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Soil Behavior under Vibratory Driving 
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ABSTRACT : Vibratory driving of piles and soil densification raise several engineering issues including the 
long-term bearing capacity of the installed pile, its vibratory penetration resistance, the performance of vibra
tors, the degradation and liquefaction of the soil around the vibrated profile, and vibratory nuisance to the en
vironment. An argument is made that those issues will be adequately tackled once combined into a compre
hensive framework of analysis where proper understanding of soil behavior is the key. The present paper 
reviews our current engineering ability to assess vibro-drivability, i.e. predicting the vibratory penetration log 
of a given pile into a given soil profile using a given vibrator. Testing undertaken to provide insight into the 
pile-soil-vibrator interaction and its modelling is then emphasized. Several available methods to establish the 
vibratory performance of a pile from its vibratory capacity are discussed. A rational procedure to model the 
dynamic nonlinear soil structure interaction during pile vibratory driving is discussed in more detail. Degrada
tion of the skin friction upon cyclic shear stress is evaluated by applying elements of earthquake engineering 
practice used to assess liquefaction potential. The present ability to assess the vibratory capacity of a pile from 
the monitoring of its vibratory performance is critically reviewed. Finally, suggestions for further research, 
design and practice are provided. 

l INTRODUCTION

1.1 Scope 

The main purpose of this key-note paper is to present 
the author's present view on soil engineering issues 
relating to the drivability of piles and sheet-piles using 
vibrators and the inverse problem, i.e. deriving the 
pile resistance from its vibratory performance. It is 
based on a survey of the relevant literature and origi
nal research in the area. 

l .2 Historical Development

The vibratory driving technique appears to date back 
to the early 30's when it was simultaneously devel
oped in the fonner USSR and in Gennany (Rodger 
and Littlejohn, 1980). The observation by the Russian 
soil dynamics researcher Pavyluk that soil resistance 
could be reduced thanks to vibrations led to the indus
trial use of vibrators to drive piles, according to Bar
kan, 1960. Extensive research on the effects of vibra
tion on soils was conducted in the 40's and 50's by 
Barkan, while the vibratory driving technique was 
gaining acceptance as an economical and effective 
means of installing piles and sheet piles in appropriate 
soil conditions. Major vibrators manufacturers are 
now located in Germany, France, The Netherlands, 
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USA, the Former Soviet Union and Japan. Although 
technological developments have been brought to en
hance the initial concept and extend commercial ap
plication of vibrators, little is mastered by the engi
neer when it comes to addressing soil related issues. 
That limitation in the engineering knowledge is 
viewed by many as an impediment for the vibratory 
driving technique to enjoy its full potential. 

1.3 Phenomena at Play 

Three major actors play a role in the mechanics of the 
vibratory driving process, as illustrated in Fig. 1 : (l) 
the pile to be driven, (2) the selected vibrator, and (3) 
the imposed soil conditions. The pile can be folly de
scribed by its material and geometry. The vibrator 
mechanical behavior can be assessed based on its 
specifications and operational range, as discussed in 
Section 2. Soil conditions are usually characterized 
by means of standard investigation tools such as CPT 
soundings, borings and laboratory tests. 

Those investigation tools are geared towards answer
ing general design questions (mostly static) but are not 
well suited to characterize soil behavior under pile in
stallation conditions, specially if the piles are vibra
tory driven. 
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Figure 1. Vibratory Driving : Players and [ssues 
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Because it is has been established for more than 
half a century that soil resistance during vibratory 
driving (likewise during impact driving) is lower than 
the long-term bearing capacity, these two resistances 
should be distinguished. As shown in Fig. 2, one can 
estimate the vibratory capacity from the long-term 
bearing capacity by taking soil degradation effects 
into account. Conversely, one can estimate the long
term bearing capacity from the vibratory capacity if 
soil set-up can be accounted for. 

A fundamental understanding of soil behavior un
der vibratory loading is required to establish the rela
tionship between the pile vibratory resistance and its 
long-tenn bearing capacity. Soil resistance degrades 
upon cyclic shearing mainly because of fatigue of the 
soil skeleton in cohesive soils (Vucetic, 1992), and of 
effective stress reduction in granular soils 
(Casagrande, 1938). The effective stress can be ulti
mately reduced to nearly zero, at which point the soil 
behaves in a fluid-like manner. These phenomena will 
be reviewed in more detail in Section 3. 

1.4 Engineering issues 

Engineering issues related to vibratory driving cover 
many facets, as illustrated in Figs. 1 and 2. They 
prompt the following questions 
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Figure 2. Installation and design process of vibratory driven 

piles 

- What is the long-term bearing capacity of the in
stalled pile? We know it depends on the pile ge
ometry, on the soil parameters, but also on the vi
bratory process. 
How are the soil's long-tenn strength parameters 
influenced by the vibratory process? By how much 
will the soil compact, and what is the magnitude of 
the potentially induced settlement? 
How are vibrations transmitted to the surrounding 
soil, and how much potential damage can they 
cause to neighboring structures? 

- Will a given vibrator be able to drive the pile to the 
required design depth? If so, at what speed? Are 
there soil types that strongly limit vibratory pene
tration depth? 

- Are there ways to assess the vibratory capacity of a 
pile from the monitoring of its vibratory perform
ance? 

- Is there a vibratory testing technique and 
interpretation leading to estimating the long-term 
pile bearing capacity? 
One can actually state that all issues will be prop

erly tackled when combined into a comprehensive 
framework of analysis where proper understanding of 
soil behavior is the key. As clarified in Fig. 2, the 
present paper will focus on our cuJTent engineering 
ability to assess vibro-drivability, i.e. to predict the vi
bratory penetration Jog of a given pile into a given soil 
profile using a given vibrator. Testing undertaken to 
provide insight into the pile-soil-vibrator interaction 
and its modelling will be reviewed in Sections 4 and 
5. We will then focus on some available methods to 
establish the vibratory performance of a pile from its 
vibratory capacity (Section 6), and look into the po
tential to establish the reverse relationship (Section 7). 
Finally, Section 8 provides suggestions for further re
search, design and practice. 



Because of space limitations, the paper does not 
focus on other important engineering issues such as: 
bearing capacity of vibro-driven piles derived from 
soil characterization, vibrations transfen-ed to the en
vironment, and equipment specifications. 

2 PILES AND VIBRATORY EQUIPMENT 
2.1 Vibrated Piles 
Pile types or profiles mostly used in combination with 
the vibratory driving technique include: 
- sheet piles installed for temporary shoring, coffer

dam and pennanent retaining and containing walls, 
- H-piles vibro-driven as deep foundations or vi

brated to help install underground hydraulic bani
ers, 

- Tubes to install cast-in-steeJ:-shell (CISS) piles 
- Precast prestressed concrete piles 
- Steel profiles to vibro-cornpact granular soils at 

depth. 
Port, harbor, near-shore and offshore projects very 

often take advantage of the vibratory penetration 
techniques, as the environment lends its self to sub
stantial tolerance of vibratory disturbances. 

Steel and concrete profiles are generally cylindrical 
or prismatic, and can be characterized by the follow
ing geometrical. and mechanical properties 
A [m2]: profile section 
L [ m]: profile length 
X [m]: profile perimeter 
E [Mpat Matetial Young's Modulus 
p [kg/m ] : Material volumic mass 

The profile section can be more fully characterized by 
its shape, and inside and outside perimeters if closed. 
This allows one to calculate the areas of the profile in 
longitudinal and transversal contact with the soil, once 
an embedment depth z [ m] is assumed. The mass of 
the profile M

p 
equals pAL [kg] while the longitudinal 

wave speed in the profile is given by 
c=� EI p [ m Is] . 

Although they may at time play an important role, 
transversal and :flexural properties of the profile will 
generally be ignored in the analysis that confines itself 
to the longitudinal behavior of the profile. 

2.2 Mechanical action of a vibrator 
The mechanical action of a vibrator onto a profile 
consists of two part: a vibratory action and a station
ary action. 

The vibratory action imparted to the pile is pro
duced by counter-rotating eccentric masses actuated 
within an "exciter block", as shown in Fig. 3a. The 
centrifugal forces acting as a result of inertial effects 
on an even number of symetrically moving masses 

5 

Eccentric 
masses 

Molar 

Clamp 

r] e4 r(y,y, ... )? 
1i·,dt 
t� 

(b} ... 

Figure 3, Mechanical action of a vibrator 

combine into a sinusoidal vertical force 

FJt) = me .CO
2 sin (cot)= Fe sin (wt) (1) 

where 
Fe

= maximum centrifugal force of the vibrator [N] 
me = eccentric moment of the vibrator [kg.m] 
ro = angular frequency of the vibrator [rad/s] 

Alternative quantifications of the angular frequency 
are the rotation speed R [rpm] and the frequency v 
[Hz], with: 

R = 60 v =60 · (colm) (2) 

The vibratory action can be therefore assessed once 
both the eccentric moment and the operating fre
quency are known. That acJion.will b_eJ2al.anced_by_r_e_:: 

_active_ inertial effects of masses undergoing the im-
arted vibratory movement and by soil- reactions 

opposing-the ·profifemovement. Provrdec.Cthe-center 
of gijivity"oftherotating masses be ongs at a times -
to the -rofile neutrai axis, the exciterfilock-is ·assumed 
o exert a 12urel Ion itudinal force onto the rofil�:...._ 

The exciter block is connected to the profile via a 
clan1ping device and is suspended to a carder. The 
suspension device includes a vibration isolator 
mechanism consisting of a quasi-stationary heavy 
mass directly suspended to the suspension hook and 
an intervening spring, generally consisting of elas
tometer pads. 

The vibrator can be viewed as a two degrees of 
freedom system moving in the longitudinal direction 
(see Fig. 3b) : an exciter block of mass Meb and an 
isolator block of mass Mib·, sometimes called bias 
mass. Therefore Mvib = Meb + Mib· Those two masses 
are interconnected via an isolation spring with con
stant ki, In addition to the effort generated by that 
spring, the mass Meb is subjected to gravity (g) and the 
sinusoidal force described by eq. (1) whereas the mass 
Mib is subjected to gravity and the suspension force T. 
The net quasi-stationary action on the pile resulting 
from the earner operation and vibrator is the weight of 
the vibrator mass and its clamp Mei deducted by the 
suspension force: 



Fs [NJ = (M,,;b + Mc1
). g-T (3) 

2.3 Vibrator Movement 

The movement of the vibrated body will depend on its 
so-called dynamic mass and the soil resistance. Speci
fications of vibrators often list a "maximum ampli
tude" Ssp

· That number [generally expressed in mm] 
corresponds to the total (i.e. double) amplitude of 
movement for a free hanging vibrator, thus assmning 
a dynamic mass consisting of the exciter block Meb 
and the clamping device Met : 
ssp = 2 So = 2 me/ (Meh + Mel ) (4a) 

It should be noted that the double amplitude does 
not depend on the operating frequency, as the center 
of mass of the free mechanical system remains sta
tionary, irrespective of the frequency. The amplitude 
of the free hanging pile to be vibrated will always be 
smaller than the specified amplitude, as can be de
rived from eq. (4a), where the dynamic mass is in
creased by that of the pile (pAL). 

2s=S . Mah +Mc1 
sp Meb +Mc1 +Mp 

(4b) 

with s = actual (single) amplitude of the dynami.c 
mass. 

A power for the vibrator is often listed in the speci
fications. It generally cotTesponds to the nominal 
power of the motor actuating the eccentric masses. It 
does not con-espond to standardized operational con
ditions of the vibrator in action. Power consumption 
is indeed dependent upon testing conditions. Barkan 
suggests that under pile vibratory conditions, the 
power follows a squared velocity Jaw: 

W [kW] = Mdyn . n. (s w)2 

=/3, ·W, (4c) 

Experimental verification of that law shows the n 
value to depend on soil type and pile type; a range of 
15 to 50 Hz is observed. 
O'Neill and Vipulanandan (1989) provide an expres
sion of the theoretical power required to maintain the 
vibrating regime of a dynamic mass in the absence of 
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soil reaction but accounting for the presence of the 
isolating spring and the bias mass Mib· That formula 
is however of limited practical use as it provides 
very low estimates of the power. 

It is the author's opinion that power limitation of 
the equipment is neither sufficiently characterized, 
nor (therefore?) properly accounted for in vibratory 
driving analyses conducted to date. 

2.4 Types of vibrators 

Two main types of vibrators are commercially avail
able: hydraulic and electrical. In both cases, the motor 
is housed in the vibrator and powered through a 
transmission line connected to a separate or carrier
mounted diesel-hydraulic or diesel-electric power 
pack (see Fig. 3a). Hydraulic vibrators are lighter than 
their electrical counterparts, because of the smaller 
size of the motor. The adjustment of the operating 
frequency is more readily available on the hydraulic 
vibrators, which also explain why they are more 
commonly used. 

Five types of vibrators can be distinguished based 
on operating frequency and eccentric moments, as 
summarized in Table 1. 

It can be noted that initial improvements of the 
vibratory driving technique targeted the speed of 
driving, whereas more recent improvements are at
tempting to mitigate environmental impacts associ
ated with the technique. Noteworthy amongst recent 
developments is the "variable vibrator", which can 
adjust on-the-fly its effective eccentricity by shifting 
the phase angle between a multiple of 4 masses. The 
claimed advantage of such an adjustment is to avoid 
"soil resonance", a term coined after the observation 
that vibration levels pass through a peak upon vibra
tion sta1t-up and shut-down. This phenomenon will 
however be shown later not to be necessarily related 
to a particular frequency. 

Vibrator choice amongst practicionners is gener
ally based on experience and field verification. 
Rodger and Littlejohn (1980) have summarized that 
body of experience into a table recommending fre
quency and amplitude parameters for different piles 
and soil types. Those recommendations are repro
duced herein as Table 2. 

Type Frequency range [rpm] Eccentric moment Maximum centrifugal Free hanging double 
[kg.m] force [kN] amplitude [mm] 

"Standard frequency" 1300-1800 up to 230 upto 4,600 up to 30 
High frequency 2000-2500 6 to45 400 to 2,700 13 to22 
Variable eccentricity 2300 10 to 54 600 to 3300 14 to 17 
Excavator accessory 1800 to 3000 l to 13 70 to 500 6 to20 
Resonant driver 6000 50 20,000 (in theory) Self destructing 
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Table 2. Vibrators classification (after Rodger and Littlejohn, 198 0) 

Cohesive soils Dense cohesionless soils I Loose cohesionless soils 
All cases Low point resistance High point resistance I Heavy piles Light piles 
High acceleration High acceleration Low frequency. Large displacement amplitude High acceleration 
Low displacement amplitude 

Predominant side resistance Predominant side resistance. Predominant end resistance. Predominant side resistance. 

Requires high acceleration for Requires high acceleration Requires high displacement amplitude and low Requires high acceleration 
either shearing or thixotropic for tluidization frequency for maximum impact to permit elasto - for fluidization 
transformation plastic penetration 

Recommended parameters 
v > 40 Hz v: 10-40 Hz 
a: 6-20 g a: 5-15 g 

s:1-l0mm s :l-l0mm 

3 SOIL BEHAVIOR UNDER VIBRATORY 
LOADING 

3 .1 Fundamentals 

As the profile undergoes a vibratory vertical motion of 
amplitude s, it communicates to the lateral neighbor
ing soil shear stresses and shear strains, as sketched in 
Fig. 3b. It is also forcing normal and po-tentially 
convective movement of soil below the pile toe.As 
those mechanisms govern soil resistance along the 
shaft and at the toe, the understanding of the shear 
stress/shear strain relationship, i.e. 't (y), within the 
soil becomes of paramount importance. 

That aspect of soil behavior has been more exten
sively studied within the field of ea1thquake engi
neering, leading to the characterization of so-called 
constitutive relationships, generally on the basis of 
laboratory testing of soil samples (mainly triaxial 
testing and simple shear testing). The constitutive re
lationships that represents the complex large-strain, 
dynamic and cyclic shear stress-strain strength, be
havior of the medium surrounding the vibrating pro
file require the characterization of the following ele
ments: 

Static stress-strain law expressing nonlinear be
havior under monotonic loading and hysteresis 
upon strain reversal, 
Shear modulus at small strains and ultimate 
shear strength, 
Softening and increase of hysteretic damping 
with increasing strain, 

• Effect of strain rate on initial shear modulus and 
ultimate strength, 

• Degradation of prope1ties resulting from the ap
plication of numerous cycles, and last but not 
least, 

• Generation of excess pore pressure leading sub
stantial loss of resistance and possibly to lique
faction. 

The following paragraphs address key compo
nents of the constitutive relationships and provide 
insight on the intrinsic soil. behavior in the vicinity 
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v :4-.16Hz v: 10-40 Hz 
a: 3-14 g a: 5-15 g 

s: 9-20 mm s: 1-10 mm 

of the vibrating profile. 

3.2 Static and Cyclic Stress-strain Behavior 

A typical soil response to uniform cyclic strains 
with amplitude Ye is represented in Fig. 4, which 
highlights the following fundamental parameters: 
Gmax : initial (or tangent) shear modulus 
'tc : shear stress mobilized at Ye 
G5 : secant (or equivalent) shear modulus 
A : hysteretic ( or intrinsic) damping ratio; 

l=�W I 2;ry
c 
r

e 

with � W = Energy lost during a given cycle. 

(5) 

Both Gs and 'A, are strain-dependent parameters 
that need to be described by specific laws within a 
given cycle. 'tmax is the ultimate shear strength, re
vealed at large strains. 'tmax and Gmax are shown to 
decrease with the number of cycles ( cyclic degrada
tion). 

3.3 Initial Shear modulus and ultimate shear 
strength (Gmax and t;na.,J 

Numerous studies have dealt with the initial shear 
modulus to be used in eatthquake engineering ( e.g. 
Dmevich et al., 1967). Most of them are supported by 
parameters determined in the laboratory which are 
generally not available when a vibratory penetration 
issue arises. However, c01Telatins with CPT test re
sults have been more recently developed (Seed and 
De Alba, 1986, Robertson and Wride, 1998) 

3 .4 Secant Shear Modulus and Hysteretic Damping 
(Gs andl) 

As can be observed in Fig. 4, Gs decreases with the 
shear strain during the initial monotonic loading. 
The curve that represents the initial monotonic load
ing is referred to as the initial "backbone" curve, be
cause it also serves as the basis to generate the 
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Figure 4. Soil Behavior under Constant Cyclic Shear Strain 
Amplitude Loading (From Vusetic, 1993; l994) 

family of curves corresponding to unloading and re
loading. Kondner's mathematical formulation (1963) 
is frequently employed to describe the initial back
bone curve in earthquake engineering. That hyper
bolic law is best represented in tenns of reduced 
variables, Tl, the mobilization ratio and 8, the relative 
shear: 

1J =T /-rmax = o /(o+l) 

with 0 =y/y r =y · Gmux /r max 

and r,. = Tmax I Gm�x 

(6) 

Yr is called the reference strain. Two of the three 
parameters Gmax, Yr, and 'tmax, are generally derived 
from laboratory experiments. More extensive labora-
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tory surveys by Robertson and Wride (1998) point 
towards the upward curvature of the stress/strain 
curve at large cyclic strains. 

From the point of maximum straining, the 
unloading curve is described by the following equa
tion, in accordance with Masing's rules 1 and 2 
(Masing, 1926): 

r =ro(Y -ro)l(l/Gmax+(yro)/2-rmaJ (7) 

The energy dissipated within a loop depends for a 
given soil on the amplitude of the cyclic strain. Em
pirical data coUected in laboratory tests indicates that 
the damping ratio increases with Ye as the soil un
dergoes higher plastic deformations. 

Dobry and Vucetic (1987, Vucetic and Dobry, 
1991, and Vucetic,1993 and 1994) have suggested a 
unifying approach to accommodate the influence of 
the nature of the material characterized by the plas
ticity index (PI), as indicated in Fig. 5 

3.5 Strain Rate Effects 

Although it is well known that undrained modulus 
and shear strength increase with increasing strain rate 
( r=ay I dt ), experimental data generated using differ
ent apparatuses and loading conditions lead to differ
ent conclusions. Viscosity mechanisms may well 
provide a suitable framework to understand the strain 
rate effect observed when comparing fast and slow 
undrained monotonic stress-strain curves, as well as to 
explain the roundness of the loop tips during a sinu
soidal strain-controlled cyclic test. Evidence would 
point to the fact that sands and non plastic silts have 
very small viscosity in that their stress-strain loops 
exhibit sharp rather than rounded tips (Dobry and 
Vucetic, 1987). 

The mathematical functions proposed in the lit
erature to represent the nonlinear viscosity also de
pend on the type of experimental observations. A 
power law is often adopted 
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Figure 5. Soil stiffness degradation resulting from cyclic shear 
(Vucetic, 1993) 



'l' kin = r.,·ta . ( 1 + J . 'Y
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) (8) 

with 'tkin = kinetic ultimate shear strength [kPa] 
'tsta = "static" ultimate shear strength [kPa] 
r = shear strain rate [ f 1] 

The advantage of that mathematical fonn is that re
sistance does not vanish as the strain rate goes to
wards zero. The power law also requires the strain 
rate to vary by orders of magnitude to provide tangi
ble increases in both the modulus and the ultimate 
strength. The J coefficient and n exponent depend on 
the nature of the soil. Based on pile driving data, 

n=0.2 and J=0.3 s-0.2 have been suggested for plas
tic soils. J should therefore essentially depend on 
the plasticity of the soil and become quite limited for 
granular materials. 

3.6 Degradation Law 

When subjected to undrained cyclic loading in
volving a number N of large strain cycles, the soil 
structure continuously deteriorates, the pore pressure 
increases, and the secant shear modulus decreases 
with N. This process known as cyclic stiffness deg
radation can be best characterized on the basis of 
strain controlled tests for the type of loading in
volved with the vibratory penetration of piles. Typi
cal results of strain-controlled tests are sketched in 
Fig. 5, where the degradation is clearly expressed by 
the decrease of the amplitude of the peak stress mo
bilized at successive cycles. 

The quantification of the degradation process 
calls for the introduction of the degradation index i1, 
defined by: 

- 0.075 · 
ri 
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Figure 6. Effect of Plasticity Index (Pl) on soil degradation 
(Vucctic, 1993) 
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Laboratory results conducted at constant cyclic 
strain show that in many soils, the degradation index 
after N cycles can be approximated by the following 
relationship as suggested by Idriss et al (1978): 

(10) 

The exponent t, called degradation parameter, de
pends mainly on the amplitude of the cyclic strain 
and the nature of the material (PI), as suggested by 
Dobry and Vucetic (1988) and as indicated in Fig. 6 
Vucetic, 1993). It is noteworthy that the degradation 
parameter assumes a zero value at strains smaller 
than a cyclic "threshold" shear strain, 'Ycv The 
threshold strain increases with the plasticity of the 
soil, as suggested in Fig. 6. 

3.7 Soil liquefaction 

Vibration induced compaction of saturated sands has 
received attention not only from the earthquake en
gineering community, but also from vibro
compaction specialists. 

Recent advances tend to indicate that build up of 
pore pressures ( eventually leading to liquefaction) 
and volume reduction of cyclically loaded materials 
are the expression of the same phenomenon, i.e. the 
ineversible tendency for a particulate arrangement to 
achieve a denser packing when sheared back and 
forth. 

Under drained conditions, the volume reduction is 
immediate. Under undrained conditions, the ten
dency for volume reduction is expressed by an in
crease in the pore water pressure (see Fig. 7), such 
that the effective stress is reduced to a value that 
may be close to zero. It is then necessary to wait for 
the soil to consolidate in order to see the volume re
duction take place. 

The strain driven evaluation of the build up of 
pore pressure as suggested by Dobry et al. (1979) is 
an approach that lends itself to a direct transposition 
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Figure 7. Build up of residual pore pressure in different sands 

in undrained cyclic strain-controlled tests (Dobry et al., 1982) 



to the problem of the vibrations induced by a ve1ii
cally vibrating pile. It also allows one to evalua!e 
potential changes of the void ratio based on a cyclic 
strain rather than stress history, as supported by 
laboratory drained tests conducted on sands by Youd 
(1972). That framework of analysis entranced by the 
threshold cyclic strain concept embodies in a single 
model the intrinsic relationship between degradation 
and pore pressure build-up, with the advantage that it 
can be applied to general categories of soils (sands to 
clays) . . . The excess pore pressure generated dunng cyclic 
loading has been shown (see Fig. 7) to increase with 
the shear strain and the number of cycles for a given 
soil type. The damage parameter K approach (Finn, 
1981) can be adopted to evaluate the excess pore 
pressure 8u resulting from a paiiicular strain history, 
as characterized by the following equations 

du I dcr = ;i I 4- ln (1 + .rd2 ) (11) 

with Relative Energy Loss given by Eq. 5, and 
K = � eLY (16) with L = 5 and 
� = length of strain path ( 12) 

= 4 N Ye, for constant amplitude cycles 

4 PILE VIBRATORY DRIVING TESTING 

The above discussion of soil behavior under cyclic 
loading does not encompass the particular geometry 
of the profile-soil interface, nor does it consider the 
continuous penetration of the profile that leads to 
successive exploration stages into "virgin" soil be
havior. That is why a number of experiences have 
been conducted to reveal soil-structure interaction 
within a vibratory framework. Based on the ambi
tion and complexity of the tested interface, one can 
categorize various experiences reported in the litera
ture as conceptual, interface, and both reduced and 
full-scale testing. 

Time (sec) 

o 1 2 (b) Penetration logs 
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·
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(c) Influence of (d) Influence of 
acceleration water content 

Figure 8. Sphere penetration experiments (after Barkan, 1963) 
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4.1 Conceptual model testing 

Tests have been conducted by several Russian re
searchers to investigate the "vibro-viscous" resistance 
of soils. In particular, Barkan (1963) reports on the 
sphere test, shown in Fig. 8a, where a steel ball is 
sunk into a vibrated soil vessel with the assistance of a 
bias force. Penetration speed is shown to obey Stokes 
sedimentation law (see Fig. 8b), allowing one to de
termine an equivalent viscosity µ . The inverse of that 
equivalent kinematic viscosity [ cm.s/kg] was sho:vn 
to vary linearly with the relative level of accelerat1on 
(a/g), passed a threshold value of approximately 1.4 
for a dry sand (see Fig. 8c). The influence of the water 
content on the "vibro-viscosity factor 1/µ" of a sand 
vibrated at constant a/g is also shown in Fig. 8d, high
lighting the near total loss ofvibro-penetrability at op
timal water content. 

4.2 Pile-soil interface testing 

Soil shear strength resisting the pulling out of a vibrat
ing steel plate against a normal stress controlled me
dium sand ( vibratory direct shear box) has been inves
tigated in the early days by Levchinsky and 
Savtchencko (Bai·kan, 1963). The friction coefficient 
(tan <j> = r,/cr) was shown to decrease wi�h cyclic a_m
plitude and frequency. The ultimate relative reduction 
of the friction was also shown to increase with the 
grain size within the investigated range shown in Fig. 
9. Fig 9 shows that the sand vibratory friction angle 
can easily drop to ½ to 1/5 of its static value. 

4.3 Reduced scale tests 

Testing of model profiles in soil tanks were initially 
attempted by Bernhard (1968), Schmid and Hill 
(1966), continued by Rodger and Littlejohn (1980), 
Billet and Siffert (1985) and O'Neill et al (1990), 
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0.41----+-++-+.':'._9'--f--f-==+;��Y�:'::=:E� 
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Figure 9. Vibratory friction of sand (after levehinsky and 
Savtchencko, as reported by Barkan, 1963) 



and more recently by Viking ( 1998) and Holeyman 
et al (1999). The tests were generally conducted us
ing a lightweight vibrator acting on a hea�ily instru
mented profile. Monitoring included stram gauges, 
accelerometers and displacement transducers. The 
soil used was exclusively sand ( dry, moist, or satu
rated), placed at a controlled density, and in s?me 
cases, confined at a controlled radial stress. Momtor
ing of the soil response involved acc�lero_meters, _to
tal stress and pore pressure cells dunng mstallation 
as well as compaction and in situ testing after instal
lation. 

Insightful observations relative to the vi1?ratory toe 
resistance have been repoited by Schmid (1966), 
who identified three regimes, depending on the 
magnitude of the driving force: . . . - a sinusoidal resistance domam, for a dnvmg 

force lower than the "resistance threshold" 
an impact domain, when the upward force �x
ceeds the soil uplift resistance; the toe of the pile 
alternately separates from the soil and tamps it 
a phase instability domain, when the downward 
force exceeds the soil compressive resistance. 

Rodger and Littlejohn (1980) call upon accelera-
tion amplitude to distinguish: 

the elastic state (a<0.6g) 
the trans-threshold state (0.6g<a<l .5g), wherein 
most of the shear strength reduction takes place, 
the fluidized response state (a> l.5g). 

Although their views are contradicted by some of 
Barkan's observations, these three different states 
are stated to be confinned by dynamic direct shear 
tests performed by others. 

Results of tank experiments have been reported m 
terms of friction reduction coefficients, potential op
timal operation, and have shed some light on funda
mental soil behavior. Correlations have been estab
lished between penetration speed and parameters in
duced by the vibrator (amplitude, frequency) and by 
the soil (grain size, relative density, and lateral 
stress). Although conclusions of the tests conducted 
under different conditions do not consistently agree, 
those experiments generally identified that: . - penetration speed increased when the relative 

density decreased and the bias mass increased 
friction was reduced to 30 to 50% of its static 
value, while a more limited reduction was noted 
for the toe resistance 
optimum operation of the hammer required at 
times that the frequency or eccentric moment be 
reduced, while energy transfer was of the order 
of 40% of the full theoretical power produced by 
the vibrator 
a number of observations cannot be explained. 

Although reduced scale models are of use, they 
su ffer from improper boundary conditions ( at the 
tank limits) that significantly prevent the vibration 
energy from propagating away from its source. 

11 

4.4 Full scale tests 

Because of inconsistencies in the conclusions derived 
from reduced scale tests, research has been conducted 
in several countries based on full-scale tests. Early 
foll-scale programmes have been conducted by Bar
kan (1963) and Davisson (1970). Other program�es 
have been conducted by manufacturers on specific 
equipment, but lead to a limited diffusion of their 
conclusions. More recently, collective Ew·opean pro
grams have provided actual penetration speed, but 
within soil conditions that cannot be controlled, only 
characterized. Monitoring nowadays involvies_ accel
eration, strain, pore pressure, penetration speed, mak
ing the tested profile a folly instrumented probe. Such 
progran1s have produced results that hav_e �ot been 
fully analyzed or validated (BBRI, 1994, S1pd1s, 1997, 
Viking, 2002); others are being presently conducted 
(IREX, 2000, Borel et al., 2002). Publication of such 
research results is usually appreciated by the profes
sion. 

5 PILE-SOIL-VIBRATOR INTERACTION 
MODELS 

5 .1 Types of models 

Models that have been suggested by various authors 
differ in the way they account for mechanical engi
neering principles. We will review models purely 
based on (1) force equilibrium, (2) momentum con
servation, (3) energy conservation, and (4) integration 
of the laws of motion. 

5.2 Force equilibrium models 

The force models aim at predicting whether a vibrator 
can or cannot overcome an estimated soil resistance. 
They will not provide an estimate of the driving 
speed. Jonker (1987) and Warrington (1989) have 
suggested, respectively: 

(13a) 

Fv>r.,. ·z·z provided s > 2.38 mm (13b) 

With: 
Fe force generated by the vibrator, per eq. (l) 
F 1 inertia forces of dynamic mass, = Mdyn . a 
Fs surcharge force, per eq. (3) 
Po empirical factor of shaft resistance outside 

pipe pile, 
Rso soil resistance outside pile shaft, 
pi empirical factor of shaft resistance inside 

pipe pile, 
Rsi soil resistance inside pile shaft, 
Ri = soil resistance at pile toe. 

For sheet-piles Tunker Company recommends to 
replace X· z [m2] with 2.81 times the sheet-pile 
width. 



5 .3 Energy based models 
Energy based models assume the following general 
fonn: 

R. V p = /31 . w, + (F i + FJ . V p (14a) 

leading to a direct estimate of the penetration speed 

Vr =/J, · W,l(R-F;-F_,) (14b) 

With: 
R soil resistance, 
v

p 
average rate of penetration in m/s, 

Wt theoretical power delivered to the system, 
Fi ine1iia forces of dynamic masses. 

Davisson's formula ( 1970) to estimate the bearing 
capacity for the Bodine Resonant Driver suggests 

(15) 

where Se is an empirically determined set [mm/cycle] 
representing all energy losses. 

Warrington ( 1989) has coined eq. ( 14b) as the 
'Vibdrive' formula provided a value of 0.1 is used 
for �t and the power Wr is calculated according to 
his procedure. 

5 .4 Momentum conservation models 
Schmid (1968) has suggested a formula implying 
that, for steady-state penetration, the momentum of 
the total mass of the vibrator, additional bias mass 
(Ms), and pile accrued by gravity over a vibration 
cycle be balanced by the soil resistance impulse: 

(c (M.+Mvib+Mp
)g·T= l, Rdt=aRT

c 
(16a) 

with Tc = contact time between pile toe and soil 
within a cycle and a = coefficient between 0.5 and l, 
generally assumed to be 2/3. 

Conversely, the penetration speed follows a linear 
trend passed the threshold acceleration arnin, which 
becomes a key parameter to successfully apply the 
method and estimate Tc 

V (a-amJ[(M., +Mvih +MP)g
]

2 

(16b) 
P 

2v Ria 

5.5 Integration of laws of motion 
Comprehensive accounting of the laws of mechanics 
requires that movement be described at all times from 
inertial equilibrium conditions. The simplest models 
involve a single degree of freedom. 1-D models al
ready offer more detailed description of some fonn of 
wave propagation, whereas 2-D models might provide 
future solutions that integrate all types of wave propa
gation ( compression, shear, Rayleigh, etc .. ). 
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5.5.l Single degree ofjreedom (SDOF) 
Simplest models of the vibrator suggest that the dy
namic mass be the focus of attention, thereby assum
ing that the pile behaves as a rigid body. Newton's 
second law can therefore be applied to the dynamic 
mass : 

me-a/ sin( ox) 
a=-----

Mdyn 
(17a) 

where 

Mt1y11=Meb +Mcr+MP 
(17b) 

Holeyman (1993) has suggested a method that in
tegrates the inertial effects of the excess force. That 
excess force is defined as the difference between the 
sinusoidal driving force and the opposing soil resis
tance. A distinction is made between the skin friction, 
which is reversible (Uplift resistance = Downward re
sistance) and the toe resistance, which cannot produce 
uplift resistance. Attention is also paid to the clutch 
resistance, which is combined with the skin friction. 

The soil degraded resistance at the toe and along 
the shaft is estimated from CPT test results where the 
friction ratio and acceleration ratio are used to assess 
the severity of degradation. The method involves an 
iterative procedure to identify the coexisting accelera
tion and soil resistance ( 17b ). The driving speed is ob
tained by intuitively integrating the net downward and 
upward accelerations over a complete cycle. The 
method have been verified and liquefaction parame
ters further refined through calibration with full-scale 
tests (BBRI, 1994) 

Ganin (1998) has followed a similar approach that 
analytically integrates the effects of an excess force, as 
shown in Fig. 10. The integration is however per
formed soleby on the toe resistance, while the skin 
friction influence is accounted for in terms of damp
ing of the driving force. In addition, the wave equa
tion theory is used to estimate the displacement ac
crued at the toe over the period of net force 
exceedance. 

o t1 t2 t=;n/w t=2JC/w 
Figure l 0. Integration of excess toe force (after Gonin, 1998) 
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Figure 11. Resistance mobilization versus displacement for (a) 
skin (b) toe compression (After Dierssen, 1994) 

Dierssen (1994) has used a numerical integration 
scheme to closely follow the time dependence of the 
skin and toe resistances. Figure 11 provides the shape 
of the resistance mobilization versus displacement for 
both skin and toe resistance. One can note that separa
tion of the pile from the soil at the toe is explicitely 
accounted for. 

5. 5 .2 Radial 1-D model 

Holeyman (1993b) have suggested the use of a radial 
discrete model to calculate the vertical shear waves 
propagating away from the pile. The model, shown in 
Fig. 12, consists in a succession of concentric cylin
ders with a linearly increasing depth. The equations of 
movement are integrated for each cylinder based on 
their dynamic shear equilibrium in the vertical direc
tion, in a manner similar to that used by Smith (1960) 
in the longitudinal direction. 

Figure 12. Radial 1-D model (Holeyman, 1993b) 
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The model allows the constitutive relationships 
described in Section 3 to be readily deployed. The 
major advantage of that shear wave propagation 
model is to closely follow the development of deg
radation as more cycles are simulated. 1t can also 
provide insight into vibration levels in the vicinity of 
the pile. Both features are illustrated by Fig. 13 
which provides the effective particle velocity calcu
lated at several distances away from a profile upon 
vibrator start up. An apparent resonance is indi
cated, whereas the model does not include a longitu
dinal or radial dimension that could explain the :fre
quency at which the peak vibration is noted : why? 
Simply because the model most probably reproduces 
two soil-pile interaction vibratory modes: the cou
pled mode and the uncoupled mode. 

In the coupled mode (similar to Schmid's sinu
soidal domain), the soil remains in contact with the 
slowly vibrating profile, and the transfer of energy 
from the pile to the soil is nearly perfect. As the vi
brator linearly accelerates (between O and 0.5 sec
onds), vibration levels tend to increase with the 
square of time since start up. However, as the soil 
begins to degrade, its shear modulus decreases and 
the specific shear impedance reduces, leading to loss 
in the energy transfer. At that point, the coupling be
tween soil and pile suffers some slippage, and there
fore time lag. After a sufficient number of cycles, the 
soil has significantly degraded, and has (60 seconds 
ageing skipped in Fig. 13) entered into li-quefaction. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1,6 1.8 2.0 
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Figure 13. Vibration levels and penetration state parameters 
estimated upon vibrator startup and regime 



At the shear modulus of the soil in contact with 
the profile is nearly zero, and very little energy can 
pass through the fluidized surrounding zone. The 
soil in the vicinity of the profile cannot anymore fol
low the profile movement, from which it uncouples 
itsel, resulting in a lower level of vibration. That ex
ample demonstrates that apparent resonance of soil 
vibration may be no more than the transient combi
nation of increased rotation speed and soil degrada
tion. The model can also shed light on "damping" as 
it clearly separates geometric damping from the en
ergy losses attributable to viscous and hysteretic be
havior. 

A refinement to the above described 1-0 radial 
model was developed by Vanden Berghe and 
Holeyman (2002). The so-called VlPERE model (for 
VIbratory PEnetration Resistance), actually imple
ments hypoplastic constitutive behaviour into the 
geometric model suggested by Holeyman (1994). 
The soil behaviour is assumed to be hypoplastic and 
modeled using the Bauer (1996) and Gudehus (1996) 
constitutive law. More details are provided in Van
den Berghe and Holeyman (2002). One rare feature 
of the model is its ability to follow pore pressure 
vaiiations through the various states experienced by 
the soil during the cycles as a result of dilatant or 
contractive behaviour of the soil skeleton. Typical 
simulations for a pile driving problem are presented 
in Fig. 14 and 15, which emphasize that the three
dimensional character of the volume change trends 
can be accomodated respectively in a pure shear for 
the skin friction along the shaft as well as in com
pression under the pile toe. 
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5.5.3 Longitudinal 1-D models 
Few authors have adapted Smith's (1960) classic 
lumped parameters model to represent the longitudi
nal behavior of a pile subjected to vibratory driving. 
Gardner (1981) and Chua et al. (1981) have devel
oped a wave-equation computer code where the vi
brator is represented by a two-mass system, sepa
rated by a soft spring, while the exitor black is 
subjected to a sinusoYdal force (cfr. eq. (1)); as shown 
in Fig. 14. The soil behavior is represented by spring
slider-dasplot systems, according to Smith's early 
suggestion. 
Middendorp and Jonker (1988), as well as Ligterink 
et al. (1990) used the TNOWA VE computer pro
gram to analyze the driveability of offshore vibratory 
driven pipe piles, based on the methods of character
istics. The authors identify the need for a soil model 
able to describe the degradation of the soil resistance 
as a function of the oscillation history, and warn that 
soil parameters may depend on opera- ting frequency 
and pile movement amplitude. 

Moulai-Khatir et al. (1994) have developed to
gether with the University of Houston, the so-called 
VPDA computer program (for Vibratory Pile Driv
ing Analysis) wherein the action of the hammer is 
replaced by a static surcharge load and a sinusoi'dal 
load. The soil model was modified from Smith's 
original in that hyperbolic mobilization curves were 
adapted for the shaft and toe resistance, as shown in 
Fig. 17. A simple viscous damper was used to 
model damping along the shaft, while no damping 
was deemed necessary at the pile toe. 
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Fig. 14: Soil resistance along the pile shaft during vibratory driving: (a) hysteresis loops, (b) mean stress evolution and 
( c) vertical shear stress vs effective radial nonnal stress 
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(c) 
Fig. 15: Soil resistance at the pile base during vibratory driving: (a) evolution of the effective nonnal axial stress, 

(b) evolution of the pore pressure, ( c) stress path. 
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Figure 16. Longitudinal 1-D model 
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It should also be noted that the GRLWEAP pro
gram has included in its latest versions (GRL, 
1998) the capacibilty to model vibratory hammers. 

6 VIBRO-DRIV ABILITY ANALYSIS 

Most of the models discussed in the previous sec
tions should be able to provide a reasonnable match 
of ca1culations with relevant field observations pro
vided the models parameters are properly cali
brated. 

The use of energy balance methods is discour
aged by the author, while force equilibrium meth
ods are of limited use because they do not provide 
vibratory penetration speed. Momentum based 
methods may produce a penetration speed very 
similar to that obtained through integration of the 
laws of notion of a rigid body. Finally, wave equa-

• tions methods should not produce penetration 
speeds significantly different form those obtained 
form a rigid body analysis, provided the vibrator 
speed is lower than the resonant frequency of the 
pile, which is generally the case. 
Exceptions to that general case include the Bodine 
Resonant driver and very long piles for offshore 
applications (L>S0 m). 

In the author's opinion, the most critical parame
ter to assess in order to produce a resonable predic
tion of vibro-drivability is the soil resistance to vi
bratory driving. 
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That is unfo1tunately where pertinent infonna
tion and recent consistent experimental data is cru
elly missing. The reliability of the predicted vibro
penetration log will strongly depend on the degra
dation parameters adopted to assess the vibratory 
penetration resistance fonn the soil investigation 
results. The author's experience leads him to use 
the following crude ultimate degradations coeffi
cients: 0.15 in sand, 0.4 in silt, and 0.65 in clay for 
skin friction; as well as 0.55 in sand, 0.7 in silt and 
0.85 for end bearing. 

A more involved assessment of the degradation 
coefficient has been suggested (Holeyman, 1996) 
based on CPT test results. In that method, the soil 
driving resistance is obtained by interpolation be
tween a static value and an ultimately degraded 
value. The static base (q5) and shaft (1s) resistance 
profiles derived from Cone Penetration (CPT) tests 
results, i.e. from the cone resistance qc and local 
unit skin friction f5 (E 1 cone). 

The ultimately liquefied base (q1) and shaft (11) 
unit soil resistances are derived based on an expo
nential law as expressed below : 

q1 =q_,l{l-1/ A)·e-llFR +l/ A] (18a) 

r1=iJ(1-1/ A)·e-11FR + 1/ A] ( 18b) 
i 

Figure 17. Resistance mobilization for (a) skin friction (b) toe 
compression (After Moutai - Khatir et al., 1994) 



where 
q I liquefied soil base resistance [kPa] 

liquefied soil shaft resistance [kPa] 
friction ratio as measured in a CPT test with 
El cone (percentage of the mantle friction 

A 

to the cone resistance, i.e. FR= 100 f5 /qc) 
empirical liquefaction factor expressing the 
loss of resistance attribuable to liquefaction 
(A will be higher for saturated and loose 
sands and is chosen in the range of 4 to 10) 

The driving base ( qd) and shaft ( 'td) w1it resis
tances are derived from the static and the "lique
fied" soil resistance depending on the vibration 
amplitude following an exponential law as ex
pressed below: 

qd =(q_, -qz }e-a +qz 

where 
qd driving base unit resistance 
'tct driving sha1l unit resistance 

(19a) 

(19b) 

a acceleration ratio (= a/g) of the pile, as ob
tained from Eq. (17a) 

At each depth z the vibratory pile driving resis
tance is calculated 

Rbase=qd•Q (20a) 

(20b) 

where Q is the pile section, X the pile perimeter 
and D the pile penetration. 

7 BEARrNG CAP A CITY FROM 
INSTALLATION MONITORING 

Because soil resistance degradation is significant 
during vibratory driving, one should expect it a chal
lenge to estimate the static bearing capacity from the 
end of penetration vibratory performance of a driven 
profile. 

In the impact driving practice, it is recognized 
that end of driving (EOD) data generally provides 
a safe estimate of the pile capacity; that is why 
beginning of restrike (BOR) or "retap" data is 
strongly advised to the owner who wishes to tap 
the value of letting the soil set up. If the end of 
Vibratory driving (EOV) data is used, methods to 
estimate the static capacity should allow for re
covery of soil degradation, as highlighted in Fig. 
2. However significant uncertainty should be ex
pected in the process because the inverse of ob
served degradation coefficients may range be
tween 2 and l 0 

16 

That is why extreme caution is warranted when 
applying so-called pile Vibratory driving (PVD), 
formulae, even more so than already much de
tracted (impact) pile driving formulae. A limited 
number of such PVD formulae have been pub
lished; however only one has been, to the author's 
knowledge been extensively field tested. The 
"Snipe" formula is therefore the only one that will 
be discussed in this paper. 

The formula is a field-based method was devel
oped in the fom1er Soviet Union according to Stef
fanof and Boshinov (1977). The following empiri
cal fonnula is used to predict the static bearing 
capacity Qu 

Q =_!_(25.5-W F J 
/I 

/3 
+ / 

V·S 

(21) 

where 
Ou 
w 

load capacity, in [kN]; 
power used by the vibrator to drive the pile, 
in [kW] 
total weight (force) of vibro-hammer and 
pile, in [kN]; = (Mvib + M

p
)g 

1/� = empirical loss coefficient (in Soviet practice 
1 I� is safety taken to be 5 in cohesionless 
soils) reflecting the influence of driving on 
soil properties. 

The bearing capacity in of vibro-driven pipe 
piles has been verified by PDA monitoting the be
havior of the finished product at the beginning of 
impact restrike. This of course requires that a spe
cific BOR procedure be enforced a sufficient time 
after the EOV installation, in order to allow pore 
pressures to dissipate and accrue soil setup. 

The monitoring of the installation of vibratory 
driven piles is not at all as widely spread as for im
pact driven piles. Recent improvements in the 
field monitoring devices (PDA, TNO-System, etc) 
now allows the geotechnical engineer to control 
pile acceleration, stress and energy. However, 
there is no equivalent interpretation of the data to 
the CASE formula or CAPW AP method, available 
for nearly 15 years in the impact driven products. 

Field monitoring provides a tremendous advan
tage in controlling the effective performance of the 
vibratory hammer, as illustrated by the following 
case history reported by Holeyman et al. (1996). 

That case involved the installation of a 20.6 m 
long tubular steel pile with a thickness of 9.5 mm 
and a diameter of l m on a site in Kortrijk (B). 
Figure 18 shows the subsoil profile as depicted by 
a CPT test ( cone M4) performed at the site. The 
water table was encountered at a depth of -1.8 m. 
The upper twelve meters consist of very soft river 
deposits; below the underlying sandy layer was 
found a very stiff tertiary clay layer in which the 
tube had to be driven. 
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Figure 18. Subsoil profile site at Kortrijk 

A preliminary calculation using eqs. (17) 
through (20) pointed out that the necessary time to 
install the pile to a depth of 20 m with a PTC 

30HFV vibratory hammer was 13 ½ minutes. 
However, driving met refusal at a depth of 11 m. 

The reason for the difficult driving and the dif::. 
ference between the predicted and the observed 
penetration speed was explained by measurements 
taken during the actual driving of the pile. The pile 
vibration amplitude was measured by means of a 
velocity transducer placed at the pile head and a 
velocity transducer (protected by a cover) at the 
pile toe. 
Figure 19 shows the monitored amplitude of vibra
tion at the pile top and at the pile base upon loss of 
drivability. The observed frequency was 38 Hz. 

From the measurement results, one can observe 
that: 
- the vibration amplitude at the pile top (0.65 mm 
zero to peak) is considerably less than the nominal 
vibration amplitude which is, 

me me 26000kg. mm 
= 23 mm 

M Mvibr +M (6500+4820)kg 

- the amplitude at the pile base (0.45 mm zero to 
peak) is smaller than the amplitude at the pile top 
(0.65 mm) 

It would appear that the pile base amplitude (0.45 
mm) is not sufficient to allow the pile to penetrate as 
the stress-strain behaviour for clayey soils is primar
ily elastic for small amplitudes. Possible explana
tions for that observation were considered 
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Figure 19. Record from the vibration amplitude upon refusal 
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- An important soil (i.e. clay) mass was sticking 
to the vibrating pile, leading to a more impor
tant vibrating mass, leading to a smaller vibra
tion amplitude. 

- The vibratory hammer was unable to deliver the 
required energy, and thus maintain its nominal 
amplitude or frequency. A characteristic of the 
PTC variable eccentric hammers is that a lack of 
power results in a reduction of vibration ampli
tude (rather than a reduction of frequency 
(Houze, 1994)). 

- A smaller amplitude at the pile base was ob
tained due to the elasticity of the pile. 
By applying the observed vibration amplitude to 

the calculation model (Figure 20), a much better 
correlation between the calculated and the ob
served penetration time was obtained. The pile 
was placed at the bottom of an excavation at -2.5 
m and penetrated 4.5m under its own weight. As a 
result, observed and calculated penetration rates 
are reported starting at level - 7 m. Figure 20 evi
dences that the difference for the predicted and ob
served penetration times for the site in Kortrijk was 
not due to an incorrect estimation of the dynamic 
soil resistance but due to an incorrect estimation of 
the vibration amplitude, which happened to be lim
ited by the nominal power of the power pack. A 
more powerful power pack was brought on site and 
the piles could be vibrated to design depth using 
the same vibrator. 

8 SUGGESTIONS FOR FURTHER 

RESEARCH, DESIGN, AND PRACTICE 

After reviewing the present state-of-the-art of vi
bratory driving, the following suggestions for fur
ther consideration are offered 
• soil mechanics research is needed in the area of 

large cyclic deformation to better understand 
and assess the effects of degradation and lique
faction under those extreme conditions, 
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Figure 20. Predicted and Observed penetration log at Kor
trijk site compared with predicted log using actual vibratory 
amplitude 



• full scale vibratory driving tests, with extensive 
field monitoring, will be required preferably to 
reduced scale laboratory tests, which suffer 
from improper energy dissipation boundary 
conditions, 

• potential and transferred power of vibrators 
need to be better defined, as well as modeled 
for better description of the mechanical behav
ior of vibrators, 

• peak vibration of the soil surrounding a profile 
upon vibrator start up does not necessarily im
ply soil resonance; it can also result from the 
combination of increasing frequency and de
grading soil resistance, 

• monitoring of vibrated profiles is recom
mended with the view to emulate the benefits 
accrued by a similar practice for driven pro
files, and 

• procedures for vibratory loading tests should be 
developped. 
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