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Executive Summary

Environmental considerations have become an important
aspect of all major construction schemes. This report
provides data and advice against which objections to
schemes may be judged and methods for predicting the
environmental impact of vibration caused by the operation
of mechanised construction plant.

Before this research was undertaken, the Specification
for Highway Works only contained guidance on vibration
arising from blasting works (Clause 607). There was a
need for guidance on vibration from other construction
activities and revision was required to incorporate the
recommendations of BS 7385 Part 2 ‘Guide to damage
levels from groundborne vibrations’. By reference to this
Project Report, the Specification for Highways Works will
be amended to address these issues.

Previous research into the effects of ground vibration
undertaken at TRL has concentrated largely on blasting
works. The research described in this Project Report has
provided an essential follow-up to the earlier work. The
topics covered by this Project Report are:

e a detailed review of the literature on ground vibrations
from compaction, piling, tunnelling and other mechanised
construction and ground improvement techniques;

e a review of national and European standards providing
threshold values for damage and intrusion by
groundborne vibration;

e the acquisition of field data from construction sites for
most types of vibratory site operations;

e the execution of a full-scale trial to investigate groundborne
vibration caused by vibratory compaction plant;

e analysis of the vibration data acquired from construction
sites, the full-scale trial and other research;

e prediction of vibration from mechanised construction
operations.

The proposed predictors allow the calculation of
expected vibration levels of groundborne vibration for the
following activities:

e vibrating rollers;

e vibratory piling, including vibrated casings for bored piles;
e percussive piling;

e dynamic compaction;

e mechanised tunnelling;

e vibratory ground treatment.

Probabilistic predictors are presented for vibratory
compaction and vibratory piling. For the other activities,
predictors are presented as upper bounds to the data and
therefore are expected to be generally conservative. The
predictors are generally valid at distances of up to about 100m
from the vibration source. This encompasses the distances at
which ground vibration is likely to be perceptible at most
sites, although the effects of some operations may be
perceptible at greater distances. Extrapolation much beyond
this distance is not recommended although it will generally
provide a conservative estimate.






1 Introduction recommendations for predicting vibration levels. The
concluding Section summarises the predictors presented
1.1 Objectives within the document.

The increasing size and power of construction plant and its

potential to dissipate intrusive or possibly damaging levels 1.2 Specification of vibration

of vibration into the environment, coupled with increasing Comprehensive description of vibration requires details
attention being given to environmental aspects of road  of the magnitude and frequency of the vibration, together
construction, have led to a need for improved methods of with an indication of how these parameters change with
ground vibration prediction. While there is an increasing time. Vibrations of physical systems can be decomposed
need to minimise the intrusive effects of construction by means of Fourier analysis into harmonic components,
works, over-conservative restrictions on vibration levels  enabling ground vibrations to be fully defined by any
may lead to significant and unnecessary cost increases. pair of the inter-related parameters peak particle

Previous research at TRL into the effects of ground displacement, peak particle velocity (ppv), peak particle
vibration has concentrated largely on blasting works (New, acceleration and frequency.

1986). Research elsewhere has largely focused on piling The capture of a complete time-history allows the

and, to a lesser extent, dynamic compaction. Vibratory determination of all the parameters required for a complete
compaction has received relatively little consideration. definition of the vibration signals. The definition of the
Consequently it is on this type of plant which the current  parameters required to describe the magnitude of vibration
research has predominantly focused. Consideration has alsih terms of ppv and the distance between the vibration
been given to percussive and vibratory piling; dynamic  source and measurement location are described below.
compaction and vibratory ground treatment; and
mechanised tunnelling works. The application of the results
will ease the control and mitigation of vibration to prevent
damage or intrusion without the imposition of over-
conservative limits, and aid selection of appropriate plant.

The main objective of the research was to provide a
rational basis for guidance to be included in the
Specification for Highway Works. To achieve this
objective it was necessary to review research which had
been previously undertaken, both at TRL and elsewhere,
and to identify those areas requiring further study. The
research aimed to present means of predicting vibration
levels from all mechanised construction activities which
may cause sufficient levels of groundborne vibration to be . . ) .

. . . . literature in four different ways, being the peak value
environmentally intrusive, given a knowledge of the ) ]
characteristics of the plant and site conditions. attained by:

The potential for groundborne vibration to cause nuisance® the vertical component (although this may not be the
or damage may be made by comparing the predicted levels argest);
of vibration on a site with the guidance provided by the e the largest of the three mutually perpendicular
relevant national Standards. Section 2 of this report reviews components;
the guidance on levels of vibration which are considered to o thetrue resultant, which is the maximum value of the
be damaging and those which may cause disturbance given yector summation of the three components;
by current British and other national standards.

Validation of existing methods for the prediction of
ground vibration levels, and the development of new
predictors where none existed, required the determination
of the levels of vibration arising from the diversity of plant
in current use. A combination of measurements of The method of presentation of vibration data affects the
vibration from plant operating on construction sites and, quoted magnitude of vibration. The pseudo resultant is, by
for vibratory rollers, on a more controlled trial site was  its definition, the maximum value which can be quoted and
used. Section 3 describes the processes of data acquisitiois. usually an over-estimate of the true resultant The pseudo
The details of the experimental work for the controlled resultant could theoretically exceed the true resultant by a

1.2.1 Magnitude of vibration

Groundborne vibration is commonly described in terms of
peak particle velocity, because building damage has been
shown to be well correlated with this parameter (New,
1986). Human sensitivity to vibration has also been shown
to be constant in terms of peak particle velocity over the
frequency range from 8Hz to 80Hz (British Standards
Institution, 1992a) which covers the range of frequencies
most commonly encountered from construction works.
The ppv is also easy to measure, using moving-coil
geophones, which have an output proportional to particle
velocity. The peak particle velocity has been quoted in the

e thepseudosimulatedor square root of the sum of
squareq SRS¥resultant of the three components, which
is the vector sum of the maximum of each component
regardless of the times at which the maxima occur.

trial are presented in Appendix A. factor ofVv3, but is typically 20% higher than the true
Sections 4 to 7 of the report each start by reviewing the resultant, although this depends on the characteristics of
available literature relevant to the generation and the waveform (Hiller and Hope, 1998). The true resultant
prediction of vibration from, respectively, vibratory may not necessarily be significantly larger than the largest
compaction, piling, ground improvement works and component, but if only a single value is to be quoted, then
mechanised tunnelling. The sections each continue by it errs on the side of caution to use the true resultant.
presentation and discussion of the new data acquired Ideally, a vibration assessment should present the true
during the current research and conclude by making resultant and the individual components. A number of



authors have reported data only as the magnitude of the  For ease of measurement and application on site, many
vertical component; this is unsatisfactory since commonly authors have used the distance measured horizontally
one of the horizontal components is the largest of the three.along the ground surface from the point where the pile
enters the ground, regardless of the depth to which it has
been driven. This distance is variously described as the
horizontal(Li et al, 1990),plan (Skipp, 1984)radial

(Oliver and Selby, 1991), @tandoff(Uromeihy, 1990)
distance. In some cases the way in which the distance has
been measured has not been quoted (for example
Jongmans, 1996; Massarsch, 1992). A number of reports
use more than one term, for example Oliver and Selby

1.2.2 Distance terms

The definition of the distance from the source of vibration
to the point of interest is an important parameter in the
determination of prediction methods. The measurement of
distance is important if results from different studies are to
be compared. Where possible the current research has
recorded both the horizontal and vertical distances (1991) usestand-off radial, andhorizontal surface

between the sources of vibratio‘n and’ the measurement  gistance. Attewell (1995) distinguished between the direct
locations, so that the direct, or ‘slope’ distance could be  jistance from the source, which in some cases may be the

calculated when appropriate. _ pile tip, and the horizontal radial distance.
When considering ground vibration from construction

operations at the ground surface, the distance from the
source to the point of interest is generally unambiguous.
For tunnelling works, it is clearly important that the depth
as well as the lateral distance to the activity is considered.
In the case of piling, a significant amount of the energy
transmission to the ground takes place at the pile tip. The i o ) T )
distance may therefore be defined as that between the pile® Continuous vibrationcyclic variation in amplitude
tip and the measurement location. This is used in some ~ Which repeats many times.

1.2.3 Temporal variation of vibration

In addition to the magnitude and frequency of vibration,

the potential for damage and disturbance is also dependent
upon the nature and duration of the vibration. Ground
vibrations can be classified as follows (Figure 1).

papers and is accurately described (eg Martin, 1980). e Transient vibration cyclic variation in amplitude which
Skipp (1984) and Uromeihy (1990) described this reaches a peak and then decays towards zero.
measurement as thadial distance, whilst Wiss (1967) e Intermittent vibration a sequence of transient vibrations
and Mallard and Bastow (1979) used the tseismic with sufficient time between events for the amplitude to
distance and Gutowskt al (1977) usedectordistance. decay to an insignificant level.

Continuous

Intermittent

Lo e

Transient

Pseudo steady state

Figure 1 Temporal variation of vibration



e Pseudo steady stata sequence of transient vibrations
which are sufficiently closely spaced that the coda of
each event overlaps with the arrival of following event.

In general, continuous vibrations are likely to be more
damaging and intrusive than intermittent vibrations and
therefore lower levels are permissible. These aspects are
discussed in Section 2.1 in relation to guidance in British
Standards.

1.3 Attenuation of ground vibration

Attenuation describes the processes by which the
magnitude of a vibration reduces as it propagates away
from the source. Attenuation occurs by two principal

methods; geometric spreading and material damping. The

first effect is purely geometrical and occurs because the
energy radiated from the source is spread over an
increasingly large volume of material as the wavefront
propagates. This effect is, therefore, independent of the
material properties of the ground. The second effect,

material damping, is a property of the propagating medium

and describes the frictional energy losses which occur

during the passage of a wave. In addition, attenuation may~ o metric
be caused by spreading of the waveform through different
propagation velocities of the different wave modes and by

mode conversion, reflection and refraction at
discontinuities. The relative importance of these effects
and how, in practice, they have been accounted for are
described below.

1.3.1 Theoretical considerations

Vibration is propagated away from the source in the form
of bodywaves andurfacewaves. Body waves can be
further subdivided inteompressionalvaves and
distortional or shearwaves, the velocities of which are
related by the Poisson’s ratio of the soil:

1
Cp _{2(1— v)}z M

o [@-2)
where cpis the compressional wave velocity of the soil;
c,is the shear wave velocity;

v is the Poisson’s ratio.

For soils, the compressional wave velocity is typically
about 1.7 times the shear wave velocity.

The most important type of surface waves in relation to
construction induced groundborne vibration, Rayleigh

K6—8K4+{3—ﬂ}K2+1G 2 10 (3
-V 2(1-v)

Graff (1975) reported an approximate relation betw€en
andv

o _ 087+ 112
 1+v

(4)

The Rayleigh wave velocity is similar to, but slightly
lower than the shear wave velocity. A second type of
surface waves, Love waves, occur at the interface between
two strata and appear only if the underlying layer has the
greater shear wave propagation velocity.

In a purely elastic material, attenuation occurs only
through geometric effects, caused by the increasing surface
area (for body waves) or length (for surface waves) of the
wavefront as the energy spreads away from the source. The
energy attenuates according t@ ér body waves and 1/r
for surface waves, where r is the distance from a point
source. Therefore the particle velocity attenuates according
to 1/r and 1A° for body and surface waves, respectively.
attenuation is independent of the properties of the
material through which the energy propagates.

Miller and Pursey (1955) showed that approximately
two thirds of the energy from a source located at the
ground surface is radiated as Rayleigh waves. Combined
with the lower rate of attenuation of surface waves than
body waves, this indicates that it is Rayleigh waves which
are the most significant when considering the effects of
groundborne vibration from construction works.

A number of authors (for example Mintrop, 1911;
Bornitz, 1931; Barkan, 1962; Richat al, 1970) have
reported that attenuation in soils is more rapid than that
predicted by elastic theory and that even for small
deformations caused by the propagation of seismic waves,
the amplitude is also attenuated by material damping
caused by frictional dissipation of the elastic energy.
Geometric and frictional attenuation effects may be
combined in an expression of the form presented by
Mintrop (1911, cited by Bornitz, 1931);

B
Al — AO|:|I:_0i| e*a(frfo) (5)
1

where A, is the amplitude at distancgfrom the source;
A, is the amplitude at distancgfrom the source;
a is the absorption coefficient; and

waves, have a particle motion which is a retrograde ellipse R is the geometric spreading term.

perpendicular to the ground surface and an amplitude
which decreases exponentially with depth. The
propagation velocity of Rayleigh waves,s related to the
shear wave velocity by the expression:

¢, = Kg (2)

whereK is a function of the Poisson’s ratio (Richattal,
1970):

Mintrop (1911) presented this equation with 3 having a
value of 0.5, implying that it was intended to describe the
attenuation of surface waves. The range of distances with
which civil engineering works are concerned is relatively
small compared with geophysical seismic distances and
typically only a few wavelengths of the disturbance occur
between source and receiver. Jaeger and Cook (1976)
considered that dissipative attenuation did not assume
significance until a propagation distance of a few orders of
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magnitude greater than the vibration wavelength. implies a body wave attenuation, particle trajectories
Consequently it is the geometric attenuation which presented by Attewell and Farmer suggested particle
dominates with the influence of internal friction beinga  motions similar to Rayleigh waves. The index having a
secondary effect (Attewell, 1995). While accepting that  value greater than 0.5 implies that energy losses by
theoretical geometric spreading models alone seriously mechanisms other than geometric spreading are also
under estimated the observed rate of attenuation of seismignportant. Such expressions indicate a greater rate of
waves, New (1984) argued that the additional attenuation attenuation than would be expected by geometric

was only in a small part due to material damping effects spreading alone, but simplify the inclusion of other effects.

but was mostly attributable to other geometric loss Measurements made by White and Mannering (1975) in
mechanisms. In particular, it was observed that spreading London Clay and Barton Sand indicated a complex variation
of the wave packet, the duration of which increased of attenuation with frequency. A minimum attenuation was
linearly with propagation distance, would account for observed in the region of 10-20Hz with a general increase

considerable attenuation of the measured particle velocity.with frequency in the range 20-50Hz and some increase at
Massarsch (1992), however, considered that material  frequencies of 10Hz and below. Watts (1992) found no
damping does have a strong influence on the attenuation gfeneral trend of attenuation with frequency but reported that
ground vibrations and suggested that the omission of this for tests on a variety of soils, a low frequency pass band was
effect may be one reason for the often poor correlation of present. The centre frequency of this pass band was found to
vibration data. Massarsch presented curves showing the jncrease with increasing soil stiffness.
theoretical effect of material damping on the amplitude of  Gutowski and Dym (1976) considered the attenuation of
Rayleigh waves which showed the amplitude at 50m from vibration generated by road traffic. Data were plotted
the source to be more than an order of magnitude higher against the quotient of distance and wavelength, which
without damping than when a coefficient of attenuateon ( would yield a straight line relation if attenuation was
of 0.05m" is assumed. For comparison, Greenwood and  |inearly related to frequency. However, it was found that a
Farmer (1971) and Heckman and Hagerty (1978) assumeqogarithmic relation gave a higher correlation. The authors
a to have a value of 0.03f(0.10m"). However, these suggested that damping by soils may be non-linear and
authors considered that this value is applicable to all Case%ay be greater where amp”tudes are higher, close to the
and is not dependent upon the geology. This factor could source, than for smaller amplitudes of vibration. An
therefore be incorporated in a general attenuation relation gjternative hypothesis suggested that the difference in
combining both geometric and frictional effects. Wood andattenuation rate with distance was a result of stratification
Theissen (1982) suggested that it may be possible to modg} jnnomogeneities in the soil reflecting and scattering
satisfactorily vibration data both by models which include ore energy back to the surface at greater distances.
a material damping term and by those which do not, given  The attenuation effects of different geological materials
the amount of scatter which is typically observed. The has been considered in research on piling induced

following section describes how some authors have vibration reported by Uromeihy (1990) and Attewell
approached this problem in practice. (1995). A number of indices describing the rate of
attenuation of vibration from piling works were presented
1.3.2 Practical treatment of vibration data which, while many of the attenuation rates appear to be
A number of experimental studies have sought to assess related to other parameters, the different soil types were
the importance of material damping on vibration also considered to have had an effect. Brenner and
attenuation, for example Attewell and Ramana (1966),  Chittikuladilok (1975) analysed their data depending upon
Portsmoutret al (1992), Samst al (1997). Whilst it is which material the pile tip was penetrating. It was found

accepted that, providing the wave has propagated for a that the attenuation rate for the surface layer was best
sufficient number of wavelengths, the material damping is described by 1¥f, whereas for deeper layers 1/r gave a

a property of the propagating medium, it is unclear from better correlation. However, an analysis of variance

the literature whether the absorption coefficient has a revealed that all the data could be combined, and a relation

frequency dependence when considering shorter 1/r°85was determined, which is very similar to the relation
transmission paths (Dym, 1976). Barkan (1962) reported  presented by Attewell and Farmer (1973).
that for a viscoelastic material, damping constants are Many authors have simplified the effect of differences

proportional to the squares of their frequencies, whereas foiin internal damping of different earth materials and

elastic media, the attenuation is proportional to the first presented attenuation relation which are dependent only
power of frequency. However, Barkan also presented upon distance from the source. In general, single parameter
experimental data from two tests in water saturated fine  relations have been presented showing the rate of

grained sands which showed that attenuation was essentialttenuation with distance to be constant, as illustrated by

independent of frequency in the range 10 to 30Hz. those cases described in the preceding paragraphs.
Wiss (1967) observed a greater rate of attenuation in ~ However, O'Neill (1971) found that close to the pile the
clay than in sand but Attewell and Farmer (1973) amplitude reduced according to an inverse square of the

considered that material damping could be ignored for all distance whereas at greater distances the amplitude varied
practical purposes. Attewell and Farmer determined that inversely with distance. This supports the idea that body
the peak particle velocity reduced according t&*1/r waves dominate close to the source and it is only at greater
which they approximated to 1/r. While this apparently distances that surface waves become significant.

6



Conversely, Richaret al (1970) and Gutowslét al (1977)
showed that extrapolation of far field data over-estimated
near field vibration levels, which could imply that more
rapid attenuation occurs at greater distances, which
contradicts O’Neill’'s observation. Harris and Kirvida
(1959) measured vibrations from a vibratory compactor
operated at distances of between approximately 7 and
300m. The data showed that at distances up to

2 Vibration thresholds for damage and
intrusion

Problems caused by groundborne vibration may take one
of three forms. The most severe cases of vibration may
cause actual damage to existing structures. However, the
two more common sources of complaint are direct
vibration disturbancepgrceptible intrusionjo occupants

approximately 50m the attenuation reduced according to oy buildings andaudible intrusiondue to groundborne

1/r, whereas at greater distances an average value of
approximately 1A was observetk the reverse of the
results reported by O'Neill.

To summarise, attenuation rates for field data have
generally been observed to be greater than those which
could be attributed to geometric effects alone and a
curvature in the data field has been reported by many
authors. However, field data are often presented as a
straight line relation on a log-log plot of ppv against

noise being radiated from elements of a structure which are
caused to vibrate. Intrusion is more common than damage
because the levels of vibration which are perceptible are at
least an order of magnitude smaller than those which may
cause damage. Vibration impacts may therefore be
classified according to whether the levels are sufficient to
be damaging or merely intrusive.

If vibration is intrusive then classification of the severity
of the disturbance is required. The levepefceptible

distance, with an attenuation rate which is greater than thejntysionis dependent not only on the magnitude of the

theoretical rate, implying that effects other than simple

vibration but also on other factors, particularly its duration.

range of the data, this is usually as good a fit as can be

level of vibration a specified period may be used. The

achieved by curve fitting but extrapolation beyond the datamethod currently preferred by the British Standards

field can lead to significant errors. However, as Dowding
(1996) noted, predictions from such extrapolation yield a
conservative assessment of vibration and this, combined
with the simplicity of the power law model, has led to the
almost universal use of this approach.

100

Institution is the a vibration dose value (VDV) (BSI, 1987,
1992a). There is however some debate as to the validity of
vibration dose calculations. Brodowski (1990) considered
the VDV to provide a significant advance in the assessment
of intrusion, but Trevor-Jones (1993) and Jefferson (1998)
identified a number of problems with the approach.

Audible intrusiondue to groundborne noise requires
separate treatment to allow classification in terms of

10
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i damping power law
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V4= Vo ifo/Ty
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Figure 2 Graphical representation of attenuation (from Woods & Jedele, 1985)



established noise parameters. The vibration level required Cosmetic The formation of hairline cracks on drywall

to cause intrusive groundborne noise is less than that
required for direct perception and so can potentially be
problematic over a wider area. Groundborne noise is,
however, generally only likely to be a problem when there
is no significant intrusion caused by airborne noise.

The following sections outline the parameters used to
quantify vibration and briefly review the current British
Standards which specify thresholds at which damage and
disturbance may occur. Data presented and reviewed
herein are largely presented in terms of peak particle
velocity (ppv). This parameter has been found to be best
correlated with case history data relating to building
damage since particle velocity is proportional to the strain
induced during the passage of a wave (New, 1986).

surfaces, or the growth of existing cracks in
plaster or drywall surfaces; in addition, the
formation of hairline cracks in mortar joints of
brick/concrete block construction.

The formation of large cracks or loosening and
falling of plaster or drywall surfaces, or cracks
through bricks/concrete blocks.

Damage to structural elements of the building,
cracks in support columns, loosening of joints,
splaying of masonry cracks, etc.

Minor

Major

BS 7385 recommends that the peak particle velocity is
used to quantify vibration and specifies damage criteria for
frequencies within the range 1Hz to 1kHz. Limits for

Furthermore, the current relevant British Standards refer tdransient vibration, above which cosmetic damage could
vibration levels in terms of peak particle velocity, thereforeoccur, are presented numerically and graphically for

the rest of this discussion will focus on this parameter.

2.1 British standards

2.1.1 Thresholds for damage to structures

There are currently two British Standards which offer
advice on acceptable levels of vibrations in structures. BS
7385 : Part 1 : 1990lechanical vibration and shock -
vibration of buildings - guidelines for the measurement of
vibrations and evaluation of their effects on buildings
discusses the principles for carrying out vibration
measurements and processing the data. Part 2 of the
StandardEvaluation and measurement for vibration in
buildings. Guide to damage levels from groundborne
vibration (BSI, 1993), suggests levels at which the
following three categories of damage might occur.

frequencies between 4Hz and 250Hz, which is the range
usually encountered in buildings. These are reproduced in
Figure 3. At frequencies below 4Hz it is recommended that
a maximum displacement of 0.6mm (zero to peak) should
be used. Minor damage is considered possible at vibration
magnitudes which are twice those given and major damage
to a building structure may occur at levels greater than four
times those values. The Standard’s guide values relate to
transient vibrations and to low rise buildings. Continuous
vibration can give rise to dynamic magnifications due to
resonances. BS 7385 : Part 2 : 1993 states that the guide
values may need to be reduced by up to 50 per cent for
continuous vibration. However, it is noted that cases where
continuous vibration has caused damage to buildings are
too few to substantiate the guide values which are based on
common practice.

100

10

.-~ BS 5228 (Damage threshold)

Peak component particle velocity (mm/s)

BS 6472 (x/y axes perception threshold)

BS 6472 (z axis perception threshold)

0.1

1 10

100 1000

Frequency (Hz)

Figure 3 Thresholds provided by British Standards for human perception and damage to domestic structures by transient

vibrations



Guidance on acceptable vibration levels in structures is the vibration exists is likely to give rise to complaint. The
also provided by BS 5228 : Part 4 : 19@2de of practice  combination of the magnitude and duration of vibration is
for noise and vibration control applicable to piling quantified by the vibration dose, and its impact depends
operations(British Standards Institution, 1992b). This also upon the number of events, time of day and location
Standard recommends that a conservative threshold for of the recipient. Details of the currently accepted
minor or cosmetic damage should be taken as a peak calculation procedure are presented by BS 6841 (BX8I7)
particle velocity of 10mm/s for intermittent vibration and  and BS 6472 (BSI, 1992a). For brevity, the following
5mml/s for continuous vibrations. It is recommended that discussion considers only the thresholds at which vibration
these limits should be reduced by up to 50 per cent if is considered to be perceptible.
buildings contain pre-existing defects of a structural BS 6472 : 1992Evaluation of human exposure to
nature. These limits are compared with those from BS vibration in buildings (1Hz to 80HABSI, 1992a),

7385 in Figure 3. Itis not clear why there is a discrepancy provides guidance on human response to building
between the two Standards. vibration by the provision of a series of weighting curves

It is of interest to note that the use of resultant particle and recommended exposure levels in the Specified
velocities is not specified in either of these Standards. frequency range. Consideration is given to the different
Threshold levels are presented in terms of peak componerfensitivity of humans to up-and-down and side-to-side
particle velocities since the majority of data on which vibrations (Figure 4). BS 6472 recommends that
guide values have been based were reported in terms of measurements are made in terms of particle accelerations
peak component particle velocity (BSI, 1993). BS 7385 pyt curves are presented for both particle accelerations and
recommends that the peak true resultant particle velocity ye|ocities, the curves for velocities being calculated
shquld be used fo.r a dgtallgd engineering analy§|s, for  assuming sinusoidal motion. Measurement in acceleration
which the measuring directions should be specified. terms conflicts with BS 7385 which requires measurement

to be made in terms of particle velocity for assessment of
2.1.2 Thresholds for human perception and disturbance damage potential.
Assessment of disturbance by groundborne vibration must Base curves are presented in BS 6472 which define
consider whether the magnitude of vibration is sufficient tothresholds below which ‘adverse comments or complaints
be perceptible and, if so, whether the duration for which  of vibration are rare’. For z-axis vibration, the threshold

B ENENENERRRRERSRNANRRRRRRRNE|
\
y

Figure 4 Co-ordinate system for human sensitivity to vibration (from British Standards Institution, 1992a)
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level is at 0.141mm/s between 8Hz and 80Hz. The level ishorizontal vibration measured at the uppermost storey up
higher at lower frequencies, rising to 2.25mm/s at 1Hz. Foito 5mm/s for the whole structure and 10mm/s for building
X- or y-axis vibration, the curve is flat at 0.402mm/s over components is acceptable. The guidance given is
the frequency range 2Hz to 80Hz, rising to 0.804mm/s at appropriate for frequencies of up to 100Hz.
1Hz. The base curve values are applicable to the most The French Standard (1986) gives considerable detalil
sensitive situations. Multiplying factors are given inthe  categorising a wide range of structures and presents three
standard to specify satisfactory magnitudes of vibration forcurves giving different limits depending upon the
different buildings. structure. Two sets of curves are given, covering

The piling vibration standard, BS 5228 : Part 4 : 1992, continuous and transient vibrations, which refer to the
also considers human response to vibration by reference taibration limits experienced by elements of the structure.

BS 6472, the threshold of perception being given as In both cases, details are given from 4 to 100Hz, with

between 0.15mm/s and 0.3mm/s at frequencies between higher (unspecified) levels allowable at higher frequencies.

8Hz and 80Hz. The requirements are more conservative than those given
BS 6611 : 1985k valuation of the response of by the British and German standards, but similar to those

occupants of fixed structures, especially buildings and given by Swiss Standard SN 640 312 1978.

offshore structures, to low frequency horizontal motion Swedish limits are presented by Perssbal (1980).

(0.063Hz to 1Hz}British Standards Institution, 1985), The quoted guidance values are only applicable to

provides guidance to the evaluation of the response of thestructures founded on hard rock and exposed to vibration
occupants of buildings to vibrations at frequencies lower caused by blasting but limits are the least stringent of all
than those covered by BS 6472. Vertical vibration is not  standards reviewed herein, although the Indian Standards
considered since the Standard was produced primarily to Institution (1973) allowed similarly high levels.

address the behaviour of tall buildings and off-shore Vibration limits specified in Finland (Vuolio, 1990)
installations exposed to wind and/or wave loading. The  relate to blasting vibration and are therefore higher than
frequencies covered by this standard are below those those which might be considered acceptable for continuous
normally encountered in civil engineering works and are vibrations. The limits are related to the dynamic ground
also below those which the large majority of proprietary  strains generated; higher levels are acceptable on rocks of
equipment is capable of measuring. Consequently this willhigher wave propagation velocity. The threshold values on

be given no further consideration. three categories of rocks quoted correspond to
approximately 20 to 30 microstrain.

the guidelines given by the Standards Association of
Australia (1993) are similar in that the guide values are
independent of frequency, however, the Austrian standard
i is rather more stringent. The values given by the

2.2 Other national standards Australian standard relate to the use of explosives, and are
Detailed reviews of vibration standards in use in countries therefore concerned with transient vibrations. The limiting
outside the United Kingdom have been given by ppvs are suggested based on both structural integrity and
Broadhurset al (1984), New (1986), Attewell (1995) and by consideration of human discomfort. Logan and

Skipp (1998). This section of this report summarises the  Sutherland (1997) reported that guidance in New Zealand
information presented by these authors and supplements s given in NZS 4403:1976. However, since the detail in

There are currently no British Standards which cover
human sensitivity to groundborne noise.

and updates it where this has been possible. NZS 4403 is restricted, the relevant Australian and
German standards are often used.
2.2.1 Thresholds for damage to structures The American National Standard (Acoustical Society of

Part 3 of the German standard (DIN 4150) relates to the America, 1990) adopted a different approach and one
effects of vibration on structures. This was updated in which is not readily compared with those described above.
1986 from the 1975 version to give a more detailed It requires that measurements are made on components of
specification in terms of the frequency dependency of structures of interest and the data converted to dynamic
acceptability criteria and also to present limits in terms of Stresses and related in structural terms to allowable
individual components of vibration. The earlier version ~ Stresses. For prediction work, allowable stresses for

had presented limits in terms of resultant peak particle  Structures would need to be converted to vibration level.
velocities. It is not clear why the change was made, butit ~Eurocode 3, Chapter 5 (CEN, 1998) presents the most
is worth noting that the British Standard (BSI, 1993) also recently published guidance on vibration damage to

uses individual component values as discussed above. In structures. This document recommends the same
contrast to the BS, DIN 4150 Part 3 gives guidance in thresholds as are given by the British Standard relating to
terms of vibration levels recorded within the structure, ~ piling vibrations (BSI, 1992b) and are therefore rather
which may partia"y account for the apparenﬂy more conservative. The conservatism is acknowledged,
conservative limits. Reference values are quoted for short however, by a footnote which states that imposition of
term vibration for the foundation and for the plane of the these limits would result in a low probability of even

floor (horizontal vibration) of the uppermost full storey of minor cosmetic damage occurring. Tabulated thresholds
the building. For continuous vibration, it is considered that are given for five different types of structure.
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The guidance given by the British and other standards idolerated in workshops than in critical working areas such

summarised in Figure 5. There is clearly a considerable
difference between the levels of vibration that are

as hospital operating theatres. Therefore, the following
discussion compares recommended peak particle velocities

considered to be acceptable in different countries. While for z-axis (ie parallel to the spine) vibration during the

this is undoubtedly partially due to political influence,

daytime (typically 07:00 to 23:00) within residential

there may also exist significant differences in ground type buildings. Figures for thbase curvede the threshold of
and construction methods which may affect the tolerance perception, are also compared.

of structures to vibration. New (1986) reported that, in
general, the more recent the standard the more
conservative were the specified vibration limits. The
British Standard BS 7385 : Part 2 (British Standards
Institution, 1993) reversed this trend but the European
guidance on vibration from piling (CEN, 1998) has
reverted to more conservative guidance.

2.2.2 Thresholds for human perception and disturbance
It is more difficult to compare standards giving guidance
on human tolerance levels than for acceptable levels of
vibration in structures because of the different
physiological sensitivity depending upon the direction of
vibration and the variation of tolerance depending upon
the location. For example higher levels of vibration are

The foreword to the British Standard on the evaluation
of human perception to vibration (BSI, 1992) states that
the International Standard, 1SO 2631 : Part 2 (ISO, 1989),
on the same subject does not contain sufficient information
to enable a proper evaluation. The British Standard
therefore updates the International Standard. However, the
earlier document is still used in some countries, such as
Australia (Standards Association of Australia, 1990) and
New Zealand (NZS/ISO 2631:1992).

The Acoustical Society of America (ASA) defines
thresholds for disturbance by vibration of the occupants of
buildings (ASA, 1983) based on guidance given on reaction
of humans to vibration transmitted to the human body as a
whole (ASA, 1979). Thresholds are specified as root mean
square (rms) velocities. Assuming sinusoidal vibration, the
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Figure 5 Summary of damage thresholds for transient vibration on domestic structures
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thresholds are the same magnitude as those specified by B¥able 2 APTA guidelines for maximum groundborne

6472 (British Standards Institution, 1992a), which are noise inside habitable premises

quoted as peak values. Table 1 compares the threshold

values for intrusion given by the British, American and Maximum groundborne noise

Australian standardising authorities. The base curve values level design goal (dB(A))

are all §|m|lgr but thg acceptaple I|m|ts. within residential Single Multi Hotel

properties differ, being lowest in America. family family /motel
Eurocode 3, Chapter 5 (CEN, 1998) adopts a different Community area dwelling dwelling buildings

approach to that given by other standards. Rather than

presenting a disturbance threshold, EC3 recognises that Low density residential 30 35 40

tolerance of vibration is dependent upon the duration as AVerage density residential 35 40 45

. .. High density residential 35 40 45
well as the magnitude. The approach is similar to the Commercial 40 45 50
vibration dose value method included in the British Industrial/highway 40 45 55

Standard (BSI, 1992a). However, the vibration dose value
(VDV) calculated by the British Standard is based on a
fourth power relation between particle acceleration and
duration {g a two-fold change in magnitude is equivalent 3.1.1 Instruments

to a 16-fold change in duration) based on research by The instrumentation system used for acquisition of field
Griffin (1990). The Eurocode is based on a square relationdata both on live construction sites and during the

(ie a two-fold change in magnitude is equivalent to a four- controlled experiment (described in Appendix A) is

3.1 The data acquisition equipment and its use

fold change in duration). A threshold for perception is illustrated in Plate 1 and, schematically, in Figure 6. A four
implied by the Eurocode since it is stated that, in wheel drive mobile laboratory (Plate 2) was used to
particularly sensitive locations, vibrations up to 0.15mm/s transport the equipment, from which it was operated.
should be acceptable. The transducers used for the majority of measurements
were SensoBM6ageophones with a natural frequency of
2.2.3 Thresholds for groundborne noise 4.5Hz and a linear response (within +5 per cent) between

5Hz and 300Hz. The zero-to-peak displacement limit of
these geophones is 2mm. Geophones have the advantages
of being self-generating and giving a high output, allowing
use over very long lines. They also give an output voltage
proportional to velocity, which is the most appropriate
vibration parameter for the quantification of environmental
vibration. For vibrations with amplitudes or frequencies
outside the operating limits of the geophones, Monitran

3 Data acquisition and reduction MTN1100/75accelerometers were used. These have a
range of £50g and a near-linear response proportional to

To enable the validation and development of methods of acceleration, from about 1Hz to 10,000Hz, but are not
predicting groundborne vibration levels, it was necessary Suitable for low-frequency measurements when the outputs
to acquire and analyse data from the various construction are integrated to give velocity. Further disadvantages of
activities which were to be considered. This section the accelerometer system are that accelerometers require a
describes the experimental work undertaken for the special power supply and are more susceptible to noise
research, including details of the equipment used and the Pickup than geophones. Within this research, use of
methods of data acquisition. Most of the methodology accelerometers was largely restricted to measurements

described in this section is common to all of the types of Made directly on the drum of vibrating rollers.
construction activities which were investigated. Individual transducers were screwed into three

orthogonal faces of aluminium cubes to create triaxial
arrays which were used at each measurement location
(Plate 3). Transducers were connected to the rest of the
system via screened cables with rugged waterproof

The American Public Transit Association (APTA) has
published guidance on acceptable levels of groundborne
noise in buildings based on vibration from trains. This
guidance is summarised in Table 2. Groundborne noise
below the levels given in this table should not cause
significant intrusion or annoyance (APTA, 1981).

Table 1 Comparison of threshold values for human perception recommended by various national standards

Base curve particle velocity (mm/s)

Lower limits for residential property (mm/s)

xly axes z axis
Country Standard (at 2 to 80Hz) (at 8 to 80Hz) Day Night
UK BS 6472 : 1992 0.402 (peak) 0.141 (peak) 0.804 to 1.608 0.563
USA ANSI S3.29 - 1983 0.290 (rms) 0.100 (rms) 0.140 to 0.400 0.1to 0.14
Australia AS 2670.2 - 1990 0.287 (rms) 0.0995 (rms) 0.574 to 1.148 0.402

(ISO 2631/2 - 1989)
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Figure 6 Schematic of data acquisition equipment
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Plate 2 Mobile laboratory

Plate 3Three geophones mounted orthogonally on a cube



connectors, enabling reliable use even in wet conditions.
Analogue signals generated by the transducers were
amplified and filtered, using AxxoByberampsbefore

being digitised and stored into memory by a Cambridge
Electronic Desigri401plusl6 channel data acquisition unit.
The analogue-to-digital converter (ADC) in this system
allows sampling at an aggregate frequency of up to 148kH
and has 16 Mbytes of RAM. At a typical operating
frequency of approximately 2kHz, this enables up to four
minutes of continuous signal to be captured. The amplifiers
have a range from unity to 20,000 times amplification,
which gives thel401plusa range of full scale deflections
from 0.01 to 200mm/s when used with the geophones. The
12-bit ADC gives a resolution of 1/2048 of full scale.

Digital data files were saved on 128 Mbyte magneto-optical
discs for subsequent analysis.

Where continuous sampling was required for longer
periods of time than was possible with the digital system,
such as for monitoring tunnel excavation sequences, a
Kyowa RTP-400aanalogue tape recorder was used. This
enables continuous sampling and storagBemamawideo

Sensmvity (mm/s/V)

25.38
36.29
50.76

84.67
127.0

— Manufacturer's
response curve

o Calibration data points

10 100
Frequency (Hz)

Figure 7 Measured geophone response curve

misalignment was investigated, to assess whether it was
necessary to measure the mounting alignment. This
revealed that the deviation in sensitivity increased to 1 per
cent at £4° tilt for a horizontal geophone and at +13° for a

tape of up to 14 channels of data, for periods in excess of amertical axis geophone. It was therefore concluded that

hour. The tape recorder was used in parallel with the digital

alignment by eye would cause acceptably small errors.

system. During the data processing (Section 3.2.1), the tape

recorded signals were replayed into an ultra-violet chart

3.1.3 Methodology for field measurement of vibration

recorder and the chart was compared with the digital data. Itl'hree orthogonal components of vibration were recorded

the digital records had not captured the largest events, the
appropriate sections of the tape were replayed into the
digital system for further analysis.

3.1.2 Calibration of the instrumentation

To ensure the integrity of the data, all components of the
acquisition system were calibrated before use. The

amplification and recording components of the equipment,

such as the digital data acquisition unit, the amplifier

at almost all measurement locations throughout this
research. This was achieved by assembling triaxial
transducer arrays from uniaxial transducers screwed into
aluminium cubes (Plate 3). These arrays were then
screwed on to 200mm long stainless steel spikes driven
fully into the ground. Where necessary, any loose soil or
vegetation was removed before the spike was driven. For
the controlled experiment, for which the geophones were

to remain in place for several weeks, geophone arrays were

system and the tape recorder were all calibrated by their |ocated in an excavation which was of a depth such that the
manufacturers. The accelerometers were also supplied witfop of the vertical axis geophone was on the same level as
individual calibration certificates, but the geophones were the ground surface. Each excavation was then backfilled
specified only as having a nominal sensitivity for the type with the excavated soil which was hand-tamped around the

of geophone, not for individual instruments.

One accelerometer, for which a calibration curve was
obtained from the manufacturer, was used as a reference
accelerometer against which the calibrations of the
geophones were checked, according to British Standard
BS 6955 (BSI, 1994). The accelerometer was mounted
back-to-back with each geophone in turn on an assembly
mounted on an electrodynamic vibration generator . The
signals from the transducers were captured by the
acquisition system and the peak particle velocity (ppv)

array to ensure good coupling with the ground and to
minimise the risk of disturbance.

The number of locations at which vibration
measurements could be made simultaneously was restricted
by the data acquisition system. The attenuation of vibration
with distance is approximately logarithmic (Section 1.3)
and, conventionally, data are plotted on log-log axes. The
geophones were therefore positioned with increasing
separations between adjacent arrays as the distance from the
source of vibration increased. Typically, geophones were

measured by each transducer was compared at frequenciegpositioned as close as practicable to the source, and then at

of 15Hz and 70Hz. One vertical and two horizontal

distances up to approximately 100m from this point,

geophones were also tested over a range of frequencies froafthough actual locations were occasionally dictated by the

4 to 300Hz to establish the frequency response curve for
comparison with that supplied by the manufacturer (Figure 7).
The sensitivity of each geophone was determined to be
within the manufacturer’s specified tolerance.

The response of geophones is directional and the
sensitivity is specified within a limited range of angles of
deviation about the axis. As a part of the calibration

conditions on the site.

Groundborne vibration from mechanised construction
works typically contains energy at frequencies no greater
than 100Hz, and in most cases the dominant frequencies
are much less than this. The analogue signal from each
geophone was sampled at approximately 2kHz with a low-
pass (anti-aliasing) filter at 800Hz. This ensured that, for

procedure, the effect on the sensitivity of the geophones tall activities, the Nyquist frequency was well in excess of
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the frequencies anticipated, so that all waveforms were
accurately recorded. In fact the anti-aliasing filters were
largely superfluous in this study because there was
negligible energy in the signals at frequencies above the
filter cut-off frequency.

The spectral analysis undertaken in stage 3 above, to
determine the one third octave frequency band data,
required the following steps. Firstly, for each signal, the
mean of the particle velocity at each sampled point over the
whole sampled length was calculated and the zero level for

On each site, and for each item of plant studied, attemptthe data was reset to this value. This step eliminated any

were made to acquire sufficient data from which to derive
results which were statistically valid. In practice the
amount of data was to some extent limited by the site
operations and the time available.

3.2 Data reduction

The first stage of the analysis was to reduce the digital file
to data of a form which could be analysed statistically, so
that the various parameters which may affect the vibration
level could be investigated. The data were principally
interpreted in terms of the peak particle velocity (ppv),
since this is the parameter used by the majority of nationa
standards to quantify the potential of vibration to cause
damage or intrusion (Section 2).

The method used for the first stage of processing was
similar for all data and is described in Section 3.2.1. The
analysis and interpretation of the data from each type of
construction activity are described in subsequent sections

3.2.1 Initial analysis and collation of data

The digital time histories were inspected to ensure that
there were no spurious events within the records.
Numerical data were then calculated from the time
histories so that statistical analyses of the data could be

zero offset in the data arising from instrument drift prior to
acquisition and, in addition to being required for the spectral
analysis, was necessary to ensure that the ppv data were
calculated correctly. The data were then resampled to halve
the effective sampling frequency. The sampling frequency
of just over 2kHz used during acquisition had been
Ssufficiently high that this was possible without losing any
information. This process doubled the resolution of the
spectra to approximately 0.5Hz, which improved the quality
of the data at low frequencies.

Spectral analysis used a 2048 point fast Fourier
transform (FFT) to which a Hanning window was applied.
This FFT length enabled determination of the spectrum for
a data slice of approximately two seconds of the resampled
signal, which in most cases was insufficient to enable
spectral analysis the required length of signal. A series of
windowed slices, which were overlapped by 50 per cent of
their length, were used to analyse the required signal
length. The root mean square (rms) particle velocity in
each one third octave band for each slice of signal was
calculated. The maximum rms particle velocity for each
frequency band was then stored. The maximum value was
used rather than the mean because, where signals from
discontinuous events, such as percussive piling, were
processed, the mean value could be significantly reduced

undertaken. This section describes the methods used whidby including sections which consisted largely of the

were, in general, common to the analysis of data from all
the construction activities studied.

quiescent period between events. It was desirable to use a
consistent approach for all processing.

The data were analysed using a suite of purpose-written The procedure described above was used to generate a

software routines, mainly in thdatlab script language.
The sequence of operations for each set of data was as
follows:

1 Manual selection of the required length of signal from a
graphical display of the whole sample. This enabled
specific events within each file to be analysed
separately, such as the starting transient, continuous
operation and stopping transient for vibrating rollers
(Figure 8).

2 Calculation of the component peak particle velocity
from each transducer and the true resultant ppv, from
each triaxial array of geophones.

3 Calculation of the root mean quad (rmq) ppv and the
root mean square (rms) ppv in one-third octave
frequency bands for all three orthogonal components.

4 The starting time, relative to the start of the file stored in
the field, and the length of the processed section of
signal, were tabulated within the output files.

5 The tabulated data were exported to a proprietary

separate spreadsheet for each live construction site and for
each piece of plant used on each fill during the controlled
compaction experiment. Further data were added to each
spreadsheet relating to the characteristics of the plant, the
geology and the fill type, as appropriate, together with the
distance from the vibration source at which the vibration
was measured. These spreadsheets were than used to
investigate the factors which affect the level of vibration
generated by the various construction activities, as
described in the following sections.

4 Groundborne vibration from vibratory
compaction

4.1 Review of previous studies

The benefits of vibration for improving the performance of
compaction equipment have been exploited for many

years. While the effects of vibration on compaction have
been the subject of considerable study (see Parsons, 1992),

spreadsheet programme, where additional experimentalye|atively little attention has been given to the vibration

details were added, such as the plant type, operation,
and the distance between the vibration source and the
monitoring position.

16

which is radiated into the environment by vibratory
compaction plant. The few cases which have been
presented are largely limited in detail and site specific (for
example Forssblad, 1965). A review of vibratory
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compaction was undertaken by van der Merwe (1984) per cycle figure may reduce the scatter in the data since it
which limited discussion of the effects of off-site vibration must relate to the general size of the piece of plant and, in
to commenting on the experiments undertaken by general, a large roller might be expected to give rise to
Tiedemann (1970) which used only one sheepsfoot roller. higher levels of groundborne vibration than would a

Van der Merwe suggested that risk of damage should be smaller roller.

considered if the roller operates within 3m of a structure: Wheeler's data were acquired over a limited range of

this is twice the distance suggested by Tiedemann. distances, up to 20m from the source, which in practice
Forssblad (1974) reported research undertaken by restricts the use of the predictor to damage assessment; for
Appeltofftet al (1970) and a series of later tests in which  most rollers, vibration would be perceptible at distances far
the groundborne vibration from a number of vibrating greater than this. Wheeler plotted the vibration field data
rollers of different weights were measured. Forssblad using the same approach as Attewell and Farmer (1973) used

concluded that the ppv could be predicted on the basis of for piling works: ppv against scaled distance (Section 5.2). An
the static weight of the roller. Forssblad observed higher upper bound to Wheeler's data yielded a value of 3.16 for
levels of vibration during the starting and stopping of the (see Equation 14) for the true resultant ppv.

vibrator than those generated during steady state operation. In comparison with the expressions proposed for piling
These transient high levels of vibration would limit the works discussed below in Section 5, Wheeler predicted a
distance from property at which rollers could be used significantly higher vibration level for a given nominal
without the risk of damage. Based on a risk limit, for what energy input. He suggested that this is due to a greater
Forssblad described as ‘architectural’ damage, of a peak proportion of the energy being transmitted as surface
particle velocity of 5mm/s it was proposed that the safe  waves than occurs from piling. Wheeler’s data are

working distance for towed and self propelled vibratory  assumed to be for steady state operation of the roller since
rollers with pneumatic drive wheels, operating on soil, waswheeler did not make reference to the transients which
occur during starting and stopping of the plant. The actual
Yevels may therefore exceed this prediction during the

Similarly, for vibratory tandem rollers operating on soil  transient phases.
and asphalt the expression given was Dowding (1996) has suggested that the energy
transferred to the ground from vibrating rollers can be
Safe limit in metres = 1.0 x drum module weight in tons calculated from a function of the machine weight,

L ) ) ) eccentric weight, the distance of the centre of mass of the
where drum module weight is defined as the static weight of

he d lus the f iah itted 10 the d eccentric weight from the centre of rotation and an
¢ € drum p usF € Irame weig t.transmltte o t, € drum. amplification factor. Routine application of this method
This predictor is of limited use since only one situation is

; L . i would be impractical because details of the eccentric are
considered; it is not possible to adapt the predictors to other

ified limit h iderati  the effect h generally not quoted by manufacturers.
tspeC| |ef tlml tS suc afs C?r?SI eration o i efgtec S ONOMEr™ 114 information which is available in the literature is
ypes of structures or for the assessment ohINtrusIon. 4 refore of limited use for providing reliable prediction of
Forssblad(1981) observed resonances associated with

Safe distance in metres = 1.5 x drum module weight in ton

operation. However, it is not clear whether this is

accounted for in the expressions given above.
Wheeler (1990) studied the attenuation of vibration from

rollers on ten construction sites, incorporating 15

combinations of roller type, operating frequency and

ground conditions. A prediction equation was determined

which had the same format as that used by Attewell and o o

Farmer (1973) for piling induced vibration (Equation (14)), 4.2 Acquisition of vibration data

with v being the peakesultantparticle velocity (in mm/s)  The review of the literature presented in Section

andW, the theoretical energy per cycle (in joules). The 4.1showed that, although vibratory compaction plant can

latter parameter was determined from the quotient of the give rise to levels of vibration which are potentially

engine output and the vibrator operating frequency. The disturbing over large areas adjacent to construction works,

energy value used by Wheeler was dgput(as specified no satisfactory method of predicting levels of vibration

data have been acquired is insufficient when considering
the potential for intrusion. This has stimulated the current
research for which a significant volume of new data has
been acquired. The acquisition, analysis and interpretation
of these data are discussed in the following sections.

by the manufacturer Stothert and Pittperformance from such plant is available. This problem has been
(specified by Bomag). This would seem to be addressed by this Report. Vibration levels were recorded
inappropriate since these values relate to the plant’s on a number of live construction sites and from operation

engine. For a self propelled roller, some of this energy is 0f plant on a pilot scale test facility. These data were then
required to drive the vehicle, whereas a towed roller can used for the development of an empirical predictor of

use all the available energy for the vibrator. It might vibration. The two phases of data acquisition are described
therefore be expected that the vibration produced by a selin the following sections.

propelled roller would be less than that from a towed roller The initial approach to the acquisition of data was to

with the same engine output. However, use of the energy measure the levels of vibration arising from plant operating
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on live construction sites. The rationale for this was that datavere encountered:
from a range of plant operating on different geological 1
formations would be acquired. Although the sites studied
were all on road construction schemes, the data would be
equally valid for predicting vibration from other

constructions such as those for railways or earth dams. A 2
total of 17 sites were visited on which measurements were
made from a total of 11 different types of roller. These are 3
summarised in Table 3 and Figure 9. The measurements
made on live construction sites were intended to allow both 4
the generation of vibration and its attenuation through
different geological materials to be investigated.

At each site, the instrumentation was used as described
in Section 3.1 to measure vibration as the works
proceeded. The measurements were carried out such that
construction would not be interrupted in any way which
might give the Contractor justification for lodging a claim 6
with the Engineer. Consequently there was little control 7
possible over the activities monitored, although the plant
operatives generally cooperated with the research
requirements where possible. This restriction resulted in
variable amounts of data being acquired at each site. The
distance to the source was measured and this, together with No control over the moisture content of the fill;
any other relevant information, such as the presence of 10 lack of detailed knowledge of the ground conditions
other plant working in the vicinity, was recorded. beneath the fill on some sites.

Details of the geology and type of fill being compacted . L _ )
were supplied by the Resident Engineer at each site. These re§tr|ct|o_ns an_d I|m|tat|_ons _st|mul_afced the design
Geological information was provided in the form of the ~ Of @n experiment in which the vibration arising from
site investigation data, comprising borehole logs and trial cOmpaction plant could be studied under controlled
pit records. Fill types were classified according to the conditions, by construction of a pilot scale earthwork.
Specification for Highway Works Series 600, Table 6/1 Within this experiment, the ground conditions would be
(MCHW1, 1993). constant, enabling effects attributable to the plant and fill

While the acquisition of data from most activities on ~ only to be assessed. Furthermore, this approach allowed
construction sites was successful, it became apparent thatmore rigorous investigations to be undertaken The design
this approach was not the best means by which to acquireand construction of this structure and details of the testing
data from vibratory compaction. The following problems undertaken are described in Appendix A.

limitation in the quantity of data which could be
obtained since hindrance of site operations was not
acceptable;

no control of the speed at which the roller passed the
monitoring locations;

difficulty in determining the number of passes of the
roller over each section of the fill;

occasional uncertainty in the exact distances between
the roller and the geophones because of the difficulty in
identifying the location of the roller during the
measurements;

5 potential contamination of the vibration records with
vibration from other plant movements;

inconsistency in site topography;
variation between sites in the depth of the fill on which
the plant operated;

no knowledge of the degree of compaction achieved
during the monitoring;

Table 3 Summary of sites on which vibration data from compaction plant were acquired

Approximate fill

Range of

Site Plant Fill typée thickness (m) Topography distances (m)
Al, Macmerry A Bomag BW135AD 1 0.5 At grade/flat 3.0-108.2
Al, Macmerry B Bomag BW161AD 1 0.5 At gradef/flat 5.5-110.7
Al, Gladsmuir Bomag BW6 1 3.2 Embankment/sidelong  6.6-119.0
A249, Bobbing Stothert & Pitt T182 1 2 Embankment/flat 6.8-108.1
AA47, Terrington Bomag BW 212D 1 2 Embankment/flat 6.6-137.7
A428, Bedford Bomag BW6 1 1 Embankment/flat 12.0-144.0
All, Wymondham Dynapac CA511 2 4.7 Embankment/flat  13.9-113.9
AA470, Merthyr Stothert & Pitt 72T 1 0.5 At gradef/flat 2.3-115.5
A470, Dan-y-Darren Stothert & Pitt 72T 1 1-3 Steep valley side  2.3-75.1
A5, Glyn Bends Bomag BW10 1C 12 Steep valley side  51.0-154.0
A50, Stoke A Bomag BW120AD 6P 4 Retaining wall backfilll7.8-88.8
A50, Stoke B Bomag BW212D 2 2 Retaining wall backfillL4.0-86.6
M25, Pendel Wood Bomag BW161AD 1C 1.9 Embankment/flat  6.7-109.5
A465, Resolven Bomag BW213D 1 5 Flat valley floor 15.1-117.7
M65, Cuerden Bomag BW6 1 2.5 Embankment 13.2-154.0
M77, Glasgow Bomag BW213D 01 0/0.2 At grade/flat 1.5-110.9
M66, Rochdale CASE W1102NCE 1 0.5 Cutting/flat 12.2-114.1
M65, Blackburn Bomag BW6 1 1.5 Embankment/flat 3.5-72.2

" Fill types are those given in the Specification for Highway Works (MCHW1): 1: granular; 1C: coarse granular; 2: cohesymn@ir fill to

structures.

T Operation on natural ground/operation on fill.
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Figure 9a Simplified geological profiles for eight of the sixteen sites on which data from vibrating rollers were acquired
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As a result of the requirements of a separate research these parameters was achieved by normalising the data to
project, an opportunity arose to acquire data from a roller each parameter, by dividing the distance by each of these

operating on a variety of different fill materials within parameters. The vibration data were then plotted against
close proximity to one another, which would supplement each of the normalised distance terms. While this process
the data from the main trial. This aspect of the data had the effect of reducing the scatter of the data using each
acquisition is also described in Appendix A. parameter, normalisation by the centrifugal force caused a
reversal of the trend of large plant generating the larger
4.3 Interpretation of the data from the controlled vibrationsie. the larger rollers gave rise to lower vibration
experiment levels at any distance, scaled by the centrifugal force, than

did the smaller plant. Normalisation by the nominal
amplitude proved to be the most successful (Figure 11),
but the degree of scatter stimulated further investigation to
attempt to establish a better correlated predictor by
considering the source terms for each of the plant.

Ideally, the source terms for all combinations of roller
and fill should be determined at a common distance to
avoid extrapolation and for ease of comparison. For the
main part of the controlled experiment (Appendix A), all
measurements were made on the same side of the test
structure (Figure 12). Therefore, the range of measurement
distances for the plant operated on the hoggin was always
greater than when compacting the clay. The distances to
the geophone arrays for each item of plant also varied
o slightly because the line of trafficking was always centred
4.3.1 Determination of source terms on each test bed. The different drum widths and small
The vibration arising from vibratory compaction close to  yariations in the line taken by the roller during trafficking

The controlled experiment had enabled more rigorous
investigation of the factors which influence the levels of
vibration to be investigated than had been possible on the
live construction sites. Furthermore, the number of
variables was less because the ground conditions and fill
were constant. Consequently, the data from the controlled
experiment were used to develop the prediction equation,
which was subsequently verified by comparison with the
data from the live construction sites. The approach which
was taken to development of a predictor was to determine
separately the vibration level at a common small distance
from the roller, called theource tern(v,), and the
attenuation effects (Figure 10).

the roller is dependent upon both the plant and the fill resulted in a variation in the distances of one metre across
which is being compacted. Section 4.3.1.1 considers the  {he range of plant tested for each fill. The attenuation curve
effect on the level of groundborne vibration of those determined from measurements made at 15 different

parameters related to the plant which are specified by the jistances from a Bomag BW161AD (see Section 4.3.3)

plant manufacturers. Section 4.3.1.2 describes the effect of,jicated that the attenuation of vibration between

the fill on the level of groundborne vibration. distances of approximately 1m and 3m from a roller is
small, so the errors introduced by this variation of distance

4.3.1.1 Characteristics of the plant should not be significant close to the test. Furthermore, at

A number of parameters relating to the overall size and larger distances, the variation of distance would represent a

weight of compaction plant and the characteristics of the small proportion of the total distance.

vibratory system are specified by the manufacturers. A The resultant peak particle velocity (ppv) at any distance

general impression of how the source term was related to caused by the operation of any roller was found to be, in

g

............ M) Source term

)
1
/ X Attenuation

. 3

L .

Peak particle velocity

Distance
Figure 10 lllustration of the terms ‘source term’ and ‘attenuation’

22



a) ppv v distance for all normal passes of plant on roller trial
100

[Eny
o
T

[uny
-pn™ *
o o TS
B "
(]
WP,
ar % -
wam  S0e
-’ ™

Resultant ppv (mm/s)

o
[
o=ionm S
Lo

0.01f ‘

0.001 — —
1 10 100 1000

Distance (m)

b) ppv v distance/amplitude for all normal passes of plant on roller trial

100
.l
10} LI
2 o Ll
E " ° :
PO i
& iy
c .:. i &
£ Al PO I
a O1F ‘ !
& L%
8% .
0.01} ﬂ
0.001 —_—

0.1 1 10 100 1000
Distance/amplitude (m/mm)

Figure 11 The effect of normalising vibration data from the roller trial by the nominal drum amplitude

Ground surface

As-dug hoggin
London Clay

Triaxial \

geophones Class 1A granular fil

Not to scale

Figure 12 Schematic arrangement of test structure

23



most cases, higher when the roller was on the clay than frequency, the nominal amplitude and the centrifugal
when the same roller was operated on the hoggin. (This isforce. To investigate how the vibration level was
discussed in Section 4.3.2.) Therefore, in order to influenced by each parameter it was necessary to, as far as
minimise the number of variables, the determination of  possible, isolate each of the variables. The investigation of
source terms for the various plant tested commenced by the effect of these parameters on the resulting vibration
consideration of data from Geophone locafiqifrigure 12)  level is described below.
for rollers operating on the clay only. This was intended to
eliminate any effects arising from different interaction of  centrifugal force and frequency
the plant with the different f"!S; tq eliminate ?‘”Y possible For most vibrating rollers currently in use, vibration is
effects caused by different V|_brat|on transm|s§|on paths; generated by rotation of an eccentrically loaded shaft
and to reduce the range of distances over which the sourcg,, \nted axially within the vibrating drum. The dynamic
terms were determined. force arising from this vibration is described in

The source term was also affected by the amount of  anyfacturers’ data sheets as the centrifugal force. For

compaction that the fill had undergomethe number of  consistency with the manufacturers’ descriptions, the term
passes of the roller which had been undertaken. The datgentrifugal force will be retained herein, although it is

from the buried uniaxial geophones showed that, for the acknowledged that the term is not strictly correct.

first few passes, the number differing for each roller, the Although the plant manufacturers specify the operating
peak particle velocity increased as the number of passesfrequency and centrifugal force, spectral analysis revealed
increased. Data were therefore only considered for passafat, for many of the rollers tested, the actual frequency of
following the initial rapid rise shown by the plot of ppv  vibration differed from that quoted. The centrifugal force is
against number of passes (Figure 13). Furthermore, for 3 function of the eccentric mass, the distance of the centre of

this stage of the analysis, omiprmal passes were gravity of the eccentric from the axis of rotation and the
considered, ie those where the roller was operated ata frequency of rotation. Since the first two of these parameters
constant velocity and with the vibrator operating are fixed, if the frequency changes then the centrifugal force

continuously for the entire length of the test pad. Data  must also change. The actual centrifugal force was therefore
from the rollers operating at atypical speeds, for starting calculated by determining the operating frequency by
and stopping, and while changing direction were spectral analysis of the vibration data.
considered separately. The operating frequency for all rollers, except for the
particular Ingersoll-Rand DD65 tested, was found to be
reasonably consistent where the rollers were operated
normally, although the actual frequency commonly differed
from that specified by the manufacturers. The Ingersoll-Rand
DD65 was found to have operated on the clay at frequencies
ranging from 37Hz to 53Hz. Data were recorded from this
roller operating in single vibrating drum mode and double
drum mode. For both cases, the resultant ppv at the closest
monitoring location decreased as the frequency, and therefore
the centrifugal force, increased (Figure 14a).

It has been shown by Yoo and Selig (1979) that the ratio
5 -e- Hoggin; single drum -+ Clay; double drum of the generated dynamic force to the transmitted force is
not constant with frequency (Figure 15). The force

11

10

Vertical ppv (mm/s)
~

4 -e- Clay; single drum - Hoggin; double drum
transmitted to the fill increases much more slowly than
3 2 3 4 5 6 7 8 9 10 11 12 13 14 15 does the generated force over the normal range of
Number of passes operating frequencies of vibrating rollers. Similarly, it has
been found that the amount of compaction is not directly
Figure 13 Increase in ppv recorded by the vertical related to the generated dynamic force (Parsons, 1992).

unixaxial geophones buried beneath the test Therefore, this parameter is unlikely to be useful for

structure with increasing number of passes of ~development of a ground vibration predictor. Furthermore

the Bomag BW161AD-CV Variomatic roller the preliminary analysis described above had indicated that
the centrifugal force is not an appropriate parameter for

As far as was practicable, the precautions described ~ predicting vibration.

above restricted the factors affecting the source term The Ingersoll-Rand SD150 single drum roller allowed
vibration level to parameters which were dependent only the vibrator to be operated at a range of frequencies from
on the rollers. zero to 27Hz. The data showed a distinct increase in

To ensure that the prediction method would be of resultant ppv with increasing operating frequency (Figure
practical use, it was necessary to make use of readily ~ 14b). Vibrating rollers are designed to operate at a
available information, such as the specification data frequency above the resonant frequency. The model
provided by the plant manufacturers. Parameters relating proposed by Yoo and Selig (1979) indicated that below
to the drum and vibration system which are typically this frequency the force transmitted to the fill increased

specified are the static linear load, the drum width, the ~ with increasing frequency, whereas in the frequency range
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Figure 14 Effect of frequency on ppv for two vibrating

Material Frequency (Hz
rollers: (a) the Ingersoll-Rand DD65 (b) the quency (Hz)
Ingersoll-Rand DS150 Very soft silts and clays 5-20

Soft clays and loose sands 10-25

within which rollers are designed to operate, the Compact sands and gravels and stiff clays 15-40

Weak rocks 30 - 80

transmitted force decreased slightly with increasing

. - Strong rocks >50
frequency. The resonant frequencies were determined to he
approximately 29Hz for the DD65 and 22Hz for the o
SD150. The response therefore fitted the trend modelled Static linear load

by Yoo and Selig, except that the vibration from the Lewis (1961) found that the static weight per unit width of

SD150 continued to increase with increasing frequency  the drum gave a ‘reasonable guide’ to the likely

above the resonance frequency. performance of vibrating rollers. The importance of this
The two Ingersoll-Rand rollers were the only plant parameter for determining the ability of a roller to compact

tested which operated over a significant range of fill is reflected by its use to categorise vibrating rollers in

frequencies. While the SD150 exhibited a marked increaséhe Specification for Highway Works: it is on this

in vibration level over the range of frequencies at which it parameter alone that the compaction requirements for each
was tested, the decrease in ppv which occurred for the ~ combination of plant and fill type are specified.

DD65 was considerably less. Since rollers are designed to  Despite the importance of this parameter for compaction,
operate at frequencies above the resonance, the frequencﬂl was not possible within the trials to undertake tests which

per seappears to be unlikely to make a significant isolated the static linear load as the only variable whilst
contribution to the resulting level of vibration. However, if maintaining all other parameters constant. However, three
the operating frequency were to coincide with the tandem rollers which operated at broadly similar amplitudes,
characteristic frequency of the soil (Table 4), then frequencies and travel speeds, enabled an indication of the

problems might be exacerbated. Consideration should be €effect of static linear load on the resulting vibration level to
gi\/en to the preferred frequency of the ground and the be obtained. These rollers were the Bomag BW135, Benford

operating frequency of the roller on sensitive sites. TV75 and Ingersoll-Rand DD65.
Although the data showed a considerable degree of
scatter (Figure 16), an upper bound envelope to the data
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Figure 16 Effect of static linear load on ppv for three tandem rollers

suggested a linear relation between the static linear load resultant ppv was approximately related to the inverse of
and the resultant peak particle velocity. The preliminary the square root of the travel speed (Figure 17). A similar
analysis which normalised the distance data according to relation was observed from the BW161AD-CV

the static linear load had also indicated a strong correlatiorVariomatic although fewer data were available. Therefore,

with this parameter. increasing the roller speed will reduce the vibration, but a
greater number of passes will be required which will
Nominal amplitude increase the duration of the disturbance.
Several of the rollers tested during the controlled
experiment had the option to operate at either a low or 12
high amplitude setting. Most of the experimental work was I
undertaken at the high amplitude setting, since it was
anticipated that this would be the worst case, but some 10
additional testing was also undertaken at the lower ~
amplitude on the fully compacted fill. Although for each € sl
item of plant there was clearly an increase in the resultant %
ppv with increasing amplitude, it was only possible to 8
acquire data for two amplitude settings for each roller, so & 6|
direct determination of a relation between the nominal E
amplitude and the peak particle velocity was not possible. @
Normalisation of the whole data set for the controlled 4t
experiment according to each of the individual vibratory
system parameters, as described above (Section 4.3.1), 2 , , , , , ,
yielded the highest correlation when the nominal 0 1 2 3 4 5 6 7

amplitude was used (Figure 11). Speed (km/h)

Travel speed ) ~ Figure 17 Effect of travel speed on the ppv recorded at a
The travel speed affects the amount of compaction achieved distance of 2.1m during operation of the

to the extent that in order to comply with the Specification Bomag BW161AD roller

for Highway Works, a travel speed of between 1.5 and

2.5km/h is required for most types of vibrating roller. Ifa ~ Number of drums

higher speed is used it is necessary to increase the number@peration of a roller with two vibrating drums should

passes in proportion to the increase in speed. transmit twice the energy into the fill as would a single
The ground vibration arising from a vibrating roller was drum roller having the same vibrator specification. It

also found to be dependent upon the travel speed. From would therefore be expected that the particle velocity

tests carried out using a Bomag BW161AD over a range ofrising from a double drum roller would #2 (=1.41)

speeds between zero and 6.7km/h, it was found that the times that from the single drum roller.
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During the experiment, some passes of the tandem rollerparameters. While this approach proved to be reasonably
were undertaken while only one drum was vibrating. The  successful, the problem was also approached
data from passes with only one roller vibrating were theoretically, on the basis that the vibration level should
compared with passes immediately preceding for which ~ be related to the energy transmitted into the fill. Research
both drums were vibrating (Figure 18a). The mean value of undertaken by Yoo and Selig (1979) showed that the
the ratio of two-drum vibration to that arising from a single transmitted dynamic force was not simply related to the
drum was 1.424 (with a standard deviation of 0.315), which generated dynamic force, so approximation of the energy
is very close to the theoretical value of 2. This value was by this route was not appropriate.
derived from the Bomag BW135AD, Benford TV75 and An alternative approach was based on the assumption
Ingersoll-Rand DD65 rollers. that, during each cycle, the vibrating drum was raised

In addition, the Ingersoll-Rand DD65 had been operated through a distance equal to the nominal drum amplitude
on the clay for many passes with only one drum vibrating. (A) and dropped to the ground. The energy input could
Data from the two sets of tests were compared (Figure 18b)then be approximated to the potential energy gained and
and least squares regression lines fitted to the log- dissipated during this cycle. The weight, which includes
transformed data. This revealed a ratio of 1.46 between the the weight of the drum and a contribution from the whole
resultant ppv arising from double and single drum operationef the plant, was calculated from the static linear ldad (
which is again very close 2. The ratio remained constant and the drum widthw). The ppv would then be expected

over the range of distances from 2m to 101m. to be proportional to the square root of this energy term,
The value of»:p was calculated from:

4.3.1.2 Con_S|derat|o_n of erTergy transm|t_ted into the fill e, = ALwg (6)

The preceding section defined the relations between the

ppv arising from vibrating rollers and the roller whereg is the acceleration due to gravity.
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Figure 18 Effect of the number of vibrating drums on the level of groundborne vibration
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To eliminate effects due to data from different distances trafficking the fill has received. It was noticeable during
and fill types, the analysis again focused on the data from the controlled trial that the vibration was reduced if the
the geophone closest to the test area acquired while the roller went only slightly off the line of the strip of fill
rollers were operating on the clay. The resultant ppy ( which had been previously compacted.

was plotted against the square root ofFigure 19). A There was also a difference in the vibration level
linear regression analysis yielded a relation of; recorded from plant operating on the two different fill
types used for the controlled experiment. Vibration from
Vo= 2-07\/5— 140 (7)  rollers operating on the clay was greater than when

operating on the hoggin in all cases except for the Bomag
Variomatic One possible explanation is that some
interaction between the roller and the fill, or some
characteristic of the fill, effectively reduced the source
vibration level such that the energy transmitted into the
‘environment was lower for operations on the hoggin than
on clay. Alternatively, the same amount of energy may
have been radiated from the roller operated in both
situations, but the energy transmitted into the hoggin was
4.3.2 The effect of fill properties on the vibration level attenuated more because an additional acoustic impedance
During the controlled trial, it was observed that the mismatch was encountered, which would reduce the
vibration level was affected by changes in the properties oenergy reaching the geophones, since the clay was located
the fill as compaction progressed. The first pass of any  between the hoggin and the geophones for all the

item of plant always gave rise to lower levels of vibration measurements (Figure 12).

than subsequent passes. For some of the rollers, a number In order to investigate whether the acoustic impedance
of passes were required before no further increase in interface between the clay and the hoggin affected the
vibration level occurred. The increase in the dry density of level of vibration, measurements were made

the fill, measured using a nuclear density gauge, reflected simultaneously on both sides of the test area while a roller
the changing level of vibration (Figure 20). This might be was operated on the hoggin. The vibration levels recorded
expected since the ground vibration arises from energy  on both sides were the same, at any distance, which
transmitted to the fill which is not used in compacting the demonstrated that the additional interface between the two

Wherey, is in mm/s andh, L, w andg are in Sl units,

giving a value of lg—:-in joules. This relation did not account
for the travel speed (km/h) or the number of vibrating
drums, but provided a means of determining the resultant
ppv at a distance of 2m from a roller operating on the clay
The next step was to investigate the effect of the fill type
on the vibration level.

fill. At refusal, therefore, the vibration level might be fill materials had no significant effect on the vibration. The
expected to remain approximately constant for a particulareffect must therefore have arisen through the interaction
combination of plant, operation and travel speed. between the roller and the fill.

In practice, changes in vibration levels will arise through Data from the vertical-axis geophones buried beneath
local variations in the fill and differences in the amount of the test area showed that the vibrations recorded at the

30
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| ® Benford TV75
A Dynapac CA301 :
o Ingersoll-Rand DD65 “
. 20K ¢ Ingersoll-Rand DD65 2
g | (single drum operation) A
3 Ingersoll-Rand SD150
> 15 |
g Bomag BW161AD-CV
= i
8
é 10 | Vres=2.07jg- 1.40
o
5 -
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Figure 19 Relation between the ppv recorded at Geophone A during the roller trial and a function of nominal amplitude,
static linear load and drum width
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(a) Ingersoll-Rand SD150 on clay (b) Ingersoll-Rand SD150 on hoggin
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Figure 20 The effect of dry density of each fill material on thepeak particle velocity recorded at each geophone. (a) and
(b) are data from a single drum vibrating roller, (c) and (d) are data taken from a tandem vibrating roller

base of the clay were greater than those beneath the hogdiaigher than the stiffness of the clay. Therefore, the

in most cases. This provided further evidence that the vibration generated may be a function of the stiffness of
difference in vibration level arose through different the fill, with larger vibration arising from plant operating
behaviour of the roller on the two fill materials. on less stiff fill. A similar trend has been observed by
Measurements made with accelerometers secured to the Watts (1992) for vibration arising from road traffic and by
vibrating drum of four of the rollers also showed that the Hiller (1991) for railways.

velocity of vibration of the drum was consistently higher Some of the data from the rollers, however, provided

while operating on the clay than on the hoggin. contradictory evidence. The Bomag BW135AD was tested
Dynamic stiffness measurements were undertaken in  on the hoggin initially while the fill was wet of its optimum

November 1997 using continuous surface wave tests moisture content and again when it had been allowed to dry

(Matthewset al, 1996). The fill had been exposed to the  for several days. The vibration level was found to be lower
weather for more than 12 months following completion of for compaction of the wet fill than when it was at a lower

the main phase of the trial, so the surface had become softmoisture content, and was therefore stiffer.The vibration
particularly on the clay bed. However, the relative level recorded when the BW135AD was operated on the
stiffnesses of the materials were assumed to have been clay was, however, greater than both of the sets of data from
similar to that during the tests. The stiffness of the hoggin the hoggin, as was the case for most of the other plant

was found to be approximately an order of magnitude tested. Tiedemann (1970) also reported higher levels of
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vibration from compaction of fill which was dry of optimum

subgrade was determined using a variety of non

than those recorded when the same material was compactedestructive methods (Evans, 1998). This trial road

at a moisture content above optimum.
The BomagVariomaticalso behaved differently to the
other rollers tested, giving rise to higher vibration when

presented an opportunity to measure the vibration levels
arising from a constant source of vibration operating on a
number of different materials. The measurements were

operated on the hoggin than when on the clay. This may bandertaken following the placement and compaction of the

a result of the effect of the different vibratory mechanism
in this roller which generates a vertically polarised
vibration when operated on soft ground. Conventional
vibrating rollers generate vibration by rotation of a single
eccentrically weighted shaft, which gives rise to an
elliptical drum motion. Th&ariomaticuses two contra
rotating eccentrically loaded shafts which enables the
direction of the vibrating force to be varied (Byles, 1997).
As part of a separate research project, a 36m length of
road, founded on contiguous sections of subgrades of
chalk, London clay and a silty sand was constructed

capping material. Trafficking was only possible on seven
of the nine bays since two of the sand bays were too weak
to support the roller with the vibrator in operation.
Comparing the vibration levels with the stiffness for all
materials showed no correlation between the stiffness and
the peak particle velocity. For individual materials,
however, there was some indication that the particle
velocity was higher when the stiffness was higher for a
particular material (Figure 22). Yoo and Selig (1979)
found that the force transmitted into the fill increased as
the fill stiffness increased, which may account for higher

(Appendix A). Each of the subgrade materials were placedvibration arising from stiffer materials. These results,
in three separate bays (Figure 21), the material in each bafiowever, contradict the findings of the main part of the
being at a different moisture content. The stiffness of eachresearch for which the vibration was generally higher

Asphalt pavement
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Section 22Relation between the trial road subgrade stiffness and the ppv recorded at a distance of approximately 4m
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during compaction of the clay than it was for the hoggin,

-1
which had a higher stiffness. It was therefore concluded ‘—%
that parameters other than the stiffness have an effect on £ -1.1
the generation of vibration. § s

In summary, the vibration level arising from vibratory =~ 2 127,

compaction was found to be influenced by the properties E .
of the fill. The vibration was seen to increase as the dry g 13 .
density increased during compaction and become % a4l © . °
approximately constant as the state of compaction s . ° ° .
approached refusal. For most plant, compaction of the clay'§ 45l °
gave rise to higher levels of vibration than did compaction & . -
of the hoggin. There was a general increase in vibration < 46 . s °
level with increasing stiffnedsr a given materialbut 20 30 40 50 60
there appears to be an influence from some other material Operating frequency (Hz)

property, since the trend was not apparent when comparing

different materials. Given the scatter in the data and the Figure 23 The relation between the operating frequency
inability to attain a qualitative conclusion, the fill type has and the rate of attenuation of vibration for

been excluded from the prediction methodology. compaction plant operated during the roller trial

Fitting a curved relation of the form of Equation (5), by a
process which had iterated the paramediensda the ppv
(v,) at a reference distance, showed no relation between and

e roller operating frequency. The effect of frequency on
attenuation rate was therefore investigated further by
plotting the root mean square (rms) particle velocity in each
one third octave frequency band against distance, for each
item of plant. The attenuation rate in each frequency band
was then determined by fitting a power law to the data, as
illustrated by the example presented in Figure 24. The
attenuation rate, defined by the exponent to the distance (b),
was then plotted against the centre frequency dfthe
§ octave frequency bands (Figure 25). The trend exhibited by

the data could be represented by a relation relbttoghe

4.3.3 Attenuation of vibration
The conventional method of presentation of ground
vibration data is a straight line on a log-log plot (for
example New, 1986). A number of authors have suggeste
that the data field is actually curved (for example Richart
et al, 1970), which causes extrapolation of straight line
relations to over estimate vibration levels at the extremes
of the data (for example Gutowsii al, 1977). Dowding
(1996) pointed out that use of a power law predictor
benefits from providing a conservative approach. Using a
non-linear regression relation, to fit a curve to field data,
may provide a better representation of the data,
particularly if the data were acquired over a wide range o
distances. Although a curved relation will limit over- )

logarithm of the frequency)(

estimation caused by extrapolation, prediction of vibration X : ) i )
By incorporating this relation between attenuation and

outside the data field should still be avoided. In any ' ) ,
assessment, measurements should be made over a rangefﬁ?quency in-an equation of the form proposed' by Mintrop
distances which extends to or beyond both limits of (1911) (Equation 5), an attempt was made to fit a curve to
distances over which vibration is to be predicted. the data-from the Bomag BWlGl,AD' A weI-I defmed
attenuation curve had been obtained for this piece of plant

Attenuation of groundborne vibration as energy - ) - )
propagates through the ground occurs through geometric by. acquiring data from.15 different ho_nzontal distances
(Figure 26). However, it was not possible to fully represent

effects and, to some extent, by frictional damping. ) g -
Although the significance of the contribution of the latter the observed attenuation using an expression of the form

is unclear for vibration from civil engineering sources proposed by Mintrop. Whilst the model provided a good fit

(Section 1.3.1), the rate of attenuation of vibration in the &t larger distances, the behaviour at distances of
ground is greater than would be expected from simple ~ @PProximately 1m to 3m were poorly modelled, with an

geometric attenuation in a homogeneous half space. over prediction arising from the curve.

Additionally, in many cases, the field data exhibit a Mintrop’s equation describes the attenuation behaviour

curvature when plotted in log-log space, from which it of surface waves radiating from a point source. While

may be inferred that there is a contribution from vibrating rollers may be approximated to a point source of

mechanisms other than just geometric spreading. The energy at large distances, closer to the source a roller is

following section discusses the interpretation of the more closely represented by a line source, since energy is

attenuation of vibration data from the controlled trial. transmitted into the ground along the contact between the
The nature of the attenuation of vibration from each fill and the vibrating drum. The wavefronts radiating from

piece of plant was determined from least squares a roller are therefore not circular, as they would be from a

regression lines fitted to the resultant ppv plotted against point source, but take on a form which would have
distance in log-log space, although in many cases the datssemicircular ends separated by linear sides of a length
field exhibited a degree of curvature. The gradients of equal to the width of the vibrating roller. Rather than the
these regression lines showed a poorly correlated increasesurface wave energy spreading out over an increasingly
in the rate of attenuation with increasing operating large circumferential length, given byt2, wherer is the
frequency of the plant (Figure 23). radial distance from the vibration source, the energy is
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100 the controlled trial had been found to have a frequency
dependence such that it could be represented by an

- expression including the logarithm of the frequency. It was
found that the best representation of the data was produced
.. by an expression far (units of mt) which included the

natural logarithm of the frequendy

N

o
T

[}

o.=0.011n(f) 9)

Resultant ppv (mm/s)
1

o
=

Combining Equations 8 and 9 gave the following
expression for the resultant ppy,( mm/s) at a distance
(m) from the closest edge of rollers operating on clay on
the controlled trial site:

0.01

1 10 100
) 2+We[—o.01 n(f)(x-2)
D = —
istance (m) Vies = Vo W (20)
wherev, is the resultant ppv (mm/s) at the reference
distance of 2m, given by Equation (7)
w is the width of the roller (m); and

f is the operating frequency of the roller (Hz).

Figure 26 Attenuation curve for vibration from a Bomag
BW161AD operated on natural ground

distributed over a length of f2r+2w), wherew is the

width of _the drum: The use OT a model based only on The data from which this expression has been derived
geometric spreading from a line source could not were acquired at slightly different distances from each of
adequately represent the curvature observed in the data aﬂﬁi rollers tested. The reference distance has been taken as
an additional exponential term was required to make the 2m in the above expression. This introduces some errors,
gradient of the model sufficiently steep at distances in the largest of which relates to the data from the Benford
excess of approximately 70m. Equation 5 was therefore /75 which was recorded at 2.7m from the roller. While

modified to: this represents a difference of 26 per cent in the distance,
the resulting prediction is only affected by 10.8 per cent.
v, = v, /"o W -alr-o) ®) Given the scatter in the data, this is considered to be an
r+w acceptable approximation.
. . ) Equation 10 has been fitted to the data from the
The curve described by this equation has a lower controlled trial in Figure 28. It was found that in most

gradient at close range and is therefore more representati@ses the vibration was lower at any particular distance
of the data than is Mintrop’s original equation (Figure 27). from rollers operating on the hoggin than when operating
As described above, the attenuation rate on the site of on the clay, but not to a consistent degree. Predictions for

100 -
2 —— Point source model

- = -a(r1-rp)
[ V= Vg rfr,e 1o

- - = Line source model

£ 10 V4= Vg [igrw)e 1o
E F (r+w)
>
g a=0.03
g w =2m
5
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C 1f
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Figure 27 Attenuation described by the relation proposed by Mintrop (1911) for a point source and the effect of assuming
a 2m long linear source of vibration
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Figure 28 Equation 10 fitted to data from the controlled trial

rollers operating on hoggin may therefore be slightly band centre frequencies from 10Hz to 100Hz in a similar
conservative compared with those for rollers operating on manner to that described for the data from the controlled
clay. The three lines presented on each part of the figure trial. Plots of attenuation slope against third octave band
illustrate predicted vibration levels, which would not be  centre frequency showed the same general trend of an
expected to be exceeded in 50%, 33% and 5% of cases. increase in attenuation with increasing frequency, as seen in
the controlled trial. However there was a great deal more
scatter, particularly above about 30Hz. No relation could be
identified between the attenuation gradients at any
frequency and the characteristics of the ground at the sites.
An attempt was made to determine the effect of different  \yhile the model given by Equation 10 successfully
ground types on the attenuation of vibration from the data represented the data from the controlled trial, when applied
gathered on the live construction sites. This is a complex tg the data from live sites it did not satisfactorily predict the
problem which could be affected by a large number of  gpserved levels of vibration. Given the amount of scatter
variables including the number, thickness, density and  gbserved in the data and the limited success of the model
stiffness of each layer, the depth of the water table and thejerived above at predicting vibration levels from live sites,
topography of the site as well as the operating frequency ddn alternative, simpler empirical model was sought. This
the plant. would also have the advantage of being more readily

The approach taken to determining the effect of the applicable to assessment of potential problems on site.
ground on the attenuation was to examine the slope of the It had been determined from the data from the
attenuation curve for each item of plant at each site. controlled trial that, in general, the vibration levels were
Regression lines were calculated for a range of third-octavebetter correlated with the nominal amplitude than they

4.4 Application of predictive model to the data from
live construction sites
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were with any of the other parameters of the vibratory where:k = 65, with a 50 per cent probability of the

system. In addition, it had been found that for small vibration level being exceeded;
distances, it was important to consider the roller as a line k = 106, with a 33 per cent probability of the
source of vibration when modelling the attenuation. In vibration level being exceeded:;
particular, this reduced the over estimation of vibration k = 177, with a 5 per cent probability of the
levels at small distances. To account for this factor, the vibration level being exceeded:;

distancg term used in the equation was taken to be the sum p,yyision of separate predictors for steady state
of the distance from the near edge of the roller and the
width of the vibrating drum. While this modification of the
distance parameter improved the fit of the model, the
attenuation rate required an index of 1.5; the vibration was
found to attenuate more rapidly than a direct inverse 5 Groundborne vibration from piling
distance relation. A further consideration was that a factor works
of V2 existed between vibration levels arising from single
drum and double drum compaction (Section 4.3.1.1).
Taking account of these points and carrying out a linear
regression analysis on the data from normal compaction There exists a wide diversity of pile types and materials
passes from both the controlled trial and from live sites, and many methods of installing the piles in the ground (see
the following equation is proposed for the prediction of ~ for example, Tomlinson, 1994). Methods of installing piles

operation and the transient periods may enable operators to
plan compaction processes appropriately in sensitive areas.

5.1 Factors affecting vibration caused by piling

vibration from normal Compaction passes: which are vibration free, or which generate I‘elatively low
levels of ground vibration, are available but these are not
A LS suitable for all situations. The use of techniques which
Vies =K S\/ﬁ[x +w} (11) generate significant vibration may be required in sensitive

areas. The following review considers these piling
methods and discusses the factors which may affect the
level of groundborne vibration. A number of empirical
prediction methods which have been proposed by other
workers are presented and discussed in the light of new
data acquired during the current research.

The intrusive nature of piling operations and the
potential for damage to adjacent structures have meant that

where:k = 75, with a 50 per cent probability of the
vibration level being exceeded;

k_ = 143, with a 33 per cent probability of the
vibration level being exceeded;

k= 276, with a 5 per cent probability of the
vibration level being exceeded;

n is the number of vibrating drums; a large number of individual case studies has been

A is the nominal amplitude of the vibrating undertaken and reported over many years. For example,
roller (mm); Ferahian (1968) compiled a bibliography which illustrates

x is the distance along the ground surface from thethat more than 60 years ago concern about pile driving
roller (m); and close to a cathedral prompted a study of vibration (van der

w is the width of the vibrating drum (m). Haeghen, 1938). Consequently, many of the data have

been collected and reported in a piecemeal fashion, often

The amount of scatter which has been found to arise in without the use of a structured or consistent approach,
levels of vibration from operation of vibrating rollers and  which makes them difficult to collate and analyse.

other types of plant, has stimulated the use of a Reference to some of the published case histories
probabilistic approach to prediction. It is for this reason illustrates the variability in the approaches adopted. Alpan
that the three different valueslofire suggested. The and Meidav (1963), Clough and Chameau (1980) and
predictor assumes a travel speed of approximately 2km/h, Hiller and Crabb (1990), for example, gave details of the
which is the middle of the range required by the piles, driving method and ground conditions. However,

Specification for Highway Works. If significantly different many case histories are rather less well documented. The
operating speeds are anticipated, then this should be tabulated data appended to BS 5228 : Part 4 (BSI, 1992b)
accounted for by the square root relation described in demonstrate the variability of the available literature.
Section 4.3.1.1. Similarly, Head and Jardine (1992) attempted to compile a
During the start up and run down of vibratory rollers,  database on piling vibrations from a range of organisations
the attenuation rate was found to be lower than that duringwith the objective of assessing potential for annoyance or
steady state vibration. A regression analysis was thereforedamage caused by piling operations. Of the 150 case
undertaken to develop a predictor for these transient stagdiistories supplied ‘many records ... lack important
of operation. The relation between the nominal drum information. A sixth of them were entirely without
amplitude and the ppv was the same as that during steadymeasurements of vibrations, so that opinions given appear
state operation. The following relation was determined:  to be based on subjective opinions or purely qualitative
records’. The following review focuses on the more
systematic work which has been undertaken to develop
Vies=kK Nﬁ{ 13} (12)  prediction methods.
The factors which affect the level of vibration at a point
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in the ground, arising from any activity, are: the amount of 5.1.2 Method of driving

energy transmitted into the ground by the source; the rate The method of driving governs both the nature and

of attenuation of the energy as it propagates through the magnitude of the ground vibration. The British Standard
ground; and the distance of the observation point from therelating to piling induced ground vibration (British

location at which the energy enters the ground. Piling Standards Institution, 1992b) describes three of the types
methods differ from many other vibration sources in that of vibration introduced in Section 1.2&ntinuous,

the position of the source which transfers energy into the transient and intermittent vibration

ground continually changes as piling progresses, since the Vibratory pile drivers generate continuous vibrations.
tip gets progressively deeper and encounters different soil The vibrodriver clamps to the top of the pile and operate
and the length of the pile shaft in contact with the ground by means of one or more pairs of horizontally opposed
increases as driving progresses. A further difference is thatontra-rotating eccentric weights. Operating frequencies
the actual energy source does not come into direct contactre typically between 25 and 50Hz. The vibration reduces
with the ground, except in the case of end-driven piles.  the shear strength of the soil close to the pile, thereby
Therefore factors which may need to be considered are theeducing the friction at the pile-soil interface. The

details of the pile and piling hammer or driver, the nature combined weight of the pile and the driver cause the pile
of the ground into which the pile is being driven and the  to be driven into the ground. Soils for which this and other
distance from the pile to the measurement location. Thesetechniques are suitable are given in the Piling Handbook

factors are discussed below. (British Steel, 1997a).
The use of percussive piling hammers, such as drop
5.1.1 Distance from the source hammers, generates intermittent vibrations. At large

The influence of attenuation on the prediction of vibration distances, the coda of the vibration from one impact may
was discussed in Section 1.3. Attenuation is dependent overlap with the arrival of vibration from the next impact,
upon the elastic properties of the ground and the distance €aUsing pseudo-steady state (Section 1.2.3) vibrations.

travelled by the vibration. The latter is generally Transient vibrations would occur from an isolated hammer
considered to be the more important over distances blow, such as might occur during the initial setting of a
appropriate to civil engineering sources and therefore muspile. Vibration from dynamic compaction (Section 6.1.2)
be properly defined. For many vibration sources, the might be considered to fall between these two definitions,
location at which the energy enters the ground is clear. In Since an interval of several second exists between

the case of piles, however, the situation is less easily individual impacts. _ o
defined. At the start of impact driving, all the energy During percussive piling, the hammer impact initiates a

dissipated into the ground enters the ground from the toe Stréss pulse in the pile which travels along the pile until it
of the pile. As driving progresses, the length of pile below réaches the pile toe, at which point part of the energy is
the ground surface increases so there is potential for reflecte_d and part transmitted into the ground. The relative
energy to enter the ground from an increasingly long line proportions of the energy transmitted and reflected are
source, as well as from the pile toe. The difficulty in governed by the relative acoustic impedances (specifically,
defining the point where energy enters the ground, the product of the density and the compressional wave
described in Section 1.2.2, has resulted in the developmerRropagation velocity of the material) of the pile and the
of two approaches to measurement and prediction. One 9round and are given by Zoeppritz's equations (Zoeppritz,
approach is to use the distance measured along the grounﬁglg_)- At the vertical .pII(.E/SOII |ntgrface along the length of
surface from the point at which the pile penetrates the  the pile, the angle of incidence will be close té&fd so
ground while the alternative is to specify the slope distancé@/most all energy is reflected and very little is trapsmltted
from the toe of the pile. This complicates comparison of into the ground. Consequently, even when the pile has
some of the published data sets, in particular where the ~ been driven to considerable depth, the major part of the -
way in which the distance was measured is not specified. €Nergy can be considered to enter the ground from the pile
Head and Jardine (1992) stated that the proposed tip of a percussively driven pile (Attewell and Farmer,
preliminary guidelines on vibration prediction, based on ~ 1973). However, energy may also be transferred to the
Attewell and Farmer (1973), do not apply for horizontally ground along the pile shaft through friction as the pile
measured distances closer than approximately 5m becaus&0Ves through the soil. This would generate a vertically
of the complex wave propagation patterns in this zone. ~ Polarised shear wave. It has also been suggested that
Additionally they observed that the horizontal distance  flexure of the pile shaft may occur during driving, which

may be an inappropriate parameter as the pile is driven to Can initiate vibration (Selby, 1991). _
depth, and the distance from the pile toe to the The different driving methods interact with the ground

measurement point may be more suitable. Many of the I different ways. The energy transmitted into the ground
published predictors have been presented in terms of the DY percussive piling techniques gives rise to transient or
horizontal distance from the point of entry of the pile into Intermittent vibration which is propagated at frequencies
the ground for ease of application, although Wiss (1967) governed primarily by the characteristics of the ground.

and BS 5228 : Part 4 : 1992 stress the importance of usinfOiIS do not possess resonant frequencies but generally
the slope distance to the pile toe. ehave as bandpass filters, possessing a limited range of

frequencies within which most vibration energy
propagates. These frequencies have been referred to as
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characteristic frequencies (see Table 4). Conversely, In contrast, Heckman and Hagerty (1978) considered
vibratory pile drivers force the ground to oscillate at the  that both the dimensions of the pile and the pile material
operating frequency of the driver. Particularly high are important in determining the energy transmission into
amplitude vibrations could arise if the driving frequency the ground. A parameter which is considered to describe
were to coincide with the preferred frequency of the soil. the ability of a pile to transmit a longitudinal impulse is the
A variation on vibro-driving is the use of resonant pile  pile impedancdl, defined as (Poulos and Davis, 1980)
drivers which vibrate piles or casings at frequencies of up
to 135Hz. The large amplitude vertical vibrations set up I=pA; (13)
overcome the frictional resistance of the soil surrounding wherep is the density of the pile materialis the

the pile allowing penetration by self-weight. Wiss (1967) compressional wave velocity of the pile material Anib

reported tests with a 'sonic’ pile driver operated at the cross-sectional area of the pile. Heckman and Hagerty

frequencies between 90 and 120Hz and a vibratory presented field data which indicated that as the impedance
hammer operated between 16 and 21Hz, and compared thgcreased, the ground vibration decreased. A figure was

r(_esult§ with the vibration arising from |mpact driving. The presented to illustrate the variation of vibration level with
vibration levels produced by the sonic driver were pile impedance, the value decreasing from approximately
typically an order of magnitude smaller than those from a 1.6 to 0.13/m for a range of pile impedances of 400 to
comparable impact driver, but continuously varied and 2200kg.s/cm. Head and Jardine (1992) commented on
occasionally attained levels of half those of the impact Heckman and Hagerty’s work that, because of the wide
driver. The vibratory hammer generated levels similar to range in ground conditions and the difficulties in
those from the Impact hamme_r. . accurately defining the energy levels of the drivers and the
The magnitude of ground vibration is dependent upon impedance of the piles, it is impossible to draw any general

the energy transmitted into the ground, which has been  ncjysions. However, Massarsch (1992) considered the
considered by many authors to be primarily governed by - fjygings of Heckman and Hagerty to be important since

the nominal energy of the pile driver. This parameter has they indicate that, for example, a reduction in the pile
consequently been used for the development of predic“"eimpedance of 30 per cent could increase the ground
techniques for ground vibration problems relating to pile ;. ~iion amplitude by a factor of 10. Also Dowding

driving, with data commonly being presented as a function(; ggg) considered the research to be significant and

of the distance from the pile scaled by the theoretical suggested that differences in the pile impedance and the
energy provided by the driver. For the prediction of effects of the properties of packing between the pile head
vibration from vibrodriving, the nominal energy term has g the hammer were more significant than the penetration
been replaced by the nominal energy per cycle. These \oqjstance of the ground in determining the ground surface

predictive methods are discussed in Section 5.2. vibration level.
Data given by Peckt al (1974) indicate that piles with
5.1.3 Pile type and dimensions similar dimensions but made of different materials can

There is a wide diversity of pile types both in terms of the have impedance values which differ by a factor of ten.
material from which they are made and their shape and This, according to Heckman and Hagerty's work, would
dimensions. Some generic examples are: pre-cast concretBave a significant effect on vibration levels. Prakash and
castin situ concrete (which may require a steel tubular Jain (1970) considered that, under otherwise similar

casing to be installed and extracted, often by vibro conditions, the minimum energy transmitted was by steel
driving); steel sheet; steel H section; and timber. The piles when compared with timber and concrete piles.
following discussion considers the effects on vibration From Equation (13) it is apparent that, for piles of
generation of the length and cross sectional area of piles similar materials, the impedance is only dependent on the
and the material from which they are made. cross sectional area. A thin sheet pile of small cross

The length of the pile was considered to have an sectional area would therefore have a lower impedance

influence on the resulting vibration level by Prakash and  than a steel H pile and so, according to Heckman and

Jain (1970). However, Lo (1977) reported vibration arising Hagerty’s work, might be expected to cause higher

from driving pre-stressed concrete piles in two sections. Thevibration levels than an H pile. This is supported by the

splicing of the upper section to the top of the pile did not  data presented by Attewell and Farmer (1973) which show

affect the particle velocities measured on the ground surfac¢he sheet pile data to plot above the rest of the data. Lo
Wiss (1967) considered sheet piles, wooden piles and H (1977) and Attewell (1995) however, stated that smaller

piles and reported that there was no significant difference indisplacement piles should generally generate less vibration

the vibration produced, all other variables being constant. since less energy is required to drive them. Lo considered

Similarly, Whyley and Sarsby (1992) considered that, for a that the amplitude of vibration is proportional to the cross

given energy, the variables relating to generation of ground sectional area of the pile: a relativelyarppile would

vibration are hammer type, pile type and ground conditions, penetrate further into the ground thablant one for a

but their suggested predictors take no account of the detailsgiven impact energy. Consequently more energy would be

of the piles. Brenner and Viranuvut (1977) also concluded, expended in advancing the sharp pile, leaving less energy

from measurements made of piling in Bangkok Clay, that to propagate as groundborne vibration.

the size of the pile was not a significant factor in The preceeding discussion demonstrates that there are

determining levels of ground vibration. two effects to consider, both dependent upon the cross
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sectional area of the pile but which work in opposition. A that the frequency content, as well as the amplitude, of
pile of small cross sectional area has a low impedance and vibrations propagating away from impact sources is
therefore, according to Heckman and Hagerty, would result determined by the type of soil.

in a higher level of vibration than would a larger pile, for a Ciesielskiet al (1980) observed a relation connecting
given driving energy. However, the small pile would vibration amplitude, the resistance to driving presented by
penetrate the ground more easily than a large pile and the soil and the driver energy. The driver energy was
therefore a lower level of groundborne vibration would arisefound only to be important when the driving resistance
from the smaller pile than from the larger pile. This was high. When resistance to driving was low, the
distinction has not been made in the literature and no data vibration amplitude showed no increase with increasing
on the relative magnitudes of the two effects are available. driver energy. These authors also concluded that vibration
At refusal, the penetration effect would not be significant  only increased with decreasing pile penetration rate when
and differences would be due solely to the impedance of thehe decreased penetration was due to increased end

pile and to the relative acoustic impedances of the pile resistance and not when restraint was caused by changes in
material and the ground (Section 5.1.4). lateral friction. Similarly, Hoskingt al (1988) carried out

trials for driving steel H piles using a 1.5 tonne hammer
5.1.4 Ground conditions with various drop heights and found that the major factor

The ground conditions can affect groundborne vibration ~ affecting vibration levels was the density of the sand into
arising from piling in two ways, by the interaction between Which the pile was being driven.

the pile and the ground affecting the source level of Attempts have been made to quantify the effect of the
vibration and by the effect of the ground conditions on the 9€0logy at the point of penetration on ground surface
propagation of the energy away from the pile. The vibration amplitudes. Lo (1977) presented a series of
following discussion addresses the former effect; the curves for different hammer types showing that the ppv
second effect was discussed in Section 1.3. The energy  increases with blow count (ie. the number of hammer
transferred from the hammer to the pile remains blows required to advance the pile over a specified

approximately constant throughout driving (Rempe and ~ distance). Whyley and Sarsby (1992) also reported that
Davisson, 1977), except where lower energies are used folevels of vibration during percussive driving increased

the initial toeing in of the piles. There may also be some With increasing stiffness and/or density of the soil.

change in the energy through changes in the properties ofSimilarly, Mallard and Bastow (1979) observed that, under
the packing caused by the driving. In the simplest case, foconstant driving energy, increases in ppv occurred with

a given pile and driver, changes in the vibration level mustincreasing resistance, particularly in the horizontal

be dependent upon the relative amounts of energy used incomponents of vibration. It was suggested that this may
ad\/ancing the p||e through the ground and in Causing either be as a result of the arrival of a shear wave from the

recoverable (elastic) deformation of the surrounding soil. Ittoe combining with the surface wave; or when the driving

is these elastic deformations which give rise to gets harder, the pile whips in a horizontal mode so exciting
groundborne vibrations. vibrations in that plane. -

Luna (1967) presented data from measurements made Massarsch (1992) also observed a similar phenomenon.
on sand, gravel and clay to which curves were fitted. In a dense sand deposit, friction induced conical waves

Although there was considerable scatter in the data, it waswere considered to arise from energy transferred along the
concluded that the vibration level generated was dependerile shaft. Where a stiff layer occurred at the pile tip,
on the soil conditions, type of pile, type and size of waves were generated from the pile tip and from the shaft
hammer, depth of pile penetration and distance from the due to flexing of the pile. Whilst the consensus of opinion
pile. Luna also observed that vibration levels were affectecappears to be that harder driving leads to higher levels of
by the penetration resistance and increased when dense surface ground vibration, Greenwood and Farmer (1971)
strata or boulders were encountered. Furthermore, reported that data from three different types of pile driving
attenuation in clays appeared to be less rapid than in sand sands had shown that the effect of end resistance during
and transmission of vibration increased for higher ground driving was not significant when compared with the
water table energy input. Similarly, the work undertaken by Attewell
The most important factor governing the distribution of and his co-workers, while acknowledging the effect of
the available energy between these two components was penetration resistance, takes no account of the ground
considered by d’Appolonia (1971) to be the resistance of conditions in the most recently published predictions based
the soil to pile penetration. In stiff or dense soils a on their work (Attewell, 1995). However, Attewell (1995)
relatively large amount of energy is dissipated as elastic referred to Uromeihy (1990) who presented a range of
deformation of the soil and penetration is small. In easily scaling factors for prediction of vibration from a variety of

penetrated soils, most of the energy is expended in pile types in several different types of ground.
advancing the pile, resulting in relatively low levels of A number of workers have attempted to correlate the
groundborne vibration. This phenomenon has been ppv arising from piling with data acquired during site
observed by many other workers, such as Baba and investigation. For example, Brenner and Chittikuladilok
Toriuim (1957) who recorded an increase in vibration (1975) and Brenner and Viranuvut (1977) showed a

when piles in sands and gravels reached a firm layer. Wisselation between Dutch cone resistance and peak particle
(1967) observed similar behaviour and also pointed out  velocity, although the coefficient of correlation given in
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the latter paper is not high. These data tend to contradict goroportional to the square root of the energy in the
earlier comment in the paper by Brenner and Viranuvut  system. The power of -1 in the distance term could be
which states that the type of layer penetrated by the pile interpreted as indicating that attenuation is dominated by
has little influence on the magnitude of vibration on the  body wave effects, for which theoretically the particle
ground surface. Van Staalduinen and Waarts (1992) also velocity attenuates according td.rlt could also be
considered the effect of the cone penetrometer value on thaferred that, if surface waves dominate, for which the

magnitude of particle velocity. Jongmans (1996) has ppv attenuates according td%rthen a significant
proposed undertaking additional testing ahead of the mainproportion of the attenuation must be due to other effects,
works as a basis for site specific vibration prediction. such as internal damping. Particle trajectories determined
by Attewell and Farmer indicated that the motion was
5.2 Review of earlier work on the prediction of similar to the retrograde elliptical motion characteristic of
vibration from piling Rayleigh waves. It is therefore likely that the latter

.explanation is the better.
The research undertak_en by Luna_ (1967) pr_esented data ir The distance is described by Attewell and Farmer as
terms of the energy ratio (ER). This was defined by S 2
oo . ) the radial distance, although it is not clear from the paper
Crandell (1949) aER = a%/f 2, wherea is the particle L . . .
) : Lo whether this is measured horizontally from the pile axis or
acceleration andlis the vibration frequency. Crandell had . o
. obliquely from the pile tip. Later work presented by
observed that the risk of damage to a structure was
SO . Attewell (for example Attewelét al, 1992a, b) uses the
dependent upon bothandf, which is equivalent to ; . o
. . . horizontally measured distance so it is assumed here that
particle velocity, the parameter most commonly used in . :
L . . this is also the case for the 1973 paper. Expressions of the
current vibration damage assessment (Section 1.2.1). Fiel . . ;
orm of Equation 14 are now widely used in the

data from a number of sites on different soils were . f h | f .
presented graphically by Luna as energy ratio against presentation of data and the development of predictors,
with much effort having been concentrated on the

dlstqnce but no general predlctlpn equation was prOF)osed'determlnatlon of the value &f Additionally, some authors
Wiss (1967) presented graphically the maximum . o . .
Lo . S have considered the indices of the distance and nominal
vibration levels expected from pile driving in wet sand, dry .
. . nergy terms and these are discussed below.
sand and clay. Wiss was among the first authors to presen ; i
- L . . Using data from a large number of field measurements
piling vibration data with an abscissa of the square root of . . :
. . . . from many sites, Uromeihy (1990) determined a nhumber
energy divided by the distance, which was described as the, . . .
. ., of different values ok and 3 (Equation (14)) for different
scaled energy. This method has subsequently been widely o . -
. I . combinations of hammer, pile and ground conditions. In
adopted for presentation of vibration data. The distance

used by Wiss was theeismic distancédefined in Section 32{2:22?&3;}021% us:a/d égiézsg:z?::tﬁz;’;;la;: g]f tt::s
1.2.2) from the pile toe to the point of interest. P ppV. Y

. data from Uromeihy (1990) and other sources, Atteatedl
In 1973, Attewell and Farmer proposed an empirically Lo .
. o . . (1991) found that, rather than the vibration level decaying
determined prediction equation which has become the Ao . .
. - steadily with increased distance from the pile at all
basis for many subsequent attempts at prediction. . . :
o . : distances, maxima occurred at typically 10m (measured
Vibration data were collected from seven sites with . .
. . : . horizontally) from the pile. Attewebt al (1991) suggested
different pile and hammer types and different soils. The . o
. that this effect may be a result of superposition of surface
measurements were made over a range of distances from .
. . waves, caused by lateral movements of the pile at ground
1m to 40m for the full penetration sequence and various . .
) . -~ _surface level, and body waves emanating from the pile toe.
nominal energy inputs. Results were presented for vertical

S . . L One implication of this is that any prediction method
components of vibration which yielded a prediction of . L
: o L which has been developed from data which include
ground surface peak particle velocities for all driving

methods and pile types given by: distanqes of Ie;s than 10m could be unreliable if thg
predictive relations were extrapolated beyond the distance
P from which the data were acquired. The work described by
v = l{«/W} (14) Uromeihy (1990) presented models based on data acquired
v at horizontal distances from the pile of typically between
1m and 20m. It would seem that simple analyses of these
where v, is the peak particle velocitygrtical data might result in significant errors in predictions,
component) (in mm/s); particularly if relations were extrapolated beyond the limits
);of the data. It was therefore suggested by Attewaitsdl
(1991) that Attewell and Farmer’s (1973) relation is only
valid for distances greater than 10m. Attewell (1995)
suggested that because of the conservatism inherent in
Equation (14), a more realistic equation from the same
Attewell and Farmer (1973) assigned a value of unity data would have a value kbf 0.75 to predict the zero-to-
to 3 and what has more recently (Head and Jardine, 1993yeakresultantppv.

W is the source energy per blow (or per cycle) (in J

r is the radial distance between source and
receiver (in m);

k and 3 are empirically determined constants

Whyley and Sarsby, 1992; Attewell, 1995) been Head and Jardine (1992) also considered that a value of
considered a conservative value of 1.5 to the pararketer k of 1.5 in Equation (14) is conservative and suggested
This expression implies that the particle velocity is that, for values qﬁN/r in the range 1.0 to 3@, the
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expression could be used for preliminary assessment withwhether the actual peak amplitudes were captured. This
the particle velocity being specified as gimulated could be a problem particularly for vibrodriven piles,
resultant particle velocity (Section 1.2.1). Furthermore,  where the vibration is continuous and also may contain
Head and Jardine proposed thaias a value of between starting and stopping transients. Attewatlal (1992a and

0.1 and 1.5 (fokV in joules and/ in mm/s), depending on  b) therefore recommended that a curve one-half a standard

the ground profile; and 3 varies between 0.8 and 1.5, deviation above the mean is used as a predictor. This
depending on the soil characteristics. However, no would predict a vibration level that there was a 31 per cent
guidance was provided on the how to select appropriate chance of being exceeded. A more conservative approach
values ofk and R3. would be to use one standard deviation above the mean,
Attewell et al (1992a and b) concluded that, because of which would reduce the chance of exceeding the predicted
observed curvature in the data field, a linear log-log level to 16 per cent. Combining this with the quadratic

relation was not strictly valid and quadratic log-log curves interpretation discussed above, expressions of the
were introduced. Families of curves were calculated basedollowing form were presented, with different valuekof
on the best fitting curves to the data sets for impact k, andk, given for impact hammers and vibro drivers as
hammers and vibrodrivers. These enabled the prediction athown in Table 5.

particle velocities for a variety of drivers at distances of up

to 20m. While this is an adequate range of distances to ~ Table 5 Values of constants for use in the predictive

assess the majority of cases where damage is a possibility, equation presented by Attewell et al (1992a)
vibration levels at 20m are still well within the range

which may be intrusive. The predictions could not Vibrodrivers Impact hammers
therefore be re“ably use,d to predict the mor_e prgvalent Half standard One standard Half standard One standard
problem of perceptible disturbance due to vibration effects. deviation deviation deviation deviation
Additionally, these papers by Attewel alonly consider above mean above mean  above mean above mean
the variables ppv, standoff distance and nominal driver

energy for, separately, vibrodrivers and impact hammers. k 0.213 0.038 0.296 0.073

No account is taken of the ground conditions or the pile 1.64 164 1.38 1.38

334 334 234 234
type. Furthermore, the tables and graphs presented by 033 033 023 0.23

Attewell et alindicate a progressive attenuation over
distances between 2 and 20m; there is no indication of a
’ VW VW
log v =—k, + kzlog{—}— kglogz[—}
X X

rise preceding the decay with distance reported by
Attewell et al (1991).

For practical convenience, predictive curves and
equations proposed by Attewetlal (1992a and b) were
specified in terms of the horizontal distance from the pile ) ) ) )
to the measurement location. In cases where the majority x is the horizontal distance (in metres).
of the energy entering the ground during pile driving does  More recently, Attewell (1995) has presented these
so at the tip of the pile, this approach must present some expressions, together with simpler predictors in the form of
degree of error, particularly since most of the data were Equation 14. The latter are presented in Table 6, together
determined at horizontal distances of no more than 20m. with similar expressions adopted by the BSI (1992b) for
The source becomes more distant from each measuremerthe prediction of vibration from piling.
location as driving progresses and in some cases the depth Whyley and Sarsby (1992) adapted the power law
may exceed the horizontal distance. Furthermore, it is approach to prediction of vibration arising from impact
possible that the amount of energy transmitted into the  piling, suggesting that the valueloEquation 14 is
ground by vibration will increase as driving gets harder  dependent upon the ground conditions. A prediction

(15)

where W is the hammer, or driver, energy (in joules, or
joules per cycle);

(see for example, Mallard and Bastow, 1979). method was proposed which was based on data from sheet
Consequently, the peak vibration level recorded at each piling but which can also be used for other types of pile
geophone may occur when the distance to the actual driving. A graphical presentation enabled predictions of
source is significantly greater than the minimum distance ppvs to be made for piling in three different types of soils.
to the pile. The parametek was assigned values ranging from 0.25 to
The use of a best fit line based on field data is 1.5, depending upon the soil type, based on horizontal
unsatisfactory as a predictor since, by its definition, half of distance from the pile. A similar method has been adopted
the data will be at vibration levels greater than those by Eurocode EC3, Chapter 5 (CEN, 1998) and is included
predicted. Also, without additional information, this in the latest guidance from British Steel (1997b). This

approach would not indicate by how much vibration levels assigns values of between 0.5 and 1 .Rftr impact

might exceed those predicted. Furthermore, if the data  piling, dependent upon the soil type. For vibrodriving, a
acquisition system used to record the data on which the value of 0.7 is suggested for all soil conditions.

predictor is based is only capable of sampling short All the prediction methods described above essentially
discrete sections of data, the level of this best fit line will attempt to enable preliminary predictions of vibration to be
be dependent upon the amount of data sampled during made by desk study alone. An alternative approach was
periods of relatively low amplitude vibration and on proposed by van Staalduinen and Waarts (1992), who used
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Table 6 Simple predictors for preliminary estimation of vibration from piling proposed by *Attewell and 'BSI

Vibrodrivers Impact hammers
4 W
For a high level of confidence that predicted values will not be exceeded Vies = X Vies = X
0.95 —0.87
Vies =1 e Vies = 0.7 —W
For more probable levels of vibration res X res — = X
=1 Ve =0.79 — w
Vibration levels unlikely to be exceeded significantly in most ¢ases v, = r v, =0 r

v is the resultant ppv (mm/s); i the vertical component ppv (mm/s); W is the nominal energy of the hammerigXhé\hominal energy per cyd®);
X is the distance measured along the ground surface; r is the slope distance from the pile toe.

"Attewell (1995)

TBSI (1992b)

data from cone penetration tests to characterise the ground technique requires a seismic investigation of each particular
conditions, from which vibration predictions were made. The site to determine the geometry and dynamic properties of
authors accepted that this technique would be less reliable  the ground, in particular the nature of any layers, from
than using site specific vibration measurements but observedwhich the propagation function is determined. The vibration
that it would also be less expensive. Given the variability of source, assumed to be at the pile toe, is dependent upon the
the data reported by other authors and the discussion over pile type, driving method and ground conditions at the toe.
attenuation rates and valueskpfhis approach would appear Jongmans illustrated an example where the proposed
to offer a potentially more reliable prediction method. The  technique was successfully tested and he advocated the
prediction was based on the attenuation equation proposed kissembly of a database so that the technique can be applied
Mintrop (1911) (Equation 5). to other sites. Unless this database technique was used, it
The vibration level, specified at a reference distance of Would require a relatively expensive initial investigation on
5m, was determined by van Staalduinen and Waarts to be€ach site to predict vibration levels which would be
dependent upon the total driving resistancg. @ relation ~ generated by the main works.

was therefore determined betweeraRd the cone To summarise, a number of empirical prediction
penetration, which exhibited a better correlation if the methods have been proposed. Those in the form of the
vibration level was specified in terms of particle Attewell and Farmer (1973) equation (Equation 14)

accelerations rather than velocities. The proposed model, consider the nominal energy of percussive pile drivers
while appearing to be successful, had only been develope@nd attempt to fit the best curves to the data. This has
on one site and required further validation. resqlted in a series of dlfferent scallng. chtors tq apply to
Another approach has been presented by Jongmans basmglly thg same equation. For prediction of wbrauon
(1996) who observed that empirical prediction methods ~ rom vibrodriving, Whas ben replaced by the nominal
can yield erroneous vibration assessments, in particular - €N€rdy per cycleW,). Some authors have made provision
because the relations are based on the assumption of a for p|l|ng in different so!ls by the inclusion of dlffe'r('ant
half-space which ignores the effect of local geological scaling factors depending upon th'e ground conditions. The
conditions on the amplitude of the ground motion. approaches taken by van Staalduinen gnd Waarts (1992)
Parametric studies were cited which demonstrated that theand Jongmans (1996) attempt t_o qua”t'fy the .e.ffe(‘fts of
amplitude, frequency content and duration of the signals other. parameters to adapt predictions to ;pecmc S't?
are greatly dependent on the dynamic properties and the cond|t|ons_. quever, both of these techmques require
thickness of the upper soil layer, further validation. A further approach which could be

. . taken to this work is through the development of
Jongmans observed non-monotonic attenuation and : LY .
. . theoretical models using finite element modelling. Such
suggested that this may result from the interference . ;
) studies are currently being undertaken elsewhere (eg
between surface and body waves. In the near field, the
Ramshawet al, 1998).
surface waves are not well developed, whereas at greater
distances the different propagation velocities of the surface o ] -
waves and P-waves mean that the different wave types no>-3 Acquisition of field data from piling

longer coincide. There occurs a point at which the Piling data for the current study have been acquired from 9
developed surface wave and the P-waves combine to givesites, covering 12 different piling operations, the details of
a maximum. which are summarised in Tables 7 and 8. Given the large

Jongmans’ method requires the separate determination ofiumber of variables associated with piling, it cannot be
a source function and a propagation function in orderto  considered that there are sufficient new data for all the
reconstruct the ground motion at any distance. The factors discussed in Section 5.1 to be fully addressed, nor
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Table 7 Details of percussive piling sites

Pile details Hammer details
Site Geology Type Length Section Type Nominal energy (J)
A13 East Rail 0-12m: soft silty clay; Precast 24m 350mm BSP HH5LD 24520 (5t x 0.5m)
Crossing 12-18m: terrace gravel; concrete square hydraulic
18-24m: dense fine gravel. hammer
M66 Hollingwood 0-0.5m: made ground; Steel 20m Larssen 25W BSP HA357 24520 (5t x 0.5m)
Railway Bridge 0.5-24m: firm sandy clay. sheet
A47 Church Road  0-2m: firm silty clay; Steel H 13nmtdrive) UBP Banut 700 24520 (5t x 0.5m)
Interchange 2-14m: loose silt; 28m (total)  305x305x186
14-17m: very dense sand +
chert gravel;
17-30m: very stiff silty clay
A548 Dee Crossing 0-2m: silt; Precast 8m 360mm square Not recorded 44136 (5t x 0.9m)
(Eastern approach) 2-23m: medium dense fine sand. concrete
M25 Environmental Made ground Casings 4.35m 610mm dia. BSP 1D17 15000
barrier
Dudley Vale, Made ground: Steel 8m Not recorded BSP HH 1.5DA18149
Radstock colliery waste. sheet
Table 8 Details of vibratory piling sites
Pile details Vibrodriver details
Power Frequency Energy per
Site Geology Type Length Section  Type (kW) (Hz) cycle (kJ)
A548 Dee Crossing 0-1m: very soft silt; Casings 9m Not PTC 25H2 186 28 6.64
(Western approach) 1-5m: firm to stiff glacial till; recorded
>5m: weak mudstone.
All Foxes Bridge 0-3m: very dense sand; Casings 14m 900mm PTC 25H1 144 29 4.97
3-4.5m: grade IV chalk; diameter
4.5-6m: grade Il chalk;
6-15m: grade Il chalk.
Second Severn 0-1m: made ground; Casings 15.5m 1050mm PTC 50H3 290 27.5 10.55
Crossing approach 1-4m: stiff clay; diameter
4-14m: soft to very soft clay;
14-16m: firm to stiff marl.
Derby Southern Bypass, 0-2m: stiff sandy clay; Steel 8m Not PTC 13HF1 163 38.3 4.26
Trent Bridge 2-6m: medium dense gravel; sheet recorded
6-9m: mudstone and siltstone.
Dudley Vale, Radstock Made ground: colliery waste. Steel 8m Not ICE 14RF 213 38.3 5.56
sheet recorded
Steel 5m L40 ICE 328SH 46/55 46.7 0.99/1.17
sheet

is it possible to derive a wholly new prediction method.
However, the data which were acquired contain possibly
more detail than was available to many of the earlier
researchers because of the nature of the acquisition
equipment used. For example it has been possible to
acquire data for the entire duration of driving for some

restricted by more limited sampling periods or smaller
ranges of distance. The new data therefore provide a
means of validating the existing predictors.

During acquisition of data from impact piling, the depth
of the pile toe beneath the ground surface was recorded, by
reference to the gradations on the pile used by the

piles, for which triaxial measurements have been made at contractors to determine the blow count. This was not
five locations simultaneously at distances ranging from thepossible for vibrodriving, since the piles were not marked

order of metres to over 100m. Other workers have been
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was variable, depending largely upon the rate of progress close to the pile. The more recent data, from Attewtedl

of piling. In all cases it was attempted to acquire data from(1992a and b), focused on horizontal distances of typically

driving a representative number of piles. 1m to 20m. Comparison of the 1973 relation with these
The data collected by the Transport Research data would indicate that the former was overly

Laboratory have been supplemented by further analysis ofconservative. The predictors developed from the later

the database established by Uromeihy (1990). These datastudies are less conservative close to the pile.

were available in the form of peak component and true Although most authors have adopted similar approaches

resultant particle velocities for horizontal distances of for the prediction of vibration from impact and vibratory

typically 1m to 20m, at specified depths of penetration.  driven piling, the data showed these activities were

Details of the hammer, pile and ground conditions for mossufficiently different that they should be analysed

sites were also tabulated. The inclusion of these data has separately. These analyses and the interpretation of the

made a valuable contribution to the current research. data are described in the following sections.
5.4 Validation and development of piling vibration 5.4.1 Analysis and interpretation of data from impact
models piling

interpreting the data was to plot the resultant ppv recordedMajority of the interpretation work for impact piling. The

at each site against the distance from the pile. On to thesePiles had a total length of 28m and were driven in two

described above; these are presented in Figure 29. The specified to be addressed. Additionally, the pile encountered

plots demonstrated that the existing prediction methods ~ ¢hanging ground conditions over the course of the drive,
were not reliable. In particular, the A47 data exceeded which enabled the effect of the change in driving resistance

even the supposed conservative upper bound predictor of to be investigated while all other parameters relating to the

Attewell and Farmer (1973). Attempts were made to pile and hammer remained constant.
establish the causes of the variation and to develop and
improve the predictors. 5.4.1.1 Specification of the distance term
The efficacy of the predictors appears to reflect the Plotted as a single group of data on logarithmic axes of

distances over which the data from which the predictors resultant peak particle velocity (ppv) against horizontal
were derived have been acquired. Few previous data havedistance, the scatter of the A47 data covered a range of
been presented which cover as large a range of distances asproximately an order of magnitude at all distances. The
that for the new data. Attewell and Farmer (1973) derived data set was therefore subdivided into groups dependent
their relation from data covering distances from 1m to upon the depth to which the pile had been driven,

40m, but the prediction tended to over estimate vibration arbitrarily grouped in increments of 5m. The data were

100

A47 H piles
A M66 sheet piles

— Attewell and Farmer
(1973) upper bound

-
o

— — Attewell and Farmer
(1973) probable
levels

—-— Attewell et al (1992)
32% probability of
level being exceeded

Resultant ppv (mm/s)

------ Eurocode 3 (CEN,
1998) for very stiff
cohesive or dense
granular soils
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Figure 29 Current piling predictors plotted with TRL data from two sites
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then replotted against horizontal distance from the pile on because lower driving energy was used for the toeing-in

logarithmic axes (Figure 30a). This revealed that, at operation, which drove the pile to a depth of 4m. However,
distances in excess of approximately 20m, the data for the subsequent 24m of driving, the driving energy
separated into a series of sub-parallel groups, the vibratiomemained constant for all depths.

level being greater for greater penetration depths. The At horizontal distances of less than 20m, the pattern broke

lowest levels at any distance occurred while the pile toe  down, such that the lowest levels of vibration no longer
depths were smallest. In part, at least, this may have arisenorresponded with the pile toe being closest to the surface.
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Figure 30 Ground vibration data from the A47 piling site plotted against (a) horizontal distance from the pile and (b) slope
distance from the pile toe
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This suggested that the transfer of the majority of energy into the ground at the toe has to travel along an increasingly
into the ground may take place at the toe of the pile. long path to reach the measurement location at the ground
Replotting the data against the slope distances from the pilesurface. Assuming a point source and a homogeneous half
toe to the measurement positions sorted the data into a seriepace, the energy would radiate as a sphere of increasing
of bands, indicating an increase in ppv as the pile was driveradius. The ppv would therefore attenuate in inverse
deeper (Figure 30b), for the whole range of distances. proportion to the length of the direct travel path from the

Looking at the data in more detail revealed two further pile toe to the measurement position. Use of the horizontal

aspects to the trends. distance from the pile for the specification of attenuation is

therefore reasonable at larger distances, but close to the pile
this introduces significant error.

Comparison of SPT data from the site investigation data and
a pile driving record from the A47 site (Figure 31) indicated
that the penetration resistance of the ground increased with

When plotted against the slope distance to the pile toe
on logarithmic axes, there existed a curvature in the
data, which was concave upwards. The degree of
curvature increased as the pile was driven deeper.

i For each group of data, from the different toe depths, for yenth for depths greater than approximately 12m. Combining

pile toe depths in excess of 10m, the maximum ppv did s with the observation that, for a constant distance from the
not occur at the minimum distance from the pile. The datg,jie toe, the vibration level increased as the pile toe was driven
from closest to the pile were lower than the maximum deeper, suggests that the ppv is in some way related to the
ppvs observed for each group. That is, with increasing  penetration resistance of the ground. The nominal energy input
distance from the pile, the vibration level increased of the piling hammer was constant for depths greater than 4m,
|n|t|a”y and then decreased. This effect was observed for (o) Changes in energy input to the p||e Could not have been
data plotted against the slope distance to the pile toe.  responsible for the increasing vibration level. It follows that, if
When plotted against the horizontal distance, where the energy input to the pile is constant, as the distance
sufficient resolution was available in the data, there was penetrated by the p||e per hammer blow decreases, there must
an initial decrease in vibration level, followed by arise  pe more energy available to cause elastic deformation at the
and then continued decrease with increasing distance. pile tip. There will also be some increase in energy transmission
at the pile toe because the acoustic impedances of the pile
material and ground will converge as the pile encounters
increasingly stiff and dense geology.

X To investigate the relation between the resultant peak
effect of pile toe depth particle velocity, at a constant slope distance from the pile

These two issues are discussed below.

Concave-upwards curvature in the data field and the

As a pile is driven into the ground, there are two effects to toe, and the depth of the pile toe, the data from the most
consider which may influence the magnitude of vibration  distant geophone were considered. These were at
observed at the ground surface. Firstly, as the pile toe is  horizontal distances from the pile of between 100m and
driven to progressively greater depth, energy transmitted  109m. Using the data from the largest distances minimised
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the effects of the changing depth of the pile toe, and the While there was some degree of scatter, the relation was
differences in horizontal distance, on the distance from theuseful for progressing the analysis. It should be pointed out
pile to the geophone. Plotting the resultant ppv against thethat it is not intended that this expression is used in making
depth of penetration of the pile revealed a clear relation ~ Vibration prediction on any other site. The analysis
between these parameters (Figure 32). described here was undertaken with the objective of

For the subsequent analyses, it would be necessary to understanding the processes which determined the trends
apply the relation determined between the resultant ppv observed in the data. It is likely that this relation is unique
and the pile toe depth to the data from the geophones at afi°r the particular combination of pile, driving method and
distances from the pile. This was achieved by analysing 9round conditions at the A47 site. N
the data in terms of decibels (dB), referencing the particle 10 continue the analysis, a set of initial conditions

velocity to the conventional reference ppv of frim/s. was selected from which to develop a model. Initial
Conversion from ppv in mm/gigv_) to dB re. 16mm/s Igvels of vibration at a_number of different horizontal
(PpV,,) is achieved using the expression; distancesx) from_th_e_ plle_ were assumed, based on the
A47 data, for an initial pile toe depth f of 5m. A
PPVmnys range of pile toe depthk, were also selected, for which

PpVgg = 2010959 (16)

to calculate the ppv at the selected values of

i ] ] ) Assuming an attenuation rate for the particle velocity of
Using a decibel scale enabled the relation derived from . (wherer is the slope distance from the pile toe), the

the data at_the most dista.nt geophones to be gpplied to allppv was calculated for each of the chosen values of
the data, since a change in the number of decibels always anq|_ | initially neglecting the effect of the increase in

produces the_ same ratio change in the vibration level. Fpr ppv caused by the stiffer soil encountered at increasing
example, an increase of 3dB always equates to a doublinggepth. These values of ppv were then converted to the

107

of energy, which represents an increaséin ppv, decibel scale, and the effect of the ground described by
irrespective of the absolute magnitude of the ppv. Equation 17 was added.
A least squares best fit line was determined for the The calculated ppv was plotted against the slope

relation between the resultant ppv and the depth of the pile distance from the pile toe and against the horizontal

toe for pile toe depths greater than 4m. At lesser depths, thelistance from the pile. Although there are some similarities
vibration level had remained approximately constant as the with the field data, the concave upwards trend observed in
depth had increased. The following relation was determinedthe field data when plotted against the pile toe depth was
not replicated. Furthermore, the model did not provide the

Vop =074 L+ 8677 (17) maxima observed in the field data at some distance from
where v, is the resultant ppv (dB re. 2m/s); the pile during the later stages of driving. This latter aspect
L is the depth below the ground surface of the IS discussed in the following paragraphs.
pile toe (m).
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Figure 32 Relation between vibration level at a distance of 100m or more from the pile and the pile toe depth at the A47
piling site
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ii Variation of vibration level with distance close to the To attempt to verify that the maxima in the distribution

pile of ppvs arose through superposition of the two waveforms,
The following discussion describes the investigation the time histpries were inspected. If the model were valid,
undertaken to attempt to explain the detailed distribution for shorter distances than those where the maximum ppv
of ppvs, in particular those close to the pile. For the occurred, the main vibration event would be preceded by

purpose of this discussion, “close” is defined as the range another wave arrivag it should be possible to identify

of distances measured along the ground surface which is Separate arrivals for the wave arriving from the toe and

less than the embedded length of the pile. Figure 30 that from the shaft. This was not observed and no evidence

illustrates the data from the A47. It can be seen that the Was found on the time histories to support the model.

vibration level decreases away from the pile over the first ~ There were, however, observed to be high frequency

few metres and then increases again before attenuating inSignals which, in general, arrived ahead of the main

the manner conventionally reported. vibration event. At most distances, the magnitude of these
Where data were recorded from a drive for which the = Was more than an order of magnitude less than the main

closest geophone was at a distance greater than perhaps vibration event. Close to the pile, however, the amplitude

5m, which was the majority of the data, the initial decay in Was more significant and at a horizontal distance of 1m,

ppv over the distances from 1m to 3m was missed and thethe high frequency event was superimposed on the main

maximum level of vibration recorded was often not at the arrival. The following discussion describes the

geophone closest to the pile. The A47 works had required investigation undertaken to attempt to determine the origin

that the close-in geophones were not mounted in the natura®f these high frequency events.

ground, but on compacted fill material which was serving as  The origin of the high frequency signals was initially

an operating platform. This may, therefore, have explained thought to be from reverberation of the stress pulse within

the low level of vibration. In addition to the main vibration ~the pile. For a steel pile with a compressional wave

event, there were also higher frequency, lower amplitude ~ Velocity of 5700m/s and a length of 28m, the frequency

events from each hammer impact which were noticeable asWould be 102Hz. This was very similar to the observed

distinct events. These events, which are explored in more high frequency. Similarly, Hiller and Crabb (1990)

detail later in this section, exhibited a monotonic decay over'@ported energy within the range 158 to 249Hz for 12m

the whole range of distances, which suggests that the low steel H-piles driven by impact piling, which was attributed

levels close to the pile were real. Furthermore, vibration dat#0 this effect. Further investigation of the field data,

from numerous sites reported by, for example, Uromeihy however, contradicted the hypothesis. The piles at the A47

(1990) and Oliver and Selby (1991) also demonstrated that Were driven in two sections, the first having a length of

close to the pile there often occurs an initial rise in the 13m, to which was welded the upper section following
ground surface vibration level, followed by a continuous ~ driving of the lower Ienth. Comparison of the spectra
decay with increasing horizontal distance. from similar horizontal distances for the two stages of

Attewell et al (1991) and Jongmans (1996) attributed driving revealed that the spectral peak was at a similar
this non monotonic decay effect to interaction between  frequency for both pile lengths.
vertically polarised shear waves arising from the pile shaft ~ Similar high frequency events were recorded on the
and compressional waves arriving at the ground surface traces from the other impact piling sites studied. On two of
from the pile toe. The shear waves travel more slowly thanthese sites, the A13 in Essex and at the Dee Crossing,
the compressional waves, so the interaction between the Sduare section precast concrete piles were driven. The
two takes place at a distance from the pile determined by engths of the piles on these sites were 24m and 8m,
the relative speed of propagation of the different wave  respectively. Although some variation in the
types and the depth to the pile toe. Since compressional compressional wave propagation velocity of the piles
waves typically travel at approximately twice the speed of Might be expected, the high frequencies associated with
shear waves, the maxima in the data would be expected athe shorter piles were 90Hz, while driving the longer piles
a distance of approximately/ v3, whereL is the depth of ~ 9ave rise to 190Hz events, which is contrary to what would
the pile toe beneath the ground surface, if it is assumed thB€ expected for reverberation of a stress pulse. It was not
shear waves are initiated at the ground surface. possible within this study to identify the source of the high

The above explanation generally fits the distribution of frequency components of vibration.
vibration observed at the A47 site, in that the position of ~ 1he maxima observed in the distribution of vibration
the maximum vibration occurs at a greater distance as thel€vels do not arise through interaction of the high
pile toe is driven deeper and this position approximately frequency vibration and body waves from the toe, since the
coincides with thé. / V3 prediction. Furthermore, rather ~ high frequency components travel much faster and
than simply an initial rise, followed by a decay, where datatherefore arrive before the main event except for within a
were available from very close to the pile, there was an ~ féew metres of the pile. On one file from the A47 the peak
initial attenuation interrupted by maxima at between amplitude high frequency events coincided with the peak
approximately 8m and 20m, measured horizontally, of the low frequency vibration. This only occurred at a
depending on the depth to the pile toe. The shear and bodporizontal distance of only 1m from the pile. At such a
wave model would predict this distribution, since some  close range, the high frequency had a magnitude which

attenuation should be observed before the point of was large enough (approximately 10mm/s) to make a
constructive interference. significant contribution to the overall signal because the
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magnitude of the main signal levels off at close range. Nakano’s analysis was for a subsurface source. The
Further investigation of the source of the local predicted distribution of vibration magnitudes did not
maximum vibration level considered the work by Nakano require a second source of waves for interference, so the
(1925), cited by Ewingt al (1957), which showed that distribution of vibration levels with horizontal distance
Rayleigh waves do not appear close to the epicentre of theobserved at the A47 site can be explained without the need
source, but first appear at a horizontal distarc&é@m the  for constructive interference of vibration arriving from the

epicentre of the source, where: shaft and the toe.
The occurrence of a peak in the vibration magnitude at
X = ¢h some distance from the pile may therefore arise through the
C;Z) _ Cr2 (18) processes of Rayleigh wave generation predicted by Nakano
(1925). At very close range, of the order of 1m to 3m, there
where h is the depth of the source; occurred a superposition between the main surface wave

c is the Rayleigh wave propagation velocity; and and the high frequency event which gave rise to higher
c, is the compressional wave propagation velocity. levels of vibration in this region. The significance of this
superposition diminished rapidly with increasing distance
because the high frequency propagated more raidly than the
main vibration event. Therefore, the two wave modes only
arrived simultaneously close to the pile.
An alternative interpretation of the observed local

Returning to the A47 data, for which a surface wave
velocity of 220m/s and compressional wave velocity of
1650m/s, were determined from first arrivals on the time
histories, Equation 18 predicts that surface waves would
first appear at horizontal distances from the pile of 0.13 of maxima in the vibration data is not that the maxima

the plle toe depth. Even for a toe depth of 28m, this would represent an anomalously high subset of the data, but that
predict the presence of surface waves at distances as clos

fhie vibration level closer to the pile is lower than that
as 3.64mije they would be present on all the time histories P

ired during this studv. with th bl i ‘ expected from the more distant data. To investigate this
acquired during this study, wi € possible exception o suggestion, Figure 34 presents the components and true
the end of driving where the closest geophone was 1m

. : resultant ppv for four different pile toe depths at the A47
from the pile (File A47B15). Furthermore, the P-wave PP P P

loci denth b han th h ; site, plotted against horizontal distance from the pile. The
velocity at dept f“ay € grgatert an thatatt e.sur ace peak in the ppv-distance data becomes more pronounced
because of the stiffer materials encountered. This would

X ) i as the pile toe depth increases. Figure 35 re-presents the
have the effect of moving the predicted first appearance Ofdata from Figure 34, from offsets of 9.7m and 23.5m

R-waves _Sti” closer f[o the_ pile: o plotted against the depth of the pile toe.
Inspection of the time histories in file A47B15 showed In Figure 34, when the pile toe was at a depth of 12m

that a low frequency event does occur ahead of the main e gecay is continuous for all components of vibration. As

event on most of the files from the A47 (Figure 33). This driving progressed, the ppv recorded at the second

appears approximately 0.4 seconds before the start of the geophone position (23.5m offset) and beyond increased

main event on the geophone at 1m from the pile slightly. A greater change occurred at the closest geophone

throughout driving (ie for toe depths of approximately 6m (g 7m offset) where a decrease in the level of vibration was

to 12m). This event is, however, also present on other fileS.ocorded as the toe depth increased. This observation

and maintains a common separation from the main event g,pports the suggestion that the vibration maximum in the

of approximately 0.4s for all distances. ppv-distance plots occurs not because of a high level of
There is no indication from the time histories to suggest \ipration at the second geophone position, but because a

that the local maximum in the plot of peak particle velocity |ow level of vibration occurs close to the pile.

against distance arises through interference of vibration In Figure 34, the resultant peak particle velocity at 9.7m

from two sources. Although there are indications on the  from the pile (Figure 35a) decreased throughout the pile

time histories of at least two events associated with each drive. At an offset of 23.5m (Figure 35b), an initial

hammer impact, in addition to the high frequency events, increase of ppv with toe depth occurred, after which the

these do not coincide where the vibration maxima are resultant ppv remained approximately constant. Figure 35

observed and have too small an amplitude to make a demonstrates that the maxima at 23.5m shown in Figure 34

significant impact on the overall ppv. The distribution of  were a result of a low vibration level close to the pile,

peak particle velocities does, however, appear to be relateghther than an anomalously high level of vibration

to the depth of the pile toe, since the horizontal distance occurring at the greater distance. The horizontal radial

from the pile at which the maxima occur increases as the component, in particular, dictated the changes in vibration

pile toe depth increases. level, decreasing rapidly at a distance of 9.7m as the pile
Equation 18 and the propagation velocities at the A47 was driven. At 23.5m, the horizontal radial component
site suggest that surface waves may first appear follows a similar trend to the resultant ppv. This

sufficiently close to the pile to be present on all geophonesobservation concurs with Selby (1991) and Jongmans
However, Nakano (1925) determined that the surface (21996) who reported that the ppv maxima only occurred in
waves do not attain their maximum amplitude close to thisthe horizontal radial component. It is therefore not

limit distance, from which it may be inferred that the necessary to have constructive superposition of two waves,
surface wave amplitude increases for part of the distance as proposed elsewhere in the literature, to explain the
beyond the critical distance derived from Equation 18. observed distribution of peak particle velocities.
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Figure 33 Vertical component of vibration at the A47 site from (@) the first two impacts of driving the lower section of a
pile using the maximum nominal energy (toe depth approximately 4m) and (b) the end of driving (toe depth
approximately 13m). The traces show a relatively low amplitude @nt 1 arriving approximately 0.5s before
the main eve
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Figure 35 Vibration data from Figure 34 for horizontal

distances of (a) 9.7m, and (b) 23.5m from the pile

5.5 Recommendations for the prediction of vibration

from impact piling
The distribution of vibration levels arising at the ground
surface from impact piling has been found to be dependent
on the penetration resistance of the soil, the depth of the
pile toe and the nominal energy input of the piling
hammer. Many of the models presented by earlier workers
have suggested a square root dependency of ppv on driver
energy. However, Ciesielskt al (1980) suggested that the
vibration level was dependent upon the hammer energy
raised to the power of 0.35 and O’Neill (1971) suggested a
direct relation between the two parameters. The evidence
available from the literature and the current research
suggests that the square root energy dependency provides a
useable working model, and it is theoretically sustainable,
although other factors also need to be considered.

The observation that vibration levels do not decay
uniformly with distance may limit the range of applicability
of some of the available power law predictors, although they
provide a useful estimate of the vibration at distances greater
than the embedded length of the pile. The field data show that
over distances extending along the ground surface to
approximatley the embedded length of the pile, the maximum
vibration level experienced during the driving of a pile does
not decrease, and is frequently seen to increase, with
increasing horizontal distance. The predictive curves from
Attewell et al(1992a and b) only cover horizontal distances
from 2m to 20m, for which smooth decay curves were
presented. These curves do not appear to be representative of
the observed behaviour over this range of distances, but they
do provide a more representative indication of the distribution
of the vibration levels at short horizontal distances from the
pile than do the simple power law predictors.

The analysis of the data from the A47 site in particular
has indicated that the vibration level arising from impact
piling is dependent upon the penetration resistance of the
ground into which the pile is being driven and on the slope

The discussion given above is based largely on the datgistance from the pile toe to the observation point. In many
from the A47 site, from which the largest data set and

largest range of horizontal distances and pile toe depths
were available. Similar trends were observed from other

cases, piles will be driven to refusal where they will
generally encounter the highest driving resistance from the
ground. The highest levels of vibration arising at any given

sites, which demonstrated an increase in vibration levels agjope distance from the toe will therefore be expected to
piling progressed. In addition, the Dee Crossing site

contains data from distances as close as 10m, at which

there is an indication of the maxima occurring at
approximately 11m fron the pile.

The interpreFation of the fieI.d data has suggested that the Tne various methods for predicting levels of vibration
energy transmitted from the pile takes place largely at the 4yising from impact piling appear to provide a reasonable,

pile toe during percussive piling. A relation between the
penetration resistance offered by the material into which

occur at the end of driving. It follows that the founding
depth of the piles will have a significant influence on the
vibration levels occurring at the surface, particularly close
to the pile.

but approximate, basis for preliminary prediction of
vibration. Most of the predictors are based on horizontal

piles are being driven and the resulting vibration level has yistance from the pile. This is satisfactory at large
been observed, although there are insufficient data

available to develop a quantitative relation between these pqrizontal distances less than the embedded length of the
parameters. In most cases, the greatest resistance to drivh&ge the horizontal distance is not appropriate.
will be encountered when piles are driven to their

maximum depth. The driven depth will therefore be
important in determining the vibration level experienced atonsidered. Analysis of the current data indicated that close

the ground surface.

distances but it is suggested that, as a rule of thumb, for

The guidance given by BS 5228 : Part 4 (BSI, 1992Db)
recommends that the slope distance to the pile toe is

to the pile, use of the slope distance to the pile toe in the
various predictive equations can cause an underestimation
of the ppv. The British Standards prediction is for the
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vertical component of vibration which, it has been shown  Table 9 Values of k for use in Equation 19 forpercussive

above, is often not the largest component. Furthermore, one piling in various conditions
relation is presented for all ground conditions, whereas the
type of ground penetrated has been shown to be important fround conditions K
determining vibration levels.

The recommendations given by Eurocode EC3 Chapter SAll piles driven to refusal. 5
(CEN, 1_998) for impact piling therefqre appear to. be more Pile toe being driven through:
appropriate, although the guidance is presented in terms ofiery stiff cohesive soils; 3
horizontal distances. The quadratic attenuation curves Dense granular soils;
presented by Attewedit al (1992) are not wholly Fill containing obstructions which are
representative of the behaviour close to percussively large relative to the pile cross section.
driven piles, but the curvature inherent in these relations ;¢ 100 being driven through:
reduces the overestimation which arises from the more  stitf cohesive soils; 15
simple relations when the distance from the pile is Medium dense granular soils;
specified horizontally. Compacted fil.

Based on the new data and the existing predictors, itis _. . . _

. . . Pile toe being driven through:
suggested that the following relation is used for the Soft cohesive soils: 1
prediction of vibration from impact piling: Loose granular soils;
Loose fill.
Organic soils.
Vies < k pg (19)

Jardine, 1992). Seventy per cent of the data in the database
where:v__ is the resultant peak particle velocity (mm/s);  compiled by Head and Jardine were from within 20m of

W is the hammer energy per blow (J); the pile and had a median distance of 11m. The valkge of
r is the distance from the toe of the pile to the for piles driven to refusal has not been specified elsewhere
point of interest (m). and has been determined from the new data. A valke of

of 5 predicts levels of vibration which were exceeded by

k is an empirical scaling factor. i . )
. only a few data points from the data acquired during the

The parametek should be assigned a value of between current study. o .
1 and 5, as specified in Table 9. Insufficient new data have Eduation 19 and Table 9 yield vibration levels which are
been acquired during the current study to enable values ofUnlikely to be exceeded in most cases. In general, the
k to be determined directly from the data. Consequently, highest vibration level at any slope distance from the toe
the values ok_specified in Table 9 for the various ground 2rises when the pile is driven to its maximum depth. The
conditions have been calculated such that the valug of value ofk; for use in Equation 10 should therefore. b?
at a distancer] of 10m equates to the less conservative of selected for the material encountered when the pile is fully
the values for each of the ground classifications given by driven and predictions should be based on the
Whyley and Sarsby (1992) and CEN (1998). An offset of corresponding distance. Equation 19 and the valuks of
10m was used as the datum distance for two reasons. from Table 10 are compared with the field data from the
Firstly, at distances measured along the ground sustpce ( current study in Figure 36. _ _ _
of less than approximately 10m from the pile the relation Some doubt has been expressed in the literature regarding
betweernv__andx is often different to that at greater the relation between the resultant ppv and the nominal driver
distances. Secondly, the CEN document does not state th&nergy. While itis clear that the vibration level arising from
range of distances from which the data used to derive the Impact piling increases with increasing driving energy, there
predictor. However, consideration of historic data in the ~ are insufficient data from hammers with different energies
literature revealed that most of the field data were within the new database to verify the relation, so the
determined at distances of less than 20m (Head and conventional form of presentation is retained.

Table 10 Details of ground improvement sites

Geology Range of
Site Plant (0-2m/2-5m/5-10m/10+m) Topography distances (m)
A50 - Stoke-on-Trent Vibro stone cols Made/made/claystone/ exbavation 10.7 - 45.0

claystone&coal

A564 - Derby Southern Vibro stone cols Clay/gravel/clay/ mudstone At gradef/flat 6.90 - 109.0
bypass, Derby Road

A564 - Derby Southern Vibro stone cols Sand&clay/clay/silt/mudstone At grade/flat 98.9 - 114
bypass, Trent Bridge

Coventry business park Dynamic compaction Made/mudstone/NA At grade/flat 5.0-119.4
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Figure 36 Comparison of field data from percussive piling sites in the current study with predictions calculated using the
proposed predicator (Equation 19 and Table 9)

The above expression provides a reasonable estimate of tiienits will not be exceeded, or to develop an operating
vibration levels observed on the sites studied within this method which does not exceed the required limits. Such
research. The expression is plotted against the field data in measurements should be undertaken early in the contract
Figure 36. While it is acknowledged that the predictor does and, if possible, at the least sensitive locations on the site.
not fully describe the detailed distribution of ppv with
distance, it does provide a reasonable envelope to the data sBt6 Analysis and interpretation of data from vibratory

The research has shown that even the most conservative piling

of the existing predictors can underestimate vibration vjipratory pile drivers (vibrodrivers) operate by a different
levels in some cases. While it would be possible to specifymeans to impact driving. Vibrodrivers contain one or more
a more conservative prediction method, over conservatismyajrs of contra rotating eccentrically loaded shafts which
could lead to excessive requirements for monitoring or  generate vibration when set in motion. The driver is
mitigation. It is therefore recommended that the method clamped to the top of the pile so that oscillation of the
given above is used for preliminary predictions. On sites eccentrics causes the pile to vibrate. The vibration reduces
where the vibration level is predicted to be close to the  the shear strength of the ground to the extent that the pile
prescribed limits, or where particularly sensitive receptors s driven into the ground under the combined weight of the
are present, a more detailed assessment should be pile and driver. The vibration transmission into the ground
undertaken. If the prediction remains marginal, then is also by different means than that during impact driving,
monitoring of the works is recommended to ensure that thexs described in the following sections.
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5.6.1 The influence of vibrator energy on vibration level  normalised by the energy, when compared with plotting
A number of empirical predictors for vibration levels against distance only. For vibrodrivers, however, scaling
arising from vibrodrivers have been presented in the samethe distance according to the driver energy per cycle did
format as those for impact piling (for example Uromeihy, not improve the correlation (Figure 37). A similar effect
1990; Attewellet al, 1991; BSI, 1992b; CEN, 1998) with ~ was determined using the data from Uromeihy (1990).
the difference that, for vibrodrivers, the energy term is The data from Uromeihy (1990) included many
specified as the nominal energy per cycle (Tables 5 and 6ifferent combinations of plant, pile types and ground
While scaling the distance term according to the nominal conditions. Considering data from only those drivers
hammer energy has been shown to be appropriate for ~ which had a nominal driving energy of 10.7kJ per cycle, a
impact piling, the current analysis has indicated that other data set which included 11 sites, at any given distance
mechanisms may be more important for vibratory driven from the pile, the scatter of the data was similar to that
piles, as discussed below. Combining the data from all theobserved for all data from all sites (Figure 38). Clearly
sites where impact piling was monitored, the scatter was there must be some significant influence on the vibration

reduced by plotting the data against the distance level other than the nominal energy per cycle.
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Figure 37 Field data from all vibrodriving sites in the current study plotted against (a) the horizontal distance from the pile
and (b) the horizontal distance scaled by the nominal energy per cycle of the vibrodrivers
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Figure 38 Vibration data for vibrodrivers with a nominal energy of 10.7kJ/cycle. Symbols represent different sites (data

taken from Uromeihy, 1990)

Comparison of the vibrations arising from installation of determined for the entire period of driving a number of

vibratory driven piles with those from pile extraction
(Figure39) showed that, at any distance measured
horizontally from the pile, the vibration levels were very
similar for both operations on any particular site. Since the
maximum vibration levels arising from both vibratory
installation and extraction are similar, it appears that the
vibration from vibratory piling arises mainly as a result of
friction between the shaft and the soil. Although during

piles (Figure 40). This revealed that there was no common
pattern of when, during the drive, the maximum vibration
level would arise from a particular pile, although on any
particular site the change in ppv with time was repeatable.
For extraction, the maximum vibration occurred at the start
and reduced as the pile was extracted.

In addition to the transient elevated levels of vibration
which occur during start up and run down of vibrodrivers

installation there must be some energy transferred at the pile (Section 5.6.3), other changes in vibration level occur
toe, it is concluded that the energy transfer at the toe has littleduring the main phase of driving, as illustrated in Figure 40.

influence on the level of vibration at the ground surface.

5.6.2 The influence of pile type and ground conditions on
vibration

There is limited evidence from Uromeihy’s data which

indicates that the vibration levels may depend on the

geometry of the pile. Two of the sites were adjacent, and

therefore the geology was approximately the same. Steel

casings were driven to 20m at one location while 12m Iong?j

H piles were driven at the second site. The shorter piles
were driven through made ground, alluvial clays and
sands, and fluvioglacial sands and gravels. The longer
piles subsequently encountered soft clay and silt. Over
most of the range of distances for which data were
acquired, the casings generated higher levels of vibration

For all cases, particularly if the pile remained in the ground
for a significant length of time, it would be expected that the
maximum vibration levels generated during pile extraction
would occur at the start of the process and decrease as the
length of pile within the ground decreased, since this would
be how changes in the frictional resistance would occur. It
would also be expected that the vibration levels on
extraction would be of a similar magnitude to those arising
uring driving. These characteristics were exhibited by the
ield data with the ppv arising during extraction exhibiting a
continuous decrease during pile extraction (Figure 40a).
Considering the driving data qualitatively, the four sites for
which geological data are available are described in the
following paragraphs.

than did the H piles, at any given depth. This suggests thail he Al1l site
the pile type may be important, since the surface area per The All site comprised dense fluvioglacial sands

unit length of pile, and therefore the resistance to driving,
was likely to be greater for the casing than for the H pile.
The resistance to driving between the pile and the soll
will depend on properties of both the soil and the pile. To
investigate the change in vibration level as the pile toe
depth increased, an envelope to the resultant ppv was

overlying chalk. The chalk was of increasing grade with
depth. Figure 40b illustrates the change in vibration level
during the driving of the entire length of one casing.
Following the start up transient (from zero to 18 seconds),
the vibration level was initially relatively low, between 18
and 30 seconds. The vibration level then increased until
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Figure 39 Ground vibration data from the vibratory driving and extraction of piles at (a) the A11 Foxes Bridge site and (b)
Radstock, using the ICE 328SH vibrodriver
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Figure 40 Plots of ppv vs time during (a) pile extraction at the Second Severn Crossing and (b) driving at the Al1 site
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Figure 40 (continued) ppvs measured during vibratory casing driving at (c) the Dee Crossing and (d) the Second Severn
Crossing
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Figure 40 (continued)ppv from vibratory driving of sheet piles at the Derby Southern Bypass

about 60 seconds from the start and then remained were penetrated, but the resistance would then increase
approximately constant throughout the rest of the drive, only slightly as the total length of remoulded soil in
except when the driver was briefly stopped and restarted. contact with the pile increased.

The initial low levels of vibration at the start of driving,

occurred while the pile was penetrating the sand. The The Second Severn Crossing site

beginning of the increase in the vibration level may Figure 40d shows the vibration levels from driving a pile

indicate the transition from the sand to the chalk. The casing at the Second Severn Crossing site. The pile was

chalk at depth may have sufficient strength to be self sleeved to a depth of 6m, so all the vibration data are for

supporting, so that the interaction between the pile shaft driving through soft to very soft silty clays and into the

and the chalk may initially increase and then remain firm to stiff red marl in which the piles were founded. The

approximately constant. vibration record shows an initial high level due to the
starting transient. Following the transient period the

The Dee Crossing site vibration level generally increased for the remainder of the

Vibration from driving a pile at the Dee Crossing site are drive. This may reflect an increase in the resistance to
presented in Figure 40c. Only a small general increase in driving as the length of the pile in the ground increased.
the ppv occurred as the pile was driven, with the exceptionAfter approximately 50 seconds, there is a sharp decrease
of the starting and stopping transients, which gave rise to in vibration recorded by the two closest geophones
the highest vibration levels. There was also a peak at abouhereas at greater distance, the vibration level continued
45s, the cause of which is not known. Most of the drive 0 increase. It is not clear why this arose, but it serves to
was through clays, which became progressively stiffer iIIustra_te the_d_ifﬁculty in predicting vibration levels arising
with depth. The final 4m were driven within mudstone.  Tom vibrodriving.

A possible explanation for there only being a slight
increase in the ppv recorded at the Dee Crossing site The Derby Southern Bypass
throughout the drive is that remoulding of the clay by the The piles at the Derby Southern Bypass site were driven in
continuous shearing action of the pile may have caused two stages. The first 2.5m were driven before the guide
each incremental length of the contact between the clay frame was removed, after which the drive was completed.
and the pile to reach its residual shear strength. Once the There was therefore a period of 30 minutes between the
residual shear strength is reached, no further change in théwo driving stages. Figure 40e illustrates the vibration for
contribution to the total resistance made by each the whole drive of one pile, with the break in the record
incremental length would occur. Therefore, an initial indicating the gap between the two stages of driving. The
increase in resistance would occur as the weaker materialgibration level initially increased and then decreased,
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thereafter remaining essentially constant for the rest of the5.6.4 Summary and recommended prediction method
driving period. If the transients periods caused by the shutPredictions of vibration in the literature are based on the
down and restart are disregarded, the vibration levels weresnergy per cycle of the vibrodriver, although there are no
similar before and after the interruption to driving. The field data in the literature which are offered in support of
geological profile at the Derby site comprised sands and such a relation. During the current study, there has been
clays to a depth of 3m, followed by 5m of gravels over  found to be no correlation between the nominal energy per
firm to stiff silty clays of the Mercia Mudstone series. cycle of vibrodrivers and the resulting ppv.
Three different trends in the vibration level occurred: The highest levels of vibration arise during the transient
increase, before the interruption to driving; decrease, for Phases of operation at the start up and run down of the
approximate]y 15 seconds after the restart; and a period vibrator. The vibration during these periOdS of Operation
where the vibration level remained approximately assumes increasing significance with increasing distance
constant. These changes in the vibration may reflect the rom the pile and therefore must be included in a vibration
geological changes, but without any record of the toe deptpre(jlcnon. Fpr usein sens_ltlve Iocatlons,_wbrodrlvers are
this cannot be verified. available which operate without the transient phases and
In conclusion, the vibration levels arising from vibratory ~ 2'€ therefore less intrusive. _ _
pile driving appear to be related to the energy transferred to The dlstrl_butlon of field data from distances ranging
the ground through resistance to movement at the pile-soil from 1m to in excess of 100m was found to plot as a

interface. The resistance would be dependent upon the grourzgalght line on logarithmic axes of ppv against horizontal

conditions, the dimensions of the pile and the amplitude of |sta_nc_e from f[he p|le. The d!stanc_e _from the pile for usein
vibration of the driver. However. further work would be prediction of vibration from vibrodriving may be specified

ired to devel titadi dicti del as that measured along the ground surface. This is in
required to develop a quantitative predictive model. contrast to impact piling, where it was found necessary to

specify distances from the pile toe to the point of interest.
5.6.3 Transient vibrations during start up and run down Based on the data acquired during the current study and
Vibratory pile drivers operate by the rotation of one or more those from Uromeihy (1990), a total of 1281 observations
pairs of eccentric contra rotating weights which are arrangedFigure 42), a first approximation of vibration which may

such that the forces generated are vertically polarised. arise from vibrodriving may be obtained from the expression:
During the start up and run down phases of operation, the
rotational frequency increases up to the operating frequency, v :k_g (20)

X

during which time a resonance phase occurs. This

commonly gives rise to vibration levels which exceed those \,here:-k = 60, with a 50 per cent probability of the

caused by steady state operation. The plots of ppv against Y vibration level being exceeded:

time (Figures 40) illustrate the importance of the transient k = 126, with a 33 per cent probability of the

vibration levels which arise during start up and run down of Y

vibratory pile drivers. These transient vibrations are, in K,

nearly all cases, the highest levels of groundborne vibrations

experienced during the vibratory driving of a pile and

therefore must be considered in predictions. surface from the pile (m): and
The measurements made at the Radstock site presented is the resultant peak particle velocity (mm/s)

an opportunity to measure vibration from a vibrodriver 5= 1.2 (start-up and run-down); 1.4(steady-

which could operate in such a way as to avoid the state): or 1.3(all operations),

resonances. The vibrodriver studied was an ICE 14RF;

similar systems are also available from other

manufacturers. The high amplitude transient vibrations areg Groundborne vibration from ground

avoided by a system which allows the rotating system to .

be accelerated up to its operating rotational frequency with Improvement methods

the rotating masses balanced. When the operating speed is . )

reached, the masses are rearranged to be out of phase, ©-1 Ground improvement techniques

thereby generating the required vibration. The driver can Ground improvement methods are used where the bearing

also be operated conventionally, in which case the high  capacity ofin situ materials must be increased in order that

vibration level being exceeded;

= 266, with a 5 per cent probability of the
vibration level being exceeded;

x isthe distance measured along the ground

amplitude vibrations will occur. settlements of the completed works are within specified
The vibration level measured close to the pile during limits. In many cases, these techniques are more cost
driving with the 14RF was similar for both the resonance  effective and environmentally acceptable than removing the
free and conventional modes of operation. At greater poor ground and replacement with imported fill. However,
distances the resonance effect was more significant, significant levels of groundborne vibration may arise from
reflecting the different response of the ground to the such methods, which may detract from their acceptability.

changing frequency content (Figure 41). When considering Examples of techniques which have been used are vibro
the potential for intrusion, this effect is clearly important, ~ replacement, vibro compaction and dynamic compaction. A
and any measurements made either for prediction or detailed review of many of these techniques was presented
resolution of complaints must capture these transient eventdy Greenwood and Kirsch (1984) and Mitchell (1994),

and record vibrations over an appropriate range of distancesome of which are outlined below.
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6.1.1 Vibratory techniques between 5 and 20 tonnes and is dropped from a height of
A number of different techniques exists which use up to 25m. However, Menard (1974) reported that 170
vibrating pokers to improve the ground conditions which tonne weights dropped from 40m have been used. A

are often referred to globally as vibro flotation. One review of historical use, development and the principles of

technique, appropriate for cohesionless soils only, is vibro dynamic compaction has been given by Slocombe (1993).
compaction which operates by causing a rearrangement of A variation on this technique, a high speed dynamic

the particles into a denser configuration under the compaction apparatus, has been reported by Negsah

influence of vibration. (1998). This is a self-propelled machine, originally
Vibro replacement (also called vibro displacement) is designed for military use for t_he reinstatement of bomb

used to improve cohesive materials, which cannot be damaged runways. Compaction is effected by a 7 tonne

treated by vibro compaction. The vibrator is allowed to ~ Weight dropped from a height of up to 1.2m onto a metal

penetrate the soil to the design depth and the resulting ~ Pate, which remains in contact with the ground.

cavity is backfilled with stone. The stone is added in stages

after which the vibrator is used to compact the stone to 6.2 Prediction of vibration

ensure the required bearing capacity and interaction with Clearly the techniques described above may result in

the ground are achieved. Different techniques are availablgignificant levels of groundborne vibration. Mayeteal

appropriate to different soil and ground water conditions  (1984) presented data from a number of dynamic

and depending upon the depth of stone column required. compaction case histories and suggested a predictor which
Greenwood and Kirsch (1984) presented data showing could be used to determine a conservative upper limit of

the levels of resultant ppv as a function of scaled distance vibration. The predictor was subsequently revised (Mayne,

for four sites on different soils. The data show that ground 1985) and presented as:

vibration levels are similar to those generated by vibratory

pile driving. The ground conditions appear to have little JMH v

effect on the vibration level generated by these activities. ~ Yres <92 < (21)
6.1.2 Dynamic compaction where v__ is the peak particle velocity (mm/s);
Dynamic compaction is a technique whereby a heavy M is the tamper weight (tonnes);

weight is repeatedly dropped on to the surface of the soil H is the drop height (m);

to compact the upper layers. Typically the tamper weighs X is the distance from impact (m).
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This expression is also a reasonable, though speed dynamic compaction apparatus. Furthermore,

conservative, upper bound to the data presented by inspection of Mayne'’s field data shows that the predictor

Greenwood and Kirsch (1984). becomes less conservative as the potential energy of the
During the current research, data have been acquired raised tamper decreases.

from ground improvement techniques on four sites. No prediction method for ground vibration from other

Dynamic compaction was in use on one site to improve the&ibratory ground improvement techniques has been found
properties of made ground for redevelopment. A weight of in the literature. Within the current study, vibration from
8.5t was dropped from heights of 10m and 12m. Vibration vibro replacement operations was recorded at three
measurements made at distances ranging from 5m to 120incations. On two sites on the Derby Southern Bypass a
verified the predictor proposed by Mayne (1985) which  Bauer HBM4bottom feed vibro displacement rig was
provided a reasonable upper bound to the data (Fi@)re used. On the A50 at Stoke-on-TrerRennine 300/150
However, the attenuation rate on the site monitored by  Vibroflot was used. Details of these sites are presented in
TRL was lower than that proposed by Mayne, which Table 10. The data are plotted as resultant ppv against
resulted in an over prediction close to the source and an distance in Figure 45 so that they may be used to provide
underestimate of vibration levels at distances in excess of an initial estimate of possible vibration levels arising from
60m from the impact. In practice, potentially adverse these activities on other sites. The equation of the

effects other than vibration may need to be considered  prediction lines presented on Figure 45 is:

close to dynamic compaction works. For example,

Greenwood and Kirsch recommend that dynamic Vjes = % (22)
compaction is not used closer than 20 to 30m from X

surrounding structures both for protection from vibration

) X ) where:k =33, with a 50 per cent probability of the
effects and to prevent risk from flying debris. Lukas ¢

vibration level being exceeded;

(1_986) pointed out that permanent lateral ground k =44, with a 33 per cent probability of the
displacements may be problematic. c vibration level beina exceeded:
Allen (1996) measured the ground vibration arising from 9 '

the high speed dynamic compactor and presented a series of k= 9_5’ With as per gent probability of the
vibration level being exceeded;

site specific power laws for various drop heights. The data ) )
are presented graphically in Figure 44 and compared with x s the distance me_asureq along the ground
the vibration magnitudes predicted by Mayne (1985) for a surface from the pile (m); and

drop height of 1.2m. The predictor appears to be unreliable V., is the resultant peak particle velocity (mm/s).
for this compaction process, under estimating the vibration  The three lines presented on Figure 45 illustrate the
level by up to an order of magnitude. It is possible that regression line and the predicted levels of vibration

Mayne'’s predictor is less reliable for low energy dynamic  which might be exceeded in 33 per cent and 5 per cent of
compaction than for more energetic compaction. Most of  cases, based on the available data. There are insufficient
the data from which Mayne’s predictor was derived were  data available to be able to establish a more refined

from higher energy compaction than the energy of the high prediction method.
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Figure 43 Data from dynamic compaction using an 8.5t tamper at the Coventry site compared with vibration predicted
using Mayne’s equation (1985)
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64



7 Groundborne vibration from
mechanised tunnelling

L, = 20l0gpVms+93 (23)

where L, is the resulting octave band sound pressure
level within the room (dB);

v__ is the rms vertical particle velocity (mm/s)

All methods of tunnel excavation involve the dissipation of

energy into the ground, which gives rise to groundborne rms
vibration. The highest levels of vibration are generated by measured in the free-field.

blasting and considerable data are available to assist in the Sound pressure levels determined by this expression are

prediction of the effects of drill and blast operations in
rock tunnels (New, 1986). However, significant levels of
vibration may also arise from mechanical tunnelling
processes when tunnel boring machines (TBMs) or other
excavators impact the tunnel face. Additionally, vibration

evaluated in decibels (dB) referenced to the standard
pressure of 2 x I0Pa. Spectral analysis of the vibrations
enables A-weighting corrections to be applied so that
human response can be fully assessed.

may occur due to processes such as the percussive driving 5 vsipration data

of spiles and dowels. Such vibration may differ in both
duration and frequency content from that due to
excavation activities. In addition to considering potential
damage and perceptible vibration, for underground
construction it is also necessary to establish the potential
for disturbance by groundborne noise.

7.1 Previous studies
When compared with many other civil engineering

Vibration data acquired by TRL from mechanised
tunnelling are summarised in a series of graphs presented
in Figures 46 to 49. In each case, excavation operations
have been plotted as solid lines, other tunnel construction
operations as broken lines, and a selection of other
vibration sources (which are presented for comparison) as
dotted lines. In addition to the new data, other data from
the earlier literature have also been included. Further
details of the measurements are presented in Table 11.

activities, there have been relatively few reports of the levels Figure 46a plots regression lines and 46b upper bound

of groundborne vibration generated by mechanised

lines for resultant ppv against distance. Comparison of the

tunnelling works. Verspohl (1995) commented that ‘there is regression and upper bound lines gives an indication of the

hardly any literature...of vibrations caused by tunnelling’.
New (1982) reported three case studies, which were
reproduced by Flanagan (1993) who added data from two
American tunnelling sites. Fornaeb al (1994) presented
data from a 3.9m diameter TBM and a high energy

scatter in the data. The data are presented in terms of true
resultant data, except for the TBM data given by Neéton

al (1984) and Fornaret al (1994) which are component
values, and the data from Cardiff, Warrington and Sutton,
which are pseudo resultant ppv. Analysis of the new data

hydraulic hammer used on the same sedimentary rock site. showed that, on average, the maximum component ppv
The latter authors acknowledged that since their equipmentvalue was ten per cent smaller than the true resultant.
could only record for periods of a maximum of 10 seconds Therefore, given the scatter in such data, the maximum

duration, it was not entirely appropriate for measuring

component could be used to obtain a reasonable but

vibrations from TBMs. Their data were presented using the Slightly low estimate.

KB system recommended for the assessment of human

Spectral analysis of the data revealed that energy from

perception by the German vibration standard DIN 4150 PartXcavation sequences typically occurred within a

2. This approach complicates comparison of the data with

bandwidth of 10 to 100Hz, although New (1978) observed

used in the UK because the KB calculation contains a
frequency value. However, the KB values presented by

Warrington. Dowel installation also generated vibration at
higher frequencies, reaching 300Hz at a distance of 20m

Fornaroet al(1994) have been included here by conversion from the source at Round Hill.

to ppv based on the frequency of the maximum amplitude

In order to obtain an indication of the potential for

shown in the spectra presented in their paper. The data for vibration disturbance, 16 hour vibration dose values were

the hydraulic hammer have also been represented in terms

of ppv by Godicet al (1992).

For sources of vibration which are below the ground,
such as underground railways and tunnelling works,
vibration disturbance may arise through the generation o
groundborne noise. This is audible noise which occurs
within buildings when vibration transmitted into the
building causes the oscillation of floors, ceilings or walls
which then radiate sound. Analysis of each signal to
determine the root mean square (rms) vibration level in

calculated for the three chalk sites. These are presented as
a scatter plot in Figure 47. The values were calculated by
assuming that the rmq particle velocities occurring for the
duration of each recorded signal existed for the whole 16

¢ hour period.

Figure 48 presents the predicted levels of groundborne
noise from the sites where the data were of sufficient
magnitude to enable meaningful values to be calculated.
As for the ppv data, these data are also presented as
regression lines and upper bound lines.

octave frequency bands enables the potential groundborne

noise to be predicted. This calculation uses the empirical
relation proposed by Kurzweil (1979) and was validated

7.3 Potential for damage and disturbance by tunnelling
vibration

for domestic properties above London Underground trainsFigure 46 clearly demonstrates that blasting works for the

in tunnels using data acquired by TRL (Greer, 1993):

Frome Valley sewer generated considerably higher levels
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Figure 46aRegression lines for blasting data from the Frome Valley sewer compared with those for various tunnelling
operations
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Figure 46b Upper-bound lines for blasting data from the Frome Valley sewer compared with those for various operations

67



°
g . i
‘T\é’ 0.1 - L .x }
~ : X ‘
g N ] X * *
3 | ¥ ek
g + o %
) B +
7] + + o x
: : *i% (3. g d ]
c + ° * ‘ °
2 001} +* H
o E ° ‘r ° s
2 - °
> [
B ® Round Hill + &
|+ Southwick #
| = Channel Tunnel +
0.001 1 1 1 1 1 1 1 1
10 100

Distance (m)

Figure 47 Calculated vibration dose values for tunnelling operations

Table 11 Summary of tunnel vibration data sites, including the drill and blast sewer used for comparison

Site Project Geology Excavation method Tunnel diameter (m) Tunnel cover (m)
Canning Town Rail (JLE Contract 110) London Clay Lovat EPB shield 5.14 10.5
Durand’s Wharf Rail (JLE Contract 107) Woolwich and Herrenknecht 5.13 21.2
Reading Beds Mixshield
(sands and clays)
Round Hill Road Lower Chalk NATM 10.5 (ht) 17.5-20
(A20) Voest-Alpine
ATM-70
roadheader
Holywell Rail Gault Clay/ Howden full 8.72 22.6 - 55
Coombe (Channel Lower Chalk face TBM
Tunnel)
Southwick Road Lower Chalk NATM 10.5 (ht) 12
(A27) Voest-Alpine
ATM-70
roadheader
Warringtori Sewer Cohesionless drift Bentonite shield; 2.44 4.5
with cobbles and full face TBM,;
some sandstone disc cutters
Cardifff Cable tunnel Mercia Mudstone McAlpine full face 2.44 11
(moderately strong TBM; Big A picks;
mudstone) compressed air
Suttont Sewer London Clay Full face mini-tunnel 1.2 4
TBM; picks
M5 Frome Valley Mercia Mudstone Drill and blast 1.83 28 - 47

Relief Sewer

T After New, 1982
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Figure 48aRegression lines fitted to calculated groundborne noise levels for tunnelling operations
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Figure 48b Upper-bound lines fitted to calculated groundborne noise levels for tunnelling operations
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Figure 49 Ground vibration data from tunnelling operations classified according to geology
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of vibration than the mechanical tunnel excavation that these works would not be expected to provoke adverse
processes. The Frome Valley sewer was excavated thouglcomment from occupants of residential buildings.

similar geology to the Cardiff cable tunnel so the two may  The calculated levels of groundborne noise presented in
be compared directly. Furthermore, it should be noted thatFigure 48 appear to be the most marginal data when

the Frome Valley data may represent a lower bound for compared with accepted limits. The data from the three
blasting vibration since the individual charge weights usedchalk sites illustrate clearly that disturbance caused by

for this relatively small tunnel were between 0.6 and groundborne noise could be problematic over quite
1.2kg. Larger drill and blast tunnels may commonly use ~considerable distances from the works. In the worst of the
greater instantaneous charge weights. three cases presented here, the 30dB(A) criterion required
Of the tunnelling data presented here, only blasting by APTA would be exceeded at distances of up to some
produced levels of vibration which might have been 60m from the source. In the soft ground tunnels the low
sufficiently high to lead to building damage. However, many amplitude vibration levels from the works have limited the
of the sources produced potentially disturbing levels of calculation of meaningful results to the excavation works
vibration up to quite considerable distances from the works. at the Canning Town site. Only at distances of less than
In general, there appears to be a correlation of the 12m does the predicted noise level exceed 30dB(A), the

vibration levels caused by mechanised tunnelling with the 0west target level given by the APTA guidelines (Section
geological situation (Figure 49). Data from the two New 2.2.3).. Groundborne noise thus appears to be the factor
Austrian Tunnelling Method (NATM) sites (Round Hill most likely to be the cause of complaint.

and Southwick) plot at a similar level to the data from the ~ 12aking the peak particle velocity data as a whole, an
Channel Tunnel land drive at Holywell Coombe, which upper bound could be drawn which would provide a useful

used a full face TBM. The common factor in these three  first estimate for prediction of the vibration levels likely to
sites was that they were all excavated in chalk. Dowel be generated by future mechanised bored tunnelling works.

installation at the two NATM sites produced similar levels Taking a line 3|m|lgr to, but enclpsmg, the upper F’Ound to
of vibration to excavation. The data from Cardiff were of a the data from Godiet al (1992) yields the expression:
similar magnitude and this tunnel was also excavated in v =180 113 (24)
reasonably competent rock. res
The Jubilee Line Extension sites were in clay, as was thevherev__is the predicted upper bound resultant ppv (mm/s)
Sutton sewer tunnel and data from these sites plot andr is the slope (shortest) distance (m) from the vibration
somewhat lower than the other data. This difference may source to the measurement location. The data further
reflect the lower amount of energy required to excavate suggest that, in soft ground, this is likely to be excessively
soft ground materials. Activity within the tunnels conservative and the constant term could reasonably be
associated with ring erection generated similar vibration reduced by an order of magnitude. Similarly, for the
levels to excavation but the lining construction events prediction of groundborne noise:
tended to be of shorter duration. It should be noted,
however, that the vibration levels from all these soft
ground sites were below the human perception threshold. wherel is the predicted groundborne noise level in dB(A).
The data from Warrington fall approximately between the °
chalk and clay data. Although excavation was in loose sand, Because Equations (24) and (25) are derived from a
New (1978) reported that the sand contained cobble and  |imjted range of materials it is possible that they may under
b0u|del’ Sized g|aCia| erl’atiCS and it was the impaCt Of the estimate noise |eve|s Caused by tunne”ing in Stronger
cutters with these that produced the hlgheSt vibration IeVeIS.rockS, and from very h|gh energy sources such as
Comparing the data from tunnelling works with other  hydraulic hammers. Therefore care should be taken in their
more common sources of vibration helps to put the vibratiomapplication in these circumstances. Similarly care should
levels into context and is useful for reassuring the general pe taken in extrapolating these relations over a wider range

public who may be concerned about unusual vibration of distances than that covered by the data from which they
within their properties, particularly when the source of have been derived.

disturbance is not apparent. The chalk tunnelling operations

produced vibration levels similar to those recorded from a

heavily loaded four axle lorry on a fair road surface and 8 Conclusions and recommendations

from London Underground trains operating in bored tunnel.

The soft ground operations produced levels slightly higher There are two main stages in the assessment of ground

than those recorded from light road traffic. vibration problems which may arise on construction sites.
The method used for the calculation of vibration dose  These are the prediction of the vibration level at a range of

values presented in Figure 47 yields a slightly conservativalistances from the source and the assessment of the effects

L, =127 54 log,r (25)

prediction since the vibration data analysed were the of this vibration on structures and their occupants. This
highest levels which occurred and therefore would not report has described a research project primarily focussed
exist for the whole 16 hour period. Despite this, and on the first stage of this process. The second stage is
although the levels of vibration were sufficient to be accommodated by reference to current British Standards,

perceptible, comparison of the calculated vibration dose which have been reviewed. Recommendations relating to
values with guidance in BS 6472 (BSI, 1992a) indicates these two areas are summarised below.
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8.1 Prediction of ground vibration medium (slope of 1/r). Since the majority of the energy from

The work reported considerably extends the body of data Sources of vibration at the ground surface radiates as surface
available for making predictions of ground vibration from Waves (Section 1.3.1), it may be inferred that attenuative
vibrating rollers, piling, ground improvement and mechanisms other than geometric spreading are also
tunnelling. Based on these data, improved predictors are €ffective. For impulsive signals this may be connected with
presented for all but dynamic compaction. The predictor the spreading of the wave packet discussed in Section 1.3.1,
presented here for dynamic compaction is that proposed byhich has been observed in the signals acquired from piling
Mayne (1985) which has been corroborated by our operations. Another possible mechanism is that as the
measurements. The predictors are based on parameters €energy travels further it will encounter an increasing number
which are readily obtained from manufacturers’ published of discontinuities, resulting in more mode conversions,
plant specifications, which makes them simple to apply. reflections and refractions, which will increase the
The predictors are summarised in Table 12. attenuation. Although the attenuation rates varied over the
In common with the findings of past researchers, the sites examined, the analysis did not identify a correlation
effects of material damping on attenuation have not been between the rate of attenuation and any aspect of the
included in the predictors because in nearly all cases the fit recorded site investigation data. Accordingly the predictors
of the model to the data was not significantly improved by do not include any attenuation function related to site type.
its inclusion. The slopes of the attenuation curves are, More precise modelling of ground vibration propagation
however, steeper than those expected theoretically from  would probably require much more precise knowledge of
geometric attenuation of body waves in a homogeneous  site stratigraphy and material properties than is normally

Table 12 Proposed empirical predictors for groundborne vibration arising from mechanised construction works

Scaling factors (and
probability of predicted
Operation Prediction equation value being exceeded) Parameter range

Vibratory compaction k.= 75 (50%) I<n <2

r 15
(steady state) —K A k = 143 (33.3%) 0.4 A< 1.72mm
Vres =KVl ST k.= 276 (5%) 2< X < 110m
Vibratory compaction - k, = 65 (50%) 0.75< L, € 2.2m
(start up and run down) ALS k, = 106 (33.3%)
Vies = Ky Ng| ———3 k =177 (5%
(x+ Ly) ' (5%)
Percussive piling \/W For piles at refusdtp:, =5 1< L <27m
Vies < |(p For piles not at refusal: &£ x <111m
ris 1< kp < 3, depending on soil  (wheré=12+x?)
type (Table 9) 1.5< W< 85kJ
Vibratory piling k k, =60 (50%) 1< x < 100m
Vies = —5 k, = 126 (33.3%) 1.2< W, < 10.7kJ
X k, = 266 (5%) 4 = 1.3 (all operations)

8 = 1.2 (start up and run down)
0= 1.4 (steady state operation)

Dynamic compaction 17 5 < x< 100m
lV\{1 10 < W < 12MJ
Vs <0.03
X
Vibrated stone columns kc k. =33 (50%) 8< x < 100m
Vies = e k, = 44 (33.3%)
k. =95 (5%)
Tunnelling (groundborne vibration) 180 19 r < 100m
Vres < 1.3
r
Tunnelling (groundborne noise) |_p =127—- 54 log,r 10< r< 100m

A is the maximum amplitude of drum vibration (mm); L is the pile toe depth (iis)tHe vibrating roller drum width (m); Lis is the room octave band
sound pressure level (dB) ; is the number of vibrating drums; r is the slope distance from the pile toe (ng;the resultant peak particle velocity
(mm/s); W is the nominal hammer energy (J);i%\the energy per cycle (kJ); \ the potential energy of a raised tamper (J); x is the distance
measured along the ground surface (m);
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available. Dynamic numerical analysis calibrated by field vibration prediction may be required. These are structural
vibration data might provide a further insight into this damage, perceptible intrusion and groundborne noise (audible
problem. This is a possible area for future research. intrusion). The relevant documents for use in the UK are:

The predictors are valid up to a distance of about 100m
from the vibration source. This encompasses the distances g, damage assessment
WhiCh ground vibration is likely to bg perceptible at most BS7385: Part Z-valuation and measurement for vibration
sites, although the effects of large vibratory rollers and in buildings. Guide to damage levels from groundborne

piling may be pe_rceptible at_greater distances. EXtrapOIatiqr\/ibration(BSI, 1993) and BS 5228 : Part 4 : 19@2de of
much beyond this distance is not recommended although it practice for noise and vibration control applicable to

will generglly prowd_e aconservative esnma;e. piling operationgBSI, 1992). Both are applicable to all
Probabilistic predictors are presented for vibratory . S . .
the sources considered in this report and are discussed in

compactlon and vibratory piling. For the other activities Section 2.1.1. The later document, BS7385, which is the
predictors presented as upper bounds to the data and theref

. ) (;fé%s conservative and also gives levels for the three
are expected to be generally conservative. However it shoul damage thresholdsosmetic, minoandmajor, appears to
be remembered that for vibrating rollers there are likely to be ' J0f, app

. . . : - be the most useful. However BS5228 does include a table

transients at starting and stopping which may generate partic . .
o . . showing threshold values for a wider range of structures.

velocities which can be twice as large as for steady state

operation. Significantly lower speeds than the 1.5 to 2.5km/h !n both standards the levels for intermittent vibration are of

- i o . " individual components of particle velocity rather than
specified will also result in higher particle velocities. The .
S . resultants. It is recommended that the levels are halved for
implications of this are that rollers should not be started,

stopped, or the direction of travel reversed near sensitive continuous vibration.

structures. In the case of vibratory piling, the predictor

includes the effects of resonance, which did not always For the assessment of perceptible vibration intrusion

generate the highest vibration levels, particularly at the shortdBS 6472 : 1992Fvaluation of human exposure to

distances. The ‘resonance free’ variety of pile vibrator shouldyibration in buildings (1Hz to 80HZBSI, 1992a) gives

however, be used whenever possible if there are sensitive  guidance on threshold values for human perception and the

structures nearby. higher levels above which complaints become more likely
In addition to those construction activities for which in a variety of environments. It also gives guidance on the

vibration predictors have been proposed, data from a calculation of vibration dose values, which depend on both

number of other activities have been acquired during the the magnitude and the duration of the vibration. As has

current study. These are presented in Figure 50 and may leen discussed in Section 2 there is currently some debate

of use for obtaining an indication of possible vibration over the application of vibration dose values to

levels from similar activities on other sites. construction operations.
8.2 Assessment of effects of ground vibration. For the assessment of audible intrusion (groundborne noise)
Standards have been reviewed (Section 2) which cover the There is no UK guidance on this so recourse is often made
three main criteria against which assessment of ground to the APTA guidelines described in Section 7.
100
=m Bomag MPH120R pavement
recycler
e CAT 631C Scrapers (travelling)
10} ,i' « CAT 825B tamping roller
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g 9L “ =
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Slope distance (m)
Figure 50 Data acquired from miscellaneous operations on highway construction sites
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8.3 Recommendations for future work Acoustical Society of America (1990)American

The possible use of numerical modelling to help National Standard ANSI S2.47-1990. Vibration of
investigate the mechanisms of vibration attenuation in the buildings - guidelines for the measurement of vibrations
ground is mentioned above. and evaluation of their effects on buildinggandards

Secretariat, New York.

8.3.1 Low-frequency ground vibration
The current research has highlighted the need for a more
comprehensive investigation of low-frequency (below

4.5Hz) ground \_/ibra_tions due to plant moyement on soft Alpan | and Meidav T (1963) The effect of pile driving
ground. Such vibrations have been experienced on the A13, adjacent buildings. A case histoRilem Symposium

c%nstructlohn Crossing (szamharln_MarshEs z;nd swgllgr on Measurements and Evaluation of Dynamic Effects of
Vi ratlpns ave caused complaint or_1t € SEcond Severn i ations in Construction, Vol 2, pp 171-81, Budapest.
Crossing approach roads. Ground vibration data could be

acquweﬂ from sq|table (;orrllstn;fcnorfl sites or p_'IOt sc;ale American Public Transit Association (1981)Guidelines
tests. T e magnitude of the effect from a_vanety 0 _..for design of rapid transit facilitiesAmerican Public
operations would be assessed to determine the zone W'th":f’ransit Association, Washington DC

which complaint might be experienced. The database

acquired during the current programme WQUI_d also be Appeltofft G, Holmqvist G and Kilint | (1970). Risker for
extended to enhance the reliability of prediction. byggnadsskador vid anvéndning av tunga vibrationsvaltar.
(The risk of building damage due to the use of heavy vibratory

Allen S (1996) The low energy dynamic compaction of
soil. PhD Thesis, University of Wales.

8.3.2 Mitigation of ground vibration rollers.) Diploma Thesis. Department of Civil Engineering,
Buried cut-off barriers offer a promising method of Royal Institute of Technology, Stockholm. [In Swedish].
isolating sensitive structures from the potentially damaging

or intrusive effects of groundborne vibration. The Attewell P B (1995) Tunnelling contracts and site
production of guidance on the design and use of such investigation Chapman and Hall, London.

barriers could be addressed by reviewing published

material and by performing full-scale trials at suitable field Attewell P B and Farmer | (1973) Attenuation of ground
sites. In such trials, the effects of different materials, vibration from pile driving Ground Engineering, June, No 4,
geometries and vibration sources would be assessed. Thepp 26-29.

use of lightweight fill embankments as vibration barriers

could also be investigated. Comparative site measurementttewell P B and Ramana Y V (1966)Wave attenuation
could be made on existing structures built of polystyrene and internal friction as functions of frequency in rocks
and PFA to minimise ground loading. Geophysics, Vol 31, pp 1049-1056.

Attewell P B, Selby A R and Uromeihy A (1991)Non-
9 Acknowledgements monotonical decay of ground surface vibrations caused by
pile driving. In Earthquake, blast and impact. Measurement
The authors are grateful to their colleagues at TRL who  and effects of vibratiariThe Society for Earthquake and

assisted in this research, in particular D MacNeil, R Civil Engineering Dynamics, pp 463-481. Elsevier, London.
Snowdon and D Steele who helped and advised on the
controlled study of vibrating rollers. Attewell P B, Selby A R and O’Donnell L (1992a)

In addition, the contribution of the many Engineers’ and Estimation of ground vibration from driven piling based

Contractors’ staff who cooperated in the acquisition of the on statistical analyses of recorded daGeotechnical and
data for this study on the construction sites visited is Geological Engineering, Vol 10, pp 41-59.
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Tables and graphs for the estimation of ground vibration
from driven piling operationsGeotechnical and
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adjacent structures due to pile drivingeo-Pile ‘82 A site was identified within the grounds of the Transport
Conference, pp 83-107. Research Laboratory (TRL) at Crowthorne. It was on the
edge of a football field, so the dimensions and topography
Yoo T S and Selig E T (1979Dynamics of vibratory were ideal (Figure Al). The ground conditions were
roller compaction Journal of the Geotechnical known from the site investigation work undertaken at the
Engineering Division, Proc ASCE, Vol 105, No GT10, time of construction of TRL's test track (Lewis, 1954) and
October 1979, pp 1211-1231. the upper soil horizons were known to be fill material,
placed to achieve a level playing surface. To the east of the
Zoeppritz K (1919). Uber reflexion und durchgang test site, the TRL test track is located in a shallow cutting.
seismischer wellen durch Unstetigkerlsfalschen. Uber On the west side of the trial site runs the B3430 road. It
Erdbebenwekken VII-B, Nachrichten der Koniglichen was desirable that the most distant location at which
Gesellschaft der Wissenschafen zu Géttingen, math.-physVibrations were to be measured was not close to the road,
K1, pp 57-84Berlin. to prevent the vibrations caused by the plant operating

being obscured by vibration from road traffic. It was also
] ) ) required that any potential for reflection or diffraction
Appendix A: Controlled study of vibrating from the cutting slopes was minimised. Consequently, the

rollers test structure was oriented so that the most distant
geophone location fell approximately midway between the
This appendix describes the practical aspects of the test track and the B3430.

research undertaken during the controlled trial which
investigated vibration levels arising from compaction
plant. The design and construction of the earthwork are
discussed, followed by the details of the tests undertaken
with each item of plant. The analysis and interpretation of
the data are described in the main body of the report.

A.2 Design of the trial earthwork

The earthwork was required to be of sufficient length and
width that it was able to accommodate plant representative
of the largest categories currently in use in the UK. It also
had to be constructed with a sufficient thickness of fill that
the compaction effect of the largest plant would be

A.1 Selection of the trial site contained within the fill material (Parsons, 1992). Two

A location was required for the trial where the ground separate earthworks were to be constructed, each using a
surface was reasonably flat and level; where the general different fill, so that the effect of fill material on the level
ground conditions were known without undertaking a of vibration could be investigated.

ground investigation; where it was possible to measure An embankment was planned to be constructed with a
vibration over a distance of 100m without topographical total height of 1.5m, founded at 0.5m below the existing
changes; where access was possible for plant and ground level, in accordance with the common practice of
construction materials; and where there were minimal removal of the topsoil ahead of construction of
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embankments. This approach would have the advantage of 0
reducing the height of the embankment, thereby reducing

the total volume of fill required and improving safety for

the plant operatives. The structure would have a length of 0.2
10m, excluding the access ramps required at both ends.
Two 4m wide embankments, each of a different material,

Topsoil

would be constructed side-by-side, so that the amount of 04 T Made ground (silty sand
. . . . . _ containing gravel and cobble
|mported fill required was reduced, by eliminating two of € sized material)
the side slopes. T 06 |

Two commonly used fill materials with different g
material properties were required, both of which could be §
compacted to the requirements of the Specification for & 08 - Forest floor debris (tree stumps
Highway Works (SHW) (MCHW1, 1993) by the largest 3 branches) '
possible range of plant. The materials which were selectedé 0 L Old sandy soil horizon
were a Class 1A (well graded granular) general fillanda &
Class 2A (wet cohesive) general fill. The former was as- ©
dug hoggin sourced from Eversley, Hampshire and the 12 |k Blue-grey fine sand with decayed tree
cohesive material was London Clay from the Isle of roots. Very wet and soft
Sheppey. Smooth drum rollers would not normally be

Blue-grey and brown mottled fine sand.
Becoming increasingly brown and firmer
with depth

tamping foot or grid rollers should be used. This is because
shear surfaces may develop in the clay, possibly leading to

allowed for compaction of wet cohesive materials and 14 | -

premature failure (Whyte and Vakalis, 1988). This was not 16 &

considered to be a problem for this experiment since the ) ) ) o
embankment was relatively small and was only required to Figure A2 Soil profile at TRL trial site

remain serviceable for a few months.

A.3 Construction of the trial earthwork the fill was placed according to the requirements of the

SHW. A Bomag BW100AD smooth drum tandem roller
was used and two 100mm thick layers were placed, each
being compacted with five passes of the roller. In a
number of locations the natural wet sand from beneath
boiled through the compacted material. The third and final
layer of this material was therefore compacted with only
two passes with the vibrator operating and two further
passes using the roller as a dead weight roller, which
hhelped to seal the base of the excavation.
Above the three layers of granular fill placed at the base
of the structure, subsequent layers were placed with one

At an early stage of the construction it was decided to
increase the foundation depth from 0.5m to 1m, although
the same total thickness of fill was to be maintained. This
would significantly reduce the volume of fill required and
simplify the construction process by reducing the side
slopes and ramps. Excavation revealed the soil profile
illustrated in Figure A2. Below the forest floor deposits,
the soil in the root zone was very soft mottled clay. This
layer was at the depth intended to be the foundation dept
for the embankment, but it was too soft to traffic, having
anin situ California Bearing Ratio (CBR) of less than one ™’ - : '
per cent. During construction, the excavation was therefor&!d€ Of the construction of hoggin and the other side of
continued until a suitable foundation material was clay (Figure A3c). The clay was placed on the wetter side
encountered. This occurred at a depth of 1.5m, in a grey ©f the excavation, since this would have the lower
fine sand which haih situ CBRs of typically six per cent. permeability and therefore would limit any wetting up of
Before placing the fill, holes approximately 200mm X the fill from beneath. Before placing the clay, the stockpile
200mm x 150mm deep were excavated, into which was rotavated (Plate Al) to break up large blocks into a
uniaxial vertical geophones were installed beneath the ~ Size appropriate for the compaction plant and to ensure a
centre of each side of the structure. These were positioned!Niform moisture content existed. Soil testing required by
such that the top of each was flush with the foundation ~ the SHW was undertaken to ensure that the imported fill
level. The geophones were mounted on 80mm long spikegnaterials met the acceptability for earthworks
pushed into the undisturbed ground and the excavated ~ requirements for the particular class of fill. The results are
material was then placed by hand and tamped around summarised in Tables A1 and A2 and Figure A4. The dry

them. The cables from the geophones, fitted with an and wet categories for cohesive fills are defined by the
armoured duct to protect them during construction, were Mmoisture content relative to the plastic limit. The moisture
brought out to one side of the excavation. content of the upper layers of fill fitted into the dry

The need to remove the soft ground resulted in a deeper category, even though the material as delivered would be
excavation than had been designed (Figure A3a). Thereforeglassified as wet.
to ensure that the volume of imported fill was sufficient to Placing and compaction of the fill required 13 lifts,
complete the construction, an additional supply of Class 1Awhich brought the fill up to the original ground level.
granular fill was used for the first three layers across the  Construction from 630mm below ground level was
whole base of the excavation (Figure A3b). Bagler of completed using a Bomag BW120AD-3 because of a
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Table Al Classification test data determined for London Clay (as delivered to the test site)

Moisture Optimum
condition Moisture Plastic Liquid Plasticity moisture
Fill type value content (%) limit (%) limit (%) index (%) content (%)
Brown London Clay 13.6 31 29 78 49 27
13.3 34 (determined by
2.5kg rammer
method)
Grey/brown London Clay 16.8 29 28 78 50
15.8 31
Table A2 Classification test data for hoggin (aslelivered
to the test site)
Moisture Optimum
condition Moisture Uniformity moisture
Fill type value content (%) coefficient content (%)
As-dug 12.4 9 160 7.5
hoggin 10.9 10 (determined
13.2 10 byvibrating
hammer
method)
100
90 | 1=
/
80 |
2 70t
%
S 60
0] /
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Figure A4 Particle size distributions for the fills used in the trial
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failure of the Bomag BW100AD roller after compaction of was installed to monitor the water level at a depth

the tenth clay layer. encountered during excavation of the trial site, and was
Construction ceased when the compacted fill level hadlocated at a depth of 1.47m. The ceramic tips of the

reached original ground level. The earthwork was not  piezometers were each installed in a cell of single sized

extended to be partially above ground, as had been sand. The annuli between the access tubes and the

originally intended, for the following reasons. During borehole walls were backfilled with bentonite pellets and

construction it became evident that the presence of a  the access tubes filled with water. Water levels were

ramp would present an access problem for smooth drum recorded each day that vibration measurements were

rollers on the clay because of a lack of traction. undertaken. The observed changes in the water levels were

Moreover, a constant speed of travel along the whole  sufficiently small that the conditions were considered to

length of the fill would be more easily achieved if there have been constant throughout the trial (Figure A5).

was no ramp to negotiate. Additionally, operation of the

plant at ground level could be a worse case in terms of

levels of vibration than if the structure was continued to °

above ground level. Plate A2 illustrates the form of the 8 | et e

earthwork as it neared completion. ~
During construction, vibration measurements were mad& 7 |

from the buried geophones for the final compaction pass 6& 6l

each layer. The depth below ground level of each layer %_ ----- Borehole 1
was recorded after compaction. © 5 — Borehole 2

Three standpipe piezometers were also installed so thatg , | — — Borehole 3
the ground water level could be monitored. One of the £

differences between this trial and the measurements madt% 31
on construction sites was that, for the controlled ol
experiment, the propagation of vibration would be through | - - _ o ____ -2
the same medium for each item of plant, except that 1 . . . . .
changes could occur due to differences in the ground water 15-5-96 14-6-96  14-7-96  13-8-96  12-9-96 12-10-9
level. Three piezometers were installed at various depths Date
so that this could be monitored throughout the trial.

The first borehole was driven to place the piezometer tipFigure A5 Piezometer data for the duration of the TRL
at 10.15m below ground level. During this drive, a very field trial
wet layer of silty sand was encountered at a depth of
approximately 6m. It was therefore intended to install the A.4 Selection of the plant for trials
second piezometer at a depth to monitor this apparently The selection of the rollers used for the trials was based on
perched water table. The second piezometer was installedthe range of plant specified as suitable by Table 6/4 of the
approximately 5m away from the first, but the wet layer ~ SHW (MCHW1, 1993) for compacting the two fills
was not present. Water was encountered at 8m and the  chosen. This document categorises vibratory rollers on the
piezometer was installed at 8.6m. The third piezometer  mass per unit width of the vibrating drum, which has been

Plate A2 Construction of test earthwork near completion
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shown to be a good practical measure of the performance plant, in addition to the normal pass-bys were also
of vibrating rollers (Parsons, 1992). A method recorded to assess the effects of these on the predicted
specification for compaction is provided by SHW which  vibration level. This section describes the aspects of the
specifies the compacted layer thickness and the number ofesting programme which were common to all plant tested.
passes required, based on the requirement of achieving a Section A6 describes variations to this procedure which
minimum 10 per cent air voids. The relevant sections of occurred for the individual items of plant.
Table 6/4 are reproduced in Table A3. The data acquisition unit enabled signals from up to
Initially six items of plant were tested, selected so that Sixteen transducers to be recorded simultaneously. Triaxial
the maximum possible range of the categories given in ~ arrays of geophones were positioned at distances of
Table A3 was represented, within availability and financial 1m, 4m, 10m, 40m and 100m from the edge of the test
constraints. Further plant became available at later dates, structure. For all the main phase of testing the geophones
which allowed some additional testing to be undertaken, Were located in the same positions, which were all to one
but the amount of data from these later plant were side of the test structure. Consequently, the distances of
restricted for various reasons, as discussed in Section A6.€ach of the geophones from rollers operating on the hoggin
All plant tested were double drum rollers except for ~ Were always greater than when the rollers were on the clay.
those with reference numbers of 7 and 9 assigned Vibration propagating from sources on the hoggin
according to the SHW, which were single drum self encountqred an_additional ac_oustic impedance mismatch at
propelled rollers. Vibrating plate compactors are also the hoggin/clay interface, which was not encountered by
included in SHW: one of these was available and was vibration from rollers operating on the clay (Figure AG).

tested following the same procedure as for the rollers. However, using the same geophone locations for
Details of all the plant from which groundborne vibration M€asuring vibration during the compaction of both fills
was recorded during both the construction and testing eliminated any potential effects on the recorded vibration

phase are summarised in Table A4 and illustrated in Plategaused b,y local vangﬂons in ground copd|t|ons.
A3 to A13. Following completion of the construction of the test

area, for each item of plant tested, the top layer of fill was
) rotavated to a depth approximately equal to the layer
A.5 Testing methodology thickness specified by the SHW for the particular category
The primary objective of this phase of the research was to of plant being tested. Rotavation broke up the compacted
acquire data from which it would be possible to predict  fill, into a state similar to that in which it would normally

levels of vibration which may arise from compaction be placed, ready for compaction trials to commence. For
works, so that assessments of the potential for damage to each item of plant tested on each of the two fills, the
property and intrusion can be made. To satisfy this following testing procedure was undertaken.
requirement would require that the maximum level of A strip of fill, centered on the centre line of that material,

vibration which could arise from any particular piece of  was compacted with one pass of the roller, operated at its
plant was determined. This might be affected by both the normal operating speed and in its normal mode and the
method of compaction and the characteristics of the fill.  resulting ground vibration was recordedT/oxler nuclear
Consequently, vibration was recorded from a succession adensity gauge (NDG), calibrated by sand replacement tests
compacting passes with each item of plant and the changesn the two fill materials, was then used to determine the
which the fill underwent were measured by use of a bulk and dry densities and the moisture content of the fill.
nuclear density gauge. A variety of manoeuvres with the The measurement depth was the same as that corresponding

Table A3 Extract from Table 6/4 from the SHW (MCHW1,1993) defining compaction requirements for the fill used

Method 1 Method 2

Category (massyl,

per metre width Layer Number of Layer Number of
Ref No. of vibrating roll; kg) thickness (mm) passes thickness (mm) passes
1 2704M =450 Unsuitable 75 16
2 4504M <700 Unsuitable 75 12
3t 700dM <1300 100 12 125 12
41 1300<M< 1800 125 8 150 8
5 1800€M< 2300 150 4 150 4
6 23009M< 2900 175 4 175 4
7t 29009M< 3600 200 4 200 4
8 3600M<4300 225 4 225 4
ot 4300<M< 5000 250 4 250 4
10 5000M 275 4 275 4

* Method 1 is suitable for wet cohesive (Class 2A) fill.

“ Method 2 is for well graded granular (Class 1A) and dry cohesive (Class 2B) fill. The required number of passes may be taaldethfvibrating
rollers.

T Indicates categories tested.
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Table A4 Summary of plant used during the controlled trial

High setting Low setting
Mass per metre

Drum width (kg/m) Ampli- Freqg- Centri- Ampli- Freg- Centri-

width _ tude uency fugal tude uency fugal
Plant model Plant type * (m) Front Rear (mm) (Hz) force (kN)  (mm) (Hz) force (kN)
Ingersoll-Rand SD-150D Single drum roller 2.14 4367 - 1.77 26.5 245 0.89 26.5 123
Dynapac CA301 Single drum roller 2.13 3150 - 1.72 30 249 0.84 33 146
Hamm 2422DS Single drum roller 12.14 2920 - 1.76 30 350 0.7 42 300
Bomag BW 161 AD Tandem roller 1.68 2680 2740 0.91 30 58 0.43 45 62
Ingersoll-Rand DD-65 Tandem roller 1.40 2300 2400 0.59 55 80 0.29 55 40
Bomag BW 135 AD Tandem roller 1.30 1330 1390 0.4 60 37 0.4 50 26
Bomag BW 120 AD-3 Tandem roller 1.20 1130 1130 0.53 66 41 0.53 55 29
Bomag BW 100 AD-3  Tandem roller 1.00 1200 1200 0.52 66 34 0.52 55 23
Rammax RW2400 Tandem roller + 1.20 1000 1000 n/a 41 84
Benford TV75 Tandem roller 0.75 920 920 0.5 50 9.8

Front drum Rear drum

Bomag BW 161 AD-CV
Variomatic Tandem roller 1.68 2400 2380 0.92 35 39 0.31 47 79
Wacker DPU 6760 Vibrating plate 1075 x 711kg/n% ** n/a 56 66.5

800mm

*

All rollers used for this research were self-propelled models; all were smooth drum models except T which were tamping rollers

** Mass per ni of base plate

n/a = not available
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Plate A3 Ingersoll-Rand
SD-150D (4367kg/m
width)

Plage A4 Dynapac CA 310
(3150kg/m width)

Plate A5 Hamm 2422 DS
tamping roller
(2920kgm width)
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Plate A6 Bomag BW 161 AD
(2680/2740kg/m
width)

Plate A7 Ingersoll-Rand
DD-65 (2300/
2400kgm width

Plate A8 Bomag BW 135 AD
(1330/1390kg/m
width)




Plate A9 Bomag BW 120
AD-3 (1130/
1130kg/m width)

Plate A10 Bomag B W 100
AD3 (1200/
1200kg/m width)

Plate A11 Rammax RW2400
(1000/1000kg/m
width)
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Plate A12 Benford TV75
(920/920kg/m
width)

Plate A13Bomag BW 161
AD-CV Variomatic
(2400/2380kg/m
width)

Plate A14 Accelerometers
mounted on roller
drum

90



to the compacted layer thickness specified by SHW. the digital system to +200mm/s at the minimum gain of
Measurements were made with the NDG at three locations unity. The accelerometers had a lower sensitivity, enabling

on the centre line of the trafficked strip. up to approximately £500mm/s to be recorded.

Following the NDG measurements, the same strip of fill Accelerometers were attached to the vibrating drum of the
was compacted with a second pass of the roller, rollers by a heavy steel bracket, which was glued to the
maintaining the same line as the first pass, while the drum using a thin layer dtlastic Padding The triaxial

ground vibration was recorded again. For this pass, the array was then bolted on to this (Plate A14).

roller was reversed over the fill from the opposite end of Accelerometer arrays were also used to measure vibration
the test bay to which the first pass had been made. A of the fill, as close as was practicable to the drum, so that
further set of measurements of the fill properties was madehe transfer of energy from the drum to the ground could
with the NDG. This procedure was repeated with NDG be considered. However, the static case is somewhat
measurements made after each of the first 5 passes and different from the case when the roller is travelling. When
following the seventh, tenth and fifteenth passes. To the roller is stationary, the oscillation cyclically loads the
comply with Table 6/4 of SHW would not require 15 same soil mass, whereas when the roller is travelling, the
passes with any of the rollers tested, but compaction was roller continuously encounters different soil elements (Yoo
continued to this degree so that any resulting changes in and Selig, 1979).

the levels of vibration could be investigated.

For each pass, the peak particle velocity (ppv) recorded p g Testing specific to each item of plant
by the buried vertical geophone was transferred to a
spreadsheet. This was used to monitor progress of the
compaction by plotting the measured ppv against the
number of passes, which showed a general increase in pp
with pass number. Compaction was continued until there
was no further increase in ppv with further passes. For
some combinations of roller and fill the direction of travel
appeared to affect the vibration level, with the ppv being
greater for passes when the roller was travelling in one
direction than when travelling the other way.

Following the measurements made of vibration arising
from normal compaction passes, vibrations caused by
other movements which might occur on construction sites A.6.1 Benford TV75
were measured. These included the transient vibrations The first and smallest roller studied was a Benford TV75.
arising during starting up and shutting down the vibratory Small pieces of plant are relatively cheap to hire so this
mechanism while the roller was travelling; the effect of ~ Was used to verify the experimental method before hiring
changing the travelling direction from forwards to reverse, larger plant. Successive passes of the roller were made

The preceding discussion has described the general
experimental procedure used to investigate all the items of
lant tested. The following Sections describe variations to
gwe general procedure which were used for each piece of

plant. This information is presented for completeness:
although the experiment was nominally controlled, there
were sufficient anomalies, which may affect the
interpretation of the results, that it is necessary to present
these details in full. The sections are presented in
chronological order of the testing (Table A5).

without Shutting down the Vibratory mechanism; and with the roller traVe”ing in Opposite directions a|0ng the
operating only one drum of tandem rollers. Additionally, fill- Alternate passes were made travelling in opposite
the vibration arising from operating at different travel directions from alternate ends of the test area. The data

speeds and different vibration amplitudes and frequencies from the buried geophones showed the vibration level to
were investigated, where the plant permitted. be approximately constant after eight passes on the hoggin.

Direct measurements of the vibration of the drum were On the clay, the trend was still an increase in ppv with
made for some of the rollers. These required the use of ~©ach pass, even after 15 passes, although the data were

accelerometers, which were not available at the start of thdn©re erratic than on the hoggin. The surface of the fill
tests, so only a limited number of data were acquired. The PE@me very uneven, which might account for some of the

geophones were not suitable for these measurements ~ varation.
because their sensitivity limited the full scale deflection of

Table A5 Chronology of plant testing

Plant Date tested Controllable variables investigated

Benford TV75 23/5/96 - 29/5/96 Single drum operation

Dynapac CA301 4/6/96 - 5/6/96 High and low amplitude; travel speed

Bomag BW135AD 17/6/96 - 19/6/96 High and low amplitude; travel speed; single drum operation
Ingersoll-Rand DD65 25/6/96 - 1/7/96 High and low amplitude; travel speed ;single drum operation
Ingersoll-Rand SD150 2/7/96 - 4/7/96 High and low amplitude; vibration frequency

Bomag BW161AD-CVVariomatic 9/7/96 - 11/7/96 Single drum operation; travel speed; angle of vibration orientation
Wacker DPU6760 16/7/96 - 17/7/96 None

Hamm 2422DS 4/10/96 None

Rammax 2400 4/10/96 None

Bomag BW120AD-3 15/9/97 [Effect of fill type - separate experiment]

Bomag BW161AD 23/9/97 - 24/9/97 Travel speed
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A.6.2 Dynapac CA301 For the first six passes on the clay, there was a steady
The second roller studied was a heavy single drum increase in the ppv with pass number, and no difference
Dynapac CA301. During construction of the test structure, between travelling forwards or in reverse. For subsequent
the fill had been compacted to the requirements of SHW, passes, the vibration arising while travelling forwards was
but it was considered that continued trafficking, considerably in excess of the levels which occurred while
throughout the duration of the experiment, might cause  in reverse. The surface of the clay had developed an
some additional compaction of the material below the ~ uneven profile during the trafficking and one possible
rotavated layer, particularly when using the larger plant. €xplanation of the difference between forwards and

This would mean that the fill conditions were different for reverse passes might have related to effects caused by
each successive piece of plant, if progressively larger planpassing over the uneven profile in different directions. To
were used. To ensure that the conditions were as constaninvestigate this, the profile was smoothed and compacted
as possible for all subsequent pieces of plant on trial, the again, before a further forward and reverse pass was
test area was compacted with eight passes of the Dynapad€rformed; however the same effect recurred.

CA301 before rotavating the top layer of fill for testing. This was the first roller for which the accelerometers
Data presented by Parsons (1992) demonstrated that the Were available to allow direct measurement of the
change in the amount of compaction achieved by each pa¥dPration of the drum.

would be expected to have reduced significantly after

approximately eight passes. The number of passes was A.6.4 Ingersoll-Rand DD65

kept to a minimum on the hoggin because over compactiohe first measurements made with the Ingersoll-Rand
caused the larger particles to fragment. DD65 were undertaken on the clay in two stages, yielding
Tests with the Dynapac CA301 were first carried out on two sets of data. All tests were performed with the engine
the hoggin. The same approach was taken to testing as  speed set to the maximum number of revolutions per
used for the Benford TV75, making alternate forward and minute; the travel speed was governed by a separate
reverse passes over the fill. The number of normal passescontrol. Towards the end of the first set of tests, it became
of the hoggin was limited to ten to avoid over compaction. apparent that the vibratory mechanism in the rear drum
While the vertical ppv at foundation level remained had not been functioning when it was set to high
reasonably constant for successive passes made with the amplitude, ie the setting used for the majority of the tests.
roller travelling in the same direction, there was a This was subsequently rectified and a further set of tests
noticeable difference between the roller travelling forward was undertaken. Consequently data are available from the
and in reverse, with the vibration being consistently higherbD65 operated on clay both as a tandem roller and also

for the reverse passes. The roller was turned around and

with only the front drum vibrating.

forward and reverse passes were made and the same trend With only the front drum vibrating, the vibration level

was demonstrated.

The effect of travel direction on ppv was not exhibited
while trafficking the clay. The data showed a smooth
increase in ppv with pass number, leveling off after 11
passes. The ppv recorded during the tenth pass was
anomalously low. For this pass the driver did not manage
to stay exactly on course, so the roller was partially on
uncompacted fill.

A.6.3 Bomag BW135AD

Two sets of measurements were made on the hoggin usin

the Bomag BW135AD. For the first set, ten passes were
made, travelling in alternate forward and reverse
directions. It was apparent that the fill was too wet to

recorded did not show any dependence on direction of
travel for the first five passes. Subsequently the vibration
was slightly greater when travelling in reverse than when
travelling forwards. When both drums were vibrating, the
vibration level was also generally slightly higher when the
roller travelled in reverse.

After completing the first 15 normal passes with this
roller, and recording the vibrations from a number of other
movements, accelerometer arrays were attached to the two
drums. This was the point at which it became apparent that
?‘le vibratory mechanism in the rear drum had not been
unctioning. The testing was repeated after having repaired
the vibratory mechanism.

On the hoggin, the Ingersoll-Rand DD65 began to break

compact, since fines boiled through the coarser material athe larger flints after only a few passes. Consequently, only
a number of locations. The vertical ppv at foundation level five normal passes were made, but this was sufficient for

was reasonably constant for this part of the experiment,
although for the first five passes, the ppv when travelling
in reverse was higher than when travelling forwards. For
the final five passes, there was no difference.

The hoggin was rotavated and left to dry out for a day,

the ppv at the foundation to show no further increase as the
number of passes increased.

A.6.5 Ingersoll-Rand SD150
The Ingersoll-Rand SD150 had separate control settings

before being rotavated a further time and then tested agaiflor amplitude, frequency, travel speed and engine speed.
The moisture content reduced by approximately three per All standard passes were undertaken at the maximum

cent during this period. Vibration levels recorded were
significantly higher than had been recorded while the

hoggin was wet. There was no difference in vibration level

correlated with the travel direction.
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settings. Following the normal testings, vibrations were

recorded from passes made at different control settings.
The normal passes were all undertaken with the roller

travelling in the same direction to avoid any possible



effects associated with the travel direction. The data from removed and replaced. The clay was not usable so the roller
the foundation level geophone show a progressive increaseould only be tested on the hoggin. Sixteen normal passes
in ppv with pass number. Following ten passes on the were made with this roller, all travelling forwards. Time did
hoggin, two reverse passes were recorded, with all the  not allow for any further investigation to be undertaken.
controls set identically. The reverse passes gave rise to
much lower levels of vibration than did the forward passesa g 9 Rammax 2400

The variable contr_ols on this machine t_anabled the effecty small Rammax 2400 pad foot tandem roller was
of different frequencies (and hence centrifugal forces) on
the radiated vibration level to be investigated while all
other parameters remained constant. This was the only
machine tested which had this capability.

available at the same time as the Hamm 2422DS. Only one
forward pass was made on the hoggin since the fill had
become too soft for further trafficking. As for the Hamm
2422DS, the clay could not be trafficked at all.

A.6.6 Bomag BW161AD-CVWWariomatic

The Bomag BW161AD-CV tandem roller which was
tested had the front drum fitted with Bomay'ariomatic
system. Thé&/ariomaticsystem uses two counter-rotating
eccentric shafts to generate vibrations which can be
directed either vertically or horizontally, or at any angle in

between, by altering the relative phase of the two foundation consisting of nine different subgrade materials.
eccentrics (Byles, 1997). The angle of vibration can be Vibration was measured from the use of a Bomag

controlled manuglly from within the _vehicle, or setto BW120AD-3 on these different materials.

change automatically. The automatic mode uses

accelerometers mounted on the drum to monitor the ) o )

behaviour of the drum, which is related to the stiffness of A.7 Further investigations using the Bomag BW161AD

the material being compacted. As the stiffness increases, The initial processing of the data from the main

the orientation of the vibration rotates to become directed experimental phase of this research revealed three particular

increasingly towards the horizontal. This system is issues which required clarification. Consequently, further

designed to eliminate the crushing of aggregate and the testing was undertaken using a Bomag BW161AD, as

loosening of upper layers. However, on the fill materials ~ described below, to address these points.

used for the current research, sufficient stiffness was not  Initial analysis revealed that, when plotted in log-log

achieved to make the compaction direction change space as resultant ppv against distance, the data described

automatically from the vertical. a curve, rather than a straight line, as is conventionally
Testing was carried out with the roller operating both as a@ssumed. A greater number of data points than were

single drum machine, with only the front drum vibrating, available from each individual roller were therefore

and as a tandem roller. For all of the normal pass tests, the required to define properly this curve.

Vibration of the front drum was directed Vertica"y. In Th|S |n|t|a| analySiS had aISO demonstrated that, fOI’ most

addition to the tests undertaken for the other rollers, a seriegollers, the resultant ppv at any distance was greater when

of measurements was made with the vibration orientation  the rollers operated on the clay than when they were

moved in 18° increments from vertical to horizontal. This ~ operated on the hoggin.

included both travelling compaction and starting and The third issue to be investigated was the relation
stopping transients with the roller not travelling. between travel speed and ppv. From the earlier data there

was clearly a relation between these two parameters, but the
amount of data available for any one roller was insufficient

A.6.7 Wacker DPU 6760 vibrating plate . . . .
Th . tal method d for the Wacker DPU 6760 to define clearly the form of the relation. This Section
€ experimental method used for the Vvacker discusses the approaches taken to investigate these issues.

vibrating plate compactor was the same as that used for the There were considered to be two possible explanations

rollers. It was not possible to measure directly the vibrationfor vibration measured from rollers operating on the clay
of the plate because the amplitude was too great for the being greater than when operating on the hoggin. One

accel_erometer system_. _ ) explanation might be that some interaction between the
This was the final piece of vibratory equipment tested 161 anq the fill, or some characteristic of the fill, reduced
during the main phase of the experiment. The following  {he source vibration level such that the energy transmitted
items of plant were tested as they became available into the environment was lower for operations on the
through other research projects. hoggin than on clay. Alternatively, the same amount of
energy may have been radiated from both situations, but
A.6.8 Hamm 2422DS the energy transmitted into the hoggin was attenuated more
Three months after completion of the main trials, a Hamm because an additional acoustic impedance mismatch was
2422DS single drum pad foot roller became available. The encountered, which would reduce the energy reaching the
test area had been exposed to the weather during this periogeophones, since the clay was located between the hoggin
and had become too wet to traffic. A stockpile of hoggin ~ and the geophones for all the measurements.
was still available so the wet upper layer of hoggin was To investigate this, an additional set of tests were

A.6.10 Bomag BW120AD-3

In addition, to the main experimental work, there arose the
opportunity to undertake a further investigation into the
effect of fill on the vibration level. A series of tests was
undertaken on a section of road which, as a part of a
separate research project, was under construction on a
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undertaken during which measurements were made chalk, London clay and a silty sand (Figure A7). Each
simultaneously on both sides of the test area while subgrade material was placed in three separate bays,
operating a Bomag BW161 tandem roller on the hoggin. Iteach at a different moisture content. Thus, this

was not possible to operate the roller on the clay because jiresented an opportunity to measure the vibration levels
remained too soft to traffic. However, an experiment was arising from a constant source of vibration operating on
devised to address the problem. Three triaxial arrays of ~a number of different materials. The measurements were
geophones were positioned in a line extending away from undertaken following the placement and compaction of
the test area on the opposite side to that which had been the capping material.

used for the earlier testing, ie on the side closer to the Triaxial arrays of geophones were positioned alongside
hoggin. Additionally, two further arrays were positioned the test structure. Two geophones were positioned adjacent
on the side of the test area closer to the clay. With this ~ to each bay, all at approximately the same distance from
arrangement of geophones, if the acoustic impedance the fill. There was limited space available so no attempt
mismatch was the reason for the difference in the data, theVas made to assess attenuation effects; this experiment
vibration levels recorded on the side closer to the hoggin Was designed to look solely at the effects of fill on source
would be greater than those recorded on the more distant vibration levels. It was attempted therefore to measure

side at any given distance. The roller made 12 passes of Vibration at the same distance from the roller operating on
the hoggin, with only the front drum vibrating to minimise ea(?h fill. To minimise the impact on the experiment for

any changes in vibration level which might occur due to Whlch the test road was constrgcted, it was necessary to
increasing compaction of the fill. These passes were all ~ 'estrict the amount of compaction undertaken.

performed at different speeds so that the data could also pi¥€asurements were made adjacent to each bay at two
used to determine a relation between speed and peak locations, to improve the confidence in the data. Two
particle velocity (ppv). passes of the roller were made over each bay, one on each

A second set of measurements was undertaken to deﬁneside of the road. The restriction on trafficking precluded
the shape of the attenuation curve. The roller could not be thedmeasqremen} of v_|brat|cr>]n caus?eddhdurmfg the Ztartlng
operated on the clay and it was only possible to achieve a and stopping cycles since this would have forme

spread of geophones at distances of up to 100m on the sidéjep".asls'?ns n (tjhe tstuhrface of _the c?ppl?g. I ;’ﬁs not db
of the test area closer to the clay. The roller was therefore possibie 1o conduct the experiment on two oTthe sand bays

operated on the natural ground. The same geophone because they did not have sufficient strength to support the
positions were retained for each set of measurements and rolier. Only one geophone was positioned for the third clay

. . ay because the roller had to be stopped on this bay. This

three passes were made, each at a different distance from the”’, .
i L . . restricted the length on which the roller could be operated
end of the line of geophones, giving 15 different distances tQ

. at constant speed.
define the shape of the curve between 1m and 121m. The tests were conducted using a Bomag BW120AD-3

tandem roller operated with only the front drum vibrating.
A.8 Investigation of the effect of fill type on groundborne  The use of only one vibrating drum limited the compaction
vibration level caused by these tests and made the location of the vibration

The main experimental work had shown that, for most source distinct. If both drums of the roller had been
rollers, the resultant ppv at any distance was greater whenvibrating, there would have been periods during which the
the rollers operated on the clay than when they were drums were operating on adjacent bays containing different
operated on the hoggin. Further data would therefore be materials. The roller was operated at its maximum speed for
valuable to investigate the effect of the properties of the compaction and always travelling in the same direction. The
fill on the vibration level. A separate trial was therefore  time taken to travel the length of each bay was recorded to
undertaken using a test facility being constructed fora  confirm that the travel speed was constant.
different research project. Following the vibration measurements, thesitu

The project required construction of a 36m length of characteristics of the materials in the bays were assessed
road, founded on contiguous sections of subgrades of using the Transport Research Laboratory Foundation

Asphalt pavement

Bay numbers Sub base

= 390mm

150mm . : - 390mm

600mm ESand i EChalkE @ E y E @ 600mm
12m - 12m 12m

Not to scale

Figure A7 Section through trial road
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Tester, the Falling Weight Deflectometer, the German
Dynamic Plate Bearing Test and surface wave seismics
(Matthewset al, 1996). These techniques all yielded

stiffness values for the subgrade material which, although

they differed in absolute values, showed similar trends in
the relative stiffnesses of the materials.
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Abstract

The increasing size and power of construction plant and its potential to dissipate intrusive or possibly damaging
levels of vibration into the environment, coupled with increasing attention being given to environmental aspegts of

road construction, have led to a need for improved methods of ground vibration prediction. While there is an

increasing need to minimise the intrusive effects of construction works, over-conservative restrictions on vibration

levels may lead to significant and unnecessary cost increases. This report provides data and advice against
objections to schemes may be judged and a means of assessing the environmental impact of vibration from
construction works. Predictors are proposed for vibratory compaction, vibratory piling and vibratory ground

vhich
oad

treatment, with three levels of the probability that the predictions will be exceeded. A predictor is also given for the

likely upper bound vibration levels from impact piling in a range of ground types. Further predictors are given

vibration from dynamic compaction and tunnelling, and for groundborne noise from tunnelling. The appropriate

for

British Standards for the assessment of the effects of the predicted vibration are reviewed and compared with other

national standards.
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