circular frequency. 

(2.21)         
   

  
 

Where                       [rad/s] 

                       [Hz] 

                        [rpm] 

The eccentric masses generate, as mentioned, centrifugal forces. The centrifugal force is a 

function of the eccentric moment and the angular frequency, see Figure 2.23 (Holeyman, 2000; 

Viking, 1997). The vibratory action will be generated from the vertical centrifugal force given by: 

(2.22)         
                   

Where                                            [N] 

                                                    [kgm] 

                        [rad/s] 

           [s] 

                        [N] 

The driving capacity is, as mentioned, generated by stationary and vibratory action. The driving 

force then become the sum of the vibratory, vertical force and the stationary, static surcharge 

force as perceived in equation 2.23 (Viking, 2002). 

(2.23)              [N] 

Where                     [N] 

                              [N] 

                                             [N] 

Figure 2.24 shows the maximum theoretical driving force as function of the angular frequency. It 

can be seen that the driving force increase with the specified eccentric moment, and that the 

surcharge force is constant. 

 

Figure 2.23: Forces generated by counter-rotating eccentric masses (from Guillemet, 2013, modified after Viking, 2002). 
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Figure 2.24: Maximum theoretical driving force as function of the angular frequency, depending on the specified 
eccentric moment (from Viking 2002). 

The differences in specified eccentric moment are created with the eccentric masses. Vibrators 

have eccentric masses that work in pairs using the same axis (Massarsch, 2000). By changing the 

position of one mass relative to the other mass, difference in the eccentric moment is achieved, 

varying from 0 – 100 % (Figure 2.25). Former vibrators had resonance problems during the start-

up and shut-down. The possibility of changing the position of the eccentric masses during the 

entire driving process avoids that problem (Massarsch, 2000; Viking, 1997). To be noticed is that 

sheet piles should be installed with a frequency larger than 25 Hz since the resonance problem 

mainly occurs in the frequency interval 10-20 Hz (Massarsch, 2000). 

Viking (2002) argues that if the clamping device is not installed at the neutral axis of the sheet pile 

a lateral sinusoidal motion of the sheet pile can occur. This is due to bending moment created 

from the driving force and the eccentric distance from the neutral axis, see Figure 2.26. This 

effect, discussed by Lidén (2012), can give rise to horizontal movement which may lead to higher 

levels of longitudinal vibrations. Whenham (2011) state that clamps installed with respect to the 

neutral axis of the sheet pile, shown in Figure 2.27, are preferable. 

 

Figure 2.25: Differences in magnitude of eccentric moment due to variation in placement of eccentric masses 
(modified after Guillemet, 2013). 
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Figure 2.26: Lateral sinusoidal motion,   , of sheet pile, due to non-eccentric clamping (modified after Lidén, 2012, 
originally from Viking, et al. 2000). 

 

 

Figure 2.27: Clamping devices attached with respect to the neutral axis of the sheet pile (modified after Whenham, 
2011). 
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2.4 Pile soil interaction 
There have been studies, performed by Athanasopoulos & Pelekis (2000), Massarsch & Fellenius 

(2008), Viking (2002) among others, in order to understand how waves are generated from 

impact and vibratory driving. When it comes to boring piles, there have not been any thorough 

investigations and there is a lack of studies about the sources of the vibrations generated from 

boring piles. There are some similarities between impact driving and boring why the authors have 

chosen to highlight some of the knowledge on impact driving. 

2.4.1 Impact piling 
The pile is driven into the ground by a hammer striking the head of the pile. The energy of the 

hammer at the impact is transmitted as a stress wave in the pile (Massarsch & Fellenius, 2008). 

The pile behaves as an elastic rod in which the stress wave propagates (Kramer, 1996). As the 

wave propagates downward to the pile toe where it is partly transmitted into the soil and partly 

reflected upwards within the pile, the particles in the pile will move in different directions and the 

pile is considered to be a compliant system (see section 2.2.2). As the wave propagates in the pile, 

it will also interact with the soil along the shaft. The particle velocity in the pile is given by 

(Massarsch & Fellenius, 2008): 

(2.24)     
  

  
  
  

       

Where                               [m/s] 
                    [m/s] 
                   [Ns/m] 

                      [Ns/m] 

The energy applied to the pile can be divided into three categories; energy transmitted to the soil, 

energy reflected upwards within the pile and energy used to penetrate the soil (Massarsch & 

Fellenius, 2008). As the hammer hits the pile, the pile is put in motion from a resting position, 

and the forces to drive the pile must also overcome the inertia forces of the pile (Massarsch, 

2000). 

As the pile penetrates the soil, high relative movements between the soil and the pile generate 

high strains and failure within the soil (Massarsch & Fellenius, 2008). Dynamic soil resistance is 

generated along the pile shaft and toe and is of importance for the transmission of ground 

vibrations. 

According to Ziyazov, et al. (1976) the vibration excited by impact driving is usually completely 

attenuated after 3 periods, to achieve resonance the cycle must be 2-3 times longer. If the 

vibration is attenuated before the next impact occurs, the motion is considered to be transient. 

As mentioned in (Deckner, 2013) rapidly following impacts, where the motion is not completely 

attenuated after each consecutive blow could be considered as a pseudo-steady-state vibration. A 

transient motion could be allowed to be two to five times greater than the safe level of a steady 

state motion. 
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Waves emitted from pile shaft 
The vibrations generated along the shaft are S-waves, the transmission is affected by the shear 

impedance of the soil and by the contact area between the two medias (Massarsch & Fellenius, 

2008). These S-waves propagates horizontally from the pile creating a cylindrical wave-front 

around the pile. The dynamic soil resistance mobilized along the shaft is the source of the shear 

waves emitted along the shaft.  

(2.25)              

Where                                              [kN] 

                                    [kNs/m2] 

                                 [mm/s] 

                                          [m2] 

Another important factor that governs the transmission of vibration along the pile shaft is the 

wave length of the induced wave (Massarsch & Fellenius, 2008). The length of the stress wave 

(equation 2.26), will be governed by the length of the hammer and the wave velocity of the pile 

and hammer. This is visualized in Figure 2.28. 

(2.26)        
  

  
  

Where                        [m] 

                  [m] 

                          [m/s] 

                           [m/s] 

 

Figure 2.28: Wave length induced by impact hammer of length, LH (from Deckner, 2013, modified after Massarsch & 
Fellenius, 2008). 
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Waves emitted from pile toe 
At the toe of the pile, mainly P-waves are transmitted from the pile into the soil (Massarsch & 

Fellenius, 2008). The waves generated at the pile-toe are governed by the dynamic resistance at 

the pile toe, equation 2.27 originally from Goble, et al. (1980). The p-waves generated at the pile-

toe propagate radial from the toe and the wave front will be spherical (Massarsch & Fellenius, 

2008). The amplitude of these p-waves is denoted in the radial direction from the pile toe. 

(2.27)             

Where                                          [kN] 

                    [-] 

                    [kNs/m] 

                                [mm/s] 

(2.28)      
  

  
  [-] 

Where                    [kNs/m] 

The damping factor affects the soil resistance at the pile toe and is affected by the impedance 

ratio of the pile and the soil (Massarsch & Fellenius, 2008). The effect of impedance ratio along 

the pile-soil interface was also mentioned by Hiller & Hope (1998). The lesser the difference in 

impedance is, the greater the energy transmitted into the ground. 

2.4.2 Vibratory pile driving 
There is one fundamental difference between impact pile driving and vibratory driving 

(Massarsch, 2000). In vibratory driving the pile is assumed to behave as a rigid body (see section 

2.2.2) constantly moving up and down and thus no force is transmitted as a wave (Viking, 2002). 

Viking (2006) and Wenham (2011) have given different rules of thumb under which the pile can 

be assumed to behave as a rigid body. In brief; short and stiff piles can act as rigid bodies under 

high frequencies while longer piles act as a rigid body under lower frequencies. 

Vikings (2006) rule of thumb for determining the driving frequency under which the pile behaves 

as a rigid body is:  

(2.29)  
 

 
 

 

   
   

   

  
 

Where                        [s] 

                      [Hz] 

         [s] 

                   [m] 

                                     [m/s] 

Waves emitted from pile shaft 
The dynamic soil resistance along the shaft affects the pile on both the upward and downward 

movement (Viking, 2002). As the pile is driven into the soil vertically polarised S-waves are 

generated along the shaft (Athanasopoulos & Pelekis, 2000). The S-waves propagate outwards 

from the shaft and create a conical wave front in the soil. In granular soils, the friction between 
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soil and pile can cause a horizontal vibration component, which is often disregarded during 

impact driving (Massarsch & Fellenius, 2008). 

Waves emitted from pile toe 
Displacement of a soil volume at the toe generates both P-waves and S-waves that propagate 

spherically from the toe (Athanasopoulos & Pelekis, 2000). As the pile encounters a stiffer layer, 

vibrations generated from the toe are increased (Massarsch & Fellenius, 2008). Viking (2006 & 

2002) states that it can be difficult to drive piles due to large toe resistance that must be exceeded. 

In his work from 2002 he refers to a study where the toe resistance was increased by 100 % when 

driving into a denser layer while the increase in shaft resistance was only 17%. 

 

Figure 2.29: Vibrations generated from vibratory pile driving (from Athanasopoulos & Pelekis, 2000, originally from 
Woods, 1997). 

Interlock resistance 
Not only does the dynamic soil resistance at toe and along the shaft of the pile cause ground 

vibrations during installing of a sheet pile wall. The interlock resistance, described by Viking 

(2002) as “shear force transmitted from one clutch to the other”, will also influence. He points 

out that, although the interlock resistance is known to have impact on generated ground 

vibrations, studies within the field are limited. Both Viking (2002 & 2006) and Wenham (2011) 

has studied Legrand, et al. (1993) work where field studies showed that the interlock resistance 

generated large increments in ground vibration amplitudes close to the pile. The sheet pile 

suffered higher forces and accelerations and the penetration rate was reduced. Decreased 

driveability is often connected to corrosion or grains in the interlock, why the size and shape of 

the clutch is of great importance. 
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One influencing factor for higher ground vibrations due to interlock resistance could be the 

twisting of the already installed sheet piles since these also will be vibrated when installing the 

next pile due to the connection (Viking, 2002). Guillemet (2013) suggest that the interlock 

resistance can both have an enhancing effect, in form of the previous mentioned, and a reducing 

effect on ground vibrations. The reducing effect could be caused by the interlock constraining 

the driven sheet pile. 

2.4.3 Surface waves from piling 
Rayleigh waves from piling are not produced at the source of piling but within a close distance 

from the source (Dowding, 1996). According to Massarsch & Fellenius (2008) the critical 

distance, seen in Figure 2.30, from the pile at which the R-waves can form is calculated as: 

(2.30)                      [m] 

Where                          [m] 

                   [m] 

                       [rad] 

And the critical angle is given by: 

 (2.31)              (
  

  
) [rad] 

Where                     [m/s] 

                     [m/s] 

After the R-wave is formed at the surface the attenuation can be described by equation 2.15. 

 

Figure 2.30: Critical distance and sources and propagation of spherical and cylindrical waves from impact pile driving 
(modified after Massarsch & Fellenius, 2008). 
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2.4.4 Prediction models and methods 
There are several models and methods to predict the generated vibrations from impact and 

vibratory piling. In the work of Deckner (2013) several models and methods have been studied. 

The models and methods are divided into three categories; empirical, theoretical and engineering 

models. The conclusion showed that all prediction models have drawbacks. The empirical models 

tend to overestimate the vibrations and are unreliable. Theoretical models are often time 

consuming and require a lot of input data and user knowledge. Engineering models are not 

considered to be reliable. This lead to the final conclusion, from Deckner, that there do not exist 

any model that is easy to use and yet give a reliable result. 

2.4.5 Particle velocities observed from previous filed studies 
The following authors have performed field studies to measure ground vibrations generated from 

sheet pile installations.  

Athanasopoulos & Pelekis (2000) performed several vibration measurements at several 

construction sites. Geophones (see section 2.5.1) were installed at the ground surface (pavement 

and sidewalks). Some of their results are presented here. 

Table 2.3: Peak component particle velocity from field studies (summarized from Athanasopoulos & Pelekis, 2000). 

Soil conditions 
Frequency  

[Hz] 
Peak component particle velocity  

[mm/s] 

Clayey sand (0-3.5 m), sandy silt (3.5-16 m) 23 
5.3 (at distance 1.5 m) 
4.0 (at distance 6.8 m) 

Clay (1-1.5 m), sand with silt, clay and gravel 
(1.5-4 m), silty sand (4-8 m) 

20 
15.0 (at distance 1.6 m) 
5.5 (at distance 3.6 m) 

Sandy clay, sandy silt (0-8 m) 40 
25.0 (at distance 1.5 m) 
2.2 (at distance 5.5 m) 

Fill (0-1 m), silty sand-grvel (1-3 m), sandy 
silt (3-4.5), clay of low plasticity (4.5-) 

25 
10.0 (at distance 1.8 m) 
7.5 (at distance 3.4 m) 

Clayey fill (0-2 m), gravel (2-3.5 m), silty 
sand with gravel (3.5-5.5 m), clay of low 
plasticity (5.5 m) 

21 
5.0 (at distance 3.9 m) 
20.0 (at distance 4.4 m) 

Sandy clay, sandy silt (0-8 m) 16 6.05 (at distance 2.4 m) 

Sandy clay, sandy silt (0-8 m) 24 35.0 (at distance 1.0 m) 

 

Viking (2002) performed vibration measurements at a construction site with soil conditions as 

follows: 1.5-2.0 m thick layer of topsoil and clay, and medium-dense to almost loose glacial sand 

>40 m. Geophones were installed at the ground surface at varying distances. The driving 

frequency was set to 41 Hz. Some of the results are presented here. 

Table 2.4: Vertical particle velocity from field studies (summarized from Viking, 2002). 

Horizontal distance  
[m] 

Depth  
[m] 

Vertical particle 
velocity (with interlock 

friction) 
[mm/s] 

0.85 2.0 50 

3.7 2.0 7 
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Whenham (2011) performed vibration measurement at one construction site with soil conditions 

as follows: fill (0-0.8 m), loam (0.8-3 m), loamy fine sand (3-6 m) followed by clayey sand. 

Ground vibrations were measured with both accelerometers and geophones installed at the 

ground surface at varying horizontal distances. The driving frequency varied between 20-38 Hz. 

Some of the results are presented here. 

Table 2.5: Max particle velocity from field test (summarized from Whenham, 2011). 

Horizontal 
distance [m] 

Frequency 
[Hz] 

Max vertical velocity 
[mm/s] 

Max horizontal 
velocity [mm/s] 

3 37.5 6 21 

3 28.5 20 24 

 

Lidén (2012) performed vibration measurement at one construction site where the soil 

approximately consisted of 1.2 m fill, 10.8 m sand and 13.9 m clay. Geophones were installed at 

the ground surface at horizontal distances of 3.4, 7.9 and 15 m. The result from the device at 

horizontal distance 3.4 m is presented here. 

Table 2.6: Max particle velocity from field test (summarized from Lidén, 2012). 

 
Longitudinal 
component 

Transversal 
component 

Vertical 
component 

Max particle velocity 
[mm/s] 

27.8 17.2 4.1 

  

Guillemet (2013) performed vibration measurements at one construction site with soil 

conditions as follows: 2.7 m layer of fill, 7-13 m layer of clay and 1.5-2 m layer of moraine. 

Accelerometers were installed 2.7, 4.7 and 6.2 m below the surface at horizontal distances 0.5, 1.5 

and 6.0 m.  The maximum driving frequency was 38.4 Hz. The results from the device installed 

2.7 below the surface at a horizontal distance 0.5 m is presented here. The results also showed 

that 90-99 % of the vibration magnitude had dissipated after a horizontal distance of 0.5 m.  

Table 2.7: Average acceleration from field test (summarized from Guillemet, 2013). 

Penetrated 
layer 

Longitudinal 
component [g] 

Transversal 
component [g] 

Vertical component  
[g] 

Clay 0.5 0.3 0.3 

Moraine 0.5 0.5 0.5 

Bedrock 0.7 0.4 0.5 

 

Bored piles 
Regarding bored piles no previous filed studies have been found. According to Bredenberg, et al. 

(2010 & 2014) ground vibration, close to the drilling equipment, usually are not higher than 2.5 

mm/s1 . 

                                                 
1 The authors have tried to trace the source to the original test, to obtain metadata, without any success. 
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2.5 Measurement and evaluation theory 
In this section the methods and theories behind the process of how to register and evaluate the 

vibrations in the ground are described. 

2.5.1 Transducers 
From Webster´s new Collegiate Dictionary, Sheingold (1980) quote the definition of a transducer 

as “a device that is actuated by power from one system and supplies power, usually in another 

form, to a second system.” 

Transducers can be divided into passive and active transducers. A passive transducer converts a 

mechanical input to an electrical output which then can be recorded (Sheingold, 1980). The 

electrical outputs derived from the physical output are usually weak, low on energy, and require 

amplification. In an active transducer an electric excitation input is added. The electric excitation 

input is affected by the mechanical input and thereby creates the electrical output. The most used 

transducers for vibration measurements are accelerometers and geophones (Dowding, 1996). 

Geophones 
Geophones are velocity transducers. In a geophone a magnet moves inside a coil, the coil or the 

magnet is attached to the vibrating mass, while the other part is attached to the transducer frame 

(Dowding, 1996). The voltage produced is proportional to the velocity between the coil and 

magnet. Geophones operate above their natural frequency (Deckner, 2013). Frequencies lower 

than the resonance frequency of the coil will be damped and lower than the actual values 

(Dowding, 1996). The resonance frequency is usually about 4 Hz for geophones. 

 

Figure 2.31: Principle layout of a geophone (from Brüel & Kjær, 1982). 

Accelerometers 
There are several types of accelerometers. Accelerometers operate under their natural frequency 

(Deckner, 2013). Here follows a description of two types that are widely used, described by 

Dowding (1996). 

Piezoresistive accelerometers are passive acceleration transducers and require a power source. 

In a piezoresistive accelerometer, piezoresistive strain gauges are attached between the frame and 

the seismic mass. When the piezoresistive strain gauges are subjected to mechanical stress, the 

stress causes the electrical resistance in the piezoresistive strain gauge to change. This change is 

proportional to the mechanical stress. Piezoresistive accelerometers have an upper frequency 

limit at a few thousand Hz. 
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Figure 2.32: Principle layout of a piezoresistive accelerometer (from Wilson, n.d.). 

Piezoelectric accelerometers are the most common accelerometers. In a piezoelectric 

accelerometer a seismic mass is connected to a piezoelectric material. When the mass is 

accelerated it generates a force towards the piezoelectric material. When the piezoelectric material 

is subjected to a stress it will generate a voltage which is proportional toward the applied force. 

The first piezoelectric accelerometers worked in compression. Today there are piezoelectric 

accelerometers that also respond to shear stresses. 

 

Figure 2.33: Principle layout of a piezoelectric accelerometer (from PCB, n.d.). 

Transducer attachment 
If the particle accelerations are greater than 1.0 g the transducer must be properly attached 

(Dowding, 1996). If the transducer is attached to a hard surface it must be bolted or cemented to 

the surface (Department of Environment and Conservation, 2006). If the transducer is placed in 

soil it must be completely buried. Measurement of the delivering force is possible by mounting a 

strain gauge or accelerometer to the pile. 

2.5.2 Motion parameters 
Motion can be described as acceleration, velocity or displacement. It is most common to record 

and describe ground motions in time history (Kramer, 1996). One parameter is usually measured 

and the other parameters can be derived from the measured parameter. 

Particle velocity has been found to correlate well with cracking (Dowding, 1996). Particle velocity 

indicates the energy in a wave (Hiller & Hope, 1998). It is also an indicator of the potential 

damage of a wave because the dynamic stresses induced by a wave are proportional to particle 

velocity (Athanasopoulos & Pelekis, 2000; Hiller & Hope, 1998). The relation between particle 

velocity and stress, for the simplified scenario with a wave propagating in an elastic rod, is given 

by Kramer (1996). 



___________________________________________________________________________ 
 

36 
 

(2.32)   ̇  
 

  
 

Where   ̇                     [mm/s] 

             [kPa] 

              [kg/m3] 

                               [m/s] 

To describe the motion in 3D, three orthogonally components are measured, often one in 

vertical direction and two perpendicular horizontal directions (Hiller & Hope, 1998). The two 

horizontal directions could be radial and transversal to the pile.  

Results are often reported as peak particle velocity (PPV). From Athanasopoulos & Pelekis 

(2000) and Hiller & Hope (1998) the different ways of describing PPV has been summarized as:  

Peak component velocity:                                                    ’  (2.33) 

True vector sum (TVS):            √     
       

       
   (2.34) 

Peak vertical component:                 (2.35) 

Square root of the sum of squares (SRSS):    

                 √      
        

        
  (2.36) 

Peak component velocity is the maximum value obtained from one of the components. TVS is 

the maximum velocity from the three components occurring at the same time. Peak vertical 

component is attained from the velocity in the vertical direction. SRSS is often referred to as 

simulated resultant (Dowding, 1996). The values used are the maximum components throughout 

the entire time period and does not have to occur simultaneously, it is therefore considered 

conservative. Athanasopoulos & Pelekis (2000) state that SRSS is overly conservative and should 

not be used. Furthermore, it is referred to several authors whom show that peak particle 

velocities were 25 % lower compared to TVS. SRSS were found to be 50 % greater than TVS.  

The PPV used differs between countries e.g. the British national standards (1993) use TVS while 

the Swedish standard use peak vertical component. The Swedish standard SS 02 52 11 (1999) is 

used to estimate permitted vibration levels in buildings originated from piling, sheet-piling, 

excavating and packing. The peak value of vertical particle motion measured on the foundation 

of the building is estimated with equation 2.32. 

(2.37)             

Where                                           [mm/s] 

                                          [mm/s] 

                       [-] 

                      [-] 

                        [-] 
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2.5.3 Presentation and interpretation theory 
When performing measurements of vibratory motion, the result is usually represented in time 

domain as acceleration, velocity or displacement versus time (Kramer, 1996). It is possible to 

determine one through another by integration and/or derivation. Through the time domain 

amplitude of the acceleration, velocity and displacement can be evaluated (Möller, et al., 2000). 

From frequency domain the frequencies of the vibratory motion can be evaluated. To convert 

from time domain to frequency domain a so called Fourier transform has to be performed.  

Any periodic function, like a time history recording from ground vibration, can be described as a 

summation of sinusoidal waves with different amplitudes, frequency and phase (Figure 2.34) 

(Kramer, 1996). Fourier series are summations of simple harmonic function, why this can be 

used. Each sinusoidal wave has its own amplitude and frequency; in a frequency domain it will 

represent one point. To be able to perform Fourier transform of recorded vibrations a so called 

Fast Fourier transform (FFT) could be done in a relevant program e.g. MATLAB.  

 

Figure 2.34: Periodic function, divided into series of sinusoidal waves, in time domain (modified after Kramer, 1996). 
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2.6 Summary and assumptions from the literature survey 
Piling induces vibrations to the ground. The transmission of vibration can be of different origin; 

due to differential movement between the pile and soil, transmission of stress waves along the 

pile shaft and toe, and volume changes at the pile toe. Soil under piling can be represented by a 

damped forced vibration system in steady or transient state. Vibratory driving induces a steady 

state motion into the soil, whereas the boring induces a transient or steady state motion 

depending on the impact frequency which will be evaluated from the field study. 

As the wave propagates through the soil it is affected by several parameters dependent on both 

the soil and the vibration. The vibrations transferred into the soil depend on the dynamic soil 

resistance mobilized. The dynamic soil behavior is dependent on the shear modulus, plasticity 

index, damping and degradation parameter among others. The response of the soil is also 

affected by frequency, amplitude and wavelength of the induced vibration. When the wave 

propagates through materials with different specific impedance, parts of the energy will be 

refracted or reflected. Site specific parameters are difficult and time consuming to evaluate and 

prediction of the ground vibrations is considered to be very difficult. Resonance can occur in the 

soil, where the vibrations in the soil are amplified due to the excitation frequency being similar to 

the natural frequency of the soil. 

In vibratory driving it has been stated by several authors that the two main sources for vibrations 

are the relative movement between the pile and soil, and volume changes at the toe. When boring 

a pile the drill destroy and removes the soil in its path by an impact and rotating movement. 

Further, the pile is simultaneously pulled downward through the connection between the casing 

shoe welded onto the pile, and the ring bit. When using a DTH hammer the impact is generated 

at the toe of the pile. The authors believe that the impact at the edge of the casing shoe will be 

transmitted into the pile as a stress wave travelling upwards along the pile and the RD-pile is 

assumed to act as a compliant system.  

Regarding the shaft resistance the waves from the bored RD-pile and the vibrated sheet pile are 

believed to be transmitted by different mechanisms. Using Vikings rule of thumb (equation 2.29) 

it can be evaluated if a vibratory driven sheet pile can be considered to act as a rigid body. If so, 

the transmission of vibrations from the shaft of a pile will, as mentioned, be due to the relative 

movement between pile and soil. If the RD-pile acts as a compliant system the transmission of 

vibrations into the soil will be due to transmission of a stress wave at a boundary between two 

different media. This stress wave is then believed to affect the soil in a similar manner as in 

impact driving where the stress wave propagating in the pile transmits vibrations to the 

surrounding soil. This transmission is in impact piling greatly affected by the impedance ratio 

between the soil and pile and the wavelength of the stress wave. 

As explained by Massarsch (2000), high relative movement between the pile and soil makes the 

soil close to the sheet pile loses its stiffness i.e. the soils shear modulus is reduced. This would 

reduce the soil impedance; hence increase the impedance ratio between the pile and the soil 

which further reduces the stress wave transmission from the pile to the soil. The soil around the 

RD-pile is also assumed to lose its stiffness but in a different manner. The ring bit, penetrating 

the soil, is wider than the RD-pile itself to make room for the lock profiles. The soil in contact 

with the RD-pile will then be remoulded.  
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The vibration generated at the toe is, as mentioned, due to volume changes under the toe as it is 

vibrated into the ground. As mentioned by Viking (2002) the vibration was found to increase by 

100 % when reaching a stiffer sand layer. When installing RD-piles the energy from the hammer 

will mainly cause the material to yield and it is assumed that only a part of the energy will be 

transmitted into the surrounding soil. Therefore, this process should generate smaller vibrations 

to the surrounding soil compared to the vibratory driven sheet pile. 

Interlock resistance is known to cause increased vibrations in vibratory driving of sheet pile walls. 

The effect of interlock resistance in bored RD-pile walls is not studied. In the interview with 

Peter Svensson he mentioned that he has experienced what is believed to be interlock resistance. 
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3 Field study 

The field test was performed during two days; 15 May 2014 on the sheet pile wall and 4 June on 

the RD-pile wall. It was performed with support from Kent Allard, Geometrik and the Division 

of Soil and Rock Mechanics at KTH, and Kent Lindgren, KTH Wallenberg Laboratory. Skanska 

Grundläggning provided access to a suitable construction site, machines, material and other 

important persons needed.  

The aim of the field study was to measure the vibrations from a bored RD-pile wall and a 

vibratory driven sheet pile wall at equal distances and in similar geological conditions to achieve a 

comparison between vibrations developed from the methods. 

3.1 Construction site 
The construction site was located at the harbour Värtahamnen in Stockholm, Sweden. At the site 

a train station was constructed for the energy company Fortum, where Skanska Grundläggning 

was the contractor of the foundation. Part of the construction consisted of an RD-pile wall and a 

vibrated sheet pile wall. Figure 3.1 shows the design of the retaining wall where the sections of 

RD-pile wall and sheet pile wall can be viewed.  

The ground level at the construction site varies. The installations of the piles were performed at 

level +1 m. Outside of the retaining wall the ground was at level +2.5 m. This resulted in one 

measuring point located at the same level as the installations of the piles, while one was at the 

higher level, see the approximate cross section in Figure 3.6. In the same cross section the soil 

profile can be observed. The ground at the site had previously been affected by construction. 

This resulted in an upper layer of fill of varying type. Beneath the fill a layer of clay existed that 

reached down to a 0.5 m layer of moraine overlying bedrock. A JB-sounding was performed at 

the site in 2013 and used for a first estimation of the geological conditions; in appendix C the 

results can be studied. The final geological layering was determined by what were experienced 

when installing the piles. An analysis of the clay was performed in 2014; the summarized result 

can be seen in Table 3.1. The ground water is located at level +0 m. 

At the site some pipes existed in the ground, to avoid influence from them on the measured 

vibrations the location of the measurement points were chosen to be as far away from the pipes 

as possible. 

Table 3.1: Average values of the clay at location 13A307 and 13A6025. 

 13A307 13A602 

Borehole 
1 

Borehole 
2 

Density [kN/m3] 17 16 

Undrained shear strength 
[kPa] 

20 20 

Liquid limit, wL [%] 54 62 

Water content, w [%] 53 62 
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Figure 3.1: Plan of retaining wall. 

3.2 Driving equipment and piles 
All machines used are owned by Skanska Grundläggning. The specifications piles, hammer and 

vibrator used can be found in appendix A. 

RD-pile wall 
The driving equipment used for boring the piles was a CAT 320C/HRDU 161. The drilling 

system was centric using a DTH hammer of model COP 64 from Atlas Copco.  

The piles being used was Ruukkis RD220 with Ruukkis RM/RF lock profile. 
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Sheet pile wall 
The driving equipment used for vibrating the sheet piles was a leader-mounted vibratory-machine 

system of model ABI TM 14/17V. 

The sheet piles being used was a U-profile sheet pile of model Larssen 604 driven with eccentric 

clamping. 

 

Figure 3.2: Left: Drilling RD-piles. Right: The vibrator used for installing the sheet piles. Photo by authors. 

3.3 Measuring equipment 
The measuring equipment was borrowed from Fanny Deckner, PhD Student at KTH, as an 

exchange for her to have access to measured results that may be used in her PhD-thesis. The 

equipment was the same as used in the field study presented in Guillemet’s MSc thesis from 

2013. 

The measuring equipment consisted of: 

 three piezo resistive tri-axial accelerometers installed in the ground 

 one  piezo resistive tri-axial accelerometer attached on one of the piles 

 a signal condition box  

 a DAT recorder 

 a laptop computer 
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The accelerometers were MEMS accelerometers from Analog devices. The accelerometer used 

on the piles was of model ADXL377 and the accelerometers installed in the ground were of 

model ADXL335. In appendix A3 specification of their characteristics can be found. To be able 

to use the accelerometers in the ground they were surrounded by a protective housing. The 

accelerometer used on the pile was attached to a steel casing that was welded onto the pile. 

The signal condition box was connected to the cables from the accelerometers. It consisted of a 

terminal board, an amplifier, a low-pass filter set to 250 Hz, output to the DAT recorder and 

power supply for the accelerometers and the amplifier. 

The DAT recorder of model SONY® PC216AX Digital Auto Tape recorder has 16 channels 

through which the output signal from the signal condition box was recorded with a rate of 6000 

samples per second for the sheet piles and 3000 samples per second for the RD-piles. 

 

Figure 3.3: Left: Ground accelerometer. Right:  Pile accelerometer. Photos by authors. 

Calibration  
To interpret the results from the field measurements a calibration had to be performed. The 

results from the field test were presented as a change in voltage; this voltage then had to be 

transformed to a corresponding acceleration.  

During the calibration, the accelerometer was subjected to a known acceleration at a known 

frequency. The voltage corresponding to the acceleration for a given frequency was noted. It was 

then possible to calculate a calibration coefficient which was used to transform the results from 

the field test into acceleration using equation 3.1. 

(3.1)           [m/s2] 

Where                   [m/s2] 

                                      [V] 

                              [(m/s2)/V] 

In appendix B a more detailed description of the calibration can be found. 
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3.4 Execution 
Both measurements was executed on the south side of the retaining wall, out from the RD-piles 

between point 2 and 3 and out from the sheet piles between point 6 and 7, as seen in the drawing 

in Figure 3.1. 

To achieve as similar measurements as possible the following was performed on each retaining 

wall type: 

 The measurements were performed on three 

piles, installed one after another. This to obtain 

more data to be able to see any deviations and 

present more representative results.  

 Two measurement points was placed at a 

distance of 1 and 5 m perpendicular from the 

pile in the middle to be able to observe the 

attenuation of the vibrations. 

  All ground accelerometers was buried 30 cm 

beneath the surface surrounded by packed sand 

to ensure stability and good connection to the 

soil, placed in the same way to have the X-, Y- 

and Z-direction equal. 

 On the pile in the middle an accelerometer was 

welded onto the top of the pile. Due to the 

shape of the accelerometer and pile the 

accelerometers X-, Y- and Z-direction could not 

be set equal to the accelerometers direction in 

the ground. 

 All piles were marked every 0.1 m to record 

depth vs. time during the driving (Figure 3.4). 

 Every pile installed was recorded with a film 

camera, to have knowledge about the 

penetration depth versus time, and all 

observations were noted e.g. possible obstacles 

in the ground.  

Figure 3.5 and Figure 3.6 is showing drawings of how the accelerometers and piles were installed 

relative to each other. The distance between the installed RD- and sheet piles were approximately 

15 m. 

Figure 3.4: Depth marked on pile, camera on tripod in the 
front of the picture. Photo by authors. 
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Figure 3.5: Placement of accelerometers and piles, from above. 

 

Figure 3.6: Soil stratification and placement of accelerometer, from side (not in scale). 
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3.5  Processing of the results 
The accelerometer outputs recorded were given as voltage which then was transformed to 

acceleration using equation 3.1. MATLAB was used to process the results. When integrating to 

velocity and displacement the data was going through a high-pass filter. A low-pass filter was 

built in the measurement equipments. The integrations from acceleration to velocity and 

displacement were made from a number of data, why the trapezoidal rule built in the function 

“cumtrapz” in MATLAB was used to perform the integration. The trapezoidal rule assumes two 

following data points to be connected as a linear function.  

The results were plotted in time and frequency domain for acceleration, velocity and 

displacement. The particle displacement was plotted in 3D. By synchronizing the recording from 

the camera and the recorded vibrations, a comparison against depth could be performed. 

3.6 Limitations 
The field study was limited to one geotechnical site and its soil conditions. The RD-pile wall and 

the sheet pile were not located directly next to each other, why the geological conditions could 

vary within the geotechnical site. The sheet piles and RD-piles had different length (12 m and 8 

m respectively) and different contact area with the surrounding soil due to their different cross 

section. They were installed by different machinery.
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4 Results 

4.1 Introduction 
Through the result the X-, Y- and Z- direction measured by the accelerometers are represented as 

radial, transversal and vertical respectively. In graphs and tables the sheet piles will be denoted SP 

and the RD-piles will be denoted RD. In the graphs showing time and frequency domain the 

vertical component is always given. The vertical component is represented since these vibrations, 

obtained from the field, were greatest. The vertical component is also used in the Swedish 

standard (1999). 

The sheet piles were installed down to bedrock but only the first 6 m are evaluated since that was 

the installation depth of the RD-piles.  

The results are divided into two sections. The first section presents the magnitude of the 

vibrations. The second section presents the characteristics of the vibrations. 

4.2 Magnitude of vibrations 
From the three evaluated piles, of each method, the peak component velocity in each direction 

could be found. The average value of the peak component velocity in fill and clay for each 

direction of all piles were obtained at the horizontal distance 1 and 5 m and will be presented as 

average peak component velocity. The average peak component velocity was presented to 

compensate for any deviations.  

The result presented in Figure 4.1 shows that the bored RD-piles generated smaller vibrations in 

all three directions during driving through fill and clay at both distances. It also showed the 

attenuation between the measuring points at horizontal distance 1 and 5 m for both methods. In 

appendix D the similar Figure D.1 is showing the peak component velocities.  

 

Figure 4.1: Average peak component velocities for RD and SP in each direction through fill and clay at horizontal 
distance 1 and 5 m from the source. 
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Figure 4.2 and Figure 4.3 shows the average peak component velocity measured at horizontal 

distance 1 and 5 m, respectively, against the installation level. In appendix D, figure D.2-D.7 

shows the peak component velocity in each direction for RD 1-3 and SP 1-3.  

The ground vibrations, measured at horizontal distance 1 m from the source, greatly decreased as 

the pile reached the clay layer for both the RD-piles and sheet piles. Through the clay, the ground 

vibrations generated from the bored RD-piles slightly decreased the first meters to become 

constant while ground vibrations from the vibratory driven sheet piles varied with depth. The 

variations of the ground vibrations from the sheet piles are similar at 1 and 5 m. However, for the 

RD-piles no clear trend can be evaluated at horizontal distance 5 m.  

 

Figure 4.2: The average peak component velocities vs. depth of pile (per 0,5 m penetrated by pile), measured at 
horizontal distance 1 m 

 

Figure 4.3: The average peak component velocities vs. depth of pile (per 0,5 m penetrated by pile), measured at 
horizontal distance 5 m 
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Figure 4.4: The quota between the average peak vertical velocities, measured from the RD-piles and SP-piles, vs. depth 
of pile. 

Figure 4.4 shows that vibrations (vertical component) generated from the RD-piles are 22 % to 

58 % of the vibrations generated from the sheet piles, with an avarage of 37 %, at horizontal 

distance 1 m. At horizontal distance 5 m the vibrations generated from the RD-piles are 21 % to 

102 % of the vibrations generated from the sheet piles, with an average of 53 %. 

Table 4.1: The quota of energy between pile and accelerometer at horizontal distance 1m, at frequency 0-150 Hz, at a 1 s 
time interval. 

Quota of energy 
transmitted 

RD-pile Sheet pile 

from pile to acc. at 1 
m 

0.2 % 5.9 % 

 

Table 4.1 gives an example of how the energy has dissipated between the accelerometer on the 

pile and at horizontal distance 1 m. The energy is calculated as the integral of the frequency 

content 0-150 Hz. More than 99 % of the energy from the bored RD-pile had dissipated when 

reaching the accelerometer at 1 m and almost 95% of the energy had dissipated from the sheet 

pile.  

Table 4.2: The ratio of average peak vertical velocities between horizontal distance 1 and 5 m when driving through fill 
and clay. 

Ratio of average 
peak vertical 

velocities 
Through fill Through clay 

RD-pile 7  % 19 % 

Sheet pile 8 % 11 % 

 

Table 4.2 shows the remaining vibrations as the ratio of ground vibrations measured between the 

accelerometers in the ground. The difference in attenuation was almost equal when driving 

through fill, but driving through clay clearly gave a larger attenuation for the sheet piles. 
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4.3 Characteristic of vibrations 
The measured time series covered several minutes. The time series evaluated and presented 

covers a period of 0.2 seconds. The 0.2 seconds period have a different appearance at different 

depths, but the general appearance is still equivalent. The frequency content cover a period of 

one second out of which the time series measured in the ground where taken from. The time 

series presented were chosen since they give clear visualization. 

The vibrations measured with the pile accelerometer gave a clear result in acceleration why the 

results measured on the pile are presented in acceleration. This is not a major concern since those 

results are mainly used to evaluate the appearance of the vibrations in the pile. 

Figure 4.5 shows that the vibrations measured on the RD-pile showed a transient motion where 

the motion completely attenuated between each impact. The vibrations measured on the sheet 

pile show a steady state motion. The RD-pile underwent higher accelerations than the sheet pile. 

Figure 4.6 shows that the ground vibrations measured when installing the RD-pile showed a 

transient motion where the motion was not completely attenuated between each impact. The 

ground vibrations measured when installing the sheet piles showed a steady state motion. The 

ground vibrations from the RD-piles were lower than the vibrations from the sheet pile. 

 

Figure 4.5: Acceleration in time domain for a 0.2 s series, in the clay layer, for RD 2 and SP 2 measured on the pile. 

 

Figure 4.6: Velocity in time domain for a 0.2 s series, in the fill layer, for RD 1 and SP 1 measured at horizontal distance 
1 m. 
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The frequency content in the ground generated from the bored RD-piles varied throughout the 

driving (Figure 4.7). The highest velocities were distributed around multiples of the impact 

frequency (~20 Hz) and the highest peak occurred at different frequencies for different time 

series at the horizontal distance 1 m. At 5 m the peaks at higher frequencies (from 60 Hz) were 

not present. The frequency content measured on the pile remained almost the same throughout 

the entire driving and the dominating frequency was around 20 Hz.  

The frequency content in the ground generated from the sheet piles remained more or less the 

same throughout the driving and did not deviate from the frequency content measured on the 

pile (Figure 4.8). The highest velocities were associated with the driving frequency (~36 Hz). 

 

Figure 4.7: Velocity in frequency domain for a 1 s series, in the fill layer, for RD 1. 

 

Figure 4.8: Velocity in frequency domain for a 1 s series, in fill, for SP 1. 
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The displacement path shows how a particle, at horizontal distance 1 m, has moved during one 

second when the pile has been driven down through fill. The displacement path from the sheet 

pile (Figure 4.10) showed an ellipse shaped retrograde motion, typical for an R-wave, while the 

displacement path from the RD-pile (Figure 4.9) did not show any clear behaviour. 

Figure 4.9: Displacement path during 1 s for RD 1 at 
horizontal distance 1 m when driving through fill. 

Figure 4.10: Displacement path during 1 s for SP 2 at 
horizontal distance 1 m when driving through fill. 
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5 Discussion 

5.1 Introduction 
The discussion focus on understanding and evaluating the generation of ground vibrations from 

the bored RD-piles and how they differ from the vibrations generated from the vibratory driven 

sheet piles. Part of the discussion refers to previous findings and assumptions made from the 

literature survey in section 2.6.  

First the method and how the results were processed are discussed followed by a discussion 

regarding magnitudes and characteristics of vibrations and its influence on the soil. The last part 

treats what conclusions have been drawn from this study.    

5.2 Field study and results 
The installations were located with a distance of 15 m between them and it is possible that the 

ground conditions varied. During the installation of the RD-piles it is known, according to the 

drill operator, that the piles encountered blocks in the ground, but not at what level. 

The effect of the slope between the ground accelerometers was not evaluated. The slope was 

assumed to affect both measurements in a similar manner. Because of the slope, the results 

measured at horizontal distance 5 m from the piles may not be reliable when comparing with 

other field studies, having their measurement point at the same ground level. 

The RD-piles were recorded with half the sampling rate used on the sheet piles. This was due to 

the time required to install an RD-pile (~15 minutes) that would have generated a larger amount 

of data. The vibrations in the RD-pile only occur during a very short period, with a lowered 

sampling rate the actual time the high accelerations are present in the pile may not be well 

represented and could create large deviations when integrating the results, with the trapezoidal 

rule, to obtain velocities and displacements. Due to this the results measured on the piles (Figure 

4.5) were presented in acceleration. 

The influence from interlock resistance could not be evaluated for the methods since no 

measured pile were installed solely. 

The result of the measured vibrations from the RD-piles gave rise to some irregularities, shown 

in the appendix D, Figure D.9, as large peaks. When those peaks were analysed it was found that 

their frequency content covered a large spectrum of low frequencies not corresponding to the 

general frequency content of the sample. The reason for those peaks are believed to be due to 

disturbance from the surrounding such as excavators or as the drilling rig take a new grip of the 

pile as it lowers. Due to this the peaks were chosen to be ignored when analysing the results. 

5.3 Magnitude of vibrations 
The main results showed that the ground vibrations generated from the RD-pile were smaller 

than the vibrations from the sheet pile. The assumptions made from the literature survey, given 

in section 2.6 could explain why the ground vibrations generated from the bored RD-piles were 
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smaller compared with the vibratory driven sheet piles. However, it is difficult to evaluate the 

influence of each mechanism separately from the results.  

Driving through the fill generated higher velocities for both methods. The high vibrations 

generated while driving the sheet pile in fill are generated due to the high dynamic resistance 

mobilized by the soil while driving in fill. At this stage the vibrations are generated at the toe of 

the sheet pile. As the toe reaches the clay the decrease of ground vibrations occur. This implies 

that the toe, at this stage, is the main source of vibrations. The smoother decrease between fill 

and clay for the RD-pile indicates the vibrations generated at the toe are not as influenced by the 

stiffness of the material being penetrated. 

As the RD-pile was driven down through the soil, the distances between the toe and the ground 

accelerometers were increasing. If the main source for the vibrations were at the toe a decrease in 

vibration should be visible as the depth increased. At horizontal distance 1 m from the source, in 

Figure 4.2, a tendency of decrease around level -0.5 to -2 m, in the clay, followed by more or less 

constant vibrations could be observed. This could be due to the vibrations generated at the toe 

are dominating until level -2 and thereafter the vibrations emitted from the shaft exceeds the 

vibrations from the toe. The lack of a clear trend at horizontal distance 5 m makes it difficult to 

evaluate what may have influenced the result. At 5 m only the lower frequencies remained which 

indicates that the higher frequencies were attenuated. This is in accordance with equation 2.16 

where a higher frequency gives a higher absorption coefficient and thus attenuates faster with 

distance. 

The changes in magnitude of the ground vibrations with depth generated from the sheet piles, 

seen in Figure 2.1, could have been caused by differences in stiffness of the clay, which affects 

the dynamic soil resistance mobilized, or obstacles within the soil the pile encountered. 

Therefore, the material being penetrated affects the vibrations in the soil. The result from the 

RD-piles did not show any large deviations in vibrations, while driven through clay, even though 

it was known it penetrated blocks during the installation. This indicates, by destroying and 

removing the material instead of forcing through it, smaller vibrations are generated. 

Table 4.1 shows that the largest dissipation of energy occurred during the first meter which 

indicates that the magnitude of the vibrations are greatly reduced. The value obtained for the 

sheet pile is in accordance with the results presented by Guillemet (2013). The largest attenuation 

in the ground occurred for the sheet pile, as given in Table 4.2. The attenuation was caused by 

material and radiation damping and can be described by equation 2.15. The difference in wave 

amplitude at different distances then depends on type of wave and the absorption coefficient 

which depends on damping, frequency and wave propagation velocity. At a site with similar 

geological conditions the damping and wave velocity in the soil can be assumed to be similar. 

Therefore, the difference in attenuation could be explained by differences in frequency content of 

the vibrations or due to different wave types. Note that equation 2.15 is only valid for a 

homogenous soil with large depth to rock. The site conditions do not fulfil the criteria why the 

equation cannot be properly adapted, although it provides a theoretical understanding. 

The vibrations measured from the vibratory driven sheet piles are in consistence with vibrations 

measured in previous field studies with regards to magnitude and distance from source. The one 

value, 2.5 mm/s close to the source, found on bored steel pipe piles was (when compared with 
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our results at 1 m) greatly exceeded when boring in fill. When boring in clay the vibrations were 

in general around that value (see Figure D.9), but often exceeded.  

5.4 Characteristic of vibrations 
The difference in ground motion generated from the bored RD-piles and the vibratory driven 

sheet piles (Figure 4.6) is expected due to their different origin. The main driving of the sheet pile 

is the continuously rotating eccentric masses generating a smooth sinusoidal movement at a given 

frequency (Figure 4.8). The RD-pile is driven by impacts from the hammer where each impact 

generates a transient motion over a broader band of frequencies (Figure 4.7). The not completely 

attenuated behaviour, between each impact, observed in the ground could be explained by seeing 

the boring of the RD-pile as the external force. Since the vibration is completely attenuated 

between each impact in the pile, the external force is zero for a very short time. During this short 

time a soil particle could be assumed to move as in a damped free vibration system. Since the soil 

is less stiff than the RD-pile, the motion in the ground will attenuate slower why it is not 

completely attenuated before the next impact occurs.  

As mentioned in section 2.4.1 a steady state motion is considered to be more harmful. The 

almost transient motion observed in the ground from the RD-pile could be assumed to be less 

harmful than the vibrations generated from the sheet pile. Ziyazov, et al. (1976) claimed that 

transient motions that are completely attenuated cannot generate resonance. Since the vibration 

in the ground is not completely attenuated between each impact, the RD could still infer 

resonance.  

Figure 4.5 and Figure 4.6 showed that the vibrations measured on the piles were larger for the 

RD-pile than for the sheet pile, despite this the vibrations measured in the ground showed the 

opposite. This could be explained by the different installation methods and transfer mechanisms. 

The impact from the hammer generates a high acceleration for a short duration that pulls the 

RD-pile downward from a resting position. As the impact is being generated at the toe of the 

RD-pile it will destroy the soil in such a way that the soil will not be able to mobilize any dynamic 

soil resistance. The sheet pile is, compared with the bored RD-pile, accelerated in smoother and 

slower manner and the sheet pile also moves further for each cycle. The smoother behaviour of 

the sheet pile is assumed not to overcome the frictional and cohesive forces along the sheet pile 

as rapidly as for the RD-pile i.e. the boring of an RD-pile further overrides the inertia of the soil 

compared with the vibrated pile and thus transfer more vibrations into the ground. The soil in 

the close vicinity of the pile is also assumed to be remoulded and experience large strains, these 

strains causes the soil to yield and this soil will then have dampening effect on the vibrations, this 

is present both when installing the RD- and the sheet pile wall. As written by Massarsch & 

Fellenius (2008) impact driving causes vibrations due to transmission of a stress waves from the 

pile to the soil and the transmission is greatly affected by the impedance of the materials. As 

discussed in section 2.6 the soil surrounding the RD-pile is assumed to be remoulded which 

reduces its dynamic soil resistance. According to Massarsch & Fellenius (2008) the vibrations are 

governed by the dynamic soil resistance mobilized. Lowered soil impedance reduces impedance 

ratio between the soil and pile. It could then be assumed that the transmission of a stress wave 

between the RD-pile and the surrounding soil is reduced. The remoulded soil will also have its 

dampening effect increased which further reduces the vibrations in the ground. 
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The fact that the ground showed different dominating frequencies from installing the RD-pile, 

compared with the dominating frequency measured on the pile, was an unexpected result. The 

dominating frequencies occurring in the soil could be due to the damped free motion that occurs 

in the soil but not in the pile where it is completely attenuated after each impact.  

The displacement path generated from the sheet pile implies that R-waves are generated due to 

their shape and retrograde motion. The waves generated from the RD-pile were not possible to 

characterize due to their irregular behaviour.  

5.5 Vibrations effect on the soil 
The driving of the RD-piles induced more loading cycles compared with the vibratory driven 

sheet pile. An increased number of loading cycles will cause more degradation of the soil but only 

if the strain induced to the ground is higher than the threshold shear strain of the soil as stated by 

Kramer (1996) and Vucetic & Dobry (1988). According to equation 2.33 higher particle velocities 

are related with higher strains in the ground. The vibratory driven sheet pile induced higher 

velocities in the ground compared with the bored RD-pile. Therefore, the strains from the 

vibratory driven sheet piles should be larger and thus more harmful.  

There is not enough information about the soil properties to evaluate whether the velocities in 

the soil causes strains under or above the threshold shear strain.
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6 Conclusions 

This study was carried out to evaluate if the general conception that a bored steel pipe pile 

generates smaller vibrations than a vibrated pile are correct. The hypothesis developed for the 

study was not falsified. The installation of the bored RD-pile wall generated smaller ground 

vibrations, as in peak component velocity, in all directions; radial, transversal and vertical, in 

comparison with the installation of the sheet pile wall. The difference in vibrations between the 

two methods was greater close to the pile. 

Further, the study aimed to evaluate the character of the vibrations generated from the methods. 

As expected the installation of the sheet piles generated a steady state motion at its driving 

frequency. The installation of the RD-piles generated an almost transient motion over a broad 

band of frequencies. By study the peak component velocities vs. depth, from the RD-pile, it 

could be assumed that the vibrations generated from the toe were dominating until a certain level 

where they were exceeded by the vibrations from the shaft. 

A comparison, between the methods, of the ground vibrations development with the depth of 

the pile, led to the conclusion that the vibrations from the bored RD-pile is less influenced by the 

stiffness of the material being penetrated and other obstacles in the ground. This indicated that 

the installation of RD-piles mobilize less dynamic soil resistance, because of the material being 

destroyed and removed ahead of the pile. This generates smaller vibrations compared to the sheet 

pile that is forced through the ground. 

The RD-pile wall is usually used in demanding ground conditions where it is not possible to 

install a sheet pile wall. But for areas where ground vibrations may be a problem it is important to 

know what options there are and what may be expected.  

 

Proposal for further research 
Since this study did show that the installations of a RD-pile wall generate smaller vibrations it 

may not be of great importance to further investigate the method. Some ideas arose during this 

study that may be of interest to evaluate:  

 Investigate the influence of interlock friction when installing a RD-pile wall.  

 Investigate the influence of the soils residual strength and its effect on the transmitted 

waves. 

 Evaluate how vibrations differ when boring through different materials. 
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Appendix A - Piles, driving- and 

measuring equipment specifications 

A1. Piles 
Specification of RD220 is summarized from Ruukki (2012b).  

Table A.1: Specification of RD220 pile. 

 
Diameter 

[mm] 
Thickness 

[mm] 
Weight 
[kg/m2] 

Theoretical 
drilling 

diameter 
[mm] 

W 
[cm3/m] 

EI 
[kNm2/m] 

RD220 219.1 12.5 274.8 283 1 401 32 228 

 

Figure A.1: Theoretical drilling diameter for an RD-wall. 

Specification and drawing of sheet pile Larssen 604 are summarized from ThyssenKrupp (2010). 

Table A.2: Specification of Larssen 604 sheet pile. 

 Cross section 
area 

[cm2/m] 

Circumference 
[cm/m] 

Weight 
[kg/m2] 

W 
[cm3/m] 

I 
[cm4] 

Larssen 604 156.7 282 123.0 1 600 30 400 

 

Figure A.2: Drawing over Larssen 604 sheet pile, all measures in mm. 
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A2. Driving equipments 
Specification of DTH hammer, model COP 64 from AtlasCopco, is summarised from Atlas 

Copco (2009). 

Table A. 3: Specification of COP 64 hammer. 

 

Length 
without drill 

bit 
[mm] 

Outside 
diameter 

[mm] 

Weight 
withou
t drill 

bit 
[kg] 

Working 
pressure 

[bar] 

Rotation 
speed 
[r/min] 

Feed 
force 
[kN] 

Impact rate 
(at 20 bar) 
[strokes/mi

n] 

Penetration rate 
in Swedish 

granite (at 20 
bar) 

[mm/min] 

COP 
64 

1258 126 96 6-30 15-60 7-20 1600 665 

 

Specification of vibrator ABI TM 14/17V is summarised from Skanska Grundläggnings own 

documentations. 

Table A. 4: Specification of vibrator ABI TM 14/17V. 

 
Driving force 

[kN] 

Max speed of 
rotation 

[rpm] 

Variable static 
moment 

[kgm] 

Suppressor 
housing 

[kg] 

Total 
weight 

[kg] 

ABI TM 
14/17V 

1000 2140 0-12 2750 4120 

 

A3. Accelerometers 
Specifications of accelerometers are summarized from Analog Devices (2010 & 2012). In their 

product voucher further information can be found. 

Table A.5: Accelerometer specifications. 

Accelerometer: ADXL335 ADXL377 

Sensing 3-axis 3-axis 

Size [mm] 4 x 4 x 1.45 3 x 3 x 1.45 

Shock survival [g] 10 000 10 000 

 Min Typ. Max Min Typ. Max 

Acceleration measurement range [g] ± 3.0 ± 3.6   ± 200  

Sensitivity [mV/g] 270 300 330 5.8   

Frequency bandwidth 
[Hz] 

X-, Y-axis 0.5 
 

1600 0.5 
 

1300 
Z-axis 0.5 550 0.5 1000 

Operating voltage range [V] 1.8  3.6 1.8  3.6 

Operating temperature range [°C] - 40  + 85 - 40  + 85 
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Appendix B – Calibration of 

accelerometers 

A dynamic calibration of the accelerometers was performed 11 April 2014 at Kent Lindgren’s 

laboratory in Älvsjö, Stockholm. It has been performed alike and with the same calibration 

equipment as described in Guillemet’s MSc thesis from 2013. In her field test the equipment was 

used for the first time why it, before, did undergo a laboratory test 9 November 2012, a field test 

16 November 2012 and a static calibration in 24 Mars 2013, all described in Guillemet (2013). 

The tests were mainly performed to ensure the function of the accelerometers. 

Dynamic calibration 
Equipment used is given in Table B.1. 

Table B.1: Calibration equipment (modified from Guillemet, 2013). 

Equipment Brand and Model Series number 

Vibration exciter Brüel & Kjær 4808 2633121 

Function generator & analyzer Hewlett Packard 3662A - 

Amplifier Ling TPO 300 - 

Reference accelerometer PCB 301A11 2429 

Oscilloscope Nicolet 410 - 

Signal condition box - - 

 

To achieve a correct calibration of the accelerometers used in the field test it has to be calibrated 

against a reference accelerometer. A back-to-back calibration was performed by attaching both 

accelerometers to a steel adaptor. The steel adaptor was then vibrated in a controlled manner 

with the help of the vibrator exciter controlled by the function generator & analyzer, see Figure 

B.1 and Figure B.2 left.  

The output from the accelerometer being tested is collected by the signal condition box which 

then gives a five times amplified output to the function generator & analyzer. The output from 

the reference accelerometer is collected directly by the function generator & analyzer. The signals 

from both accelerometers are then displayed on the oscilloscope (Figure B.2 lower right).  
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Figure B.1: Schematic skis over back-to-back calibration system (from Guillemet, 2013). 

Every accelerometer was calibrated in the X-, Y- and Z-direction in the frequency range 2- 202 

Hz. The voltage output, Uc, was noted for frequency level 10 Hz, 20 Hz and 30 Hz. The results 

from frequency level 30 Hz was used for the processing of the results. This was the same level as 

used in Guillemet’s calibration, why a control of the accelerometers could be made to ensure that 

no large deviations occurred. With the calibration performed the calibration coefficient could be 

calculated using equation B.1. 

(B.1)     
    

  
   [(m/s2)/V] 

Where                               [(m/s2)/V] 

                                             [mV/(m/s2)] 

 

Figure B.2: Left: Back-to-back calibration system. Upper right: Function & generator analyzer above oscilloscope. 
Lower right: Signals from both accelerometers displayed on oscilloscope. Photos by authors.  
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Appendix C – Geotechnical specification 

C1. Clay 
Summary of results from analyse of the clay at the two locations; 13A307 and 13A602. ÅF 

infrastructure was responsible for analyzing the clay and it was performed in Sweco geolab. 

Table C.1: Results of analyze of clay 

Location 
Level 
[m] 

Density 

  [kN/m3] 

Water content 

  [%] 

Liquid 
limit 

   [%] 

Sensivity 

   [-] 

Shear 
strength 

  [kPa] 

 - 5 17.6 50 48 15 18 
13A307 - 6 16.9 54 57 11 20 

 - 7 17.2 56 58 11 20 
 - 8 17.1 53 54 13 20 

13A602 

- 3.8 16.0 64 61 19 20 

- 4.8 15.8 74 76 12 19 

- 5.8 17.4 49 49 13 20 

 

C2. JB-sounding 
The JB-sounding was performed by Sundsvalls Mätcenter AB. Only the locations, 12A607-609, 

that were closest to the measuring points are reported here. 

  

Figure C. 1: JB-sounding of location 12A607. 
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Figure C. 2: JB-sounding of location 12A608. 

 

Figure C. 3: JB-sounding of location 12A609. 
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Appendix D – Additional results 

D1. Magnitudes of vibrations 

 

Figure D.1: Peak component velocities for RD and SP in each direction through fill and clay at horizontal distance 1 
and 5 m from the source. 

 

Figure D.2: Peak radial velocity vs. depth of pile measured at horizontal distance 1 m from source. 
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Figure D.3: Peak transversal velocity vs. depth of pile measured at horizontal distance 1 m from source. 

 

Figure D.4: Peak vertical velocity vs. depth of pile measured at horizontal distance 1 m from source. 

 

Figure D.5: Peak radial velocity vs. depth of pile measured at horizontal distance 5 m from source. 
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Figure D.6: Peak transversal velocity vs. depth of pile measured at horizontal distance 5 m from source. 

 

Figure D.7: Peak vertical velocity vs. depth of pile measured at horizontal distance 5 m from source. 
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D2. Complete time series 
Only representative time series for each method at each accelerometer are presented here. This is 

to give a general idea of how the initial results looked like. 

 

Figure D.8: Acceleration measured on the pile during driving of RD 2. Observe that the first 180 s were recorded with 
wrong sensitivity of the accelerometer.  

 

Figure D.9: Velocities measured at horizontal distance 1 m during driving of RD 2. 

 

Figure D.10: Velocities measured at horizontal distance 5 m during driving of RD 2. 
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Figure D.11: Acceleration measured on the pile during driving of SP 2. 

 

Figure D.12: Velocities measured at horizontal distance 1 m during driving of SP 1. 

 

Figure D. 13: Velocities measured at horizontal distance 5 m during driving of SP 1. 
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Appendix E – Interview 

This is an interview with Peter Svensson, a technical drilling specialist at Skanska Grundläggnings 

machinery department.  The interview was held at Skanska Grundläggnings headquarters in 

Västerhaninge the 7 May 2014 in order to achieve a better understanding about the mechanisms 

behind boring and also to take part of Svensson’s reflections of vibrations and boring. To be 

noted is that the DTH-method and centric boring is the one discussed.  

A2: How is the pile connected to the ring bit set so a rotation can occur? (We are visually looking 

at one type of ring bit set that is being explained to us). 

S: The ring bit set consists of two separated parts that rotate relative to each other. The inner part 

that is connected to the ring bit has “heels” (Figure E.1 left) that the pilot will be attached to. 

Due to this the ring bit will rotate when the pilot bit is rotating, while the casing shoe and the pile 

remain still. 

 

A: What do you think is the main difference between vibratory driven sheet piles and bored piles 

with regards to vibrations? 

S: The main difference, as I see it, is that instead of breaking through the material you remove the 

material that is ahead of you. If you for example are penetrating a hard material with a vibratory 

driven sheet pile it takes time and it is heavy, which will give rise to larger vibrations, compared to 

boring that will give an easier penetration since the material is removed, that will give smaller 

vibrations. 

 

A: How does the hammer work to drive the pile down? 

S: The hammer is striking the pilot that is connected to the edge of the casing shoe (Figure E.1 

right). The energy from the impact will propagate down in the pilot and from the casing shoe 

down to the ring bit. Since the hammer is hitting down in the hole the hammer accelerate down 

the pile, theoretical the pile is being “pulled” down. 

 

A: Is the rotation even? 

S: The rotation is so powerful that the rotation will be even. The impact and the rotation should 

make the tooth of the pilot and ring bit hit new places each time. 

 

 

 

                                                 
2 A = Authors, S = Peter Svensson 
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A:  How does the speed of rotation and impact frequency work, and what are their normal 

values? 

Q: It depends on several factors, such as type of hammer. Both impact frequency and speed of 

rotation is connected to the pneumatic pressure added. High hammer frequency and high speed 

of rotation requires high pressure from the compressor. Speed of rotation is usually 10-30 rpm 

and a 6 inch hammer strikes with a frequency between 500-800 bpm. 

 

A: How does it work in different materials? 

S: If you want to drill in clay it is preferable to have a pilot bit with cuts but usually you need to 

have a pilot for rock since the ground contain blocks and similar. Wood and iron are the worst 

materials.  

 

Svensson told us about some past experience he had with interlock resistance. 

S: I have experienced that the boring is much heavier with interlock than without even if the 

penetrated material is not stiffer. This you know by looking at the cuttings from the boring and 

also by listening to the noise. Boring with interlock is also less efficient since a larger ring bit is 

needed and the pilot cannot be larger. 

 

Figure E.1: Left: Heel that connects the ring bit to the pilot. Right: Edge of casing shoe. Photos by authors. 

 

 


