Glyn Rhonwy Pumped Storage (EN010072)
My PINS Reference: 10031993 Mike Vitkovitch
Deadline 4 Submission – continuation
Ground Borne Vibration and Noise
Unlike LFN there has been much research and work in the prediction of ground borne vibration
(GBV) and how it translates into noise (GBVN) in a property. The problem with GBV is the manner in
which the ground vibration will manifest itself as GBVB noise within a property some distance away
from the source.
Much of this research has been brought about by the large number of underground railways being
constructed under cities around the world in recent years but the principles of prediction would be
the same for predicting noise from the turbines. The Applicant will already know the rotational
speed of his proposed turbines (typically 500rpm) having sized them for head, flow and energy in
pumping and generation modes. Without this information he cannot even begin to assess the
performance of his project. The vertical orientation of the turbine shaft is fixed so a reasonable
prediction of the vibration wave generated by the turbine can be modelled on computer. To
consider the viability of the project the Applicant will already have assessed the suppliers for pump
turbine/generator sets and received broad specifications. It is not unreasonable for him to be able to
access sufficient data from possible manufacturers at this time to make an assessment of the likely
vibration generated in the different modes of operation.
The transmission of the vibration from source to receptor, through the geological strata in between
can be predicted by seismic survey. There is then sufficient data to be able to build a full computer
model of the vibration environment. This can then be validated using data from other turbines
generator situations such as Dinorwig or Ffestiniog. There are many others further afield. Further
seismic vibration tests can also validate the model on the Glyn Rhonwy site. Whilst this is clearly not
a ‘desk top study’ and will demand a reasonable degree of analysis, it remains quite feasible. Ground
borne vibration and noise predictions have been carried out using this methodology for many years
and projects that have benefitted from this include the HS2 and Crossrail (attached) schemes.
Crossrail GBVN Prediction: Preface:
“Vibration and groundborne noise are the same phenomenon, perceived in the first case
by the human tactile sense, and in the second by the sense of hearing when the vibration
causes walls and floor in room to vibrate and thereby cause airborne noise in the room.
Vibration tends to be of lower frequency than re-radiated noise, as it is often termed…..
The best solution to the complex issue of predicting levels of groundborne noise and
vibration is numerical modelling. Crossrail has used an established method known as
finite-difference modelling, as implemented in the proprietary package FINDWAVE®, the
property of Rupert Taylor Ltd. FINDWAVE® has been used on the Jubilee Line Extension,
the Docklands Light Railway, Copenhagen Metro, Malmö Citytunneln, Tvärbanen
Stockholm, SL Stockholm, Singapore Circle Line, Västlänken Gothenburg, Parramatta
Rail Link, Sydney, Thameslink 2000, Kowloon Canton Railway, Hong Kong, as well as for
other non-railway applications such as vibration in steel-framed buildings.”

This document was written in 2004 and it clear that even then methods exist that could easily
predicting the GBV from stationary sources in simple geology.
More recently in 2014 Arup issued a paper titled:
DEVELOPING PREDICTION MODEL FOR GROUND-BORNE NOISE AND VIBRATION FROM HIGH SPEED
TRAINS RUNNING AT SPEEDS IN EXCESS OF 300KM/H
1. Introduction
High Speed 2 (HS2) is a proposed north-south high-speed railway to connect populated urban
areas in the UK. A key concern for many is the environmental impact of the scheme. This is
be-cause vibration generated at the wheel-rail interface during the passage of a train is
transmitted through the track and into the trackbed where it becomes ground-borne. The
vibration is then transmitted through the ground into nearby buildings where it can be felt as
vibration (0.5Hz to 80Hz) or heard as ground-borne noise (25Hz to 250Hz).
The American report on Transit Noise and Vibration Assessment (Hanson) Ch 7,held by the US
National Transport Library discusses in general terms the issues of GBVN and the principles are
evident from its illustration and following description below:

7.1.3 Ground-Borne Noise
“As discussed above, the rumbling sound caused by the vibration of room surfaces is called
ground-borne noise. The annoyance potential of ground-borne noise is usually characterized
with the A-weighted sound level. Although the A-weighted level is almost the only metric
used to characterize community noise, there are potential problems when characterizing
low-frequency noise using A-weighting. This is because of the non-linearity of human hearing
which causes sounds dominated by low-frequency components to seem louder than
broadband sounds that have the same A-weighted level. The result is that ground-borne
noise with a level of 40 dBA sounds louder than 40 dBA broadband noise. This is accounted

for by setting the limits for ground-borne noise lower than would be the case for
broadband
noise.”
There are clear parallels with the UK’s research on LFN however here the noise is not transmitted by
the air to the outside of the receptor building it develops within the building itself. Different
buildings of different structural natures and different foundations will all respond in a unique way to
ground vibrations. Some may be severely affected and some may not. The principle issues of
annoyance and disturbance mirror those of LFN.
It is inevitable that the rotating mass of turbines and generators will produce vibration.
If, as the Applicant has so far (incorrectly) insisted, these vibrations cannot be predicted then there
can be no certainty as to the extent or distribution of the ground vibrations or their effect on
property at the time of this application. However it is clear that there are several residences and
businesses within a 500m radius that could be severely affected. The effects will be most severe for
those premises who are founded very close to, or directly onto rockhead such as Glyn Peris Guest
House and the Lake View Restaurant.
At the Subject Specific Hearing on 17th May the Applicant stated that the issues relating to Dinorwig
are not relevant to the Glyn Rhonwy project. This is far from the case as Dinorwig is a clear example
of GBVN produced by the measurable operation of valves, turbines and generators constructed in
slate bedrock. The effects of the noise created by Dinorwig are given in a statement by Rebecca
Williams. Finally as a result of her complaint owners First Hydro have agreed to carry out vibration
and noise monitoring at her property. A door to door survey of properties in the village of Dinorwig
indicated that 6 of the 14 properties there were subject to varying degrees of noise from the power
station which is 1 km away and 200m below them. Another 6 were unoccupied or holiday homes,
and the remaining 2 stated they had not heard the noise. This evidences that the vibrations from the
Dinorwig turbines plant can clearly travel very large distances and in some cases result in complaint
and annoyance from the noise they generate inside people’s property. People have advised that
they can detect Dinowig’s turbine noise as far away as Fachwen at least 2 km from the power
station.
The Noise Management Report also fails to even mention Ground Borne Vibration and Noise which
will emanate from underground plant such as the turbine and generators. Whereas LFN will not be
created directly by equipment deep in the rock, GBVN is a known problem from underground power
stations. The Applicant’s statement that mitigation will be by ‘careful selection of equipment, use of
mitigation measures such as vibration isolation, mufflers,attenuators etc will be considered during
the design phase.’ is inadequate. It can be ‘considered’ but not implemented and there is no
indication of the effectiveness of any mitigation which in the case of the huge energy in the form of
rotating turbine/generators can only be minimal. As shown on the SPH drawings, for structural and
pressure reasons the turbine must be fully enclosed in concrete to transmit their self weight, the
mass and forces involved in start up and shutdown. I would ask SPH to provide evidence of any
mitigation measures referred to, particularly ‘vibration isolation’ (Deadline 2 response to Mike
Vitkovitch p 13-2) and how that is effective in relation to turbine installations. It would be useful to
see any evidence of where this has been used on other hydro-power stations. In my experience they
are simply not possible and although SPH say they ‘will be considered at the design stage’ is not the
same meaning as ‘they will be implemented and achieve measureable reductions in GBV and GBVN.”
I therefore do not accept that mitigation of turbine vibration and noise is possible. With no stated

meaningful limits set for GBV to GBVN or evidence of the levels expected I fail to see how the ES can
be described as showing the effects of the scheme on the environment.
The Noise Management Plan Appendix A Flow Chart in relies totally on the question of
“Do levels comply with project criteria? There is a clear incentive for the Applicant to aim to agree
the highest noise levels possible within his Consent in order to make this target achievable.
However as discussed in the submission on LFN, there is no indication that the levels for LFN and
GBVN are to be set either by using recognised and authoritative guidance and research . This has
been illustrated and compounded by Gwynedd Councils’ request in the 2012 ES Ch 12 Noise:
12.4.6 It was communicated that as specific information on the power generating plant to be
used for the development would be unavailable, that an operational noise assessment of the
development would be excluded from this assessment. However, as requested by Ms. Duell-Parri,
operational noise limits would be established and noise emissions from underground power
generating plant would incur a 5 dB penalty due to low frequency noise. Accordingly, an
allowance for this 5 dB low frequency penalty has been included when determining the noise
limits for the development.”
It would appear that the same process is now being adopted for this 2015 application.
It must be recognised that as the noise generated by the turbines , generators, fans and all other
plant (including transformers in the case of LFN) will be the same be it night time or daytime. LFN
and GBVN will therefore be more audible and create more disturbance during the night.
The levels of operational LFN and GBVN should be set at the level of the threshold of hearing,
generally accepted to be at 30dB.
Allowing the Applicant and the Council to agree the appropriate noise levels for construction,
maintenance and operation along their presently proposed lines using BS 4142 and existing external
background noise levels (which are also questioned) will result in both LFN and GBVN limits being
set significantly too high, particularly where the generated noise is predominantly LFN.
(DEFRA Report on LFN Research 2003, Ch10)
“ The claim that their "lives have been ruined" by the noise is not an exaggeration,”
In this respect the end result of GBVN and LFN are identical.
Apart from surface construction plant, vehicles, significant sources of GVBN will be tunnelling
machines, drilling, blasting, underground conveyors which will convey vibrations directly into rock.
Many of these noises and vibrations will result from time coincident activities or processes and their
effects can combine and interact to produce high peak amplitudes. From experience I accept that in
consideration of the scale of the tunnels and construction and using best practice it is unlikely that
any structural issues will arise from vibrations at nearby properties. However the construction and
operational effects of Ground Borne Vibration and Noise (GBVN) on lives and businesses are
potentially very serious.
Having reviewed the ES and documents provided with the Application, it is apparent that there are
not only omissions to the documentation provided but also opportunities to make assessments of
the affects of the works that have not been taken by the Applicant. It is significant that the Applicant
had made no reference to Low Frequency Noise in his Environmental Statement until after the
subject was raised at the Public Consultation (ES Item 13.1.6) and this also emphasises the lack of
any attention to this point in the 2012 Application. This can only be because the Applicant was
aware of the issue and has seen best to avoid mentioning it, or his Acoustic Consultants were wholly
unaware of the phenomena. The October 2015 ES assessment is therefore inadequate, makes no

attempt to assess the potential effects and applies a broad brush, sweeping statement that is based
on inappropriate references such as BS4142.
It is therefore not surprising that it could be considered unacceptable that unlike other developers of
large schemes, (particularly recent large wind farm project granted through DCOs such as Clocaenog
Forest PINS EN010013 ) the Applicant seeks to hide behind the DCO Part 2 (9) in protecting himself
from claims of nuisance that may arise as a result of construction, maintenance and operation noise
of the project. If as the Applicant purports to show, the results of his ES and the noise limits he is
proposing to agree with the Council are so acceptable, this protection should not be required as part
of this DCO.
The effects of LFN and GBVN and their disturbance effects will last for the not inconsiderable lifetime
operation of the power station, they are effectively permanent and cannot be mitigated once the
project has been constructed. It is not sufficient for the Applicant to say the effects will be mitigated
in detailed design when a) he has not assessed then, b) he has not shown how effective any
mitigation will be, and then seeks to absolve himself of any subsequent claim of nuisance.
This development should not be permitted in a location where the quality of lives depends upon the
quality of the environment, where the intrusion of constant and inescapable noise would be highly
significant, and when the Applicant cannot, or will not, demonstrate their effects.
(‘See no evil, hear no evil and ‘don’t mention’ the evil’ is a phrase that springs to mind in considering
the Applicant’s approach to this whole matter.)
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7. BASIC GROUND-BORNE VIBRATION CONCEPTS

Ground-borne vibration can be a serious concern for nearby neighbors of a transit system route or
maintenance facility, causing buildings to shake and rumbling sounds to be heard. In contrast to airborne
noise, ground-borne vibration is not a common environmental problem. It is unusual for vibration from
sources such as buses and trucks to be perceptible, even in locations close to major roads. Some common
sources of ground-borne vibration are trains, buses on rough roads, and construction activities such as
blasting, pile-driving and operating heavy earth-moving equipment.
The effects of ground-borne vibration include feelable movement of the building floors, rattling of
windows, shaking of items on shelves or hanging on walls, and rumbling sounds. In extreme cases, the
vibration can cause damage to buildings. Building damage is not a factor for normal transportation
projects, with the occasional exception of blasting and pile-driving during construction. Annoyance from
vibration often occurs when the vibration exceeds the threshold of perception by only a small margin. A
vibration level that causes annoyance will be well below the damage threshold for normal buildings.
The basic concepts of ground-borne vibration are illustrated for a rail system in Figure 7-1. The train
wheels rolling on the rails create vibration energy that is transmitted through the track support system into
the transit structure. The amount of energy that is transmitted into the transit structure is strongly
dependent on factors such as how smooth the wheels and rails are and the resonance frequencies of the
vehicle suspension system and the track support system. These systems, like all mechanical systems,
have resonances which result in increased vibration response at certain frequencies, called natural
frequencies.
The vibration of the transit structure excites the adjacent ground, creating vibration waves that propagate
through the various soil and rock strata to the foundations of nearby buildings. The vibration propagates
from the foundation throughout the remainder of the building structure. The maximum vibration
amplitudes of the floors and walls of a building often will be at the resonance frequencies of various
components of the building.

7-2

Transit Noise and Vibration Impact Assessment

Figure 7-1. Propagation of Ground-Borne Vibration into Buildings

The vibration of floors and walls may cause perceptible vibration, rattling of items such as windows or
dishes on shelves, or a rumble noise. The rumble is the noise radiated from the motion of the room
surfaces. In essence, the room surfaces act like a giant loudspeaker causing what is called ground-borne
noise.
Ground-borne vibration is almost never annoying to people who are outdoors. Although the motion of
the ground may be perceived, without the effects associated with the shaking of a building, the motion
does not provoke the same adverse human reaction. In addition, the rumble noise that usually
accompanies the building vibration is perceptible only inside buildings.
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7.1 DESCRIPTORS OF GROUND-BORNE VIBRATION AND NOISE
7.1.1 Vibratory Motion
Vibration is an oscillatory motion which can be described in terms of the displacement, velocity, or
acceleration. Because the motion is oscillatory, there is no net movement of the vibration element and the
average of any of the motion descriptors is zero. Displacement is the easiest descriptor to understand.
For a vibrating floor, the displacement is simply the distance that a point on the floor moves away from
its static position. The velocity represents the instantaneous speed of the floor movement and
acceleration is the rate of change of the speed.
Although displacement is easier to understand than velocity or acceleration, it is rarely used for
describing ground-borne vibration. Most transducers used for measuring ground-borne vibration use
either velocity or acceleration. Furthermore, the response of humans, buildings, and equipment to
vibration is more accurately described using velocity or acceleration.
7.1.2 Amplitude Descriptors
Vibration consists of rapidly fluctuating motions
with an average motion of zero. Several descriptors
can be used to quantify vibration amplitude, three of
which are shown in Figure 7-2. The raw signal is
the lighter-weight curve in the top graph. This curve
shows the instantaneous vibration velocity which
fluctuates positive and negative about the zero point.
The peak particle velocity (PPV) is defined as the
maximum instantaneous positive or negative peak of
the vibration signal.
PPV is often used in
monitoring of blasting vibration since it is related to
the stresses that are experienced by buildings.
Although peak particle velocity is appropriate for
evaluating the potential of building damage, it is not
suitable for evaluating human response. It takes
some time for the human body to respond to
vibration signals. In a sense, the human body
responds to an average vibration amplitude. Because the net average of a vibration signal is zero,
the root mean square (rms) amplitude is used to describe the "smoothed" vibration amplitude. The root
mean square of a signal is the square root of the
average of the squared amplitude of the signal. The
average is typically calculated over a one-second
period. The rms amplitude is shown superimposed

Figure 7-2. Different Methods of Describing a
Vibration Signal
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on the vibration signal in Figure 7-2. The rms amplitude is always less than the PPV* and is always
positive.
The PPV and rms velocity are normally described in inches per second in the USA and meters per second
in the rest of the world. Although it is not universally accepted, decibel notation is in common use for
vibration.
Decibel notation acts to compress the range of numbers required to describe vibration. The bottom graph
in Figure 7-2 shows the rms curve of the top graph expressed in decibels. Vibration velocity level in
decibels is defined as:

⎛ v
Lv = 20 × log10 ⎜
⎜v
⎝ ref

⎞
⎟
⎟
⎠

where "Lv" is the velocity level in decibels, "v" is the rms velocity amplitude, and "vref" is the reference
velocity amplitude. A reference must always be specified whenever a quantity is expressed in terms of
decibels. The accepted reference quantities for vibration velocity are 1x10-6 inches/second in the USA
and either 1x10-8 meters/second or 5x10-8 meters/second in the rest of the world. Because of the
variations in the reference quantities, it is important to be clear about what reference quantity is being
used whenever velocity levels are specified. All vibration levels in this manual are referenced to 1x10-6
in./sec. Although not a universally accepted notation, the abbreviation "VdB" is used in this document
for vibration decibels to reduce the potential for confusion with sound decibels.
7.1.3 Ground-Borne Noise
As discussed above, the rumbling sound caused by the vibration of room surfaces is called ground-borne
noise. The annoyance potential of ground-borne noise is usually characterized with the A-weighted
sound level. Although the A-weighted level is almost the only metric used to characterize community
noise, there are potential problems when characterizing low-frequency noise using A-weighting. This is
because of the non-linearity of human hearing which causes sounds dominated by low-frequency
components to seem louder than broadband sounds that have the same A-weighted level. The result is
that ground-borne noise with a level of 40 dBA sounds louder than 40 dBA broadband noise. This is
accounted for by setting the limits for ground-borne noise lower than would be the case for broadband
noise.

*

The ratio of PPV to maximum rms amplitude is defined as the crest factor for the signal. The crest factor is always
greater than 1.71, although a crest factor of 8 or more is not unusual for impulsive signals. For ground-borne
vibration from trains, the crest factor is usually 4 to 5.
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7.2 HUMAN PERCEPTION OF GROUND-BORNE VIBRATION AND NOISE
This section gives some general background on human response to different levels of building vibration,
laying the groundwork for the criteria for ground-borne vibration and noise that are presented in
Chapter 8.
7.2.1 Typical Levels of Ground-Borne Vibration and Noise
In contrast to airborne noise, ground-borne vibration is not a phenomenon that most people experience
every day. The background vibration velocity level in residential areas is usually 50 VdB or lower, well
below the threshold of perception for humans which is around 65 VdB. Most perceptible indoor vibration
is caused by sources within buildings such as operation of mechanical equipment, movement of people or
slamming of doors. Typical outdoor sources of perceptible ground-borne vibration are construction
equipment, steel-wheeled trains, and traffic on rough roads. If the roadway is smooth, the vibration from
traffic is rarely perceptible.
Figure 7-3 illustrates common vibration sources and the human and structural response to ground-borne
vibration. The range of interest is from approximately 50 VdB to 100 VdB. Background vibration is
usually well below the threshold of human perception and is of concern only when the vibration affects
very sensitive manufacturing or research equipment. Electron microscopes and high-resolution
lithography equipment are typical of equipment that is highly sensitive to vibration.

Figure 7-3. Typical Levels of Ground-Borne Vibration
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Although the perceptibility threshold is about 65 VdB, human response to vibration is not usually
significant unless the vibration exceeds 70 VdB. Rapid transit or light rail systems typically generate
vibration levels of 70 VdB or more near their tracks. On the other hand, buses and trucks rarely create
vibration that exceeds 70 VdB unless there are bumps in the road. Because of the heavy locomotives on
diesel commuter rail systems, the vibration levels average about 5 to 10 decibels higher than rail transit
vehicles. If there is unusually rough road or track, wheel flats, geologic conditions that promote efficient
propagation of vibration, or vehicles with very stiff suspension systems, the vibration levels from any
source can be 10 decibels higher than typical. Hence, at 50 feet, the upper range for rapid transit vibration
is around 80 VdB and the high range for commuter rail vibration is 85 VdB. If the vibration level in a
residence reaches 85 VdB, most people will be strongly annoyed by the vibration.
The relationship between ground-borne vibration and ground-borne noise depends on the frequency
content of the vibration and the acoustical absorption of the receiving room. The more acoustical
absorption in the room, the lower will be the noise level. For a room with average acoustical absorption,
the unweighted sound pressure level is approximately equal to the average vibration velocity level of the
room surfaces.* Hence, the A-weighted level of ground-borne noise can be estimated by applying Aweighting to the vibration velocity spectrum. Since the A-weighting at 31.5 Hz is -39.4 dB, if the
vibration spectrum peaks at 30 Hz, the A-weighted sound level will be approximately 40 decibels lower
than the velocity level. Correspondingly, if the vibration spectrum peaks at 60 Hz, the A-weighted sound
level will be about 25 decibels lower than the velocity level.
7.2.2 Quantifying Human Response to Ground-Borne Vibration and Noise
One of the major problems in developing suitable criteria for ground-borne vibration is that there has
been relatively little research into human response to vibration, in particular, human annoyance with
building vibration. The American National Standards Institute (ANSI) developed criteria for evaluation
of human exposure to vibration in buildings in 1983(1) and the International Organization for
Standardization (ISO) adopted similar criteria in 1989(2) and revised them in 2003 (3). The 2003 version of
ISO 2361-2 acknowledges that “human response to vibration in buildings is very complex.” It further
indicates that the degree of annoyance can not always be explained by the magnitude of the vibration
alone. In some cases the complaints are associated with measured vibration that is lower than the
perception threshold. Other phenomena such as ground-borne noise, rattling, visual effects such as
movement of hanging objects, and time of day (e.g., late at night) all play some role in the response of
individuals. To understand and evaluate human response, which is often measured by complaints, all of
these related effects need to be considered. The available data documenting real world experience with
these phenomena is still relatively sparse. Experience with U.S. rapid transit projects represents a good
foundation for developing suitable limits for residential exposure to ground-borne vibration and noise
from transit operations.

*

The sound level approximately equals the average vibration velocity level only when the velocity level is
referenced to 1 micro-inch/second. When velocity level is expressed using the international standard of 1x10-8
m/sec, the sound level is approximately 8 decibels lower than the average velocity level.
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Figure 7-4 illustrates the relationship between the vibration velocity level measured in 22 homes and the
general response of the occupants to the vibration. The data shown were assembled from measurements
performed for several transit systems along with subjective ratings by the researchers and residents. These
data were previously published in the "State-of-the-Art Review of Ground-borne Noise and Vibration."(4)
Both the occupants and the people who performed the measurements agreed that floor vibration in the
"Distinctly Perceptible" category was unacceptable for a residence. The data in Figure 7-4 indicate that
residential vibration exceeding 75 VdB is unacceptable for a repetitive vibration source such as rapid
transit trains that pass every 5 to 15 minutes. Also shown in Figure 7-4 is a curve showing the percent of
people annoyed by vibration from high-speed trains in Japan.(5) The scale for the percent annoyed is on
the right-hand axis of the graph. The results of the Japanese study confirm the conclusion that at a
vibration velocity level of 75 to 80 VdB, many people will find the vibration annoying.

Figure 7-4. Response to Transit-induced Residential Vibration

Table 7-1 describes the human response to different levels of ground-borne noise and vibration. The first
column is the vibration velocity level, and the next two columns are for the corresponding noise level
assuming that the vibration spectrum peaks at 30 Hz or 60 Hz. As discussed above, the A-weighted noise
level will be approximately 40 dB less than the vibration velocity level if the spectrum peak is around 30
Hz, and 25 dB lower if the spectrum peak is around 60 Hz. Table 7-1 illustrates that achieving either the
acceptable vibration or acceptable noise levels does not guarantee that the other will be acceptable. For
example, the noise caused by vibrating structural components may be very annoying even though the
vibration cannot be felt. Alternatively, a low-frequency vibration could be annoying while the groundborne noise level it generates is acceptable.
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Table 7-1. Human Response to Different Levels of Ground-Borne Noise and Vibration
Vib.
Velocity
Level
65 VdB

75 VdB

85 VdB

Noise Level
Low Freq1

25 dBA

35 dBA

45 dBA

Human Response

Mid Freq2

40 dBA

Approximate threshold of perception for many
humans. Low-frequency sound usually inaudible,
mid-frequency sound excessive for quiet sleeping
areas.

50 dBA

Approximate dividing line between barely
perceptible and distinctly perceptible. Many people
find transit vibration at this level annoying. Lowfrequency noise acceptable for sleeping areas, midfrequency noise annoying in most quiet occupied
areas.

60 dBA

Vibration acceptable only if there are an infrequent
number of events per day. Low-frequency noise
annoying for sleeping areas, mid-frequency noise
annoying even for infrequent events with
institutional land uses such as schools and churches.

Notes:
1.
Approximate noise level when vibration spectrum peak is near 30 Hz.
2.
Approximate noise level when vibration spectrum peak is near 60 Hz.

7.3 GROUND-BORNE VIBRATION FOR DIFFERENT TRANSIT MODES
This section provides a brief discussion of typical problems with ground-borne vibration and noise for
different modes of transit.
•

Steel-Wheel Urban Rail Transit: This category includes both heavy rail transit and light rail transit.
Heavy rail is generally defined as electrified rapid transit trains with dedicated guideway, and light
rail as electrified transit trains that do not require dedicated guideway. The ground-borne vibration
characteristics of heavy and light rail vehicles are very similar since they have similar suspension
systems and axle loads. Most of the studies of ground-borne vibration in this country have focused
on urban rail transit. Problems with ground-borne vibration and noise are common when there is less
than 50 feet between a subway structure and building foundations. Whether the problem will be
perceptible vibration or audible noise is strongly dependent on local geology and the structural details
of the building. Complaints about ground-borne vibration from surface track are more common than
complaints about ground-borne noise. A significant percentage of complaints about both groundborne vibration and noise can be attributed to the proximity of special trackwork, rough or corrugated
track, or wheel flats.
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•

Commuter and Intercity Passenger Trains: This category includes passenger trains powered by
either diesel or electric locomotives. In terms of vibration effects at a single location, the major
difference between commuter and intercity passenger trains is that the latter are on a less frequent
schedule. Both often share track with freight trains, which have quite different vibration
characteristics as discussed below. The locomotives usually create the highest vibration levels.
There is the potential of vibration-related problems anytime that new commuter or intercity rail
passenger service is introduced in an urban or suburban area.

•

High-Speed Passenger Trains: High-speed passenger trains have the potential of creating high
levels of ground-borne vibration. Ground-borne vibration should be anticipated as one of the major
environmental impacts of any high-speed train located in an urban or suburban area. The Amtrak
trains on the Northeast Corridor between Boston and Washington, D.C., which attain moderate to
high speeds in some sections with improved track, fit into this category.

•

Freight Trains: Local and long-distance freight trains are similar in that they both are dieselpowered and have the same types of cars. They differ in their overall length, number and size of
locomotives, and number of heavily loaded cars. Locomotives and rail cars with wheel flats are the
sources of the highest vibration levels. Because locomotive suspensions are similar, the maximum
vibration levels of local and long-distance freights are similar. It is not uncommon for freight trains
to be the source of intrusive ground-borne vibration. Most railroad tracks used for freight lines were
in existence for many years before the affected residential areas were developed. Vibration from
freight trains can be a consideration for FTA-assisted projects when a new transit line will share an
existing freight train right-of-way. Relocating the freight tracks within the right-of-way to make
room for the transit tracks must be considered a direct impact of the transit system which must be
evaluated as part of the proposed project. However, vibration mitigation is very difficult to
implement on tracks where trains with heavy axle loads will be operating.

•

Automated Guideway Transit Systems (AGT): This transit mode encompasses a wide range of
transportation vehicles providing local circulation in downtown areas, airports and theme parks. In
general, ground-borne vibration can be expected to be generated by steel-wheel/steel-rail systems
even when limited in size. Because AGT systems normally operate at low speeds, have lightweight
vehicles, and rarely operate in vibration-sensitive areas, ground-borne vibration problems are very
rare.

•

Bus Projects: Because the rubber tires and suspension systems of buses provide vibration isolation,
it is unusual for buses to cause ground-borne noise or vibration problems. When buses cause effects
such as rattling of windows, the source is almost always airborne noise. Most problems with busrelated vibration can be directly related to a pothole, bump, expansion joint, or other discontinuity in
the road surface. Smoothing the bump or filling the pothole will usually solve the problem.
Problems are likely when buses will be operating inside buildings. Intrusive building vibration can be
caused by sudden loading of a building slab by a heavy moving vehicle or by vehicles running over
lane divider bumps. A bus transfer station with commercial office space in the same building may
have annoying vibration within the office space caused by bus operations.
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7.4 FACTORS THAT INFLUENCE GROUND-BORNE VIBRATION AND NOISE
One of the major problems in developing accurate estimates of ground-borne vibration is the large
number of factors that can influence the levels at the receiver position. This section gives a general
appreciation of which factors have significant effects on the levels of ground-borne vibration. Table 7-2
is a summary of some of the many factors that are known to have, or are suspected of having, a
significant influence on the levels of ground-borne vibration and noise. As indicated, the physical
parameters of the transit facility, the geology, and the receiving building all influence the vibration levels.
The important physical parameters can be divided into the following four categories:
•

Operational and Vehicle Factors: This category includes all of the parameters that relate to the
vehicle and operation of the trains. Factors such as high speed, stiff primary suspensions on the
vehicle, and flat or worn wheels will increase the possibility of problems from ground-borne
vibration.

•

Guideway: The type and condition of the rails, the type of guideway, the rail support system, and the
mass and stiffness of the guideway structure will all have an influence on the level of ground-borne
vibration. Jointed rail, worn rail, and wheel impacts at special trackwork can all cause substantial
increases in ground-borne vibration. A rail system guideway will be either subway, at-grade, or
elevated. It is rare for ground-borne vibration to be a problem with elevated railways except when
guideway supports are located within 50 feet of buildings. For guideways at-grade, directly radiated
noise is usually the dominant problem, although vibration can be a problem. For subways, groundborne vibration is often one of the most important environmental problems. For rubber-tired systems,
the smoothness of the roadway/guideway is the critical factor; if the surface is smooth, vibration
problems are unlikely.

•

Geology: Soil and subsurface conditions are known to have a strong influence on the levels of
ground-borne vibration. Among the most important factors are the stiffness and internal damping of
the soil and the depth to bedrock. Experience with ground-borne vibration is that vibration
propagation is more efficient in stiff clay soils, and shallow rock seems to concentrate the vibration
energy close to the surface and can result in ground-borne vibration problems at large distances from
the track. Factors such as layering of the soil and depth to water table can have significant effects on
the propagation of ground-borne vibration.

•

Receiving Building: The receiving building is a key component in the evaluation of ground-borne
vibration since ground-borne vibration problems occur almost exclusively inside buildings. The train
vibration may be perceptible to people who are outdoors, but it is very rare for outdoor vibration to
cause complaints. The vibration levels inside a building are dependent on the vibration energy that
reaches the building foundation, the coupling of the building foundation to the soil, and the
propagation of the vibration through the building. The general guideline is that the heavier a building
is, the lower the response will be to the incident vibration energy.
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Table 7-2. Factors that Influence Levels of Ground-Borne Vibration and Noise
Factors Related to Vibration Source
Factors
Vehicle
Suspension
Wheel Type
and Condition

Track/Roadwa
y Surface
Track Support
System

Speed
Transit
Structure

Influence
If the suspension is stiff in the vertical direction, the effective vibration forces will be higher.
On transit cars, only the primary suspension affects the vibration levels, the secondary
suspension that supports the car body has no apparent effect.
Use of pneumatic tires is one of the best methods of controlling ground-borne vibration.
Normal resilient wheels on rail transit systems are usually too stiff to provide significant
vibration reduction. Wheel flats and general wheel roughness are the major cause of vibration
from steel wheel/steel rail systems.
Rough track or rough roads are often the cause of vibration problems. Maintaining a smooth
surface will reduce vibration levels.
On rail systems, the track support system is one of the major components in determining the
levels of ground-borne vibration. The highest vibration levels are created by track that is
rigidly attached to a concrete trackbed (e.g. track on wood half-ties embedded in the concrete).
The vibration levels are much lower when special vibration control track systems such as
resilient fasteners, ballast mats and floating slabs are used.
As intuitively expected, higher speeds result in higher vibration levels. Doubling speed usually
results in a vibration level increase of 4 to 6 decibels.
The general rule-of-thumb is that the heavier the transit structure, the lower the vibration levels.
The vibration levels from a lightweight bored tunnel will usually be higher than from a poured
concrete box subway.
There are significant differences in the vibration characteristics when the source is underground
compared to surface level.

Depth of
Vibration
Source
Factors Related to Vibration Path
Factor
Influence
Soil Type
Vibration levels are generally higher in stiff clay-type soils than in loose sandy soils.
Rock Layers
Vibration levels are usually high near at-grade track when the depth to bedrock is 30 feet or
less. Subways founded in rock will result in lower vibration amplitudes close to the subway.
Because of efficient propagation, the vibration level does not attenuate as rapidly in rock as it
does in soil.
Soil Layering
Soil layering will have a substantial, but unpredictable, effect on the vibration levels since each
stratum can have significantly different dynamic characteristics.
Depth to
The presence of the water table may have a significant effect on ground-borne vibration, but a
Water Table
definite relationship has not been established.
Factors Related to Vibration Receiver
Factor
Influence
Foundation
The general rule-of-thumb is that the heavier the building foundation, the greater the coupling
Type
loss as the vibration propagates from the ground into the building.
Building
Since ground-borne vibration and noise are almost always evaluated in terms of indoor
Construction
receivers, the propagation of the vibration through the building must be considered. Each
building has different characteristics relative to structureborne vibration, although the general
rule-of-thumb is the more massive the building, the lower the levels of ground-borne vibration.
Acoustical
The amount of acoustical absorption in the receiver room affects the levels of ground-borne
Absorption
noise.
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1 Preface
Underground railways give rise to both vibration and groundborne noise, to varying
extents depending on their design, that are perceived in buildings above. Because of the
significant levels of vibration and groundborne noise caused by some of the older
underground lines, particularly in London, the topic attracts great attention at the time new
underground railway schemes are promoted. Recently constructed railways have
benefited from a major design effort to reduce these effects, as witnessed by the
performance of the Jubilee Line Extension and the Lewisham Extension of the Docklands
Light Railway.
The design effort includes extensive mathematical modelling and prediction work, both the
predict levels of vibration at source, the behaviour of track support systems and tunnels,
the propagation of vibration through the ground and the response of buildings. Over the
years during which the Crossrail project has existed, continual advances have been made
in the level of detail capable of being modelled.
Vibration and groundborne noise are the same phenomenon, perceived in the first case
by the human tactile sense, and in the second by the sense of hearing when the vibration
causes walls and floor in room to vibrate and thereby cause airborne noise in the room.
Vibration tends to be of lower frequency than re-radiated noise, as it is often termed.
Otherwise, both effects are the result of the same phenomenon: forces due to train
movement over rails, with wheels and rail running surfaces that can never be perfectly
smooth, cause waves in the elastic medium surrounding the tunnel which are propagated
in a way analogous to normal sound, but in a solid or liquid medium rather than in air, until
the point where the re-radiation into air takes place.
Wave propagation in a solid medium is more complex than is the case for air, because the
properties of air vary only by small amounts, whereas the properties of solid media vary
widely and cannot in practice be known, everywhere, precisely. Additionally there are two
primary types of wave propagation (compared with one for air), shear waves and
compression waves, and many secondary types of wave in layers and at interfaces
between layers. The effect of distance is also more complex than the case for air, not only
because the geometric effect of waves spreading out from the source is more complex,
but also because losses within the propagation medium, broadly known as damping, and
much more complex than the analogous effect in air. Damping in solid media takes place
due to friction, non-linearity and viscosity (when fluids are present). At least as important
are effects due to conversion between wave types at interfaces, scattering due to fissures,
inclusions and other inhomogeneities in the soil, and effects such as dependence of wave
speed on direction.
The best solution to the complex issue of predicting levels of groundborne noise and
vibration is numerical modelling. Crossrail has used an established method known as
finite-difference modelling, as implemented in the proprietary package FINDWAVE®, the
property of Rupert Taylor Ltd. FINDWAVE® has been used on the Jubilee Line Extension,
the Docklands Light Railway, Copenhagen Metro, Malmö Citytunneln, Tvärbanen
Stockholm, SL Stockholm, Singapore Circle Line, Västlänken Gothenburg, Parramatta
Rail Link, Sydney, Thameslink 2000, Kowloon Canton Railway, Hong Kong, as well as for
other non-railway applications such as vibration in steel-framed buildings.
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2 Introduction
Between 1993 and 1995 numerical noise modelling work was carried out by Rupert Taylor
Ltd for the purpose of predicting groundborne noise and vibration from the operation of
Crossrail in the tunnels of the central section between Paddington and Liverpool Street.
The modelling was made using the then current version of the finite difference package
FINDWAVE®.
Much of Crossrail’s alignment is in London Clay, and this is also true of the recently
constructed Jubilee Line Extension. A validation exercise1 was carried out by the previous
Crossrail project in which measurements of groundborne noise from the Jubilee Line
Extension were compared with the output of a model of the location concerned. The
results were subject to the limitation that rail roughness was not measured (i.e. the
standard rail roughness assumption assumption was also subject to validation). Inter-train
variability caused a large spread in the measured results. In terms of the dB(A) level, the
prediction was accurate to within 1.7 dB(A), within the standard deviation of the
measurements, of 2.4 dB(A).
A number of improvements and extensions to the FINDWAVE® model have been made in
the intervening years, and a study was undertaken to compare results obtained with the
2003 version with those obtained 1993-1995. One of the differences between the 1995
and 2003 models was the ability of the 2003 model to take full account of layering of the
soil. The study was therefore devoted to an area of the Crossrail alignment where there is
significant layering, in a location where there is a layer of Thames Gravels above the
tunnel. The study concluded that effect of the layers of gravel and made ground over the
top of the London Clay was having a significant effect. For the location selected, provided
the geotechnical data and the assumptions concerning the buildings foundations were
correct, the 1995 conclusion that floating track slab would be required would no longer
arise. For other locations founded in the clay, a different conclusion would result, and the
indications are that the 1995 predictions would be more closely repeated in the 2003
model.
Following the 2003 study, a detailed review of the literature of soil properties was carried
out, and is reproduced in this report as Appendix II. This indicated that some of the
assumptions made about dynamic soil properties were inappropriate. It was therefore
decided to carry out a validation exercise both to address the validity of the results
obtained for layered ground including gravel, and to very the appropriateness of revised,
soil assumptions. A site was sought where there was layered ground above a recently
constructed underground railway in circumstances where as many parameters as
possible, including rail roughness, could be determined.
The railway selected was the Lewisham Extension of the Docklands Light Railway where
it runs in circular bored tunnel between Cutty Sark Station and the River Thames. The
location was selected because of the presence of a wide range of soil layers, in order to
validate in particular the modelling of the transmission of vibration through layered ground.
The work was carried out with the assistance of CGL Rail plc and Docklands Light
Railway Ltd.
While the DLR is a light railway it is nonetheless relevant to Crossrail. The tunnel is a
circular bored tunnel of 5.5m diameter, with segmented concrete linings. The unsprung
1

CROSSRAIL Noise and Vibration, Validation of computer model January 2002
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mass of the vehicles is lower at 468 kg compared to 835kg for Crossrail, but the difference
is precisely taken into account in the model, as is the smaller rail section (BS80A
compared to UIC60). Rail support in the area studied is resilient baseplates on nonballasted track.
Figure 1. shows the position of the measurement location at ground level and figure 2.
shows a longitudinal section through the tunnel. The measurement location was in the
middle of an open car parking area selected to be equidistant from each tunnel. The
feature shown towards the top left of figure 2. is the Deptford Discharge Culvert Outfall
and is not included in the model. Rail level is 21m below ground level in the region
modelled.

Figure 1. Plan of the validation site (Docklands Light Railway Ltd)
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Figure 2. Longitudinal section through validation site (Docklands Light Railway Ltd)
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3 MEASUREMENT PROCEDURE
Two measurement exercises were carried out: (i) measurements of rail roughness and (ii)
measurements of three-axis ground surface vibration. Rail vehicle wheel roughness was
deduced by the method set out in Appendix I.
The vibration measurements, made on 4 May 2004, were made by attaching three Brüel &
Kjær type 4378 accelerometers using magnetic clamps to a 30mm cube of steel resting
on the ground surface. The three axes measured were vertical, lateral and longitudinal
(parallel with the tunnel centreline). The accelerometers were connected to Brüel & Kjær
type 2635 charge amplifiers, the output of which was connected to a data logger
consisting of a multichannel analogue-to-digital converter, microprocessor and hard disk.
The time domain acceleration signal, filtered by the charge amplifier to a bandwidth of
0.2Hz to 1kHz. Filtration is essential to avoid aliasing in the subsequent digital sampling
process, and on-site inspection of the detected signal made clear (as is almost always the
case) the the groundborne vibration signal was negligible above approximately 500Hz.
Identification of train vehicle numbers was made by timing the events and inspecting the
rail operator’s log for the day. Train speed was taken from the signalling contractor’s
speed/distance plot, considered to be sufficiently accurate given the fact that the train
system concerned is computer controlled rather than manually driven.
Train wheel condition was variable, and some vehicles clearly had acquired flat-spots on
their wheel treads. The DLR has a wheel maintenance requirement as part of its noise
and vibration policy, and wheels are periodically turned on the lathe at Beckton depot.
However, the lathe does not have equipment for measuring the wheel profile.
Passes of a single vehicle pair (denoted 66 66 in the operator’s log), one pass in each
tunnel, that did not appear to have noticeable wheel defects were selected for use in the
validation exercise. A measurement of background vibration in the absence of trains was
also made.
The procedure set out in Appendix I to deduce wheel roughness indicated that in a few
1/3 octave bands it was a significant contributor relative to rail roughness. As explained in
Appendix I, it is possible to determine wheel roughness for the case where measurements
of ground-borne vibration have been made for two tunnels in circumstances where the
propagation conditions between the tunnels and the measurement location can be
assumed to be identical. For the same rail vehicles, same tunnels, same ground
conditions and propagation conditions, the surface vibration will vary only because of
variations in rail and wheel roughness. Even though the propagation function is unknown
(and indeed is the subject of study in the present exercise), provided it can be assumed to
be the same for both tunnels it is eliminated in the algebraic process. Differences between
the surface vibration spectrum for the two tunnels for the same train in otherwise identical
circumstances are due to differences in the combined wheel and rail roughness. The ratio
of roughness amplitudes for the two tunnels is known, and the ratio of surface vibration
amplitudes for the two tunnels is known, enabling the rail roughness contribution to be
eliminated leaving an expression for the one unknown parameter: the wheel roughness. In
reality, the propagation conditions are slightly different between the two tunnels, and this
results in different degrees of agreement between the eventual predictions and
measurements for the two tunnels as explained below.
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Figure 3. shows the wheel and rail roughness for the sections of tunnel in figure 1. “Up”
refers to the lower tunnel in Figure 1. “Down” to the upper tunnel.
FINDWAVE VALIDATION
Wheel and rail roughness
60

Down Rail plus wheel
Down Rail
Up Rail plus wheel
Up Rail
Model roughness

dB re 1 micron

50
40
30
20
10
0
1.31

0.65

0.33

0.16

0.08

0.04

0.02

1/3 Octave band centre wavelength, m

Figure 3. Measured and indirectly determined rail and wheel roughness
Note: The wavelengths correspond to standard frequency bands from 20Hz to 315Hz for
the modelled train speed of 47 km/h
Measured rail roughness was made by AEA Technology on 1 April 2004 as rail height at
intervals of approximately 0.25mm intervals. The AEA measurements were made and
reported over a greater length of track than that ultimately selected for use in the model,
and the roughness measurements used to characterise the rail input to the model were for
the length of track indicated in Figure 2.
The AEA time-domain results were re-analysed for each rail for this length of the two
tunnels. Lengths of 65m relevant to the location of the rail vehicles during the
measurements were extracted and subjected to frequency transform by a series of 8
overlapped 1/3 octave spectra each approximately 16m long. The spectra in Figure 3 are
not the same as the spectra in Appendix III, which are for the entire length of track
measured.
These were presented as frequency spectra for the relevant train speed directly beneath
the measurement location, (47 km/h) and the logarithmic mean of the eight spectra was
used. In each case, the results were corrected for background vibration, and it was found
that train vibration exceeded background vibration in the range 20Hz to 315Hz.
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4 THE PREDICTION MODEL
A matrix of 108 x 124 x 135 cells each .25m (vertical) x .25m (lateral) x .217m
(longitudinal) was generated as illustrated in figures 4. and 5. The properties assigned to
each colour-coded cell were as shown in table 1. Where the cell size differs from the
actual feature, i.e. the rail cross section which is less than .25m x .25m, the moduli and
densities are reduced to give the correct bending stiffness and mass per unit length. In the
present case this applies only to the rails, which are modelled as a beam 0.25m x 0.25m,
as shown in figures 4. and 5., so that the cells in the beam are given densities that result
in a mass per unit length equivalent to that of BS80A rail, and elastic moduli that cause
the bending stiffness (product of Young’s modulus and second moment of area) to match
that of the rail. The cells representing baseplates were given moduli that gave the correct
vertical dynamic stiffness. A key to the colour codes is given in Table 1 below.
The lateral boundaries and the bottom boundary were made non-reflecting. The model
was run for 32768 time steps for a total of 1 second.

Figure 4. Longitudinal section through model
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Figure 5. Cross section through model
The model was connected end-to-end to limit the length and avoid an excessive run time.
The length of the model (in the direction of train travel) was thus comparatively short, as
indicated in Figure 2. above. This means that it is the layering within this length that is in
the model, and because of the practical necessity to connect the ends of the model the
layers must be the same at each end. There is therefore not an exact representation of
the inclination of the boundaries between the layer indicated in Figure 2. That inclination
itself is only an inference, and any error due to its imprecise representation is likely to be
subordinate to the error due to lack of knowledge about how clearly defined is the
interface between the layers. An important aspect of this study is that it compares
modelling results made subject to frequently encountered limitations in precise knowledge
about the soil, with measured results, and therefore shows the degree of accuracy that is
achieved despite the inevitable imprecision of some of the geotechnical data.
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An alternative approach would have been to extend the model along the rail well beyond
the length of the train, with absorbing ends. This would have included the river Thames
and the headwall of the Cutty Sark station which is visible on the right in Figure 2.
However, the design criteria used by Crossrail (and other UK underground railways) are
set in terms of the maximum r.m.s. level, and this is determined (except in special cases)
by the passage of the train beneath the measurement location. Thus the benefit of
extending the length of the model would only be to the accuracy of the time history of the
vibration signal before and after the section that influences the required result. This study
was devoted to the performance of the system in the region shown in Figure 2. To the left
of that region, the track support is stiffer, and while the movement of the train on to that
section is clearly detectable in the measured results after the train has passed beneath
the measuring location, that part of the measurements was discarded.
The model output was transformed from the time domain to the frequency domain in 1/3
octave bands.
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5 INPUT DATA
The Train
The train consists of two three-bogie articulated vehicles coupled together. Each
articulated vehicle is 28.8m long giving a train length of 57.6m. East. The outer bogies of
each vehicle are motored; the central bogie is a trailer bogie. The model input data were
as follows:
Length over couplers
Vehicle_mass_per_wheel
Vehicle_secondary_suspension_stiffness
Secondary_suspension_damping
Sprung_mass_of_bogie_per_wheel
Stiffness_of_primary_suspension
Primary_suspension_damping
Unsprung_mass_per_wheel
Hertzian_contact_stiffness
1st axle distance from body end
2nd axle distance from body end
3rd axle distance from body end
4th axle distance from body end
5th axle distance from body end
6th axle distance from body end
Speed

28.8
3249
383
37.5
859.5
1.14
1.6
468
1.2
3.05
4.95
13.05
14.95
23.05
24.95
47

m
kg
kN/m
kNs/m
kg
MN/m
kNs/m
kg
GN/m
m
m
m
m
m
m
Km/s

The Track and Tunnel
The track consisted of BS 80A rail support on resilient baseplates, having a cast top plate
on a cellular polymer pas through which protrude holding down bolts. The baseplates
were fastened to a concrete invert. The tunnel is 5.25m internal diameter with segmental
concrete linings 250mm thick.
The dynamic stiffness of the baseplate pad was stated as 10MN/m by the manufacturers,
and the loss factor, η, was assumed to be 0.1.
The Soil
The soil properties were derived from data on the soil characteristics found in engineering
design reports from the time the railway was planned, used primarily to select properties
based on the soil characteristics from the literature sources given in Appendix II. The
properties themselves were not measured on-site. The water table (influenced by the
proximity of the River Thames) was taken from the vertical alignment drawing, an extract
from which is the basis of Figure 2 above. In this study the presence of groundwater is
accounted for in the effect it has on the compression wave velocity (and to a lesser extent
on the density).
The soil properties were as shown in table 1 in terms of shear modulus, G = ρcs2 where cs
is shear wave velocity, compressive modulus, D= ρcp2 where cp is dilatational wave (pwave) velocity, density ρ, and loss factor η. Table 1 presents the results according to the
colours used in the model (rather than in order of layer).
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Soil properties were selected, as far as Gmax and Poisson’s ratio were concerned, based
on their characteristics and published data for comparable soils. Typical values were
selected from the literature (see Appendix II) appropriate to the depths and stress levels
concerned. As far as loss factor is concerned, neither the Biot-Stoll equation for
propagation in water-saturated porous media, nor soil non-linearity can account for a
value for η of more than about 0.03-0.05 except at high frequencies in saturated ground.
Poisson’s ratio, σ , determines the ratio of D to G according to the relationship

G=
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Item

6

Compression
moduduls
D (GPa)
0.00014

Density
3
ρ (kg/m )

Loss factor
η (dimensionless)

Air1

Shear
modulus
G (GPa)
0

1.18

0.001

Concrete

20.8

55.56

2400

0.01

Lambeth Group

0.5804

5.409

2100

0.05

Saturated Thanet Beds

0.4417

5.409

2100

0.05

Terrace Gravels

0.2701

1.0348

2000

0.05

Alluvium

0.067881

0.26654

1500

0.05

Made Ground

0.067881

0.26654

1500

0.05

Baseplates

0.0154

0.0426

100

0.1

Rail

3.511

11.87

776.59

0.05

Saturated Terrace Gravels

0.2835

5.4097

2100

0.05

Table 1

Soil properties: key to the colour codes in Figures 4. and 5.

The loss factors shown in table 1 are represented in the model as frequency-dependent in
the manner shown in Figure 6.
FINDWAVE VALIDATION
Frequency dependence of loss factor
0.3

loss factor (dimensionless)

0.25
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0.1
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0
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20
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31.5

40

50

63

80

100
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200
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315

400

500

630

Frequency, Hz

Figure 6. Frequency dependence of loss factors for three values of η, 0.1, 0.05 and 0.01.
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6 RESULTS
Two runs of the DLR model were carried out, the first with zero rail roughness and the
second with a standardised rail roughness profile. The results, shown in Figure 7.
demonstrated that in this case the ground surface vibration is primarily influenced by
roughness and that gravitational effects were of second order. The results were therefore
subsequently adjusted to the measured rail roughness for the northbound and the
southbound tunnels, corrected for wheel roughness using the method set out in Appendix
I.
FINDWAVE Validation
comparison of rail velocity with and without roughness
150
Zero roughness

Standard roughness spectrum

dB re 1 nm/s

140
130
120
110
100
90
80
20

25

31.5

40

50

63

80

100

125

160

200

250

315

1/3 Octave Band mid frequency, Hz

Figure 7. The influence of roughness on the model results
The measured roughness could not be used directly, for several reasons. Digital sampling
is always subject to aliasing error (the effect that can cause vehicle wheels to appear to
run backwards in films) unless subject to filtering to ensure that the highest roughness
frequency is not more than 1/2.56 times the upper frequency range of the model. While, in
principle, the roughness profiles can be filtered, the use of a standard filtered roughness
profile and post-processing normalisation gives mathematically identical results in the
frequency domain, for a roughness-controlled case, and halves the model run time. The
standard roughness spectrum is indicated in Figure 2.
The model results together with the measured results are plotted in figures 8. to Error!
Reference source not found. in terms of 1/3 octave band 3-axis velocity in dB re 1
nanometre per second. The comparison is between a single measurement of the passage
of a single specific train and the single prediction that is generated by FINDWAVE, which,
being wholly deterministic gives a single result for a particular set of input parameters. A
statistical approach would not be appropriate since the wheel roughness characteristics of
a specific train is a required input.
It is possible to estimate the likely level of ground-borne noise that would occur inside a
hypothetical building located at the position of the prediction point, assuming the surface
vibration to be the vibration of the floor of the building, by subtracting 27 dBi from the
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velocity level. This is referred to below as “pseudo-groundborne noise level”. The results
are:
Up tunnel
13.7 dB(A) modelled; 14.0 dB(A) measured
Down tunnel 16.9 dB(A) modelled; 19.9 dB(A) measured
The prediction/measurement point was selected to be midway between the two tunnels,
where the propagation conditions from each tunnel to the prediction point, and the train
speed, are nominally the same. Thus, the only difference between the two predictions
results is the rail roughness for the two tunnels. Given that the roughness was measured,
the difference in the agreement between measured and predicted results for the two
tunnels has to be due to unknown differences in the propagation conditions between the
two tunnels and the single measurement/prediction point.

FINDWAVE VALIDATION
Comparison of measured and modelled results - Up Tunnel
3-axis vector sum
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Figure 8. Measured and modelled results (vector sum) for Up tunnel
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FINDWAVE VALIDATION
Comparison of measured and modelled results - Down Tunnel
3-axis vector sum
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Figure 9. Measured and modelled results (vector sum) for Down tunnel.

FINDWAVE VALIDATION
Comparison of measured and modelled results - Up Tunnel
x-axis
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Figure 10. Measured and modelled results (x-axis/lateral) for Up tunnel
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FINDWAVE VALIDATION
Comparison of measured and modelled results - Up Tunnel
y-axis
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Figure 11. Measured and modelled results (y-axis/vertical) for Up tunnel
FINDWAVE VALIDATION
Comparison of measured and modelled results - Up Tunnel
z-axis
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Figure 12. Measured and modelled results (z-axis/longitudinal) for Up tunnel
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FINDWAVE VALIDATION
Comparison of measured and modelled results - Down Tunnel
x-axis
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Figure 13. Measured and modelled results (x-axis/lateral) for Down tunnel
FINDWAVE VALIDATION
Comparison of measured and modelled results - Down Tunnel
y-axis
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Figure 14. Measured and modelled results (y-axis/vertical) for Down tunnel
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FINDWAVE VALIDATION
Comparison of measured and modelled results - Down Tunnel
z-axis
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Figure 15. Measured and modelled results (z-axis/longitudinal) for Down tunnel
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7 SENSITIVITY TO SOIL ASSUMPTIONS
The first draft of this report included results for model runs which differed from those
presented here. The soil parameters, having in the first instance been selected from the
references in Appendix II in terms of wave speeds, were converted to values for ρ, G and
D taking the latter as the known parameters and ρ as the unknown. For saturated layers,
this gave ρ as the density of water. In the original model, the soil loss factor was entered
as 0.03 at all frequencies. This assumes all damping is due to friction or non-linearity.
Subsequent consideration identified these assumptions as inappropriate, since
propagation in the frame of a saturated porous medium cannot be neglected and the
presence of water causes some viscous damping, but it is interesting that a curve shape
in the lower part of the frequency spectrum that agreed slightly better with the shape of
the measured spectrum was achieved, and agreement in the z-direction was better. The
first draft results also showed a secondary peak in the spectrum around 160 Hz to 250Hz
that was not measured. When the model reported herein was run, the soil loss factor was
changed so as to be frequency dependent, as shown in Figure 6. above, to include some
viscous damping due to fluid in the soil, and the secondary peak disappeared.
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8 DISCUSSION
Figures 8. and 9. show broadly similar spectrum shapes for the predicted and modelled
results, although secondary peaks in the 1/3 octave band spectrum do not coincide
precisely. The same is true of the results for the x- (lateral) and y- (vertical) axes. There is
poor agreement for the z- (longitudinal) axis, due to the fact that the model is connected
end-to-end and is therefore for an infinitely long train, whereas the actual train is only
57.6m long. This will not be the case for Crossrail train models, where the train length is
200m.
Because of the rigidity of a concrete-lined tunnel in the z-direction relative to its complex
modal response in the x and y directions, and the fact that the excitation forces of gravity
and roughness act largely vertically, and to a lesser extent laterally, field results normally
show only a small contribution to vibration at the ground surface from the z-axis.
In terms of pseudo-groundborne noise level, the measured and modelled results differ by
only 0.3 dB(A) for the Down tunnel, but there is an underprediction of 3 dB(A) for the Up
tunnel. This is due to unknown differences between the nominally identical propagation
conditions between the up and down tunnels and the common measurement location.
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9 CONCLUSION
The results reported in reference 1 showed that in the London Clay, the results of
FINDWAVE® modelling including the use of a standardised roughness spectrum were
accurate to within 2 dB(A) relative to the mean of a range of measured results with a
standard deviation of 2.4 dB(A). This model included the receiving building structure
The present results, in layered ground and with measured rail roughness, but without a
building structure, gave an accuracy within a range of up to 3dB(A).
On the Crossrail system, as on all other railways, rail roughness will vary widely with time
and distance, as well as between trains in the same location. A prediction model with
100% accuracy will give results which must then be interpreted according to the likely
range of roughness amplitudes. Uncontrolled, roughess variations can cause overall reradiated sound levels to vary by as much as 20dB(A). In a system where there are
commitments to design aims, predictions can only be made without large uncertainty
attributable to rail (and wheel) roughness by assuming that a maintenance regime will
exist that intervenes when roughness amplitudes approach a pre-determined limit. That
limit can then be used in the prediction model, and will give an upper bound to the range
of results influenced by ranges of roughness amplitude.
On this basis, the studies considered here indicate that the other uncertainties, primarily of
soil dynamic properties but also including such matters as actual in-service dynamic
performance of track components, result in an a FINDWAVE® accuracy to within 3 dB(A)
in the most complex soil conditions. Combining the results of the two validation studies to
include uncertainty due to building structure, a safe conclusion would be that where
FINDWAVE® is applied to complex soil conditions and includes a building model,
assuming a wheel/rail maintenance policy limit, measured levels are unlikely to exceed
predicted levels by more than 5 dB(A). If this is taken into account, in cases where
complex predictions show lower levels of vibration and groundborne noise than simple
predictions assuming all soil is London Clay, and where the consequence is a lesser
degree of mitigation in terms of trackform design, a decision to adopt the mitigation
concerned would be strongly supportable.
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APPENDIX I
INDIRECT DETERMINATION OF WHEEL ROUGHNESS
It can be assumed that there are two independent, linear sources: rail roughness and
wheel roughness, both located at the wheel/rail interface.
Then the mean square measured overall vibration velocity on the ground surface, in any
frequency band, will be the sum of the mean square vibration velocity caused by the rail
(R) in the relevant tunnel and the mean square vibration velocity caused by the wheel (W)
of a particular vehicle.
We will know the surface mean square vibration velocity (M) by measurement, so
for a pair of train passages of the same vehicle in tunnel 1 and tunnel 2, at a location
midway between the two tunnels where the propagation conditions can be assumed to be
the same.
M1=R1+W
M2=R2+W
While we do not know the values of R1 and R2, we know that the ratio of R2 to R1 will be
the same as the ratio of the source rail roughness in tunnel 2 and tunnel 1 (which have
been measured), so, putting k=R2/R1 we have
R2=kR1
So
M2=kR1+W
since
R1=M1-W
then
M2=kM1-kW+W
And rearranging gives
W=(M2-kM1)/(1-k)
Thus the unkowns R1 and R2, which include the propagation characteristics of the soil
that are the subject of study, are eliminated, leaving only the known parameters, M1, M2
and k, from which W may be determined.
So the wheel roughness of a vehicle can be obtained from measurements of the same
vehicle in the northbound and southbound tunnels at the same speed, at a location
midway between the tunnels where the propagation conditions can be assumed to be the
same for both tunnels.
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There will be some error due to inequalities of the speed profile and differences in ground
conditions for the two tunnels. The magnitude of the error can be estimated from the
variation in the value of R2 and R1 (which should be constant) obtained for different
measurement pairs.
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APPENDIX II
SOIL DYNAMIC PROPERTIES LITERATURE REVIEW
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10 Introduction
Between 1993 and 1995 numerical noise modelling work was carried out by Rupert Taylor
Ltd for the purpose of predicting groundborne noise and vibration from the operation of
Crossrail in the tunnels of the central section between Paddington and Liverpool Street.
The modelling was made using the then current version of the finite difference package
FINDWAVE®. A number of improvements and extensions to the FINDWAVE® model have
been made in the intervening years, and a study has been carried out to compare results
obtained with the 2003 version with those obtained with the1993-1995 version.
The outcome of the study was that the 2003 version of FINDWAVE®, which takes account
of layering in the ground, gives predictions which are more sensitive to the dynamic
properties of the soil than was the case with the 1995 model. It is therefore particularly
important to make the right assumptions in this respect.
For predicting groundborne noise transmission, the soil properties must be appropriate for
infinitessimally small strains, which are significantly different from those for the strains
involved in most of the measured data given in geotechnical reports.
This report gives the result of a literature search, and an analysis of the technical material
discovered in the literature relating to the known small-strain dynamic properties of the
soils relevant to Crossrail.
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11 SOIL DYNAMIC PROPERTIES AND GROUNDBORNE NOISE
PROPAGATION
The FINDWAVE® model operates by solving, using finite-difference methods, the general
equation for three-dimensional wave propagation in elastic media, extended to include a
frequency-dependent loss factor.
The input parameters are the density (mass per unit volume), shear modulus, poisson’s
ratio and loss factor for each cell in the model. The cells are generally cubes of a few
centimetres in size, although irregular shapes are possible. Poisson’s ratio is a means of
relating the shear modulus (the stiffness of a soil sample when two opposite faces of the
sample are moved parallel with one another) to the compression modulus (the stiffness of
a soil sample when directly compressed with confined sides. Poisson’s ratio quantifies the
degree to which an elastic sample will bulge when directly compressed if the sides are
unconfined, and the stiffness of such a sample, expressed in terms of the force needed to
compress the sample by unit distance, is called Young’s modulus and given the symbol E.
The symbol for shear modulus is usually G, and for compression modulus it is usually D.
The symbol for Poisson’s ratio may be σ, μ or ν. In this report the symbol σ is used. All
three moduli are linked through Poisson’s ratio such that

G=

D(1 − 2σ )
2(1 − σ )

σ=

2G − D
2(G − D)

E = 2G (1 + σ )
D=

E (1 − σ )
(1 + σ )(1 − 2σ )

E=

G (4G − 3D)
G−D

Additionally, soils are porous, and may be water saturated. This modifies the dynamic
behaviour of the soil.
Shear waves and compression waves propagate at speeds dependent on the moduli and
densities concerned. Shear wave speeds are given by

G

c

s

c

p

ρ

Compression wave speeds are given by

Validation of groundborne noise and vibration
Final

D

ρ

Date: 23 September 2004
Page 31 of 56

Crossrail

for loss-free media. The presence of damping (see below) modifies these relationships, as
does the presence of water in saturated porous media (which introduces a third, much
slower and highly attenuated, wave type).
Groundborne noise (which is vibration at frequencies within the audible range) propagates
as wave motion through shearing of the soil and through compression of the soil and/or
water in the soil. While these are the only types of wave motion in an infinitely large
homogeneous medium, when discontinuities appear, such as interfaces between two
kinds of soil, or between soil and air (at the ground surface), the shear and compression
waves combine in a way which gives rise to other types of wave motion. Ground surface
waves are known as Rayleigh waves. Waves at interfaces are known as Stoneley wabes
and waves in layers are known as Lamb waves. Although these waves have different
propagation speeds, there is still no need for any other parameters besides those listed
above, and the dimensions of the layers or discontinuities concerned. In other words, all
dynamic behaviour of a systems of solids, liquids and gases (without flow), however
complex, can be modelled with knowledge of the basic parameters. Only in the case of
fluid (which includes gas) flow are additional parameters required, but this is not relevant
to groundborne noise propagation.
While density does not vary significantly (except as a result of water saturation), shear
modulus is strain dependent and stress dependent (shear modulus varies with depth
below ground because of the consequent variation of the load of the soil above, known as
confining stress). Poisson’s ratio is dependent on water saturation, and to some extent on
strain. Strain is the displacement of a sample as a result of stress, which may be force or
pressure. Shear modulus can be frequency dependent, and loss factor usually has some
dependence on frequency.
Wave amplitudes decay with distance due to geometric spreading, i.e. the waves expand
as they travel away, and therefore the energy they transport is diluted over a larger area,
resulting in lower amplitudes at any particular point. Wave amplitudes also decay due to
conversion of vibration energy into heat, a process known as damping. Waves are
reflected at interfaces between different media, and the completeness of the reflection
depends on the contrast between the modulus and the density of each of the media. The
amount by which transmitted wave amplitudes are reduced by reflections at layers
depends also on the angle of incidence of the wave, and the effect of other layers nearby.
At reflection, conversion between avse types occurs, and in particular a compression
wave may be reflected as a compression wave and a shear wave. Since shear waves are
more rapidly attenuated due to damping, reflections cause increased attenuation.
Damping is measured and expressed in many ways, all inter-related. In the propagation of
vibration through soil, it can be expressed in terms of the excess loss, over and above that
due to geometric effects, in decibels per second (converted into decibels per metre with
knowledge of the wave speed of the soil for the wave type concerned). This is turn is
dependent on a quantity known as loss factor, which fundamentally is a measure of the
extent to which force keeps pace with displacement (i.e. stress is in phase with strain)
when a sample is cyclically compressed and decompressed. In the case of a loss-free
sample, the force induced by compressing it is simply dependent on the amount by which
it is compressed (or decompressed). In a sample with a finite loss factor the stress will be
partly dependent on the strain, and partly on the velocity. Since velocity is zero at
maximum and minimum strain, it follows that stress will be maximum at some point other
than maximum or minimum strain, and the extent to which strain lags or leads stress gives
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loss factor, η, measured as the tangent of the phase angle between the two. Many other
measures of damping exist, including damping ratio, which is half loss factor.
Soils are non-linear at large strains. As Figure 1. shows, a positive force which
compresses a sample is associated with the same strain as a negative force during
decompression. This effect, known as Masing behaviour, causes significant loss factors
(e.g. 0.3) in soils at large strains. The non-linearity is caused by the dependence of shear
modulus, G, on strain. The value of G for infinitesimally small strain is known as Gmax.
In order to be able to interpret much of the literature in the context of groundborne noise, it
is helpful to consider the likely range of strains that occur in underground railway
situations.
Typically, rail vibration velocity is about 140 dB re 1 nanometre/second (nm/s). Invert
vibration will tend to be about 20 dB below this, and assuming a pessimistic case that the
compressional wave speed is 600m/s (e.g. gravel), the strain, given by v/c where v is the
particle velocity, is 0.00017%. This is the strain due to vibration. There will be locally
larger strain due to the dead load of the tunnel which could be of the order of 0.1%ii, but
which rapidly decays with distance particularly to the side of the tunnel.
However, only in earthquakes, the near field of pile driving, blasting or large out-of
balance machinery, or vibration of a large structure such as an offshore oil rig due to wave
and wind action, (and in some geotechnical testing), does large strain vibration occur. In
the propagation of groundborne noise from underground railways the strains are
infinitessimally small, and the damping effect due to Masing behaviour is very small (e.g.
0.01).
Other contributors to loss factor are viscosity, if fluid movement is involved, and friction
(particularly in the case of sands).
In some soils, loss factor is not strongly dependent on frequency; but this is not always the
case. However, if loss factor is converted into decay in terms of dB per metre, the result,
for a constant loss factor is proportional to frequency. This can give very high losses in
terms of dB per metre at “rumble” frequencies such as 100Hz, and it is therefore of great
importance that the loss factor is not over-estimated. If, for example, a loss factor of 0.3
were true for small strains the loss in dB per metre at 100Hz can be of the order of 1 dB
per metre. The relationship is

ΔL =

4.34ωηx
c

where ω = 2 πf and f is frequency, and c is the wave speed concerned. This highlights the
importance of correct assumptions about wave speed (in turn dependent on modulus and
density) as well as about loss factor.
Reflections between layers, as mentioned above, are dependent on the mis-match
between soil dynamic properties at the interface between the layers. The important
parameter is the product of the wave speed and the density and is called impedance.
Since wave speed is the square root of modulus over density, impedance is the square
root of modulus times density.
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Damping can be conveniently expressed by using complex algebra, i.e. terms which have
two parts known as real and imaginary. When considering acoustical phenomena in terms
of individual frequencies, i.e. single sine waves, the waves have two properties, amplitude
and phase (indicating the time at which the wave reaches its crest). These properties can
be expressed as a magnitude (the height of the crest) and an argument (the phase angle
obtained by expressing the position of the crest along a scale in which one complete cycle
is 180o or 2π radians). The same information expressed in complex form has a first term
(called “real”) which is the magnitude multipled by the cosine of the argument and a
second term (called “imaginary”) which is the magnitude multipled by the sine of the
argument. Effectively this breaks the wave down into a part which has its maximum at
time zero and at multiples of 1/f where f is the frequency, and another wave of the same
frequency but different amplitude which is 90o out of phase. To signify the 90o out-ofphase, the imaginary part carries the symbol i, which means that when the imaginary part
is squared in calucations, the result is negative. The great advantage of complex notation
in acoustics is that the ratio of the imaginary part to the real part is the loss factor, and
single frequency waves can be expressed as exponents using Euler’s identity eix ≡ cos(x)
+ isin(x). Not only is algebraic manipulation much simpler, but if x itself is complex, i.e. x =
α + iβ then eix becomes eiα multipled by e-β . The first of these terms is the same sine and
cosine function, but the second decreases in amplitude with increasing x. In the time
domain, x=ωt where t is time, to that the effect of the e-ωt is exponential decay of an
oscillation with time, i.e. damping.
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12 Literature review – theory
The results of the literature review are presented under the headings of determination of
wave speeds, shear modulus and damping. These topics have been researched most
extensively in the context of the acoustics of the ocean floor (for defence purposes),
earthquake and seismic research, construction vibration and blasting. Literature on the
propagation of vibration from railways tends to give data only on overall distance
attenuation, which is of little use if the mechanisms that contribute to distance attenuation
are not disaggregated. For present purposes, data that do not relate damping to
frequency, and which do not relate moduli and wave speeds to variables such as depth
below ground, are of limited value. Extensive data exist for the ocean floor, and are of
direct relevance except that the soil types tend to be silts, clays and sands and rock, with
little data on gravel. The dependence of shear moduls on depth below the ocean floor
cannot be directly converted to depth below the ground surface, or to dry materials.

12.1 Wave speeds
Lew and Campbelliii give a relationship between shear wave velocity and depth of over
burden. They found in a previous study that the relationship of shear-wave velocity with
depth could be adequately represented by the expression cs = K(d+e)n where cs is shear
wave velocity; d is depth; K, q, e and n are constants dependent upon the geotechnical
classification. Term e accounts for non-zero values of cs at the ground surface. They give
a table of near surface velocities derived from statistical analyses of cs and cp values of
the surface deposits and a few near surface deposits. These are given in table 16.
Soil

frequency, dB/metre
Hz

Shear wave
velocity, cs, m/s
mean and
standard
deviation

Soft Natural Soil <10% gravel
and cobbles- very recent
floodplain,
lake,
swamp,
estuarine, and delta deposits,
and hydraulic fill soils; may
contain organics, less than
1600 kg/m3 dry density

mean

Saturated Holocene age soils,
between 1400 and 1750 kg/m3

standard
deviation

Compressional
wave velocity, cp,
m/s mean and
standard
deviation

161

356

18

98

Very low density soils; primarily
fine-grained, dry density less
than 1400 kg/m3
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Soft to moderately soft clays
and clayey silts; generally dark
grey to black, dry density less
than 1600 kg/m3 at the surface
and less than 1300 kg/m3 below
3m.
Soft Clay (for definition of soft
see "soft natural soil") more
than 3m depth

Soft Clay (for definition of soft
see "soft natural soil") 3m to
30m depth

mean

94

332

standard
deviation

27

-

192

-

21

-

214

432

40

111

266

510

46

122

mean

standard
deviation
Intermediate Natural Soil <10% gravel and cobbles,
unsaturated Holocene age soils
of moderate density; may
contain moderate amounts of
gravel at depths below 10 to
15 metres, dry density 1400 to
1750 kg/m3

mean

Saturated,
uncemented
Pleistocene and Eocene age
soils; may contain moderate
amounts of gravel at depths
below 3 to 6 metres, dry density
1500 to 1840 kg/m3 at 3 to 5m
depth

standard
deviation

Low density Pleistocene and
Eocene age soils at the
surface, dry density 1400 to
1750 kg/m3
Firm Natural Soil - <10% gravel
and cobbles, high density
Holocene age soils, dry density
greater than 1500 kg/m3

mean

Unsaturated,
uncemented
Pleistocene and Eocene age
soils of moderate density; may
contain moderate amounts of
gravel at depths below 3 to 6
metres, dry density 1600 to
1840 kg/m3

standard
deviation
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High density Pleistocene and
Eocene age soils at the
surface, dry density greater
than 1875 kg/m3
Non-Engieered Fill

mean
standard
deviation

158
17

404
74

Engineered Fill

mean
standard
deviation

264
-

488
-

10-50% Gravel, depth=0m

mean
standard
deviation

317
-

686
-

10-50% Gravel, depth=1.5-18m

mean
standard
deviation

398
57

748
71

10-50% Gravel with cobbles,
50% Gravel, depth=1.5-18m

mean

487

989

standard
deviation

125

222

Saturated Soil

mean
standard
deviation

1605
133

Table16. Lew and Campbell’s values for near surface velocities
Lew and Campbell’s values for K, n and e for shear waves, using the soil classifications
given for this reference in table 16., are
Soil
Classification

K

n

e

Soft Natural
Soils

105.88

0.385

1.624

Standard
Deviation in ln
Cs expressed
as multiplier of
Cs
1.211

Intermediate
and Saturated
Firm Natural
Soils

128.7

0.402

1.597

1.160

Firm Soils

222.2

0.280

0.165

1.156

e

Standard
Deviation in ln

Table 17.
The corresponding values for compression waves are:
Soil
Classification

K
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Cs expressed
as a multiplier
of Cs
Soft Natural
Soils

Not

sufficient

data

Intermediate
and Saturated
Firm Natural
Soils

329

0.305

0.427

1.195

Firm Soils

221

0.288

0.287

1.212

Table 18.
A further set of coefficients is given to combine shear wave velocities and compression
wave velocies through a multiplier m to be applied to the shear wave velocity to arrive at
compression wave as follows:
Soil
Classification

K

n

e

Soft Natural
Soils

216

0.375

1.448

Standard
Deviation in ln
Cs expressed
as a multiplier
of Cs
1.222

Intermediate
and Saturated
Firm Natural
Soils

277

0.370

1.186

1.17

Firm Soils

421

0.284

0.223

1.18

Table19.
In fact, the compressional wave speeds given in table 18. indicate an error one of the
coefficients, and the equations plotted in Figures 20. and 6. use the coefficients from table
19. for compressional waves.
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Crossrail Soil Parameters Literature Review
Shear Wave Speeds (Lew and Campbell)
Wavespeed, m
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100
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Figure 20.
Crossrail Soil Parameters Literature Review
Compression Wave Speeds (Lew and Campbell)
Wave speed, m/s

Depth, m

100
1

1000

Firm Soils
Intermediate and Saturated Firm Natural Soils
Soft Natural Soils

10

100

Figure 21.
Hamiltoniv quotes a regression equation by Ohta and Goto for shear wave velocity versus
depth in water-saturated silt-clays and turbidites on the ocean floor which is Cs = 78.98D
0.312
. This relationship is plotted in Figure 22. Hamilton gives regression equations for Cs
as a function of four ranges of values of Cp which enable Poisson’s ratio to be determined
as follows
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Vp
1555
1650
2150
3000

Vs
282.62
391.05
721.175
1378

σ
0.211
0.470
0.437
0.366

These values for Poisson’s ratio, σ, are in three cases higher than the figure around 0.3
normally found, due to the effect of water saturation. Water raises the compression
modulus by filling voids otherwise filled with air, but has no effect on the shear modulus.
Close to the ocean floor, i.e. at depths tending to zero, shear moduli cease to be directly
relevant to shear moduli near ground level because water saturation normally begins
some distance below ground. Ocean floor data can be considered relevant for present
purposes at depths where the confining pressures and water saturation are similar to
Crossrail Soil Parameters Literature Review
Shear Wave Speeds (Ohta and Goto)
Wavespeed, m

Depth, m/s

100
1

1000

10

100

those under consideration.
Figure 22. Shear wave velocity versus depth on water saturated silt-clays
In another paperv Hamilton gives a table of compressional wave velocity Vp, shear wave
velocity Vp and Poisson’s ratio σ in situ for water-saturated clays, turbidites and
mudstones, sands, limestone and basalts. In the regression equations given the depth is
in km and the speeds in km/s.
Depth (m)
0
1
5
10
20

Vp, m/s
1511
1512
1518
1524
1537
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209

Vp/ Vs
13.03
12.50
10.92
9.35
7.35
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0.497
0.497
0.496
0.494
0.491

Crossrail

30
1549
256
6.05
0.486
40
1562
288
5.42
0.482
50
1574
301
5.23
0.481
100
1634
365
4.48
0.474
200
1744
438
3.98
0.466
300
1842
496
3.71
0.461
400
1930
554
3.48
0.455
500
2010
612
3.28
0.449
600
2082
670
3.11
0.442
700
2149
728
2.95
0.435
800
2212
786
2.81
0.428
900
2272
844
2.69
0.420
1000
2331
902
2.58
0.412
Table23. Wave speeds in water-saturated clays, turbidites and mudstones
Vp = 1.511+1.304D-0.741D2+0.257D3
Vs = 116+4.65D (0-36m); Vs = 237+1.28D (36-120m); Vs = 322+0.58D (120-650m)
Depth (m)
0.05
1
2
3
4
5
6
8
10
12
14
16
18
20

Vp, m/s
1727
1806
1825
1836
1844
1850
1855
1863
1869
1875
1879
1883
1886
1889

Vs, m/s
55
128
155
174
189
201
211
229
244
257
268
278
288
296

Vp/ Vs
31.40
14.11
11.77
10.55
9.76
9.20
8.79
8.14
7.66
7.30
7.01
6.77
6.55
6.38

σ
0.4995
0.4975
0.4964
0.4955
0.4947
0.4940
0.4934
0.4923
0.4913
0.4904
0.4896
0.4888
0.4880
0.4874

Table24. Wave speeds in water-saturated sands
Vp = 1806D0.015
Vs = 128D0.26
Material

Vp, m/s

Vs, m/s

Vp/ Vs

σ

Calcite
Solenhofen
Limestone

6566
5560
6100
6300
5640
5370
5820
6100
4680

3414
2900
3200
3200
3000
2880
3070
3180
1760

1.92
1.92
1.91
1.97
1.88
1.87
1.90
1.92
2.66

0.31
0.31
0.31
0.33
0.30
0.30
0.31
0.31
0.42

Bedford
limestone
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Pressure,
kPa
10
0
0
0
10
0
0
0
10
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Spergen
limestone
Carbonate-1
Carbonate-2
Carbonate-3
Carbonate-4
Carbonate-5
Carbonate-6
Carbonate-7
Limestone

4700

2490

1.89

0.30

0

5961
5840
6261
5936
5609
5589
5491
4390
3730
4280
4995
5005
2813
4119

3301
3414
3237
3128
2925
2963
2918
2570
2226
2145
2726
2812
1362
2260

1.71
1.71
1.93
1.90
1.92
1.89
1.88
1.71
1.68
1.99
1.83
1.78
2.06
1.82

0,.28
0.24
0.32
0.31
0.31
0.30
0.30
0.24
0.22
0.33
0.29
0.27
0.35
0.28

92
92
92
92
92
95
95
20
20
20
20
20
20
10

Leuders
limestone
Table25. Wave speeds in water-saturated limestone
(measured)
Density (kg/m3)
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

Vp, m/s
3527
3747
3996
4274
4584
4929
5311
5731
6194
6700

Vs, m/s
1732
1834
1955
2098
2266
2462
2690
2952
3253
3597

Vp/ Vs
2.04
2.04
2.04
2.04
2.02
2.00
1.97
1.94
1.90
1.86

σ
0.34
0.34
0.34
0.34
0.34
0.33
0.33
0.32
0.31
0.30

Table26. Wave speeds in water-saturated basalts
Vp = 2.33+0.081(ρ/1000)3.63
Vs = 1.33+0.011(ρ/1000)4.85
Jafarivi gives a summary of published relationships between shear wave speed Cs and
SPT N value as follows. These are plotted in figure 28.
Author(s)
Kansai, et al (1966)
Shibita (1970)
Ohba and Toriuma (1970)
Ohta, et al (1972)
Ohsaki & Iwasaki (1973
Ohsaki & Iwasaki (1973
Imai & Yoshimura
Imai, et al (1975)
Imai (1977)

Soil Type
All
Sand
Alluvial
Sand
All
Cohesionless
All
All
All
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Cs (m/s)
19 N0.6
32 N0.5
85 N0.31
87 N0.36
82 N0.39
59 N0.47
92 N0.329
90 N0.341
91 N0.337

Crossrail

Ohta & Goto (1978)
Ohta & Goto (1978)
Ohta & Goto (1978)
JRA (1980)
JRA (1980)
Seed & Idriss (1981)
Imai & Tonouchi (1982)
Seed, et al (1983)
Sykora and Stokoe (1983)
Okamata, et al (1989)
Lee (1990)
Lee (1990)
Lee (1990)
Imai & Yoshimura (1990)
Yokota, et al (1991)
Jafari, et al (1997)

85 N0.348
88 N0.34
94 N0.34
100 N1/3
80 N1/3
61 N0.5
97 N0.314
56 N0.5
100 N0.29
125 N0.3
57 N0.49
114 N0.31
106 N0.32
76 N0.33
121 N0.27
22 N0.85

All
Sands
Gravels
Clays
Sands
All
All
Sands
Granular
Diluvial Sands
Sands
Clays
Silts
All
All
All

Table27. Relationship between shear wave speed and SPT N value

Crossrail Soil Parameter Literature Review
1000
900
800
700

Cs, m/s

600
500
400
300
200
100
0
10

20

30

40

50

60

70

80

All
Sand
Alluvial
Sand
All
Cohesionless
All
All
All
All
Sands
Gravels
Clays
Sands
All
All
Sands
Granular
Diluvial Sands
Sands
Clays
Silts
All
All
All

SPT N-value

Figure 28. Relationships between SPT N value and shear wave speed.

12.2 Shear modulus
The non-linear behaviour of soil moduli was first expounded by Masingvii Madshusviii with
reference to Isiharaix gives the Masing rule as
In the loading half cycle:
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T

a

+

T

2

⎛
= T⎜
⎜
⎝

Γ

⎛
= T⎜
⎜
⎝

Γ

a

+
2

Γ

⎞
⎟
⎟
⎠

Γ

⎞
⎟
⎟
⎠

In the unloading half cycle:

T

a

−T
2

a

−
2

where the brackets signify that T is a function of Γ as follows according to the hyperbolic
soil model of Hardin and Drnevichx

T (Γ ) = G

max

Γ
Γ
1+
Γ

.

r

Gmax is the shear modulus for infinitesimally small strains; Γ is strain, and

Γ

r

=

T
G

f

max

Non-linear behaviour of soil at large strains
300000

200000

Stress

100000

0
-0.012

-0.007

-0.002

0.003

0.008

0.013

-100000

-200000

-300000
Strain

where Tf is the shear strength
The stress-strain relationship thus defined is shown in the following example
Figure 29. Non-linear behaviour of soil at large strains

Validation of groundborne noise and vibration
Final

Date: 23 September 2004
Page 44 of 56

Crossrail

Hardin and Drnevich give an expression for Gmax (Mpa) in terms of over consolidation ratio
(OCR), void ratio, e, and effective mean principal stress σ’m and plasticity index PI as
follows:

(2.973−e) (OCR)
= 0.706266 x
2

Gmax

a

1+ e

1/ 2

σ 'm

Where a is a function of plasticity index PI as follows:
PI
0
20
40
60
80
>100

A
0
0.18
0.30
0.41
0.48
0.50

Hardin and Drnevich also presented relationships for the damping ratio which is principally
for large strains.
Seed et alxi conclude that for most practical purposes, the dynamic shear moduli of
granular soils (sands and gravels) can conveniently be expressed by the relationship
G=6917 • K2 • (σ’m)1/2
Where K2 is a shear modulus coefficient that is mainly a function of thew grain size of the
soil particles, the relative density of the soil, and the shear strain developed by the soil.
The term σ’m is the effective mean principal stress in Pascals (a function of depth). He
gives values of K2 for a range of soils, and provides a guide to the determination of
approximate values of K2 in terms of the N-value measured in Standard Penetration Tests
delivering 60% of the theoretical free-fall energy to the drill rods
(K2)max ≈ 30(N1)601/3
since SPT N-values are more readily available from geotechnical reports that other
dynamic soil properties, this is a useful relationship.
Seed gives tables of K2 as follows:
Soil
Loose moist sand
Dense dry sand
Dense saturated
sand
Dense saturated
sand
Dense saturated
silty sand
Dense saturated
sand

Location
Minnesota
Washington
So. California

Depth(m)
3
3
15

K2
34
44
58

Georgia

60

60

Georgia

18

65

So. California

90

72
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Extremely dense
silty sand
Dense dry sand
(slightly cemented)
Moist clayey sand
Sand, gravel, and
cobbles with little
clay
Dense sand and
gravel
Sand, gravel and
cobbles with little
clay
Dense sand and
sandy gravel

So. California

38

86

Washington

20

166

Georgia
Caracas

9
60

119
90

Washington

46

122

Caracas

78

123

So. California

53

188

Seed and Idrissxii in an earlier paper than Seed also give shear modulus data for peat in
terms of the ratio of G to Su the undrained shear strength of 150.

12.3 Damping
The formula for the damping which results from the non-linear stress-strain relationship is

D

H

=

⎛
⎞⎞ 2
4 ⎛⎜ Γr ⎞⎟⎛⎜ Γr
• ln⎜1 + Γa ⎟ ⎟ −
1+
1−
⎜
⎟⎟
π ⎜⎝ Γa ⎟⎠⎜⎝ Γa
⎝ Γr ⎠ ⎠ π

This relationship is plotted in figure 8. for a range of ratios of Gmax to undrained shear
strength. It can be seen that the damping due to Masing behaviour at small strains is very
small.
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0.01
0.009
0.008
25
50
75
100
125
150
175
200
225
250
275
300
325

0.007

Loss factor

0.006
0.005
0.004
0.003
0.002
0.001
0
0

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007

Strain

Figure 30. Damping as a function of strain
Hamilton plots a range of data on attenuation versus frequency for natural, saturated
sediments and sedimentary strata. The upper and lower bounds are 0.075 to 0.003 dB per
metre at 100Hz, increasing in direct proportion to frequency. As mentioned above, a loss
factor that is independent of frequency gives attenuation in dB per meter which is
proportional to frequency. Stollxiii found the loss factor of shear waves in a water-saturated
silt to be independent of frequency between 43 and 391 Hz. Tullos and Reidxiv found that
in clay-sand the loss factor is independent of frequency between 20 and 400 Hz. In sands,
Stoll found that loss factor was proportional to frequency (and therefore attenuation
proportional to the square of the frequency) in the range 30-240 Hz. This suggests the
existence of viscous damping.
Hamilton gives data on attenuation in dB per metre as a function of porosity in saturated
surface (of the ocean floor) sediments. There is a peak attenuation at 52% porosity, of
0.78f dB per metre, where f is frequency in kilohertz, falling to 0.12f at 65%, 0.52f at 46%;
0.46f at 36% and 005f at 90%. Similarly he gives attenuation as a function of mean grain
size peaking at 0.76f at 40μ.
Hamilton quotes attenuation in hard, dense limestone of 0.02f and chalk 0.08f, dB per
metre. For Basalts under the sea floor the attenuation is given as 0.02f to 0.05f. Hamilton
summarises various references as follows:
Material
Diluvial sand
Diluvial sand and clay
Alluvial silt
Mud (silt-clay)
Water-saturated clay
Tertiary mudstone
Pierre shale
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Solenhofen limestone
Chalk
Basalt

0.02 to 0.05
0.1
0.07

Stollxv shows loss factor for dry Ottawa sand and saturated Ottawa sand which are
reproduced in figures Error! Reference source not found. and 32.

Figure 31. Loss angle from experiments on 20-30 Ottawa sand.

Figure 32. Loss angle from experiments on inorganic silt.
The topic of sound propagation in fluid-saturated saturated porous solids was pioneered
by Biotxvixvii, Biot predicted the existence of two compressional and one shear wave. One
of the compressional waves attenuates very rapidly, and the other can be regarded as a
modified form of the compressional wave which would exist in the dry solid. Biot’s
equations require a large number of parameters, as follows for the case of materials such
as sand or gravel:
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Specific loss modulus of skeletal frame (bulk)
Specific loss modulus of skeletal frame (shear)
Poisson's ratio
Shear Modulus of the skeletal frame
Bulk modulus of the pore fluid
Bulk modulus of the grain
Added mass coefficient
Porosity
Effective grain size
Density of grain material
Density of pore fluid
Kinematic viscosity of pore fluid

Biot’s work was developed by Stollxviii to include friction damping in the frame moduli, and
was stated in generalised form by Yamamotoxix as
1/ 2

⎡⎛
⎞⎤
2( HM −Q2)
⎟⎥
C ⎫⎪⎬ = ⎢⎜
⎜
1
/
2
C ⎪⎭ ⎢⎜ ( ρM + m' H − 2 ρ Q) m[(m' H − ρM )2 + 4 ρ ( ρ M − m'Q) H + 4ρ (m'Q − ρ M )Q] ⎟⎟⎥
f
f
f
f
⎠⎦⎥
⎣⎢⎝
p1

p2

where the two complex roots yield values for the fast and slow compressional waves Cp1
and Cp2. As explained in section 11 the imaginary part of a complex wave speed leads the
loss factor through the relationship η=2 x Im[1/C*]/Re[1/C*]. where C* is a complex wave
speed.
The Biot-Stoll shear wave velocity is given by

2

C = (μ / ρ ) (1− ρ f / ρm')
1/ 2

−1 / 2

s

H, Q and M are Biot’s elastic moduli and related to the basic physical properties of porous
media,
H = (Kr - Ks)2/(Dr - Ks) + Ks + 4μ/3
Q = Kr(Kr - Ks)/(Dr - Ks)
M = Kr2/(Dr - Ks)
Dr = Kr[1+β(Kr/Kf – 1)]
Where Kr is the bulk modulus of the frame material and Kf is the apparent bulk modulus of
the pore fluid, and μ and Ks are the complex shear modulus and the complex bulk
modulus of the skeletal frame, given by

μ = μr (1+iδ)
and
Ks = Ksr (1+iδ’)
in which μr is the dynamic shear modulus, Ksr is the dynamic shear modulus, and δ and δ’
are the loss factors of the skeletal frame. Also, ρ is the bulk density of the porous medium
given by
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ρ = (1-β)ρr + βρf
where β is the porosity, ρr is the density of the frame material and ρf is the fluid density.
Finally, m’ is the complex virtual mass density given by
m’ = (1 + α)ρf/β - i[ηF(ω)/ksω] in which α is the added mass coefficient of the frame
(usually 0.25) and F(ω) is a viscous correction factor which, stated in terms of

κ=

1
7 d mean
as

F (ω ) =

ωρ
ν

f

f

κT
4[1 + 2iT / κ ]

in which

T=

ber ' (κ ) + ibei' (κ )
ber (κ ) + ibei(κ )

where ber and bei are, respectively , the real and imaginary parts of the Kelvin fuction of
the first kind or order zero, and ber’ and bei’ are their derivatives. The term νf is the fluid
dynamic viscosity and dmean is the mean grain size.
The Biot-Stoll formula gives a compressional wave which is always equal to or higher than
the conventional elastic compression wave, and a second compressional wave which is
slow and highly attenuated. While the second kind of wave can be ignored as a received
signal, it is important in that a fractional of the initial wave energy is carried by it, and
rapidly attenuated, reducing the amplitude of the fast wave, and also, on reflection at
boundaries between soils of different impedances, some of the compression wave energy
will be reflected as a wave of the slow kind, also to be rapidly attenuated. This may
explain why field measurements of attenuation with distance from ground level or
underground sources suggest higher loss factors than can be accounted for by friction,
viscous or Masing effects.
By comparison, the Biot-Stoll formula for shear waves is more simply related to the
classical shear wave speed for elastic media.
Stoll noted that when strain amplitudes are less than about 0.0001% soil moduli can be
regarded as linear, and simpler equations for predicting velocity and attenuation are
possible. He noted that in the case of dry materials such as sands, silts, sandstones and
other granular materials, attenuation in low-amplitude waves may be adequately
described by a model which assumes a constant loss factor. The principal mechanism of
energy loss in these dry materials is friction that governs the minute amount of slip
occurring within the contact area between particles. As a result the damping observed in a
granular material is usually very small (e.g. typically of the order of 0.01 in sandstones and
sands). When the pore spaces between the particles contain a fluid such as water, the
observed attenuation is often significantly larger due to the addition of viscous losses in
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the fluid. In the case of materials with high permeability, there is overall motion of the fluid
field relative to the skeletal frame. This result is frequency-dependent damping which
changes rather rapidly over a fairly narrow frequency range. In finer materials with very
low permeability, this kind of damping does not appear until quite high frequencies are
reached. Another kind of viscous damping occurs, however, even in the low frequency
range, as a result of local fluid motion in the vicinity of the intergranular contacts similar in
nature to “squeeze film motion” as in the theory of lubrication. This second kind of viscous
damping causes frequency dependent damping that can be described in terms of classical
viscoelastic models. Stoll’s summary of measured and predicted data for compressional
waves is given in Figure 33.

Figure 33. Laboratory and field data for attenuation versus frequency with curves showing
predictions of Biot model for sand and silt superimposed.
Seed gives damping data for sands and gravels, but mainly for strains greater than
0.001%.
Darendeli, Stokoe and Gilbertxx give an expression for damping at infinitesimally small
strains, Dmin, as follows:
Dmin = (φ6 + φ7 x PI x OCRφ8) x σ’oφ9 x [1 + φ10 x ln(f)]

Validation of groundborne noise and vibration
Final

Date: 23 September 2004
Page 51 of 56

Crossrail

Where PI = Plasticity Index (%), OCR = overconsolidation ratio σ’o = mean effective
confining pressure (atm) and f=loading frequency, φ6=0.8005; φ7 = 0.0129; φ8= -0.1069.
φ9=-0.2889 and φ10 = 0.2919.
This gives values for Dmin at 1Hz of from 1.8% to 2.1% (loss factors of 0.036 to 0.041) for
PI from 16 to 1 and a plasticity index of 100%, falling linearly to zero at PI=0. Dmin
increases by a factor of 2.3 if the frequency is increased from 1Hz to 100Hz.
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13 Conclusions with regard to the Crossrail FINDWAVE model
The following conclusions can be drawn from the literature review reported above.
The soil properties which were used in the model comparison study were
Description Shear
Compression Density, Loss Poisson’s Cs
modulus, modulus
kg/m3
factor ratio
Gpa
GPa
London
0.735
4.41
1700
0.1
0.4
Clay
658
Thames
0.054
2.754
1600
0.1
0.49
Gravels
184
Made
0.0135
3.7325
1800
0.1
0.498
Ground
87
Lambeth
0.735
4.41
1700
0.1
0.49
Group
658

Cp

Comments

1611
Water
1312 saturated
Water
1440 saturated
1611

Shear modulus can be determined both from data on shear modulus itself, and from data
on shear wave speed, but there are few data on gravel, which was found in the model
comparison study to be of high importance, given the low value assumed compared with
London Clay.
The low wave speeds used in the model are consistent with predictions generated using
the Biot-Stoll formula, and parameters taken from the many papers on acoustics of the
ocean floor. However, these are only valid for small depths in water saturated conditions.
For non-marine conditions, Lew and Campbell give shear and compression moduli for 1050% gravel at around 400 m/s and 750 m/s respectively, which, for a density of 1600
kg/m3 leads to G=0.256 GPa and D=0.9 GPa, very different from the values assumed in
the model. Green gives attenuation coefficients of 0.03 to 0.09 dB per metre at 5Hz and
0.26 to 0.87 dB/metre at 50 Hz. For the wave speeds of Lew and Campbell, these equate
to loss factors of 0.09 to 0.26.
Seed’s method of estimating Gmax gives a figure for “Sand, gravel and cobbles with little
clay” at a depth of 60m of 0.48 GPa. This gives a surface figure of about 0.2 GPa. Ohta
and Goto give a relationship between Cs and SPT value for gravel. Assuming a SPT N
value of about 30, this gives a value for Cs of 300 m/s. This gives G=0.144 GPa.
The conclusion is that the value of G assumed in the model comparison was significantly
too low, and should be increased to 0.2 GPa.
Lew and Campbell give a value of Cp for unspecified “saturated soil” of 1605m/s, while
leads to a value for D of 4.1 GPa and a Poisson’s ratio of 0.47. The Bio-Stoll formulae
give values somewhat higher than this for clays and sands, but since the critical issue in
the model is the difference between the moduli for the gravel layers and the clay layers,
the model assumptions are conservative.
Theory suggests that loss factors at low frequencies are unlikely to be as high as 0.1 and
that a figure of 0.05 is the most that can be justified. On the other hand, some additional
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excess attenuation will occur automatically in the model due to wave mode conversion at
reflective boundaries between different soil type.
The characteristics of the made ground obviously depend on its nature. A conservative
approach would be to assign to it the same properties as those for the gravel.
It will be important to test the model for the effect of different levels for the water table.
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Chapter 12
This chapter presents the Noise Impact Assessment undertaken following guidelines set out in the IEMA
and planning
guidance. The chapter sets out the baseline conditions including an appraisal of the background noise levels of
the site and surrounding area, noise sensitive receptors and existing vibration levels. Potential effects during
construction include noise and vibration from construction and construction. During operation potential
effects include operation of turbines and generators, electrical equipment, the workshop and pumping station.
With implementation of mitigation measures, residual effects during construction are predicted to range from
moderate/major adverse to negligible, and during operation, from minor adverse to negligible.

12.1 Introduction
12.1.1

This chapter will set out the potential noise effect during both the
construction, operational and decommissioning phases of the
Development. The proposed scope of effect has been discussed and
agreed with the local Environmental Health Department.

12.1.2

A full description of the environment and the Development is
outlined in Chapter 3 - Project Description.

12.1.3

The potential noise effect will be assessed during the construction,
operational and decommissioning phases.

12.1.4

The different components of the site and the likely construction
phases for the Development are outlined in this chapter. Activities
which may produce noise effects include blasting, drilling, tunnel
boring, crushing, and general surface plant operation.

12.2 Scope of assessment
12.2.1

The baseline study includes an appraisal of background noise levels,
identifying the acoustic character of the surrounding area.

12.2.2

An acoustic assessment will be made as to how the development will
affect noise sensitive receptors as well as the wider area.

12.2.3

Baseline studies will be used to inform the acoustic assessment.
Mitigation measures will be developed to minimise potential adverse
noise effects.

12.2.4

Decommissioning will involve the drainage of water through the
reservoirs to Llyn Padarn and the removal of above ground
structures. No blasting or crushing will be required and it is
considered that the effects will be negligible. Therefore it is not
considered further.

12.3 Legislation and Policy Framework
Planning Policy Wales
12.3.1

Section 13.13 within Planning Policy Wales (PPW) (Edition 4, February
2011) identifies that:
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"Noise levels provide an indicator of local environment quality. The

objective of a policy for noise is to minimise emissions and reduce
ambient noise levels to an acceptable standard."
12.3.2

PPW suggests that development plan policies:

"...should also be designed to ensure, as far as possible, that
potentially noisy developments are located in areas where noise will
not be such an important consideration or where its effect can be
minimised. Local planning authorities should adopt policies to
prevent potentially noisy developments in areas which have
remained relatively undisturbed by noise."
12.3.3

Noise Action Plans that aim to protect specific areas within Wales do
not extend to the Development site.

Technical Advice Note (TAN) 11: Noise (1997)
12.3.4

TAN11 offers guidance to local authorities on the assessment of noise
and its potential effect on noise-sensitive dwellings. TAN 11 also
"provides advice on how the planning system can be used to

minimise the adverse effect of noise without placing unreasonable
restrictions on development or adding unduly to the costs and
administrative burdens of business." Relevant sections within TAN 11
that are applicable to this development are reproduced below.
12.3.5

Local planning authorities must ensure that noise generating
development does not cause an unacceptable degree of disturbance.
(Paragraph 8)

12.3.6

Noise characteristics and levels can vary substantially according to
their source and the type of activity involved.

12.3.7

The likelihood of complaints about noise from industrial development
can be assessed, where the Standard is appropriate, using guidance
in BS 4142: 1990. Tonal or impulsive characteristics of the noise are
likely to increase the scope for complaints and this is taken into
account by the "rating level" defined in BS 4142.

12.3.8

Detailed guidance on assessing noise from construction sites can be
found in BS 5228, parts 1-4. In particular, Part 1: 1984, "Code of
practice for basic information and procedures for noise control"
describes a method for predicting noise from construction sites as
well as giving general advice.

12.3.9

Where the information within TAN 11 references British Standards
that have since been superseded, the current version of these
standards will be used within this assessment. This includes BS
4142:1997, BS 5228-1:2008 and BS 5228-2:2009.
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Technical Advice Note (TAN) 8: Renewable Energy (2005)
12.3.10

TAN 8 addresses renewable energy policy within Wales, including
hydroelectric schemes. The minimal noise advice within TAN 8 that is
relevant to the development states the following: "The noise of the

turbine will generally be well contained within the turbine house and
it would rarely be an issue."
Control of Pollution Act (COPA) 1974
12.3.11

The provisions of Sections 60 and 61 of the Control of Pollution Act
1974 offer protection to those living in the vicinity of construction
sites.

12.3.12

Section 60 enables a local authority to serve a notice specifying its
noise control requirements which may cover:
• plant

or machinery that is or is not to be used;
• hours of working; and,
• levels of noise or vibration that can be emitted.
12.3.13

Section 61 relates to prior consent, and is for situations where a
contractor or developer takes the initiative and approaches the local
authority before work starts to obtain approval for the methods to be
used and any noise and vibration control techniques that may be
required.

12.3.14

The term 'Best Practicable Means' is defined in Section 72 of the
Control of Pollution Act, where 'practicable' means reasonably
practicable having regard among other things to local conditions and
circumstances, to the current state of technical knowledge and to the
financial implications.

Local Planning Policy
12.3.15

Planning policy for Gwynedd Council is contained within the
Gwynedd UDP 2001-2016. There are no noise policies to address this
specific type of Development, however Policy B33 provides general
guidance for with respect to development that has the potential to
create pollution or nuisance.

Policy B33 - Development That Creates Pollution or Nuisance
12.3.16

Proposals that will cause significant harm to the quality of public
health, safety or amenities, or to the quality of the built or natural
environment as a result of higher levels of air, water, noise, or soil
pollution will be refused unless adequate controls can be attained by
means of planning conditions and powers of regulatory bodies, and
that arrangements can be made to monitor discharges.
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Appendix 6 of the UDP provides a definition of a Noise Effect Assessment
12.3.17

A Noise Effect Assessment should be submitted with the planning
application when the Development is likely to create an unacceptable
level of noise. Planning authorities' consideration of planning
applications that raise significant noise issues will be greatly assisted
by a Noise Effect Assessment. These can be used to show whether a
noise problem is likely to occur, demonstrate its implications and help
identify measures for its effective control or mitigation. A Noise
Effect Assessment may be included within an EIA.

Chapter Specific Legislation
12.3.18

The following documents have been referred to as part of this
assessment. Further details about the documents can be found in
the assessment section.
• BS

4142:1997 Method for Rating Industrial Noise Affecting Mixed
Residential and Industrial areas;
• BS 5228: Code of practice for Noise and Vibration Control on
Construction and Open Sites (2009) Parts 1 and 2;
• BS 6472-1: 2008. 'Guide to evaluation of human exposure to
vibration in buildings. Vibration sources other than blasting';
• BS 6472-2: 2008. 'Guide to evaluation of human exposure to
vibration in buildings. Blast-induced vibration';
• BS 8233:Sound Insulation and Noise Reduction for Buildings (1999);
• Minerals Planning Guidance (MPG) 11: "The control of noise at
surface mineral workings"; and
• Design Manual for Roads and Bridges Volume 11 Section 3 Part 7 HD
213/11 (revision 1) 'Noise and Vibration'.

12.4 Consultation
12.4.1

In the Gwynedd Council response to the Scoping Report, noise issues
were raised under the heading of "Public Protection". Comments
were provided stating that the ES should identify all potential
receptors that are most vulnerable to the effects of noise, dust,
vibration and heavy haulage. The authority's Public Protection
Department would monitor the site for environmental effects and it is
advisable that a local liaison group be set up to discuss matters
relating to noise, dust and vibration with representatives of the
developers and a delegation of local councillors and residents.

12.4.2

As requested within the Scoping Response, consultation has been
conducted with Ms. Moira Duell-Parri, an Environmental Health
Officer (EHO) with Gwynedd Council regarding the noise assessment
for the development.
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12.4.3

In consultation with Ms. Duell-Parri, agreement was made on six
residential receptor locations for the monitoring of existing ambient
and background noise levels.

12.4.4

It was agreed that 24 hour monitoring would be conducted and that
additional short term attended measurements during the night
period would supplement the unattended measurements.

12.4.5

Ms. Duell-Parri recommended that operational noise from the
development would need to be assessed in accordance with BS
4142:1997.

12.4.6

It was communicated that as specific information on the power
generating plant to be used for the development would be
unavailable, that an operational noise assessment of the development
would be excluded from this assessment. However, as requested by
Ms. Duell-Parri, operational noise limits would be established and
noise emissions from underground power generating plant would
incur a 5 dB penalty due to low frequency noise. Accordingly, an
allowance for this 5 dB low frequency penalty has been included
when determining the noise limits for the development.

12.4.7

BS 5228 (Part 1 and Part 2) was agreed to be used to assess noise
and vibration effects from construction activities.

12.4.8

The preference of Ms. Duell-Parri with regard to construction noise
limits was to use the guidance provided within Minerals Planning
Guidance (MPG) 11: The Control of Noise at Surface Mineral Workings.

12.4.9

Ms. Duell-Parri emphasised that the assessment should look at ways
to minimise noise effects from construction, including but not limited
to:
• no

blasting at night, weekends or bank holidays, and
• planning noisy activities at a start of the week (so delays would not
continue into the weekend).
12.4.10

Ms. Duell-Parri indicted that if blasting, piling, or other works were to
occur outside normal construction hours, the Council would require
the work to be done under a COPA Section 61 agreement.

12.4.11

The changes to the methodology are outlined in the Scoping
Addendum (Appendix 2.3). Full details of this consultation can be
found in the Consultation Matrix in Appendix 2.4.

12.5 Methodology
BS 5228-1:2009 Code of practice for noise and vibration control on
construction and open sites. Part 1: Noise
12.5.1

Noise levels generated by demolition and construction activities are
subject to Local Authority control under the Control of Pollution Act.
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Supplementary advice is provided by British Standard BS 52281:2009 'Code of Practice for Noise and Vibration Control on
Construction and Open Sites' with respect to noise assessment and
mitigation.
12.5.2

BS 5228-1:2009 contains a noise emission database for individual
construction plant, their associated activities, and methods of
working. Unless noise level data is available from manufacturers, the
BS 5228-1:2009 database is used when predicting noise levels
associated with various construction activities.

12.5.3

Construction noise levels are considered to result in an adverse effect
when the adopted criterion is exceeded. Where noise levels fall
below the adopted criterion a negligible noise effect would be
concluded.

12.5.4

For the purposes of the construction assessment, the equipment,
locations and timings have been modelled based on our best
knowledge to date.

12.5.5

The outcome of the construction assessment will be to inform the
use of Best Practicable Means to mitigate noise during construction,
as recommended by the Control of Pollution Act.

BS 5228-2:2009 Code of practice for noise and vibration control on
construction and open sites. Part 1: Vibration
12.5.6

BS 5228-2:2009 addresses the need for the protection against
vibration for persons living near vicinity of construction sites and
recommends procedures for vibration control. BS 5228-2:2009
recommends that:'.... it is considered more appropriate to provide

guidance in terms of the PPV (Peak Particle Velocity), since this
parameter is likely to be more routinely measured based upon the
more usual concern over potential building damage'.
12.5.7

BS 5228-2:2009 provides empirical formulae relating resultant PPV
for vibratory compaction, percussive and vibratory piling, dynamic
compaction, the vibration of stone columns and tunnel boring
operations.

12.5.8

Table 12-1 is taken from BS 5228-2:2009, and provides guidance on
the effects of vibration in relation to human perception and
disturbance.
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Table 12-1 Guidance on Effects of Vibration Levels
PPV (mm/s)

Effect

0.14

Vibration might be just perceptible in the most sensitive situations for most
vibration frequencies associated with construction. At lower frequencies, people
are less sensitive to vibration.

0.3

Vibration might be just perceptible in residential environments.

1.0

It is likely that vibration of this level in residential environments will cause
complaint, but can be tolerated if prior warning and explanation is given to
residents.

10

Vibration is unlikely to be tolerable for any more than a very brief exposure to
this level.

BS 6472-2: 2008. 'Guide to evaluation of human exposure to vibration in
buildings. Part 2: Blast-induced vibration
12.5.9

BS 6472-2 provides guidance on human exposure in buildings to
blast-induced vibration and air overblasts. It is primarily applicable to
blasting associated with mineral extraction but can also be applicable
to explosives used within civil engineering and demolition.

12.5.10

BS 6472-2 advises that in order to predict the likely vibration
magnitude from a controlled blast, a series of measurements at
several locations should be taken from one or more trial blasts. Using
the formula provided in BS 6472-2 and extrapolation of the trial blast
results, the likely vibration magnitudes at a given distance (for a
given maximum instantaneous charge) can be predicted.

12.5.11

The standard suggests that accredited blasting contractors will
appropriately design blasts to minimise effects at Noise Sensitive
Receptors (NSRs).

12.5.12

For blast vibration occurring up to three times per day the generally
accepted maximum satisfactory magnitude for residential premises is
a peak particle velocity (PPV) of between 6.0 mm/s· and 10.0 mm/s.

12.5.13

Should more than three blasts be required per day, BS 6472-2
provides information on the acceptable vibration limits.

12.5.14

BS 6472-2 states that "Accurate prediction of air overpressure (from

blasting) is almost impossible due to the variable effects of the
prevailing weather conditions and the large distances often
involved."
12.5.15

Whilst not providing any specific air overblast limit, BS 6472-2
provides the following information on acceptable overblast
pressures: Windows are generally the weakest parts of a structure
exposed to air overpressure. Research by the United States Bureau
of Mines has shown that a poorly mounted window that is pre-
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stressed can crack at around 150 dB(lin), with most windows
cracking at around 170 dB(lin). Structural damage would not be
expected at air overpre
12.5.16

The air overpressure levels measured at properties near quarries in
the United Kingdom are generally around 120 dB(lin), which is 30
dB(lin) below, or only 3% of, the limit for cracking pre-stressed poorly
mounted windows.

BS 7385: Part 2: 1993 "Evaluation and measurement for vibration in buildings.
Part 2 Guide to damage levels from groundborne vibration"
12.5.17

British Standard BS 7385-2:1993 provides guidance on the levels of
groundborne vibration above which the building structures could be
damaged. This is particularly relevant for the development due to the
use of a tunnel boring machine (TMB) to construct the penstock/s.

12.5.18

For the purposes of BS 7385-2:1993, damage is classified as cosmetic
(formation of hairline cracks), minor (formation of large cracks) or
major (damage to structural elements). Guide values given in BS
7385-2:1993 are associated with the threshold of cosmetic damage
only, usually in wall and/or ceiling lining materials.

12.5.19

BS 7385 provides a frequency-based vibration criterion for transient
vibration induced cosmetic damage, which is reproduced in Table 122.

Table 12-2 Transient vibration guide values for cosmetic damage

Type of building

Peak component particle velocity in frequency
range of predominant pulse

4 Hz to 15 Hz
1

Reinforced or framed structures.
Industrial and heavy commercial
buildings

2

Un-reinforced or light framed structures 15 mms-1 at 4 Hz
-1
increasing to 20 mms
Residential or light commercial type
at 15 Hz
buildings

15 Hz and above

-1

50 mms at 4 Hz and above
-1

20 mms at 15 Hz
-1
increasing to 50 mms at
40 Hz and above

NOTE 1. Values referred to are at the base of the building
NOTE 2. For line 2, at frequencies below 4 Hz, a maximum displacement of 0.6mm (zero to peak)
should not be exceeded.

12.5.20

When considering continuous vibrations, even taking the
precautionary approach of halving the guideline vibration values for
transient vibration induced minor cosmetic damage to buildings
(from BS 7385), the resulting guidelines are still orders of magnitude
above the threshold of perception and substantially higher than
equivalent values likely to provoke complaint.
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12.5.21

The guidance on acceptable vibration levels in structures provided in
BS 5228 2: 2009 recommends adopting the building damage
vibration guidelines from BS 7385.

Minerals Planning Guidance (MPG) 11: The control of noise at surface mineral
workings
12.5.22

Although the Development does not involve the extraction of
minerals, the preference of Gwynedd Council EHO Ms. Duell-Parri
was to use the guidance provided within MPG 11 with regard to NSRs
construction noise limits due to the similar nature of construction
activity.

12.5.23

Paragraphs 31-43 of MPG 11 describe a recommended method for
setting noise limit values. The recommendation is that daytime freefield noise limits should not be higher than LAeq,1h 55 dB, and night
time limits shall be set at LAeq,1h 42 dB.

12.5.24

In quieter rural areas a lower daytime limit may be appropriate when
a limit of LAeq,1h 55 dB would exceed the existing background noise
levels by more than 10 dB. In this case we propose a LAeq,1h noise
limit of background noise + 10 dB.

12.5.25

Where the daytime background noise level is below LA90 35 dB(A),
MPG 11 proposes a fixed lower criterion limit of LAeq,1h 45 dB, to
avoid "unduly restrictive" noise criteria being placed on the operator.

12.5.26

Within MPG 11, daytime working is defined as 0700-1900 hours and
night-time as 1900-0700 hours.

12.5.27

Paragraph 61 of MPG 11 suggests that it may be necessary to increase
the noise limit for an 8 week period (per year) that would allow
potentially noisy activities to occur up to a level of LAeq,1h 70 dB.
This period may be required during the development, at the start and
end of the penstock and tailrace tunnel construction, or for other
noisy activities such as the construction of earth/spoil bunds to
provide noise screening.

BS 4142:1997 - Method for rating industrial noise affecting mixed residential
and industrial areas
12.5.28

In order to assess the likelihood of noise effect at the nearest
residential properties following the introduction of the development,
an operational noise effect assessment has been undertaken in
accordance with BS 4142: 1997 "Method for rating industrial noise
affecting mixed residential and industrial areas".

12.5.29

This British Standard provides assessment guidance on the
assessment of the likelihood of complaints relating to industrial noise
when a new industrial noise source is introduced into the vicinity of
residential properties.
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12.5.30

The principal terms used in BS 4142 are broadly defined as follows:
• ambient

noise - the totally encompassing sound in a given situation
at a given time usually composed of sound from many sources near
and far;
• specific noise LAeq,T - the noise source under consideration;
• rating level - LArTr is the specific noise level corrected to allow for
certain distinctive acoustic features;
• residual noise LAeq - the ambient noise remaining when the specific
noise is sufficiently suppressed so as not to contribute to the
ambient noise level; and,
• background noise LA90,T - the measured LA90,T level of the
residual noise.
12.5.31

BS 4142 presents a method of rating noise levels by comparing the
noise level of the new industrial noise source (i.e., the Rating Level),
with the existing background noise level (i.e., the LA90,T of the
residual noise level).

12.5.32

The standard states that the appropriate reference time interval for
daytime and night-time periods is 1 hour and 5 minutes, respectively.

12.5.33

The rating method accounts for unusual acoustic features such as a
whine, hiss, impulsive or irregular noise by the addition of a single 5
dB correction to the actual Specific Noise Level of the source. The
character corrected Specific Noise Level is the Rating Level.

12.5.34

The BS 4142 rating is determined by arithmetically subtracting the
Background Noise Level from the Rating Level. In accordance with
BS 4142, the likelihood of complaint is as summarised in Table 12-3.

Table 12-3 BS 4142 - The Likelihood of Complaint
Difference Between Rating
and Background Noise
Levels

BS 4142 Likelihood of Compliant

-10

If the rating level is more than 10 dB below the measured
background noise level, then this is a positive indication that
complaints are unlikely.

+5

A difference of around +5 dB is of marginal significance.

+10

A difference of around +10 dB or more indicates complaints are
likely.

12.5.35

Background noise typically varies throughout the day and night. For
plant that may operate on a 24-hour basis, it is appropriate to
measure the representative lowest background noise level (which
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would normally occur in the early hours of the morning) at the
nearest residential property and to use this value for comparison
against the predicted Rating Level from the new plant. If it can be
shown that the rating level from the power station is not likely to give
rise to complaints for the quietest period of the night, then it follows
that the noise effect will be lower at all other times throughout a 24hour period.
12.5.36

It should be noted that the BS 4142 standard is not suitable for use as
both the background noise level and the rating level are very low.
The standard defines 'very low' as background noise levels below
LA90,T 30 dB and rating levels below about LA90,T 35 dB.

12.5.37

Where this is the case, alternative assessment methods are required;
typically BS 8233 is used to achieve suitable indoor ambient noise
levels.

BS 8233:1999 - Sound insulation and noise reduction for buildings - Code of
practice
12.5.38

BS 8233:1999 provides recommendations for indoor ambient noise
levels in spaces when they are unoccupied. For reasonable
resting/sleeping conditions in a bedroom, the 'good' design level is
LAeq,T 30 dB, and the 'reasonable' design level is LAeq,T 35 dB.

12.5.39

Typically, with a partially open window, the sound reduction offered
by the composite façade is 10 - 15 dB. Accordingly, if as a
conservative assessment it was assumed that the composite façade
for an open window provides 10 dB of a sound reduction into a
bedroom, then the night time noise level limit to provide 'good'
internal sleeping conditions is LAeq,T 40 dB at the facade.

Design Manual for Roads and Bridges (DMRB)
12.5.40

The DMRB sets out the requirements for undertaking noise and
vibration assessments, as well as providing guidance on the
methodology to be used when assessing the noise and vibration
effects arising from all road projects.

12.5.41

The guidance provides advice on how a percentage change in
vehicle movements relates to a decibel change in road traffic noise:
A change in noise level of 1 dB LA10,18h is equivalent to a 25%
increase or a 20% decrease in traffic flow, assuming other factors
remain unchanged and a change in noise level of 3 dB LA10,18h is
equivalent to a 100% increase or a 50% decreas

12.5.42

DMRB defines classifications of 'magnitude of noise effects' from
road traffic. Construction traffic noise would typically be described as
a short term effect (less than 15 years). The magnitude of effect
tables from DMRB are reproduced in Table 12-4.
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Table 12-4 Classification of Magnitude of Noise Effects in the Short Term
Noise Change LA10,18h

Magnitude of Effect

0

No change

0.1 - 0.9

Negligible

1 - 2.9

Minor

3 - 4.9

Moderate

5+

Major

Criteria for significance of effects
12.5.43

The adopted assessment of noise effects is based on the sensitivity
of the noise receptor and the magnitude of the noise level
exceedance of the relevant noise and vibration criteria.

12.5.44

The BS 4142, MPG 11, and BS 5228 noise & vibration guidelines will be
applied to the level exceedance during the operation and
construction phases.

12.5.45

The sensitivity of receptors to noise and vibration is based on their
usage as defined in Table 12-5.

Table 12-5 Criteria Used to Define Sensitive Receptors
Sensitivity Description

Examples of receptor usage

High

Receptors where
people or operations
are particularly
susceptible to noise or
vibration.

Residential.
Quiet outdoor areas used for recreation.
Conference facilities.
Auditoria/studios.
Schools in daytime.
Hospitals/residential care homes.

Medium

Receptors moderately
sensitive to noise or
vibration, where it may
cause some distraction
or disturbance

Offices.
Restaurants.
Sports grounds when spectator noise is not a normal part of
the event and where quiet conditions are necessary (e.g.
tennis, golf).

Low

Receptors where
distraction or
disturbance from noise
or vibration is minimal

Residences and other buildings not occupied during working
hours.
Factories and working environments with existing high noise
levels.
Sports grounds when spectator noise is a normal part of the
event.
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12.5.46

The magnitude of noise or vibration effects at sensitive receptors is
equal to the level difference between the measured or predicted
level and the criteria.

12.5.47

Table 12-6 is based upon the advice of BS 4142 on the likelihood of
complaints during the operational phase by subtracting the
measured background noise level from the rating level.

Table 12-6 Classification of Magnitude of Effect - Operational Phase
Difference Between Rating and Background Noise
Magnitude of Effect
Levels
≤-10

Neutral

-9 to 0

Negligible

1 to +4

Minor

+5 to +9

Moderate

≥ +10

Major

12.5.48

Construction noise limits at the nearest sensitive receptors have been
derived from MPG 11 for this assessment. Judgement of the
magnitude of construction noise level effects has been made to
define the significance of construction noise effects as shown in
Table 12-7.

Table 12-7 Classification of Magnitude - Construction Noise
Magnitude of
Effect

Criteria

Negligible

Generation of LAeq,1hr daytime facade noise levels that are equal to or below
the daytime criterion limit*.
Generation of night time facade noise levels that are equal to or below LAeq,1hr
42 dB

Minor

Generation of LAeq,1hr daytime facade noise levels that are +1 to +4 dB above
the criterion limit*
Generation of night facade noise levels that are +1 to +4 dB above LAeq,1hr 42
dB

Moderate

Generation of LAeq,1hr daytime facade noise levels that are +5 to +9 dB above
the criterion limit*
Generation of night facade noise levels that are +5 to +9 dB above LAeq,1hr 42
dB

Major

Generation of LAeq,1hr daytime facade noise levels that equal to or are more
than 10 dB above the criterion limit*
Generation of night facade noise levels that are equal to or are more than
10 dB aboveLAeq,1hr 42 dB

*The daytime LAeq,1hr criterion limit is defined as the background noise level + 10 dB, or LAeq,1hr 45 dB,
whichever is the greater.
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12.5.49

Construction vibration limits at the nearest sensitive receptors have
been derived from BS 5228-2:2009 for this assessment. Judgement
of the magnitude of construction vibration effects has been made to
define the significance of construction vibration effects as shown in
Table 12-8.

Table 12-8 Classification of Magnitude - Construction Vibration
Magnitude of
Effect

PPV
(mm/s)

Effect

Negligible

0.14

Vibration might be just perceptible in the most sensitive
situations for most vibration frequencies associated with
construction. At lower frequencies, people are less sensitive to
vibration.

Minor

0.3

Vibration might be just perceptible in residential environments.

Moderate

1.0

It is likely that vibration of this level in residential environments
will cause complaint, but can be tolerated if prior warning and
explanation is given to residents.

Major

10

Vibration is unlikely to be tolerable for any more than a very brief
exposure to this level.

Significance of Effects
12.5.50

Therefore, the significance of noise effects, based on the sensitivity of
the receptor to noise and the magnitude of the noise effects, are as
shown in Table 12-9.

Table 12-9 Significance of Effects
Magnitude
of Effect

Sensitivity
Low

Medium

High

Major

Minor/Moderate

Moderate/Major

Major

Moderate

Minor

Moderate

Moderate/Major

Minor

Negligible/Minor

Minor

Minor/Moderate

Negligible

Negligible/Minor

Negligible/Minor

Minor

Neutral

Neutral

Neutral

Neutral

12.5.51

Any significance levels above moderate and major are defined as
significant effect.
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12.6 Baseline Conditions
12.6.1

The baseline assessment includes an appraisal of the background
noise levels of the site and surrounding area where potentially
adverse effects may occur. The study identifies the character of the
surrounding area and provides a base for how the development will
affect individual receptors as well as the wider area.

12.6.2

Twenty-four hour unattended noise surveys have been carried out at
locations surrounding the development site. As agreed in
consultation with the Gwynedd Council EHO Ms. Moira Duell-Parri,
these surveys were undertaken at a representative sample of NSRs
surrounding the Development.

12.6.3

Supplementary attended noise monitoring was conducted during
night periods at the locations where unattended noise monitoring
was conducted, as well as location 4 (day and night), and location 7
(night only), as shown on Figure 12.1.

12.6.4

The noise surveys measured a number of noise parameters including:
• LA90,

an indicator of background noise;
• LA10 the UK's adopted index for quantifying road traffic noise;
• LAmax, an indicator of maximum noise levels; and,
• LAeq, the equivalent continuous noise level.
12.6.5

Measurements have been conducted in accordance with the
principles and guidance contained within relevant British and
International Standards such as BS 7445 Description and
measurement of environmental noise and BS 4142: Method for Rating
Industrial Noise Affecting Mixed Residential and Industrial areas
(1997).

Noise Sensitive Receptors
12.6.6

There are numerous NSRs surrounding the development site. Due to
the size of the project, residential properties are located at a large
range of distances from various components of the scheme.

12.6.7

Prior to the noise surveys being conducted, six representative NSR
locations were agreed with the EHO at Gwynedd Council. It was also
agreed that additional short term measurements would be
conducted to supplement the 24 hour unattended noise surveys.

12.6.8

For the six representative noise survey locations nominated,
permission was sought from residents and owners to install noise
equipment on their properties.

12.6.9

Once on site, it was established that the owners of one of the
locations (Warden Street) was on holiday, preventing the installation
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of noise equipment. Consequently, only attended noise
measurements could be conducted at this location (Location 4).
Existing Ambient and Background Noise Levels
12.6.10

The environmental noise survey for the development was undertaken
to characterise and quantify the existing baseline ambient and
background noise levels within the area.

12.6.11

Attended and unattended noise surveys were conducted at a total of
seven locations as shown in Figure 12.1. Table 12-10 describes the
noise measurement locations in more detail.

Table 12-10 Noise Measurement Locations
NSR Name /
Address

Description

Tan Hafotty

A single story 19th Century slate cottage located in a remote
position at the end of a single track road off Ffordd Clegir to the
north west of the former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 256179, Y 361031

2

Ty Newydd, Clegir

A two story stone farm house located in a remote position on a
single track road just off Ffordd Clegir to the north west of the
former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 256061, Y 360946

3

Glan Llyn

A two story residential dwelling fronting the A4086 to the east
of former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 257117, Y 360933

4

4 Warden Street

A two story end terrace located on Warden Street to the south
east of the former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 257528, Y 360431

5

Ty-Du

A derelict 17 Century stone cottage just off Ffordd Clegir to the
south east of the former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 256964, Y 360307

6

Lake View Hotel

A two story hotel and restaurant fronting the A4086 to the north
of the former Glyn Rhonwy slate quarry.
Grid Co-ordinates: X 256594, Y 361215

7

At the entrance to
the private road to
Loc. 1 & 2

At the gated entrance to measurement positions 1 and 2 used
instead of measurement positions 1 and 2 during the night time
to prevent disturbance of residents within those properties.
Grid Co-ordinates: X 256174, Y 361109

Location

1

th

12.6.12

The Location 7 attended survey position was chosen to be
representative of Locations 1 and 2 (unattended noise monitoring).
As attended monitoring was conducted during the night period,
Location 7 provided a representative location which did not disturb
residents during unsociable night time hours.

12.6.13

The calibration of the equipment was checked before and after each
set of measurements and found to be within specified limits. All staff
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involved with noise measurements were competent Members of the
Institute of Acoustics.
12.6.14

At each measurement location the microphone was mounted on a
tripod or pole, 1.5 metres above the ground in free-field conditions.
The following equipment packages were used at each noise
measurement location:

Equipment Package 1:
• Rion

NL-32 Class 1 sound level meter
• Rion NC-74 acoustic calibrator
• Rion Enhanced outdoor kit

s/n 00840885
s/n 34672983

Equipment Package 2:
• Norsonic

140 Class 1 sound level meter
• Norsonic 1251 acoustic calibrator
• GRAS Weatherproof microphone set

s/n 8182225
s/n 27485
s/n 55090

Equipment Package 3:
• Rion

NL-52 Class 1 sound level meter
• Rion NC-74 acoustic calibrator
• Rion Enhanced outdoor kit

s/n 00410086
s/n 34672983

Equipment Package 4:
• Norsonic

118
• Norsonic 1251 acoustic calibrator
12.6.15

s/n 31509
s/n 27485

A number of details are provided within Tables 12-11 and 12-12 for
each of the attended and unattended noise monitoring locations
including:
• the

equipment package used;
• climatic conditions during the survey; and,
• measurement times & durations.
12.6.16

Weather conditions during the unattended monitoring periods were
variable, ranging from heavy rain to dry conditions. Where rain has
affected the unattended noise measurements, the data has been
excluded from the assessment.
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Table 12-11 Unattended Noise Measurement Details

Location

1

2

3

5

6

Equipment
Package

2

3

2

1

1

Time and Weather
Measurement Start

Measurement End

05/07/2012 11:10

06/07/2012 11:10

Warm, approx. 16°C. No
noticeable wind

Raining. Forecast was for rain from
04:00. Approximately 16°C and no
noticeable wind.

04/07/2012 13:52

05/07/2012 13:52

Fairly warm, approx. 16°C. Very
lightly raining with some puddles
forming on the roads.

Warm, approx. 16°C. Rain stopped
the previous afternoon and had
remained dry for the remainder of
the measurement period.

04/07/2012 10:20

05/07/2012 10:30

Fairly warm, approx. 16°C. Very
lightly raining with some puddles
forming on the roads.

Warm, approx. 16°C. Rain stopped
the previous afternoon and
remained dry for the remainder of
the measurement period.

05/07/2012 09:52

06:07/2012 10:26

Warm, approx. 16°C. Rain stopped
the previous afternoon and
remained dry for the remainder of
the measurement period.

Raining. Forecast was for rain from
04:00. Approximately 16°C

04/07/2012 09:30

05/07/2012 09:32

Fairly warm, approx. 16°C. Very
lightly raining with some puddles
forming on the roads.

Warm, approx. 16°C. Rain stopped
the previous afternoon and
remained dry for the remainder of
the measurement period.

Table 12-12 Attended Noise Measurement Details
Location

Equipment
Package

3

Time and Weather
Measurement Start

Measurement End

4

06/07/2012 01:15
Dry. Approximately 12°C

06/07/2012 01:30
Dry. Approximately 12°C

4

4

06/07/2012 00:55
Dry. Approximately 12°C

06/07/2012 01:10
Dry. Approximately 12°C

5

4

06/07/2012 00:35
Dry. Approximately 12°C

06/07/2012 00:50
Dry. Approximately 12°C

6

4

06/07/2012 01:35
Dry. Approximately 12°C

06/07/2012 01:50
Dry. Approximately 12°C

7

4

06/07/2012 00:15
Dry. Approximately 12°C

06/07/2012 00:30
Dry. Approximately 12°C
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12.6.17

Wind speed data recorded at the Capel Curig Saws weather station
(12.7 km from Llanberis) averaged 2.7 m/s during the unattended
measurement periods; wind speeds ranged from 0.5 m/s to 7 m/s.
Wind speeds observed during attended measurements were
negligible and were well below the 5 m/s recommended within BS
4142 (when using a windshield to minimise turbulence noise at the
microphone). No data has been excluded due to excessive wind
speeds.

12.6.18

The temperatures during the noise measurements were mild, ranging
between 12oC and 16oC.

12.6.19

The most significant noise sources at each location during the day
and night are listed in Table 12-13.

Table 12-13 Attended Noise Measurement Details
Location

1

2

Day
Night

Noise Sources During Measurements

Day

Maintenance work to the residential property was audible during the
period of equipment installation. At no point during the installation of the
equipment was road traffic noise from Ffordd Clegir audible. Bird song
and noise due to wind passing through trees contributed to the overall
noise level.
Analysis of the data gathered by the unattended monitoring equipment
shows an increase in the background noise level on 06/07/12 from 04:25
to 08:25, and then again from 09:15 to 11:10. This increase in noise level
was due to persistent rainfall and has been excluded from the assessment.

Day

Noise due to infrequent traffic movements on Ffordd Clegir was audible
at Location 2. Sources of noise included bird song and wind passing
through trees. Noise from a nearby stream was audible throughout,
however it was not dominant.

Day

Traffic on the A4086 was the most dominant noise source contributing to
the ambient noise level. Other sources of noise include work processes
taking place at the DMM factory, 100m south west from Location 3. A five
minute traffic count of the A4086 was undertaken at approximately 10:30
when 0 HGVs, 35 cars and 1 coach was counted.

Night

Noise from the DMM factory contributed to noise levels measured at this
position. The noises included intermittent, impulsive, and broadband
noises with duration between 5 and 10 seconds. Intermittent vehicle
movements on the A4086 also contributed to the overall noise levels.
Noise from a small water feature in the garden of Glan Llyn was audible
throughout, but was not dominant. Noise from a nearby fan to the east
was audible but not dominant; however this noise source controlled the
night time background noise levels

Day

Distant road traffic noise was the most dominant noise source
contributing to the ambient noise level. Traffic movements on Warden
Road were infrequent and contributed to the LAeq noise level. Other
sources of noise included children playing in the nearby playing fields, a
helicopter flyover and the movements of pedestrians.

3

4

/
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Location

Day
Night

Noise Sources During Measurements

Night

Noise from water flowing through nearby drains was constant and
dominated the ambient noise level. In the absence of noise from nearby
drains, mechanical plant noise from Siemens factory (~400 m west) was
audible.

Day

Noise from the Siemens factory was constant and was the single largest
contributor to the ambient and background noise levels. Noise sources at
the Siemens factory included vehicle movements, fan noise, and the
loading & unloading of vehicles. Other sources of noise included vehicles
movements on Ffordd Clegir, bird song, and wind passing through trees.

Night

Fan noise from the Siemens factory was audible throughout the
measurement period and was the single largest contributor to the
ambient and background noise levels.

Day

Vehicle movements on the A4086 were the dominant source of noise in
the area. Other less dominant sources of noise included dogs barking and
deliveries to the hotel. The hotel kitchen extraction fan was barely audible
at the measurement location. A five minute traffic count was undertaken
at approximately 09:45 when 1 HGV, 38 cars and 2 coaches were counted.

Night

Infrequent vehicle pass-bys contributed to the ambient noise level. Other
sources of noise included wind passing through trees. An extract fan from
either the hotel kitchen or one of the bedrooms was barely audible
throughout.

Night

Distant road traffic noise and noise from mechanical plant at the Siemens
factory were the largest contributing factors to the ambient noise levels at
this location

5

6

7

/

12.6.20

Daytime noise levels at each measurement location are presented in
Table 12-13 for two time periods; 07:00-19:00 and 07:00-23:00. The
LA90 noise levels for 07:00-23:00 will be used to determine the BS
4142 limits for operational noise from the development. The LA90
noise levels for 07:00-19:00 will be used to determine the daytime
MPG 11 limits for construction noise from the development.

12.6.21

Representative noise levels provided for Location 4 are from over
three hours of attended measurements on 5th July, 2012, between
12:10 and 17:00, as shown on Table 12-14.
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Table 12-14 Daytime Measured Noise Levels
Daytime (07:00-19:00)

Daytime (07:00-23:00)

Location

LAeq

LAF90

LAFmax

LAeq

LAF90

LAFmax

1

47

29*

78

46

29*

78

2

52

36

67

50

36

66

3

58

44*

66

58

42*

66

4

50

29*

81

50

29*

81

5

49

47

80

48

45

80

6

51

44

91

51

40

91

All values are in dB re 20µPa, Free-field, fast time-weighting.
*The daytime LA90 has been calculated using the lowest 10th percentile of the LA90,5min noise levels during
the respective time periods.

12.6.22

The lowest five minute night time background noise levels at each
measurement location are presented in Table 12-15. The LA90 noise
levels will be used to determine the BS 4142 limits for operational
noise from the development.

Table 12.15 Night Time Measured Noise Levels
Location

Start Time

LAeq,5min

LAF90,5min

LAF10,5min

LAFmax,5min

1

03:50

31

30

32

46

2

03:55

34

33

34

35

3

02:05

42

42

42

43

4

01:00

26

24

27

39

5

00:35

43

43

44

45

6

02:55

34

33

35

40

All values are in dB re 20µPa, Free-field, fast time-weighting

12.6.23

Graphical summaries of the noise levels measured at the five
unattended locations are presented in Appendix 12.1.

Existing Vibration Levels
12.6.24

There are currently no significant sources of vibration in the area.
Consequently, ambient vibration monitoring has not been
undertaken. It should be noted that annoyance due to vibration is not
related to the comparison of pre and post-development vibration
levels, and pre-development vibration levels are not usually
necessary to assess the likelihood of vibration damage or annoyance
from any new vibration sources likely to be introduced into the area.
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12.7 Potential Effects
12.7.1

The project has a number of noise sources which have the potential
to effect nearby NSRs.

Potential Construction Noise Sources
12.7.2

Construction work of any type that involves heavy plant activity will
generate noise, which may result in complaints if appropriate
scheduling and control of works is not exercised. Noise levels
generated by construction activities and experienced by NSRs,
depends upon a number of variables, the most significant of which
are:
• the

level of noise generated by plant or equipment used on site,
generally expressed as the sound power level (SWL);
• the periods of operation of the plant on the site, known as its 'ontime';
• the distance between the noise source and the NSR; and,
• the attenuation of sound due to ground absorption, air absorption
and barrier effects.
12.7.3

In order to evaluate noise effects during the construction phases it is
necessary to have knowledge of the variables listed above.
Construction contractors may use different working methods and
plant to achieve the same ends. An accurate construction noise and
vibration effect assessment is not possible until after the
appointment of an approved contractor with knowledge of the exact
working routine and plant schedule to be implemented.

12.7.4

Until this is the case, assumptions on the required construction
phases and durations are outlined in Chapter 3 Project Description
and Table 12-16.

12.7.5

It must be emphasised that the information used within the
assessment is unlikely to be adopted exactly by any contractor and
therefore the outcomes of the construction assessment should be
viewed in this context.

12.7.6

The use of construction plant and the likely noise effect from its use
is determined using the guidance detailed in BS 5228. Where
necessary, mitigation methods may be required to attenuate noise to
acceptable levels at NSRs. Should complaints be received from local
residents, the Local Authority would determine whether Best
Practicable Means is being applied. Should this not be the case,
action under the Control of Pollution Act 1974 may be taken.

12.7.7

Worst case noise levels will be assessed using the full schedule of
plant working throughout the entire phase duration. In reality, the
noise levels at receptors are likely to be lower as different activities
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with different plant/equipment will take place at different times,
periods, combinations and sequences at different parts of the
construction site.
12.7.8

Construction noise will occur throughout the predicted 3.5 - 4 years
to complete the works. Table 12-16 shows indicative construction
phases and their proposed duration. An indicative construction
programme is shown in Chapter 3 Project Description.

Table 12-16 Proposed Construction Schedule
Construction Activity

Duration

Q1 Headpond

18 Months

Q6 Powerhouse

36 months

Q6 Tailpond

15 months

Q6 Penstock

18 months

Q6 Pumping Station / spillway / scour pipe

6 months

12.7.9

Construction compounds are proposed to the south of both Q1 and
Q6. The proposed hours for construction are Monday to Saturday
07:00 to 19:00, although construction of the penstock and tailrace
tunnel is likely to be a continuous 24 hour operation.

12.7.10

During construction, it is expected that the noisiest activities will be
the drilling, blasting and grouting of Q1 and Q6, as well as the
crushing of spoil and surface plant operation.

12.7.11

The penstock will be constructed using a TBM launched from the Q6
Tailpond towards the Q1 Headpond. A TBM is a cylindrical machine
with a circular rotating cutter head that uses discs to excavate a
circular profile through rock as the machine advances. The proposed
diameter of the TBM is 4m.

12.7.12

Material excavated by the TBM is will be conveyed from the cutter
head back to the Q6 Tailpond to be processed and utilised into the
dam construction.

12.7.13

At distances within close proximity to TBM, airborne noise from this
equipment is likely to be high. However for the majority of this task,
the TBM will be underground and will therefore be screened from
NSRs. Noise effects from ancillary plant to the TBM (exhaust fans and
generators) have been considered within this assessment.

12.7.14

The generation of groundborne noise emission due to the TBM will
need to be considered. Groundborne noise is audible noise which
occurs within buildings when vibration transmitted into the building
causes the oscillation of floors, ceilings, or walls which radiate sound.
Tunnel boring effects are discussed later in this chapter.
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12.7.15

Construction noise will largely be controlled using various Best
Practicable Means (mitigation measures), as would the vibration
effects due to the TBM or blasting.

12.7.16

Stabilisation works at Q1, and re-profiling at Q6 is likely to involve
blasting which will be scheduled for daytime periods only. Blasting
effects are discussed later in this chapter.

12.7.17

Representative assessment locations have been assigned
construction noise limits based on the measured daytime
background noise levels at the six locations, or provided with the
lower noise criterion limit (of LAeq,1h 45 dB) as suggested within
TAN 11.

12.7.18

Where two noise survey location were close to each other (1 & 2, 3 &
6), and experienced similar noise sources, the lowest daytime LA90
level has been used.

Table 12-17 Representative Assessment Location Daytime Construction Criteria

Location

Daytime LAF90
(07:00-19:00) dB

Daytime LAF90
+ 10 dB

Daytime
Construction
Criteria Used dB

Night time
Construction
Criteria Used dB

1

29*

39

45

42

2

36

46

See Location 1

3

44*

54

See Location 6

4

29*

39

45

42

5

47

57

57

42

6

44

54

54

42

All values are in dB re 20µPa, Free-field, fast time-weighting
*The daytime LA90 has been calculated using the lowest 10th percentile of the LA90,5min noise levels during
the respective time period.

12.7.19

As shown in Table 12-17, all NSRs apart from those fronting the
A4086 to the north west of Llanberis (including Locations 3 & 6), and
Location 5 (Ty-Du), have the lower limit criterion of LAeq,1h 45 dB
applied. This lower limit criterion has been applied for representative
assessment locations in areas where noise surveys were not carried
out.

12.7.20

The assessment of the construction noise effects has been
undertaken at 30 representative NSR locations around the
Development site as shown in Appendix 12.1. The closest NSRs to Q1
are approximately 1500m to the west or 1000m to the north east.
The closest NSRs to Q6 are approximately 200m to the north east.
During the construction of the spillway between Q6 and Llyn Padarn,
NSRs will be approximately 50m from construction areas.
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12.7.21

Noise levels have been predicted using a 12 hour construction
working day, based on 07:00 - 19:00. For assessment purposes, it is
assumed that all the equipment listed for each activity would be
operating during the same working day. Therefore based upon the
proposed working hours, LAeq,1h noise levels have predicted for a
theoretical 'worst-case day' of works.

12.7.22

Noise levels have been predicted 1m in front of the facade of each
representative NSR; however no façade correction has been added
to the predicted noise levels. These predicted noise levels can then
be easily compared with the noise limits used within TAN 11 which are
free-field noise limits.

12.7.23

Appendix 12.1 provides a summary of the predicted LAeq,1h noise
levels at the representative NSRs based upon the above
methodology and assumptions for separate works phases as well as
a combined works scenario with all phases operating simultaneously.

12.7.24

Figures 12.2 to 12.7 graphically show the extent of the predicted noise
level propagation the preliminary assessment of the individual
construction phases.

12.7.25

The assessment outcome of the separate work phases shows that the
construction noise limit is predicted to be exceeded by up to 8 dB
due to either tailpond or power station construction phases at a
number of representative NSRs.

12.7.26

For the period where all phases of work may occur simultaneously,
the construction noise limit is predicted to be exceeded:
• by

10 dB or more at four representative NSR locations;
• by between 5 dB and 9 dB at seven representative NSR locations;
and,
• by between 0 and 4 dB at two representative NSR locations.
12.7.27

For the night time penstock construction, the night time noise limit is
predicted to be exceeded by between 0 and 5 dB at two
representative locations.

12.7.28

As only representative NSRs have been assessed, the number of
actual NSRs with the potential to be adversely affected by
construction noise will be more than the number identified above.

12.7.29

Table 12-18 shows the significance of effects for the daytime
construction noise effects when all works phases occur
simultaneously, based upon the predicted noise levels provided
within Appendix 12.1 and the sensitivity of the NSRs (high).
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Table 12-18 Combined Construction - Significance of Effects

Representative NSR

Predicted Noise Limit
Exceedance LAeq,1h
(dB)

Magnitude of
Effect

Significance of
Effects

10 Coed y Glyn, Llanberis

9

Moderate

Moderate/Major

1-2 Llwyn Dyrus, Llanberis

10

Major

Major

1-6 Olgra Terrace, Llanberis

10

Major

Major

2-4 Frin Deg Terrace, Llanberis

8

Moderate

Moderate/Major

Cae Grolan, Waunfawr

-10

Negligible

Minor

Cae'r Fran, Llanberis

-6

Negligible

Minor

Fuches Isaf, Fachwen

8

Moderate

Moderate/Major

Gallt-y-glyn, Llanberis

-1

Negligible

Minor

Glan Llyn, Llanberis

-5

Negligible

Minor

Glyn Padarn, Llanberis

3

Minor

Minor/Moderate

Glyn Peris, Llanberis

-1

Negligible

Minor

Glyn Perris Cottage, Llanberis

4

Minor

Minor/Moderate

Hafod Oleu Uchaf, Waunfawr

-11

Negligible

Minor

Lake View Tan y Pant, Llanberis

-8

Negligible

Minor

Llys Elen, Llanberis

-6

Negligible

Minor

Muriau Gwynion, Fachwen

7

Moderate

Moderate/Major

Pen y Bryn, Fachwen

10

Major

Major

Pendas Eithin, Waunfawr

-11

Negligible

Minor

Pendraw, Llanberis

-6

Negligible

Minor

Tan Hafotty, Llanberis

-3

Negligible

Minor

Tan y Bryn, Fachwen

9

Moderate

Moderate/Major

Tan y Graig, Fachwen

11

Major

Major

Ty Mawr, Llanberis

-6

Negligible

Minor

Ty Newydd Clegir, Llanberis

-1

Negligible

Minor

Ty Newydd, Llanberis

9

Moderate

Moderate/Major

-18

Negligible

Minor

Ty Uchaf, Ceunant
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Representative NSR

Predicted Noise Limit
Exceedance LAeq,1h
(dB)

Tyddyn Isaf, Fachwen

8

Moderate

Moderate/Major

Ty'n y Ceunant, Waunfawr

-11

Negligible

Minor

Tyn y Mynydd, Groeslon

-16

Negligible

Minor

Ynys Wen, Llanberis

-2

Negligible

Minor

Magnitude of
Effect

Significance of
Effects

Construction Vibration
12.7.30

Buildings are reasonably resilient to ground-borne vibration and
vibration-induced damage is rare; although persons in a building
subject to relatively low levels of perceptible vibration often worry
about the effect on the structure. However, vibration levels that
cause very minor cosmetic damage are of at least an order of
magnitude higher than perceptible vibration levels.

12.7.31

Vibration-induced damage can arise in different ways, making it
difficult to arrive at universal criteria that will adequately and simply
indicate damage risk.

Surface Plant
12.7.32

General surface plant, such as cranes, compressors and generators,
are not recognised as sources of high levels of environmental
vibration. Reference to Figure C2 of 'Control of Vibration and Noise
During Piling' (British Steel, 1998) confirms that peak particle
velocities (PPVs) significantly less than 5mm/s are generated by such
machinery, even at close distances of 10m.

12.7.33

For example, the indication is that a bulldozer would generate a PPV
of approximately 0.6mm/s at a distance of 10m. This value is well
below the level at which cosmetic building damage could occur.

12.7.34

It is unlikely that surface plant would generate levels of vibration at
NSRs above which cosmetic damage would be expected to occur.
This is especially true at distances of 200m or more, which is the case
for Q6 activities, or 50m for construction of the spillway. It is
anticipated that the significance of vibration effects for surface plant
would be negligible at the closest NSRs. The significance of effects is
minor adverse.

12.7.35

Hydraulic hammers and breakers that are mounted on excavators will
cause groundborne vibration from their impulsive percussive action.
Typical safe working distances from this type of equipment are
shown in Table 12-19. This table has been taken from the Australian
document "Construction Noise Strategy (Rail Projects)" (NSW
Transport Construction Authority) as indicative advice for safe
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working distance to comply with the vibration criterion levels
published within BS 6472:1 and BS 7385.
Table 12-19 Recommended safe working distances for Hydraulic Hammers
Safe Working Distance
Plant

Rating/Description

Small Hydraulic Hammer

(300kg

Medium Hydraulic
Hammer

(900kg

Large Hydraulic Hammer

(1,600kg

12.7.36

Cosmetic
Damage

Human
Response

5-12t excavator)

2m

7m

12-18t excavator)

7m

23m

22m

73m

18-34t excavator)

NSRs are more than 200 m from the Q1 and Q6 quarries where
hydraulic hammer rock breaking will occur. As such, the values
provided within Table 12-19, demonstrate that NSRs are unlikely to
sustain cosmetic damage to their buildings or perceive the vibration
from hydraulic hammer rock breaking. The magnitude of effect is
negligible. The significance of effects is minor adverse.

Blasting
12.7.37

It has been proposed that blasting will be required during
stabilisation works at Q1, and re-profiling at Q6. Pre-split blasting
would be used to maximise the quarry face stability, with bulk
blasting to fragment the main rock mass. Excavated rock material
from blasting would then be processed (crushed and screened) and
then used as rockfill for the adjacent dam.

12.7.38

Blasting activities would be scheduled for daytime periods only,
07:00 - 19:00 Monday to Friday. It is inevitable that air overblast and
vibration effects will be produced from any controlled blasting.

12.7.39

The Welsh "Mineral Technical Note 2: Coal" (2009) provides the
following information regarding the difference between human
exposure vibration levels and those that cause structural damage to
buildings: Blasting is perceived at much lower levels, and people
express concern over nuisance and possible damage. Although
damage or the fear of damage is people's major concern, vibration
levels rarely approach the levels that would induce hairline cracks.
People are very sensitive to vibration and some people become
aware of vibration as low as 0.5mm/s, but the human body is not
capable of accurately quantifying its magnitude. Best practice is
needed to minimise effects, maximise efficiency and to establish and
maintain good public relations. Once the threshold of perception is
exceeded, the likelihood of complaints is largely independent of
vibration magnitude but greatly influenced by the relationship
between an operator and the local community. It is important to have
a consistent approach to management, regulation and enforcement
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and to use monitoring and recording of vibration-levels from blasting,
to ensure an operator's compliance with blasting conditions.
12.7.40

At this stage of the project, the detail of blasting (mass of charge,
frequency of blasts, site location, hole spacing, detonation delay, etc.)
is currently unknown.

12.7.41

BS 5228 provides guidance on calculating first estimates of potential
vibration levels from blasting (Annex E.2). Using Figure E.1 and the
distances to the closest NSRs at Q1 and Q6 (approximately 1000m
and 200m respectively), a maximum instantaneous charge can be
calculated for a 95% confidence PPV limit to be achieved.

12.7.42

For example, if a PPV of 6mm/s was targeted to achieve 95%
confidence levels, then the maximum instantaneous charge that
could be used for Q1 and Q6 is 2500kg and 100kg respectively. This
is a first estimate of possible maximum instantaneous charges and
purely demonstrates that through appropriate design, blasting can
achieve imposed limits.

12.7.43

With appropriate design by suitably qualified blasting contractors,
the magnitude of effects due to blasting is expected to be negligible.

Tunnel Boring Machine
12.7.44

BS 5228 provides guidance on calculating first estimates of potential
groundborne vibration and noise levels from tunnel boring (Annex
E.1). The empirical formulae within Table E.1 used calculate
groundborne vibration & noise from tunnelling are limited to the
distance range of 10m to 100m. The closest NSR to the penstock
route is approximately 200m at Q6 entry/exit pit with a second NSR
approximately 300m from the penstock length.

12.7.45

The formulae have been employed to gain an indication of the
groundborne vibration & noise at a nominal distance of 100m. For an
NSR at this distance, the groundborne vibration due to a TBM is
predicted to be PPV 0.45mm/s and the room octave band sound
pressure level is predicted to be 19dB.

12.7.46

These results indicate that for distances of 100m from penstock
construction, that groundborne vibration & noise effects are
expected to be negligible. For NSRs at distances greater than 100m,
as is the case here, it would be expected that groundborne vibration
and noise effects would decrease with increasing distance.

12.7.47

While this may be true, the authors of the original document cited by
BS 5228 "Groundborne vibration caused by mechanised construction
works" (Traffic and Transport Research Laboratory) warn that due to
the formulae being derived from TBM activities over a limited range
of materials, it is possible that formulae may underestimate predicted
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values for tunnelling in stronger rock. They also caution against the
extrapolation of the formulae for distance greater than 100m.
12.7.48

Despite these caveats, it is expected that groundborne vibration and
noise due to the operation of the TBM will be negligible at NSRs.

Construction Traffic Noise
12.7.49

Preliminary estimated data for construction related traffic
movements has been compiled and presented within Chapter 11 Traffic and Transport by the transportation team within AECOM.
Given the phasing of the construction activities and the duration of
the programme, site related construction vehicles and HGV
movements will be spread across entire construction programme of
3.5 4 years.

12.7.50

The construction traffic route to the Q1 Headpond is proposed to be
via the A4085, through an unnamed road priority junction to the
north of Croesywaun. The route would then pass through priority
crossroads within the settlement of Groeslon before continuing on
east to the Q1 access road.

12.7.51

The construction traffic route to the Q6 Tailpond is proposed to be
via A4086, with a right turn onto Glyn Rhonwy Road and a short
distance to Q6 through existing Industrial Estate roads.

12.7.52

Tables 12-20 to 12-24 present the estimated additional traffic volume
increases on affected roads due to construction vehicles.

Table 12-20 Waunfawr crossroads

Months 1 and 18

2017 Daily Two-Way Flow

Development

HGVs

Cars / Vans

HGVs

Cars / Vans

Development
% Effect

Glyn Rhonwy

7

362

4

38

11

Western arm
(A4086)

2

198

4

38

21

Road Section

Table 12-21 Waunfawr crossroads

Months 2 to 17

2017 Daily Two-Way Flow

Development

HGVs

Cars / Vans

HGVs

Cars / Vans

Development
% Effect

Glyn Rhonwy

7

362

2

38

11

Western arm
(A4086)

2

198

2

38

21

Road Section
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Table 12-22 Waunfawr Junction with the A4085

Months 1 and 18

2017 Daily Two-Way Flow

Development

HGVs

Cars / Vans

HGVs

Cars / Vans

Development
% Effect

Glyn Rhonwy

5

546

4

38

7

Western arm
(A4086)

37

2,801

4

38

1

Road Section

Table 12-23 Waunfawr Junction with the A4085

Months 2 to 17

2017 Daily Two-Way Flow

Development

HGVs

Cars / Vans

HGVs

Cars / Vans

Development
% Effect

Glyn Rhonwy

5

546

2

38

7

Western arm
(A4086)

37

2,801

2

38

1

Road Section

Table 12-24 Glyn Rhonwy / A4086 junction Month 1
2017 Daily Two-Way Flow

Development

HGVs

Cars / Vans

HGVs

Cars / Vans

Development
% Effect

Glyn Rhonwy

8

664

28

114

21

Western arm
(A4086)

79

6,185

28

57

1

Eastern arm
(Llanberis)

76

5,791

0

57

1

Road Section

12.7.53

Given the existing level of traffic flows on the A4085 and A4086, it is
considered that the percentage increase in traffic volumes due to the
development construction vehicles will be relatively small on these
roads when compared with the existing level of traffic. As shown in
Tables 12.22 and 12.24, the percentage increase in vehicle movements
due to construction traffic on these roads is 1%.

12.7.54

Given the very small percentage change in traffic flows for the
A4085 and A4086, coupled with the low amount of expected
construction HGVs in comparison to existing HGV volumes, the
LA10,18h noise level is predicted to increase by much less than 1dB
which is a negligible magnitude of effect.

12.7.55

For the other roads potentially affected by construction traffic, the
predicted construction vehicle flows provide a percentage increase
on existing traffic volumes of between 7% and 21%. This percentage
change would be equivalent to an increase of less than a 1dB change
in the LA10,18h noise level due to increases in traffic volumes.

12.7.56

However, of the predicted increase in construction vehicle
movements on these roads, HGV vehicles represent a higher
percentage than the existing traffic volumes. For example, the daily
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vehicle movements on Glyn Rhonwy Road during Month 1 are
predicted to increase by 21%, with a quarter of those movements
attributed to HGVs. This is a substantial increase on the 1% of HGVs
that exist currently.
12.7.57

DMRB suggests that "changes in traffic speed or proportion of heavy

vehicles on the existing roads or new routes may cause a change in
noise level of 1 dB LA10,18h in the short-term."
12.7.58

Considering the possible noise level increase due to a greater
proportion of HGVs in addition to the expected increase in traffic
movements, the LA10,18h noise parameter would likely increase by
more than 1dB (but less than 2dB) which equates to a minor
magnitude of effect. The significance of effects is minor/moderate
adverse for high sensitive NSRs.

Construction Traffic Vibration
12.7.59

Vibration is a low frequency disturbance that can produce physical
movement in buildings and their occupants. Vibration can be
transmitted through the air or through the ground. Airborne vibration
from traffic can be produced by the engines or exhausts of road
vehicles with dominant frequencies in the 50-100Hz range. Groundborne vibration is more often in the 8-20Hz range and is produced by
the interaction between rolling wheels and the road surface. Groundborne vibration is usually measured in terms of PPV (mm/s).

12.7.60

Advice on vibration effects and annoyance cited within DMRB is
referenced to the Transport and Road Research Laboratory
document "Traffic Induced Vibrations in Buildings" (1990). A
summary of findings from the document includes:
• Groundborne

vibration levels depend on many factors and are
difficult to predict.
• Research has shown that traffic induced ground borne vibrations do
not cause significant damage to buildings.
12.7.61

The highest levels of traffic induced groundborne vibration are
generated by irregularities in the road surface which can be avoided
with appropriate maintenance.

12.7.62

Airborne vibration is more likely to cause disturbance than groundborne vibration, but both sources of vibration will cause less
disturbance than noise.

12.7.63

DMRB relates changes in traffic vibration annoyance to the change in
the LA10,18h noise levels at NSRs. However, this method is based on
survey data and noise level changes where road traffic was the
dominant noise source of the area. Given the relatively small number
of traffic volumes on roads other than the A4085 and A4086, this
method may not necessarily be valid for these roads.
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12.7.64

HGV construction vehicles have the potential to pass within 2m of
existing residential properties within Groeslon when travelling along
the access route to Q1. The existing width of the roads would likely
require HGVs to manoeuvre at a lower speed than standard vehicles.

12.7.65

Given the expected increase in construction traffic volumes on Glyn
Rhonwy Road, and also along the access roads to Q1, it is likely that
NSRs fronting these roads/routes will be affected by groundborne
vibration and/or airborne vibration caused by construction vehicles.

12.7.66

DMRB advises that if the level of vibration at a receptor is predicted
to rise to above a level of 0.3mm/s, or an existing level above
0.3mm/s is predicted to increase, then this should be classed as an
adverse effect from vibration.

12.7.67

As there is no accurate method of predicting a magnitude of effect
of construction traffic vibration a level of minor effect has been
assigned to construction traffic induced vibration. The significance of
effects is minor/moderate adverse for high sensitive NSRs.

12.8 Potential Operational Noise Sources
12.8.1

Potential operational noise sources are limited to the power station
site and include:
• Turbines

& Generators
• Transformers & Switchgear
• Workshop
12.8.2

The proposed location of the power station is south of the tail pond.
The power station comprises a main plant hall building at surface
level, and a deep shaft to house the pump/turbines.

Operational Noise Limits
12.8.3

Operational noise limits have been determined using the BS 4142
assessment methodology, based on the measured night time
background noise level at the representative NSRs. As a conservative
approach, the lowest of the measured LA90,5min levels have been
used for the night-time period as shown in Table 12-14.

12.8.4

Demonstration that development's operational noise can achieve a
zero rating level at night, will conclude that noise in the daytime will
also cause a less than negligible effect at NSRs, when ambient noise
levels are higher.

12.8.5

A zero rating level has been set to achieve a magnitude of effect of
less than negligible (i.e. Rating Level equals the background noise
level).
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12.8.6

In order to present the worst case scenario, a 5dB rating penalty has
been added to potential noise levels at NSRs, when determining BS
4142 noise limits.

12.8.7

A summary of the night time rating levels determined in accordance
with BS 4142 for the representative NSR locations are shown in Table
12-25.

Table 12-25 Night Time BS 4142 Noise Limits

LAF90,5min

Specific Noise Level dB

Rating Level dB

1

30

25

30

2

33

28

33

3

42

37

42

4*

24*

19*

24*

5

43

38

43

6

33

27

33

Location

All values are in dB re 20µPa, Free-field, fast time-weighting
*See paragraph 12.6.21 regarding the operational noise limits for Location 4.

12.8.8

The background noise level and the nominated Rating Level for
Location 4, are considered to be 'very low' according to BS 4142 and
are therefore the Rating Level of LAr 24 dB will not apply at this
location. Instead, the noise due to power station noise sources should
be no greater than LAeq,T 40 dB at the facade of NSRs in this area,
to achieve 'good' internal sleeping conditions in accordance with BS
8233.

Turbines & Generators
12.8.9

The nominal turbine size used in the preliminary design of the
development is below 50MW and the design allows for a maximum
of two units to be installed in parallel.

12.8.10

The turbine will be partially encased in a concrete jacket cast into the
shaft for structural support and to help absorb operational vibration.

12.8.11

The turbines and generators will be approximately 70m below the
existing ground surface, housed within the shaft, enclosed and
insulated within their own level, and separated from the main plant
hall building on the surface.

12.8.12

It is currently unknown what sound power levels will be emitted by
turbines, generators and associated equipment, although such
industrial type machinery would be likely to have sound power levels
in excess of 100dB.

12.8.13

Despite the potential for the machinery to have sound power levels in
excess of 100dB, the magnitude of noise effect from turbines,
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generators and associated equipment is expected to be negligible.
This is due to the separation and substantial construction that will
exist between the machinery and NSRs. The significance of effect on
residential high sensitive NSRs is minor adverse.
Transformers & Switchgear
12.8.14

To the front of the power station main hall, an internal switchgear
annex is proposed. External transformer compounds are proposed
for three main power transformers, located immediately in front of
the power station main hall.

12.8.15

Modern gas insulated switchgear equipment emits very low noise
levels during operation. As such, the noise levels emitted by the
switchgear are expected to be easily mitigated by the building fabric
and mechanical ventilation design. Consequently, the magnitude and
effect of noise effect from switchgear is expected to be neutral.

12.8.16

Transformers are proposed to be located externally to the building.
The sound power level of the transformers is currently unknown at
this early stage of the project. Given the proposed location of the
transformer enclosure, the nearest NSRs (fronting the A4086) are at
least 400m away (Location 3 and Location 6).

12.8.17

The assessment of potential transformer noise at NSRs has been
completed assuming that the three transformers can be considered
point sources with a combined sound power level of 85dB(A), which
is considered typical. The resultant noise level at a distance of 400 m
due to distance attenuation only, would be 25dB(A). Applying a
character correction of +5dB(A) to account for any tonal annoyance,
a BS 4142 rating level of 30dB(A) would is predicted.

12.8.18

A rating level of 30dB(A) is 3dB(A) below the night time background
noise level of LA90,5min 33dB measured at Location 6. Given the
assumptions stated here, the magnitude of effect is therefore
expected to be negligible. The significance of effect would be minor.

Workshop
12.8.19

A workshop and loading area are included at one side of the main
hall. General offices and a control room are proposed for the other
side of the main hall.

12.8.20

It is currently unknown what sound power levels will be emitted by
maintenance equipment within the workshop.

12.8.21

Workshop noise is anticipated to occur infrequently, in response to
maintenance requirements. Excluding emergency situations,
workshop noise will be generated during the day only.

12.8.22

Noise levels emitted by the workshop are expected to be easily
mitigated by the building fabric and mechanical ventilation design.
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12.8.23

The magnitude and significance of noise effect from the workshop is
expected to be neutral.

Pumping Station
12.8.24

The pumping station at the end of the Q6 supply pipe (at Llyn
Padarn), will contain equipment to pump water from Llyn Padarn to
Q6 for initial filling and top up. Equipment will be located below
ground within a sealed concrete chamber.

12.8.25

Access to the underground chamber will be via access panels which
will be made from thick galvanised steel which will be suitable
attenuate noise from within the chamber.

12.8.26

It is expected that selected pumping equipment will meet the
requirements set out in the EU Machinery Directive. Typically, such
equipment is not inherently noisy.

12.8.27

The pumping station is expected to operate on an intermittent basis,
allowing for the initial filling of Q6 and subsequent 'topping up' as
required. As such, noise effects are only expected for short durations
on an operational basis. Actual noise levels are expected to be
adequately mitigated through the design of the pumping station
(chamber, access panels, etc.)

12.8.28

The closest NSR to the pumping station is more than 200m away.
Infrequent noise emitted by the pumping station is expected to be
easily mitigated by the design of the underground chamber and
distance attenuation. As such, pumping station noise effects are
expected to be neutral at NSRs.

12.9 Mitigation, Compensation and Enhancement Measures
Construction Noise and Vibration
12.9.1

With regard to construction activities, agreement on operational
hours and working methods will be sought from Gwynedd Council in
order to minimise noise effects at NSRs.

12.9.2

Moreover, during consultation with Ms. Duell-Parri at Gwynedd
Council, a Section 61 prior consent under the Control of Pollution Act
1974 was recommended for any construction works that would fall
outside of typical construction hours in the area. As TBM works are
expected to be required on a continuous 24 hour per day basis, a
Section 61 agreement will be required to limit the potential effect
from the construction works.

12.9.3

Section 61 consent places the responsibility for controlling
construction noise onto the appointed contractor via restricting
types of construction, methodologies, and timescales. These
agreements form part of the legal contract between Gwynedd
Council and the MWC.
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12.9.4

The responsibility for seeking final approval for noise control will lie
with the contractor, with final approval itself resting with the
Environmental Health Officer, to be established prior to the
commencement of works.

12.9.5

Based on the construction assumptions presented within the
assessment section, the results from the combined work phases
(where all phases of work may occur simultaneously) shows that the
construction noise limit is predicted to be exceeded by:
• by

10 dB or more at four representative NSR locations;
• by between 4 dB and 9 dB at seven representative NSR locations;
and,
• by between 1 and 4 dB at two representative NSR locations.
12.9.6

For the night time penstock construction, the night time noise limit is
predicted to be exceeded by between 0 and 4dB at two
representative locations.

12.9.7

As only representative NSRs have been assessed, the number of
NSRs with the potential to be adversely affected by construction
noise will be more than those identified above.

12.9.8

The construction noise assessment reveals that based on the sound
power levels and location placement of the individual plant items,
certain plant has greater contributions to the NSR predicted noise
levels than others.

12.9.9

Where particular plant items have been modelled at terrain heights
lower than typical surface heights (i.e. within quarries), screening
provides considerable attenuation to NSRs.

12.9.10

During the Q6 tailpond construction, a crusher unit, graders and
excavators at unscreened locations provide the greatest contribution
to the predicted NSR noise levels.

12.9.11

During the power house construction, a crusher unit, and a Drill Rig
(blast) at unscreened locations provide the greatest contribution to
the predicted NSR noise levels.

12.9.12

Subsequent to the scoping response provided by the Council
regarding noise and vibration, a local liaison group will be set up to
discuss matters relating to noise and vibration effects the
development's construction, with representatives from relevant
stakeholders.

12.9.13

Plant that is not required to be mobile (such as a crusher unit or
batching plant) should be located and oriented with a localised
barrier to provide attenuation to NSRs. Localised barriers that
effectively increase the noise path to NSRs (compared to direct line
of sight), can attenuate noise levels by 10dB or more.
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12.9.14

Mobile plant is more difficult to attenuate by one particular method
and may require a combination of methods to reduce noise levels at
NSRs.

12.9.15

As suggested by Ms. Duell-Parri, noisy construction activities will be
planned for the beginning of the week where possible so that any
delays in the construction works do not result in the particularly noise
activities being conducted on Saturdays.

12.9.16

British Standard 5228 (BSI, 2009) gives detailed advice on methods
of minimising nuisance from construction noise. This can take the
form of reducing source noise levels, control of noise spread and, in
areas of very high noise levels, insulation at receptors. It is likely to be
a requirement of any construction contract that any constructors at
the site comply with the recommendations in BS 5228.

12.9.17

Mitigation measures to achieve Best Practicable Means (as required
by the Control of Pollution Act) may include the following provisions:
• ensure

all processes are in place to minimise noise before works
begin and should ensure Best Practicable Means are being achieved
throughout the construction programme;
• the appropriate use of plant with respect to minimising noise
emissions and regular maintenance. All vehicles and mechanical
plant used for the purpose of the works would be fitted with
effective exhaust silencers and would be maintained in good
efficient working order;
• ensure that modern plant is used, complying with the latest EC noise
emission requirements;
• selection of inherently quiet plant where appropriate. Use of
electrical items of plant instead of diesel plant; especially in sensitive
locations. All major compressors should be 'sound-reduced' models
fitted with properly lined and sealed acoustic covers which would
be kept closed whenever the machines are in use and all ancillary
pneumatic percussive tools would be fitted with mufflers or
silencers of the type recommended by the manufacturers;
• machines in intermittent use would be shut down in the intervening
periods between work or throttled down to a minimum;
• all ancillary plant such as generators, compressors and pumps would
be positioned so as to cause minimum noise disturbance. If
necessary, acoustic barriers or enclosures will be provided;
• loading/unloading sites should be located away from residential
properties and shielded from those properties where practicable;
• arrange the site operations and vehicle routes to minimise the need
for reversing movements, and to take advantage of rises in natural
terrain to screen NSRs;
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• no

employees, subcontractors and persons employed on the site
should cause unnecessary noise from their activities e.g. excessive
'revving' of vehicle engines, music from radios, shouting and general
behaviour etc. All staff inductions at the site should include
information on minimising noise and reminding them to be
considerate of the nearby residents;
• where possible, the hours of noisy operations should be planned
considering the effects of noise upon nearby NSR, taking into
account the duration of work and the potential consequence of any
lengthening of periods of noisy work;
• where possible, the items of plant should be located furthest from
the nearby NSR buildings or in locations where acoustic screening is
provided by site cabins, buildings, or barriers. Plant known to emit
noise strongly in one direction should, when possible, should be
orientated so that the noise is directed away from the nearest NSR;
• materials should be lowered whenever practicable and not dropped.
Any chutes and skips should be lined with sound attenuating
material to reduce effect noise; and,
• care should be taken when loading / unloading vehicles and
dismantling scaffold.
12.9.18

Method Statements regarding construction management, traffic
management, overall site management, and resident management,
prepared in accordance with best practice and relevant British
Standards, can help to minimise effects of construction works. These
will be contained within a CEMP. This should include consideration of
the construction phasing of the development. Construction of
appropriately located earth/spoil bunds during the early phase of the
construction programme would help to increase the acoustic
screening of construction noise.

12.9.19

Consultation and communication with the local community
throughout the construction period also serves to publicise the works
schedule, giving warning to residents regarding periods when higher
levels of noise may occur during specific operations, and providing
them with lines of communication where complaints can be
addressed. Dissemination of such information is likely to encourage
the community to be more tolerant of any disturbance considering
the perceived long term benefits of the project.

12.9.20

A CEMP should also be prepared and put in place to ensure Best
Practicable Means are adopted with regards to each phase of the
proposals. This will help to ensure that the noise effects relating to
construction activities are minimised.
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Blasting
12.9.21

The air overblast and vibration effects of blasting can be reduced
through good blast design, although this may come at the expense of
higher drilling and detonator costs. Smaller, more frequent blasts
lead to smaller but more frequent effects, and the balance between
these factors will need to be discussed with Gwynedd Council.

12.9.22

Methods employed to control air overpressure and vibration from
blasting operations will need to be agreed with Gwynedd Council
prior to any blasting, as well as the frequency of blasting and a 95%
confidence limit for blast PPV values at NSRs. The PPV blasting
vibration limit should follow the guidance provided within BS 6472-2,
of between 6.0 - 10.0mm/s.

12.9.23

An air overblast limit at NSRs should follow the guidance provided
within BS 6472-2 (120 - 150 dB (LIN)) and be agreed upon with
Gwynedd Council.

12.9.24

It is recommended that a blast monitoring scheme for air
overpressure and vibration be implemented. Any scheme should
include details on the location of monitoring points & vibration
sensitive properties, and the equipment to be used.

12.9.25

All blasts at the site should be monitored and records maintained so
that the historical peak particle velocity from blasts can be produced
as required.

12.9.26

A close working relationship between the construction/blasting
operator and the local planning authority will be required for the
exchange of information regarding blasting events.

12.9.27

Blasting should be carried out using the Best Practicable Means
available to ensure that the resultant noise, vibration and air
overpressure are minimised in accordance with current British
Standards and Mineral Guidelines.

12.9.28

Fly rock requirements will be controlled through Health and Safety
legislation.

Tunnel Boring Machine
12.9.29

It is expected that groundborne vibration and noise due to the
underground operation of the TBM will be negligible at NSRs. No
mitigation is proposed.

Construction Traffic
12.9.30

Construction traffic movements will occur throughout the
construction phases. Consideration and planning of the construction
traffic routes have been provided within Chapter 11 - Traffic and
Transport, to minimise the effects related to construction traffic. A
TMP will be prepared and incorporated into the overall CEMP.
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12.9.31

Noise effects from construction traffic along roads other than the
A4085 and the A4086 are expected to be minor (< LA10,18h 1dB).
Given the small existing traffic volumes and the large percentage
increase in expected HGV movements, construction traffic noise
effects will need to be managed to minimise these effects.

12.9.32

Management methods include a limit on the allowed speed of
vehicles and the planning of deliveries throughout the day.

12.9.33

A smooth road surface is required to be maintained on access routes
to Q1 and Q6. Consultation between the applicant and Gwynedd
Council should be undertaken to facilitate a process that will ensure
that road irregularities do not exceed a 20mm change in the road
profile.

12.9.34

In general, PPVs increase with increasing speed of vehicles. Data
presented within the Transport and Road Research Laboratory
document "Traffic Induced Vibrations in Buildings", suggests that a
speed reduction from 80km/h to 48km/h can decrease PPV levels by
40%.

12.9.35

Given the close proximity of NSRs to the Q1 access route,
groundborne vibration at NSR locations has been identified as a
potential issue. Measurements of vibration at the foundations of
buildings considered to be at high risk should be taken in order to
establish whether construction traffic vibration levels would be likely
to exceed the threshold values or increase PPV levels to more than
0.3 mm/s. Vibration measurements of existing traffic along these
particular routes should also be undertaken to determine the exiting
vibration levels.

12.9.36

Structural surveys of NSR properties may be considered by the
applicant prior to any construction vehicle movements, but this
should only be seen as an option to mitigate the applicants risk
against the possibility of future legal action.

12.9.37

Given the information presented in the assessment of construction
traffic vibration, there is the potential to mitigate effects through the
appropriate maintenance of the road surfaces, the management of
construction traffic movements (speed, frequency, etc.), and the
implementation of vibration monitoring at selected NSRs. As a result,
construction traffic vibration is expected to have a negligible effect
at NSRs. The significance of effects is minor.

Power Station Operational Noise
12.9.38

Noise from the power station's turbines, generators and associated
equipment will be isolated below ground level by significant
structural components (concrete slabs, air lock doors, etc.) which
would be typical construction for a facility such as this. It is expected
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that airborne noise flanking between this equipment (at depth) and
ground level will be suitably mitigated by design to achieve a zero
rating level at NSRs. No direct ventilation is required for the turbines
and generators that would allow a direct noise flanking path to the
surface.
12.9.39

Where ventilation is required to the depth of the shaft to facilitate
safe working conditions for personnel, it is expected that appropriate
mechanical plant design can be easily implemented considering the
extent of the shaft depth. Attenuation of any turbine or generator
noise can be adequately attenuated prior to surface discharge, via
standard mechanical ventilation design (lined ducts, attenuators,
etc.).

12.9.40

The noise emission of the transformers will be confirmed during
detailed design. Should the combined noise emission of the
transformers be higher than a sound power level of 85dB(A),
appropriate mitigation in the form of an enclosure, attenuators, and
ventilation outlets will be required to be specified so that the rating
level of the transformer noise at NSR locations does not exceed the
night time background noise level at NSRs (or LAeq,T 40 dB at NSRs
in the area of Location 4).

12.9.41

Modern gas insulated switchgear equipment emits very low noise
levels during operation. Noise levels emitted by the switchgear can
be easily mitigated by the building fabric and mechanical ventilation
design, and distance attenuation to NSRs.

12.9.42

Noise levels emitted by the workshop are expected to be easily
mitigated by the building fabric and mechanical ventilation design
within the Main Hall, and distance attenuation to NSRs.

12.10 Residual Effects
Construction
12.10.1

It is anticipated that this chapter will inform the Council with regard
to appropriate planning conditions that may be imposed to
adequately control noise pollution, with regard to the Gwynedd
Unitary Development Plan 2001-2016, Policy B33.

12.10.2

Due to the large scale construction works and the proximity of NSRs,
there will be noise effects at NSRs during the construction
programme. However, construction work mitigated through Best
Practicable Means and careful management, would be anticipated to
result in short term effects (less than 5 years) that are no greater
than moderate adverse effect at the worst affected NSRs. The
significance of effects would be moderate/major.

12.10.3

The NSRs that are likely to be most exposed to construction noise
effects are those located along the A4086, those above Ffordd
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Clegir, and those across Llyn Padarn (in Fachwen). As the Q1 and Q6
work phase's progress, and equipment moves down into the quarry,
noise from construction will reduce at many NSRs due to screening.
12.10.4

However, due to the local topography, there will be a limit to the
amount of attenuation that can be provided to some NSRs through
screening. Some NSRs in Fachwen will be higher than construction
activities at Q6, with little scope to implement screening barriers for
the majority of plant.

12.10.5

Once specific and exact construction methods are known by a
contractor, an assessment should be undertaken to determine a
more accurate noise assessment with specific mitigation which may
reduce the overall residual effect.

Blasting
12.10.6

Air overpressure and vibration effects from blasting are inevitable.
Methods to control air overpressure and vibration from blasting
operations will be agreed with Gwynedd Council prior to any
blasting. Blasting will be carried out using the Best Practicable Means
available to ensure that the resultant noise, vibration and air
overpressure are minimised in accordance with current British
Standards and Mineral Guidelines, as required by the Control of
Pollution Act. However they will be temporary in nature and a liaison
group set in the community with advance notice of works provided.
Therefore the residual is considered of minor effect.

Construction Traffic
12.10.7

Construction traffic effects mitigated through management methods,
road maintenance and ongoing monitoring, would be anticipated to
result in short term effects (less than 5 years) that are no greater
than minor adverse effect at the worst affected NSRs. The
significance of effects would be minor/moderate.

12.11 Evaluation of significance
12.11.1

A summary of the significance of effects from the various noise and
vibration effects contained within this chapter have been
summarised in Table 12-12.

12.11.2

Any significance levels above moderate and major are defined as
significant effect. Table 12-26 provides a summary of residual
effects.
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Table 12-26 Summary of Residual Effects
Significance of Effects
Effect
Without Mitigation

Residual

Construction Noise

Major

Moderate/Major

Construction Vibration

Minor

N/A

Tunnel Boring Machine

Minor

N/A

Blasting

Minor

N/A

Construction Traffic Noise

Minor/Moderate

Minor/Moderate

Construction Traffic Vibration

Minor/Moderate

Minor/Moderate

Turbines and Generators

Minor

Minor

Transformers

Minor

Minor

Switchgear

Neutral

N/A

Workshop

Neutral

N/A

Pumping Station

Neutral

N/A

Operational

12.12 Cumulative Effects
12.12.1

It has been confirmed with Gwynedd Council that in the general
context of this development, there are no external projects or
developments which will require a cumulative assessment.

12.12.2

Given the temporary nature of the development's construction noise
and vibration effects, no other large scale development have been
identified in the area which would create cumulative effects within
this temporary timeframe.

12.13 Summary and Conclusions
12.13.1

This chapter has presented the assessment of potential noise and
vibration effects from the Development's operational and
construction phases. Where necessary, possible means of mitigating
the potential adverse noise effects on NSRs have been provided.

12.13.2

A baseline environmental noise survey has been undertaken to
establish the existing noise climate at locations around the
Development.

12.13.3

With regards to operational noise effects at the power house and
pumping station, the Development is predicted to result in negligible
effects at NSRs.
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12.13.4

Based upon a preliminary assessment of potential noise during the
construction phase, it is considered that effects of up to major
adverse could arise without mitigation. Such effects should be
minimised where possible by adopting Best Practicable Means, a
CEMP, and the setup of a local liaison group, in order to specifically
identify potential effects and appropriate mitigation based upon site
specific information as the project progresses. Once specific and
exact construction methods are known by a contractor, an
assessment should be undertaken to determine a more accurate
noise assessment.

12.13.5

Construction, tunnel boring, and blasting working practices are
unlikely to generate levels of vibration at local receptors above which
cosmetic damage to structures would be expected. However, exact
effects will be dependent upon the working methods employed and
further consideration of potential vibration effects will need to be
considered once a contractor is appointed.

12.13.6

Significance of construction traffic noise and vibration effects has
been considered for representative NSRs. Construction traffic effects
can be mitigated through management methods, road maintenance
and ongoing monitoring and would be anticipated to result in short
term effects (less than 5 years). This would result in effects that are
no greater than minor adverse effect at the worst affected NSRs and
therefore is considered not significant.
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The UK Government believes that a new north-south rail link will revitalise Britain’s rail
network. The Government has created HS2 Ltd, which is developing a Y-shaped high-speed
railway to provide capacity and connectivity to populated urban areas at speeds up to
360km/h. A key concern for many is the environmental impact of the scheme, including the
potential impact of ground-borne noise and vibration. The ground vibration generated by a
train is expected to increase with speed hence methods for predicting ground vibrations at
high speed are essential for a robust impact assessment. Currently there is limited published
ground vibration data for trains travelling at speeds of more than 300km/h to validate existing
ground-borne vibration models. However, there is a significant amount of data for trains
travelling at lower speeds and the mechanisms that result in vibration generation at these
speeds are well understood. This paper presents a model for predicting train vibration at
speeds of up to 360km/h. The model is a development of an existing validated prediction
model for ground vibration from the UK’s High Speed 1 railway which operates trains at
speeds of up to 300km/h. This paper focuses on the part of the model that enables a measured
train vibration spectrum to be scaled for train speed. The development has sought to improve
the accuracy of the extrapolation to higher speeds by ensuring that the mechanisms that generate ground-borne vibration, such as wheel and rail roughness, are appropriate for the required speed range and by maximising the goodness of fit of the model with the available data at lower speeds.

1. Introduction
High Speed 2 (HS2) is a proposed north-south high-speed railway to connect populated urban
areas in the UK. A key concern for many is the environmental impact of the scheme. This is because vibration generated at the wheel-rail interface during the passage of a train is transmitted
through the track and into the trackbed where it becomes ground-borne. The vibration is then
transmitted through the ground into nearby buildings where it can be felt as vibration (0.5Hz to
80Hz) or heard as ground-borne noise (25Hz to 250Hz). The mechanisms that result in groundborne vibration from trains are well understood and are documented in international standards1 for
the prediction of ground-borne noise and vibration from trains. One prediction model is that used to
ICSV21, Beijing, China, 13-17 July 2014
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predict ground vibration from the UK’s High Speed 1 railway operating on the surface and in bored
tunnels 2. This empirical methodology was developed from thousands of measurements of train vibration and has been validated for a range of train types and speeds up to 300km/h. An overview of
the HS1 prediction method is shown in Fig. 1.
1. Identify ground conditions at
study location

5. Correction for different track
system

2. Measured vibration emission
source term

6. Propagation of vibration
away from source

3. Correction for different train
speed

7. Response of building to
ground vibration

4. Correction for different train
unsprung mass

8. Predicted ground-borne noise
and vibration inside building

Figure 1. The modules of the HS1 ground-borne noise and vibration prediction method 2.

This paper describes development and validation of the part of the method that corrects the
train vibration emission term for speed. Trains on HS2 are specified to operate at a maximum speed
of 360km/h. The ground vibration generated by a train is expected to increase with speed hence
methods for predicting ground vibrations at high speed are essential for a robust impact assessment.
Currently there is limited published ground vibration data for trains travelling at speeds of more
than 300km/h to validate existing ground-borne vibration models. However there is a significant
amount of data for trains travelling at lower speeds. This paper presents a method for speed scaling
measured vibration spectra. Section 2 presents the revised speed correction, introducing the concept
of effective roughness. The new method has sought to maximise the accuracy the extrapolation to
higher speeds by ensuring that the mechanisms that generate ground-borne vibration, such as wheel
and rail roughness, are appropriate for the required speed range and by maximising the goodness of
fit of the model with the available data at lower speeds. In Section 3 the revised speed correction is
validated against measured ground vibration data from Deutsche Bahn (DB) trains at a test site near
Muehlberg, Gemany and TGV trains at a site near Vendome, France. Its accuracy for predicting
noise and vibration indicators appropriate for environmental impact assessment is also established.
Section 4 includes a short discussion on the method.

2.

Concept for speed scaling measured train vibration emission terms

2.1 Vibration emission term
The HS1 model2 uses a measured vibration emission source term as the input. The term
Lvrms(f) is the route mean square (rms) vibration velocity level measured at ten metres from the track
centreline, evaluated over the train pass-by period and expressed in one-third octave bands between
6.3Hz and 250Hz. The speed scaling method presented here assumes that the term can be expressed
according to Eq. (1):
Lvrms ( f )  Reff ( , v)  F  IL( f )  G( f ) ,

(1)

where Reff (λ) is the ‘effective roughness’ (described in detail in Section 2.2) which represents the
displacement amplitude at the wheel-rail interface that results from wheel-rail interaction. The amplitude affects not only the displacement of the wheel and rail, but the frequency spectrum of the
vibration input to the track below. For a given train speed v (m·s-1) a roughness wavelength of λ (m)
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excites a frequency f (Hz) given by f  v  ; F is a scaling factor which is used to relate the displacement amplitude to the resulting rms velocity of track bed assuming that the rail is connected to
the track bed via a highly stiff reference track; IL(f) represents the frequency dependent insertion
loss of the track at the measurement site relative to the highly stiff reference track, it is a measure of
the vibration isolation provided by the track; and G(f) is the transfer function between the vibration
velocity at the track bed and a point 10 m from the track centreline where the emission term was
measured.
A similar approach is used in the Federal Transit Administration’s (FTA) guidance manual
for “detailed vibration analysis3” which describes the train vibration spectrum as the combination of
a line source transfer mobility and a “force density” function. The measurements of train vibration
and transfer mobility are used to derive the vibration forces of a train independently of the geologic
condition at the site. Here, the first three terms to the left of Equation 1 are the equivalent of the
“force density” and the last term is equivalent to the line source transfer mobility.
2.2 Effective Roughness
The effective roughness term of Eq. (1) is intended to describe the magnitude and frequency
content of the vibrational forces generated by the passage of the train. ISO-148371 defines some of
the excitation mechanisms for ground vibration from trains. Those appropriate to high speed rail for
the frequency range of interest include: Excitation caused by wheel/rail roughness – the irregularities of the rail and wheel contact surfaces, and parametric excitation – the excitation caused by passing wheels interacting with discrete elements of the track support system such as sleepers (The
speed of the vehicle, and sleeper spacing defines the sleeper passage frequency). Similarly other
harmonic components arise due to axle spacing and bogie spacing.
Both mechanisms are accounted for in Reff which is plotted for an experimental ICE-V train in
Fig. 2. The figure shows how Reff (red solid line) is derived from the combination of a wheel/rail
roughness spectrum (blue dashed line) and parabolic terms representing the parametric excitation
from sleeper and axle passage frequencies (green dotted lines).
Wheel/rail roughness - Wheel and rail roughness data corresponding to the vibration emission
terms of the HS1 prediction method are not publicly available. Therefore, for HS2’s prediction
method a typical roughness spectrum has been derived from published data. Typically wheel and
rail roughness data is measured for the purposes of airborne rolling noise assessment and is presented in the wavelength range 0.003m to 0.25m4. Wavelengths that lead to low frequency groundborne vibration require a definition which includes data to much longer wavelengths. The vibration
emission terms for the HS1 prediction method are defined down to 6.3Hz. For a train speed
360km/h (100 m·s-1) Reff must include wavelengths as long as 16m to include sufficient information
to describe this frequency.
In the wavelength range 0.02m to 2m a roughness known to be representative of the combined
wheel/rail roughness of disc-braked wheels and the average UK rail roughness in the 1990s5 has
been used to describe Reff. In the wavelength range 2m to 16m an approximation of data from good
quality ballast track measured with a corrugation analysis trolley and a track recording car near Steventon6, UK has been used. The full wheel/rail roughness term is plotted with a blue dashed line in
Fig. 2.
Parametric excitation - parabolic functions have been used to model the displacements generated by the sleeper and axle passage frequencies. The definition of these functions (Eq. (2)) ensures
that the sleeper and axles pitches (spacings) correspond to the vertex of the parabola:
 log   log 10  K
LK ( )  R( K )  A   10

B
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where LK ( ) is the vibration level due to the Kth sleeper and axle passage frequency, R is the
wheel/rail roughness amplitude,  K is the Kth sleeper or axle pitch, A and B are constants defining
the amplitude and width of the parabolic term. The parabolic functions are plotted by dashed lines
in Fig. 2. In Fig. 2 the sleeper pitch corresponds to 0.55m which is equal to the sleeper pitch at the
test site in Muelberg, Germany (See section 3). Axle pitch 1, 2 and 3 are defined in Table 1 and
refer to the ICE bogie wheel base, the intra-carriage axle spacing and the intra-bogie axle spacing
respectively1.
An effective roughness spectrum Reff ( ) is then modelled as the combination of the
wheel/rail roughness R(λ) and parametric excitation LK ( ) according to Eq. (3):


Reff ( )  10 log 10 10 R (  ) / 10  10 LK (  ) / 10  ,
K



(3)

In Fig 2. the amplitude A and width B constants for the sleeper and axle passage terms (Eq. 2)
has been fixed to 5dB and 0.05m respectively as these values were found to provide best fit with
measured data.
2.3 Speed scaling process
Assuming that only the effective roughness term is speed dependent, a measured vibration
spectrum of a train travelling at the speed v1, Lv1rms, can be scaled to estimate the vibration spectrum
at speed v2, according to Eq. (4):
Lv 2rms ( f )  Lv1rms ( f )  Reff ( f , v2 )  Reff ( f , v1 ) ,

(4)

The result of scaling a vibration emission term measured at 160km/h to a speed of 280km/h is
shown in Fig. 3. The change in Reff plotted against frequency is also shown. As speed increases Reff
is shifted towards higher frequencies. The terms IL(f) and G(f) are inherent in the measured vibration emission term therefore the speed scaling is valid at the site where the vibration emission term
was measured or at sites where IL(f) and G(f) are equivalent to the measurement site. Changes to the
track or the local ground conditions could be modelled by changing these terms, however the effect
of changing these parameters is not considered in this paper.
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Figure 2. Effective roughness for an ICE train. ▬, Reff ; , wheel/rail roughness term; ▪▪▪▪, parametric excitation terms.

Figure 3. Predicted ICE train vibration spectra: ▬, 160km/h; , 280km/h. Reff (f): ▪▪▪▪, 160km/h; ●,
280km/h.

3. Comparison with measurement data
The speed-scaling method defined above has been tested using measurements of ground vibration generated by ICE trains near Muehlberg7, Germany and TGV trains near Vendome8. The
dataset includes trains operating at speeds between 100 and 304 km/h. At each site the speed scaling
function defined in Eq. 4 has been applied to measurements of trains operating at approximately
100km/h to predict the vibration spectrum of trains running at higher speeds. At each site Reff defined in Eq. 3 is defined using the known train-track characteristics shown in Table 1.
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Table 1. ICE and TGV-A characteristics.

Train Sleeper pitch Axle1 pitch Axle2 pitch
ICE/V
0.6m
2.5m
3m
TGV-A
0.55m
3m
3.6m

Axle3 pitch
4.9m
n/a

Train length
113m
240m

3.1 Muehlberg and Vendome measurements
At Muehlberg, surface vibration measurements were performed by Deutsche Bahn during
speed trails for the ICE/V traveling at 100, 160, 200, 250 and 280km/h on track at grade. Vibration
transducers were located at 8, 15, 25, 40 and 60m from the nearest track. The track was supported
by ballast and typical DB mono-block sleepers. The formation is standard ICE twin track. The site
geologic is sandstone.
For the development of the HS1 method various measurements were made at sites along the
French TGV lines. At Vendome, site measurements were made of ground vibration from 11 trains
at four distances (11, 15, 30 and 60m) from the near-side track which is at grade. Eight TGV-As
traveling at speeds between 270 and 296 km/h were recorded in addition to two TGV-As traveling
at 113 km/h. The track was supported by ballast and typical SNCF sleepers over chalk lithology.
Figure 4 compares the measured vibration spectra for speeds between 160 and 280km/h at 8m
from the nearest track at Muehlberg with the spectrum predicted with speed scaling term from
measurements made at 100km/h. The predictions are in very good agreement with the measured
data in all frequency bands and at all train speeds.
Figure 5 compares the measured vibration spectra for speeds between 270 and 296 km/h at
11m from the nearest track at Vendome with the spectrum predicted from measurements made in at
113km/h and the speed scaling term. The predictions are in reasonable agreement with the measured data in some frequencies. However the difference in certain frequency bands can be up to
10dB.
3.2 Accuracy of the speed scaling method for environmental impact assessment
ISO14837-1 provides a method to assess the accuracy of a ground-borne vibration prediction
model. To predict the environmental impact of a new scheme in the UK, predictions of the overall
maximum A-weighted ground-borne noise level with a ‘slow’ time weighting and ground-borne
vibration level with the Vibration Dose Value (VDV)9 are necessary.
In this section the accuracy of the speed-scaling method for predicting ground-borne noise has
been evaluated by comparing predictions of the ground-borne noise level inside a building and the
pseudo-measured ground-borne noise level. In each case the ground-borne noise level has been calculated by A-weighting and summing the predicted or measured ground vibration band levels and
then subtracting 28dB from the result to represent the transfer function between the groundvibration and the sound pressure level measured inside a building10.
The accuracy of the speed-scaling method for predicting the free-field wb-weighted VDV for a
single train event has been evaluated by comparing the measured VDV at each location and predicting the estimated Vibration Dose Value (eVDV) from the speed-scaled vibration spectrum. Both
sites have been plotted on the same graphs in Fig. 6. To increase the data sample, all the measurement positions and speeds have been considered. The predictions have been made from the train
vibration spectra with the lowest speed measured at each location and the speed scaling function
defined in Eq. (4).
It can be seen that the speed scaling method defined here can be used to predict the pseudo
measured ground-borne noise level with a standard error (1 standard deviation) of 1.81dB. The
VDV can be predicted with a standard error of 40%.

ICSV21, Beijing, China, 13-17 July 2014

6

21st International Congress on Sound and Vibration (ICSV21), Beijing, China, 13-17 July 2014

Figure 4. Comparison of measured () and predicted () vibration spectra at Muehlberg for various train
speeds, at 8m from the nearest track.
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Figure 5. Comparison of measured () and predicted () vibration spectra at Vendome for various train
speed, at 11m from the nearest track.

4. Discussion and conclusions
A model for predicting ground-borne noise and vibration from high speed trains has been introduced. The model is a development of an existing validated prediction model for ground vibration from the UK’s High Speed 1 railway. This paper focuses on developments for scaling a measured train vibration spectrum for train speed using the concept of effective roughness. The concept
of effective roughness has been defined so that it includes information for wavelengths sufficient to
scale vibration measurements in the frequency range 6.3Hz to 250Hz to speeds of 360km/h. The
term has been used to predict the ground vibration spectra measured along two European high speed
lines. At Muehlberg, the predicted and measured vibration spectra are in very good agreement. The
agreement is less at the Vendome site. It is likely that some of the error is a result of using a generic
term to represent wheel/rail roughness. However it should be noted that the aim of this study is to
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develop a model for predicting ground-borne noise and vibration for proposed railways for which
detailed information about the train and track are not available. A generic wheel/rail roughness term
is therefore considered appropriate for this purpose.
The accuracy of the speed scaling method for predicting the LAmaxS and the VDV indicators
has been tested. The results show that the speed scaling method provides a very good fit with
measured data. Therefore, it is considered that the model developments presented here provide a
good basis for predicting train ground-borne noise and vibration speeds of up to 360km/h.

Figure 6. Comparison of measured and predicted groundborne sound and vibration levels for Muehlberg ()
and Vendome (), all speeds and locations.
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