
1 INTRODUCTION  

Driven piles are among the most common and cost-
effective foundation solutions in variable ground 
conditions. In recent years, equipment manufacturers 
have developed new, more powerful pile installation 
equipment, such as hydraulic impact hammers and 
sophisticated vibratory hammers. Electronic data ac-
quisition systems have made it possible to monitor 
and document pile penetration and to determine the 
dynamic response of the ground and of buildings. 
With the introduction of wave equation computer 
programs, the prediction of the static pile capacity 
based on dynamic measurements during driving has 
become more reliable. Significant progress has also 
been made with respect to the determination of dy-
namic soil properties from seismic field and labora-
tory measurements.  

Today, the efficient use of driven piles and sheet 
piles is many times limited due to concerns regard-
ing negative environmental effects, such as exces-
sive noise and ground vibrations or ground move-
ments. In many cases, design engineers choose 
therefore alternative foundation solutions as they are 
not confident how to assess the risk of ground vibra-
tions during pile driving.  

At present, and in contrast to other aspects of pile 
dynamics, the prediction of ground vibrations is still 
based on crude empirical rules, developed about 30 
years ago. While energy-based predictions of pile 
bearing capacity have been discarded due to their in-
accuracy, these concepts are still being used to pre-

dict ground vibrations due to pile driving. These 
prediction methods neglect fundamental aspects of 
dynamic pile-soil interaction. Surprisingly few pub-
lications have addressed the problem of dynamic 
pile-soil interaction in a rational way (e. g. Martin, 
1980; Massarsch, 1992; Selby, 1991). In the present 
paper, an attempt is made to describe in a rational 
way the parameters which govern the propagation of 
driving energy from the source to the surrounding 
soil layers, cf. Figure 1.  

 
 
 

 
Figure 1. Transfer of pile driving energy from the hammer 
through the pile and into the surrounding soil and adjacent 
buildings. 
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The following main aspects of vibration propaga-
tion during the driving of piles with an impact ham-
mer can be identified: (A) – Wave propagation in the 
pile: the energy generated by the drop hammer (1) 
impacts the pile cap and the pile head (2) and the vi-
bration energy is transmitted through the pile (3); 
(B) – Pile-soil interaction: along the pile shaft (4) 
and at the pile base (5); (C) – Wave propagation in 
the ground: transmission of vibrations through soil 
layers and the ground water; (D) – Dynamic soil 
structure interaction: dynamic response of buildings 
and installations in the building.  

The dynamic soil-structure interaction of piled 
foundations at small strains is described extensively 
in the literature, such as the dynamic response of 
machine foundations (Novak & Janes, 1989). How-
ever, little information is available regarding the dy-
namic pile-soil interaction during driving at large 
strain levels (Massarsch, 1992).  

Most investigations, which address vibrations 
caused by pile driving, discuss the propagation of 
vibrations in the ground and the response of build-
ings subjected to vibrations but do not consider the 
conditions at the source, i.e. the transfer of driving 
energy from the pile to the soil. Therefore, in this 
paper emphasis is placed on the discussion of pa-
rameters which govern the propagation of waves in 
the pile (A) and the dynamic pile-soil interaction 
(B), Figure 1. 

1.1 Energy-based Vibration Attenuation 

Most investigations reporting measurements of 
ground vibrations from pile driving have adopted 
concepts which were developed for the case of vi-
brations due to rock blasting. The vibration intensity 
at a distance from the source is assumed to be a 
function of the energy released at the source.  

Attewell & Farmer (1973) analysed results of vi-
bration measurements in different ground conditions 
and for different pile types. They came to the con-
clusion that the attenuation of ground vibration am-
plitude with distance from a pile is largely inde-
pendent (!) of the geotechnical nature of the ground. 
They suggested that a conservative estimate of vi-
bration velocity v at distance r from the energy 
source (pile) can be made from the following equa-
tion 

E
v k

r
  (1) 

where E is the input energy at the source and k is an 
empirical constant. It should be noted that the empir-
ical factor k depends on the units used to define the 
distance and energy. Brenner & Viranuvut (1975) 
used equation (1) to compare results of vibration 
measurements from pile driving with information 
from projects reported in the literature, Figure 2. 

 
Figure 2. Attenuation of peak particle velocity versus scaled 
energy (Brenner & Viranuvut, 1975). 

 
In spite of the double-logarithmic scale, the scat-

ter is large and would be unacceptable for most con-
ventional geotechnical design applications. In spite 
of the uncertainties associated with this concept, the 
energy-based prediction of ground vibrations is still 
frequently used (New, 1986, Woods & Jedele, 1985, 
Jedele, 2005).  

One of the most widely reference publication on 
this subject is the State-of-the-Art paper by Wiss 
(1981) on construction vibrations, which uses a 
similar relationship as the one proposed by Attewell 
& Farmer (1973). The peak particle velocity v is ex-
pressed as a function of the scaled distance  
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where K and n are empirical constants and is D the 
distance from the energy source E. However, guid-
ance is not given in the literature how the distance 
should be chosen when a pile penetrates into the 
ground. This aspect will therefore be discussed in 
the following sections. 

1.2 Influence of Pile Penetration Depth 

The energy-base relationships require the assessment 
of the distance from the vibration source to the ob-
servation point. With the exception of the initial 
phase of driving when the pile penetrates dense soil 
layers close to the ground surface, the depth of the 
energy source will change as the pile penetrates into 
the ground. In most cases which have been reported 



in the literature, the horizontal distance at the ground 
surface is used when correlating results from vibra-
tion measurements. Figure 3 illustrates the problem 
for two measuring points, located at different dis-
tances from the pile. The distance to the energy 
source becomes particularly important in the case of 
measuring point A, which is located in the vicinity 
of a long pile. If the horizontal distance is used for 
all vibration measurements at location A during the 
penetration of the pile, it is not surprising that the 
scatter in reported values becomes large. On the oth-
er hand, if the distance to measuring point B corre-
sponds to several pile length, the effect of pile pene-
tration becomes less important. However, in most 
cases, problems associated with vibrations from pile 
driving occur at distances less than one pile length. 

The location of the energy source during driving 
of a pile depends also on the soil resistance along the 
shaft and at the base. This case is illustrated in Fig-
ure 4, where two penetration resistance curves (e.g. 
cone penetration test) are shown. In the first case, it 
is assumed that the pile is driven into a sand deposit 
with gradually increasing stiffness. A significant 
amount of the driving resistance will be generated 
along the shaft of the pile. Waves will propagate 
mainly as cylindrical or conical shear waves, with 
wave attenuation similar to surface waves (Selby, 
1991, Massarsch, 1992). 

In the second case, it is assumed that a pile is 
driven into a clay layer with a dry crust (or surface 
fill) close to the ground surface. During the initial 
phase, vibrations will propagate along the ground 
surface in the form of surface waves. When the pile 
is driven into the soft clay layer, ground vibrations 
will be negligible. However, when the tip of the pile 
is driven into the dense bottom layer, most of the 
soil resistance will be generated at the base of the 
pile.  

 
Figure 3. Influence of pile penetration depth on the distance to 
measuring points at two locations, A and B. 

 

 
Figure 4. Conceptual picture of soil resistance along the shaft 
and base during driving of a pile into dense sand and soft clay 
on a stiff layer, respectively. 

 
At the base of the pile, vibrations will propagate 

mainly in the form of body waves (compression and 
shear waves).  

During impact driving, vibrations can be trans-
mitted along the pile shaft and/or at the pile base. 
The source of vibration emission (origin of dynamic 
soil resistance) can change during pile penetration 
(shaft and/or base) and depends strongly on the ge-
otechnical conditions. Thus, pile driving can give 
rise to vibrations emitted in the form of body waves 
at the pile base but at the same time also due to shear 
waves and surface waves along the shaft. 

1.3 Influence of Pile Impedance 

In addition to the geotechnical conditions, also the 
material properties of the pile are of importance. 
Heckman & Hagerty (1978) showed that the intensi-
ty of ground vibrations is affected by the dynamic 
properties of the pile material. In Figure 5 the K-
value as defined in equation (2) is shown as a func-
tion of the pile impedance. From the reported meas-
urements it can be concluded that ground vibrations 
increase markedly when the impedance of the pile 
decreases. Ground vibrations can be ten times larger 
in the case of a pile with low impedance compared 
to a pile with high impedance (Massarsch, 1992). 
This aspect will be discussed in more detail in the 
following sections.  

 

2 VIBRATION PROPAGATION IN PILE 

The propagation of the driving energy in a pile is a 
complex problem. During the past thirty years, ma-
jor progress has been made in the area of pile dy-
namics. Today the use of dynamic testing methods is 
generally accepted and the assessment of pile ca-
pacity during driving is undertaken routinely.  

 



 
Figure 5. Influence of pile impedance on the vibration factor K, 
cf. equation (2), adapted from Heckman & Hagerty (1978). 

 
The accuracy of dynamic methods for estimating 

the static pile capacity has been improved signifi-
cantly. With the aid of modern measuring and data 
acquisition systems it is possible to monitor the dy-
namic force and wave propagation in the pile during 
driving. However, these concepts have not yet been 
used to analyse ground vibration problems associat-
ed with pile driving. 

One of the main limitations of dynamic testing is 
that the total pile resistance, Rtot is composed of a 
static component, Rstat and a dynamic component, 
Rdyn. As will be shown in the following sections, 
ground vibrations are caused by the dynamic (ve-
locity-dependent) soil resistance. Therefore, it is im-
portant to determine Rdyn when predicting ground 
vibrations during pile driving. At first, the propaga-
tion of stress waves in the pile will be addressed. 
Thereafter, the dynamic interaction between the pile 
and the adjacent soil layers will be discussed. 

2.1 Stress Waves in Piles 

The vibration attenuation relationships given in 
equations (1) and (2) have major shortcomings as 
they are based on the assumption that energy in the 
pile driving system is conserved. The driving energy 
is determined from the potential energy of the ham-
mer at the top of the stroke with reference to the pile 
top. A simplified model of a pile driving arrange-
ment using an impact hammer with mass W and drop 
height h is shown in Figure 6.  

The work that is done when the pile penetrates a 
distance s can be calculated if the assumption is 
made that the soil resistance acts along the pile shaft, 
RM and at the pile point, RP. This aspect can be ana-
lysed using stress wave propagation theory, which 
can be used to study the pile penetration problem. 

 
     a)           b)         c) 
Figure 6. Definition of parameters governing stress wave prop-
agation in piles. 

 
Detailed descriptions of stress wave theory have 

been presented in the literature and derivations are 
therefore not presented in this paper, (Broms & 
Bredenberg, 1982, Goble et al. 1980). The relation-
ship between the axial force F and the particle veloc-
ity in the pile vP is defined by  

PF Z v  (3) 

where Z is the impedance of a pile with area A. The 
pile impedance can be determined if the modulus of 
elasticity E is known. Alternatively, the impedance 
can be determined from the product of the cross-
sectional area A, the wave propagation velocity c 
and the material density of the pile  

AE
Z Ac

c
 

 (4) 

Inserting equation (4) into equation (3) yields the 
well-known relationship  

P

AE
F v

c


 (5) 

which can be used to calculate the axial force in a 
pile based on measurement of the particle velocity 
during driving. When the hammer strikes the pile 
with the velocity v0, a compression wave will be 
generated simultaneously in the pile and in the 
hammer. The hammer and the pile will remain in 
contact only for a short time, the impact time. Since 
the force between the hammer and the pile must be 
equal 

H H P PZ v Z v
 (6) 



where ZH and ZP are the impedances of the hammer 
and of the pile, respectively. The corresponding par-
ticle velocities are vP and vH, respectively. Since the 
particle velocities in the hammer and in the pile are 
the same at the contact surface 

0 H Pv v v 
 (7) 

Combining equations (6) and (7) and rearranging 
the terms, the particle velocity vP in the pile can be 
calculated from 

0
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 (8) 

In the case that ZH = ZP = Z the vibration velocity 
in the pile vP will be half the hammer impact veloci-
ty 

00.5Pv v  (9) 

Thus the particle velocity in the pile will corre-
spond to half the initial velocity v0 of the impacting 
hammer. The force Fi during the impact depends 
thus on the striking velocity of the hammer v0 and on 
the impedance of the pile ZP and can be calculated 
from 

00.5i PF v Z
 (10) 

Immediately after the hammer strikes the pile the 
particle velocity in the pile behind the wave front 
will be v0/2, cf. Figure 6b. The duration of the im-
pact, when the pile and the hammer are in contact, t0 
will be equal to  

0

2 HL
t

c


 (11) 

where LH is the length of the hammer. The length of 
the stress wave in the pile will thus be 2LH, cf. Fig-
ure 6c. If the material properties in the hammer are 
different to that in the pile but the impedances are 
the same due to difference in cross section, the dura-
tion of the impact will then be 

0

2 H

H

L
t

c


 (12) 

where cH is the velocity of the stress wave in the 
hammer. The length of the stress wave in the pile 
will in this case be 

2 P
H

H

c
L L

c


 (13) 

If an infinitely rigid hammer impacts an elastic 
pile, the top of the pile will be set in motion at the 
velocity of the impacting hammer. The force gener-
ated in the pile slows down the motion of the ham-
mer and a stress wave is generated in the pile 

(Goble, 1995). In the next instant the hammer will 
be moving slower and the generated particle velocity 
will be smaller. The force at the top of the pile Fi 
will decay exponentially according to the relation-
ship 

P

H

Z
t

M

iF Fe



 (14) 

where MH is the mass of the hammer and Fi is the 
force at impact given by equation (5). With some 
simple algebraic modifications equation (14) can be 
modified to the form   
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H

M

M

iF Fe



 (15) 

where MP is the mass of the pile and  is a variable 
expressing the time in L/c units. It is thus apparent 
that the force in the pile is also affected by the ratio 
of the pile and hammer mass. 

2.1.1 Maximum Force at Pile Base 
When the initial wave Fi(t) reaches the pile base it 
starts to move. The force Fp(t) at the pile base will 
increase with increasing displacement. At equilibri-
um 

( ) ( ) ( )p i rF t F t F t 
 (16)  

where Fr(t) is the reflected wave. For the case that 
the material below the pile is infinitely rigid, which 
is of interest in the case of pile vibrations, then Fr 
=Fi and Fp= 2Fi. In this case, the downward directed 
compression wave will be reflected and the stress 
will increase by up to 100%. Thus, it is possible to 
estimate with rather simple theory the upper limit of 
the force Fp that can occur at the pile base during 
hard driving.   

2.1.2 Impact Velocity vs. Energy 
To illustrate the limitation of the energy concept, 
two pile driving cases are compared. It is assumed 
that both piles are driven with the same energy. At 
first a hammer with a mass of 4 tons strikes the pile 
from a height of 1 m, yielding an energy of 40 kJ. 
The impact velocity v is obtained from 

2v gh
 (17) 

It should be pointed out that the impact velocity 
is independent of the mass of the hammer. At a drop 
height of 1 m, the velocity at hammer impact is 4.3 
m/s. In the second case, a hammer with a mass of 2 
tons strikes the pile from a height of 2 m, thus gen-
erating the same energy (40 kJ). However, the im-
pact velocity is 6.3 m/s. The stress in the pile P can 
be calculated, based on equation (5), from the fol-
lowing relationship 
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The stresses in the respective piles are calculated, 
using the material properties given in Table 1. In the 
case of a concrete pile and assuming the same driv-
ing energy, but increasing the drop heights (from 1 
to 2 m), the stress in the pile increases from 44 MPa 
to 63 MPa.  

 
 

Table 1. Typical Material Properties for Driven Piles 

Material  Density,  Modulus EP Wave veloci-
ty, CP 

 (kN/m3) (MPa) (m/s) 

Steel 78.5 210 000 5120 
Concrete 24.5 40 000 4000 
Timber 10 16 000 3300 

 

2.1.3 Maximum Stress in Pile 
It may be of interest to determine maximum force 
that can be propagated in the pile. The maximum 
stress in a pile can be calculated by inserting equa-
tion (17) in equation (18) 

2P
P cr

P

E
gh

c
 

 (19) 

from which the critical drop height hcr can be calcu-
late for different pile materials 

max

2

2
crith

g E






 (20) 

In the case of a concrete pile with cylinder 
strength ranging between 30 and 60 MPa and the 
material properties listed in Table 1, the critical (ef-
fective) drop height varies between 0.47 m and 1.9 
m. In the case of a steel pile with a dynamic strength 
of 450 MPa, the critical drop height increases to 6.3 
m. 

The above brief discussion demonstrates that 
stress wave propagation during pile driving is affect-
ed by several factors, such as hammer weight, ham-
mer impact velocity and pile impedance. It is thus 
not surprising that a single parameter, driving ener-
gy, cannot describe the pile driving operation cor-
rectly.  

2.2 Pile-Soil Interaction  

The total soil resistance Rtot during pile driving is 
composed of a displacement-dependent (static) 
component Rstat and a velocity-dependent (dynamic) 
component Rdyn 

tot stat dynR R R 
 (21) 

A fundamental aspect of predicting ground vibra-
tions due to pile driving is that ground vibrations are 
caused by the dynamic soil resistance. Thus, if a pile 
is pushed slowly into the ground, the dynamic re-
sistance does not exist and ground vibrations will be 
negligible. If the penetration velocity increases, the 
dynamic soil resistance (Rdyn) increases, and conse-
quently giving rise to ground vibrations. Thus, the 
dynamic soil resistance and ground vibrations are 
closely associated, as will be discussed in the fol-
lowing sections.  

2.2.1 Dynamic Base Resistance 
The soil resistance below the pile can be modelled 
conceptually as a spring with stiffness k and a dash-
pot with viscous damping c (JcZP) Figure 7. When 
the pile base is moved a distance u, the total force at 
the pile base, Rtot is resisted by a static component, 
which depends on spring stiffness k, and on a dy-
namic component, which depends on damping, c (Jc 
Zp). 

Goble et al. (1980) suggested that the dynamic re-
sistance at the tip of the pile can be expressed by the 
following relationship 

dyn c P PR J Z v
 (22) 

where Jc is a dimensionless damping factor. It is 
generally assumed that Jc depends only on the dy-
namic soil properties. Typical values of Jc were de-
termined empirically and typical values are given in 
Table 2. 

 
 

Table 2. Damping factor Jc for different soils (Rausche et al. 
1985). 
 

Soil Type Jc 

Clay 0.60 – 1.10 
Silty clay and clayey silt 0.40 – 0.70 
Silt 0.20 – 0. 45 
Silty sand and sandy silt 0.15 – 0.30 
Sand 0.05 – 0.20 

 

 
Figure 7. Model of pile base interaction according to Smith 
model. 

 



The damping factor Jc is generally considered to 
depend only on the dynamic soil properties. Howev-
er, Iwanowsky & Bodare (1988) derived the damp-
ing factor Jc analytically, using the model of a vi-
brating circular plate in an infinite elastic body. In 
this way it was possible to describe the interaction 
between the pile base and the surrounding soil. They 
showed that the damping factor Jc depends not only 
on the soil but also on the impedance of the pile at 
the tip. They arrived at the following relationship  

2 s
c

P

Z
J

Z


 (23) 

which implies that the damping factor is a function 

of the ratio of the soil impedance and the pile im-

pedance. The dynamic component of the driving re-

sistance at the tip can thus be readily calculated from 

2dyn s PR Z v
 (24) 

The damping factor Jc does not appear in equa-
tion (24), cf. equation (22). Instead, the soil imped-
ance Zs is sufficient to determine the dynamic behav-
iour at the pile-soil interface. In Table 3, typical Jc 
damping values are calculate according to equation 
(23) for pile with material properties, as stated in 
Table 1. Thus, it is possible to determine Jc factors 
for different pile types, geometries and material 
properties. 

 
Table 3. Values of the Jc damping factor for different pile ma-
terials. An average soil density of  = 1.8 t/m

3
 was chosen. For 

pile material properties cf. Table 1.  

 Compression wave velocity at pile base, cPsoil (m/s) 

Material 250 500 750 1000 1250 1500 

Steel 0.02 0.04 0.07 0.09 0.11 0.13 

Concrete 0.09 0.18 0.28 0.37 0.46 0.55 

Wood 0.27 0.55 0.82 1.09 1.36 1.64 

2.3 Dynamic Soil Resistance at Base of Pile  

The dynamic soil resistance below the pile base can 
be modelled using the theoretical concept developed 
by Herlitz (1984). He presented a closed-form solu-
tion of the displacement of the centre of a circular 
plate for arbitrary time-dependent forces acting in an 
elastic body. He also gave the expression of the dis-
placement for a step-load, which was used by Boda-
re & Orrje (1985) to describe the response of a plate 
subjected to a quadratic sinusoidal force. The dis-
placement u0 at the centre of a circular plate inside 
an elastic medium, when subjected to a uniformly 
distributed step load F0 can be described by the fol-
lowing three terms 
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 (25)  

using the following definitions 
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where  is Poisson’s ratio. The specific impedance 
of the material z is defined as 

sz c G  
 (27) 

where  is the material density and G is the shear 
modulus. The mass of the sphere with a radius a in 
the elastic material is defined as follows 

34

3
m a 

 (28) 

The parameters ts and tp are the times for a trans-
verse or longitudinal wave to travel one radius a 

;s p

s p

a a
t t

c c
 

 (29) 

By differentiation of the first part of equation (25) 
with respect to time, it can be seen that the velocity 
at the centre of the plate is constant 

0 0 22

s
v F

a z


 (30) 

In the second part, the acceleration a0 at the cen-
tre is constant 

0 0

2

3
a F

m


 (31) 

In the third part the displacement is constant and 
is the same as the static displacement 
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
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 (32) 

The displacement u0 at the centre and the average 
displacement uav is illustrated in Figure 8. 

For the case of a plate inside an elastic medium, 
the relationship between force F0 and the particle ve-
locity v0 is given by equation (30). This relationship 
can be rewritten to express the stress as a function of 
the velocity 

0 0 0

2
2 p

z
v c v

s
  

 (33) 



 

 
Figure 8. Schematic illustration of the displacement at the cen-
tre, u0 and the average displacement uav due to a step load uni-
formly distributed across a circular area of radius a, Bodare & 
Orrje (1985), cf. equation (25). 

 
This stress-particle velocity relationship accord-

ing to equation (33) is shown in Figure 9. Orrje 
(1996) used this relationship to analyse the dynamic 
response of a plate impacting on an elastic half 
space. 

Figure 9 demonstrates that the specific impedance 
z can be determined from field tests if the mobilized 
dynamic stress is plotted versus the velocity during 
impact of the plate. By rearranging the terms of 
equation (30) it is possible to determine the particle 
velocity that is transmitted from the plate to the un-
derlying soil. The vibration velocity vmax which is 
generated due to the mobilized stress, mob can be 
determined from the following equation 

max *

mob

s

v s
c






 (34)  

where c
*

s is the shear strain-dependent shear wave 
velocity.  

 

 
Figure 9. Relationship between dynamic stress s and velocity v 
during dynamic loading of a plate in an elastic material, cf. 
equation (32). 

 

 
The shear wave velocity decreases with strain level 
and can be calculated from  

*

s c sc R c
 (35) 

where cs is the shear wave velocity at small strain 
and Rc is the wave velocity reduction factor. The ef-
fect of shear strain on the deformation properties of 
fine-grained soils was discussed in detail by Mas-
sarsch (2004). Semi-empirical solutions are availa-
ble to estimate the shear wave velocity at small 
strain and the effect of shear strains. Massarsch 
(2004) showed that in the case of fine-grained soils 
the shear wave reduction factor, Rc depends on the 
plasticity index, IP of the soil. In Figure 10, the in-
fluence of shear strain on the shear wave reduction 
factor Rc is given. 

In soils with low plasticity (sandy soils), the shear 
wave velocity at large strain (failure) can decrease 
by over 70 %. For example, in a sandy silt, the shear 
wave velocity can decrease from its maximum value 
of around 100 to 150 m/s at small strains (<10

-4 
%) 

to about 30 to 50 m/s at failure (strains exceeding 1 
%). In soils with higher plasticity, the reduction of 
the shear wave velocity will be considerably smaller. 
In case of a plastic clay (IP = 50 %) the shear wave 
velocity will decrease by about 45 % of its maxi-
mum value. The effect of shear strain on wave prop-
agation velocity and thus also on the soil impedance 
is generally neglected, but is of great importance for 
accurate predictions of pile-soil interaction and wave 
propagation in the near-field. 

2.4 Dynamic Soil Resistance along Shaft 

The dynamic force transmitted to the soil FDm can be 
calculated based on the following relationship 

* *

max maxDm sF v z v c 
  (36) 

 
 

 
Figure 10. Reduction of shear wave velocity as a function of 
Plasticity Index, IP for different shear strain levels, cf. equation 
(35). 

 



where vmax is the maximum velocity of the pile and 
z* is the strain-dependent impedance of the soil at 
the interface with the pile. As mentioned previously, 
the shear wave velocity – and thus the impedance of 
the soil - decreases with strain level, cf. Figure 10. 
Thus, there is an upper limit to the vibration energy 
which can be transmitted along the pile shaft (and at 
the pile base). The maximum vibration velocity, vmax 
which is transmitted from the pile shaft to the soil 
can be estimated from 

max *

Dm

s

F
v

c


  (37) 

3 PREDICTION OF GROUND VIBRATIONS 

3.1 Dynamic Pile-Soil Interaction 

In order to make rational predictions of ground vi-
brations during pile driving, it is important to con-
sider the most important factors, which control the 
transfer of driving energy. As has been shown 
above, these factors are: hammer impact velocity 
and mass, pile impedance and dynamic soil re-
sistance along the shaft and at the base of the pile. It 
is possible to estimate – based on the above given 
relationships - the upper limits of the vibration ve-
locity which can be transmitted along the pile shaft 
and at the base.  

The significance of different parameters can be 
assessed by relatively simple analytical methods. 
However, a more reliable prediction of vibration 
propagation in the pile can be made based on dy-
namic measurements during pile driving. Stress 
wave measurements have gained widespread ac-
ceptance and details of performing such measure-
ments are not presented in this paper. Figure 11 
shows a principle drawing of the results of stress 
wave measurements in a pile during driving. From 
the velocity and strain measurements, the force in 
the pile and the shaft resistance can be readily de-
termined. 

Based on such measurements it is possible to ob-
tain a rather clear picture of the location (source) and 
extent of vibration emission from the pile shaft and 
at the base. It is also possible to obtain the input pa-
rameters (mobilized resistance) for assessing the dy-
namic interaction between the pile and the soil along 
the shaft and at the base.  

3.2 Vibration Propagation in Elastic Materials 

Sophisticated computational methods are available 
for studying vibration propagation in complex 
ground conditions. However, the propagation of vi-
brations in the soil can then be assessed using rela-
tively simple, well-established methods (Massarsch, 
1992). 

 
Figure 11. Principle sketch of results from stress wave meas-
urements in a pile. 

 
The vibration amplitude A2 at distance R2 can be cal-
culated if the vibration amplitude A1 is known at dis-
tance R1 

2 1( )2 2

1 1

( ) R RnA R
e

A R

 

 (38) 

The exponent n depends on the wave type as 
shown in Table 3. 

 
Table 3. Exponent n for Different Wave Types   

Wave type Exponent n 

Body Wave 1.0 
Body Wave at surface 2.0 
Surface wave 0.5 

 
The attenuation of ground vibrations is strongly 

affected by the absorption coefficient , which de-
pends on the soil damping coefficient D, the vibra-
tion frequency f and the shear wave velocity cS (for 
the case of compression waves, cp should be used) 

2

s

D f

c


 

 (39) 

For the case of vibration propagation in an elastic 
medium (far-field problem), the soil damping coeffi-
cient D is on the order of 3 – 6%. However, at large 
strain in the near field of the vibration source, soil 
damping can increase significantly.  

Values of the absorption coefficient , given in 
the literature vary within a wide range and make a 
rational analysis difficult. Comparison of measured 
and predicted vibration velocity values based on 
equation (38) and (39) show good agreement. How-
ever, it is important that the effect of shear strain 
level on the wave velocity is taken into considera-
tion.  



4 CONCLUSIONS 

Empirical vibration attenuation relationships, which 
are based on the energy transmitted to the pile using 
the concept of scaled distance, are not reliable, as 
they do not take into account basic pile dynamic 
considerations. Two major shortcomings are the def-
inition of the scaled distance using hammer impact 
energy and the fact that dynamic pile-soil interaction 
is neglected. Thus, it is not surprising that the scatter 
of reported results is large and not acceptable for re-
liable prediction of ground vibrations. 

The fundamental aspects of hammer-pile-soil in-
teraction are presented, which make it possible to es-
timate the particle velocity and thus the dynamic 
forces in the pile. Instead of the hammer energy, the 
impact velocity at the pile head is a more suitable 
parameter on which to base prediction of ground vi-
brations.  

The distribution of the dynamic soil resistance 
along the pile shaft and at the pile base depends on 
the dynamic pile and soil properties. A fundamental 
parameter required for the analysis of pile vibration 
problems is the impedance. The main advantage of 
stress wave theory is that the relative importance of 
different parameter can be evaluated in a rational 
way, thereby giving a better understanding of this 
complex problem. 

The most important aspect of dynamic pile-soil 
interaction is the fact that the intensity of ground vi-
brations depends on the impedance of the soil and on 
the particle velocity. It is possible to estimate the 
dynamic response based on theoretical considera-
tions. This information can be used to select appro-
priate driving equipment and pile types. 

The most reliable method of predicting ground 
vibrations is by stress wave measurements during 
pile driving. In this way it is possible to determine 
the source(s) of vibration during different phases of 
pile installation.  
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