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Executive Summary
Every year the Deep Foundation Institute project fund supports innovative research in a number of
areas identified by the technical committees as being critical to the deep foundation industry.
Following a competitive submission process, the project titled “Comparison of Impact versus
Vibratory Piles” was awarded in March 2014. This project was supported by both the marine
foundations and driven piling technical committees, with the technical research being coordinated
by Dr. Paul Doherty from GDG, Geotechnical Engineering Consultants based in Ireland. Recognising
that current engineering standards have been based on impact driven piles and do not explicitly
consider the effect of vibratory installation, this research project was proposed to assess the impact
of the installation procedure on the long-term pile performance. The focus of the research was to
assess whether the axial and lateral resistance of driven piles are affected by the hammer type,
whether vibratory or traditional impact hammers.
Vibratory pile design can be considered as a complex soil-structure interaction analysis, whereby the
pile performance is dependent not only on the ground conditions and the geotechnical
characteristics but also on the nature of the installation process. A robust engineering approach for a
vibratory pile project needs to consider both the long-term pile capacity and that pile to be installed
using a specific equipment spread for a site specific geological profile. This report considers both of
these issues and investigates the research undertaken over the past 80 years to advance the state of
the art with respect to vibratory pile installations. As most pile design criteria and guideline
documents have been developed for impact drive piles, the impact driven pile behaviour is
employed as a baseline comparator for assessing vibratory pile behaviour.
In addition to compiling the deskstudy research on this topic, this report introduces a number of
new case studies which offer additional evidence to draw general conclusions on vibratory pile
resistance. Practitioners from the deep foundations industry were encouraged to submit details of
projects where the relative merits of impact and vibratory piles could be quantified. The most
relevant case studies are presented within this report, which highlight the negative impact of
vibratory pile driving on the axial pile capacity. However, due to the significantly quicker installation
time, vibratory piles can still be a cost effective solution, even for demanding permanent
applications with relatively high loads. The impact of vibratory installation on lateral resistance is
shown to be less certain due to a serious lack of available information, which is one of the most
important findings from this study. Going forward, there is a real need for industry to undertake
comprehensive lateral load tests on vibratory piles to establish their long-term resistance.
.
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1 Introduction
Vibratory hammer technology has been used to facilitate deep foundation construction for the past
80 years during which time the equipment has evolved to enable the installation of massive piles in a
variety of ground conditions. Despite the evolution in hardware, the design codes used to predict
the behaviour of vibratory piles have not advanced at the same rate. Existing design guidelines used
in pile capacity prediction are largely based on impact driven pile research with limited, or no
modification, to account for the variation in the installation process.
The advantages of using vibratory hammers over impact hammers include high rates of penetration,
reduced ground vibrations and noise levels, and the possibility of extraction/correction of
misplacement errors. These advantages can translate to significant economic savings as well as
improved environmental project profiles.
Although vibratory hammers are often used to install temporary or non-structural piles industry has
seen increased interest in vibratory installed piles for load bearing applications, particularly in
marine environments, where the axial, lateral and serviceability performance is of greater concern
and stringent noise limitations exist. However, to ensure accurate and robust design of such load
supporting foundations, it is critical to understand the soil-structure behaviour of vibratory driven
piles and how the pile performance may be influenced by the installation process.
The aim of the study presented in this report is to undertake a comprehensive deskstudy and to
compile new data from existing projects to identify the main differences induced in the soil by the
pile installation method and its influence on bearing capacity. Besides that, this report provides
recommendations to facilitate the design of vibratory driven piles.

5
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2 Literature Review
2.1 Overview
Vibratory driving is a technique in which piles, or other elements, are driven into the soil due to a
small longitudinal vibration motion of a certain frequency and amplitude. The motion is produced by
a vibratory hammer, which contains a system of rotating eccentric weights, powered by electric or
hydraulic motors. The characteristics of the weights allow only vertical vibrations to be transmitted
into the pile. Vibratory pile driving has been implemented in practice for over 80 years, from the
time it was simultaneously developed in Germany and the USSR (Rodger and Littlejohn, 1980). From
the outset of this novel installation technique, the impact of soil-structure interaction was well
recognised with Barkan (1960) referring to the pioneering work of Pavyluk who noted that soil
resistance could be reduced with the introduction of vibratory motion. Barkan continued research
into this topic throughout the 1940s and 50s and as a result industrial manufacturers of vibro
hammers developed significantly more advanced machines capable of installing significant pile
geometries. Over this short time, the significant advances in hardware rapidly outpaced the soil
mechanics research – a trend that continues to this day. It is now well established through a broad
experience base that vibratory driving offers an excellent technical option to install
low/displacement piles (particularly into wet granular soils). In the correct ground conditions,
vibratory driving has several advantages over impact hammers, as indicated in (Saleem, 2011):









Practically no diameter limitation. Vibratory hammer have a very unique property that they
can be joined together to form a bigger hammer, as demonstrated in the Hong Kong-ZhuhaiMacau and Riffgat projects (see Figure 2-3).
Three to four times faster installation process when compared to impact hammering. The
time required for pile driving itself is around three to four times faster. If the process of
handling the pile is also taken into account, then the entire installation may be even quicker
due to the easier pile handling.
Lower cost compared to hydraulic impact hammers. The vibratory hammers require less
energy and time to install the piles which directly translates to lower costs.
The vibratory process can be used to remove and reinstall piles. Vibratory hammers can be
used to adjust installation tolerances and re-alignment or even to the completely remove a
pile after the service life-time.
Low noise emissions. The noise produced during the installation is greatly reduced;
therefore vibratory piles are a particularly interesting technology in environments where the
noise generated in the driving process is a major constraint such as in urban works or
offshore piling. The noise problem during construction of offshore structures is particularly
important because the acoustic emissions generated during the driving can have a negative
impact on marine mammals. The reduction of noise levels when using the vibratory hammer
is approximately 15—20 dB and can be larger depending on the pile and soil conditions.

However, vibratory driving also has some disadvantages, the most significant being the control and
reliability of the bearing capacity achieved with vibrodriven piles. In most permanent applications
vibro piles are restruck with an impact hammer to check the capacity, which reduces the economic
6
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and environmental benefits of using vibratory drivers. In this report, we analyse the results of
bearing capacity tests and consider whether this aspect of uncertainty can be reduced.
The deskstudy covers the research spectrum from the initial applications of this technology in the
1930s through to the present day, including a number of previously unpublished case studies which
add to the body of knowledge in this area.
2.1.1 What to consider?
The process of vibratory pile installation is critically reliant on three separate components which
when combined control the overall behaviour of the system. The (i) pile geometry, (ii) soil
characteristics and (iii) hammer properties form a complex interaction as shown in Figure 2-1.

Figure 2-1 Primary Components of the Vibratory Installation Process

Of the three components, the pile is the most easily classified as it can be fully defined by the
material properties (typically steel, concrete or timber) and geometry.
The soil characteristics are less readily defined due to the non-linear behaviour at different strain
rates, and the potential for cyclic degradation, liquefaction and particle damage. In order to
determine the soil behaviour a detailed site investigation is required which usually incorporates a
combination of intrusive and non-intrusive test methods which may combine both physical field and
laboratory tests. Typical site investigation techniques include boreholes, Cone Penetration Test (CPT)
soundings, geophysical techniques, sampling and element testing.
The properties of the vibratory hammer that dictate the mechanical behaviour are dependent on the
make-up of the equipment and the operating conditions of the vibrator on-site. The vibratory
system is covered in detail in subsequent sections.

7
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It is worth noting that the act of pile installation (regardless of impact or vibratory driving) creates
large strain dynamic stress conditions in the soil body immediately surrounding the pile shaft, which
leads to enhanced pore pressure and friction fatigue effects. This complex stress regime typically
manifests as a decrease in the installation resistance compared to the long-term pile capacity. As a
result, even when the in-situ soil conditions are well characterised, determining the post-installation
soil behaviour often relies on empirical evidence or combined theoretical and semi-empirical
approaches. A similar soil mechanics approach is required to relate the installation resistance to the
long-term pile capacity.
To successfully undertake a vibratory piling project, the engineer must consider the site specific
ground conditions and then select an appropriate pile capable of meeting the project performance
criteria (whether for temporary or permanent works). Once the pile is known, the engineer must
then select suitable equipment capable of installing the pile to the required depth. The impact of the
equipment is an iterative process as the choice of hammer and operating conditions may impact on
the pile performance and require a change to the pile type or installed length. The engineer must
consider whether the selected vibrator is capable of installing the pile to the required depth without
prematurely refusing in a shallower layer. If capable of reaching the target penetration, what is the
likely penetration rate during installation? The range of techniques available to predict vibratory
installability will be discussed in the sections below. Finally, once the pile is in the ground, the
engineer should be able to calculate the in-situ pile capacity (taking into account the vibratory
process, penetration rate, amplitudes, etc.).
From a quality control perspective, one of the strong arguments in favour of impact driven piles is
that the blowcount record during pile installation is a direct measure of the pile resistance; when
considering a vibratory pile campaign the engineer should consider whether monitoring of the
vibrations can be utilised as a similar quality control mechanism. Regardless of the installation
method, predicting the long-term pile capacity from the installation records requires consideration
of soil-pile time effects and partial consolidation conditions.
A framework for analysing pile behaviour is presented in Figure 2-2 which can be applied to either
impact or vibratory installed piles. It is worth noting that the process can be highly iterative with the
choice of installation equipment potentially affecting the pile capacity and therefore having a
cascading impact on the pile geometry.

8
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Figure 2-2 Engineering Flow Chart for Pile Project Decisions

2.1.2 Vibro-driven piles in recent projects
Vibratory hammers are widely used to drive and extract sheet piles, but they are less commonly
used in driving bearing piles. In offshore conditions there have been significant efforts in recent
years to demonstrate the possibilities of vibro-driving [Jonker, 1987], but the use of impact hammers
have been, and still is, the predominant installation technique employed by the offshore industry.
Table 2-1 shows a range of recent projects where the piles were vibratory driven. In some of these
cases the pile driving was finished with an impact hammer, due to requirements to assure and check
the axial bearing capacity of the pile. The information about these projects was largely extracted
from commercial information, such as press releases, etc.
A key offshore project where vibro-driving technology was employed was the construction of the
artificial island to facilitate the Hong Kong-Zhuhai-Macau Bridge project. A total number of 120 piles
were installed to create two man-made islands in less than 7 months. The combination of eight
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individual hammers working in unison allowed the huge 25m caissons to be installed into a soil
consisting of silty clay, clay and sand, allowing in the fastest point to drive 6 piles in 3 days. The
complex soil conditions, mainly due to the lateral variability of the soil strata, created a considerable
challenge to maintain vertically during pile installation. The flexibility of the vibratory pile equipment
allowed the tight installation tolerance to be maintained.
In the latest offshore wind farms in Germany and Denmark, significant constraints on installation
noise has made impact driving more expensive due to the need to deploy noise mitigation measures
such as bubble curtains. Vibro driving offers a relatively cheap alternative as the noise level is greatly
reduced compared to impact hammers.

Figure 2-3 OctaKong vibro-hammer and 25m diameter pile in the Hong Kong - Zhuhau-Macau
bridge project (APE, 2014)

Table 2-1 Recent projects where vibro-driven piles were used
Hammer specifications
Pile size

Eccentric
moment
(m.kg)

Max
frequency
(rpm)

Weight
(t)

Amplitude
(mm)

10

Location

Year

Type of
project

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

L=24.6m
D=3.5m

110

1350

7

22.9

Irene Vorrink,
the
Netherlands
Emden,
Germany
Thessaloniki,
Greece
New York, USA
Mediterranean
sea, Egypt

1996

Nearshore
wind farm

L=30m
D=0.9

32

2380

-

20

2003

Port

L=10m

51

1600

6.1

30

2007

Wick drains

D=0.66m
L=60m
D=1.5
L=38m
D=2m

51

1700

5.8

-

2007

River pier

230

1400

28.12

42

2010

Oil&Gas

110

1380

10.75

34.9

Tokyo, Japan

2010

Reinforcement
of wharf

70 *

1800

8

37

Rotterdam,
Netherlands

2011

Harbour

1840

1400

502

-

Hong Kong

2011

Cofferdam for
artificial island

265

1500

27.45

26.6

Gent, Belgium

2011

Bridge pillars

46

1570

7.45

23.3

2011

Harbour

130

1380

13.45

23

2011

Mooring
dolphins

60*

1700

5.88

-

2011

Electric tower

120

1380

13.3

29.3

2012

Cargo harbour

L=70m
D=6.5m

920*

1400

230

24

2012

Offshore wind
farm

L=70m
D=2.5m

286*

1400

44

21

2012

Offshore wind
farm

600*

1380

58.62

30

2012

Offshore wind
farm

110

1380

10.75

34.9

Tokyo, Japan

2013

Port extension

115

24

Helwin Alpha&
Borwin Beta,
North sea,
Germany

2013

Offshore grid
platform

19.54

30

Ploče, Croatia

2014

Cargo terminal

D=2.4
L=49m
D=22m
L=28m
D=3.15m
L=33m
D=0.8m
L=26.2m
D=0.9m
L=48m
D=1.2m
L=27m
D=1.4m

L=40m
D=5.3m
L=47m
D=1.2m
L=96m

460*

1400

L=51m
200
1380
D=1.5to1.2m
*Finished with impact hammer

Zarate,
Argentina
Harwich,
England
Almerim,
Brazil
St Petersburg,
Russia
Riffgat
Borkum,
Germany
Global Tech I,
North sea,
Germany
Anholt,
Denmark

The successful implementation of the multiplexed vibratory hammers for the Hong Kong project
motivated the use of vibratory installations at other offshore developments. For example, the
Riffgat wind farm adopted a similar system combining multiple vibratory units. This project is
located in the North Sea, near the island of Borkum (Germany). A total of 30 monopiles were
installed with a four-hammer system without problems in a zone where dense sands predominates.
The last 10m of the piles were driven with an impact hammer, to mitigate concerns of soil strength
degradation by vibratory driving and to satisfy the requirements of the regulatory bodies. However,
11
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this approach was eventually regarded as conservative after the impact hammering showed a blow
count of 100 blows/25cm with a 1200kJ impact energy. By choosing the vibro-driving approach they
could adhere to the strict environmental rules which apply in Germany and keep the environmental
impact due to noise and vibrations within acceptable limits, whereas traditional piling techniques
with the conventional hydraulic impact hammers would have resulted in noise levels that would
have caused major damage to marine life.
In Anholt wind farm, located in the Kattegat Sea, a total of 111 monopiles foundations were
installed, but just two of them were partially driven with a vibratory hammer, as part of a trial test.
Similarly to Riffgat, a final strike with an impact hammer was performed. In general the use of vibro
driving was deemed an effective technique in the dense sands of the area and reduced the noise
during installation. However, layers of very dense sands provoked premature refusal in the vibratory
driving process with the consequent increase in noise levels. Bearing behaviour was compared for
vibro-driven and impact driven piles by means of dynamic response testing, with the results
suggesting that the lateral capacity was independent of the installation method. This test will be
covered in greater detail in subsequent sections.
Prior to these latest offshore wind experiences, a nearshore farm in the Netherlands, Irene Vorrink,
used a vibratory hammer to install the monopiles, only assisted by an impact hammer if the target
depth was not reached. One of the monopiles was fully installed with the vibratory hammer alone.
There was no direct measurement of the capacity of the piles depending on the installation
procedure with the primary aim to monitor and evaluate the influence of the foundation on the
nearby dike. The enhanced experiences of vibratory installations over the past 20 years highlight the
potential for more extensive use across a wider range of applications in the future.
The capabilities and advantages shown by the vibro-hammer in offshore projects have increased the
interest of manufacturers in providing a diverse range of machines and solutions. These new
hammers are designed to handle the large diameters used for offshore piles. Nevertheless, the lack
of relevant design guidelines and the concerns about the actual bearing capacity of piles installed
with vibratory techniques are slowing down the use of this technology in offshore structures. For
this reason recent research testing projects are working on covering that gap, e.g. RWE VIBRO
project and FLOW Offshore Support Structures leaded by Ballast Nedam.
During the course of this DFI funded project a number of new case studies were identified from
recent onshore projects. This data is analysed, discussed and compared with previous literature
works in Section 7.

2.2 Vibratory Systems
The most commonly used pile cross sections that are installed by vibro driving, listed in order of
decreasing usage include: (i) sheet piling used for temporary works such as excavation support,
cofferdams, shoring, retaining walls, (ii) bearing foundation steel H piles, (iii) steel tubular members,
(iv) precast concrete profiles.

12
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The two main categories in which the vibratory systems are divided depend on the means the
hammer is supported [Viking 2002]:




Free hanging systems: the vibrator is lifted and manoeuvred using a mobile crane. A power
unit and a transmission system are necessary to supply energy and hydraulic flow to the
vibrator.
Leaded systems: the vibrator is guided with a telescopic leader, usually mounted in an
adapted excavator machine, which provide the power source and controls the inclination
and load (static surcharge) applied over the vibrator.

Figure 2-4 Main parts of a free-hanging vibratory system (ThyssenKrupp Bautechnik)

Free-hanging systems are typically cheaper and more flexible systems, which can reach larger
distances. This is particularly important when working in soft soils or in river/marine environments.
In addition, there is no size limitation for free-hanging systems, allowing large pile diameters that
can be handled and installed. For these reasons, free-hanging systems are the most commonly used
in near shore and offshore works. Leaded systems provide better control and manoeuvrability of the
hammer-pile system and the static surcharge can be regulated in a wider range than in free-hanging
systems. In the Figure 2-4 above, the main parts of a vibratory system are shown: power pack,
power hoses, vibration isolator (and bias mass), eccentric masses, exciter block and the clamping
device.
Regarding the vibratory hammers, two main types are commercialised: electrical and hydraulic. The
latter type is more commonly used due to its lighter weight and capabilities to control the driving
frequency. The vibrational frequency is commonly used to classify the vibratory hammers: from 15
to 30 Hz is considered as normal or standard frequency, from 30 to 80 Hz is considered as high
frequency, and from 80 to 150 Hz as super high frequencies. The division of frequency ranges is not
clearly delineated and each author and manufacturer considers different ranges. In Table 2-2 below,

13
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the ranges of driving frequency (fd) and eccentric moment (Me) of the hammers are shown, classified
after their power system, support system and eccentric moment control.
Table 2-2 Commercial vibratory hammer types (after vibratoryhammers.org database)

Power
Electrical

Support system

Me control

Range of fd [Hz]

Excavator mounted

Fixed
Fixed
Variable
Variable
Fixed
Variable
Fixed
Variable

17.5-21
16-25
11-22
34-50
25-62.5
30-50
20-50
23-45

Crane suspended
Leader guide

Hydraulic

Excavator mounted
Crane suspended

Range of Me
[m.kg]
0.2-0.5
0.5-25
0-57
0-36
0.2-25.4
0-17
0.4-460
0-900

It is observed that the most commonly used machines, crane suspended hydraulic hammers, can
have driving frequencies in the range of standard to high frequency values. The range of eccentric
moment (Me) only applies when considering a single hammer. Since several hammer can be
assembled to provide a composite hammer, as performed for instances in the Hong Kong - Zhuhau Macau project with the OctaKong hammer (see Figure 2-3), the eccentric moment can be modified
to be as large as required.

Vibratory hammers primarily comprise pairs of eccentrically mounted masses, which are housed
within a frame whereby the combined mass of the frame and eccentric weights are known as the
oscillator. A bias mass separated by a soft spring isolates the oscillator from the supporting
mechanism (whether free hanging on a crane line or on a leader system). The bias mass contributes
a static surcharge force to the overall driving force. The net surcharge force must take into the
account any upward force applied by the crane line. As the eccentric masses spin in opposite
directions they generate a resultant downward force applied to the pile.

14
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Figure 2-5 Mounted vibratory system (ThyssenKrupp Bautechnik)

The selection of certain driving frequency, and hence a hammer type, depends on the proximity to
vibration-sensitive areas or structures and on the soil type. High and super high frequency vibratory
hammers are recommended when working close to these areas, while standard frequency vibratory
hammers with fixed eccentric moment are recommended in open areas far from other structures.
Depending on the sensitivity of the structures and soil type the distance may vary, but as indicative
values, PTC Fayat Vibrodrivers brochure proposes: when working from 1m distance, high frequency
hammers should be used; from 5m distance standard frequency hammers with variable eccentric
moment can be used; from 25m distance standard driving frequency hammers with fixed eccentric
moment can be used. Super high frequencies used in sonic or resonant driving have demonstrated a
very low level of ground vibrations which allows working in very close proximity to any structure.
Resonant hammers were commonly utilised in the 1960-1970 period, when Bodine’s and Barkan’s
hammer were in use, but they are less commonly deployed in recent times. Bodine’s hammer, which
produced frequencies in excess of 100Hz, is often referred to as the Resonant Pile Driver and
generated pile penetration rates well in excess of standard frequency hammers (in the range of 2050 Hz). It is important to distinguish between the resonant frequency of the hammer-pile system
(relevant to Bodine’s hammer) and the resonant frequency of the pile-soil system which as discussed
in subsequent sections can generate larger ground vibrations and contribute to greater compaction
adjacent to the pile. The natural frequency (fp) of the pile itself (unsupported) can be calculated
from fp=c/2L, where c is the wave speed through the material (5120m/s for a steel pile) and L is the
length of the pile shaft. For a 15m long steel sheet pile, the resulting natural frequency will be
170Hz, whereas for a 30m long pile the resulting natural frequency will be 85Hz. This range of
frequencies is typically higher than standard vibrators used in practice today and therefore the rapid
penetration rates associated with resonant driving is unlikely to occur. However, it should be noted
that the frequency of the pile overestimates that of the pile-hammer system because once the

15
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vibrator is attached to the head of the pile using a rigid clamp or flanged arrangement, the vibrator
contributes additional mass to the system which reduces the lowest frequency of the system. As a
result, in applications involving very long piles (ie. Marine works) or very heavy hammers, the system
frequency may approach that of a standard vibrator. Poulos (1980) noted that for a vibrator with a
mass equal to that of the pile, the overall system frequency reduces to 50% of fp.
Once the driving frequency range has been selected, the next key feature to consider with respect to
the hammer selection is the eccentric moment. The eccentric moment control technology
incorporated in modern vibratory hammers allows the applied eccentric moment to be modified. In
this way, the start-up and slow down phases can be operated with no resonance in the ground,
however the amplitude can be adjusted at any time, providing better control over the penetration
velocity. During the start-up of the vibratory hammer the required frequency can be achieved with a
null eccentric moment: the eccentric weights cancel each other and no movement is produced. Once
the working frequency is reached, the eccentric weights are moved and the operational movement
amplitude is obtained.
The same systems used onshore are used in offshore works. As mentioned before, the free-hanging
system is the preferred equipment arrangement since it allows reaching longer distances and can
handle almost any pile diameter. The particular conditions of the offshore works have motivated
two modifications


Multi-hammer powered systems: the large size of the piles to install and the challenging
ground conditions required the use of higher eccentric moments. The way to obtain that has
been assembling several hammers in one frame. This solution seems to not have size limits
and any pile size is virtually installable.



New lifting system: the importance of time constraints in offshore works motivated the
design of a lifting system capable to handle and move the pile quickly, without any auxiliary
crane. The system has been patented by PVE Holland and it has been used in their hammer
model 300MU for Global Tech 1 Wind Park project in the German North Sea.
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Figure 2-6 Super Quad Kong: four vibrators assembled for Riffgat Offshore Wind Farm (picture
from Cape Holland website)

Figure 2-7 Rotation capabilities of the Upending Technology system (picture from PVE Holland
website)

2.2.1 Parameters of vibratory systems
The driving force generated by the vibratory hammer is divided in two main components: the static
surcharge and the sinusoidal vertical force, generated by the vibration. This theoretical driving force
is influenced by several parameters [Viking, 2002]:


Static surcharge force (Fs): this force is generated by the leader system or by the bias mass
weight in free-hanging systems. This is sometimes referred to as the crowd force acting on
the pile.

17
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Eccentric moment (Me): the eccentric moment is the product of the weight (eccentric mass)
and the distance to the centre of gravity of the weight from the relevant axis. In modern
hammers the specified eccentric moment is the sum of each single eccentric mass.



Driving frequency (fd): the driving frequency is defined by the number of revolutions of the
eccentric mass in time and it is expressed in Hertz or rpm (revolutions per minute). Other
way to expressing is by the angular frequency: 𝜔 = 2𝜋𝑓𝑑 .



Sinusoidal vertical force (Fv): The sinusoidal load generated by the vibrator is represented by
the vertical component of the centrifugal forces generated in the eccentric masses rotation.
The vertical component is calculated according to: 𝐹𝑣 = 𝐹𝑐 sin 𝜃 = 𝑀𝑒 𝜔2 sin 𝜃, where Fc is
the unbalanced centrifugal force [N], 𝜃 is the rotation angle of eccentric mass [deg], Me is
the eccentric moment and 𝜔 is the angular frequency.



Dynamic mass: the dynamic mass is defined as the sum of the masses that move in the same
axial direction than the driven object. These masses include the weight of the exciter block
and the hydraulic clamping device, and the weight of the pile.



Displacement amplitude (s0): this parameter corresponds to two times the quotient of the
eccentric moment and the dynamic mass. This parameter is not dependant on the
operational driving frequency, but can be controlled varying the eccentric moment. The
amplitude value provided by the manufacturer will be smaller in operation, because of the
soil resistance and the increment on dynamic masses due to the pile weight.



Power: this parameter specified by the manufacturers generally corresponds to the nominal
power of the hydraulic motor that rotates the eccentric masses. An efficiency factor should
be also considered depending on the hammer conditions and energy dissipation along the
system. Generally, the efficiency of the actual driving force entering the pile is low, less than
50% [Viking, 2002]. Underwater energy losses of a vibratory hammer are directly related to
the volume of water displaced and put in vibration, to the footplate and the water depth, up
to certain critical depth [Jonker and Middendorp, 1988].

18

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

Figure 2-8 Vertical force variation depending on the rotation angle of the eccentric mass 𝜽
(picture from PVE-Holland website)
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3 Soil-Structure Interaction
3.1 Pile-Soil Installation Effects during Impact Driving
The act of pile installation (impact or vibratory) creates large pore pressures which can lead to very
low effective stresses. In fact in some ground conditions (eg. Normally consolidated clays), the
installation pore pressures can approach the total stress conditions, resulting in a zero effective
stress conditions. Under these conditions, after a limited number of hammer blows the piles almost
fall into the ground under their own weight. In addition, the soil adjacent to the pile shaft
experiences friction fatigue effects during pile driving (Heerema, 1980) which can further reduce the
controlling radial effective stresses. Friction fatigue refers to the decrease of the shaft stress at a
given depth as the pile penetrates to deeper layers.
Several studies, Chow (1997), Lehane, et al. (2005) and others have shown that traditional pile
capacity approaches such as the API method have poor predictive reliability. For example in granular
materials, the API method is shown to typically underestimate the shaft resistance of piles in dense
sand and overestimate the resistance in loose sand. In recent API editions, the method is precluded
from use in loose sands as the pile lengths obtained were noted to be un-conservative (API-2007).
Dennis & Olson, (1983), Lehane & Jardine, (1994) and others have shown that the local radial
effective stress at failure, σ′rf, which controls τf can be described using the Coulomb failure criteria:
′
𝜏𝑓 = 𝜎𝑟𝑓
. 𝑡𝑎𝑛𝛿

where δf is the interface friction angle at failure. Tests performed using the closed-ended Imperial
College Pile (ICP) by Lehane (1992) and Chow (1997) showed that σ′rf comprised two discrete
components, namely σ′rc, the radial effective stress after pile installation and equalisation and ∆σ′rd
the increase in stress due to dilation during loading.
′
′
′
𝜎𝑟𝑓
= 𝜎𝑟𝑐
+ 𝜎𝑟𝑑

Jardine, et al. (2005) proposes a direct correlation between σ′rc and qc known as the IC-05 method.
The effects of friction fatigue are considered through a geometric term, h/R (where h is the distance
from the pile tip to the point under consideration and R is the pile radius).
′
𝜎𝑟𝑐

−0.38
′
ℎ
𝜎𝑣0
= 0.029. 𝑞𝑐 [𝑚𝑎𝑥 ( , 8)]
(
)
𝑅
𝑃𝑟𝑒𝑓

0.13

Where pref =100 kPa. Lehane et al. (2005) suggest an alternative expression for σ′rc known as the
UWA-05 method:
−0.5
ℎ
′
𝜎𝑟𝑐
= 0.03. 𝑞𝑐 [𝑚𝑎𝑥 ( , 8)]
𝐷

where D is the pile diameter. Both IC05 and UWA05 approaches include expressions to predict the
stress increase ∆σ′rd caused by dilation. Both are based on the work of Lehane & Jardine (1994), who
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demonstrated through cavity expansion theory that ∆σ′rd is inversely proportional to the pile
diameter pile diameter.
4𝐺
′
∆𝜎𝑟𝑑
= ( ) . ∆𝑦
𝐷

where G is the operational shear modulus of the soil (which can be correlated with CPT qc) and ∆y is
the radial displacement during pile loading.

Figure 3-1 Friction Fatigue Observed from CAPWAP Measurements on Impact Driven Pile (after
Doherty and Igoe 2014).

The friction fatigue effects predicted by the ICP-05 and UWA-05 have been observed in several
impact driven research programmes and instrumented case studies. For example, Doherty and Igoe
(2014) highlighted the friction fatigue evident on a precast concrete pile as it penetrated to deeper
layers in a dense sand research site. The friction fatigue that occurs on impact driven piles is partly
attributed to changing stress conditions from the pile tip to the shaft and partly due to the cyclic
stresses imparted by each hammer blow. This phenomenon can therefore be considered to be more
extreme when applied to vibratory pile installations, where two-way shearing cycles are evident.

3.2 Effects in Soil of Vibratory Driving
The installation process for vibratory installed piles subjects the pile shaft to a vertical vibrational
cycle of amplitude, so. This cycle of movement mobilizes a shear stress at the shaft interface, which
is transferred radially outwards to shear stresses and strains within the surrounding soil mass. Of
particular importance to the vibratory pile process is the mechanical stress-strain relationship of a
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soil element under representative loading conditions. The majority of research in this area has been
derived from the field of earthquake engineering and requires extrapolation to consider the impact
on vibratory pile installation.
To fully determine the constitutive material response, specific points worth considering include:








Pore pressure generation leading to changes in the effective stress regime
Liquefaction
Non-linear stiffness properties as illustrated by a monotonic soil stress-strain curve
Hysteretic soil behaviour during strain reversal and associated damping
Small strain shear modulus
Strain dependency of stiffness characteristics and associated cyclic degradation
Soil viscosity and rate dependency

The degradation of soil strength under cyclic loads is not a new phenomenon and has been well
documented by researchers such as Vucetic (1992). Related works in vibratory compaction, where
vibratory techniques and machines are used, are also interesting to understand what the vibratory
effects are within the soil mass. These issues are covered below.
3.2.1 Pore pressure generation and liquefaction
During pile installation, the compaction of the soil mass to accommodate the pile shaft results in
dramatic changes to the total stress and pore pressure regime. Impact pile penetraion in clay strata
is typically an undrained process and results in large increases in pore pressures, whereas impact
driven piles in sand typically exhibit free draining behaviour with any excess pore pressures
dissipating concurrently with the generation.
The same process is not necessarily true for vibratory piles installed in granular deposits where the
installation process may result in rapid pore pressure development which are not able to dissipate in
time and thereby will infleunce the installation behaviour. This phenomenon results from the cyclic
nature of the installation process where under drained conditions the material undergoes particle
rearragement to achieve a denser consistency but during undrained conditions the temporary phase
of pore pressure development delays this particle rearrangement to after the consolidation phase. In
the interim period, the high pore pressures can cause effective stresses to occur that can approach
zero. The excess pore pressure generated under cyclic loading has been shown by Dobry et al. 1982
to increase with shear strain and number of cycles which highlights why the installation resistance
for a vibratory installed pile is less than an equivalent impact driven pile.
3.2.2 Cyclic stress-strain behaviour
During monotonic/static loading an element of soil exhibits a non-linear stress-strain relationship.
The soil response is initially stiffest at low strain levels, captured by the small strain shear stiffness
(G0 or Gmax), which is the tangent to the stress-strain curve at the origin. The initial shear stiffness is
typically measured using high resolution local measurements on triaxial element tests but more
commonly through geophysical techniques such as Bender Element testing in the lab and surface
wave shear velocity (MASW) in the field. In-situ field measurements of the small strain shear
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stiffness are generally preferable as they are not subject to the sample disturbance effects or
difficulties in recreating the insitu stress conditions which typically impact on the quality of lab test
results. As the stress/strain level continues to increase, the shear stiffness reduces as indicated by
Figure 3-2 extracted from Vucetic (1992). The secant stiffness (GsN) under a specific cycle can be
defined by the ratio of cyclic shear stress to the cyclic strain.

Figure 3-2 Soil Element Behaviour During Cyclic Loading Loops (after Vucetic 1992)

The stress-strain curve that depicts the initial static loading response is referred to as the backbone
curve and is commonly used as a reference curve to determine the family of responses representing
different loading and unloading conditions. The ultimate shear strength at large strains is given by
τmax. It is worth noting that under large amplitude cyclic loads, both τmax and Gmax decrease as the
number of cycles, N, increases. The monotonic backbone curve is often represented by a reduced set
of parameters (specifically the relative shear, δ) and defined by a hyperbolic curve as per Konder’s
1963 expression:
𝜏
𝜏𝑚𝑎𝑥

=

𝛿
1+𝛿

where 𝛿 =

𝛾
𝛾𝑟

and the reference strain, 𝛾𝑟 =

𝜏𝑚𝑎𝑥
𝐺𝑚𝑎𝑥

When considering vibratory pile installation, the cyclic strain amplitudes are sufficiently large that
continuous deterioration of the strength occurs, a process often referred to as cyclic shakedown.
Following N cycles of loading the stiffness will be degraded to a value that is typically defined as a
ratio of the initial strength under the first cycle. Two directional cycles (typical of vibratory
installation) are deemed to be significantly more damaging than unidirectional cycling. The
difference in behavior under unidirectional and 2-way loading is best described by the shear transfer
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response shown in Figure 3-3, where the static load tests before and after one way cyclic loading are
presented alongside the cyclic minimum shear transfer following two way cycling (Bogard and
Matlock, 1990). Fully reversed plastic slip resulted in capacity degradation of 32% from the pre cyclic
static capacity to a minimum shear transfer value for load tests conducted 69hours after installation.
Prior to plastic slip occuring the failure was only mildly non-linear. Initial static load demonstrated a
peak value which rapidly decreased toward a residual value as displacements continued. Repeated
cycles to failure caused a transition toward simpler elasto-plastic behavior, with severe temporary
losses in strength occurring as a direct result of full reversal cycles to failure.

Figure 3-3 Comparison between Shear Transfer occurring under one-way cyclic loading, Static
testing and static strength following extreme two way cyclic loads at Empire (Bogard and Matlock,
1990a)

Cyclic stiffness degradation can be quantified using a degradation index Δ and measured in constant
strain cyclic laboratory tests where the decrease in peak stress recorded in successive cycles is used
as the measure of degradation.
Where 𝜏𝑁 = Δ 𝜏1
An equation to capture the degradation process as a function of number of cycles has been
suggested by Idriss et al (1978): Δ = 𝑁−𝑡 , where the exponent, t, is termed the degradation
parameter. The degradation parameter is assumed to be zero for low level loading that result in
strains below a threshold strain value. However, for the case of vibratory pile installation it is likely
that the strains will exceed the threshold value and the shear strength will degrade from the outset.
Above the threshold strain, the degradation parameter has been shown to vary with the material
characteristics and cyclic strain amplitude. Vucetic (1993) has shown that t increases as the cyclic
amplitude increases and the plasticity decreases.
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3.2.3 Cyclic damping
Cyclic damping is a measure of the energy loss in the soil material due to the hysteretic nature of the
cyclic loops created by the non-linear stress path dependency comparing loading and reloading.
Vucetic (1992) noted that this was well capture by undrained constant strain amplitude simple shear
testing as depicted by Figure 3-4, where the cyclic strain amplitude is defined as γc . The intrinsic
damping ratio (λ) is the most common measure of soil material damping, which captures the energy
loss in a given cycle (ΔW) as a function of the shear stress τc mobilised at the cyclic stain γc. It is worth
noting that under large amplitude cycling as typical of vibratory pile installations, the maximum
shear stress and shear stiffness decrease with the number of cycles.
𝜆=

1 Δ𝑊
2𝜋 𝛾𝑐 𝜏𝑐

Figure 3-4 Strain Controlled Constant Amplitude Cycling (after Vucetic 1992)

The energy dissipated within a cyclic loop is soil dependent and furthermore varies with the strain
amplitude, with the damping ratio increasing as γc rises and the soil mass experiences higher plastic
deformations. The impact of soil type is described by Vucetic and Dobry 1991, as illustrated in Figure
3-5 which shows the stiffness and damping ratio as a function of the plasticity index.
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Figure 3-5 Impact of Plasticity on Soil Stiffness and Damping Curves
(after Vucetic and Dobry 1991)

Based on the work of Vucetic, it is clear that increased vibrational amplitudes during pile installation
will result in higher levels of damping within the soil mass and increased energy dissipation.
3.2.4 Strain rate dependency
Clays exhibit viscous behavior, such that their strength is dependent on the rate at which they are
sheared. Under undrained loading the impact of soil viscosity needs to be considered within any
cyclic loading framework that considers high rate loading, such as that experienced by soil
immediately adjacent to a vibratory installed pile profile. The rate effect in soils is not a new
concept; the positive impact of reducing the time to failure on the soil strength began with an
account by Collin (1846).The rate effect was thus recognised for many years before the first
systematic investigation of its effect on soil strength was conducted. This involved a series of triaxial
tests on both cohesive soils and sands by Whitman (1957) and later by Yong and Japp (1967). These
investigations confirmed that the compressive strength consistently increased as the rate of loading
increased. Researchers such as Whitman (1957) examined different soil types under different rates
and determined that the strain rate effect was much more significant in clay than sand, a result that
was verified by many researchers seeking to quantify the strain rate effect for incorporation into
design (Matesic and Vucetic 2003). This suggests that strain rate factor will have a more dominant
role on increasing the resistance of vibro installed piles in clay than sand deposits. Briaud (1985)
describes the origins of this viscous component, including the pore water, the particle contact and
the soil skeleton/water particle interaction response. Essentially under slow loading the soil/water
particles can reorientate slightly to shear along the path of minimal resistance, however for rapidly
applied loads the particles do not have time to relocate and as a result the soil strength increases.
This dilatant response will be accompanied by decreasing pore pressures and hence the soil
permeability plays an important role in soil viscosity. Briaud (1985) also showed the viscosity to
increase with water content and plasticity index and decrease with undrained shear strength. The
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increasing undrained shear strength of the soil with increasing strain rates is often expressed by a
power law function of velocity. This rate effect has been observed for a range of full scale field tests
in addition to the laboratory tests described above. For example, pile load tests undertaken at
different loading rates have recorded different capacities. An example of this behavior is presented
in Figure 3-6, illustrating the strong rate dependence of friction piles founded in high plasticity
Mexico City clay (Jaime et al, 1989). The positive viscous effect is represented by a substantially
higher stiffness over the measured range of displacements and hence a higher capacity at both the
ultimate and serviceability limit states. This would also correlate to a higher installation resistance
under the high penetration rates associated with vibratory pile installations.
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Figure 3-6 Pile Rate Dependence (adapted from Jaime et al, 1990)

3.2.5 Vibrations and acceleration
The vibratory driving process produces vibrations in a certain volume of soil around the pile. This
vibration may affect surrounding structures or produce settlements due to soil compaction. The
occurrence and importance of these phenomena is related to the hammer parameters, like the
frequency of vibration, and soil parameters, like its density and particle size distribution. During
vibratory pile installation the vertical oscillations of the pile shaft cause agitation of the soil grains
and as discussed above the resulting cyclic degradation and generation of pore pressures leads to
reduced frictional resistance opposing the installation process. However, the acceleration of the
system is likely to also play a dominant role in the soil-structure interaction. Mogami and Kubo
(1953) noted a strong reduction in shear resistance with increasing accelerations, which was
subsequently confirmed in the work of Youd (1972) who noted that both the amount of compaction
and reduction in shear strength increased as the acceleration level increased. Viking (2002)
described the compaction behavior of soil with the Critical State Theory. Figure 3-7 illustrates the
relationship between the effective stress and void ratio for two sand states, an initially dense and
loose soil, subjected to vibratory motion. A certain critical state line (CSL) is shown to exist which all
grains tend towards, with an initially loose sand becoming more compacted (A to A’) and initially
dense sand tending toward a looser state (B to B’). Following installation, excess pore pressures
created during the vibratory process dissipate.
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Figure 3-7 Critical State Theory for Vibrating Soil Grains (Viking 2002)
The effect of compaction is related with the frequency of vibration of the probe/pile, among other
parameters. The highest degree of compaction generally occurs when the forcing frequency is
aligned with the natural frequency of the soil, and the vibrations occur in resonance, which allows
the maximum energy transmitted to the soil. In this state, soil and pile have the same displacements,
vibrating in phase, and as result the vibrations in the soil are amplified. In contrast, when we want
the pile shaft to penetrate the soil mass, the driving frequency should be as far as possible from the
soil natural frequency, which will reduce the shaft resistance as much as possible. However, there
are some discrepancies on this point throughout the literature. In general, the soil natural
frequencies are around 10-20 Hz and the recommended frequencies for pile driving are higher than
about 30Hz.
To optimise both the pile installation process and the insitu pile performance a compromise is
required, because higher frequency pile installations can result in minimal compaction during the
installation process and negatively impact on the subsequent bearing resistance. Lower frequency
and lower penetration rates during driving can cause more compaction, densification and an
increase in the shear forces between the pile shaft and soil, improving the bearing capacity, as
observed in [Cividini, 2013]. However, Jonker (1987) does note that in very dense, overconsolidated
sands reductions in friction angle after vibro-driving are to be expected [Jonker, 1987].

28

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

3.2.6 Plugging differences between vibratory and impact piles
The dynamic densification due to vibration is not the only way to compact a granular soil. The
changes in the soil induced by impact driving are usually greater than the ones produced by
vibratory driving. Among them we can note a densification and an increment in lateral stress, both
parameters related with the pile-soil bearing capacity. The mechanism in which the soil is compacted
in impact driven piles are a little different from the ones developed in vibratory driving. In addition,
the zone affected by the compaction is different in each case: in impact driving the soil under the toe
is compacted and the soil around the pile is compressed due to the presence of the pile, while in
vibratory driving the soil below the toe is less affected and the main densification, if it is produced,
occurs around the pile.
The main pile types used in vibratory driving are usually small-displacement piles (strictly nondisplacement piles are the drilled and bored piles), like sheet piles, H-profiles and open-ended pipe
piles. The reduced area allows a faster and efficient penetration into the soil. Particularly in the case
of the open-ended pipes, the shape of the most used piles in offshore deep foundations, the effect
of vibration allows the soil to enter into the pipe and no plug is formed inside the tube. When an
open-ended pile is driven by impact hammering, it is possible that a plug of soil is formed inside the
pipe. The plug formation changes the penetration mechanism from an internal and external shaft
resistance system in unplugged penetration to an external shaft and base resistance system in
plugged penetration. During pile driving the penetration could alternate between these
mechanisms, depending which one offers less resistance to penetration.
The presence of a plug causes the pile to displace more soil during penetration, therefore the
perturbation is greater and the effects of densification are more significant than in an “unplugged”
pile. A recent study about the different changes in lateral pressure induced by the pile installation
method is shown in Sychla’s work [Sychla et al., 2013]. In this work two pipe piles (D=0.3m) are
driven to 2.5m depth in a controlled sandy soil, one by impact hammering and the other by
vibration. The results indicate that the impact driven pile has a larger zone affected by the pile
installation, with a remarkable increment in lateral stress. The lateral stress enhancement is
concentrated around the tips, which suggest the presence of the plugging effect. For the vibratory
driven piles, no relevant increase in lateral stress was found along the shaft and just a little
increment at the pile toe was registered.
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4 Vibro-Driveability
4.1 General Background
Pile driveability analysis is used to assess whether piles can be installed to a target depth in a
reasonable timeframe without overstressing the pile material or generating excessive fatigue
damage. Most impact pile driving analysis procedures adopt a wave equation approach that
simulates the entire pile, soil and hammer system. This methodology is routinely implemented for
offshore projects where pile installation is deemed to be a significant risk due to the high cost
associated with vessel delays (Toolan & Fox, 1977). Pile driveability analysis is also employed for
onshore projects and is particularly important where there is a specific concern over the installation
stresses, soil resistance, or hammer capabilities. In 1976, Goble et al. presented an alternative
procedure for predicting pile installation performance, which was deemed superior to the empirical
hammer-pile ratios employed at the time. The recommendations included undertaking wave
equation predictions and also measuring the force and acceleration of the pile throughout
installation. It is worth noting, that Goble, et al. (1976) cautioned that wave equation analysis is
“meaningful only if the driving system and soil conditions, as modelled in the computer, realistically
reflect the actual conditions”. To date, accurately capturing the site specific soil-pile behaviour
remains one of the most challenging aspects of undertaking a driveability analysis.
This challenge is further exacerbated when considering the additional complexity of modelling a
vibratory system where the hammer, pile and soil properties are so intrinsically linked.

4.2 Impact Driving Friction Fatigue
For impact driven piling the stresses in the ground are known to be dramatically affected by the pile
installation process and the specific nature of the impact driving is seen to have an effect on the
resulting soil strength adjacent to the pile shaft. An important term in pile driveability is the SRD,
which stands for Static Resistance to Driving. The friction degradation (or friction fatigue) concept
was first introduced for clay by Heerema (1980), and a complete SRD model that considers friction
fatigue effects was described by Heerema (1981). Friction fatigue has also been documented in
static load tests undertaken by Chow (1997), and others. Alm & Hamre (1998) highlighted the
limitations of the Heerema SRD approach and proposed an alternative method that explicitly
considered friction fatigue in dense sands. This method subsequently evolved into the A&H
approach, which considers that the model should define an initial friction value and a residual static
friction, along with a shape function describing the relative friction fatigue reduction. This resulted in
the general formula for shaft shear stress (fs) :
𝑓𝑠 = 𝑓𝑟𝑒𝑠 + (𝑓𝑠𝑖 − 𝑓𝑟𝑒𝑠 )𝑒 𝑘(𝑑−𝑝)
Where fres is the residual shaft shear stress after complete degradation; fsi is the initial shaft shear
stress value; k is a shape factor controlling the rate of degradation; d is the depth and p is the pile tip
penetration. The residual shaft shear stress is defined by:
𝑓𝑟𝑒𝑠 = 0.004𝑞𝑇 (1 − 0.0025

𝑞𝑇
⁄𝜎 ′ )
𝑣0
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′
Where qT is the CPT cone tip resistance and 𝜎𝑣0
is the vertical effective stress.

The initial shaft friction is defined by the traditional static formula:
′
𝑓𝑠𝑖 = 𝐾𝜎𝑣0
𝑡𝑎𝑛𝛿
𝜎′

0.13

𝑣0
′
𝐾𝜎𝑣0
= 0.0132𝑞𝑇 ( 𝑝𝑎
)

Where  is the mobilised friction angle at failure, and pa is atmospheric pressure.
Calibration of this approach against a database of piling records in the North Sea yielded a shape
factor defined below:
0.5
𝑞𝑇
)
/80
′
𝜎𝑣0

𝑘=(

This shape factor suggests that rapid degradation will occur for dense deposits with high cone tip
resistances. The corresponding degradation that occurs adjacent to a vibratory installed pile is more
complex and predicting whether a specific pile profile can be installed at a new site is a significant
engineering challenge.

4.3 Vibro-Driveability
As the primary use of the vibratory hammer is for driving sheet piles, the research in this topic is very
oriented to study the driveability of these profiles. Viking’s 2002 work is one of the most
comprehensive about this particular topic in recent years.
The term “vibro-driveability” normally relates to the rate of penetration with which the driven pile
moves through the soil strata. The rate of penetration, or penetration speed (vp), is normally given in
mm/s. The refusal, that is, the limiting rate of penetration is defined around less of 10mm/s. Smart
(after [Rausche,2002]) suggest a limit of 6.2mm/s, while the Technical European Sheet piling
Association propose 8mm/s in sheet piles. A low rate of penetration is an issue in productivity and
also can produce environmental problems, like the ones registered in Anholt and mentioned
previously. The selection of the right hammer for the site is important in order to ensure an
economical and efficient installation.
Some inferences regarding vibratory pile installability can be derived from the soil improvement
sector where dynamic compaction is relatively common form of ground treatment to increase the
density and bearing capacity of the underlying soils. When referring to dynamic compaction and
ground improvement most relevant to vibro piling it is important to differentiate between
traditional methods and rod methods. Traditional deep vibratory compaction using vibroflotation is
not relevant because the vibratory impulses are applied horizontally into the ground. However, vibro
rodding and resonant compaction are both undertaken using vertical vibratory oscillators and are
therefore analogous to pile driving. Essentially, these techniques show that additional soil particle
velocity and compaction effort can be achieved at a frequency close to the resonant frequency
(typically 10 to 20 Hz). The difference in ground motions observed during resonant compaction are
shown in Figure 4-1 (after Massarsch 2002) where during penetration a high frequency is used of
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circa 30Hz, whereas during the subsequent compaction phase the frequency is reduced to allow
resonance to occur with the soil. The resulting ground motions are amplified by a factor of 3 to 4, as
the probe and soil vibrate in phase due to the efficient transfer of energy. It should be noted that
this resonant phenomenon is different to the hammer-pile resonance commonly discussed in the
context of Bodine’s hammer (vibrating in excess of 100Hz).

Frequency, Hz
Figure 4-1 Vertical Ground Motions Recorded at the Surface 4m from a Resonance Compaction
Probe (after Massarsch 2002)

Vibro-driving at excitation frequencies close to the eigenfrequency of the pile soil system leads to
high vibration amplitudes and increased bearing capacities. The higher the excitation frequency, the
higher becomes the penetration velocity, but with increasing distance between excitation frequency
and system eigenfrequency the bearing capacity of the piles tends to decrease.

4.3.1 Test installations
The best way to determine the driveability is by means of a pre-driveability test, particularly by
undertaking a full scale test. However, these tests are expensive and other alternatives have been
used to study the problem, like studies of the pile-soil interface or reduced scale tests.
Several researchers have developed reduced scale testing apparatus, among them, Rodger and
Littlejohn (1980), Wong (1988) and O’Neill et al (1989). These tests provide useful analysis of the
behaviour of the vibratory system and the pile under controlled conditions.

32

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

The main research projects developed in the study of vibrodriveability by means of full-scale tests
have been the Belgian Building Research Institute (BBRI) tests in Belgium, the SPDIS tests, the
Dynamic Penetration in Germany, CPAR tests in Texas and the IREX test in France. Despite the
research effort made in these works there are few published reports in the majority of these
projects mentioned. Viking [Viking, 2002], in his PhD Thesis, presented driveability results in sheet
piles, which are well documented.
Vibro-driveability during offshore conditions were studied by Jonker and Middendrop, 1988. Several
pile geometries were installed in different soil conditions. Comparing CPT profiles and driving record
for the same site, they observed that no direct correlation between soil resistance and penetration
speed exists. Vibro-driving was performed in sand layers and high strength clays (su=150-350kPa)
and unexpected premature refusal was encountered at a specific depth in one location, which was
thought to be due to pile-plug formation. Recent driveability studies have been performed during
the installation of monopiles in Anholt and Riffgat offshore wind projects.
In the Anholt project [Le Blanc, 2014], where representative dense North Sea sands were
encountered, a vibro-driving trial was performed using two monopiles of variable diameter (4.695.35m) and 49.7m length. The monopiles were intended to be installed to a target depth of around
20 m using a 600 m.kg eccentric moment hammer, formed by three 200 m.kg eccentric moment
hammers assembled. The driveability prediction performed showed an early refusal at 8m, however,
this prediction was completely erroneous: one of the piles was installed to the target depth and the
other stopped at 17 m, only two meters above the required depth. The conclusions regarding the
driveability highlighted the lack of applicability of the current vibro-driving methods to predict
installation of large diameter piles.
In the Riffgat project, Verbeek et al. (2013) documented that in order to adhere to the strict
environmental rules imposed by the German certifying bodies, vibro-driving was used to install the
monopiles to a certain depth. A pile driving prediction was performed using AllWave-PDP, which
allows the hammer model to be defined, which in this case was the Super Quad Kong, four 600 m.kg
eccentric moment hammer assembled. The piles were installed through sand deposits using
approximately half of the hammer power; however, the behaviour in the clay layers concerned the
client. In order to reduce the uncertainty in those clay layers, driveability tests using long steel
instrumented pipe piles were performed. Vibratory Driving Analysis (VDA) and records of
penetration speed and energy supply were obtained from the driveability study. The results showed
that the operating frequency is an important parameter to control during the driving. It was
observed that when a reduction in frequency due to an increase in driving resistance occurred, the
output power also decreased and, therefore, further decrease in frequency and eventually causing
refusal. When a reduction in frequency is observed, the recommended practice is to pull the pile
slightly out allowing the frequency to recover and then continue driving.
4.3.2 Factors
There are a number of different factors which influence the vibro-driveability. The main factor can
be divided in three groups, corresponding to the three main components of the driving process:
factors related to the vibratory equipment, to the element to be driven and to the soil.
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The selection of the vibratory equipment is usually based on years of experience and local field
verification. The next vibratory machine parameters are considered important in vibrodriveability:
the static surcharge force, the driving frequency, the eccentric moment, the amplitude displacement
and the efficiency of the machine. One of the most referenced articles in those aspects is the article
of Rodger and Littlejohn 1980, where they presented a guide table to adequately select the vibratory
hammer parameter to the soil conditions based in their experience. Some basic guidelines on the
suitability of vibratory pile installations in different soil conditions can be found in Kuhn (1978),
including the graphs reproduced in Figure 4-2 and Figure 4-3. These graphs highlight the easier
installations typical of granular sites rather than cohesive soils. Furthermore, the increasing difficulty
of installing piles in denser deposits is also captured by Kuhn.

Increasing
Difficulty
for Vibro Installations

Figure 4-2 Impact of Soil Consistency on Pile Installability (after Kuhn 1978)
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Figure 4-3 Vibrational Amplitude Required to Install Sheet Piles in Different Soil Conditions
(after Kuhn 1978)

Table 4-1 Vibratory hammer parameters for different soils (after Rodger and Little John 1980)
Cohesive soils
Dense cohesion less soils
Loose cohesion less soils
All cases

Low point resistance

High point resistance

High acceleration
Low displacement
amplitude.

High acceleration.

Low frequency, large displacement
amplitude

High acceleration

Predominant side
resistance

Predominant side
resistance. Requires
high acceleration for
fluidization

Predominant toe resistance. Requires
high displacement amplitude and low
frequency for maximum impact to permit
elasto-plastic penetration.

Predominant side
resistance. Requires high
acceleration for
fluidization.

f>40Hz
a:6-20 g
𝑠0 : 1-10mm

f: 10-40Hz
a:5-15 g
𝑠0 : 1-10mm

Recommended parameters
f:4-16Hz
a:3-14 g
𝑠0 : 9-20mm

Heavy piles

Light piles

f:10-40Hz
a:5-15 g
𝑠0 : 1-10mm

The choice of frequency of vibrations seems to be related to the type of soil, but the general rule is
not to drive in frequencies near the natural frequencies of the soil to avoid soil resonance effects.
The main pile-related factors affecting the driveability are the geometry and the mechanical
properties of the profile. Another important factor when driving sheet piles is the presence of lock
friction. The pile geometry influences the way the pile interacts with the soil; the difference in
behaviour is particularly remarkable when comparing low-displacement (small toe are: open-ended
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tube piles, H-profiles) piles with large-displacement piles (big toe area: concrete piles, close ended
tube pile).
Concerning the soil, it is usually classified in a simple manner as either cohesive or granular. Since
the vibratory technique works better in cohesionless soils, the main research evidence available is
centred in understanding the driveability in these kind of soils. The investigations indicate that the
remaining soil factors that significantly influence the vibrodriveability: induced cyclic motion of soil
grains, initial relative density, local sand liquefaction and the maximum density in the soil profile.
These parameters have been discussed when previously discussing the mechanisms of soil-pile
interaction. Relative density is the soil parameter that has been reported to have the most influence
on the global penetration rate, where the higher the relative density, the lower the penetration rate.
The degree of saturation also appears to be an important variable with harder driving observed in
dry sands compared with saturated sands.
4.3.3 Vibro modelling approaches
Some attempts to model the driveability by vibratory installation can be found in the literature.
These models can be subdivided into different groups: parametric models, force-balance models,
energy-balance models, momentum conservation models and models with integration of the laws of
motion.
The parametric models were the earliest models developed to predict driveability. Rodgers and
Littlejohn (1980) reviewed some of these early models. The force-balance models intend to predict if
a vibration can or cannot overcome an estimated soil resistance. But force-balance models do not
estimate the penetration rate of a driven element, they just compare the magnitude of the driving
forces with the magnitude of the penetration-resistance forces. One example of this kind of model is
the “Beta formula” proposed by Jonker (1987) to predict the driveability of pipe piles. He introduced
the term of SRV (soil resistance during vibratory driving), related to the static bearing capacity of the
pile modified by some factors.
𝐹𝑣 + 𝐹𝑖 + 𝐹𝑠 > 𝑆𝑅𝑉 = 𝛽0 𝑅𝑠0 + 𝛽𝑖 𝑅𝑠𝑖 + 𝛽𝑡 𝑅𝑡
Where 𝐹𝑣 is the maximum vertical force generated by the vibrator, 𝐹𝑖 is the inertial forces of
dynamic mass, 𝐹𝑠 is the constant surcharge force, 𝑅𝑠0 is the soil friction outside pile shaft, 𝑅𝑠𝑖 is the
soil friction inside the pile shaft, 𝑅𝑡 is the empirical pile toe resistance, and 𝛽0 , 𝛽𝑖 and 𝛽𝑡 are the
empirical reduction factor to take into account the dynamic effects during driving for shaft friction,
outside and inside the pile, and at the pile toe. These  factors are function of soil type, density,
consistency and driving or extracting conditions. In that way,  factors need to be calculated for each
layer in order to produce a curve SRV vs. depth, similar to the bearing graphs commonly used for
impact hammers.
In energy-balance models the following form is assumed:
𝑅𝑢 𝑣𝑝 = 𝛽𝑡 𝑊𝑡 + (𝐹𝑖 + 𝐹0 )𝑣𝑝
With this expression we can calculate the penetration rate rewritten to:
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𝑣𝑝 =

𝛽𝑡 𝑊𝑡
(𝑅𝑢 − 𝐹𝑖 − 𝐹0 )

Evidently the same expression allows one to calculate the bearing capacity. Some different
expressions based in this idea are shown later. One way to determinate the value of 𝛽𝑡 is by means
of Davisson’s formula, originally used to predict bearing capacity of piles driven with the Bodine
Resonant Driver.
Schmid (1968) suggested a formula for steady-state penetration in which the momentum of the total
mass of the vibrator (𝑀𝑣𝑖𝑏 ), additional bias mass (𝑀𝑠 ) and the pile mass (𝑀𝑝 ) over the period T of
one vibration cycle is balanced by the soil resistance impulse (𝑅):
𝑇𝑐

(𝑀𝑣𝑖𝑏 + 𝑀𝑠 + 𝑀𝑝 )𝑔 𝑇 = ∫ 𝑅 𝑑𝑡 = 𝛼𝑅𝑡 𝑇𝑐
0

Where 𝑇𝑐 is the contact time between pile toe and soil within a cycle and 𝛼 a coefficient between
2𝑣

0.5-1. This expression can be used to estimate the bearing capacity and, with 𝑇𝑐 = √𝑎−𝑎 𝑝

𝑚𝑖𝑛

𝑇,

predict the penetration speed by:
2

(𝑎 − 𝑎𝑚𝑖𝑛 )𝑇 (𝑀𝑣𝑖𝑏 + 𝑀𝑠 + 𝑀𝑝 )𝑔
𝑣𝑝 =
[
]
2
𝛼𝑅𝑡

Where 𝑎 is the peak acceleration during the considered cycle and 𝑎𝑚𝑖𝑛 is the minimum peak
acceleration.
The integration model of the mechanical action is the most recent method used to predict
driveability. In these models the system of hammer-pile is considered to behave like a rigid body and
is modelled as a Single Degree of Freedom system. The integration models require that the
penetration movement of the vibratory-driven profile be described at all times after inertial
equilibrium has been achieved. Where it is assumed that the vibrator-pile system behaves like a rigid
body, it is possible to apply Newton’s second law (∑ 𝐹 = 𝑚𝑎) to the vibrating masses, according to
the following expression:
𝐹0 + 𝐹𝑣 + 𝐹𝑚 − 𝑅𝑠 − 𝑅𝑡 = 𝑎 𝑚𝑑𝑦𝑛
Where 𝐹0 is the static surcharge force, 𝐹𝑣 the unbalanced force, 𝐹𝑚 the static force of the dynamic
masses, 𝑅𝑠 the dynamic soil resistance along the saft, 𝑅𝑡 the dynamic soil resistance at the toe, 𝑎 the
acceleration of the driven element and 𝑚𝑑𝑦𝑛 the sum of all masses that vibrate. This expression is
used to obtain the penetration rate by different procedures for the integration of the rigid system
under consideration, over the time cycle. Using this idea different models have been developed,
among them, the Vibdrive model by Holeyman, the “Karlrsruhe” model, product of the extensive
research at the University Friedericiana in Karlsruhe. The Vipere model was developed by Vanden
Berghe [Vanden Berghe, 2001].
Other models have been developed following the wave-propagation equations in one dimensional
models, like the TNOWAVE, GRLWEAP and the VPDA approaches. A comprehensive description of
these models and the application of Vipere and Vibdrive model can be found in Viking (2002).
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There is no consensus amongst researchers or practitioners as to the most reliable model for
predicting vibratory pile installation behaviour. An example application originally presented by
Viking (2002) and reproduced by Rausche highlights the behaviour of a 14m long sheet pile installed
to a toe depth of 12m using an ABI hammer (MRZV 800V) operating at 41 Hz with a variable
eccentric moment up to a maximum of 12kgm. The soil stratification comprised an upper layer of
clay extending to 2.5m bgl underlain by sand and silty sand with cone tip resistances ranging from 2
to 4 MPa. Driveability analysis was undertaken with both the GRLWEAP and VIPERE software.
Additional details regarding the damping and soil resistance parameters can be found in Rausch. The
results, which are produced in Figure 4-4 below, showed a reasonable prediction for both models
when compared to the pile penetration rates at 12 m below ground. However for the majority of the
installation process, the models grossly over predicted the penetration rate.

Figure 4-4 Comparison of Two Model Predictions of Vibratory Sheet Pile Installation
(after Rausche 2002)

4.3.4 Vibro resistance to driving (VRD)
All of the models presented above have advantages and disadvantages, however they all have the
same limitation in that they are highly reliant on the assumed distribution of soil resistance to
vibratory installation, which as discussed earlier is significantly different to the insitu soil conditions
and that experienced by an impact driven pile.
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Recognising the importance of accurately describing the soil resistance during vibratory pile
installation, Holeyman (1996) proposed a CPT based approach for determining the VRD by
interpolating between a static value and a fully degraded value. In the first instance a static shaft
stress (τs) and base resistance (qb) profile have to be determined (the scope of such calculations is
outside the remit of this report). The fully degraded values are deemed to represent the values once
the soil is in a fully liquefied state, where the shaft stress reduces to τs1 and base resistance to qb1,
considering the CPT friction ratio, FR, and liquefaction factor, Λ, which varies from 4 to 10 and is
higher for loose sands.
1 −1 1
𝑞𝑏1 = 𝑞𝑏 {(1 − ) 𝑒 𝐹𝑅 + }
Λ
Λ
1 −1 1
𝜏𝑠1 = 𝜏𝑠 {(1 − ) 𝑒 𝐹𝑅 + }
Λ
Λ
The stresses during driving (𝑞𝑏𝑑 𝑎𝑛𝑑 𝜏𝑠𝑑 ) are then calculated from the initial static and final
degraded values for shaft and base stress, depending on the acceleration of the pile normalised by
gravity (𝛼 = 𝑎/𝑔), where a is determined by assuming the pile is a rigid body and applying Newtons
second law. The resulting local pile-soil stresses during vibrational installation are then:
𝑞𝑏𝑑 = (𝑞𝑠− 𝑞1 )𝑒 𝛼 + 𝑞1
𝜏𝑠𝑑 = (𝜏𝑠𝑑 − 𝜏𝑠1 )𝑒 𝛼 + 𝜏𝑠1
The VRD at any given depth can then be calculated by integrating the shaft stresses over the shaft
area and multiplying the base stress by the cross sectional area.
The importance of accurately capturing the vibratory soil resistance during pile installation was also
well recognised by Rausche (2002) who interrogated a number of case studies of vibratory pile
driving. For a double sheet pile section driven with an ICE 815 hammer Rausche noted that
premature refusal occurred due to soil setup effects but in order to predict this behaviour an
accurate estimate of the end bearing resistance is required. Furthermore, the stiffness of both the
end bearing and shaft proportion (as represented by the quake values in CASE analysis) were
deemed to be just as important as the total resistance. Regardless of the magnitude of the end
bearing, if sufficient vibratory displacement does not occur at the toe of the pile to overcome the
ultimate base stress then further penetration of the pile is not feasible.
Tara et al. (2014) presented a set of case studies of modelling pile installations for a site in Europe
and a couple of locations around Vancouver where deltaic river soils were present. The VRD was
modelled by incorporating the CPT resistance into the installation resistance model alongside a
degradation beta factor which noted the reduction of frictional resistance as a function of
installation cycles. By calibrating the quake and friction fatigue factors from existing pile installations
it was possible to accurately predict the installation behaviour of subsequent installations using
different vibratory hammers. These calibrated parameters for the specific soil conditions were then
incorporated into a wave equation type analysis that accounted for the soil-pile load distribution as
a function of the CPT tip resistance. In the authors opinion this approach warrants significant merit.
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5 Bearing Capacity: Axially Loaded Piles
5.1 Technical Regulations
Vibratory driving is rarely used in Europe to drive bearing piles to the final depth. For that reason the
majority of technical regulations do not differentiate between impact driven and vibratory driven
piles, and for the majority of guideline documents the bearing capacity of vibro-piles is not
mentioned at all.
Some modification factors for vibro-piles are considered in the Polish and Russian regulations. In
these rules different coefficients are proposed to modify the bearing capacity of vibrodriven piles in
relation to impact driven ones. In other European countries there is no difference in the regulations
and no recommendation is proposed in the object of calculation. It is remarkable the effort made in
France with the “Project National Vibrofonçage” (Vibrodriving National Project) to study the
technique and to propose some recommendations, published in the international symposium
TRANSVIB and the technical guide “Guide Technique Vibrofonçage”.
According to the German design guidelines for piling works, EA-Pfähle (2012), the typical values of
skin friction and end bearing that would be used for impact driven piles should be reduced for
vibrated piles to take account of the anticipated reduction in bearing capacity. Quantifying the
precise amount of reduction should be determined by an Official Geotechnical Expert (“Anerkannter
Geotechnischer Sachverständiger”). However, the guideline does state that the reduction is not
necessary if the pile is predominantly vibrated but impact-driven over at least the final 8 diameters.
In the USA the use of vibratory techniques is widespread and the technical guidance typically varies
between states when using this type of pile. The US Army Corps of Engineers Manual note that
vibrodriven piles need special attention but do not propose any specific design recommendations. In
the Technical Instructions for Pile Driving Equipment (USCAE, 1998), it is stated that there is no
accepted method to determine either driveability or the bearing capacity of vibro-driven piles. The
Canadian Foundation Engineering Manual, in section 18.2.7, highlights the benefits of vibro-driving
in cohesionless soils, but it also states: “The capacity of these piles cannot be estimated from driving
records and thus, their capacity has to be verified by dynamic analysis of restrike blows to all or a
specified percentage of piles”. As discussed previously, this approach reduces the advantages of
using vibratory installation techniques as it requires multiple hammers on-site and increased testing
costs.
5.1.1 Estimation methods
Methods to estimate the capacity of impact driven piles from the end of installation resistance are
relatively common and have been in existence for several decades, extending from the basic ENR
formula utilising the hammer blowcounts to more complex approaches. For example, it is not
unusual to estimate the capacity at the end of impact driving from dynamic measurements of strain
and acceleration on the pile head, which are combined with wave equation interpretation
techniques such as CAPWAP or CASE methods. These methods have a number of limitations
including the ability to mobilise full capacities by the available impact hammer and the difference
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between dynamic short term measurements and longer term equalised loads measured in static
tests. However, despite these limitations impact driven piles are still routinely validated using the
installation performance to estimate the static capacity. By contrast, vibratory piles do not have the
same degree of acceptance when it comes to deriving the static capacity from the installation
behaviour.
The literature does contain several different methods to estimate the bearing capacity of vibratory
driven piles. The majority of these methods are based in the idea of energy balance, already
mentioned in the driveability methods. These expressions are summarised in Table 5-1.
In recent years there have been several dedicated studies aimed at developing expressions to
estimate the capacity from installation measurements. A series of test were conducted at the
National Geotechnical Experimental Site in Texas, in the framework of the research programme
CPAR between 1994 and 1998. The aim of the study was to predict the ultimate bearing capacity of
structural piles from the installation response with vibratory-driving systems. However, no
conclusive results have been reported by the CPAR programme (Viking, 2002). More recently,
Schönit (Schönit et alt., 2008) presented a method that relates the energy involved in the vibratory
driving with an equivalent number of impact hammer blows. This equivalent blow number can be
used in impact drive expressions to calculate the bearing capacity.
In addition to these methods, other authors using experimental results, such as Borel et al. (2006),
propose a unique reduction coefficient in toe pile capacity of 50% and in shaft resistance of 30% to
apply to the values of the terms calculated for impact driven piles.
Author

Table 5-1 Bearing capacity estimation formulae
Formulae of bearing capacity
Parameters

𝐹=

Bernhard (1967)

𝛱 𝑚𝑎𝑥 𝑃 𝐿
𝑉𝑝 𝑎𝑣𝑒 𝑝

SNIP II-B.5-67
(1968)

25.5 𝑁
𝑃 = 𝜆(
+ 𝑄)
𝐴0 𝑓

Schmid (1969)

𝑅=

(𝐵 + 𝐸 + 𝑄)𝑇
𝛼 𝑇𝑐

𝑅=

Davisson (1970)

𝑃
(𝑟𝑝 + 𝛽𝐿 𝑓)

for Bodine Resonant Driver
O’Neill et al.
(1990)

𝑄=

0.05 𝑃ℎ
𝑟𝑝𝑡 [𝛽1 (𝜎′ℎ ) 𝛽2 (𝐷𝑟 ) 𝛽3 (𝑑10 )]
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𝛱 𝑚𝑎𝑥 : efficiency factor (=10%)
P (kW) : vibrator power
L (m) : pile length
𝑉𝑝 𝑎𝑣𝑒 (m/s) : penetration rate
p (m) : Embedment length
N (kW): vibrator power (kW)
𝐴0 (𝑐𝑚): displacement amplitude
f (Hz): vibration frequency
Q(kN): Pile and hammer weight
𝜆 : coefficient adjusted by experimental
correlation
B(N) : Non vibrant weight
E (N): Vibrant weight
Q (N): Pile weight
T (s) : Vibration period
Tc (s): pile toe-soil contact time
𝛼 : coefficient (0.5 - 1)
P (kW) : power delivered
𝑟𝑝 (m/s): penetration rate

𝛽𝐿 : Coefficient for energy loose

f(Hz) = Vibration frequency
𝑃ℎ (kW): average power
𝑟𝑝𝑡 (m/s) :penetration rate
𝛽1 (𝜎′ℎ ) = −0.486 + 0.0743𝜎′ℎ
𝛽2 (𝐷𝑟 ) = 1.96 𝐷𝑟 − 1.11
𝛽3 (𝑑10 ) = 1.228 − 0.19𝑑10
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Author

Feng (2000)

Lammertz (2006)

Formulae of bearing capacity

𝑄=

3.6 (𝐹𝑐 + 11𝑊𝐵 )
𝐿𝐸
𝑣
𝑝
(1 + 1.81010 𝑐 √𝑂𝐶𝑅) 𝐿
𝑠 −𝑏
𝑅=𝑎 ( )
𝑃

Parameters

𝐹𝑐 : Force centrifuge
𝑊𝐵 : Non vibrant weight
𝑣𝑝 (m/s):penetration rate
c (m/s): light speed
OCR : overconsolidation ratio
L (m): pile length
𝐿𝐸 (𝑚):embedment length
a - b: system constants
s (m) : penetration per cycle
P(kW) : vibrator power

Figure 5-1 Comparison of Load Test Capacity in kN versus Penetration Rate for H Piles
(after Rausche 2002)

It is worth noting that many of the estimation methods presented for predicting the vibratory pile
bearing capacity rely on the pile penetration rate at the end of driving, whereas this is not always
shown to relate to the actual capacity. For example, data collated by Smart (1969) and reproduced
by Rausche (2002) indicated that the load test capacity of vibratory installed H piles were
independent of the penetration velocity, a result that is reproduced in Figure 5-1. In the authors
opinion these results are unsurprising considering that the penetration velocity is highly dependent
on a vast number of parameters related to both the hammer operability and the soil response.
Considering the complex soil degradation mechanisms, non-linear soil stress-strain responses, rate
effects and resulting pore pressure regimes the resistance during vibratory installation is noted to be
significantly different to that mobilised in a static load test. Prediction of the long-term static
resistance from the temporal vibratory resistance requires significant engineering effort that takes
account of the soil-structure mechanisms and as a result it is unlikely to yield a direct relationship
between static capacity and penetration rate.
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5.1.2 Model scale testing
A number of model scale test programmes have been undertaken in recent years which have added
to the knowledge database regarding vibratory pile behaviour.
Recognising the lack of scientific understanding between vibratory pile installation behaviour, soil
characteristics and ultimate pile bearing capacity, O’Neill et al (1990) completed a laboratory
experimental test programme to investigate these issues. Model scale piles with a diameter of 4
inches were vibrated 78 inches into a sand column prepared in a soil pressure chamber. Sands of
different relative densities and different grading characteristics were tested. A bespoke vibrator was
developed for the research programme which was operated with a nominal 20 Hz frequency. O’Neill
determined that the pile capacity had an inverse relationship with the average penetration velocity
at the end of pile installation, with capacities decreasing for faster penetrating piles. Both the soil
relative density and particle size (as measured by the d50 value) were determined to have an impact
on the overall pile capacity, although O’Neill cautioned against applying these findings to practice
until field scale validation was undertaken. Additional findings from this research were reported by
Wong (1988) where comparative impact driven piles in the same pressure chamber with a sand of
85% relative density were seen to develop higher resistance in compression than the vibro-driven
piles. By contrast vibro-driven plies exhibited better static performance in sand with 90% relative
density, with no capacity benefits observed from restriking the vibro-driven piles. These results were
further detailed by Vipulanandan et al. (1990) who also noted the importance of sand relative
density and penetrating velocity on the subsequent capacity. Further work undertaken at the
University of Houston was reported by Wang (1994) who noted the importance of sand saturation
on achieving pile penetration. Vibrated piles in saturated sand had notably higher penetration
velocities and lower installation resistances than identical piles installed in dry sand profiles.
Another lab scale investigation was documented by Wienholz (1998) who conducted tests in
medium dense coarse sand. The results of this study also noted an inverse relationship between pile
capacity and penetration velocity, with significant densification of the sand observed when the
vibration frequency was close to the eigen frequency of the system which yielded higher bearing
capacities. A significant increase in the pile end bearing was observed at low penetration velocities.
In strong contrast to several other lab and field scale investigations (eg. Mazurkiewicz, 1990),
Wienholz noted that post vibratory impact driving did not have a positive impact on the pile bearing
capacity. This observation is in strong contrast to conventional practice which often involves
“finishing off” a vibrated pile with some impact driving when the pile is required to carry permanent
loads.
Schonit and Reusch (2008) reported on model scale pile lab tests undertaken at 1g that investigated
the possibility of using measurements of the pile behaviour during installation to determine the pile
capacity.
Sychla et al (2013) carried out comparable tests on both impact and vibratory driven tubular piles in
sand with a medium relative density. Piles installed with a frequency of 30Hz were seen to exhibit
lower capacities than impact installed piles due to lower horizontal stresses in the adjacent soil and
reduced vertical. The vibrated piles were seen to have 25-30% lower bearing capacity than the
impact driven piles.
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Holeyman (2000) commented on the relative merits of model scale testing and in particular noted
the limitations of reduced scale tests to replicate the boundary conditions associated with vibratory
pile driving in a free-field condition. This inability to replicate the lateral energy dissipation from the
vibrator is noted to be a significant limitation of model scale testing, and as a result Holeyman
placed more emphasis on using full scale tests to draw meaningful conclusion about vibratory pile
behaviour. The authors of this report agree fully with this sentiment and in this regard have
considered the field scale test results outlined below.

5.1.3 Field testing
There are a relatively small number of field test analysing the bearing capacity of vibratory driven
piles. In particular, comparative pile load tests on impact driven and vibratory driven piles are limited
and as a result it is difficult to determine the relative merits of both installation procedures. This
section compiles the literature on field scale testing of such piles.
The literature on this topic extends from early works reported in the 1970s and extends to recent
tests have been undertaken over the past couple of years such as the field investigations presented
as part of the “Project national vibrofonçage” (Vibrodriving National Project), developed by France in
2000-2006 and recent presentations such as the article included in the “Steel in Water works”
seminar in Braunschweig by Sychila et al. in 2013.
Mazurkiewicz (1975) reported on one of the earliest studies on vibratory pile behaviour where a
number of pile load tests were undertaken to determine the capacity of piles installed to support a
series of crane rail tracks. The soil profile consisted of a thin layer of clay overlying a thin layer of
peat (typically less than 2 meters), which in turn overlies a granular layer of approximately 17m of
sand with some gravel lenses and interbedded silty zones. This was underlain by a clay zone at
significant depth. Eleven pairs of reinforced concrete piles were installed for the test programme,
with half of them installed with an 18Hz hammer and the other half installed with an impact
hammer. The piles were tested at various times after installation, however the impact piles all
demonstrated higher capacities than the vibratory piles and while the overall pile resistances
increased over time (between 4 and more than 30 days), the capacity ratio between the impact and
vibratory piles showed no marked trend over time. On average the vibro pile capacity was 40 % less
than the capacity of the impact-driven piles. However, subsequent impact driving mitigated the
difference with the vibratory pile capacity approaching the impact capacity following sufficient
hammering.
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Figure 5-2 Comparison of Load Tests for Vibrated and Impact Piles

(data from Mazurkiewicz 1975)
Jeyapolan (1983) described pile load tests from two sites, one undertaken in Boston Blue Clay on the
Harvard Campus and the other in mixed silt and sand deposits at the Wall #7 of the I95. The piles
were cast-in-place concrete piles formed by driving corrugated steel shells with an internal mandrel.
The piles installed with the sonic vibrator showed superior behaviour to the impact driven piles.
However, it is unclear how much influence the post-driving operations had on the pile capacity,
namely the mandrel extraction and concreting.

Figure 5-3 Comparison of Load Tests for Vibrated and Impact Piles
(data from Jeyopalan 1983)
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Mosher (1987) reported on work undertaken in the preceding three years to determine the impact
of pile installation procedure on the axial resistance of the piles under static loading. This work was
sponsored by the Lower Mississippi Valley Division (LMVD) of the US Army Corp of Engineers in
response to concerns raised regarding the axial capacity of working piles installed using industrial
vibrators for the construction of Lock and Dam No. 1 on the Red River, where a subsequent pile
testing program was undertaken to verify the pile design for the dam. The piles tested were H-piles
with lengths between 55 and 70 ft, which when tested demonstrated capacities 70 percent less than
the expected values.
Mosher (1987) described the load testing for the Arkansas River Lock and Dam No. 4. The test site
was located on the east bank of the Arkansas River about 20 miles downstream from Pine Bluff and
9 miles upstream from the future development site. The geotechnical test conditions comprised a
layer of relatively dense fine to medium dense sand, with recorded densities of 90 and 109 pcf. The
sand included some thin discontinuous seams of silt and clay. Average SPT values in the sand were
27 blows per foot, ranging between 20 and 40. The water table was just below ground surface. Tests
were performed on square prestressed concrete piles, steel pipe piles, and steel H-piles that were
driven with both a double-action steam and a Bodine vibratory hammer. A comparable load test on
each pile type was reported. The 16 in diameter pipe pile exhibited a load of 195t compared to a
load of 180t for the vibratory pile, with most of the additional load capacity measured as an increase
in the toe resistance of the pipe pile. A slightly higher resistance was also recorded for the impact
driven pipe pile tested in tension compared to the vibrated pile. A number of H piles were tested
over two different test areas and with the exception of one of the tests, all vibratory driven piles
exhibited lower capacities than the impact driven piles. The one H pile that disagreed with this trend
and showed a lower capacity for the impact pile compared to the vibrated pile was instrumented
with strain gauges allowing the load distribution to be examined. A drop in toe resistance for the
vibrated pile was recorded with a significant increase in shaft resistance, resulting in a total capacity
of 210t measured for the vibrated pile compared to 190t for the overall capacity of the impact
driven pile. The remaining H piles all exhibited lower capacities for the vibrated pile. The one
concrete pile tested also followed the trend of lower resistances for the vibrated piles. On average,
the vibrated piles yielded capacities that were 20% lower than the impact piles.
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Figure 5-4 Comparison of Load Tests for Vibrated and Impact Piles
(data from Mosher 1987)

Research undertaken by Braaker in 1986 noted that vibratory installed steel piles in sand of different
relative densities had between 10 and 30% less capacity than comparable impact driven piles in the
same sand deposits.
A similar study was reported by Briaud et al (1990) who described pile tests on 3 pile pairs of 9m
long steel H piles installed by either vibro or impact driving into loose sand. While the vibratory piles
exhibited a softer response than the impact piles, at large displacements the ultimate capacity of
both vibratory and impact piles exhibited similar capacities with two of the three vibratory piles
actually exhibiting higher ultimate strengths. Briaud noted that the softer response of the vibratory
piles would most likely lead to larger settlements at working loads. The softer response was most
likely due to the low mobilised toe resistance which was recorded on the vibrated piles. Repetitive
loading was seen to improve the stiffness characteristics of the vibrated piles such that they
approached the stiffness of impact piles after several loading cycles. Briaud also commented on the
impact of time on pile capacity, however the results were inconclusive with the impact piles
generally increasing in strength over time with minimal change observed on the vibrated piles.
Lammertz (2008) completed a suite of load tests on four driven steel pipe piles, with one case
exhibiting a higher bearing capacity of the vibrated pile, while in all other cases the bearing capacity
of the impact driven piles was on average about 10 % higher. Due to the scale and pile type, these
load tests are particularly relevant for offshore foundations installed in medium to dense saturated
sands. The piles mobilised 84% by shaft resistance. The frequency of the vibratory hammer during
the driving was around 40Hz.
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Figure 5-5 Comparison of Load Tests for Vibrated and Impact Piles
(data from Lammertz 2008)

While not often used for bearing applications, Borel et al (2002) compared the results of static load
tests for both impact and vibrated steel sheet piles in dense gravel. A softer pile loading behaviour
and a reduction of 25 % of the skin friction was measured for the vibrated sheet piles.
Rocher-Lacoste et al. (2004) investigated the load distribution along the shaft of impact and vibrated
piles using extensometers to determine the strain at different points along the shaft. The overall
capacity of the vibrated sheet and tubular piles were seen to be 30 to 40% lower than the equivalent
impact piles, with similar reductions in both the shaft and base observed. Borel et al. (2006)
summarised many of these tests and determined that:





The capacity of vibrated piles were significantly lower than impact driven piles by
approximately 40%
The reduction was observed across a range of soil conditions including sands, gravels, clay
and chalk
A similar reduction in both shaft and base resistance was observed
The exceptional soil material was loose sand where a higher capacity was observed for the
vibrated piles.
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Table 5-2 Summary of Impact versus Vibratory Capacity (After Borel et al 2006)

The comparison between the different tests is complex because the pile shape and size, the soil
conditions and the type of piling hammers are different in every case, which means that results are
not always directly comparable between different sites and piles. The dominant feature of the
literature is that the vibratory piles have a marked lower capacity than the impact driven piles.
5.1.4 Statistical summary
The graphs below summarise the published information was compiled from a combination of
internet searches and conventional desk based library research.

Figure 5-6 Summary of Load Test Database (close up on the right)

The average ratio of vibrational capacity normalised by the impact capacity was seen to be 82% with
a coefficient of variation of 32%. There is clearly significant scatter in the results, however despite
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the scatter the capacity of the impact piles is clearly shown to be higher than the vibratory installed
piles.
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6 Bearing Capacity: Laterally Loaded Piles
The vast majority of pile research studies have investigated either the installation process or the
subsequent axial capacity and therefore research in the area of lateral capacity is severely lacking.
Therefore, to the authors knowledge there is no comprehensive study in the literature that reports
static lateral load tests of vibrated and impact driven piles. There is also limited information available
about the lateral behaviour of vibrodriven piles or the influence of vibratory driving on lateral
behaviour.
This is particularly important in the offshore wind sector, where the most common foundation
solutions are large diameter single steel tubular piles, termed monopiles. These piles are subjected
to large horizontal and overturning moments and while vibratory piles installations would
dramatically improve the efficiencies of the offshore operations, reducing vessel costs by improving
the project schedule, there is no guidance given in the design standards.
Some insights from some recent offshore works that installed and tested vibro-piles can be used to
get some valuable information. For example, a recent offshore wind farm project at Anholt involved
several pile installations including a number of vibratory installed piles. The natural frequency of the
structure was recorded through inverse acceleration readings of the structure during free vibrational
periods. The natural frequency of the measured monopile strucutures were then compared to the
predicted frequencies, where a significant difference was observed, with the best estimate designs
shown to be conservative. The structures exhibited higher frequencies than analysed and as the
frequency is dominated by the lateral soil stiffness, the piles were therefore stiffer in practice than
accounted for in design. The increased stiffness was observed on both impact and vibratory driven
piles with both showing a similar increment above the predicted values. These results were reported
by LeBlanc (2004) and are replicated in the figure below. The increased stiffness of the pile-soil
stiffness compared to the design assumptions at small strains suggests that a similar increase in the
lateral load capacity may also be possible.

Figure 6-1 Soil-Pile Frequencies for Impact and Vibro Piles (After LeBlanc 2004)
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6.1.1 Field tests
A set of three pile tests were undertaken on 4.3 m diameter piles driven into a medium dense sand
site at Cuxhaven in 2014. The piles were designed to mimic offshore conditions with six 4.3m
diameter piles installed to 18m penetration and then tested against each other. This configuration
involved three vibratory installed and three impact driven piles. At the time of preparing this report
the lateral load test results were not publically available, although the installation rates were shown
to be a dramatic success with the monopiles installed in less than 3 minutes when using the
vibratory hammer.

Figure 6-2 Installation of the monopile in Cuxhaven testing site (ICE Vibro website)

6.1.2 Influence of relative density
Lateral capacity is governed by different soil parameters, among them we note the relative density,
the friction angle and the horizontal earth pressure coefficient. These parameters are used in
conventional lateral capacity predictions or in p-y model, proposed by Reese et al and are therefore
useful parameters to describe the lateral behaviour of the soil adjacent to the pile.
The relative density could be affected by the vibratory process as mentioned earlier. Regarding the
p-y model, the lateral stiffness of the equivalent soil increase with the increment in relative density.
In addition, we can find experimental examples of this behaviour in the works of Raj and Prezzi.
Raj and Gandhi performed a laboratory test where a model pile was tested in sand under different
relative densities. The model pile used is a 70cm length and 1.8cm diameter hollow aluminium pipe
pile. They studied the lateral capacity of a pile installed in a bi-layer system where the upper layer is
denser. An increase in lateral capacity is registered when the upper layer is denser and when this
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layer is thicker. They also studied the influence of the zone compacted around the pile and found
that beyond a distance, related to the pile-soil stiffness, the influence of the densification is
negligible.
In Prezzi’s work a model pile was used to study the influence of relative density and installation
method on the lateral response of the pile in sand. A model pile was tested in three initial density
conditions: Loose sand (Dr=40%), medium sand (Dr=60%) and dense sand (Dr=90%). Three
installation methods were used to test the pile: driving, preinstallation and jacking. The model pile
was a smooth steel pile of 3cm diameter and 120cm length with a close-ended base. The results
indicated that the higher the density, the higher is the lateral capacity for the same pile head
deflection. This was noted across all three installation methods. Comparing the installation methods,
the jacked pile reached the highest capacity, while the preinstalled pile had the lowest (at 73% of the
jacked capacity) for the same pile head deflection and same initial relative density. The differences
between those installation methods are less important in medium dense sand than in dense sand.
Thus, it is clear that the relative density is a key factor in lateral capacity. The point is to evaluate
how much densification the vibratory process can produce. In the case of offshore structures the soil
where they are founded is already in a dense to very dense state of compaction. The effect of
vibration in that situation may not produce a further densification and, as mentioned before, a
frequency that allow more rapid driving are likely to produce comparatively less compaction. In the
case of impact driving, due to the large diameter used, the pile is driven in unplugged mode, so the
changes induced in the surrounding soil may be in the same range that the ones produced by
vibration. In that situation, the expected lateral capacity may be anticipated to be in the same range
for both kind of piles. It is clear that a deeper research in this topic is necessary to understand the
real influence of vibratory driving on the soil and in its lateral capacity.
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7 Recent Case Studies
To expand the literature database available with relevant cases studies, all practitioners in the deep
foundation industry were encouraged to submit details of projects where the relative merits of
impact and vibratory piles could be quantified. A number of responses were received from industry
including (i) several anecdotal accounts of projects where vibratory piles were used ; (ii) new unpublised case studies from industry and (iii) obscure publications which were not captured in the
original literature review.
The authors appreciate the attention and time of all the colleagues and peers from across the world
for gathering and sharing their data. Hopefully these case studies will contribute toward the greater
body of knowledge on this subject and lead to more rational use of vibratory pile installations in the
future.

7.1 Tappan Zee Bridge
The new Tappan Zee Bridge is to replace the existing Tappan Zee Bridge over the Hudson River, at
South Nyack, Rockland County and Tarrytown, Westchester County, New York. The existing bridge is
due for de-commissioning due to deteriorating infrastructure and an average daily vehicle capacity
of 40% above the design capacity. The replacement bridge is a dual span cable-stayed twin bridge
with four vehicle lanes on each side and a shared use bicycle and pedestrian path. It is 5km in length
with a maximum span of 365m. It will be built to the North side of the existing bridge and connect to
the existing highway approaches on each side of the river.
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Figure 7-1 Vibratory hammer driving a steel pile for Tappan Zee Bridge foundation. Photo credit:
New York State Thruway Authority.

The foundation comprises open-ended steel piles of varying diameter and wall thickness. The piles
were fabricated from ASTM A572, grade 50 steel. Diameters vary from 900mm to 1800mm. There
are approximately 1000 piles driven in rectangular groups of 20 or 25 for each pier. One of the key
elements of the project was the reduction of construction noise; the optimization of the design and
the use of vibration techniques utilised to meet this requirement.
A test pile programme started in July 2013. The aim of this study was to analyse the effect of a
partial installation with a vibratory hammer. Case method and CAPWAP were used to estimate the
capacities. To evaluate the effect of pile installation on pile bearing resistance, piles were installed
initially with vibratory driving, followed by impact driving to target depth, at four locations. Data has
been received for 31 piles: for 9 of them complete information was received; for the other 22, only
driving record and PDA CAPWAP information have been provided, and therefore no information
about location, soil type or installation process was available.
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Table 7-1 Summary table of pile geometry and installation depth

Vibro-driven
Location
penetration depth Final depth [m]
[m]
PLT-1
TP-1A
1219x25.4mm
91.4
55.4
86.9
PLT-1
TP-1B
1219x31.7mm
91.4
56.3
87.6
PLT-2
TP-2A
1219x31.7mm
91.4
83.4
89.6
PLT-2
TP-2B
1219x31.7mm
91.4
56.8
87.7
PLT-3
TP-3A
1219x34.9mm
67
41.5
64.2
PLT-3
TP-3B
2438x50.8mm
67.2
40.9
65.2
PLT-4
TP-4A
3048x44.4mm
56.4
47.2
55.5
PLT-1
TP-1A-R8
609.6x12.7mm
55.6
43.8
43.9
PLT-3
TP-3A-R1
609.6x12.7mm
55.6
46.6
46.9
PLT-102
914.4x31.7mm
46.6
78.6
PLT-103
1219x25.4mm
82.4
103.3
PLT-103P
1219x25.4mm
82.6
103.0
PLT-104
1219x25.4mm
53.6
103.3
PLT-104P
1219x25.4mm
53.6
103.0
PLT-105
1219x25.4mm
53.6
103.3
PLT-105P
1219x25.4mm
53.3
103.0
PLT-106
1219x25.4mm
79.2
103.3
PLT-106P
1219x25.4mm
79.6
92.7
PLT-107
1219x25.4mm
53.3
99.7
PLT-107P
1219x25.4mm
53.0
99.4
PLT-108
1219x25.4mm
53.6
96.6
PLT-108P
1219x25.4mm
53.0
96.3
PLT-109
1219x25.4mm
53.6
103.5
PLT-110
1219x25.4mm
47.2
63.8
PLT-111
1219x25.4mm
56.4
78.3
PLT-112RE
1828x25.4mm
44.5
72.2
PLT-113
1219x25.4mm
27.7
37.5
PLT-114
914.4x22.2mm
17.4
30.2
PLT-115
914.4x22.2mm
19.5
24.5
PLT-117
914.4x22.2mm
25.9
30.5
PLT-118
914.4x22.2mm
40.8
61.2
The ground conditions are quite consistent across the different testing areas: a first layer of soft
organic to medium organic silty clay, with interlaminated lenses of loose silty sand at pile location 4,
of thickness from 27.3 to 42.5 m; a layer of medium dense to dense silty fine sand of thickness from
1.5 to 16.5 m; a layer of varved silt and clay of thickness from 14.6 to 88m; and a layer of dense
glacial till overlaying the bedrock. The varved silt and clay layer was found up to the end of the
borehole (circa 115m depth) in locations 1 and 2. Bedrock is found in location 3 as gneiss, while in
location 4 is sandstone.
Pile
Number

Pile size (open
ended pipes)

Pile Length
[m]

It is assumed that all of the piles were installed in the same way: vibro-driven for the initial depth
and subsequently impact-driven to target depth by impact. The vibro hammer models used were:
hydraulic vibro-hammer ICE 66C, of fixed eccentric moment (76m.kg) and maximum frequency
26.6Hz; and hydraulic vibro-hammer APE 600, of fixed eccentric moment (230.4 m.kg) and maximum
frequency of 22.5Hz. Some of them (TP-1A, 1B, 2A, 2B, 1A-R8 and 3A-R1) were restruck after various
waiting periods to evaluate the capacity using the Case method. This project highlights the
56

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

successful installation of large diameter piles using combined vibratory and impact piling techniques
which demonstrate the potential of vibratory hammers to improve project timelines and economics.
Furthermore, a review of the load test results suggest that the ultimate capacities of the piles were
as one would anticipate for an impact driven pile with the initial vibratory portion having no
noticeable effect on the pile performance. However, no piles appear to have been installed with
pure vibratory techniques and therefore quantifying the direct impact of the installation method is
not possible.

7.2 Folly Road
Folly Road (SC-171) in Charleston County, S.C. is a combination of salt-marsh causeways and bridges
that connects the Town of Folly Beach to James Island and Charleston. In April 2012, the South
Carolina Department of Transportation (SCDOT) awarded the replacement project in order to
substitute two old structures, one being an existing 260m bridge across Folly Creek, and the other a
320m bridge across the Folly River. Both structures were built more than 50 years ago and are
notably deteriorated, due mainly to the saltwater environment, and are functionally obsolete. The
existing bridges are concrete structures, consisting of precast octagonal concrete piles, a
combination of steel and concrete beams and a reinforced concrete deck [Pile Driver, 2014].
The geotechnical conditions at the site are typical for coastal South Carolina: a poor soil, comprising
loose sands and silts, overlying a stiff calcareous soil (Cooper Marl formation). A preliminary
geotechnical solution involving deep soil mixing was considered for the bridge foundations which did
not progress, in favour of an engineered concrete ground slab supported by a deep foundation
reaching the marl. In that way, approximately 122 linear metre of soil mixing was replaced with
nearly 1000 HP 14 x 73 piles ranging from 20 to 26m in length, around 3800 m3 of concrete and 275
metric tons of reinforcing.

57

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

Figure 7-2 Vibratory driving of a H-pile in one bridge end [Pile Driver, 2014]

An extensive pile testing program was performed by Cape Romain and S&ME out of Charleston. Four
piles at each bridge end were installed and tested:





Folly Creek West (Charleston Side): C01-301, C01-224, C01-210 and C01-012
Folly Creek East (Folly Side): C12-219, C12-144, C12-038 and C12-018
Folly River West (Charleston Side): R01-246, R01-186, R01-172 and R01-024
Folly River East (Folly Side): R15-024; R15-167 and R15-203

The aim of this test program was to evaluate the influence of the installation method on the capacity
of H-piles. The hammers used for installation were a vibro-hammer MKT V22 and an impact hammer
Delmag D19. The MKT V22 is a hydraulic vibro-hammer with fixed eccentric moment of 30m.kg and
a maximum frequency of 27.5 Hz. The first 12.2-13.7m of all of the piles were installed using the
vibratory hammer. Then the next piece of 12.2-13.7m meters was spliced on to obtain the full
required length. The 26m length pile was driven to the target depth (16.15 - 22.25m) using the vibrohammer to a certain depth and then the impact hammers, or the vibro-hammer to target depth
(fully vibrated), depending on the pile.
To evaluate the effect of pile installation on pile bearing resistance, pairs of piles (C01-224; C01-210
and R01-186; R01-172) were installed to the final depth with either vibratory or impact methods at
two locations. Restrikes on the pile pairs, which were approximately 4.6m apart, were performed
with the impact hammer approximately two weeks after installations. The difference in the pile
bearing resistance of vibrated pile C01-224 and impacted pile C01-210 is approximately 10%.
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Although it is noted that due to issues surrounding the pile rebounding, the CAPWAP resistance may
not provide a true reflection of the capacities underestimating both the axial resistance and the
difference between the impact and vibratory piles. The test engineers commented in the project
report that given the test data, the unloading method with a damping factor of 0.9 may be more
appropriate to determine pile bearing capacity, which would result in C01-224 (978.6 kN) and C01210 (1298.8 kN) varying by approximately 25%.
Similar differences were observed between the End of Installation CAPWAP capacities for the second
pile pair that were tested, with the impact pile demonstrating a 15% higher strength. Following pile
installation, the pile-soil stresses were allowed to equalise over a two week duration after which
time a restrike test was undertaken to determine the long term resistance. Both the vibratory and
impact driven piles demonstrated significant increases in capacity over time, however the difference
between both pile strengths was seen to increase, with an approximately 50% difference in longterm bearing capacity of R01-186 (circa 1800 kN) that was installed with an impact hammer and R01172 (circa 1000 kN) installed with a vibratory hammer. The results from piles installed in Folly Creek
are compared with the restrike results for pile pairs in the Figure 7-3 below.
Table 7-2 Summary of pile installation and testing results

59

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

Figure 7-3 Comparison of axial capacity from CAPWAP evaluation

It is worth noting that the Folly road H piles were predominantly frictional piles with minimal end
bearing recorded and the difference in the overall resistance is therefore attributed to lower shaft
resistances mobilised on the vibrated piles.

7.3 Interstate 95 (I-95)
The rehabilitation of the intersection of RT I-195 and I-95 in Providence, Rhode Island, required the
use of driven pile foundations to support various bridges. The subsurface exploration revealed a
typical soil profile of a granular fill overlaying a thick varved silt layer overlying a glacial till and
bedrock at depth. Since previous construction experiences showed the silt sediments to be relatively
sensitive, a large scale load testing program was carried out.
The testing program was conducted at two areas designated as test area 1 and 2, testing a total
number of 12 piles. It included axial compression load tests, lateral load tests and pull-out tests of
various types of piles. At test area 1 the axial compression load tests were carried out on a 14”
square prestressed precast concrete pile (PPC), a 14” diameter concrete filled pipe pile (PP) and a
14x102 H-pile. Instrumentation of the axially tested piles included eight to eleven vibrating wire
strain gages and four telltales in each pile. Test results were mainly targeted for the determination of
the piles’ ultimate capacities as well as design parameters for each layer. The tests from Area 1 are
not deemed relevant to this current study due to the lack of vibratory and impact driven comparator
piles and as a result this study will focus on the Test Area 2 results.
Test Area 2 included 3 H Piles, designated HP1, HP2 and HP3. HP1 and HP2 were impact driven over
their full depth and PDA tested. HP3 was vibrated all the way down except for the last 2 or 3 feet ,
where it was impacted with a drop hammer in order to get PDA measurements. HP1 and HP3 were
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also tension load tested to compare results. Additional data was obtained through vibration
monitoring to compare the ground accelerations induced by impact and vibratory pile penetration.
Dynamic CAPWAP capacity results and static tension pull-out loads from a tension test are well
documented. The CAPWAP data is obtained from the end of driving (EOD) and in the beginning of
restrike (BOR1) for the three piles. Only in HP1 and HP2 a second restrike (BOR2) was performed.
Table 7-3 Summary of pile testing programme in area 2 for H-piles

Pile
Designation

Driven
depth [m]

Instrumentation

Test

HP1

37.3

12 VWSG, 4TT

Axial tension test followed
by axial compression test

HP2

37.0

20 VWSG,
inclinometer

Strong direction lateral test
followed by weak direction

HP3

37.2

12 VWSG

Axial tension test

Installation
Location
preaugered, impact
driven
No preauger,
impact driven
No preauger,
vibrated to 35.9m
prior to using
impact hammer

Figure 7-4 CAPWAP results for I95 test piles at different times after EoI

The dynamic capacity as estimated using the CAPWAP technique from impact blows on all three
piles are shown in Figure 7-4. It is worth noting that all piles exhibited some increase in resistance
over time, with the greatest increase observed on the vibratory installed pile (HP3), which initially
had a significantly lower capacity than the other piles but following a wait period of only 1 day the
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capacity was in good agreement with the impact piles. It is unclear whether the capacity increased
due to actual time effects or due to the additional driving with the impact hammer into the
weathered bedrock. Static tension tests on H1 and H3 allows direct comparison of the results, which
are shown on the standard graphical impact versus vibratory plot in Figure 7-5 below, alongside the
CAPWAP measurements.

Figure 7-5 Comparison of load carrying capacity of I95 Test Piles

It is worth noting that the tension capacity was identical for both the impact and vibratory piles with
85t measured for both load tests. Additional insight is provided by these static tension tests, which
were instrumented with strain gauges allowing the load distribution over the pile length to be
determined. This is highlighted in Figure 7-6 below, where we can see the vast majority of the
tension resistance is located within the weathered zone where the impact driving occurred. As a
result, it appears from this site that the vibratory driving has a negative impact on the toe resistance
which leads to the deficit in total capacity when comparing vibratory to impact piles. However, it is
worth stating that due to the very low shaft resistance mobilised in these tests (and particularly for
the length of shaft that was vibro-driven), it is impossible to draw any conclusions with respect to
the impact of vibratory driving on the shaft capacity.
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Load Distribution on HP1 (Impact)

Load Distribution on HP3 (Vibro)

Figure 7-6 Comparison of axial tension load distribution at I95 Test Area 2

This comparison of a partially vibro-driven pile HP3 with HP1 and HP2 shows that vibro driving has a
minor influence on the pile capacity, which due to the stratification at this site was predominantly
focused on the toe resistance where a lower capacity was observed for the vibro pile. This case study
does suggest that in ground conditions such as this, vibratory driving over most of the installation
with follow-on impact driving could be a very efficient means of pile penetration while
simultaneously mobilising reasonable pile capacities.

7.4 Downtown / Midtown Tunnel
The Midtown tunnel in The Hampton Roads area of Virginia has experienced an increase in traffic
loads of 600% since it opened in 1962. To solve the infrastructure needs of the area, the Virginia
Department of Transportation have undertaken the Downtown Tunnel/ Midtown Tunnel project.
The project is an expansion of the US 58 providing a new two lane tunnel running in parallel with an
existing two lane tunnel system linking Norfolk and Portsmouth. The tunnel was constructed using
the immersed tube tunnel method under the Elizabeth River. Bi-directional traffic in the existing
tunnel will be converted to one-way with the traffic flow in the new tunnel travelling in the opposite
direction. According to the project reports, the tunnel alignment is divided into distinct segments:
Portsmouth Approach Boat Section, Portsmouth Approach Cut and Cover Section, Portsmouth
Dredge Section, Norfolk Dredge Section, Norfolk Approach Cut and Cover Section followed by the
Norfolk Approach Boat Section. Segments named “Approach” are dry excavations and the ones
named “Dredge” are wet excavations.

63

14007-01-Rev2

COMPARISON OF IMPACT VS. VIBRATORY DRIVEN PILES

The soft alluvial deposits in the area required complex geotechnical and foundation evaluations.
Furthermore, the excavation depth required (over 25m depth) and the presence of adjacent
services, as the old Midtown Tunnel, which required a very rigid bracing system to keep lateral and
vertical movements to a minimum, were other challenges to overcome.
Excavation support system varied along the immersed tube tunnel alignment and includes
cantilevered and braced sheet piles, braced sheet piles with king piles and in the deepest cuts
double king piles with two bracing levels utilizing underwater hydraulically loaded struts. MRCE
performed finite element modelling to evaluate the performance of the excavation support system,
evaluated the impact of the construction on the existing tunnel and adjacent structures, and
designed the support of excavation for the existing tunnel and adjacent structures during
construction of the new tunnel. In addition, pile load testing was performed to confirm design
assumptions allowing the optimization of supporting elements.

Figure 7-7 Piles being installed for the Midtown Tunnel
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An extensive pile test programme was undertaken to facilitate value engineering for the project,
however the most relevant pile for this study is an open ended steel tubular pile driven to circa 35m
depth and dynamically monitored during both initial drives and restrikes (termed TP#4). The result
of the restrike on the test pile can be directly compared to the dynamic monitoring results on the
four reaction piles installed immediately adjacent to the test pile. TP#4 and the reaction piles to be
used for static load testing consisted of 914 mm outer diameter spiral welded pipe piles with a 12.5
mm thick wall. The steel pipe piles conform to ASTM A252 Grade 3, have a cross‐sectional area of
35,974.12 mm2, and had minimum yield strength of 310 MPa. A pile shoe of 1.83m long 25mm thick
pipe section was welded to the head of the pipe piles for additional strength. The vibratory hammer
employed was an ICE Model 66‐80 vibratory hammer, with an eccentric moment of 76 kg.m, a
maximum amplitude of 30mm, a maximum frequency of 26.7 Hz and a weight of 8.7 metric ton.
Impact driving was performed with a BSP Model CG300 hydraulic hammer, with a ram weight of
around 22 metric tons and a maximum rated stroke of 1.49 m, resulting in a maximum rated energy
potential of 32.78 mT‐m. The average of the CAPWAP capacities for the four reaction piles which
were vibrated to full depth are compared to the impact capacity of the test pile in the Figure 7-8
below.

Figure 7-8 Comparison of axial compression capacity from CAPWAP evaluation

The difference between the vibrated and impact driven piles is circa 18% of the total capacity, with
the majority of this load deficit attributed to toe resistance. The measured toe resistance beneath
the vibrated piles was approximately 5% of the total capacity compared to approximately 20% for
the impact driven pile. Both vibrated and impact driven piles exhibited significant gains in capacity
with time after driving (with increases of 5 to 10 times the initial capacity recorded).
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Additional measurements and load tests undertaken on partially vibrated piles with subsequent
impact hammering showed similar results to fully impact driven piles suggesting that the loss of
capacity recorded on a vibrated pile can be offset by further driving with an impact hammer.

7.5 New Orleans Test Piles
This case study while not an industrial project was originally presented to the authors through the
piling contractor that installed the piles. Subject discussions with the contractor, identified this
project as a research undertaking at the University of New Orleans into vibratory pile capacity and as
a result the authors made contact with the original researcher. Since writing the original draft of this
report, these tests have come into the public domain and the authors are referred to Ghose-Hara
(2015) for further details. Steel tubular and H piles were driven in the yard of a piling contractor
using a vibratory and impact hammer respectively, as per Figure 7-9, and were subsequently load
tested using dynamic restrikes with CAPWAP interpretation.

Figure 7-9 Test Layout (after Ghose-Hajra, 2015)

The dynamic load tests suggest that the pile capacity increases with time for the first 30 days after
installation. Considering the soil stratigraphy is dominated by cohesive materials, the capacity is
clearly being controlled by the excess pore pressures generated during installation which are
subsequently dissipating over time. The capacity of the vibratory piles is consistently below the
impact piles, with both piles showing a similar capacity-time trend. There is no trend for the
vibratory pile capacities to converge toward the impact resistances over time.
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Figure 7-10 Pile Capacity increases with time (after Ghose-Hajra, 2015)

7.6 Lateral Load Tests on I beams
This case study describes a suite of lateral load tests undertaken on driven H sections that were
completed by the Karlsruhe technical university, however to the authors knowledge the results have
not been reported in the public domain.

Figure 7-11 Steel H Pile Installation (after Schoenit 2009)
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The piles were installed using a conventional impact hammer and a vibrator with frequencies in the
range from 25 to 40 Hz. The piles were installed to depths of between 5.5 and 9.5m and then
subjected to static lateral load tests by winching two adjacent piles together, one impact and one
vibratory. The resulting load tests were compared and the authors noted no discernible difference in
the lateral loading behaviour of impact and vibratory piles.

Figure 7-12 Lateral Load Test Behaviour (after Schoenit 2009)

7.7 Summary of Recent Project Data
Vibratory hammers are used in common civil engineering practice across the world and have both
economic and scheduling benefits for many sites. A number of new case studies were presented
which utilised vibratory hammers and the general results appear to be a reduction in the axial
capacity compared to impact driving, with the vibro piles generally mobilising around 80% of the
impact resistance. For piles installed with initial vibrations to a target depth followed by impact
driving over a significant portion of the shaft, the capacity appears to be unaffected by the vibratory
installation approach with the ultimate resistance comparable to purely impact driven piles. The
reduction in capacity appears to be as a combination of both shaft and base resistance, with the
reduction in toe resistance particularly noticeable in the cases of driven tubular piles (perhaps due to
a change in the plugging regime of the internal soil core). The capacity of both impact and vibratory
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piles appear to increase over time, however the impact capacity remains higher than the equivalent
vibratory pile resistance.
The results from the case studies are seen to be in agreement with the previous literature on this
topic.

Figure 7-13 Comparison of axial compression capacity for vibratory and impact driven piles in
different projects
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8 Summary and Recommendations
8.1 Installation Analysis / Selection of Equipment
Despite significant advancements in the range of models available to predict vibratory pile
installations, accurately predicting the installation response still remains a significant challenge. This
challenge is largely attributed to the difficultly in estimating the cyclic soil stress-strain behaviour
under complex vibratory loading patterns. Recent advances have been made in this regard through
incorporation of calibrated friction fatigue parameters into wave equation analysis to determine the
Vibratory Resistance to Driving (VRD). The calibration process outlined by Tara et al (2012) warrants
significant merit.

8.2 Axially Loaded Piles
A significant number of investigations were compiled that compared the axial resistance of vibrated
piles with impact capacities. The impact piles typically demonstrated axial capacities which were
higher than comparable vibrated piles. On average the vibrated piles had 80% of the capacity of
impact piles, with some load tests yielding capacities as low as circa 50%.
The reduction in capacity appears to be as a combination of both shaft and base resistance, with the
reduction in toe resistance particularly noticeable in the cases of driven tubular piles (perhaps due to
a change in the plugging regime of the internal soil core). The capacity of both impact and vibratory
piles appear to increase over time, however the impact capacity remains higher than the equivalent
vibratory pile resistance.
The axial pile resistance following vibratory pile installation appears to be influenced by the
vibratory hammer properties with low frequency, low penetration velocities appearing to be the
most advantageous for pile performance. Although it should be noted that to reduce the risk of
premature pile refusal higher frequency, higher penetrations are deemed favourable. Therefore a
holistic approach to both the pile installation and subsequent resistance is needed.
The axial resistance of a vibratory installed pile can be increased by subsequent impact driving, with
the capacity approaching that of a fully impact driven pile after sufficient additional penetration.

8.3 Laterally Loaded Piles
The amount of information on lateral load tests on vibratory piles is highly limited. One case study of
lateral loaded H piles was presented and was coupled with frequency measurements from offshore
monopiles. Both datasets suggest that the installation procedure has no impact on the lateral
capacity. However, given the lack of information on this topic, these results should be applied with
caution. In particular, when we consider the direct relationship between the lateral pile capacity and
the horizontal soil stress, one might anticipate some link with the installation procedure. This is
definitely an area that requires further investigation and we also await the results of the RWE load
tests from Germany.
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8.4 Approach for Design
There remains significant uncertainty regarding the capacity of vibratory installed piles. A
conservative design estimate would be to apply a global reduction factor of 40% on both the shaft
and base resistance determined using methods developed for impact driven piles. When considering
the magnitude of conventional factors of safety this should offer a robust pile resistance for practical
application. It should be noted that the soil type appears to impact on the scale of the reduction in
capacity, with the most extreme reductions seen in denser sands, with looser deposits potentially
showing less difference between the performance of vibratory and impact driven piles. For both
cohesive deposits and dense sands, the 40% derating of pile capacity seems appropriate. In loose
sand, a lower reduction factor may be justified.
A preferred approach would be to undertake a sacrificial pile load test on a non-working pile in
advance of the main works to measure the capacity following pile driving. To optimise the capacity
following vibratory installation it is recommended that the pile penetration velocity is reduced
toward the end of the installation as the target depth is approached. If possible the frequency could
also be reduced toward the soil system eigenvalue at around 10Hz, allowing some additional
beneficial compaction and densification to take place. The subsequent load test should be then
undertaken at a time period following dissipation of excess pore pressures and allowing for stress
relaxation around the pile. The time frame for load testing will very much depend on the soils
stratification, however a period of several weeks is recommended regardless to allow primary
consolidation to occur.

8.5 Recommendations for Future Research
This study has reviewed both the state of the art research and the state of practice and in the course
of compiling this report a number of shortcomings have been identified. There are several specific
areas which the authors feel would benefit from further study in order to enhance the use of
vibratory piles in permanent works applications.







The vast majority of historical research studies have focused on granular soil deposits, which
is in sharp contrast with practical applications where vibratory piles are being used across
quite a wide spread of ground conditions. Clays and Silts pose significant questions about
pore pressure build-up and consolidation effects and therefore often prove more
challenging for driveability predictions. Additional instrumented field tests would improve
our understanding of the soil stress regime during pile vibratory installation in clay.
The impact of installation frequency on the surrounding soil mass and the subsequent pile
performance is very poorly understood and while there appears to be some advantages to
specific frequency and penetration characteristics, there is insufficient information available
to incorporate this into a quantifiable design setting without the use of site specific testing.
Time effects are clearly poorly understood and additional investigations into setup effects
for both vibratory and impact driven piles would be beneficial.
The potential for liquefaction during driving compared to generalised soil degradation due to
friction fatigue or cyclic loading should be considered.
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There appears to be some evidence that vibro piling may have additional benefits with
respect to axial capacity in loose sand, contrasting with the behaviour in denser deposits.
This would warrant further study.
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