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EXECUTIVE SUMMARY

1. Tunnelling 1s increasingly being used world-wide to provide the
infrastructure required for sustainable urban communities. The
majority of these works are completed safely and satisfactorily. A
number of recent emergency events in urban tunnel construction in
UK, and elsewhere, have raised concerns regarding the risk to third
parties from future work (Chapter 2},

2. Quantification of this risk cannot easily be undertaken because of a
lack of sufficient and reliable data. There is no centralised world-
wide data base on tunnelling that can be interrogated te obtain
classified factual information on iunnel construction projects, or
centralised records of construction failures. Such information that
exists Is piecemeal and rarely accoempanied by documentation and
studied analysis. The fragmented and incomplete nature of this data
therefore makes formal statistical analysis difficult and potentially
unretiable and misleading. {Chapter 3, paragraph 3.1).

3. Data on world-wide tunnel construction projects undertaken within
the past six years was obtained from a range of sources including
the internet, and was then classified. [t indicates that the number of
tunnels being constructed in the developed world is increasing year
on year, while activity in the rest of the world remains variable and
an order of magnitude below the developed countries (Chapter 3,
Tables 3.1 and 3.2).

4. Data were also collected on the number of tunnel emergency events
‘recorded” in the last four decades. The information was obtained
from a variety of sources, inctuding the technical literature and the
personal contacts of the authors. [t indicates that both the total
number of emergency events and the propottion of these events
taking ptace in urban areas with soft ground tunnels, increased in
the three decades since 1970. In the latter case this trend has
continued into this part decade {Chapter 3, Tables 3.4, 3.5 and 3.6).



8.

7.

Analysis of the available data by the authors indicates that

« With soft ground urban tunnels, NATM tunnels exhibit different
faiture characteristics from non-NATM tunnels.

e The primary cause of failure in NATM tunnels is attributed to
unpredicted ground conditions.

» In non-NATM tunnels, the range of primary causes for incidents
Is wider than for NATM funnels.

+ The underlying causes of emergency events are likely to be
diverse. These could involve engineering, management,
procurement, organisational, competence, resource or
communications issues.

In addition, there is evidence that incidents within soft ground urban
tunnels result in surface craters forming above the tunnef face in
NATM construction -and behind the tunnel face in non-NATM
consiruction (Chapter 3, paragraph 3.8)

Risks to third parties from underground construction can be
classified in physical, economic and societal terms. Control of the
physical risk is governed in UK by the health and safety legistation
applicable to construction works. The economic risk is managed
through the contractuai arrangements between the constructor, the
insurer and the affected infrastructure owners. Societal risk is more
difficult to define and manage as it can inciude a wide range of
issues including wide spread detriment and socio-political issues
{Chapter 4},

Urban projects introduce additional risks to tunnelling work due to
the density of the existing infrastructure and the spread of the
population. Consiruction methodologies may need to be adjusted to
suit local environmentai restrictions and working space can be
difficult to locate and safeguard. The close presence of possibly
aging and unfavourably sited infrastruciure can introduce hazards
that are not met on rural sites (Chapter 5).

Vi



8. The statutory methods required to control tunnelling safety risk
‘within the UK construction industry are set out in the health and
safety legislation. Detailed guidance is available in British Standard
6164 Code of practice for safety in tunnelling in the construction
industry. However one consequence of the recent number of
construction incidents in UK and elsewhere has been the setling up
of a number of committees to propose measures for better
management of tunnelling projects in order fo reduce and minimise
the number of failures together with their attendant commercial
losses. These include

s The International Tunnelling Association. Guidelines for
tunnelling risk management. {2004}

+« The Association of British Insurers {(ABl) and the Biritish
Tunnelling Society (BTS) Joint Code of Practice for the
procurement, design and construction of tunnels and
associated undergreund structures in the UK.(2003)

Both of these documents propose that risk based management
technigues are embedded into the overall project management
system for all stages of a project {Chapter 8, paragraphs 6.3 and
6.4).

9 To investigate the specific construction issues arising from closed
face tunne! boring machine technology, the British Tunnelling
Society has published a document titted “Closed face tunnelling
machines and ground stability - A Guideline for best practice’
(2005). The Guideline includes the results of targeted confidential
research into the number of incidenis occurring world-wide
associated with this tunnelling methodology, and lists a number of
identified hazards together with proposals for their mitigation.
{Chapter 3, paragraph 3.6).

Vi



10.

11

12.

The manner in which human factors can undermine management
systems and result in construction failures has been highlighted.
Those elements of a positive safety culture that need to be
integrated into effective safety management systems have been
identified {Chapter 6, paragraph 6.5}

A number of individual risk management systems that have been
effectively employed on recent major underground projects have
been identified and referenced. Where applicable, these can be
adopted as exemplars and developed for future projects by those
parties associated with the schemes. (Chapter 8, paragraph 6.6).
Six factors have been identified by the authors as having a primary
influence on the quality of the overalt safety management systems
for underground construction projects (Chapter 7). These are:

1. Project management

2. Organisational, procurement and contractual arrangements

3. Engineering systems

4. Health and safety systems

5. Human factors

6. The availability and use of "enforcement” action.

V111



1.

BRIEF FROM THE HSE

The authors were commissioned to undertake the following

1 Research and prepare a list of the incidences of
internationally occurring “"emergency evenis’ in urban soft
ground tunnelling construction. The term “emergency event’
includes tunnel collapse, tunnel lining failure, fires, floods,
excessive surface settlements (such as surface craters) and
significant damage to third party surface and subsurface
infrastructure,

2. This list should include incidents inveolving bored tunnel
construction methods, but not open ¢ut construction.

3. The focus of the research is third party risks during
construction, not employee or worker Health and Safety risks.

4. The report should draw upon the information obtained to draw
conclusions and recommendations on generic causes of such
emergency events and identify conlingency measures that
might be adopied in mitigation.

The term “soft ground” means ground that requires a significant
level of immediate support upon excavation. The term “bored
tunnel construction methods” includes methods of excavation
such as hand mining, machine mining and both open face and
closed face Tunnel Boring Machine excavation. Lining methods
could include sprayed concrete and pre-cast segmentat linings.



2.

INTRODUCTION

“Tunnelling is a form of civil engineering construction, carried out
in an uncertain and often hostile environment, and relying on the
application of special knowledge and rescurces.”
The above quotation I1s taken from the introduction to the 1878
CIRIA Report ' on improved coniract practices for tunnelling and
provides a succinct description of the risks and resources
associated with tunnelling that remains as relevant today despite
revolutionary changes in methodology and specialist equipment.

The world wide expansion in the development of civil engineering
infrastructure over the subsequent three decades has led to a
major increase in the numbers and types of tunnels constructed
for road, raillways and water supply/sewerage schemes. Qver this
time there has been significant innovation in the development of
tunnel linings, tunnelling machines, specialist equipment, ground
mvestigation techniques, methods of procurement and in
contractual refationships between parties. These developments
have been driven by the knowledge-based experience of
engineers and others. Clients now desire cost effective tunnel
projects to be built in ground previously considered too difficult. -
and alt within defined budgets and time scales.

The evolutionary process of developing innovative design and
construction often involves balancing the commercial risk of new
forms of construction against proven methods while maintaining
control over workplace and third party risks during construction.
From this experience has evolved the necessity to consider risk-
based management systems into the process to ensure that a
balance between risk and rewards/benefits is achieved. However
a number of identified tunnel failures have led to ground and sub-
surface impacts involving loss of life and damage to property
resuiting in substantial underwriting tosses. (For example, insured
and uninsured losses foliowing the Heathrow Express tunnel
collapse in1994 are estimated ? to have been as high as £400m ).
Consequently, in the UK these evenis have resuited in an
increased awareness of societal risk issues: prosecutions for

2



Health and Safety offences; and in a requirement for risk based
management systems for all independently insured tunnelling
projects.

The aims of this study, (see Section 1), were to establish a data
base of emergency events that have occurred during recent world
wide tunnel soft ground construction projects and to draw out
conclusions from this information. Published data was collected
for all soft ground tunnel types and construction methodologies,
and, where sufficient information was available, the primary and
underlying causes of emergency events were pin-pointed. This
information was then used to consider what recommendations
might usefully be made to the delivery processes of urban soft
ground tunnelling projects in order to minimise the risk of third
parties being exposed to risks arising from construction work (see
Section 5). The scope of the study does not consider commercial
risks or other financial risks.

The approach has been to, firstly update and expand existing
published data on the numbers of emergency events arising
during such tunnel construction that are in the public domain, to
examine, where available, the technical and management details
of these emergency events; and to assess the possible direct and
underlying causes of the events. Secondly, within an
understanding of construction methods and societal fisk, to look at
the technical issues and hazards associated with urban tunnelling
and identify possible ways of prevention and mitigation.

Section 3 describes the background to the research into the data
on tunnel failures, Section 4 describes the concept of risk as used
in this document and the societal health and safety terms used:
Section 5 lists the technical issues associated with urban
tunnelling; Section 6 discusses the ways In which urban tunnelling
risks might be avoided or mitigated, and Section 7 lisls
conclusions and recommendations about the contingency actions
that can be taken to avoid emergency events.



3.

BACKGROUND AND RESEARCH

31

Size of world and UK markets

There is no centralised international data base on the number of
tunneis that are constructed around the world each year. A few
countries regularly publish data regarding their own tunnelling
statistics, but these are not presented in a common format which
would aid the collation of all international data. The UK, for
exampie, does not publish data on its tunnelling output. In order to
establish reliable information on the size and rate of growth of the
world market, a number of web sites listing current and future
tunnel projects were interrogated (see Appendix B). The accuracy
and completeness of the available information cannot be fully
verified and has to be taken at face value.

From these sources a substantial data set has been abstracted,
which lists the numbers of tunnel projects that have been
commenced in each of over 100 countries for the last six years,
together with the lengths of tunnel constructed per annum in each
of these countries {See Appendix A). The data base has also
been interrogated and re-classified to include the GNP (Gross
National Product, per capita, using the World Bank definition) of
the countries listed and the intended usage of the tunnel projects
listed (see Tables 3.1, 3.2 and 3.3).



1999 | 2000 | 2001 | 2002 | 2003 | 2004

GNP>$9386 174 | 201 (241 | 244 | 283 | 363

$9386>GNP. $3036 | 8 33 19 35 11 19

$3036>GNP>$766 | 27 53 51 138 | 37 17

GNP<$766 11 13 186 8 11 3

Total 220 | 300 | 327 | 428 | 342 |[402

Table 3.1 Number of world-wide tunnel starts between 1299
and 2004 by GNP (US$ per capita).

1999 | 2000 | 2001 | 2002 | 2003 | 2004

GNP>$9386 801 | 840 | 1039 | 1080 | 931 | 1208

$9386>GNP>$3036 | 34 144 | 62 89 g6 81

$3036>GNP>%766 | 236 |408 |442 | 404 | 225 | 163

GNP< $766 97 |123 [125 |47 |76 |9

Total 1168 | 1515 | 1668 | 1620 | 1318 | 1481

Table 3.2 Length of world-wide tunnels starts {(km) between
19989 and 2004 by GNP {US$ per capita).

Both tables show consistent increases in both the number and
lengths of world wide tunnel starts over the six year period shown.
The figures in the $3036>GNP>$766 category are influenced by
recent tunnelling projects in China
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Table 3.3 World and UK tunnel construction 1999-2004. World

construction divided by usage.

Soft ground urban tunnelling

The specific focus of this report is urban tunnelliing and, given this
objective, further research of the published literature was
undertaken to identify and list the numbers of tunnel projecis
around the world that had experienced emergency events during
such consfruction.

These data sets on historic projects have been divided into two
main categories

+ The New Austrian Tunnelling Methods (Appendix C),

» Other Tunnelling Methods {Non-NATM). (Appendix D)



3.3

Both sets of data were then interrogated to identify projects where
emergency events had taken place in urban areas sited in soft

ground.
Listings of recorded tunnel emergency events

The total numbers of incidents for all types of ground conditions,
and environments in both NATM and non-NATM tunnels that have
been obtained from the published data are shown in Table 3.4.
The data has been classified into discrete decades in order to
highlight trends.

1970 - 1979 | 1980 - 1989 | 1990 - 1999 | 2000 — 2005(part} | Total
NATM 2 27 27 10 66
non-NATM | 7 7 19 9 42
Total 9 34 45 19 108

Table 3.4 The total numbers of identified ~ tunnel emergency
events per decade identified in this research, divided into
NATM and non-NATM tunnels.

{* Note. This research does not purport to have identified all
the tunnel emergency events that have actually occurred.}

From these total numbers of incidents it was possible to abstract
the numbers of identified incidents relating to tunneis constructed
in soft ground in urban areas. These are shown per decade in
Table 3.5 and as a percentage of the fotal number of recorded
incidents in Table 3.6




1970- 1980- 1990- 2000- Total
1979 1989 1889 2005
{part)
NATM 0 9 12 4 25
non- 2 2 g 6 19
NATM
Total 2 11 21 10 44

Table 3.5 The numbers of identified tunnel emergency events
per decade identified in this research, occurring in soft
ground urban environments, divided intc NATM and non-
NATM tunnels.

1870 - 1973 | 1980 - 1989 1980 - 1998 2000 — 2005
(part)
22% 32% 46% 53%

Table 3.6 Percentage of total tunnel emergency events
occurring in soft ground urban tunneliing environments

Table 3.6 demonstrates a consistent rise per decade in the
proportion of soft ground urban iunnels that have suffered
emergency events when compared to the total of all tunnel
emergency evenis world-wide,



3.4

NATM Tunnels
3.4.1 Listings of NATM Incidents

The HSE report on the Safety of NATM tunnels °, published in
1996 following investigations after the Heathrow Express tunnel
collapse, identified over 100 incidents recorded during NATM
tunnelling. Table 1 of this document describes 39 significant
NATM incidents and coliapses throughout the worid in both urban
and rural environments. That information was obfained from an
extensive lterature search and was supplemented by other
sources including private communication. Table 2 of that
document classified the primary cause of each identified collapse.
It was emphasised that, for a range of reasons, most incidents
that occur are not reported in any “official” way and therefore the
data must be considered as incomplete.

In addition to these listed incidents, the HSE report (see Para. 48
page 16) also identified that 71 incidents had been reported in 65

tunnels constructed in Japan between 1978 and 1991 at

unspecified locations. These ground collapses ranged from the
“quite small” through volumes of between 50 - 500m*® of ground
(15 Incidents.) to volumes of over 1000m® of ground (3 incidents. ).

Additional research undertaken since 1996, and for this study, has
extended the HSE 1896 list of NATM incidents from 39 to 66
including two incidents that occurred in early 2005. In 1996 a
document was published that uses the term” Sprayed Concrete
Linings (SCL}" approach * but in this document the term NATM is
used throughout.

3.4.2 Data from NATM Incidents

A feature of the data obtained for the 66 NATM tunnel incidents
was the high number of failures that were recorded in the area
between the iunnel face and the first completed ring of the
sprayed concrete lining. These types of failure were classified as
Type A in the 1996 HSE Report, and this classification has been
repeated here.



3.5

Of the total number of 66 incidents, 44 have a reported primary
cause, and from those 44, 39 are of the Type A

Of the total number of 25 incidents in soft ground urban
tunneliing, 22 have a reported cause of which 20 are of the Type
A. Of the total number of 22 with a reported cause, 12 of those
mcidents aiso reported the incidence of a surface crater.

Other features of the 66 incidents include

+ the overali ratio of urban incidents to rural incidents as was
reported in Ref.3 (Para. 47) remains at 2:1, and

« The incidences of craters in urban areas also reported high
tlevel of consequences in terms of disruption to the
construction work and te third parties.

non- NATM Tunnels

A list of identified incidents that have taken place since 1970 on
Non-NATM tunnels in all types of ground and environments has
been researched, and totals 42 emergency events (see Appendix
D). As before, this list has been examined to exiract details of
those urban projects that were constructed in soft ground.

The 42 incidents demonstrate a wider range of primary causation
and consequence than the NATM data. This is demonstrated in
the following breakdown and analysis of the information from 32
of the most reliable data sets. The list of causes for all cases and
for urban soft ground cases are as follows:

10



Number of Incidents

All Urban
Soft ground
Cause
Unpredicted Ground 20 (63%) 10 (52%)
Fire 3 (10%) 2{(11%)
Compressed air explesion 2 (6%) 1 (5%)
Methane gas explosion 1 (3%) 1{5%}
Defective Workmanship 2 (6% 2 {(11%)
Temporary works failure 2 {6%) 2 {(11%)
Flood 1 (3%} 0
Unknown, {despite investigation) 1 (3%) 1 (5%)
Total 32 19

Table 3.7 Causes of non-NATM incidents and numbers in soft
ground.

Half of the above incidents have been recorded as heing caused
by unpredicted ground conditions. In general terms, unpredicted
ground conditions may arise from poor or inadequate site or
ground investigations. (See also Reference 3 Para. 57).

In these non-NATM emergency events there are few recorded
instances of collapses at the tunnel face. Within the 19 incidents
listed above there were 8 instances of surface craters.

A further feature of the data set of 32 incidents is that they are
randomly distributed in terms of country of location.

19



3.6

British  Tunnelling Society Working Group. Guideline
Document {2005)

During construction of the Channel Tunnet Rail Link tunnels by
closed face Tunnel Boring Machine in February 2003, an
emergency event took place in Lavender Street in East London. °
This incident followed two earlier events on UK tunnel projects at
Portsmouth ® and Hu 7 and reflected further incidents that had
taken place in other countries ( Shirlaw et al %) while using closed
face tunnel boring machines. In some cases these incidents had
resulted In craters appearing in the ground surface above the
tunnei. In response, the British Tunnelling Soclety decided to set
up a Working Group to research the details of similar incidents
that could be identified and draw conclusions. Their final
document, “Closed-Faced Tunneiling Machines and Ground
Stability - A guideline for best practice”, ° was prepared and
published in April 2005.

This Guideline (see Section 4- Incident data) brought together
information on over 100 incidents which have taken place world
wide during construction involving closed face tunnel boring
machines. included within their total of 100 incidents were data on
14 incidents associated with Slurry Type Machines, and 47
Incidents relating to Earth Pressure Balance Machines. The BTS
incidents are not specifically identified, but at least three of the
incidents that are included in the BTS document (ie. Hull,
Portsmouth and Lavender Street} have also been included in the
non-NATM hst summarised in this report.

The Guideline identifies a number of hazards that are associated
with the systems and technologies applied within these particular
tunnelling methods, and propose ways to mitigate these hazards
through additional works and the application of gocd practice (see
Guideline, Section 10 "Conclusions and Recommendations™).

12



3.7

Other relevant data sources

The world-wide Insurance industry has data on the numbers of
tunnel projects that are insured and the quantum and causation of
claims arising on those projects. This information is not in the
public domain. However, two recently published papers { Hecke et
al 2 and Blickert et al '°) analysed the causes of tunnel
construction claims. Hecke reports on a study by Munich Re of
107 important tunnel claims made between 1993 and 2003 which
stated that the losses arose as follows:-

s 10% from fire
e 50 % from “natural events”

25% from “construction methods”

10% from “design defaults”

(5% were unassigned)

The paper by Blickert et al entitled "Possible Maximum Loss —
Assessment of Civil Engineering Projects” provides further
information under the headings “Excavation and Lining Sensitivity
Factors” (See sections 6.1.86 and 6.1.7 of their paper). These are
reproduced as Tables 3.8 and 3.9 below. Their definition of "Possible
Maximum Loss” - used by property and fire insurers, i1s “the largest
loss that may be expected from a single fire {or other peril when
another peril may be the controlling factor) equal to any given risk
when the most unfavourable circumstances are more or less
exceptionally combined and when, as a consequence, the fire is
unsatisfactorily fought against and therefore is only stopped by
impassable obstacles or lack of sustenance.” These factors provide

an estimate of the sensitivity of each type of technical risk for the

13



assumed most unfavourable hazards from which the maximum
damage can be assessed. It is assumed that most projects will have
enough in common with these Factors for them to taken as a tenable

basis for estimates.

14



1

! Excava_tion Method

'Sensitiv}ty Factors *

l

‘ Earthquake | Flood Flood Fire Explosion Face collapse,
: (external) | (at face) inadequacies of method
_ :' ) ) for unforeseen conditions _
[ 1. Conventional 3 2 3 2 2 3
| 2. Manual 3 1 3 2 2 3
_3.Drill and Blast 3 1 3 2 1 3
i 4. Open cut 2 2 2 1 1 2
| 5. Qpen face shield 3 2 3 2 2 3
6.Closed face shield 3 2 2 2 2 2
7. Slurry TBM 3 2 1 2 3 2
| 8. EPBM 3 2 1 2 2 2
8. Fuli face hard rock 3 2 3 2 2 3
TBM- No shield
10. Hybrid TBM 3 2 3 2 2 2
_11, Micro Tunnelling 3 2 L3 3 3 2
. 12. Submerged tube. 3 3 2 2 3

* Severity Factors

0 - Excavation method unaffected

1- Minor influence on method-drive method can be maintained once hazard relieved

2- Major failure of face or drive -may require alternative working method
3. Catastrophic failure of face, possible abandonment of drive.

Table 3.8 Excavation Sensitivity Factors (Source, Bliickert et al, Reference 10)




gl

“Tunnel Suppoﬁ& Lining - ' - Sensit'ivity Factors *

. Bystems (fully installed) . Earthquake | Flood ! Fire Explosion Inadequate design or
method of execution:
lining failure/collapse

. 1. Pre-cast segmental linings 2 2 1 2 3

2, Jacked concrete pipes 2 2 1 2 3

- 3. Steel ribs & Lattice arches

(NATM} 2 1 1 2 3
| 4. Rock bolts (NATM) 2 0 0 0 3
. 5. Shotcrete, also NATM 3 1 2 2 3
6. In-situ concrete linings (inc.
i NATM) 3 1 1 2 3
‘ 7. Compressed air (face support x) 2 2 3 3 3
8. Ribs and lagging . 2 2 3 3 3
9. Contiguous piles (open cut) | 2 ] P 0 2

* Severity Factors
0- Lining or support method unlikely to suffer damage
1- Minor damage (or localised) to lining or support system -can be repaired.

2- Significant damage to support systems or lining-may require alternative working method for repair

3. Catastrophic failure of tunnel, possible abandonment
x Compressed air only used for face support, in combination with other lining methods.

Table 3.9 Lining Sensitivity Factors (Source, Bliickert et al, Reference 10)




3.8 Analysis of Data

The Authors believe that the following conclusions may be drawn
from a broad analysis of the data contained within this document.

1. The numbers of tunnels being consiructed In the developed
world is increasing year on year, while activity in the rest of
the world remains variable and an order of magnitude below
the developed countries.

2. Both the total number of tunnel emergency events, and the
proportion of these incidents that took place in urban areas
with soff ground tunnels have increased in the three decades
since 1970. In the latter case this trend has also continued
into this current part decade.

3. The incidents associated with soft ground urban tunnels show
that NATM tunnels exhibit different failure characteristics
from Non-NATM tunnels.

Approximately 90% of the NATM tunnel incidents
occurred within the uncompleted structure close to the
face. Of these approximately 55% result in a surface
crater.

Just fewer than 50% of non-NATM incidents reported
resulted in a surface crater, the majority being located
behind the tunnel face. Of these incidents,
approximately 50% took place in shielded/TBM drives
and approx. 50% in hand drives.

There is evidence that tunnelling with closed face
TBM's can result in surface craters above the face of
the machine. A direct relationship between face
incidents and the occurrence of surface craters is not
clear.

17



4

The significant numbers of the identified NATM incidents
recorded in Germany/Austria can perhaps be put down to-

+ A desire to release technical information in order to
disseminate lessons learned fo assist in the
development of this particular method.

* An approach to the design and construction of
tunnels " that seek to refine the balance between
risk and rewards systems’'?.

The primary cause listed in the emergency events is
attributed to unpredicted ground conditions. This matches
a finding in the 1996 HSE Report.

In the non-NATM tunnels, the range of primary causes for
Incidents not attributed to ground conditions is wider than
for NATM tunnels. This points to a more complex chain of
causation.

The underlying causes of emergency evenis are likely to be

diverse. They could involve engineering, management,
procurement, organisational, competence, resource or
communications issues.

18



4,

THIRD PARTY RISK

4.1

General
4.1.1 Societal Risk.

A paper by Hambly and Hambly"® asserted that the Fatality
Accident Rate, FAR, {defined by them as the risk of death per 100
million hours exposure to the activity) is greater for construction
work than for industrial work as a whole, which would confirm why
the construction industry has a poor reputation for accidents. Their
figures also show however that some other industries {oil and gas,
offshore) have higher FAR (See their Table 1}, and that the fatality
accident rate for construction workers is lower than the rate for all
men of working age. These figures apply to workers within
industry rather than third parties affected by industry, and they
also show that the FAR to third parties from a collapsing building
is extremely small.

In addition, it is the view of insurers when evaluating Possible
Maximum Loss *® that “whilst every segment of construction has to
contend with particular hazards and associated risks, there is
none which compares to the range and exposures plaguing the
tunnelling industry”

It is clear that from the point of view of personal accident statistics
and commercial fiability that some people may consider tunnelling
to be “high risk’, albeit to those working in this industry rather than
as risk to the general public. There are exceptions however, in
particular an incident on 24 April 1885 in Taegu South Korea 1
during which a gas explosion took place within the underground
construction works of a new metro station. This one incident
resulted in the death of more than one hundred members of the
public inctuding 50 children.

When assessing the magnitude and extent of risk it is important to
clarify the definition of the terms being used. This is because the
terminology used can be interpreted in various ways by different
groups It might be argued that the consequence of tunnelling
induced hazards impacting upon third parties is a societal risk, but
one that is not necessarily restricted to accidents. The HSE in
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“‘Generic terms and concepts in assessment and regulation of
industrial risks” 1995 '®defined societal risk as-

“The risk of widespread or large scale detriment from the
realisation of a defined hazard, the implication being that the
consequence would be on such a scale as to provide a
socio/political response, and /or that the risk (i.e. the chance
combined with the consequence) provokes public discussion and
1s effectively regulated by society as a whole through political
processes and regulatory mechanisms.”

“Societal Risks” by Ball et al '® also characterises societal risks
that derive from the public’s normal activities being interrupted by
an accident as “societal concerns” with the assessment criteria
stated as “political judgement-possibly aided by mulli-criteria
techniques”. This would imply that quantitative cost benefit
analyses based on “value for a life” calcuiations are not
appropriate. An "as low as reasonably practicable” (ALARP)
approach allied to judgements on other relevant issues is likely to
be the most praciicable way of evaluating societal risk.

Within this document the terminoclogy that is used to describe risk
and related terms is defined below.

4.1.2 Definitions

Hazard "is something with the potential to causing harm

Risk is the combination of the likelihood/probability that an
identified hazard will occur and the consequence/severity if it did.

* see paragraph. 11(b} of Management of Health and Safety at
Waork Regulations 1892 Approved Code of Practice."”
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4.2

Risk Evaiuation
4.2.1 Risk Assessment.

Risk Assessment is a part of the overall process of Risk
Management. Risk Management starts from initial hazard
identification through to the effective control of risks during the
use phase of the project. Risk assessment is that stage where
residual risks are evaluated in terms of their likelihood and
consequence for the purpose of setting priorities and in terms of
what can be done to devise effective preventative and proteciive
measures. Risk assessment is not an end in itself, but a means to
the end objective of a safe and heaithy working environment both
during construction work and during the phases thereafter.

In order to identify, understand and control the risks to third parties
arising from a tunnelling project, risk assessments should be
undertaken to aid decision making on protection and preventative
measures.

4.2.2 Acceptability criteria

A risk assessment can be undertaken using either qualitative
judgements or quantitative values. As discussed above, it is
impracticable to assess societal risk for acceptability against
quantitative criteria for two reasons (a) because of the lack of
reliable data, and (b} because of the diversity of each tunnel's
characteristics {i.e. size, purpose, tunnelling mediums, design and
construction details etc), and in particular the excavation and
lining techniques employed.

However, gualitative acceptability criteria are suggested in the ITA
Guidelines for risk management ' and these should be
considered. These are as below;

Unacceptable  This risk shall be reduced at least to "Unwanted”
regardiess of the costs of mitigation.

Unwanted Risk mitigation measures shali be identified. The
measures shall be implemented as long as the
costs of the measures are not disproportionate
with the risk reduction obtained (ALARP
principle)
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Acceptable  The risk® shall be managed throughout the project.
Consideration of risk mitigation is not required.

Negligible No further consideration of the risk™ is needed.

(* amended from the term “hazard” by the authors of this
document).

Consequence Analysis

For urban tunnel projects, where damage and disruption on a
local scale can resuit in high impacts, the consequences of
emergency events can include-

s Death or Iniury to third parties

» Damage or economic loss to third party property or
services

* Harm to the environment such as release of
toxic/inflammable/harmful materials

» Deiay and consequent economic loss to third parties

« Loss of public goodwill which might lead to political
action

Any significant Iincidents occurring in urban areas would be
poiitically, economically and environmentally sensitive, and public
opinion and actions could be expected to play a significant role.
Loss of public goodwill, arising from emergency events affecting
third parties. has ihe potential to result in adverse media
coverage.

Third party injuries and damage arising from emergency events
will be controlied by factors such as impact, location and chance.
For example, craters opening in rural areas are likely to be less
damaging than in urban areas. Similarly, time of day wili affect the
numbers of third parties exposed to an incident. This randomness,
or chance. is an important factor in the consequence of any event.

Consequences arising from an emergency event have been
quantified and graded in the ITA Guidelines as follows
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Class® Consequence
Injury to third | Damage |Harm to the | Possible Delays
parties Loart;hlrd Env1ronnﬂ1ent Minimum [ Other
Numbers  of | Loss in | Guidelines | Months | Months |
fatalities/injuries | Miilion for per per
Euros propertions hazard hazard-
of damage
Disastrous F>1,S1>10 >3 Permanent >10 >24
' severe
damage
Severe 1F.1<81<10 0.3-3 Permanent 1-10 6-24
minor
damage
Serious 181,1,Mi<10 0.03-0.3 | Long-term 0.1-1 2-6
effects _
Considerable | 1Mi 0.003- Temporary 0.01-0.1 0.5-2
0.03 severe
) | damage _
Insignificant <0.003 Temporary <0.01 <0.5
minor
damage

Table 4.1 Classification of consequence. Source ITA Guidelines,
Ref. 18. Based on an underground project with a value of €1Bn.
and duration of 5-7 years. (Where, F = Fatality, SI = Serious Injury,
M! = Minor Injury.)

{® N.B. The data collected in this report is based upon “emergency
events”, which are defined as events that required contingency
measures to be activated.)

In 1995 there was an incident on Hollywood Boulevard, Los
Angeles when re-mining a completed tunnel caused a crater 70
foot wide and 80 foot deeP which resulted in the complete closure
of the famous Boulevard.'® No one was hust in the incident, but a
$1bn.law suit was brought against the contractor.

The consequences of the three tunnel collapse at Heathrow
airport in October 1994 2 included the temporary closure of the
underground Piccadilly Line, disruption to tens of thousands of
travellers, road closures, extensive remedial works and the cost of
lengthy investigations, redesign cost and legal costs invoived in
the subsequent prosecutions.
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4.4 Frequency Analysis

~ The ITA has prepared the foliowing classification of frequency
from a review of statistics and from pooled expert judgement.

Frequency | Frequency Central | Descriptive

class Interval value frequency class
| 5 >0.3 1 Very likely

4 0.03-0.3 _ 0.1 - llikely |
3 0.003-0.03 0.01 | Occasional

2 0.0003-0.003 0.001 Unlikely

1 <0.0003 0.0001 . Very Unlikely

Table 4.2 Frequency of events in the construction period.
{Source: Ref 18}.

(NB. The central value represents the logarithmic mean value
of the given interval)

The five frequency classes presented represent a way of
dentifying an event frequency which enables the number of
emergency events o be described in terms of per year or per
kilometre of tunnel construction. However the ITA
recommendation is for such frequencies to be related to the
number of events per project construction period.

45 Risk Matrix

Based on the above ITA definitions and criteria a risk assessment
can be underiaken to produce a risk matrix for frequency and
conseguence.

An exampie of a risk mairix is given below.
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Frequency

Consequ- Very Likely Occasional Unlikely Very

ence Likely : unlikely

Disastrous Unacceptable | Unacceptable | Unacceptable | Unwanted | Unwanted”

Severe Unaccepiable | Unaccepiable | Unwanted Unwanted | Acceptabie

Serious Unacceptable | Unwanted Unwanted Acceptable | Acceptable
[ Consider- Unwanted Unwanted Acceptable Acceptable | Negligible

able

Insignificant | Unwanied Acceptable Acceptable Negligible | Negligible

Table 4.3 Risk acceptance

Table 8)

matrix {Source ITA Guidelines,

* Special attention needs to be given to the case of a potentially

low or very low probability events but which could have high

consequences. In the above table this is labelled “unwanted”, but,
in the authors’ opinion, the correct classification should be
“unacceptable’. The report on the collapses at Heathrow *° and
the publicity associated with the events ! flustrates this issue.
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5.

5.1

URBAN TUNNELLING - THIRD PARTY IMPACTS

General

Modern cities depend on underground infrastructure to provide
support for their commercial and domestic needs. The age, extent
and nature of these works in a particuiar location are a function of
local geology, economic growth and technological development.
London, for example, with its advantage of a widely distributed
geological material of good tunnelling properties- London clay-has
a long modern tradition of tunnelling and infrastructure provision.
Other cities, such as Hong Kong and Singapore, have developed
their underground infrastructure more recently by taking
advantage of technological advances in tunnelling equipment to
overcome less advantagecus ground conditions.

Construction and maintenance of such existing urban tunnels
have provided a rich source of information, detailing both the
problems and the solutions thrown up during the life cycle of these
works. The problems arising from a variety of different hazards
associated with urban conditions and constraints provide a set of
data that must be fully understood by designers and constructors
of new urban tunnelling schemes. A recent paper by Kovari and
Ramoni # provides a useful summary of the tunnelling risks
encountered in an urban environment.

Kovarn and Romani cite some examples of the range of direct
impacts that might affect third parties from urban tunnel
construction, Including:

« Failure of tunnel support leading to the formation of a
surface crater

» Excessive settlement leading to damaged buildings

« Settlement movement damage to above and below uiilities
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5.2

Specific examples each of these types of impacts, and others, are
provided in Section 5.4 below.

Constraints
5.2.1 Geology

The principle engineering determinant in the design and
construction of urban tunnels, as in all tunnels, is the ground
conditions and the construction methods that are required to
realise the works. Tunnels built in sound rock, as in Stockhelm,
can be formed of large caverns with little or no added support,
allowing spacious architectural designs for transportation systems.
Cities founded on soft soils with high water tables require tunneis
whose form and support are dependent upon excavation
methodologies determined by the need for both immediate
support and coniinuing support of the ground. In the laiter case,
variation of the anticipated ground provides the itargest single risk
to the tunneiling works together with the potential to affect third
parties. The point is well summarised in CIRIA Report 79 ', which
states:

“The ground is the principal construction material, supplied by
nature and seldom to specifications that engineers would choose.
Methods of construction are highly dependent on the ground. and
costs are a function of the rate of advance. An encounter with
unforeseen ground conditions not only imposes large extra costs
but may itself introduce additionat hazards. Although similar
circumstances may attend other forms of heavy construction, it is
unusuatl for the difficuities to be so severe or the effects so acutely
felt as in underground construction, where difficulties are
unavoidably compounded by the Iimited and restricted access to
working faces.”

A large amount of international urban tunnelling 1s carried out in
soft ground, which can be characterised as non uniform, infinitely
variable, contain vanable water levels and perhaps incorporating
man-made features of varying age. For new tunnel schemes it is
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essential that the prevailing ground conditions including their
possible variations are well understood at an early stage of
planning, so that subsequent decisions on layout, design and
construction methodology can be based on a thorough and
detailed understanding of the potential hazards. This requires that
early and comprehensive site and ground investigations are
expertly planned, carrted out and reported.

Interpretation of the factual ground investigations should alsc be
undertaken and the findings set out in a separate document.
Depending on procurement strategy, this document might, or
might not be issued with the construction contract decumentation
but, in any event all information relevant to heailth and safety
considerations will be gathered together and made available to
designers and others. In view of the number and variety of risks
associated with urban tunnelling, the authors believe that
interpretative reports should be made available at tender stage as
either Ground Reference Conditions' or Geological Baseline
Reports %,

The quality of the information and the opinions expressed in these
reports is crucial to those whose task is to make informed
decisions on design and construction methodology issues. Site
investigations should include geological studies, desk studies,
historical and archaeological research, examination of aerial
photographs 1o determine the extent of man made obstructions
(see BS 5930) %4 In addition archived records of wells, groung
anchors, basements, records of previous excavations nearby, and
even unexploded ordnance need to be researched.

It has been reported ' that site investigation costs have been
found o range between 0.1 to 7.5% of the capital tunnelling costs.
Also reported 2° are the results of a 1984 study of 89 underground
projects in USA that compared the cost input to sife investigations
and the out-turn costs of the works. The conclusions of the study
were

« Overall, contractual claims averaged 29% of the engineer’s
original cost estimate for the works
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e low site investigation effort (i.e. cost) resulted in an
increase in the level of claims

» When ground investigation effort exceeded OC.6metre
length of borehole per metre of tunnel length, there was a
pronounced reduction in the cost of coniractual claims,
and the contractual claims continued to reduce in cost as
the level of exploration increased.

If the fevel of claims is equated to the level of unforeseen ground
conditions, the relationship between level of ground investigation
and level of unforeseen ground risk is identified. The limit of 0.6
metres of borehole length per mefre of tunnel is roughly
equivalent to an exploration cost of 1% to 1.5% of project cost
depending on the relative amounts of cable percussion or rotary
driliing included in the investigations. Site investigations and their
cosis are likely to be particularly project specific.

5.2.2 Structures on the ground surface

All bored soft ground tunnelling causes relaxation in the medium
being excavated (described as ground loss) together with
associated ground movements around the tunnel In turn these
below ground movemenis translate themselves into deformations
at the ground surface that vary in magnitude with distance from
the tunnel centre line. infrastructure sited close to the line of the
tunnel will be distorted by the resuitant “seftiement trough” and
may be damaged {to varying degrees) by the differential
movements placed upon it. In Londen clay for example, the
degree of damage will be dependent on a range of factors and
can be predicted with a high level of accuracy *, thus enabling
appropriate mitigation and monitoring to be installed in most
cases.

Building damage due 1o setllements arising from remote
tunnelling can, In general, also be predicted with some accuracy.
As a consequence the effects of seitlement can be determined
and mitigated through either vanation of vertical and horizontal
tunnel alignment, or partly by site specific measures such as
underpinning, compensation grouting etc.
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Tunnelling induced ground movements will also affect other sub-
surface structures such as piles, deep basements, other tunneis
and underground structures. As with surface buildings the
movements and reactions can be calculated and, where
necessary, appropriate mitigation measures introduced. It is usual
in these circumstances for funnel project teams to liaise with
engineers representing third parties to ensure due process in the
analysis and design of mitigation of the applied forces and
movements. Where the impacted tunnels are used by the public
additional risk assessments are normally required.

There are recent examples of emergency events that have taken
place at tunnel level that have led to the formation of surface
craters (Barcelona®’ and Shanghai ?®) These resulted in severe
damage to buildings and major disruption to surface activities
inciuding road closures and evacuation and demolition of
buildings.

5.2.3 Shallow tunnels

Where tunnels have ground cover that is less than twice their
diameter, particular difficulties can arise from impacts and
clearances to physical obstructions such as foundations,
basements, deep ulilities etc. In addition, a shaliow tunnel may
result In a greater magnitude of surface settiement than a deep
one, albeit over a narrower settlement trough. In urban areas
such configurations can cause severe engineering problems in
congested zones. An additional issue, that can cause cumulative
problems to the above, is the unifermity of the ground cover.
Surface layers can include irregular man-made ground and softer
deposits that can result in local distortions to the settlement profile
and in extremis loss of ground into the tunnel. The Athens Metro
%9 construction provides an example of the many problems than
can arise If inapproprate equipment is used. The recent tunnel
collapse at Lausanne * appears also to be a similar case.

5.2.4 \Utilities

All buried utilities, whether shaliow or at depth, will be affected by
settlements arising from tunnel construction. Culveris and large
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pipes, such as sewerage, water or gas mains, may he distorted by
the ground movemenis and have additicnal loadings placed on
their Jjoints and barrels. Particular problems can arise at the
connections between linear pipelines and fixed structures such as
buidings, manholes etc. Careful analysis is required in all cases
to ensure that the pipes, taking account of their material and
physical condition in the ground, can sustain foreseeable imposed
lcadings and movements. Fractured gas and water mains have
the potential to cause major disruption and serious or significant
damage toc third party interests. Other (ulilities such as
telecommunications networks can be similarly damaged from
settlements which can result in outage to important systems and
cause major third party disruption and result in significant
commercial claims. It is good practice safely to divert sensitive
utilittes prior to tunnel construction, as unexpected movements
can endanger plant that might previously have been thought to be
at low risk.

§.2.5 Working sites

Tunnel construction sites located in urban areas can suffer from
restrictions arising from land availability; access limitations and
environmental restraints imposed local Authorities. Their uses can
incilude any of the following functions: permanent works
construction, temporary works for access to the permanent works,
materials handling and staff accommodation and welfare facilities.
All of these activities will impact on third parties close to the siie
and for which environmentai protection wilt be provided by agreed
Site Environmental Construction Plans.

Risks to third parties from these uses can arise from instability of
the temporary and permanent works, which by their nature, are
close to existing Infrastructure. Other risks include the staging of
traffic management controls including diversions that can be
required to release parts of the working site {o enable phased
construction. :

Restricted sites can result in limitations in the provision of plant
and materials which could result in an increased construction risk
and which should be taken fully into account in the design,
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5.3

planning, permissioning and consiruction stages. Satellite or
remote working sites such as for the provision of permanent works
shafts and temporary works shafts for ground treatment are also
likely to suffer from resiricted access issues, and hence the
possibility of increased third party risks.

Potential Constraints

The available references on all the incidenis that have been
identified in this study provide a plethora of hazards leading to the
emergency events. In addition ic these there are other potential
hazards that might arise specifically from urban tunnelling, modern
construction methods and materials and cother sources that have
not been ascribed to third party risks In the literature. Some of
these potential hazards have been Iidentified in the Brilish
Tunnelling Society Report on Closed Faced Tunnel Boring
Machines and listed in that document for review — see Reference
8.

Other processes with the potential to introduce hazards to the
construction of urban tunnels In respect of third parties might
include the following:

5.3.1 Compensation grouting.

This is a method of injecting grout into the ground above an
advancing tunnel face in order o compensate for anticipated
associated ground ioss and thus reduce seitlement. The process
requires the development of very high grouting pressures in the
ground and has the potential, if improperly designed, conirolled
and monitored, to damage the excavation/support at tunnel level
leading to local loss of ground and possibly significant surface
settlements. There is aiso the potential fo cause heave at the
ground surface with consequential damage to utiliies and
butldings.
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5.3.2 Ground water lowering.

This 1s a fraditional technigue that has been adopted on a
number of recent projects to ease the progress of closed face
tunnei boring machines by reducing general ground water levels
and in particular the water pressure in the ground at the tunnel
face. lts application over a wide area of urban landscape is
capable of causing secondary effects such as irregular surface
settlement and local piping of the ground.

5.3.3 Tunnel induced disturbance.

Incidents of unexpected near-surface settlement were recorded
during construction of the Jubilee Line Extension.®" %% The
movements took place in near surface alluvium and affected
overlying raillway structures. They have been interpreted to be
caused by the tunnelling process introducing meta-stability
(sensitivity to slight disturbance) of the ground above the tunnel
In similar ground conditions {which are extensive in East London}
it 13 possible that tunnelling could cause settlement damage io
buned utiiities such as water or gas mains leading to loss of
water/ground or explosions. Such a scenaric has been accepted
in a judgement given in recent Court proceedings™.

5.3.4 Compressed Air.

A form of temporary works that is used to control the ingress of
water and ground into the works during open face tunnelling, and
also to limit ground movements during construction. Cases In
Tokyo ** and London ** demonstrate the risk to third parties from a
sudden loss of air pressure resulting in Iining failure and the
sudden formation of a surface crater. Advice on the design and
control of compressed air installations for tunnels is provided In
BS 6164 *° and the Work in Compressed Air Reguiations 1996 *.
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5.4

Problems/ Lessons from recent incidents

5.4.1 Open face working

NATM tunnel construction incidents in the city cenires of
Barcelona %7 and Lausanne °® in early 2005 resulted in the
appearance of farge surface craters and consequent significant
third party disruption. In Barcelona emergency evacuation of a
number of buildings was ordered, with some being subsequently
demolished. In both instances open face tunnelling methods were
being employed when unforeseen ground conditions were met
and miners and others were unable to prevent face collapse and
the consequent ravelling of ground to the surface. These cases
highlight the necessity for a good prior understanding of the
ground and for thorough contingency and emergency pre-
planning.

It is also possible for ground conditions to change rapidly over
short tunnel advances and this can result in sudden unstable
open tunnet faces. In the case of shaliow tunnels, like Lausanne,
this instability can last for a very short time-span and there may
not be sufficient time availlable fo install effective emergency
ground support systems. With open-face tunnelling methods the
safety-critical feature is the ability of the face to remain in a stable
condition during the whole construction sequence. This has been
the subject of research spanning 25 years {L.unardi 2000) and has
led to the deveiopment of an engineering approach which is titted
“Analysis of controlled deformations of rock and soil”®®. In simple
terms, analysis of this type of ground behaviour leads to the
solution of stability problems by means of confinement of the
existing void and/or the pre-confinement of the block of ground
ahead of the tunnel face. Professor Lunardi states that this is a
fully designed solution based on an engineering characterisation
of the ground. it is not an “observational method” of tunnelling.
The range of confinement and/or pre-confinement options are so
extensive that the method of tunnel construction remains flexible,
but the main principle is that the soil ahead of the tunnel face is
stabilised before it can move and present a danger.

On the other hand, the Madrid City Authorities have rejected open
face methods for tunnelling through soft ground, except under
very carefully controlled conditions. (Melis ef af 2000) **

5.4.2 Closed face working

Recent examples of third party impacts from closed faced working
can be found in Singapore ** and Stratford ° in east London. iIn
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both cases surface craters above bored tunnel works resulted at
the least in some social disruption, either to domestic
householders or to road users. The consegquence of these
incidents to third parties and to the existing infrastructure was
determined Iin some measure by route planning but also to
chance. These cases are inciuded in the data bases researched
by the BTS closed face working group and outlined in their
Guideline. Both cases demonsirate the need to fully understand
the ground conditions both at the closed face and further ahead of
the face. The TBM operator has to be guided by both direct and
indirect monitoring systems in the quantification of spoif removed
per ring advance and the avoidance of over-excavation, as the
cutting process is enclosed and therefore unseen. Obstructions or
voids In the ground can be dniven through unknowingly if waste
material is not visible and accurate spoil measurements are not
readily avaitable.

The recommendations in the BTS Guideline include:

* A holistic approach to safety issues.

» Wide dissemination of details of the expected ground
conditions within the project team.

o Active management of TBM functions to controi suiface
settlements.

 Maintenance of operational face pressures above the
hydrostatic head, checked by continuous monitering.

¢ The accurate monitoring of excavation quantities.

e Early grouting of the ring annulus and monitoring for pressure
and volume.

« Sufficient, controlled and tested speil conditioning.

» Setting and real time monitoring of the operating parameters of
the TBM.

» Adoption of risk management systems for design, procurement
and operation of TBMs.
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e Extensive site investigations, including geophysical methods
where applicable, to be undertaken at design and construction
stages.

» Monitoring of surface and sub-surface structures.
» Good record keeping.

» Use of experienced staff.

5.4.3 Temporary Works

The design and detailing of temporary works can be more
complex than for the permanent works themselves. The abnormal
loading patterns involved, and the temporary nature of the
supports, demand a high level of skifl and competence in effecting
suitable arrangements. The detailing of primary linings in NATM
construction is a case in point.

An example of a temporary support failure in an urban
environment is provided by the Los Angeles Metro*' where a
serious underground fire led to the destruction of the timber
laggings beiween the steel ribs and resulted in a collapse of the
lining.

Another incident, on the Docklands Light Railway, resulted from
the application of internal compressed air pressure to a
completed section of running tunnel in order to construct a
breakout cross passage beneath the river Thames. In this case
the tunnel lining failed following the application of a test pressure
and loss of ground cover which resulted in an explosion and
surface crater adjacent to a nearby school *°.

Ground Treatment to aid tunnel construction and reduce
settlement has also provided examples of disruption and third
party impacts. On the Heathrow Express site at the Central
Terminat Area °, jack grouting was employed to rectify building
settlements during tunnel construction. In the event the grouting
caused a failure in the primary tunnel! lining which in turn led to the
ultimate collapse of both the fining and the building. In another
case, this time in Sweden, albeit in a rural location, grout was
injected into the ground ahead of an advancing tunnel face in
order {o create a low permeability zone around the tunnel and
reduce water ingress to the tunnel to an acceptable level. One of
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the chemical grouts used and which was most effective in
reducing water fiow, was subsequently found o be foxic, having
initially affected miners and later some cows that drank water
pumped out of the tunnel works *

Future Projects in London

A number of transportation and infrasiructure projects are
currently at an advanced stage of planning within the London
area. These include rallway tunnels In the central area and
collector sewers beneath the Thames corridor. It is anticipated
that a full range of urban engineering and environmental issues
will be met by these works and that construction planning will
need to be very detailed.

Appropriate construction methodologies within the deposits of the
London basin have already been developed and successfully
used over a number of past and recent projects. The technology
is therefore available to enable safe and economical tunnelling to
be undertaken within ali the generaily aniicipated ground
conditions. Planning must ensure that sufficient knowledge of
local ground conditions and existing infrastructure is available o
enable informed decisions {o be made during the design and
construction of the works.

There is no reason why these projects cannot be safely and
successiulty completed.
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6.

RISK REDUCTION FOR URBAN TUNNELLING

6.1

UK Legislation

The UK legislation that covers the general avoidance of risks to
third parties arising out of any work activities is contained in
Section 3 of the Health and Safety at Work Act 1974. ** There is
a general duty on employers and the self-employed to “conduct
their undertaking in such a way as to ensure, so far as is
reasonably practicable, that persons not in his employment are
not exposed to risks to their health and safety”. An “undertaking”
mncludes not only employers undertaking the construction work bui
also those providing a service such as a design practice. Because
the wording of this Section includes the phrase “so far as is
reasonably practicable”, the burden of proof is reversed in any
court proceedings as a result of the effect of Section 40 of the
1974 Act.

Regulation 3 of the Management of Health and Safety at Work
Regulations 1999 ** requires every employer and every self-
employed person {o make a “suitable and sufficient assessment of
the risks to the health and safety of persons not in his employment
arising out of or in connection with the conduct of his
undertaking”. These risk assessments are “for the purpose of
identifying the measures he needs to take to comply with the
requirements and prohibitions imposed on him by or under the
relevant statutory provisions”. Reguilation 4 adds that “where an
employer implements any preventive and protective measures he
shall do so on the basis of the principles specified in Schedule 1
to these Regulations” — the Risk Hierarchy.

Regulation 13(2) (a) (1) of the Construction (Design and
Management} Reguiations 1994 *° places a duty on “designers”
{as defined by these Regulations), to "give adequate regard to the
need {0 avoid foreseeable risks to the health and safety of any
person who may be affected by the (construction} work”. At the
time of writing the Health and Safety Executive has issued a
Consultation Document with the proposed text of the Construction
(Design and Management) Regulations 2006 *°. This text
significantly aiters the 1994 designer’s duties, and the duty to
manage nsks to third parties 1s contained in the new proposed
Regulation 14{3). in the Consultative Document the text of this
Regulation reads {in part) as follows —
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6.2

Every designer shall in preparing or modifying a design which may
be used in construction work in the United Kingdom avoid risks to
the health and safety of any person liable to be affected by such
construction work. .

The Consultative Document includes a new proposed generat
duty on the Principal Contractor to “plan, manage and monitor the
construction phase in a way which ensures that, so far as is
reasonably practicable, it is carried out without risks to health and
safety”.

Within the Construction (Heatlth, Safety and Welfare) Regulations
1996 *’ there are several duties placed on defined parties to
construction work to prevent danger or harm to “any person” —
which would include persons nhot party to the construction works.
For example, see Regulations 9(1), 12(1), 12(2), 12(3}, 28.

Controliing Tunnelling Risk

The number of prominent tunnel failures that tock place in the
1980's led to pressures on the tunnelling industry from regulatory
bodies and project Insurers to address project risk in a formal and
uniform manner. Different client authorities developed their own
methodologies for incorporating a risk based processes into the
decision making systems serving their management teams, but
these were ad hoc and did not rely on common methodologies
and criteria. The International Tunnelling Association (ITA)
therefore set up a working group to report on these systems and
make proposals for a unified approach. This was achieved in
2004 with the publication of their "Guidelines for tunnelling risk
management”. '

At the same time the global insurance industry represented by the
Association of British Insurers (ABl} and the British Tunnetling
Society (BTS) began working together to prepare a Joint Code of
practice *® for risk management for tunnel works in the United
Kingdom. Compliance with this code is required to secure project
insurance for “Contractors All Risks” and “Third Party” Insurances.
This document was issued in the UK in 2003 “for active
implementation”. The UK document is the forerunner for an
International Code which is currently under preparation.
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ITA Guidelines (2004)

These Guidelines were prepared by Working Group 2 of ITA “to
give guidance fo all those who have the job of preparing the
overall scheme for the identification and management of risks in
tunnelling and underground projects. The guidelines provide
owners and Consultants with what is modern-day industry practice
for risk assessment, and describes the stages of risk management
throughout the entire project implementation from concept to start
of operation”.

The ITA has provided no statements with regard to compliance
with their Guidelines.

The ITA Guidelines set out how tunneliing risk management
systems can be used throughout three stages of a project

» Early Design

» Tendering and Contract negotiation

+ Construction

The objectives of risk management are defined as the
identification  of project risks resulting from design and
construction and these are {o be achieved by establishing a
construction risk policy. This policy would include scope, risk
objectives and a management strategy.

It is stated that the scope of the risk policy might include the risks
and consequences that are set out below

« Risk to the health and safety of workers, including personai
injury and, in the extreme. loss of life

» Risk to the health and safety of third parties

* Risk to third party property, specifically existing buildings
and structures, cultural heritage buildings and above and

below ground infrastructure
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« Risks to the environment including possibie land, water or
air pollution and damage to flora and fauna

+ Risk to the owner in delay to the completion

+ Risk to the owner Iin terms of financial losses and additicnal

unplanned costs

Some of these risks and their consequences are set out in Table
4.1 above.

The stated objectives of risk management would be to allow for
the identification of hazards, the identification of mitigation
measures and the implementation of mitigation on the ALARP
principal. The guidelines suggest that the policy might minimise
overall risk by reducing the likelihood of hazards with high
consequences {linked 1o political concernsy if it is considered that
fow probability high consequence events {0 be of more concern
than high probabiiity low consequence events. Policy should atso
allocate risks to those best able to control them.

It is suggested that the management strategy should include

+ Definition of the responsibilities of the parties

» Alist of the actions required to meet the objectives
¢ Alive risk register to be cascaded {o all parties

+ Feed back loops

e Audits

It should also define its risk acceptance criteria which should be
provided in either qualiative form (Table 4.3 above), or in
guantitative form. Such guantitative limits, as mentioned before,
are difficuft to define for third party hazards as the data is not
available and anchor poinis {"accideni frequency just on the
borderline of acceptability”) '® have not been established.
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The Guidelines afso set out the necessary components of a risk
management system which are stated as being:
» Hazard identification
» (Classifications
Frequencies
Consequences

Risk classification and risk acceptance

A range of the risk management tools that are available are also
listed in the Guidelines and these include the following:

» Fault iree analysis

+ Eventtree analysis

» Decision tree analysis

+  Muttirisk

+« Monte Carlo simutation

ABI Code of Practice {2003)

Contact [nsurers will require compliance with the Code on all
projects in UK where the value of the Tunnel Works is £1.0 million
or more. Section 2 of the Code also notes in respect of
compliance that:

“Compliance with the Code as it applies to construction projects
involving tunnel works should minimise the risk of physical loss or
damage and associated delays. It follows that insurance contracts
covering Tunnel Works should include provisions enabling
Insurers to enforce the requirements of the Code, if necessary on
pain of suspension or cancellation of the cover.”

42



The Code divides the stages of a project into four

+ Development Stage (feasibilily studies, site investigations,
optioneering and design studies)

+ Design

e Construction Contract procurement (contract
documentation, tendering process and tender assessment)

e {Construction

It then requires that hazard identification and risk management is
undertaken throughout each of these stages through the use of a
formalised Risk Management System (RMS). This system is o be
used as a means of formally documenting the identification,
evaluation and allocation of risks, which then have o be managed
and mitigated on the ALARP principai. Live risk registers are
reqguired in order to properly assign risks and also to cascade the
risks to parties throughout the project.

A Client's roles and responsibilities are set out, icgether with a
requirement for their technical and management competences o
be demonstrated.

Apart from statutory duties, health and safety issues are only
defined within the Code in terms of their input to H&S Pians,
Method Statements and Management Plans.

The Code also sets out requirements for the scope and quality of
input to the ground investigations, including the need for adequate
budget and programme time for the task. It also requires that a set
of Ground Reference Conditions ' or Geotechnical Baseline
Conditions ** be prepared.

A systematic process of risk assessment and management is
described in order to identify consequences associated with * third
parties and existing facilities including buildings, bridges, tunnels,
roads, surface and subsurface rafiways, pavements, waterways,
flood protection works, surface and subsurface ulilities and all
other structures/infrastructure which shall be affected by the
carrying out of the works”. Design risk assessments are also
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required to consider the impact of the design and its
implementation (including realistic variations in the design criteria
and/or design values adopted) on third parties. Design checks
that assess the level of risk and compliance with requirements to
third parties are also a requirement.

Human Factors

Whichever of the above, or other, system is used to manage risks
within a tunne! project’s planning, design and construction cycle, it
has been put forward that there are four fundamental processes
that need to be employed. {Anderson and Lance 49)

» The design and implementation of engineering systems
» The design and development of health and safety systems
» The adoption of appropriate organisational and

management systems

s The consideration of human factors issues.

{These views are further developed in Section 7).

Most engineers are familiar with the first three of these processes
through training and experience, but are generally less familiar
with the need to take account of human factors issues in project
planning and implementation. At all stages of project
development, people have to make complex judgements and can
make errors. Such unintended errors can be made at senior levels
of management as well as at the tunnel face, and they can lead to
an increase in the exposure o risk to workers and third parties. in
the construction industry particular factors that might lead to such
errors include:

= The number of differing organisations that may be closely
involved In any one funnelling project, and whose work
activities may overlap

« The sometimes ‘“adversarial’ nature of contractual

arrangements between the parties
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« The pressure of progress, cost and site productivity in
displacing safety as the first priority
o Lack of effective communication and coordination

e The over-compartmentalisation of functions within a project

The role of effective proactive monitoring in picking up errors can
not be overestimated. This can be achieved by

1. Validating the initial competence of staff at recruitment
2. Self monitoring by all project personnel
3. The application of peer review to the process of data

interpretation and decision making.

Risk based management systems-should be able {o take account
of human factors issues by acknowledging the range of the three
types of decision maker identified by Rasmussen, *° and further
explored by Reason *'
+» The skill based practitioner who largely relies on his self
acquired experience and practice gained on previous
projects
« The rule based practitioner who follows the known rules
and guidance set out for design and construction, and
» The knowledge based practitioner who relies on both
technical expertise and experience and who may go

beyond established "rules’

Urban tunnelling provides a wide range of technical,
organisational and human factors chalienges to project engineers
and others, and these need to be met with a flexible approach to
problem solving while ensuring health and safety at all times.
Whereas rule based systems and practitioners are a necessity for
a base culture, care must be taken fo avoid a cuiture of
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unguestioning reliance on rules for problem solving. In his 2004
Harding lecture %%, Sir Alan Muir Wood stated that “in practice
bureaucracy needs to be tempered by professional judgement.
Only the experienced tunneller will detect the potential
interactions between superficially diverse and unrelated type of
risk.” (See also Section 4.2 in 1996 HSE NATM Report)

The common elements of a positive safety culture that need to be
integrated into an overall effective project management system in
both design/planning and construction include

« Commitment from the top through an effective safety
policy; through positive prioritisation of safety; through
organising for safety including the allocation of adequate
resources, and the setling of well defined individual
responsibilities.

« Demonstration of this commitment through day to day
management actions and the provision of resources where
and when they are needed, including the provision of
specialist support and training and education

« Open and effective communication within and between
organisations including a continuous dialogue on safety
and risk matters. Communications should maintain
imparbality and, where appropriate, confidentiality isolated
from a culture of blame and mistrust

» Encouragement and enthusiastic support should be given
to good performance, innovations and ideas. This can
encourage all those involved to feel fully “on board” and
working as a team with the aim of continuous

improvement.
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e Ensuring that particular management positions are filied by
people with the appropriate background, experience,
competence and leadership skills.

« Building in appropriate and effective monitoring  and

review arrangements

Risk Management Systems

Management teams for some large tunnelling projects that have
been delivered within the last decade, have developed and
prescribed methodologies t¢ integrate risk management systems
intfo each stage of their project implementation process. These
projects have been developed independently but the concepis
derived have been reviewed and incorporated as necessary within
the development of the ITA Guidelines.

Examples of projects that have successfully employed risk
management systems (RMS) throughout the planning, design,
procurement and construction cycle include

« Hamburg- 4 th. Elbe Tunne} **

« Copenhagen Metro °* %5 %657

« Madrid Metro®: and very recently
» Heathrow Airport, Terminal 5 tunnels °®

These projects all used risk assessmenis as a tool to inform and
record each decision making process and o minimise unforeseen
events and cosis.

At Heathrow Terminal 5, for example, the means chosen to
minimise risk in the engineering and commercial management
organisation was to adopt a non-adversarial contractual approach
based on relationships and behaviours rather than transactions
tied into a cost reimbursement type contract. This was achisved
by reimbursing suppliers’ costs with a defined profit plus an
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incentivised target payment based on performance. The contract
agreement focused on performance and success rather than
failure, and on people as individuals in integrated teams not as
external suppliers. The contractual risk of cost and programme
variations was not shared with the suppliers and was held by the
client, British Airports Authority (BAA). As BAA carried the
commercial risk, risk management was undertaken by a fully-
integrated, co-located team of BAA and its suppliers comprising
client, designers, civii constructors and the fitting-out provider.

A separate example of formal hazard assessment procedures that
were introduced into an ongeing project management system in
order to control tunnelling risk is described in a paper on the
Athens Metro %

Other project specific approaches have been described in the
tunnelling literature, and include:

» Mala Kapela Tunnel, Croatia. Kolic &

« Hvalfjordur Tunnel, Iceland. Tengborg et al.

One element of any risk management system which must not be
overlooked is the quantity of paperwork that can be generated by
the processes adopted. At the primary level a risk management
system needs to be process driven in order to ensure that a
comprehensive study of the issues is carried out. However,
modern projects incorporate other processes such as Quality
Assurance, Management Manuals, Project Plans, Safety Plans,
design submission schedules etc. that provide a substantial
demand for form filling and record keeping. Excessive guantities
of paperwork can affect delivery of the product and it should be an
aim of the risk management system to be effective above and
beyond the process driven level.
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THE STRATEGIC WAY FORWARD

“Fifty years ago, tunnelfing was dominated by empirical methods
in design, by traditional craft practices in construction. Today,
design and construction of tunnels are based on a set of
specialised technologies, with the success of each project
dependent on their synthesis, on continuity between design and
construction, and on appropriate means of project procurement.
The art of tunnelling does not lend itseif to inflexible rules or
prescriptive codes of practice; engineering judgement remains the
key factor.”

Incidents and ‘emergency events’ during underground
construction are often the failures of the systems devised and put
in place to prevent such happenings. i follows that effort should
be put into devising, implementing and continuously improving the
overall management systems tailored to fit the specific
circumstances of any particular underground project. No safety
management system, by itself, can eliminate all risk of danger and
harm, and some hazards and risks have to be effectively
managed on a day-fo-day basis by competent persons and
organisations. This needs commitment and input from the
workforce to the higher management levels of key organisations
within the specific project structure.

in underground construction work there is always a level of
‘uncertainly’, but this does not mean that this ‘uncerfainly’ need
translate itself into danger. The three key pariies that have the
power to set standards and procedures are the client or owner;
the designers, planners and specifiers, and the main and other
contractors and their suppliers of plant, equipment and matenais.

From the study of the data presented in this report, and from the
consideration of other information, if may be seen that the
following six factors have an influence on the quality of the overall
safety management system required within an underground
construction project-

e Project management

» Organisational, procurement and contractual arrangements

» Engineering systems
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7.2

» Health and safety systems
e The consideration of human facitors, and

e Availability and use of ‘Enforcement’ action
These factors are briefly described in the following paragraphs.

Project management

Each of the parties needs to project manage effectively his
particular input to the development of an integrated safety
management system — starting with the client and his initial cutline
considerations for his project. Often project management needs
to begin with the gathering of information; the undertaking of
research; the assembly of sufficient and appropriate expertise and
the provision of adequate time and other resources before the
brainstorming of scenarios and ideas for possible alternative
further courses of action. Consideration of the whole-project risk
spectrum from the beginning is appropriate and there are
advantages to be gained from, for example, integrated
management teams, early contractor involvement; early supplier
involvement and early operator involvement. Inadequate project
management or even mis-management of some or of the whole
process is possible at any stage and by any of the key parties.

Organisational, procurement and contractual arrangements

Organisational, procurement and coniractual arrangements such
as between the client and his chosen design teams can be crucial
to the quality and effectiveness of the overall safety management
system. Project organisational systems also need to relate to
those third parties who may be affected by the works. The internal
contractual arrangements provide an opportunity to emphasise
the importance of cooperation, coordination and communication in
the effective identification and control of hazards and risks
throughout the project by all parties and the responsibility of all
parties to expend the necessary competence and resource to
ensure ‘best practice’ approaches. There is no other field of civil
engineering where the integration of design and construction is
more important or necessary. Poorly drafted procurement and
contractual arrangements can conflict with statutory obligations;
impose unfair and unreasonable conditions; create ambiguity,
misunderstanding and doubt; and cloud areas of responsibiiity
from the very beginning.

50



7.3

7.4

7.5

Engineering systems

Much of both design and construction on underground projects
relies on the choice and implementation of the engineering
sys’rems that are commonly applied to this type of consfruction
...« This could range from the overail design, specification,
layout and detailed design of the tunnel lining to the specification
and manufacture of compiex tunnel boring machines to work
effectively in the tunnelling medium of the particular project. The
inappropriate choice of, for example, computer analysis software;
persons to fill key safety-critical engineering management
positions; open or closed face tunnel boring machine; the wrong
type of ground stabilising technique; the tunnel hining/surrounding
ground monitoring system or the depth of the construction work
within the ground in urban situations can compromise the
effectiveness of the overall safety management system.

Health and safety systems

The provision and effective implementation of specific systems for
the purposes of health and safety are essential. These range
from the provision of specialist advice on health and safety and
risk management io those working in both design offices and
construction sites and to the provision of persons with special
expertise on project expert advisory panels. The prompt,
thorough and timely investigation of any accidents, inctdents and
“‘near misses”, together with the downloading of the information
and conclusions obtained to all who need to know, is of the first
importance. Also impertant is the auditing and review of the
elements of the safety management systems with the objective of
seeking ways of improvement. Health and safety standards never
stand still, and there needs to be the flexibility within the system,
coupled with appropriate leadership, to seek to apply higher
heaith and safety standards where this Is both practicable and
appropriate whether or not required by law.

The consideration of human factors

In large projects it is almost inevitable that safety management
systems will be complicated and diverse, but they will have to be
implemented and managed by persons with a range of skills,
experience and knowledge. Some persons will also be given the
task of exercising judgements in both engineerng and in other
contexts — in other words aspects of the overall safety
management system will be dependent on ‘human factors’. The
question then arises, when and where might ‘human errors’ of one
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kind or another be made, and, if so, what the possible
consequences of these ‘errors’ might be. It is undoubtedly the
case that some ‘emergency events’ have also been caused by
persons intenticnally viclating work systems and procedures that
have been correctly set out, and it is also the case that high level
‘errors’ can play a major part in creating the circumstances where
others might make errors at the workface. The potential for
human failure, error or misjudgement is almost everywhere within
the system, and as such merits careful consideration by all
parties.

Availability and use of ‘enforcement’ action

Where shortcomings in the safety management system have been
pinpointed, there needs to be a mechanism by which, if
appropriate, effective corrective action can be taken. In some
cases it may be necessary to stop the construction work so that
the necessary remedial measures can be given priority. This
power exists within the statutory enforcement body for health and
safety, but shouid also exist within the contractual arrangements.
The sanction of ultimately stopping further construction work on
health and safety grounds could be retained by the client — if
necessary on being properly advised about the proposed course
of action. Alternatively, the client could retain an organisation with
the appropriate competence, skills and knowledge to exercise the
role of construction supervision on the client's behalf. Such a
function would have a clearly defined health and safety monitoring
role with a contractual ability to stop further construction work if
this was appropriate in the circumstances.

Because of the diversity of underground project work there is no
‘one standard system fits all’ situation. The authors believe that
the factors listed and described above, together with existing
published information and guidance, provide a framework of
approach that can lead to a satisfactory safety management
system for any underground construction project in any location.
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Appendix A - List of world tunnel starts 1999-2004
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Appendix B

List of internet sites used to research world tunnelling market

wWWw. miningandconstruction.com

www . fhwa dot. gov/bridge/tunnelfindex. htm - This website aims to produce data base
of projects inQ the US.

www.ichas.c3/en/ps sberaco3.htm

www . insituform_com/coperatefcer affholder himl#

hitp:/fwww.ita-aites.org/cms/329.html - Cairo metro lire information

www. aftes asso.frirevues tos/2004/18/ res.htm — Biarritz sewer

www.nationmaster.com/encyclopediallist-of-cities-in-france

www. rinbad demon.co.uk/opening.htm - list of all opening metro lines

www. alpine at/content node2/alpine/de/nifutb/uspib/iu/2818 htm - tunnel
construction information

www.unece.org/trans/doc/2002/acS/TRANS-ACY-1-infoQ7e.doc - list of tunnels in
different countries

htip //home. no.net/lotsbera/data

www.showcaves com/english/de/geology. himl

www roaditraffic_technology.com/project/egnatia/ - EGNATIA ODOS

http:/ftunnelling metal ritua.gr/GTS/projects/egnatia.him - 48km tunnel; 4.5% cut
&cover, half hard, half soft rock; 74 tunneis: NATM

www.mjconstruct com/tunnel/archive/2003/jun/nordie% 20tun%20%hard%20rock pdf

www. mjconstruct. com/tunnel/arciive/2003/sep/panorama pdf-india

www.auaonline.org — American Underground Association
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www. britishtunnelling.org — British tunnelling society;

hitp:/fhome.no.net/lotsberg - the worlds longest tunnel page

www tunnel no — Norwegian rock technology

www.ita-aites.org/cms/357.html - Norway -references to Norway storing statistical
data since 1971 — 1998 best year, Germany — Printouf; US $700-800 mitlion dollars

www library tudelf.nl/dckc/keep-current - Delft Cluster Tunnelling — knowledge centre

www.geoscience.org.za/sancot/publ.httm# - South  African  Tunnel Database
purchasable through SANCOT

www.cnplus.co. uk — construction news — pay only

www tunnelcanada.ca

WWW . alcd . org

www.nash.org

*Searched German and Norwegian search engines

www . ita-aitet. org — international tunnelling association

www britishtunnelling.org — British tunneliing society; newsletters —N/A; working
groups

www. tunnelbuilder.com — comprehensive list

Geological Research

http://aeologyabout. com/library/bi/maps/blecudermap. htm - geological maps

http:/fencarta.msn.com/encartfeatures/mapcentre/map.aspx - maps

www.worldatlas, com/atlasiworld.him - geoclogical maps

GDP Research

www worldbank org/data/udi2004/iable

www nationmaster. com/country/an/econcmy
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Appendix C - List of NATM Emergency Events
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Appendix D - List of non-NATM Emergency Events
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Appendix E

Glossary of terms

ABI

BTS

CIRIA

HSE

ITA

NATM

SCL

TBM

Association of British Insurers.

British Tunnelling Society.

Construction Industry Research and Information Association

Health and Safety Executive

International Tunnelling Association

The New Austrian Tunnelling Method

Sprayed Concrete Linings

Tunnei Boring Machine
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Appendix F

Authors’ background

Guy Lance graduated in civil engineering from King's College, London University and
Is currently a Technical Director at Atkins Tunnelling. He has over 30 years’
experience in tunnel design and in the management of major transportation projects
in both the UK and overseas. These projects include Jubilee Line, Singapore MRT,
Channel Tunnel, Channel Tunnel Raii Link and London Underground PPP. He acted
as technical advisor to HSE during the investigations following the Heathrow Express
collapse.

John Anderson graduated in civil engineering from Glasgow University. After work in
industry he joined the Health and Safety Executive as a Specialist Inspector. For
over 10 years of his 26 years service in the HSE he specialised in underground
construction occupational health and safety issues. He has contributed to the
meetings and the on-going work of the ITA "Health and Safety in Works" Working
Group since 1989, and has written international papers on tunnelling health and
safety matters since 1981, He left the service of the HSE in 1997 and works as an
independent consultant.
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plpa umbralla (screen) in the Iriahdll tunnel
=

of his review, Prof
Dir-Ing Bernhard

Figure 11 jabove): installation of a grouted

Vaid! of the
s discussed last month, during called for, created by previously longitudinally [nStitute of
construction of the Cologne-Rhine/ installed pipes or by groutings. (onstruction
Main and Nuremberg-ingolstadt rail At several places along the new Garman rail link, d I
linde, tunnels support had a particular motorways were underpinned using this method, f{’{‘fui‘ufﬂ;[‘i.
significance protected by umbrella screens. According to the Tunnelling and

In rock with insufficient stability for the required conditions these were either pipe screen withoutl
excavation cross-section, or when settlement was injecting, injection pipe screen or high-pressure
limited because of developmanl, screens wera injection screen (Tabile 3). Wanagement at

the Ruhr
University of

Construction

Bochum discusses
the role of screens

in creating
stability for
excavation on
major German
rail links

.
i

i

of the mool
0N In
sructure
- LnCEFTUng
ot ety
- menamisaton .
ol sttt walve-holos in the
b
High pressure - mibed ote rock with - horizontal « cirill rigg, crilling  for auamphec
injction screen warisbie grain s prudrilling with ;H':m - System "Rodinjet’/Podic & C.

ronas 0.50m dia- Tabila 3 (laft): Tha three
1.00m, length up muthods of advance
support with scresns
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Right: Core excavation in
the Himmelburg tunnel

Figure 12, balow: Section
through the construction
of the irahull tunnel under
the protection of a grouted
pipe umbrella (screen)

Figure 13, bottom: Section
through the construction
of the Franfurter Kreuz
tunnel under the
protaction of a jet-grout
shield umbrella

After tha advance suppor, the Cross-sactions
can be driven under cover of the screened vault. It is
maore cost affective il pipe screens can be produced
by the heading team with the tunnel jumbo (new
drilling installations are necessary though) rather
than manufactured by special companies (Figure
11}, The required niches for instaling the pips
SCredn ans no longer necessary.

Pipe screen without injecting
Examples of pipe screen without injecting inciuds
the Bodax-system and the AT-Hidirohraystem
Production of tha pipe screen uses an eccentne
working drilling system where the dnlling and the
piping take place in one step. The pipe remains in
thee ground and is filled with concrete. For horizontal
drilling, lengths of up to 30m are possibla today
where deviation depends closely on the
predominant ground conditions. The space between
the single pipes depends on the static aspects and
is usually fractional.

Injection pipe screen

Injection pipe screens are similar in principle o
pipe screans: there is a greater space between the
single pipes as well as additional injecting of the
in situ rock. The injection material is placed by
special tubes which seals the dnlling hole and

prevents it getting wel. The method cannot be used
in loose ground which requires a sleeve pipe to ba
installed using a cased bora,

Grout is placed in the surmounding rock through
the openings in the sleeve pipe which are sealed
by a rubber sleeve. At the Ifahull tunnel, a grouting
pipe screen was used (o underpin a motorway
(Figure 12). Here the installation of the 15m long
grouting pipe took place at an inclination of 77, 1o
within plus or minus 2%. Grout was placed through
a valve in the pipa at a pressure of 10-15 bar
Finally, the pipe was filled with a cement
SUSPENSI0n,

High-pressure injection screens

in high-pressure injection the soil s cut. held in
suspansion and mixed by a cufting jet of a
gementitious slurry. The loose ground becomaes the
aggregate for the concrete, The column-fike
concrete structure is produced at the sama time as
grouting and pulling back the drill rod. In general, the
high-pressure grouting column can be overlapping
or tangential, with the horizontal length limited 1o
around 15m.

Tha high-pressure |et grouting-method  (HDI-
Verlahren) was used in the 282m long under-
ground driven section of the Frankfurter Kreuz
tunnel. The advance support consisted of 14.5m
long, overlapping horizontal jet grouted piles
{Figurs 13).

Ground freezing
Ground freezing, mentioned only for reasons of
complateness, is a well known method in chvil
engineering. It affords a temporary seal and
improvement for the subsurface ground in the form
of an advance support for non-groutabls, but water-
bearing conditions. Basically, screen covers ane
created.

In contrast to the grouting methods, freazing
affects the geological conditions only during the
construction perod.




Left: Roof beam method being used in
the Schulwald tunnal

Bottom: Installation of roof rods
{lances} in the Euverwang tunnel

Summary

Using screens as advance support
and the roof beam method,
possibilities for the economical use
of top heading methods are
extended. These measures also
contribute to increased safety at the
face, which is of great imporiance
today, because of the increasing
shortage of experienced workers.
Resorting to expensive side wall
drifts will be confined to difficult
conditions where there is high lateral
pressure and special demands for
settlement control. This way, It Is
possible to keep conventional
tunnelling rmethods competitive with
mechanised tunnelling. e
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Tunnels for HS
railways in Germany

Rupert Sternath, project director for tunnel construction
with Deutsche Bahn (German national railways -
DBProjekt), describes the context in which a large
expansion of the high-performance network is under way.
He also describes tunnelling work on one of the big
projects, the Cologne-Rhine/Main high-speed link

Langth In tunnal (km)
) tarfarhe-Basel ]
El xtin-Rhsinimain fohne F4) 41
ﬂ Ehutigen-Augshurp 84
E] taing-tannheim I
E Dorfmurd-atasl 3
[ Mombarg-Minchon 25
B rumberg-Eriunt a1 J. -
] Erfurt-HalledLninzig 15
E] tanau-inhofen 7
0 Knoten Barte

B-Matz, tha operator of Garman railways
(DB} runs about 38,500km of railway
lines and thair structures. The business
is aiming for mone rall traffic which can
ba achiaved successfully in the long
tarm only by realisation of increased performances and
cost reductions’. Within its strategy. called Network 21,
DB-Netz has set up a businass-oriented invastrment
programme to be implemented over 10 years. This in-
cludes all maintenance works and any new construc-
tion, as well as planned improvemeants. The programime
includes miary tunnels and other structures, some to be
bullt undear difficult conditions.

In order to ensura that these large projects can be
raalised without unexpacted disruption, but within a
given budget framework, there is a need to find new
approaches, not only for tachnology, but also for ten-
derling and contract awards, as well as project con-
trol. As a resull there will be inevitable changes to the
usual project procedures for lunnel construction,

New network

The railway network of DB-Netz Is classified into pri-
ority, parformance and regional lines,

# The priority network connects the great economic
areas by two more or 1855 parallel and sfficient dou-
ble-track lines. Tha fast and slow trains run on the pri-
ority lines on different tracks. DB's target is 1o achieve
about 25% of the network in operation in this cate-
gory by 2010

@ In tha parforrmance network the lines will be operated
in mixed traffic mode. Bottienacks will ba aliminated and,
by maans of specific measures of Improvament, addi-
tional traffic will ba able to fiow mone continuously, thus
providing better quality. The performance natwork will
comprise about 25% of the total netwark by 2010,

@ Tha regional network conzists of a 50% share at
present, and wiil also supplement the suburban traf-
fic supply In futurs®

Legal basis

In Garmany, the fedaral governmant finances ‘invest-
ments into the rallroads of the German federal rall-
ways in accordance with tha law for the axtansion of
the federal railroads’ within the realms of available
funds, and affactively for new construction, upgrades
and for investment for replacemaent.

Furthermore, this law establishes the step-by-step
extansion of the natwork in accordanca with a 'plan of
damand’, which is an addendum o this law. A com-
ponent of this is the naw censtruction of tha upgrade
of railway lines, junctions, new systems for combinad
raiiroad traffic, and new inter-modular connections for
long-distance traffic to international airports. Aspects
of this ‘plan of demand' are currently being reviewed

Above: Compressed
wir-lock in use in the
Slegaus tunnel

Far laft: Side wall drift
temparary linings
indicating stepped
construction of the
Limburg tunnel

Fig 1, laft: Important
projects involving
tunnalling within the Plan
of Demand
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by the federal ministry of transportation. In accor-
dance with the law, the financing of all projects must
be agread between DB and the federal government in
financing agreements.

On the basis of tha 'plan of demand’, a 5-year pro-
gramme will be astablished for project realisation by
the federal ministry of transportation in close accor-
dance with the proposals of DB. The last ‘plan of de-
mand’ has been replaced with an investment pro-
gramme for the years 1999-2002 (IP "99-'02). This
pragramme outlines tha measures which have priority
up to the end of 20022,

Projects
DB-Netz is currently working on about 190,000 pro-
|ects or part-projects, comprising an annual invest-
ment of about DMSbn ($4.3bn). The largest current
construction projects are the extension of the railway
infrastructura in Berlin, the rail-traffic projects called
‘German Unity' (listed in the federal plan for traffic)
and tha new high-speed lines (NBS) of Nuremburg-in-
goistadt-Munich and Cologne-Rhine/Main.

Network 21 defines the ordar of these measures
and so describas the position of DB-Netz for the new
federal traffic plan. This is under revision at the federal
ministry of transportation for the period up to 2015,

Project companies for the execution of large con-
struction projects have been established as whoily-
owned subsidiaries of DB-Netz. These are responsible
for the preparation and control of the design, planning,
axecution and supervision of the construction works,
Establishment of these companies will achieve a claar
assignment of responsibilities, a lsan managemaent or-
ganisation with flat hierarchical structures and short in-
ternal decision making paths.

Taking DB-Projeki GmbH Cologne-Rhina/Main
(PKRM), established in 1996, as an example, here is a
briaf survey of its project and performance.,

NBS Cologne-Rhine/Main

There are DM10bn (84.5bn) at PKAM's disposal to
construct the new 219km-long railway line between
Cologne and Rhina/Main (Fig 2). DB-Netz has signed
an individual financing agreement with the federal
govermment for the execution of the projact which de-
fines the extant of the Investment, the sources of fi-
nance, the time frame, project descriptions and tech-
nical aspects. The project company acts within a pro-
|ect contract of the DB-Netz and handles the project
axclusively with all the contractors involved®. Due to
its central position the new line Is one of the most im-
portant transport projects in Germany and Europe. It
is to be completed by the end of 2001 and in opara-
tion in 2002.

The design, as a 300km/h, passenger transport
line, makes possible a route with a grade of up to
40:1000. However, this runs closely parallel to the A3
miotorway and needs several structures, due to cross-
ing the low mountain ranges Slebenasbirge, Wester-
wald and Taunus. There will be 30 tunnels with a total
length of 47km and 18 valley bridges, total length
Ekm. Constructon of the tunnels can be costly as the
geological conditions are relatively difficult,

The new line Is a decisive step towards the inte-
gration of transport systems, with the two airports
Frankfurt/Main and Cologna/Bonn connecting with
DB's high-spead railway network.

The NBS Cologne-Rhina/Main will be connected to
the Cologne/Bann airport by a 15.2 km-long branch line
(Fig 2}. This line will be operated with a mix of high-
speed (ICE) and local (S-Bahn) traffic. The federal gov-

arnment, the state of North Rhine-Westphalia and the
Cologne/Bonn airport authority have signed an individ-
ual financing agreement with an additional DM1.04bn
(3466M) and entrusted PKRM with execution of the
project. The construction contract was signed in Sep-
tember last year by representatives of DB-Netz AG,
DB-Station & Service, Airport Authority Cologna/Bonn
GmbH and the Public Transport System Rhine/Sieg.
Construction work has started to include about 5.5km
of tunnels in open cut®.

When the new line starts operating in 2002 many
short-distance flights will becomea superfluous. The
relevant agreements have already been signed by DB
and German airline Lufthansa.

Tendering procedure
There has been much discussion about tendering
procedure, so | would like to limit this to explanations
of two different terms:
@ 'Performance description with performance pro-
gramme’ in accordance with German and European
awarding rules, VOB, part A §9 (10, 11 and 12) - the real
function of tendering, and
@ award by the ‘negotiation procedurs’ in accor-
dance with the awarding rules section 4 § 3 (2.c) of
the EU sector guideline®”.

Whilst the former has proved successful on the

Fig 2. Tunnels on the now

HBS Cologne-Rhine/Main
routs
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Fig 3. Cross-section

through the Siegaus

tunnel showing crown
ground consalidaticn
by Jet grouting

Cologne-Rhine/Main project, in our view, some reser-
vations should be made about the use of the latter. In
the course of the negotiation procedure, the clant is
aﬂnwaﬂhmgutia!&mﬁmwﬂaﬂuﬂhammact
with one or several contractors after the call for ten-
dars. This can lead, in practice, to competitors devi-
ating from their basis for pricing, with the aim of beat-
ing the othars. Thus there is & risk of distorting the re-
sults of the tender. In my view this can lead to an
aﬂvmaﬂmmmmmtwmndimmdmn-
tractor which, to some extent, ks necessary in the pro-
cessing of large, complex projects.

Considering the parameters of ‘limited investrnent
volume' and ‘tight schedule’ it was dacided, for the
first time In Germany, to have a railway construction
project bullt ‘ready for occupancy’ on the basis of

in tha north and the Main crossing in the south were
put out to tender all over Europe with a functional ten-
dering procadure. The advantages of this are obvious:
@ acceleration of the project;

@ casier bidding procedure, awarding and payment;
@ usa of successful companies’ innovation potential;
@ award to one general contractor, and so only ona
contact person;

@ price guarantes;

@ transfer of tasks of the client to the contraclor.

Special attention was paid to the ground investiga-
tions for the unnels relavant to the mining technique.
The bidders received a prognosis of the tunnals’ ex-
cavation classes with which support measures and
excavation proceduras have been defined. For each
axcavation class a standartd price per metre had to be
given. Also, an additional fee for any additional
groundwater and for breaks in operations —not of the
contractor's responsibility - had to be offered.

For a fair distribution of risk betwsen client and
contractor, according to VOB C, DIN 18312, the client
guaranteas the comect description of the ground and
rock conditions, whereas the contractor takes the
risk of planning and execution®. All work is paid in 2
lump sum at a defined price; the payment Is made ac-
cording to the construction progress.

Particular care was taken over tha correct form of
the tendering and awarding procedures on this pro-
jact, so avoiding objections by competitors about
discrimination. As known, the European contract laws
are extremely complex, therefora competent lagal ad-
vice is Impearative.

Working design

The double-track tunnets require a break-out profile of
150-160m* with the overburden being small
o medium. Only the Tunnel Miedemhausen, which
passes undsr the main ridge of the Taunus Hills, has
an overburden of 100m. The axisting Devonian rock
mmmmnmmwmm
weathered and this rock has undergone a later dis-
ﬂmtmmmmm therefore require
immediate support after excavation.

The working dasign plans approved by the federal
railway authority, Eisenbahn-Bundesamt - EBA, serve
as a basis for the assessment of the excavation, and
smpnndmhymmrmonﬁbhunm.

Exnmnhnufmawuﬂdngduﬁgnhasbumnwnrdad
to the contractor, mnblmnhhntnmmmwlﬂm

chosen by him in the planning. DB-Guide-
line No. B53: Railway Tunnel: Design, Constructing
and Maintenance, has to be adhered to in the
planning.

M&mwnﬂmmﬁmdm
mmmmmmwwmmm
mﬁamdhuisgﬂahemwdmmuddm
mmmmmmw.

For static's calculations a model has 1o be chosan
for the integrated system, consisting of surrounding
rock-mass and support, which reflects real behaviour
in nature. The static's calculations gain more impor-
tance for tunnels closa to the surface as here critical
situations occur without warning, and every tunnel is
situated hzmmwrmpuhﬂc.ﬂfmismmmd"’.

The mast effective measure for face support in un-
Mummmmmmmmmmauwm
B-15m-long face anchors in combination with drilled
and grouted steel tube umbrellas. This was used
unwmﬁammnvcdognumummwatmmv
arn and of the Fernthal tunnel. In cases where thasa
measures are not sufficient, the tunnel cross section
ie divided further (eg side wall drifts, crown drifts).

The sprayed concrete shall is a tempaorary measure
mmthmtmmmmmlinhgmm
placed under well defined conditions. Experience has
shown that it is not possibla or practical to establish
the outer shell in a gquality for a durable structure
without adversely affecting the mining operation.

Sprayed concrete
More than ona million cubic metres of sprayed con-
crete have been required for the mining operations of
the 22 double-track tunnels constructed with shot-
crate. A further single-track twin tunnel (Wanders-
mann Nord) is being constructed, using a shisid of
11.5m o.d., whilst saven tunnels are baing built by
open cut, Best performances have bean achieved
using the wet-mix sprayed concrate methad. Alkali-
free accelerators, which can also cope with wet rock
conditions, have been developed and tested on site.
|n areas where a batch plant could not be kept in con-

The mpplication of the sprayed concrete is par-
formed regularly by means of semi-automatic hy-
draulic arms, which allow the operator to control the
spraying process by elsctronic means, thus making
sprayed concrete application considerably easier
than using pravious manual methods™".

Emergency plan

As a conssquence of recent tunne fires, planning for
smergencies has gained great importance, and all
tunnals have been upgraded to the standard of the
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EBA-guideline, published in July 1997: "Requirements
on fire and catastrophe prevention for the construc-
tion and operation of rallway tunnels'?.

On both sides of the tunnel there are escape routes
with a minimum width of 1.2m, which lead to emer-
gency exits, each placed a maximum of 1,000m
apart. In this way the tunnals are suitabls for both salf-
rescue and rescue from outside.

The tracks outside the tunnels are accessible for
rascus teams at every 1,000m, These are desoribed in
rescue plans published to meet the requirements of
Garman standard DIN 14 085,

The rescue teams and the railway personnel have
o undengo a training programme before the new rail-
way line is put into operation. These programmes
have to be repaated every year so that everyone is
prepared for any emergency that may ocour.

Geology
The route of the new line Cologne-Fhina/Main in the
saction north and south runs in Quarternary strata,
and in the intermediate section it crosses the low
mountain ranges of the Rhenish Massif. The Devonian
slates found within this structure have been greatly
stressed tectonically.

During the Mesozoic period the rock surface was
exposed to a long wealhering in a subtropical climate.
Volcanic activity in the early Tertiary disturbed the

Fig &. Groundwater
collection and treatment
syslam n Uhe

Fernthal tunnel

formation even more, and this has conssquances for
tunnel driving, eg the problem of close proximity of
basalt pipes. In historic times, mining and other
human intervention has loosened the ground further,
The water table is usually closa to the surface.

Tunnel construction

Some of the tunnel structures ane particularty interesting,
including tunnets with litte cover, those in setlement-sen-
silive areas, and those which, due to thelr length, have to
ba qualified as critical in the time schedule’,

The 1,5565m-long Fernthal tunnel passes under a
closed rubbish dump within its 400m-long middie
section. In the course of hydrogeologic investigations
slight contamination of the groundwater beneath the
dump was discoverad.

Prior to starting mining operations in this area, a
groundwater cleaning device (Fig 4) had to be in-
stalled to purify the groundwater until parmanent pu-
rification is proven, The surface of the dump Is being
saaled by a combined mineral and plastic covar, The
polluted water from the dump is being pumped out
thoroughly in advance.

The 2,502m-long Siegaue tunnel, in its 370m-long
middie section, passas under a cultural community cen-

tre, leads closely past a Romanesque church and
passes under a cemetery to the north,

Due to thesa local conditions the surface is inacoes-
sible and 50 the tunnel must be built by mining in very
adverse ground conditions. These comprise waler-baar-
ing loose Cuartemnary and Tertiary layers of gravel, quick-
Rivar. The 220m southarmn part of the tunnel was mined
under protection of a groundwater lowering system con-
sisting of deep bored wells, drilled out of a 3.4m o.d. pilot
tunnel, driven by pipe jacking above the planned crown
of the main tunnel.

In the last 150m of the northern section the water
ingress was so strong that the quicksand and gravel
layers became unstable. Therefore a jet-grouted roofl
was formed from the pilot tunnel with the aim of
guarding the crown from water ingress from the over
lying gravel (Fig 3). Mining continued after installation
of compressed air equipment for pressures of 0.7-
1.1bar. In this way, advance rates of 1m per day are
being achieved, so that breakthrough can be ex-

pected this month (October).

Reintorced inner concrete linings

Reinforced concrete linings form the final structurs,
and have to mest highest demands In respect of
water tightness and durability. The automatic control
devices for the signalling alone do not allow wet con-
ditions in the tunnels, all of which are situated below
groundwater. This is allowed to be lowered temporar-
ily only during construction, and must recover to its
ariginal level after completion. The inner linings are
therefore designed for full groundwater pressures.

Water tightness can be achieved at:
® groundwaler levels <30m above tha lowest dge of the
tunnal structhure by application of watertight concrete, the
reinforoement of which has to be designed for special
crack minimising procedures. The maximum length of
aach single block in this case is limited to 10m;
® groundwater levels >30m by placing plastic ssaling
sheals. In this case the maximum block length must
not exceed 12.5 m'.

Currently no less than 22 steel travelling formwork
structures are in operation along the whole route,
concreting one block each day. Logistical problems
encountered on the supply of materal, equipment
and qualified personnel are immanse, but genarally
are being satisfactorily solved.

Trackwork

On a length of 192.8km, where the design speed ex-
ceads 200km/h, slab track is being installed instead
of conventional ballasted track.

This entails forming a monolithic block whareby
the sleeper/rail grid s supported inside a concrete
trough and subsequently cast in sifu, thus creating a
sound rail parmanent way known as the Rheda sys-
temn, named after the town whare it was first installed
some 30 ysars ago, Works for this operation started in
April this year and have to be completed by the end of
September 2001.

Experiences
Mining operations on this project are nearly finishad.
The motorway BAB A 3 Frankfurt-Cologne has been
succassfully crossed under 14 times in difficult con-
ditions and without traffic disruption, using mining
methods.

Besides this, many additional traffic routes, indus-
trial plants, buildings for supermarkets and leisure
centres have besn passed under without distur-
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bances to business or residential bulldings in Am-
merich, Aegidienberg and Ittenbach. All these chal-
lenges have been masterad brilliantly,

Hopefully, the experience gained on this project
can be implemented on further large-size projects in
the near future.

Conclusion

Caonstruction methods in heavy civil enginesring have
reached an astonishingly high level of development.
Teday tunnsls can be built under preconditions which
could not be considered just 20-30 years ago.

This should not lead engineers to believe that nat-
ural circumstances can be ignored when choosing
the alignment for a new infrastructure project. It Is
during this early stage that future delays and in-
creases in costs can become, as it were, pre-pro-
grammed by the dacizions made.

But the main problems with the realisation of new
projects today lie, on the one hand, in the area of per-
mission procedures — meaning the persuasion of all
those concerned with the project - and, on the other,
in keeping costs within the preliminary set budget.

At the beginning of railway construction in Ger-
many the euphoria for this new technology was high.
In 1835, the inftial public share offer totalled 1.5M
thaler (predecessor to the DM) for tha first 110km of
long-distance railway line from Leipzig to Dresden.

This was oversubscribed in just two days, but it
500N became obvious that the actual profits were
significantly below expect-ations.

This, coupled with the difficulties encountered dur-
ing the planning and construction phases, and in the
preparatory phase for the operation of other lines, led
to a noted fall of enthusiasm to invest in this sectors,

Untartunately we have learnt little about this matter
during the past 135 years. gt
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Construction of he Rio de Janeiro Metro system  progresses from a freshly weathered rock to a

: . fE by consists of two lines, totaling 35km, completely decomposed residual sail. This is a silty
Rio de Janeiro's that transport some 400,000 and clayey sand. which | ey e
Meiro Line 1 passengers daily. Work is cumently  exposed at an excavation face and when subjscted

progressing at Line 1's south end, to to groundwater percolation. As it approaches

T ]
extension has extend it further south into the Copacabana District,  Siqueira Campos, the tunnel traverses soft alluvium

involved one of the most densaly populated areas in Brazil, soils (mixed sand and marine organic clay layers)
-'mmf'ang under The extension's first stage, planned in the early The groundwater level is always above the tunnel.

. BO's, was awarded in 1987 on a unit price basis to Some high rise buildings are found above the
multi-storey local contractor Construtora Andrade Gutierrez. At lunnel, two of them on shallow foundations In the
buildings with that time the Contractor was only authorised to build ~ alluvium, about Bm above the tunnel crown, with

e Arcoverde Station
mimimal cover. The estimated US$80M new phase, being built by

Luis Sozio af the the same contractor and discussed here, was
A oy b e Haitiyila authorised in December 1999 by the contract cliant,
At detailed by, Trince Metrd Do Ric Da Janeim, and includes
design team, the following main structures;

Thea 150m long Sigueira Campos Station at the

Promaon :

. : heart of the Copacabana district. The station will
Engenharia, be one of the three busiest stations in Rio, and s
describes how a expected lo provide access to a further 150,000

: : passenger a day to the metro system. It is
combination of scheduled to starl operation in December 2002:
horizontal and A 180m long, double section (sach 6m diameter)

SR ey tunnel, linking the operating Arcoverde Station to
verhic {_“’ Jel the new Sigueira Campos Station;
grouting ensured A 250m long funnael of the same dimensions,

minimal bayond Siqueira Campos Station, which will serve
as a provisional train parking tunnel, until Phase 2,

settlement along which will extend Line 1 into the Ipanema District.
the tricky Construction access for this tunnal is through a

- Y lemporary shaft, located at Garibaldi Street, at the
alignment middle length of this tunnel.

Geology Current Line 1 expaieion wa s Suiiond Sl

Balow: View from Siqueira  The existing Arcoverde Station is located in a sound \rcoverds Statiol pina Caiwi
Campes' bottom sinb ot Gneiss rock hill formation and was excavated by drill Station [B !
the tunnel portal and blast. The 180m tunnel starls in this rock and

Jet setting

damage due to settiement from their own weight

From Siqueira Campos through the 250m parking
tunnel, the soil consists exclusively of alluvium,
made of cohesionless marine sands and soft
organic clay layers, again, below groundwater level.

At the southern end of Sigueira Campos Station
part of the tunnel section is directly below a shallow
foundation of a 12 storey building, with Sm cover to
tunnel crown.

The surface lopography changes from a hilly
profile near Arcoverde Station, to a flat terrain near
Siqueira Campos, and along the 250m parking
tunnel. Ground cover above the tunnels varies from
some 30m, near Arcoverde, in rock, to Bm, in
alluvium, over the parking tunnel,

Construction methods
Sigqueira Campos |5 16m deep and is being
axcavated as a top down sequence {cover and cut),
with 80cm thick diaphragm walls acting as retaining
walls, braced by the top slab, mezzanine slab and
bottom slab,

The Station inner columns are temporarily formed




by stesl profiles founded on diaphragm wall panals,
below the bottom slab. These steel profiles are lined
with concrete, after casting of the bottom slab.

Two 15m diameter shafts wena excavataed at both
Station ends to allow tunneliing to start from two
fronts without having to wait for Station excavation
to reach the bottom slab, after casting of the top and
mezzaning slabs. In fact, the Station excavation
reached the bottom sleb some 12 months after
tunneliing began.

A short 20m stretch near Arcoverde Station was
axcavated entirely by drill and blast with support
provided by rock anchors and sprayed concrete.
Thia condition changed 1o a mixed face, where the
rock and soll interface gradually dips towards the
tunnel Invert.

The design concept first adopted for the tunnels in
soil was based on a closed face EPB or slurry shield,
The difficulty in stabilising cohesionless sands and
soft clays below groundwater level, such as in the
alluvium, the lack of available space at surface level,
and the need o excavate very close to building
foundations reinforced this selection.

However, the client, Rio Trilhos Metrd Do Rio De
Jangiro, abandoned the shield technique after a
significant devaluation of the local curency in the
first hatl of 1999 resulted in unacceptable cost
increases as the equipment needed to be imported
from abroad. Other factors also contributed to this
decision: the time period between the equipmant
order and actual excavation start was too long to fit
the schedule. Also the shield would have to
excavate a mixed face with a high strength; very
abrasive rock at the bottom and cohesionless soil at
the top. That would not rule out a shield but would
imply specifically designed equipment, adding cost
and time compared 10 a conventional EPB Shield.

FOCUS ON LATIN AMERICA - RIO DE JANE

Tha alternate method chosen was a sprayed
concrete lined tunnel in a previously treated soil by
et prouting. The tunnel was basically hand
excavated, with the ald of portable percussion tools.
Soll removal was via a backhoe excavalor and small
gire dumpar trucks.

The jet grouting concept was designed as a
continuous application al the whole excavation
parimater (except whare the bottom of excavation
was in rock, near Arcoverde), and through the
excavalion face area, forming 2m thick bulkheads at
intervals ranging from 7m to 10m, to prevent major
face instabilities.

Since crossovers wera not required, a twin saction
with dividing wall between tracks was found to be
more  economic, for soil treatment, than a
conventional double track single section. Also, the
double track, single section would be far too wide to
permit excavation in one phase, requiring & side drift
and enlargemant, not dissimilar to a twin section but
requiring a langer excavation area and perimetar.

Lattice girders and welded mesh wera used with
sprayed concrate to form the 25cm thick primary
tunnel lining. Cast In situ and sprayed concrete weara
usad to form tha 25cm thick secondary lining.

Horizontal and vertical Jels
For tunnal stretchas where access from the surface
level was either impossible or unacceptable the
honzontal single jet grouting system was selected;
consisting of near horizontal columns, 30cm to
45cm in diameter, injected from the tunnal face at
regular Intervals. The total length of injected column,
per advance, ranged from 1200m to 2000m (whan
including the langth required to form the bulkhead).
The horizontal jet grouting technigue was applied
for the 180m tunnel batween Arcoverde and Siquaira

1. Excemtion of first funnal upper ench,
in D0cm stepd, installing latice girders and
applying sooiyed cononibe wilh wikded mdih,

4. Excavation of second tunnal upper Brch, in BOCM stepe. The luilice

mﬂnmmﬂnmmhm cHeng, of
1w firnd frnal through previousdy installed siesl plmies, in th finst funned

& Damolition of the pan of e primary ining of fha
Tiraif barwsd inferiering with the snopnd fumnesl
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2. Excavation of first tunnal nvert arch, in
40cm stepd, and At a delance nod langsy
than S80cm from the excarealion faoe

7 Mﬂhdhmm.hnmw.mﬁ
ENa3ed ared iE Cas! in Bitu concrate, ha rermaining is sproyed concmto

3. Execution of first tunnsl secondary iing
o efrvifing wall, isaving sonew conmecion
in tha reinforcermem (o snsure continuity with
sacond tunnel reinloremant,

5. Excavaldion of ssoond tunned invert arch, in 240om steps.
mncl mt m ciistance ot inrger than 560cm from the excavation face.

11.3m

6.7m

The tunnel construction

sequence employed on
Ric's Line 1 extension
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Campos, and for a 30m stretch at the southarn end
of Sigueira Campos, to enable crossing under
Figueiredo Magalhaes streel, which is heavily
occupled by underground public services, and also
below the 12 storey building mentioned earlier.

For most of the 250m parking tunnel, 8 solution
based on vertical and near vertical jet grouting
(double jet system; groutl and compressed alr) was
defined. The Column diamsater was in the range
120cm - 180cm with the grout pressure before the
injecting nozzle being 40MPa, enveloped by a
0.8MPa air pressure. The basic vertical jet grouting
array consists of 13 holes, totaling 130m of injected
column per matre of double tunnal,

The advantage of the vertical et grouting system
is that it enables uninterrupted tunnel advance. The
horizontal systam requires a complate stop of tunnel
excavation, at 7m to 10m intervals, slowing tunnel
advancement rales considerably,

Tunnel starling fronis

Five tunnel excavation fronts were selacted. The first
was adjacent to Arcoverde Station, towards Sigueira
Campos. Since there was no space avallable for a
surface construction site, all the supply of

equipment and matariais as wall as mucking out
were done through the Line 1 track to a depat 12km
away, during metro non-operating hours.

At Siqueira Campos two shafts were bullt enabling
simultansous tunnelling fronts towards Arcoverde
and the parking tunnel, A shaft, offset from the
lunnel axis, was created at Ganbaldi Strest where
the 250m parking tunnel is roughly divided in two. A
tunnel transverse to the track tunnets was excavated
from this shaft, allowing two portals to be created,
one in direction of Siqueira Campos, and tha other
towards the end of the parking tunnel.

Difficulties and adjustements

Soil loss whilst drilling the horizontal jet grout
columns was sxparianced due to high groundwalter
pressure at the drill hole. This was aggravated by a
lack of cohesion in the sand, resulting in excess soil
being flushed out during drilling at the first jet
grouting trials, leading to a polentially unacceptable
sattlemant at surface and on buildings.

The haorizontal jet grouting sub contractor,
Movatecna, implemented a pressure control valve,
called a ‘praventer’, at the drill hole mouth, sealed
by a sprayed concrete layer at the tunnel face, and
used it to control soll flushing during drilling as well
ae grout return during injaction.

The settings of the preventer were adjusted as a
function of sattiemant readings taken by local sub
contractor, Technosolo, at deep and surface
settlamant points, and at building columns. The
preventer was gradually adjusted to shut or open
positions, depending upon whether the readings
indicated settlament or heave during the process.

The readings were basead on high precision
topoegraphic leveling during drilling and injection of
the upparmost columns, with key sattlement points
leveled at intervals not exceeding 5 minutes.

The double jet system, being camed out by
Brasfond, consists of a simultaneous injection of
grout and compressed air, through a concentric
nozzle. The high potential anargy of the grout fluid
(at @ pump pressure of 40MPa) le convartad to
kinetic energy after passing through the nozzle, so
that this pressure Is not transmitted to the ground.

This mechanism does not occur with a
compressible fluid like air and in several instances
air bubbles were ohserved fo emerge al surface or
through basement slabs, at distances as far as 30m
from the column being injected. This was usually
linked to heaave of shallow foundation buildings by
as much as 15mm. Deep foundation buildings wara
hardly affected by jet grouting heave.

At selected buildings, which were already in &
precarious stata, and whenever heave was recorded
or alr bubbling was obsarvad, the jst grout column
array was redesigned to substitute the double jet
systam columns for single jet columns (the
compressed air was turned off), about 70 to 80cm in
diameter (compared to 120cm to 180cm for the
double system). This procedure was very affective in
pravanting the development of heave,

The jet grout was used firstly to provide a zone of
high strength soil, protecting the funnel excavation;
tha resulting unconfined compressive strength of the
treated soil cores was In the ranga 2MPa for organic
clay, to 5MPa for pure sand. This equaled or
axcesded tha minimum specified valua of 2MPa,

The second main function of the treatment was o
maintain dryness, since a defect in the treated zone
could allow uncontrollable sand and water inflows
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into the tunnal {a phenomenon known as piping).

In order to create an impervious chamber, the jet
grouting was designed to fully envelope the
axcavation and provide a bulkhaad ssaling across
the tunnel section at selected intervals, which in
practice varied from Tm to 10m.

This geomsatry was simple to implamant in tha
vertical system, but for the horzontal system the
numbers of columns necessary to create an
snvelopeé and & bulkhead was such that the
treatmant of a single chamber lasled for 3 to 4
weseks. Therefore, in the horizontal system the
envelope and bulkhead concepl was used strictly in
alluvium soll, for about 60m In the Arcoverde o
Siguaira Campos tunnel.

About 100m of this tunnel was in residual soil.
Horizontal vacuum drains were employed to relieve
groundwater pressure and simplify and reduce the
horizontal jet grouting quantities to about 50% of a
full wreatment section. Being a stiff materal, the
rasichial soil responded well to the effective stress
increase, contrary to a soft alluvium.

Expenence in other tunnelling works in Brazil with
jet grouting indicated that the requirement of a
watertight tunnel excavation cannot statistically be
achieved to an acceptable confidance level. Ssaling
a jet grouting treatment zone with such materials as
silicates and resins was analysed bul abandoned
due to excessive costs and time consumption.

The design concept adopted was to install
groundwater lowering wells from surface level, and
operate if and when necessary. It was considered
preferable to allow a moderate consolidation
settlement than to risk a collapse. The wells were
B0cm in diameter and sunk to 6m o Bm below the
tunnal invert level. The wells were equippad with
submersible pumps, being automatically switched
an and off by electric sensors placed at 1m and 2m
elevations above the pump. Their average pumping
flow was in the range Tm/hr - Sm/hr.

Horfzontal drains were drilled for dewatering each
chamber before excavation. If flow continued, a
leakage was thought likely through the treated zone.
The groundwater wells were then tumed on to avoid
risk ol piping, and excavation proceeded to that
specific chamber. Some 60% of the installed wells
were operated in that way and this allowed safe
excavation in the partially "defect” chambers.

The resulting maximum consolidation settlement
was 20mm or less (the soft clay was slightly pre
consolidated due to ageing and possibly dry season
waler lowering). This consofidation seftlement was
avanly distributed (low distortion), thus inducing only
minor damage on some building's brick walls,
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Excavation under buildings

Of the bulldings that were directly above the tunnel,
two cases should be highlighted. The buildings at 14
and 20 Tabajaras Strest are 10 storeys high, built in
the '50's, with shallow foundations in alluvium, each
6m above the tunnel crown. Both presented a
damage record, due to the weak condition of their
foundations.

Underpinning of these buildings was not possible
since this would temporarily force the inhabitants
aut of the bullding, which was not acceptable.

These buildings were densely instrumentad, and
sattlemant monitoring was caried out at 12 hour
Intervals during excavation. Some selected points
were read at 5 minutes intervals during drilling and
injection of the upermaost jet grout columns.

The experience gained through the advancing
lunnel fronts and the control of the horzontal jet
grouting operations in alluvium indicated that the
passage under these buildings could be safaly
effected. In fact, by controlled use of the preventer,
tha jet grouting operations did not induce settlement
at all. A slight heave of a few milimetres was
cbserved during injection. The final settlement
cbserved on these buildings was some 25mm,
aimost entirely due to consolidation settiement
induced by a groundwater lowering well nearby.

Progress to date
The Sigueira Campos Station lop, mezzaning and
bottom slabs are cast and the columns lined. The
180m tunne! linking Arcoverde Station to Siqueira
Campos is complete, including secondary lining. Of
the 250m parking tunnel, about 120m, from Sigueira
Campos to the Garibaldi Shatt are completed

Some 130m of tunnel remains to be excavated,
from the Garibaldi shafi towards the snd of the
parking tunnal, This can be done independently from
Siquedra Campos, which will allow an early operation
date for the atation, scheduled for the end of 2002.

The remaining tunnel section is expected to be
complete in June 2003,

N _1\;1 ,prap ,ﬁn*‘p"

Top: The tunnel alignment
passes perilously close to
the high rise bulding
foundations

Above: The jet grouting
proves successful as
shown in the settlement
figures

Laft: A comploted section
of the tunnel showing the
dividing wall with arches
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VSU CONSTRUCTION PROGRAMME

(INFERRED FROM SES ANNEX V TABLE 1-2)

2010 2011 2012 2013 2014 \ 2015 2016

Q VSU START DATE JUNE 2010 ‘ ‘
¢ VSU START DATE FEB 2011 |

|
N PILING TO NTH |
I NTH EXTENSION / CONCRETE WORKS

NTH MAE / ARCHITECTURE FIT OUT
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’ START STH PILING WORKS DEC 2011 ‘
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JET GROUTING EJZ'IUKE OF YORK

B UNDER PINNING VIC’TGRIL PLACE THEATRE

i
I JET GROUTING VICTORIA STREET
PAL WORK
TOSTART < @ START LFEPA SHAFT

LFEPA SHAFT TO VICTORIA LINE
|
’ START TUNNELLING VIA LFEPA SHAFT
|
. START TUNNELLING VIA TEMP CONSTRUCTION ACCESS SHAFT

TUNLIELLING - PRIMARY LINING
|
- TUNNELLING - SECONDARY LINING

* CLEAR, CAP, REINSTATE TEMPORARY
CONSTRUCTION SHAFT
@ COMPLETE VSU JULY 2016
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Evidence of Tim Chapman
Land Securities
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Foreword

This part of BS 5228, Which has been prepared under the divection of the Basie
Data and Performance Criteria for Civil Engineeving and Building Structures
Standards Policy Committee, covers the conlrol of noise and vibration from piling
sites, and is a revision of BS 5228-4:1986, which is withdrawn.

The standard refers to the need for Lhe protection of persons living and working
in the viemity of such sites and those working on the sites from noise and
vibration. [t recommends procedures for noise and vibration control in respect of
piling operations and aims to assist archilects, contraclors and site operatives,
designers, developers, engineers, local authority environmental health officors
and planners, regarding the control of neise and vibration.

Vibration can cause disturbance to processes and aclivities in neighbouring
buildings, and in certain circumstances can causc or contribute to building
damage.

Vibration can be the cause of serious disturbance and inconvenience to anyone
exposed to il. The Conirol of Pollution Act 1974, the Environmental Protection
Act 1990 and, 11 Northern Treland, the Pollution Control and Local Government
(Northern Ireland) Ovder 1978, which define *noisc™ as including “vibration”
(Section 73(1) of the 1974 Act. Section 797} of the 1990 Act and Article 33(1) of
the 1978 Order), contain provisions for the abatement of nuisances caused by
noise and vibration.
Il should be noted Lthat BS 6472 covers Lhe human vesponse to vibration in
structures aud BS 7T1185-1 covers the measurement and evaluation of structural
vibration. An item dealing with the vibratory loading of structures is being
processed withm ISO/MTC 98/8C 2 “Salely of Structures”. This is being monitored
by BSI _
BS 5228 consists of the following Parts;
Part 1: Code of praciice for basie informeation and proceditres for noise

condrol;

- Port 2: Gnide to noise condrol legislation for construction and demolition,

ineluding road construction and maintenance;

— Part 3: Code of practice for noise control qpplicable to surface coal extraction
by opencast melthods;
- Part f: Code of practice for noise and vibration contral applicable to piling
aperalions.
BS 5228-1 is common to all the types of work covered by the other Parts of
BS 5228, which should be read in comunction with Part 1.
Other Parts will be published in due course as and when required by industry.
Attention is drawn to the Contvol of Pollution Act 1971 (Pari 111 (Noise). the
Envivonmental Proicction Aet 1990 (Pare IID (Statulory Nuisances and Clean
Air}, the Health and Safety at Work ete. Act 1974 (in Northern Ireland. the
Pollution Contrel and Local Government (Northern Ireland) Order 1978 and the
Health and Safely at Work (Northern Ireland) Order 1978), and to the Noisc at.
Work Regulations 1989, Statutory Instrument 1989 No. 1790,
A Briish Standard does nok purport to include all the necessary provisions of a
contract. Users of Britizh Standards are vesponsible for their correct application.

Compliance with a British Standard does not of itself confer immunity
from legal obligations.

Summary of pages

This document comprises a front cover, an inside front cover. pages i 1o iv.
pages 1 to 520 an ingide back cover and a back cover,

Ths standard has been updated (sve copyvight date) and may have had
amendments incorporated. This will be indicated in the amendment table on
the inside front cover,

o BSI02-14990
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Section 1. General

0 Introduction

This Part of BS 5228 is concerned with all works
associated with piling opervations on sites where
temporary or permanent foundation or ground
stabibity requirements are Lo be met by the
installation of piles by any of the vecognized
technigues {see 7.2). In common with olher
mechanized construction activities, piling works
pose different problems of noise apd vibration
contral from those associatled with most types of
factory-based industry for the foliowing reasons:

a) they are mainly carried out in the open;

b) they ave of temporary duration, although they
may causa greal disturbance while Lhey last;

¢} the noise and vibration they cause arise from
many different activities and kinds of plant, and
their intensity and characler may vary greatly at
different phases of the work:
d) the sites cannol be excluded by planning
control, as factories can, from areas that are
sensilve Lo noise.
Inereased mechanization has meant the use of more
powerful and potentially noisier nachines. Lt is now
widely recognized that noise levels that can be
generaled are unaceeptable in many instances and
that reductions ave desivable for the benelit of both
the industey and the public. Piling works frequently
form one of the noisier aspects of construction. The
trend towards medivm and high rise structures,
particularly in urban aveas, coupled with the
necessily to develop land which was hitherto
regarded as unfit to support strnetures, has led to
increasing use of piled foundations. Piling is usually
one of the fivst activities 1o be carried out on site,
and speeial precautions should be 1aken to mitigate
the disturbance creatod, particenlarly in sensitive
areas.
If a site upon which consiruction or demolition work
will be carred out involves an existing operational
railway, special fealures that ave signilicant n
relation Lo noise and vibration control have 1o be
taken into account. Advice should be sought n such
cases from the appropriate railway authoritios.
Beeause of the varviable nature of vibratton
transmission characteristic of soils, vocks and
structure, the prediclion of vibration levels 12 a less
precise science Lhan the carvesponding prediction of
air-borne noise levels. Whilst dala obtained from
various sources are included for illustrative
purposes, any predietions based thereon for specific
crecumstanees should ideally be verified by
appropriate ficld measuremenis.

1 Scope

This part of BS 5228 supplements the information
given 1n BS 5228-1, with information especially
relevant to piling works. it sets ot
recommendations for noise and vibration control
measures which can be adopted to ensure good
practice and enable piling 1o be carried out
cconomically with as httle disturbance to the
communily as 15 practicable.

Section 2 contains recommendations relating to
noige control. Section 3 contains recommendations
for the mitigating of the cffeets of ground-borne
vibration.

NOTE 1 Thia Parct of BS 3228 should be read in conjunciion
with I35 3228-1,

NOTE 2 The titles of the publications referved 1o in this
standavd ave lsted on the inside back eover,

2 Definitions

For the purposes of this Part of BS 5228, the
definitions given in B8 5228-1 apply rogether with
the following.

2.1

amplification factor

the motion measured at a givep point (usually on
the structure) divided, by the motion measured at a
reference point (usually at the base of the stvucture
or on the foundation)

2.2

peak particle veloeity (p.p.v.)

the maximum value of particle velocity obtained
during a given interval

2.3

piling

the installation of bored and driven piles and the
effecting of ground treatments by vibratory,
dynamic and other methods of ground stabilization

3 Legislative background

Attention is drawn to Lhe following legisiation,
current at the date of publication of this Pavt of
BS h228.

ay Control of Nowse (Appeals) (Scotland)

Regulations 1983,

b) Control of Noise (Appeals) Regulations 1975.

¢) Slatutory Nuisance {(Appeals) Reguiations
{as amended) 1990,

d) Contrel of Noise (Appeals) Regulations
{(Northern Iveland) 1978

¢) Control of Pollution Act 1971
) Environmental Protection Act 1990,
g) Health and Safety at Worlk ete. Act 1974

< BSL02- 199
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h) Health and Safety at Work (Northern Iveland)
Order 1978.
i} Land Compensation Act 19735,

i} Land Compensation (Scotland) Act 1973

{in Northern Treland, the Land Acquisition and
Compensation (Northern Ireland) Order, 1973).
k) Noise Insulation Regulations 1975

{(in Scotland, the Noise Insulation (Scotland)
Regulations 1975).

1) Pollution Contrel and Local Government
{(Northern Ireland) Orvder 1978,

m) Public Health Act 1961,

The Conlrol of Pollution Acl 1974, the
Environmenial Protection Act 1990 and, in
Norvthern Iveland, the Pollution Contrel and Local
Governmeni (Northern lreland) Order 1978

ST 1049, which define noise as including vibration
(Section 73 (1) of the 1974 Act, Section 79(7) of

the 1990 Act and Article 33{1) of the 1978 Order)
contain provisions for the abalement or cessation of
nuisances caused by noise and vibration.

4 Guidance notes on legislation
4.1 General

This information on procedures is given for
guidance purposes only and atiention 1s drawn to
the relevant Acts.

4.2 The Control of Pollution Act 1974

The Control of Pollution Act 1974 gives local
authorities powers for controlling noise andfor
vibration from construction sites and other sumilar
works. These powers may be exercised cither before
works start or after they have starvted. In Northern
Irveland, similar provision is made in the Pollution
Control and Loeal Government (Novthern Treland)
Crder 1978, Contractors, or persons arranging for
works to be carried out. also have the opportunity to
take the nitiative and ask local authorities to make
their neise andfor vibration requirements known,
Because of an emphasis upon getting noise andfor
vibration questions setiled before work starvts,
implieations exist for traditional tender and
conlract procedures (see 4.5).

4.3 Notices under Section 60 of the Control of
Pollution Act 1974

Section 60 enables a local authority, in whose aves
work is poing to be careied out, or is being carmed
out, to serve a notice of its requirements for the
control of sife noise and/or vibration on the person
who appears 1o Lhe local authority to be carrving out
the works and on such othey persons appearmg to
the local authority Lo be vesponsible for, or to have
control over, the carrving out of the works.

This nolice can perform the following.
a) Specify the plant or machinery that is or is nol
to be used. However, belore specifying any
particular methods or plant or machinery a local
aunthority has to consider the desirability, in the
interests of the recipient of Lhe notice in guestion,
of specifving other melhods or plant or machinery
that will be substantially as elfective 1n
minimizing noise andfor vibration and that will
be more acceptable Lo Lhe recipient.

b} Specify the hours during which the
constiruction work can be carvied oud.

¢) Specily the level of noise and/or vibralion 1that
can be emitted from the premises in guestion or
at. any specified point on those premuises or that

can he emitied during the speeified hours.

d) Provide for any change of circumstances. An
example of such a provision might be that if
ground conditions change and do nol allew the
present method of working 1o be continued then
alternative methods of working should be
discussed with the local authority.

In serving soch a nolice a local anthority takes
account of:

1) the relevan! provisions of any code of practice
issued and/or approved under Part TTT of the
Control of Pollution Act 1974,

2} the need for ensuring thal the best praclicable
means are employed to minimize noise and/or
vibruation;

3) other methods, plant or machinery that might
be equally effective in minimizing noise and/or
vibration, and be more aceeptable to the recipiont
ol the notice:

4y the need Lo protect people in the
neighbourhood of the site from the effects of noise
andfor vibration.

© BSE82-1999
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A person served with such a notice can appeal to a
magistrales' court or in Scotland Lo the Sheriffor in
Novthern lveland to a cowmrt of summary jurisdiction,
within 21 days from the daie of serving of the notice,
Novmally the notice is not suspended pending an
appeal unless it regquires some expenditure on
works and/or the noise or vibration in gquestion
arises or would amse in the course of the
performance of a duty imposed by law on Lhe
appellant. The vegulations governing appeals

(the Control of Noise (Appeais) Regulations 1975; in
Northern lreland, the Control of Noise {(Appeals)
Regulations (Noythern Ireland) 1978 and in
Scotland. the Control of Noise (Appeals) (Scotland)
Regulations 1983) also give local authorities
discretion not Lo suspend a notice even when one or
obher of Lthese conditions is met, if the noise andfor
vibration is injurious o health, or is of such limited
duration that a suspension would render the notice
of no praciical effect; or if the expenditure necessary
on works is trivial compared to the public benefit
axpocted.

4.4 Consents under Section 61 of the Control of
Pollution Aect 1974

This subclause coneerns the procedure adopied
when a contracior (or developer) takes the imitiative
and appreaches the local authority to ascortain its
noise andfor vibration reguirements hefore
consiruction work siarks (see alao 4.3).

It is not mandatory for applications [or consents to
be made, but 1t will often be in the interest of a
contractor or an cinployver or ther agents Lo apply
for a conscent, becavse once a consent has been
granted a local authority cannot take action uader
Section A8 or Section 60 of the Contral of Pollulion
Agic 1971 or Section 80 of the Environmental
Protection Act 1990, so long as the consent remains
in foree and the contractor complics wiih its terms.
Compliance with a consent does not, however,
exempl the peeson holding that consent against
action by a private indnadual under Section 59 of
the 1974 Act, under Section 82 of the 1990 Act. or
under common law,

I s essential that an application for a consent is
made at the same time ag. ov later than, any vequest
tor approval uader Building Regulations or for a
warrant, under Scction 6 of the Building (Scotland)
Act 1859, when this 1s relevant. Subject to this
constraint, theve are obvious advantages in making
any application at the eavliest possible date. There
may be advantages in having informal discussions
before formal applications are made.

It 1s essential thal an apphcant for a consent gives
the local authorily as much detail as possible aboul
Lhe construction work to which the application
rclates and about the method or methods by which
the work i1z to be carvied out. TL is also essential that
mformation be given about the steps that will be
taken to minimize noise and/or vibration resulting
from the construction work.

Provided that a local authority is satisficd that
proposals (accompanying an apphication) for the
nunimizing of noise andfor vibration are adequate
(and in decidimg this it may have regard. among
other things, to the provisions of this standard), it
will give iis consent to the application. it can
however attach conditions Lo the consent, or imit or
qualify the consent, Lo allow for any change in
cireumstances and (o limit the duration of the
cousent. Lf a local authority fails Lo give its consent
within 28 days of the lodging of an application, ovif
it attaches any conditiens or gualification to the
consent that are considered unnecessary or
unreasonable, the applicant concerned can appeal 1o
a magstrates court or in Seolland to the Sheriff or
in Northern Ireland 1o a court of summary
Jurisciction, witlun 21 days from the end of that
period.

When a consent has been given and the construction
work is Lo be carried out by a person other than the
applicant lor the consent, it s essential that the
applicani takes all reasonable steps to bring the
terms of consent to the notice of that other person:
farluve to do so ov failure to observe the terms of a
consent are oftences under the Act.

4.5 Contractual procedures

[t is likely 1o be to the advanlage of a developer or
contractor, or an employer or his agent, who intends
Lo carry out constinetion work, to take the iniliative
and apply to the local authority for consents under
the Control of Pollution Act. This will have
impheations for traditional tender and contract
procedures becavse the local aulhority’s noise
andfor vibration requirements may well alfect both
the tender and contlract price. It s therefore
preferable that vhe local aulhovity's requircents
are made known belore tenders are submitted. The
best way of achieving this is for the pevson for whom
the work s Lo be carvied out to make the application
o the local authority for a consent, before inviting
tenders. As much detaled information as possible
should be miven concerning the methods by which
the construction work is to be carried out, and
concerring also the proposed noise abatement
andior vibration control measures to enable the
local authority (o give a consent (see also 4.4).

voBS 21999
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When a person for whom construetion work 15 to be
earried out has sought. and obtatned consentl from
the local authority, the local anthority’s
requirements should be incorporated in the lender
documents so that tenderers do not base their
tenders on Lhe vse of unacceptable work methods
and plant.

As far as possible, a contractor should be allowed
freedom of choee regarding plant and methods to be
used but a local authority can, in consultation with
the recipient of a consent, specify the type of plant
or methods Lo be used with ils consent. In addition
te any approach made by a person responsible for
construction work, a lenderer may also wish to
apply Lo a local anthority in order eilher Lo seck
consenl for the use of methods or plant in plaee of
those specified in an earkior consent (or notice), or to
satisfy himself that the detailed methods and plant
that he had planned Lo use meet the conditions laid
down.

4.6 Emergencies

In the event of any emergency or unforeseen
clireumstances arising that cause safely to be pul at
rigk, it 1s tmportant that every effort should be made
to ensure that the work in question is completed as
quickly and as quietly as possible and with
mimmumn practical disturbance to people living or
working nearby. The local authority should be
informed as soon as possible, shonld it be found
necessary 1o exceed permitied nowe andfor
vibration mits because of an emergency.

1.7 Flow diagram

The procedures available under the Control of
Pollution Act 1974 for the control of construction
noise and/or vibration are illustrated by the flow
diagram shown in Figure 1.

4.8 L.and Compensation Aet 1973
{as amended), Highways Act 1980 and Land
Compensation (Scotland) Act 1973

The Noise Insulation Regulations 1975 and Noise
Insulation (Scotland) Regulation 1975, made under
the powers contained respectively in the Land
Compensaiion Act 1973 and the Land
Compensation (Scotland} Aci 1973, allow a highway
authority to provide insulation for dwellings and
other buildings used for residential purposes by
means of double glazing and special ventilation
when highway works ave expected to cause serious
noise cffects for a substantial peried of time.

The 1973 Acts also contain provisions that enable a
highway authority to pay the reasonable cxpenses of
residents who, wilth the agreement of the authonrily,
have to find suitable aliernative accommodation for
the period during which constructlion work makes
continned occcupation of an adjacent dwelling
impracticable.

The Highways Ael 1980 and the Land
Compensation (Scotland) Act 1973 enable highway
authorilies to acquire land by agreement when its
cnjoyment is seriously affected by works of highway
construction or improvemeni. In addition, these
Acts give the highway authority power (o cary out
works, for example the installation of neise hairiers,
to mitigate the advoerse effects of works of
construction or improvement on the surroundings of
a highway.

5 Project supervision
5.1 Project progranmune

Piling programmes should be arranged so0 as 1o
control the amount of disturbance in noise and
vibration sensitive areas at times that ave
considered to be of greatest sensitivily. I piling
works are in progress on a site at the same time as
olher works of construction and demolition that
themselves may generate significant noise and
vibration, Lhe working programme should be phased
s0 as to prevent unacceptable disturbance al any
i,

4
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5.2 Piling subconiracls: consents and notices

When piling works arc 1o form a subcontract to the
main consiruction and demeolition works on a site.
eopics of noise and/or vibration eonsents and details
of other noize and/ov vibration vestrictions should be
included in the tender documents lor the piling
subcontract. Aay such noise and/or vibration
restrictions, limitations on hours of work. elc., mayv
be al variance with conditions with which the piling
tenderer may otherwise be expecled to comply.
Provigsion should therefore be made for further
consuliations with the loeal authority that could in
turn lead to a special consent or variation in
restrictions for the duration of the piling works.
During such a consultation the planner, developer,
architect and engincer, as well as the focal
autherily, should be made aware of the proposed
method of working of the piling subcontractor, who
in twrn should have evaluated any practicable and
more acceptable alternatives that would
economically achieve, in the given ground
condilions, equivalent structural results.
lnformation relating to the moechanieal equipment
and plant (o be used (see BS 5228-1) should be
supplied 1n support of the proposed method of
working. An indication of the intended programme
of works should be given, but the piling
subcontraclor will wish to retain as much flexibility
as possible in order to combat. unexpected ground
conditions or other problems, and it should be
recognized that substantial deviations {vom a
detailed programine of works could be made
practice. Due attention should be paid o safe
working practices and Lo emergency procedures.
The developer, as the person ultimately responsible
for a project, will need to instigate a cheek Lhat che
proposals suggested by those tendering for piling
works are likely to be aceeptable to the local
aunthority.

351021994
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Section 2. Noise

6 Factors to be considered when
setting noise control targets

8.1 Selection of piling method

8.1.1 The salection of a method to be used for the
installation of piles wil! depend on many factors,
some of which are outlined in 8. 1.2 (sec 7.2 lor types
of piling).

6.1.2 [t should be remembered that a decision
regardimg the type of pile to be used on a site will
normally be governed by such eriteria us loads to be
earried, strala to be penetrated and the economics of
the system, for example the time it will take to
complete the installation and other associated
operations such as soil removal.

6.1.3 It may not be possible for technical reasons to
replace a noisy process by one of the “guieter piling”
alternatives. Evenif it is pessible. the adoption of a
guieter method may prolong the piling operation:
the net result being that the overall distmrbance to
the community. not vnly that caused by noise, will
not necessarily be reduced.

6.1.4 Examples of typical noise levels associated
with the different methods of piling ave given in
Table 1 which is an extension to the data given in
Table 8 of BS 5228-1:1984.

8.2 Types of noise

On typical piling sites the major sources of nuize are
essentially mobile and the noise received al any
control pownis will, thevefore. vary from day to day
as work proceeds.

The type of noise assaciated with piling works
depends on the method of piling employed. For
example. pile driving using a dvop hammer resulls
e a well defined, impulsive type of noise. Air and
diesel hammers also produce hinpulsive noise
although thetr striking rates can be much higher
than with drop hammers. With auger-bored piling
the impulsive characteristic is virtually absent.
With bored or jacked piling methods ihe vesuliant
noise 1s steady.

Highly impulsive noise iz generally less acceptable
than steady noise. However, other characteristics ol
the noise source play an important part in
determining the acceptability of piling noise,

c.¢. eable slap, screeching of pulleys and guides anq
ringing of piles.

6.3 Duration of piling works

The duration of piling work iz usually short in
relation to the length of construction work as a
whole, and the amount of time spent wovking near
1o noise-sensitive arcas can represent only a pari of
the piling peviod.

6.1 Hours of working

When a local authority intends lo control noise by
imposing restrictions on working hours it should
have vegard Lo the specialized nature of some piling
works, which may nccessitate a longer working day.

A loeal authority should also bear in mind the
acceptable hiours for the vesidents and occupicrs of a
particular area.

6.5 Methods of monitoring and control

Whatever method is appropriate for the specifyving
of a noise target, there should be agreement
between the piling contractor concerned and the
controlling authority,

It is csgential that a noise Larget is appropriate to
the lype of noise, and is practical and enforceable. 1,
should aderguately protect the community but allow
work to proceed as near normally as possible.
Steady noisc levels should normally be expressed in
tevms of the Ly, over a period of several hours or
for a working day. Impulsive noise levels cannot
always be contvolled effectively using this measure
alone. The specification of a higher shovt term limit
is olten found uselul. This can be achieved by
specifying a short period Ly, or the one percentile
exceedance level Ly, over one driving cvele, Whore
Ly 1s specified the Flime weighting should be
used and measurcments should be made with a
sampling rate of ai leasi five samples per second.
Notse limits should net be setl in terms of Ly a max.,
when the noisc s impulsive,

The difference between limits sel in teyms of Ly,
and Ly, will depend on the striking rate of the pile
dviver.

Those who wish to use the data for L., in Table 1
Lo estimaie the corresponding value of )IJ_\UI should
note the following approximate velationships

[all measurements in dB(AY):

for pile drivers such as
drop hammers with a slow
striliing rate; and

a) L_.““
= 1’1__.“,(! + ll

by Ly for ahr hanuners with a
. - {ast striking rate.
=iy to =

1381 G2- 1999

-1



Table 1 — Sound level data on piling

el A
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Ref Pile Method Energy, power rating Dolly | Sound Swil Cycle i On- Activity
R pawer time | time | cquisalent
Doepth | Width level continuous
: Lus sound
N pressure
level L.,
at 1O m
. {1 cycle)
m m 413 e dRl
. SHEET STEE! PILING
50 (12 |04 . o 3 790 kgfm Steel on fibrous 1135 | — — 1100 |107
‘Nouble acling diesel | material
; . Phammer i . ) L
‘5l i Ly 16 500 kgt m Not known 140 —_ 100 |112
72 |12 0.4 Double acting alr 560 kgl stecl on fibrous | 134 — — 100 {106
Chammer material
53 |12 0.4 Hydraulic vibratory 20.7 kg m eccontric None 1185 Sand and gravel |— 100 | 90
drver smoment: 26 Hz
a4 ] 0.504 415 kgfm None 131 Sandy clay — 100 |103
Alr hammer overlying
v E boulder clay
F15] b 0.508 ’ 415 kgfm Noue 134 | Sandy clay — 100 ;106
overlying
boulder clay
H6 8 0.508 . iDrop hammer (a3t 150 mn 194 Sandy clay — 100 | G6
i (hammer and pile j greenheari overlying
i |enclosed acoustically) | timber plus vope houlder clay
37 | 8 (.508 , b3 150 mm 98 Sandy clay — 100 | 70
greenhoeart overlying
Lunber plus rope houlder clay

7 8%0¢ Sd
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Table 1 — Sound level data on piling
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B L E0

1 7
Ret Pile : Method Energy, power vating Dolly Sound Sail Cyele ; On- Activity
[ e power time | time| egwivalent
Dapth | Width level continuous
" soundd

pressure
: level £, at
| . 10 m (1 eyele)

B51

e

led Copy,

1

Uncontrol

25/09/2008,

mo m dl % dn
58 i0(dm .96 :Double acting air 15 kN m Alr cushion 111 — — 100 | 83
expased) ‘ impulse lammer _
59 15{m !'L05 Hydrvaulic hamwer, |60 kN m Stecl on fibrous | 121 Gravel overlying — 100 | 93
exposed) tenclosed ' matoerial staff elay
i cacoustically
60 15 1.05 IIIydrauhcchnp 60N m Steel on fibrous | 113 Gravel overlying — 100 | 85
; hammer, enclosod faterial : s1ff elay
' aconstically
| . 3
TUBULAR CASING | ) i
6l 23 1,07 dia, I Double acting S0 219 kefm Nob known 122 Silt overlying chalkj— 0o | 94
62 123 |11YFdnL ' whesclhannner [1G[MH)ng1u Nol known 132 - Bilt overlying chalk | — 1000 | 104
TUBULAR STEEL CASING/PILE CAST IN PLACE :
Gila)! 13 |0.35 dia. 33t 1.2 mdrop |Resilient S130 Esluarial slluvia 20min| 20 | 95
! i | Drop hammoer _ :
L : composite pad
63(hy| 13 ‘0.35 dia. : ;\ 3.3 1, 1.2 m drop | Resilient 126 Estuarial alluvia 20 min| 30 | 93 97
; ’ ' composite pad
RIINE! C 035 dia. Drop hammer, 3.3t Resilient 120 Ketuarial alluvia 20min] 10 | 82
‘ aoxtracting casig compnsite pad :
G4{a)| 1.1 0.4dia. -i 4t 1.2 mdrop Resihent 132 Dense sand 45 min| 10 | 100
; I : compostle pad
I . 1 Prop hammer o o
6A(LY. 14 [0 dia. 1t 12 m drop Resilient 125 Dense sand A3 min| 20 | 90 ¥ 100
' composite pad |
GAeY 1 iﬂﬂchn. ‘Dyrop hammer. 1t Resilient '118 Dense sand 45 min B 77
i : Coxtracling casing I{:(Jmposit,(’. padd

G
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Table 1 — Sound level datu on piling

[ Ral ‘ Pile Method Encrgy, power rating Dolly " Sound Soil Cyele On- Activily
' nix ¥ h— power time i Cl]'l.li._\r'al&llt
 Depth Width lovel continegus
fo s SOuUR
Pressure
level L., at
14 m
{1 cvele)
mo m db ! dn
I63{ay ! 8 0.35 dia. 351, 1.2m drop | Resiliend 117 Silt/peat/shale/ 126 min |15 81
|| Dvop hammer, partially | | Leomposite pad sandstone ‘
63(b) | 8  0.35 dia. | enclosed acoustically 3.3t 1.2m drop |Resilient 122 | Silthpeatishale/ |25 min |55 (89 g
' composite pad sandstone |
H50c) 8 .33 dia. Drop hammer, partially 3.3 t, 1.2 m drop | Resilient 121 Silt/perat/shale/ |25 min | 8 82 ';
enclosed acoustically, composite pad sandstone ’
gxtracting casing
GGa) § 8 104 dia. | ‘ | 41, 1.6 m drop Nane 129 Stiff to hard 30 min |35 96 |
' I Drop hammer, partially | - sandy clay | g7
66 8 0.1 dis. enclosed acoustically S 41, 1.6 m drop None 1125 Stilf to hard 30 min (30 |92
: ; sandy clay .
67¢ay | 5 045 dia | ; 3t 4mdrop Dry mix 113 Made ground |40 min |50 82
' aggregale plug overlying clay i } a6
G7hy | 5 0.45 dia. 31, 4 m drop Dy mix (116 Made ground |40 min |50 84
l . aggrogate plug - overlying clay
) [l Iaternal drop hammer | ° . _
GR(a) 14 0.1 dia. ; | 3t 3 mdrop Dy mix 111 Ballast. — 50 11 I
' aggregate plug 44
: >
GEy |14 04 dia C 3t 1 m drop 1Dy mix 116 Ballast — 25 82
' | : aggregate plug :

66 [:4-8¢¢< S
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Table 1 — Sound level data on piling

Ref | FPile ) Mothod Energy, power Dally Sound Soil Cyele On- Activity
no? |-— cee— . —— | rating power thne time equivalent
Deppth T Width level continuous
! sound
: pressure level
\ o at T m
| {1 eyele)
1 i! 1 I AR B dB
IMPACT BORED/PILE CAST IN PLACE
69(a) | 20 (0.5 dia. - Tripod winch Lo 20 kW None 106G | Fill/ballast/stiff clay | Gh |30 73
69(h) |20 0.5 tlin, ‘ Y20 kW None 108 Filllballast/stiff clay | 6h |60 T8 )
: ' 83
G920 0.5 dia. i i Tripod winch. driving 340, T modrap | Steel 118 | Filliballaststiffclay | G h 25 74 |
| GOy 120 0.5 dia. | ARINE 34t 1 modrop ; Steoel 122 Fillballust/stiff clay | 6h | 2.3 |78
T{a) |25 0.6 dia. ‘ S 20 kW None 108 | Will/lsand/ballast/ 10h |30 75 ]
- \ _ | ! cstiff elay ‘
. _ ' _ [ Tripod winch c . . i . i !
‘ V0(h) ‘25 ‘()_G dia. ; .20 kW None 113 Fillisand/bhallase/ 10 h |80 83 .
! : - ‘| P stiff clay . : s
T0(e) ‘25 ‘U.G dia. : ;o34 1l mdrop 127 - Fill/sand/ballast/ 10h : 2 82 ‘
; | Tripad winch, driving J | stiff clay '
| 70(dY | 25 ‘0_6 dia. | LasIng 34011 mudrop [ Steel 129 Filitsand/ballast/ 10 h 2 84
; | i stiff clay
~ R SECTION STEEL PILING )
(71 225 1031 x 0.3] | Doubile ncting diesel 3703 kgfm Steel on 127 Sand and sili — 100 09
! x .11 hammer fibrous overlying stilf clay
‘ mateyial
T2 — C0.35 < 0,37 MMesel hammer 6219 kgl Nol known [122  Rock {ill — 100 94
* 0.089 _
73 75 0.3 x 0.3 [Hydranlic dvop hamner, | ¢ 36 kN Hardwood 113 Chalk — 100 85
| P , : :
71 75 03%03 enclosed acoustically 36 kN m Hardwood |116  Chalk - 100 88
H 5 0.3x0.3 ' Hydraulie dvop hammer |84 kN m Steel on 124 | Chalk — 160 96
! |
' fibrous
. material |
|
; Sce reference nambers Do B e Table 8 of BS 3228119841 for further informea o voncerning <ound level data on pilimg.
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Table 1| — Sound level data on piling

Rel Pile Method Energy, power rating ! Dolly f Sound Suwil Cycele | On- Activity
1100, : power tite time L[]ulvalent
Depih Width level continuous
! by pressure
lavel L,
at 10 m
| (1 cycle)
m m dhi Yh dB
|
PRECAST CONCRETE PILES
76— — !Dl‘(]}] hammer 51, 0.7% m drop Not known 114 Fill — 100 (86
iT (B0 $10.29 x ; © G0OkNm ‘Harvdwood 107 [Chalk — 100 |79
0.29 | :
r|square | Hydraulic drop hammer, | *
| section L spelosed acoustically i
T8 H{) , I modutar I 60 kN Hardwood 111 Chalk — 100 |83
(goined) | :
9 20 0.275 % 3t 0.3 modrop Nardwood [ 111 Stiff clay — 100 183
0275 ; | overlying
| SQUATE : mudstone
seclion Hydraulic hammer |
80|20 modular . 3t,03mdrop [Hardwood (119 |Sufl clay — 100 |91
(Joined) overlying
i mudstone '
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Table 1 — Sound level data on piling

Ret Pile Method i Encrgy, power rating Dolly Sound Soil Cyele On- Activity
T S p— power time time , cquivalent
| Itepth Width level continuous
: Lo, sound
: ) Pressure
. level .L_\_‘..‘
; at 10 m
| (1 eyvele)
! t m B k] dlb
|81 10 ; 10.275 x 4t 0.5 mdrop  |Havdwood | 109 Clay/fgravel — 100 81
‘ 10275 _ uverlying :
. | sguare Hydraulic hammenr, ) mudstene
o [ cacti > | partially enclesed f
82 .10 section p sl } v 4t 0.3 mdrop |Hardwood |106 Clay/gravel — 100 |78
modular | acousilcally . SUE
‘ tioined . overlying
| {joined) mudstone
83 17 10,285 x Drop hammer 15t 1 mdrop Wood 114 Sili/sandigravel {55 min (80 85
‘ (1.285 . ;
! sguare
- section
; madular
‘ {tomed)
Bl 20 C0.08 m2 Drop hummoer. hanging 41,06 m drop Wood 114 JAlluviom — 100 ;86
i hexagonal  leaders: solt driving
i section ' !
modular
| (joined)
85 ‘ 20 10.08 m* vop hammer, hanging (41, 0.75 m drop Wood 121 Stiff clays and — 100 193
hexagonal  [leaders: medivm/hard gravels
' section driving
‘ modular
3 ' {joined)
— 1
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Ref ‘ Pile I Methoed Energy, power rating Delly Sound Soil Cyele On- Activity
no. ‘ nower time time equivalent
Depth Width level o cottinupus
. Loy ! sound
\ . Pressure
| level L\._.., at
I 10 m (1 eyele)
w m | din | K dld
86 ‘20 0.406Gdia. - © 5075 m drop  Woodfsisal [ 114 Fill overlying 141 min | 30 82
modular | | chalk
shell Drop hammer deiving
q 98 0.4 cdia. ‘ : 0:11; :T'!‘:iﬂd relforle cast i Gt lmdrop [Waoad 121 Sand/clay/chalk 57 min | 30 |89
modular Rt '-
shell ;
BORED PILING/PILE CAST IN PLACE
8% 10 0.45 dia. Cranc-mounted auger: | [ 65 kW Nono 108 Fill overlying stiff |45 min | 100 80
, | donkey engine clay
89 125 0.6dia. | Acowshe enclosure 90 kW i None 110 |Sand/gravel/stilf (90 min | 85 |81
! clay ‘ %
)
89y 7 0.6 dia, Driving temporary 251, 08 mdrap  :Sleel 128 Sandigravelstiff |90 min 15 ig2 |
| casing Lo support upper ! iclay !
strata in prebored hole
_ by drop hammer
90 15 045 din. ! Lovry-mounted auger: 90 LW None 109 Sand/gravel/elay |85 min | 100 31
91 20 i0.6dia. | |donkeyengine 90 kKW None 113 Filllelay 75 min {100 |83
_ acoustic enclosure
O2(a) |25 0.9 dia. Crave-mounted augor a0 kW None 114 Filliclay 3h 05 85
92(b) 125 .9 dia. Crmne-mounted auger: | 90 kW None 122 Filllelay 3h 3 79 87
kelly bar elanging
L03 30 1.05 da. Crane-mounted auger | 120 kW ‘None 117 |Ballast/clay 5h 100 89

.
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Tuble 1 — Sound level data on piling

l Ref ng. Pile Methud ! Knergy, power Dally Sound | Soil Cyele | On- ] Activity
o i - rating powar time | time | equivalent
Depth Width i ) level continuons
fo sound
o ! presgure
level L., at
10 m (1 eyele) |
oo m aly % T
91(a) |24 2.1 dia orane-mounted auger and 110 kW 'None 112 Allwvia/sandsiclay 2 days 50 |81 |
= drilling bucket: pile hored C B2
under benionite . ! i
DALY |24 2.1 dia. . Crane-mounted auger and | 110 kW None 121 Alluvia/sands/clay 2 daws 2|76
drilling buckel: kelly bar : i y
clanging : i
L 40 1.2 dia. Crane-momnted auger and | 120 kW Nong 117 Sund/houlder 2days | 50 |86
drilling bucket: pile bored : relay/marl
undor bentonite ;
96 |20 0.9 dia. ¢ |Lorry-mounted auger | 110 kW None 115 Fillisand/graveliclay |3 b 100 T87T
97 |20 1.2 dia. ©O110 kW None 112 | Fiil/ballast/clay 6 h 100 |84
CONTINUVOUS FLIGHT AUGER INJECTED PILING :
R 11 | 0.45 dia. | tCrane-mounted leaders ! I. 90 kW None 1] Alluviam S0 min | 30 |80
"l with continuous flight :
raugor cement grout ) . B
I Iijected Lhrough hollow )
C | stem of auger. :
~ Bnginefpuwer pack
| |partiaky enclosed |
a9 L5 0.35 dia. acoustically £ 90 kW None 108 Sand and silts 30 min | 50 |77
100 12 015 dia. | Crane-mounted 100 kW Nome 104 Gravels ovorlying 30min | 50 |78
continious flight auger chalk
rig: conerete injected
through holliow stem of
auger. Engine/power pack
partially enclosed :
i aeousticully | I’

¥-8¢%¢ 59
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Table 1 — Sound level data on piling

Ref no.

Pile

fDepth

Width

Method

Energy, power rating

Dolly

Sound
power
level

foa

Soil

Cycle
time

| On-

tinmie

Activity
ggquivalent
continuous

sound
pressure
level L,.,.1 at
10w
(1 cyele)

101

103

m m
NDIAPTIRAGM WA
25 l1.0%x 4.0

125  '1.0x4.0

"5 LOx 4.5

JUING

[
i Cra 1'1(:‘-111011]11.(!({

hydraulically operated
trenching grah guided
| by lelly Liay

SCrane-mounled
hydraulically operated
trenehing grab guided
by Lkelly bar

Crane-mounted rope
operated trenching grab

90 kW

190 kW

81, 10 m drop

None

None

None

dh

114

116

Sands and gravels
overlying chalk

Sands and gravels
overlying chalk

Sands and gravels
overlying clay

12h

10 h

100

80

db

S0

26

104G

104(l}

B! H0.5 dia.
APPIOX.

4 0.5 dia.
APPIroX.

| L . ”
VIBROREPLACEMENT/NIBRONDISPLACEY

' Stone column formaiion
by cranc-mounted
hydraulically powered
vibrating poker.
Compressed air flush:
nose cone air jets
exposcd

Stone colummn formation
by crane-mounted
hydraulically powered
vibrating poker.
Comupressed air flush;
nose COme air jets
exposed

[ENT
90 kW

90 kW

None

None

110

117

Miscellaneous fill

Miscellaneous {ill

15 mn

16 mmn

&0
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‘ Table 1 — Sound level data on piling

NOTE 3

Dipths cvele times where guoted and oa-tines e typical for specific cases but can vary considerably aceordmyg to grouad and other conditions.

Ref o, | Pile Method Encrgy, power rating | Dolly | Sound Suil Cyele On- Activity
e —— — Dpower time time equivalent
| Depth Width lovel continuous
i ! ‘ L, sound pressure
| ‘ lavel f..  at 10
! m {1 cyele)
m m i ) B
105(a) | — 24x24 Tamping weight raiscd 120 kW None 114 Mude ground 10 min |80 85 !
‘ ) by lavge crawler crane and fill | 46
105(h) , — 2.1x24 Tamping weight roleased |20 1, 20 m drop None 125 Made ground 1 drop 1.5 |79 |
i by crane: impact of and fill per min
‘ ‘ weaighl _
106(a) '— 24x24 Tamping weight raised 120 kW None 110 Made ground 10 min |80 81 ' !
by large crawler crine and [1l] |r ga
106(h)  — 24 x 2.4 Tamping weight released |20 t, 20 m drop None 122 Made ground 1 drop 1.5 76 l ‘
i . by evane: impact of and fill Iper min
! ‘ | | weight : |
‘ | CTINSTALLATION OF VERTICAL BAND DRAINS |
‘ P L07{ay |7 0.1 | Hydraulic vibratory lance ‘ 50 kW Nuone 113 Sandy siley i1 |5 min 1 {65 ; ‘
! ' !slarting up ! : ! :
l | 107 (N | 7 | 0.1 ‘ Hydrauhe vibratory lance |50 kW None 107 Sandy silty i1l |5 min |70 {76 | 80 ‘
. ‘ _ ‘ installing band drain !
! 107 ‘ 7 ‘ 0.1 Hydraulic vibratory lance |50 kW None 115 Sandy @iliy fill |5 min |15 790 ‘
‘ ‘ | | being extracied l [ [ :
‘ NOTE 1 Eaevgy and power rebationship: | kgfm = 9 81 Jaules (). —‘
‘ P NOTE 20 0 tdropped 1m = 0.8 1070 =987 kI = 081 KNme LW = 307 T = 1 ki

|
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7 Practical measures to reduce site
noise

7.1 Assessment of noise levels of mechanical
equipment and plant

Those undertaking piling works should endeavour
to ascertain the nature and lovels of noise produced
by the mechanical equipment and plani that will be
uscd (see Table 8 and Appendix B of

BS 5228-1:1984). They may then be able to take
steps to reduce cither the level or the annoying
characteristics, or boih, of the noise. Same gundance
on noise control technigues is given in 7.3,

7.2 Types of piling
7.2.1 General

Piles ean be divided into two main catogories,
bearing piles and retaining piles. [l 15 possible in
principle to install either category by driving,
jacking or boving (sce Figuwre 2). Ground or other site
conditions can, however, prohibit the use of one or
other of these technigques, that are deseribed in more
detailin 7.2.2 to 7.2.4,

There are other methods of forming mediun to deep
foundations undey certain conditions. These include
Lhe installation of stone columns by
vibroreplacement (sce 7.2.5). deep compaction by
dynamic consolidation {see 7.2.6), and the techmque
of diaphragm walling {see 7.2.7). Although the
mechanical plant and cquipment can daffer 1n some
ways from Lhose used in conventional piling, the
problems of protecting the neighbourhood from
noise: disturbance ave similar.

7.2.2 Driven piles

In conventional driven piling, a hammer is used to
strike the top of the pile via a helmet andfor a
saerificial dolly. High peak noise levels will arse as
a rosult of the impact. The hammer can be a sinple
drop hammer or it can be actuated by steam, air,
hydraulic or diesel propulsion. Displacement piles
can ba top driven, bottom driven or can be driven by
meansz of a mandrel.

in certain ground conditions it may be possible to
drive piles using a vibratory pile driver, in which
eases high linpact noise may not anse, but the
continuous forced vibration together with
structure-borne noise can give ¥ise Lo some
disturbanee.

When piles are driven for temporary works further
disturbance can occur at a later date when the piles
are extracted.

7.2,3 Jacked piles

A method for installing cither retaining or bearing
steel piles without either hammering or vibratory
driving is by jacking. One or a pair of piles 1s pushed
into the ground using the veaction of a group of
several more adjacent piles. The main source of
noise is the engine driving the hydraulic power pack
for the jacking system. Other sources of noise
include cranes and ancillary cquipment. The use of
jacked piles is appropriate in most types of cohesive
soil and silty sands, but specialisi advice should be
sought in such cases.

7.2.4 Bored piles

Bored piies can be constyucted by means of a volary
piling rig or by impact boring. In the former case the
major source of noise is the more or less steady nowe
of Lthe donkey engine that supplhes the power to
perform the deilling. In certain types of soil it is
necessary Lo insert casings for part of the depth. If
the casings have to be driven mn and/or extractad by
hammering. high peak noise levels will result.
Similar considerations apply to the 1mpact borving
technique. The noise characteristics may therefore
be at a relatively steady and continuouns level with
mtermitient high peaks superimposed upon it.

A method for boring piles that does not need a
temporary caging is the use of a continuous flight
auger and the injection of conerete or grout to forim
the piles. It 13 applicable only 1 certam ground
conditions and the range of pile diameters 1s limited.

7.2.5 Vibroflotation/vibrocompaction and
vibroreplucement/vibrodisplacement

A method for improving the bearing capacity of
weak soils and [ills is to use a large vibrating poker
which ean be mounicd on a crane or an cxeavalor
base. In loose cohesionless soils the vibrations cause
compaction to a denser state; this process is known
as vibvoflotation or vibrocompaction. In other weak
s0ils a vibrating poker 1z used to form a hole which
i then backfilled with graded stone and eompacled
by the poker; this process is known as
vibroreplacement or vibvodisplacoment, Waoter or
compressed air can be used as a jetting and flushing
medium.

Typically, vibrating pokers ave actuated by electric
or hydraulic motors. To reduce the noise of the
operation, attention should be paid to the generator
or power pack as appropriate. Other soureces ol noise
could include pumps when using water flush, or air
oscaping [rom the poker when this is exposed.
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1.2.6 Deep compaction by dynamic
consolidation

An alternative method for improving the beaving
capacity of weak soils and fills is to drop a large
tamping weight from a height on te the ground at
selected locations. Typically in the UK, lamping
weights belween 10 € and 20 ¢ are used and are
dropped from heights between 10 m and 25 m,
although in some cases oLther weights and drop
heights ean be vsed. The tamping weight is
normally raised by and dropped from a very large
crawler erane and the noise characterisiic contains
both sieady (erane engine) and mmpulsive

{tmpact of weight on ground) components.

1.2.7 Diaphragm walling

When decp foundation clements with both retaining
and bearing capabilities ave needed, the technique
of dmaphragm walling may be applicable. The soil is
exeavated in a trench under a muod suspension
{c.g. bentonite) in a series of panels, usually using a
special clamshell grab; when the full depth has been
veached a remnforeing cage is inseried and concrete
is placed by tremie pipe, thus displacing the mud to
the surface.

The grab is normally suspended from a erawler
crane although » tracked excavator base may
sometimes be used. [t is operated etther by gravity
or hydraulieally in which latter case it is guided by
a kelly bar. Diaphragm walling sites frogquently
need much ancillary cguipment including bentonite
preparation and reclamation plant, reinforeing cage
manufacturing plant, pumps and handling cranes,
The layoul of plant on the site is important for
elficient operation and can exert considerable
influcnee on noise control,

7.3 Noise reduction techniques
7.3.1 Piling operuations

Noise can be reduced at source or, when this 1¢ not
possible, the amount of noise reaching the
neighbourhood can be veduced by various means.
Impact nmse when piling is being driven can be
reduced by introducing a non-metallic dolly between
the hbammer and the deiving helmet. This will
prevent direet metal-to-metal contact. but will also
madify the stress wave transmitted to the pile,
poussibly affecting the dviving efficiency. The cnergy
absorbed by the delly will appear as heat. Further
noise reduction can be achieved by enclosing the
driving system in an acoustic shroud. Several
commoerenlly avalable systems employ a partial
enclosuve arrangement avound the hammer. It is
also possible 1o use pile driving equipment that
encloses the haminer and the complete length of pile
being dviven, within an acoustic enclosure,

For steady continuous noise, such as that caused by
diesel engines, it may be possible 1o reduce the noise
cmilted by fitiing a more effective exhaust silencer
system or by designing an acoustic canopy Lo replace
the normal engine cover. Any such project should be
carried out in consuliation with the original
equipment manufacturer and with a specialist in
noize reduction technigues. Caution should be
excrcised in order that. the replacement canopy doea
not cause the engine 1o overheat and doces not
interfere excessively with routine maintenance
opcralions.

It may be possible in certain circumstances fo
substitute electric motors for diesel engines, with
consequent reduetion n noise. On-site generators
supplying electricily for electric motors should be
suitably enclosed and appropriately located.
Sereening by barriers and hoardings is less offcclive
than {otul enclosure but can be a useful adjunct to
other noise control measures. For maximum benefi,
sureens should be close either 10 the sowree 6f noise
(as with stationary plant) or to the listener. It may
be necessary for salety reasons to place a hoarding
avound the site. in which case it should be designed
{aking into vonsideration its potential use as a noise
screen. Removal of a direct line of sight between
souree and listener can be advantageous both
physically and psychologically.

Consideration should be given to the possible
application of some of the alternative techniques of
pihng reforred o in 7.2, For convenionee these are
grouped together in Figure 2.

7.3.2 Location and screening of stationary
plant

I'n cevtain Lypes of piling works theve will be
ancillary mechanical plant and equipment that may
be stationary, in which case care should be taken in
location, having due regard alsa for access routes.
Statwnary or guasi-stationary plani might include.
for example, bentonite preparalion equipment,
grout or concrele mixing and batching machinery,
hyhling generators, compressors, welding sets and
pumps, When appropriate, screens or enclosures
should be providaed {or such equipment.

7.3.3 Mobile ancillury equipment

Contvibutions to the total site nowse can also be
anticipated from mobile ancillary equipment, such
as handiing cranes. dumpers, front end leaders,
excavators, and conerete breakers. These machines
may only have o work intermitioatly, and when
safety permits, thetr engines should be swilched off
{or during ghort breaks from duly reduced Lo idling
speed) when not in use,

o Bsl g jann
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7.3.4 Maintenance and off-site traffic

All mechanical equipment and plant should be well
maintained throughout the duration of piling
works.

When a site is in a residential covironment, lorries
should not arrive at or depart from Lhe site at a time
mconvenion 10 residents.

CBSI 2109
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Bearing piles
- dacked preformed -Timber Normal reinforced
. #
— Preformed —  —— I'con(.rete ;
- Conerets - L Prestressed X
_ Steel tubes filled with in-place Joined precast *
_ Large | Partially preformed | concrete after driving®
displacement | holiow closed at
batton: end | Precast concrete sectional tubes filled
: with in-place concrete after driving *
Formed in-place by driving a closed-
— Driven _ Doven _ . ended tubular section to form a void - - Various systems *
cast-in-place and then fiiting the void with concrete
whilsl withdrawing the section
Screw
Box
[ Small — Preformied - ——— Steel sections . Tube *
displacement L
H-Section *
__ Bored . _Flushbored
casl-in-place
Straight
_»06mlarge shaft
'— Bored replacement — |1 Rotary - diameter *
hored Under _:
reared
< {16 m small _l
 diameier T e Unsupported
> 0.6 m large
Preformed precast Pereussion diameter
concrete section(s) hored e L
grouted in place < 0.6 s small ; Supported — —
~ diameler *
Ry driling mud *
Retaining piles
— -Jacked sheot By casing * - Temporarily —
— Contigucus bored piles # By spoil-laden
continuous flight — !
— Diaphragm wall # «— - - Conerete cast-in-place auger ¥
Seeant piles —- - —— — Steel (many types}
_ . Ground ¥
— Diriven sheet piles —- - Precast conerete -— Injection piles - r -
- Concrete *
- Timber
Ground trealment concerned with dynamic stabilization Permancontly '
Stone column formation in fitls By vibroreplacementivibrodisplacement # (b casing)
and weak soils ‘ - r

- By use of driven cast-in-place piling rig *

Ground treatment of weak soils
anf ills

i By preloading

= By vibreflolation/vibrocompaction ¥

- By dynasnic conpaction (using arge tamping weights) *

¢ By installing vertical band desins =
- By compaction nsing blasting

NOTE 1 It should alwayvs be vemmembered thae the 1y pe of le tw he used on any site is mrmally goveracd by sach eriterin as toads
vt he garried. strata to be penetrated and vhe cconomics of the sysiem.

NOTFE 2 Wheve necessary, allowance should be made Jor the extraction of piles in addition o their installanon,

NOTER Sound level data {or systems marked thus * ave included in Table 1, Grher data iy e found o Table & of 35 522511951,

Figure 2- - Piling and kindred ground treatment systems
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Section 3. Vibration

8 Factors to be considered when
setting vibration control targets

8.1 General

The most common form of vibration associaled with
piling is the intermittent Lype derived from
conventional driven piling. Bach hammer blow
tranamits an impulse from the head to the loc of the
pile and free vibrations are set up. Sensors at a
remote receiving point would indicatle a scries of
wave disturbances, each series corvegponding Lo one
blow. {(See also Appendix A)

When setting tarvgetls for maximum vibration
levels (8.2 to 8.6) reference should be made to the
exisling ambient vibration levels, which should be
measurcd prior Lo commencement of pile driving,
This is particularly applicable on sites adjacent to
roads carrying heavy commercial traffic, railway
tracks and large industrial machinery. It 15 not
uncommon for vibrations from such sources to mask
vibralions fvom pile driving,

8.2 Vibration levels

The intensity of each vibration disturbance
regislered al the remote receving point will

normally be a function of many vanables including:

a) energy per blow oy eyele:

b) distance between souwrce and receiver;

¢} ground conditions at the site, e.g. sofl or hard
driving and lovation of water table:

) sol-structure interaction, te.. nature of
conneclion between zoil and structure being
monitored;

g} construction of structure and location of
measwinng points, o.g.
1) soil surface:
2) building foundation:
3) internal structural elemoent.
In soft driving conditions, where a sigmficant
proportion of the enerey per blow s dwectly used in
advancing the pile, the intensity of vibvations
reansmitted Lo the environment is gencvally less
than under havd driving conditions, where so much
of the energy per blow is devoted to overcoming
vesistance to penetration that velatively little is
available to advance the pile.
When driving piles in soft soils the free vibrations
sel up are found usually to have a greater low
frequency contenl thau when driving inlo denser
soils ov rocks.

Vavious empirical formulac have been proposed
relating the inlensity of vibration measured at the
remole receiving point, to the distance between it
and the source and the energy of the source. The usc
of such formulse enables a rough estimate to be
made as a check on the acceptabilily of the proposed
process from a vibration standpoint, prior to Lhe
commencement of the piling works, This cstimate
could also assist, with applications under Section 61
of the Conlrol of Pollution Act 1974 for priov consent
{see 4.4). For guidance regarding the prediclion of
expected vibration lovels see Appendix B.

NOTE t Appendix Bas ineluded for information only and does
nok form part of this standaed.

NOTE 2 Sece Appeadix O for examples ol vibration levels
mensured under various conditions throughout the UK.

8.3 Human response Lo vibration

Human beings are known Lo be very sensitive to
vibration, the threshold of pevception being
typically in the peak particle velocity range

of 0.15 mm/s to 0.3 mun/s, al frequencies

between 8 Hz and 80 Hz Vibrations above these
values can disturh, starvtle, cause annovance or
wnterfere with work activities. At higher levels they
cun be deseribed as unpleasant or even painful. In
residential acconmmadation vibrations can promote
anxiety lest some structural mishap might occuy.
Guidance on the effects on physical health of
vibration at sustained high levels s given in

8BS 6841, although such levels are unlikely to be
encountered as a rvesult of piling operations.

BS 6472 scis down vibration levels al which
minimal adverse comment will be provoked from the
cecupants of the premises being subjected Lo
vibration. It 15 not concerned primarily with short
term health hazards or working efficiency. Il points
out thal Iruman response to vibration vares
quantitalively according to the direction in which 1l
is perceived. Thug, generally, vibrations in the
foot-to-head mode are more perceptible than those
in the back-to-chest or side-to-side modes although
al. very low frequencies this tendency 1s veversed.
Base eurves in Lerms of both vibratory aceeleration
and peak particle velocity in the different coordinate
divections are shown in B8 6472, These curves apply
10 continuous vibrations and there is a sexies of
multiplving factors which can be applied according
Lo Lhe sensitivity of the location to vibrations. In
addition, formulae are quoted which may be used to
eslablish minimal adverse complaint levels where
the vibrations ave intermittent but overall of
relatively short duration in comparison to the
duyvtime or night-time peviod.

A kindred problem is that vibrations may cause
structure-borne noise which can be an additional
irritant to ocenpants of huildings. Loose fitlings are
prone to ralile and movement.

BRI 0210048
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8.4 Structural response to vibration
8.4.1 General

Struciural failure of sound buildings or building
elements or components is not a phenomenon
generally ativibuted to vibralion from well
controlied piling operations. Extensive studies
carrted out in this country and overseas have shown
that documented proof of actual damage to
shructures or their finishes resulting selely from
piling vibrations is rarce. There are many other
mechanisms which cause damage especially in
decorative fimishes and it i1s often incorrectly
concluded that piling vibrations should be blamed.
In some circumstances, howevor, it is possible for
the vibrations to be sufficiently intense to promote
minor damage. Typically this damage could be
described as cosmetic and would amount. to the
mitiation or extonsion of evacks in plasterwork, ete.,
rather than the onset of structural digtresa. Tn move
sovere cases, falls of plaster or leose voof Giles or
chimney pots may occur,
NOTE D 1k has been =uggested that vibrations genervally provide
one triggey mechanism which could result in the propagation of
amincynent Talure” of some component which hitherw had been
oz ometastable state.
NMOTLE 2 Vibration can increase the densily of and cause
settloment Lo loose, wer and cohesionless soils, which may put
ALructures al i"l.‘\li.
The making of an asscssment of the vulnerability or
otherwise of building structures to vibration
induced danage needs rather more detailed
structural knowledge at the outsel than is genevally
available. Among the points to bear in mind are the
following:

a) the design of ihe struelure;

b} the nature. condition and adequacy of the

foundations and the properties of the ground

supporting these;

¢) the age of the suructure;

dy the method and guality of construction.

including finizhos;

o) the general condition of the structure and its

finighes;

) a schedule of cxisting defects, eapecially eracks,

supplemented where necessary by a photographic

record:

g) any information pertaining to major

alterations, such as oxtensions, or past repaty

work:

h) the location and level of the strueture relative

to the pding worky:

1) the natural frequencies of structural clements
and components;

j» the duration of piling operations.
8.4.2 Response limits of structures

It is recommended that, for soundly conslructed
residential property and similar structures which
are in generally good yepair, a conservalive
throshold for minor or cosmetic (i.c. non-structural)
damage should be taken as a peak particle velocity
(p.p.v.yof 10 mm/s for intermittent vibration

and & mm/s for conlinuous vibrations. Below these
vibration magniludes, minor damage is unlikely to
occur. Curvent experience suggests Lthat these
values may be reduced by up to 50 % where the
preliminary survey reveals existing significant
defects (such as a vesult of sctilement) of a
structural nature, the amount of the reduction being
judged on the severity of such defects. The vange of
frequencies exciled by piling operations in the soil
conditions typical in the United Kingdom is
between 10 Hz and 50 Hz. Acceptable values of
p-p.v. may need adjustment fov predominant
frequencies onlside this range,

NOTE L AL low legquencies ihelow 10 He) large displacemants
and associated large 2tratns necessitate lower popov. values (38 %
lower), wheveas at high frequencies tabove 53 112), much smaller
stridin= allow the popov, Bmirs to be tnereased (100 % higher).
Buildings constructed {or industrial and commercial
w6 exhibil greater resistance to damage from
vibrations than normal dwellings, and it is
recommended that light and flexible structures
(tvpically comprising a velatively light struetural
frame with infill panels and sheet cladding) shouid
he assigned thresholds of 20 mw/s for intermittent.
vibrations and 10 mm/s for continuous vibrations,
whereas heavy and stiff buildings should have
higher thresholds of 30 mm/s for intermittent
vibrations and 15 mu/s for continuous vibrations.
Where buildings appear not to conform precisely 1o
one or other of the deseriplions given in this
subclause, the thresholds may be adjusted within
those ztated.

NOTE 2 Addittonal guidionce oo the velative senstivities of
varions 1ypes of bulldimg w vibeatinns s grven in BS 7385t

special consideration should be given ro ancieni
ruing and listed buildings ™.

The vibration levels given in this subclause refer to
the maximum value on a load Learing part of the
structure at ground or foundation level in the
vertical, radial or tangential direction. See Figuve 3,

DSee aleu WATTS, G.RL Cerar Stidive of the Effects of Toaiie fuduced Vibotions sn flevitege Fuildings. TRRL Research
Repore 136, L85, wailable from the Transport and Road Reseavch Laboratery, Ot Wokimgham Road. {rowthorne, Borkshire
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In cervtain circumstances 1t may be necessary in
addition to specify himits at other locations. For
example. modern multi-storey buildings employing
continuous construction methods exhibit little
inherent damping. Significant amplification of
incoming vibrations can, therefore, cccur at the
upper storevs, notably in the horizontal modes.
Likewise, amplification of vibrations

(mostly vertical) ean occur in the middle of
suspended floors. A vertical p.p.v. of up to 20 min/s
during driven piling may be tolerated at such
positions. However special care may be needed for
old plaster and lath eclings beneath sugpended
flocrs.

NOTE S Amplification Detors will vary according ro hulividual
civcumstances, but factors of hetween 1.3 and 2.5 are typical
8.5 Assessment of vulnerability of structures
and services

8.5.1 Retuining walls

Unlike conventional buildings, which are tied
together by crosswalls, intermediate floors and
rools, retaining walls may have liltle Jateral
veslraint near their tops, This can result in
substantial amplification of vibrations particularly
in the horizontal mode normal to the plane of the
wall, Amphfication faclors of between 3 and 5 are
typical.

For slender and potentially sensitive masonry walls
it is recommended that threshold limits for p.p.v.
of 10 mm/s at the toe and 410 mm/s at the crest
should generally be adopted. Propped or Lied walls
or mass gravity walls can be subject to values 50 %
1o 100 % greater than the above. Similar values
could be applied Lo well supporied steel pile and
reinforeed concrete retaining walls. Where walls are
in poor condition the allowable values should be
diminished and at the same time additional
propping or other methods of support should be
devised. For continuous vibrations all the above
levels should be reduced by a faclor of 1.5 10 2.5
according to individual circumstances.

8.5.2 Slopes and temporary excavalions

When piling is to be installed close Lo slopes,
vibration of any form may cause movement of the
slope material.

The effect of ground barne vibrations on the stability
of temporary earthworks such as modified soil
slopes and open excavalions should receive careful
consideration in order Lo avoid rigk Lo personnel and
partially completed works from dislodged lumps of
soil, local ecllapse of soil faces or even ground
movement due to overloading and failure of
Lempovary ground retention systems,

[
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Figure 3 — Orientation of vibration transducers
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The visk to stability is dependent on the extent to
which the {actor of safety under static loading is
reduced by the vibralions, and hence on the
intensity, characteristics and duration of the
vibration and the soil responsc. The possibility that
umtherent weaknesses might exist in the soil due (o
the release of stress and subsequent surface
weathering should be borne in mind.

When the pile type is chosen, care should be taken
Lo avoid substituting the risk from vibration, pove
pressure changes and soil displacement associated
with driven piling and other systems which
generale vibrations, by threats to stability resulting
{rom unconirolied soil removal or the release of
vround water.

Considoeration should be given to the use of
controlled trials to establish a safe method of

working. from ebservations of vibration intensity, of

the onset of local distress to the soil face and of
changes in line and level.

Where doubt about the loss of stability remaing,
action should be laken either Lo phase the work so
that piling can be completed before carthworks are
arvied out, or Lo retain the soil effectively 1o ollow
piling to take place safely.

8.5.3 Underground services

Some statutory undertakings have introduced

criteria governing the maximum level of vibrations

1o which their services should be subjected. Those

vibrations are usually extremely conscrvative and it

1 recommended that the following limits be used:
a) maximum pop.v. [or intermitient or transiont
vibratlions 30 mm/s:

b) maximum p.p.v. for continuous
vibrations 15 mm/s.

Values should be applied at Lhe crown unless the
luteral dimension of the service is lavge in relation
to the space between the service and the pile.

It should be noled that even a p.p.v. of 30 mm/s
gives rise to a dynamie siress which is cquivalent to
approximately 5 % only of the allowahble working
stress in typical conerete and even less inivon or
ateel.

in the event of encountering elderly and dilapidated
brickwork sewers the base data should be redueed
by 20 % to 50 %. For most metal and veinforeed
concrele service pipes, however, the values 1n a)
and b) should be quite tolerable. There is ofion some
ditficulty in assessing the true condition of
underground pipoes, culverts and sewers. Among the
faciors which could mean that sueh services are in a
state of tnciprent failure are poorly formed joints,
hard spots, badly prepared trench bases, distortion
due to settlement or ieave, or unstable swrrounding
ground eaused by previous or existing leaks.

NOTE The exwaction of temporary piling can also generate
vibrittion.

8.6 Assessment of valnerabilily of content of
buildings

8.6.1 Computer installations

Although modern computer installations
ineorporate solid stale electronics, the disc drive
units are considered to be vulnerable to excessive
vibration or shock. These devices gencrate their own
continuous inlernal vibrations lrom Lhe spinning
dises and associaled machineyy. Major
manufaclurers have sel aceeptable external
vibratton eriteria for their equipment, in hoth
operating and transit modes,

The eriteria ave often expressed in terms of limits on
vibratory displacement up Lo a certain frequency
and limits on vibratory acceleration at higher
frequencies. A sinusoidal relationship is given
between Lhese paramelers which can therefore be
uged Lo caleulate the corvesponding particle
velocities. For continuous vibrations the allowable
thresholds are set at about 40 % of the permitied
levels of intermittent vibrations. An exanmple from
one major manufacturer quotes permitted lovels for
miermitlent vibrations varying between 50 mm/s
at 8 Hz and 10 mm/s at 40 Hz, a frequeney range
which covers much of that associated with piling in
sols. These critevia ave judged to apply to computer
cquipment correctly installed on the ground floor of
a building.

Thus computers ave not as {ragile as is often
believed and, with care, piling need not pose a
threat to the continued safe use ol a typical
computer mstallation. Extra care may be needed if
the installation is mounied on a suspended {loor
which might accentuate the level of transmitted
vibrations.

8.6.2 Telepphone exchanges

In telephone exchanges where electro-mechanical
maothods of eireuit selection ave used, excessive
vibrations of the appropriate frequencies may set up
resonances 1n the contact arms Ieadine to winng
lines or other malfunction. Rescarveh on one tvpe of
wislallation resulled in the adoption of a hiniling
pnv. of 5 mmds forintermittent vibeations, as
measured on the floor of the exchange room, With
advances in telecommunication technology nuny
different systems exist, some of which arve loss
sensitive to vibration, Individual installations
should he treated on their merits.
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8.6.3 Miscellaneous

The sensitivity to vibrations of hospilal opevating
theatres, especially those where microsurgery 13
undertaken, can well be imagined. Some scientifie
laboratories ave similarvly suseeptible, whilst a
range of other industrial processes ranging from
optical typesetting to automatic letter sorting could
be mconvenienced. In electrical power generation,
turbine shafis are not able to accommodate large
oscillatory displacements.

Where there is uncertainly concerning Lhe level of
transmitted vibralion and its accepiability to the
particular environment, it is advisable to
investigale the actual conditions and requirements
in detail. Preliminary tr1als and monitoring can
then be designed to establish a suitabie procedure
for the work.

9 Practical measures to reduce
vibration

9.1 General

Where the predictions indicate that a parvticulay
piling meihod could prove marginal in terms of
critical vibration levels. lurther consideration
should be given to the problem along the lines
suggesled in 8.4, Additionally, methods of
alleviating the problem may be adopted as
vecommended in 9.2,

3.2 Reduction of transmitted vibration levels
9.2.1 Use of alternative methods

As with noise eonbrol methods it should be borne in
mind that piting and ground engineering processes
are primarily selected on the basis of the strata to be
encountered, the loads to be zupported and the
economics of the system. Alter consideration of
these constraints, however, il should be possible to
select the process least tikely to give vise to
unaceeptable vibralions in particular
circumstances. Examples would inelude the use of
continuous {lishi auger injocted pies. jacked
preformed piles, avger bored pmiles, or possibly
impact bored piles in preforence to driven piles.
Some form of ground treatment might also be
possible, depending on soil conditions and leading
reguircinents.

There are scinelimes cases in which the majority of
a site 1s amenable to a particular form of ground
treatment or foundation construction but wheve a
limited area is 100 close to existing structures or
services Lo pormit unrestricted use of the process.
For example, from Table 1 it may be deduced that
dynamic compaction using large lamping weights
should be kept a reasonable distance away from
such features. If a small intervening area remains to
be treated this may be done using one of the vibro
processes of ground Lreatment. Similarly, the
majorily of a site may he piled using the driven
cast-in-place process leaving a minorily to be
completed with continuous flight auger injected
piling. _

It should be noted that a change in method part of
the way across the sile might result in a mismaich
in subseguent foundation behaviour. The
enginecring implications of any such changes
should be considered carvefully prior to construction
on sile.

9.2.2 Removal of obstructions

Obstructions constitute a hindrance 1o progress and
exacerbate the transmission of environmenial
vibrations, especially where Lhey occur at shallow
depths. Obsiructions known 1o exist, e.g. old
basement floors, old foundations, Limbers, ete.,
should be broken out al pile or stone column
positions and the excavation backfilled. Where an
unexpected obstruction is encountered it may be
preferable that piling should be halied at that
position until such time as the obstruetion can be
dealt with, rather than attempting prolonged hard
driving.

9.2.3 Provision of cut-off trenches

A cut-off trench may be regarded as analogous to a
nolse screen, in that it interrupts the divect
transmission path of vibrations belween source and
veceiver. [t should be noled that Ltheve ave serious
Limitations Lo the efficacy of trenches. For maximum
effect the tronch should be as close to the source or
to the receiver as possible. The trench should have
adequate length and adequate depth. With
normally available excavators on site, trench depths
are seldom in excess ol 1 m or 5 m. The length of the
trench needed would be a function of the relevant
plan dimensions of Lhe piling site and the structure
10 be protecled.

o BYLG2-19499



BsT

led Copy,

oL

nicont

9/2008,

I

25/0

opYy:Arup,

-

o

sed

Licen

BS 5228-4:1992

A trench may constitute a safety hazard. If the
trench 1s not self-supporting, a flexible support
mechanism, e.g. bentonite suspension may be
needed. Care should be exercised in locating the
trench Lo avoid any loss of support to Lhe structure
it 1s Intended to protect or to the piles being
instatled. Care should alse be taken to ensuve that
the stability of the piling equipment is not
endangered by the prescaece of the treneh. The wall
of the trench closest to the piling operation may
sulfer progressive collapse during the course of the
works. Provided that the safeguards in this clause
are observed, such behaviour is acceptable as an
energy releasing mechanism.

At the conclusion of the velevant piling operations
the trench should be backfilled carefully to reinstate
the site.

Bpecialist advice should be soughl prior to
emhbarking on cut-off trench conatruetion. Trenches
should not be regarded as the universal panacea for
vibration problema.

9.%.4 Reduction of energy input per blow
{or cycie)

Consideration of the velationships 1) and 2)

(see Appandiv B) suggests that therc is a
dependence of the peak particle velocity on the
energy input. For both relationships, the p.p.v. is
seen to depend on the square root of the energy
input. For example, halving the energy per blow
{or eycle) would produce a p.p.v. of 71 % of its
oviginal value. It is sometimes found that reducing
energy per blow has an appreciable effect at close
quarters, but that at greater distances there iy
sulfielent scatier in the resulis to indicate thak
modifications to the energy do not appear
significantly to influence the p.p.v.

The penalty for adopting this method 1= that more
blows at lower energy will he needed 1o drive the
piles io a required depth. The irade-off will not
necessarily be lincav owing Lo other losses in energy
in the svstem. The advent of inodern hydraulic
hammers, 1 particalar, has permitted a groater
degree of control, and flexibility in selection, of input
cnergy and ths may be used to advantage, in
combination with appropriate monitoring, to
minmmize problems. For example. when driving
piles close to buildings with shallow foundations or
in the vicinity of shallow buvied services, monitoring
of the vibrations could enable an assessment Lo be
made as 1o the appropriatencss of stavting the dvive
with low hammer drops, subsequently increasing
the encryy as the toe of the pile reaches the founding
stratum at greater depth.

Although in general terms il is accepted that
vibrations at any level may contribute to futigue
mechanigms in structures, the relative importance
of vibration intensity and number of cycles at that
Intensity is not sufficiently understood. Under Lthe
appropriate circumstances, however, i mnay be more
accepiable, or even preferable, to reduce the energy
per blow, thus limiling the p.p.v. but suslaining a
longer period of pile driving.

NOTE  Special arrangemenis may be needed wheve piles are
driven Lo a set. Dviving o a set entails counting a number of
blows from a standard height of drop (ztandard for the particular
irtling system) for a given (small) penetration, or by measuring
the penctration obtained after a given numbor of blows from the
standard height of deop. H should be borne in mind that set mav
not he achicved when using the lower dvop height initially chozen
we reduce vibralion magnitaede,

9.2.5 Reduction of resistance to penetration
9.2.5.1 Pre-boring for driven piles

When piles are to be driven and there is the risk of
oxeessive vibrations emanating especially from the
upper straty, the problem can sometines be reduced
by pre-boring. This process romoves some of the soil
which would otherwise have to be displaced in the
carly stages of pile driving. There is some evidence
to suggest. that the final level of vibration during
driving would not be veduced, although there would
be a reduction in the nuinber of blows needed to
achieve the proper pencelration.

A variant of this procedure which can be used with
top driven cast in place piling is to commence by
driving the tube open-ended. A plug of soil is formed
within the tube, which 1s then withdrawn and the
plug s removed. This may be vepeated several times
before the shoe is Btied and the tube driven
elosed-ended in the norimal manner.

9.2.5.2 Mudding in for rotary bored piles

Whilst pre-boring is used in the consiruetion of
rotavy bored piles in order to reduce the resistance
of peaetration of tempornry casing, it is often
coupled with mudding in to reduce the visk of
collapse of the sides of the bore,

Following normal pre-boring o small quantity of
bentonite slurry is added to the borehole and the
auvgeris rotated vapidly 1 ordey to stir up the sheery
and any collapsed material from the vnlined sides.
The casing s theo offered into the hole. its
peneiration being assisted by the lubricating action
of the mud slony. Depending on conditions the final
seating of the casing may be assisted cither by use
of a twaster bay (Lhe casing being spun in), or by
tapping with a heavy casing dolly or by using a
vibrator. The use of these latter iwo itens should,
however, be minimized.
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9.2.5.83 Adding water to the bore hole for impact
bored piles

The level of vibration from the impact bored piling
method is gencrally considered aceeplable and the
method is frequently used on confined sites adjacent
to existing styuctures. The level of vibration
increases with the resistance to boring and
particularly when Lthe boring tool fails Lo make
mensurable progress, for example in dense dry
gravel. Progress can be inereased by adding water to
thie bore but great care is needed to ensure that the
casing 18 advanced in pace with the boring tool and
that excessive use of watar is avoided to reduce
overboring and the consequent risk of undermining
adjacent slructuves.

9.2.6 Excavation under bentonite

An alternalive procedure for boved piles using very
long easings where there are substantial deplhs of
water bearing sands and silts, 15 lo drill the piles
under bentonite suspension.

Tt may then be possible to reslrict casing to a
relatively shorl length, thereby avoiding the need to
resort to the use of either vibratory or percussive
dollies for insertion ov withdrawal.

9.2.7 Avoidrnce of shear leg contact with
sensitive striuctures

Tripod impact bored piling rigs can imparl
vibrations and shocks through the shear legs.
Wheve. as is often the case, there is a confined
working area for a tripod care should be taken 1n
seiting up the vig at any pile position, to avoid
having one of the legs or its support in direct conlact
with any adjacent building which may be sensitive
Lo vibrations.

9.2.8 Remouval of the “plug” when using casing
vibrators

As explained in A3, vibratory drivers have
diftficulty in penetrating densc cobesionless soils,
Where such a3 machine 1s used to insert a casing ko
a stratum of medium dense to dense granulay soil, a
plug of this soil will aceumulate inside the casing.
The vibrator will now be confronied with additional
resistance. thus slowing penetration and probably
accentuating environmental vibration levels,
Provided the boring vig has a sufficiently high
rotary table it should be used to drill out the plog at
intervals belween short periods of vibratory driving.
This procedure should substantially reduce the total
amouint of time needed for use of the vibrator.

9.2.9 Bottom-driving

Claims are made from time to fame that
bottom-driving resulls in lower vibration levels than
Lop-driving. The method can be applied to some
permanently cased piles and some specialized
cast-in-place systems.

The process is certainly quieter than its top-driven
counterpari; however any reduction mn vibration
intensity may be associated with the generally
slower rate of production. Maintaining the same
rale of pile penetration as lop-driving may result in
similar vibration levels.

10 Measurement
10.1 Monitoring

In order to ensure optimum control of vibration,
monitoring should be regarded as an essential
operation. In addition Lo vibration monitoring,
static tell-tale measurements can also be vseful,
Precision tell-tales arve capable of registering longer
Lorm trends and can provide early warning of
mnpending structural problems.

it should be remembered that failuves, sometimes
catastyophic, can oceur as a result of conditions not
divectly eonnected with the transmission of
vibrations, ¢.g. the removal of supports from
velaining structures to facilitate site access.

Where site activitics other than pile driving may
affecl existing styoctures, a thorough engineering
appraisal of the situation should be made al the
planning stage.

1{).2 Methods of measurement
10.2.1 General

The method selected Lo characterize building
vibration will depend upon the purpose of the
measureinent and the way in which the results ave
mtended to be used. Although a measurement
technique which records unfiltered time histories
allows any desived value to be extracted at a latey
slage, 1t may nol be strictly necessary for the
purpose of routine monitorimg.

10.2.2 Positions

The number of measurement positions will also
depend upon the size and complexity of the building.

© BSI02-1549
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When the purpose is to assess the possibility of
structural damage, the preferred primary position is
in the lowest storey of the building, either on the
foundation of the ouler wall, in the outer wall, or in
recesses 1 the outer wall, For buildings having no
bascment, the point of measurement should be not
more Lthan 8.5 m above ground level. For buildings
with move than one storey, the vibration may be
amplified within the building, In the case of
horizontat vibration, such amplification may be in
proportion to the height of the building, whercas
vertieal vibration tends to inerease away from walls,
towards the mid-point of suspended floors.

It may therefore be necessary to carry out
measurements {which should be simultaneous if a
transfer lunction is required) at several other
positions to record maximum vibration magnitudes,
When the building is higher than four floors
(approximately 12 wm) additional measuring points
should be added every four floors and at the iop of
Lhe building. When the building is more than 10 m
lonig, the measuring positions should be selocted at
a horizental spacing not exceeding 10 m.
Measurements should be made on the sule of the
building facing the source.

When the purpose s 1o evaluate human exposure to
vibration i Lhe building, or to assess the effeet of
vibration on sensitive equipment within the
butlding. measwrements should be taken on the
structwral surface supporting the human body or
the sensitive equipment.

When ground vibration sources ave being considered
it 15 usual to orientate the transducers with respect.
to the vadial direction, defined as the line joining the
source to the transducer.

When studyving structural response to ground
vibration it 13 more ugual te orientate transducers
with respect to the major and minor axes of the
building structure.

H it is uot possible to make measurements ut the
foundation. transducers should be well coupled to
{he ground.

NOTE  Anformation i= gren in BS 7T385-1.

10.2.3 Parumeter to measiire

With an impulsive source of vibration it is usual to
measure the peak value attained from the begmming
to the end of a dvive. It is also usual to measure in

terms of peak particle velocity (p.p.v.) if the risk of

damage ro the building is the primary coneern, and
there 13 also an interest in human reaction. If the
coneern 1s purely for human tolerance, then
acceleration s the preferved parameter. In the case
of sensitive cquipment. it is necessary to check the
environental vibvation limil data supplied by the
manufacturer and select aceordingly.

Table 2 contains dala that assisl the selection of
instrumentation.

Tn order to adopt an appropriate cost effective piling
procedure, a survey of the sensitivicy of the
neighbourhood (o vibration prior to issuing tender
documents is desivable,

10.2.4 Record sheets

An important aspect of montloring vibrations is the
preparation and maintenance of vecords of salient
details of the site observations. The format to be
adopted will vary according to the circumstances
appropriate to cach investigation.

NOTE  Appeadix DD contains examples of pra forma recovd
sheets for site measuvements and for vibration data summaries
which hove been devised for a muolti-channel digital data
acgnsiben svstem, Appendix 13 i= included for mnformanion only
and docs not form part of this standard,

10.3 Trial measurements

The various formulae which have been developed
empirically to prediet vibration levels at a veceiving
pomt do not take into account variablity of ground
strata, the pile-soll interaction process, coupling
between Lhe ground and the foundations, ete. Hence
these formwulae can only provide a first assessment
of whether ov not the vibrations emanating from a
gite are likely to constilute a problem,

More accurate assessment can be achieved by the
“ralibration” of the site, 1.e. the establishment of a
site-specific formula. The data necessary lor Lhe
derivation of the formula can be obhiained from a
trial drive using a mling rig, or by dropping a larec
weight (lypically it to 2t) in the case of lupact
driving, on Lo the ground surface and vecording the
vibration levels successively at various distances
from the point of impact. The preferred method 1s (o
cast a ! m cube of concrete and to drop it from a
height of 1.5 m. A range of heights can however be
emploved, varying between 0.5 m and 2 m. The
point of impact should be well away from adjacent
structures,

Vibration measurements may also be taken on
structures to provide information on the coupling
between the soil and the foundations and
amphheation effects within a building. A vange of
inipact energios should be used 10 encompass the
encrgy levels associated with the intended piling
wirlks,
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Table 2 — Vibration effecets on different subjects: the parameiers to measure and the ranges of
sensitivity of apparatus to use

Subject area

Examples

Measurement paramster and ranges of sensitivity

Equipment and processes

Taboratory lacilitics

Displacement between 0.25 ym and 1 pm in
{requency range 0.1 Bz to 30 Hz
Acceleration between 1077 g and 5 % 1072 gin
frequency range 30 Hz 1o 200 iz

Microelectronies facilitios

p.p.v. between 6 pm/s and 400 pm/s in frequeney
range 3 Hz Lo 100 {2

Acceleration between 0.5 X 107 gand § x 10 ° g
in frequency range 5 Ha to 200 Hz

Precision machine tools

Displacement between 0.1 pm and 1 um

Computer

Displacement between 33 pm and 250 pm
Accelevation (run.s.) belween 0.1 g and 0.256 g at
frequencies up to 300 Hz

Microprocessors

| People

Acceleration between 0.1 gand 1 g

In dwellings or hospitals

Vertical acceleration (rm.s.) from 3 x 1077 g
to 5 % 10 % g in frequency range 4 Hz to 8 Hz
Vertical p.p.v. from .15 mm/s 1o 15 mm/fs in
frequency range 8 Hz to 80 Iz

Horizontal pop.v. fvom 0.4 mm/s Lo 40 mum/s in
frequency range 2 1z to 80 Hz

In offices

Vertical acecleration (rms) from 1% 1077 g |
0 1% 10 ! g in frequoncy range 4 Hz to 8 Hz
Vertical p.p.v. from 0.5 mum/s to 20 mm/s in
frequency range § Hz to 80 =

Horizontal p.p.v. from 1 mm/s to 52 mm/s in
frequency range 2 Hz to 80 [z

In workshops

10 6.5 x 10 | g in frequency range 4 Hz 1o 8 11z
Vertical p.opov. from 1 mm/s to 20 mm/s in
frequency vange 8 Hx to 80 [z

Horizontal pp.v. from 3.2 mm/s to 52 nunfs in
frequency range 2 Iz to 80 Hz

Buildings

Residential o
commercial

p.pov. from 1 mmfs fo 50 mm/s

Undderground servives

(Gas or water maimns

[}ispl:i"ce'lhent from 10 pm 16 400 pm
p.pv. from 1 mim/e to 50 mm/s

NOTLE 2

NOTE 4 g, 1= accelevation due o gravity, e, 81 nds"

2

NOTE | Fxcent where rool mean square (r.m =) aceelerations ase quoted, all measuremont ranges, whether Maplacement, veliwity
or aceelevations, are 1 Lerms of zoro-to-peak.
The ranges given depend on the dominant frequency of vibration {see clanse 8,

NOTE 3 Typical ranges from cyuipment and processc= vary considerabiy, depending on the sensitiviey of the equipment installed.
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Appendix A Description of vibration

A1 Types of vibration

Vibrations may be categorized in several ways as follows:
a) continuous vibrations in which the cyelic vanation in amplitude is repeated many times:
b) transient vibrations in which the eyelie variation in amplitude reaches a peak and then decays away
towards zero relatively quickly:
c} inlermitient vibrations in which a sequence (sometimes regular, sometimes irregular) of transient
vibrations occurs but with sulficient intervals between suceessive events to permit the amplitude to
diminish to an insignificant level in the interim poriods.

xamples of these types of vibration within the piling ficld ave:
1) eontinuous vibrations from a vibraling pile driver;
2) transient vibrations from an iselated hammer blow:
3) intcrmittent vibrations from a drop hammer pile driver.

NOTE  Some air operated hammers have safficiently rapid striking rates to prevent the amplitude of vibeation diminishing w an
insignificant level between sueeessive events for impacts), In spite of the impalsive natare of the wave lforin the rezulting vibrations
may b described as contimoons,

The vesponse of soll and struclures to continuous vibrations is to vibrate in sympathy with the vibrating
source, i.e. at the same frequency or harmonics Lhereof The resuliing vibrations ave, thevefore. known as
torced vibrations. Tmpulsive shocks giving vise to transient vibrations, on the other hand. exeite the natural
frequencies of the soil-strueture combination and thus the resulling vibrations are known as free
vibralions,

A2 Characteristics of vibration

Vibrations are physically charaeterized as wave phenomena. They may be transmitied in one or more wave
types, the most common of which are compression. shear and Rayleigh (or surface) waves. Each type of
wave travels al a velocity which is charactenstic of the material properties of the medium through which
ibas propagated. The wave velocity determines the time lag between the event at the souvce, e.g. the pile
position and the remote receiving point. Tt does not, however. determine the severity of the vibration
response ai the remote veeciving point, although the matevial properties of the transmitting medium play
a significant role in this.
As the wave passes through the receiving point the particles of matter undergo a vibratory o oscillatory
motion. It is the intensily of these escillatory particle motions which determine the vibration response at
the receiving point.
The oscillalory motion can be characterized physieally in terme of the following:

a} a displaceinent about the mean value A4;

b a particle velocity ¢

¢} an acceeleration a;

d) frequency of the disturbanee f.
In the case of sinusoidal wave propagation these paramoeters are gimply related by the formulae:

v= 2!?}/1

¥ 6 ~ .

a —dnf A = 2afr
where the syinbols are cach assigned their peak values.
it is not normally practicable to measwure all four parameters simultancously and indeed this is nol
genavally necessary, since for the majority of frequencies of interest in piling operations the peak particle
velocity (p.p.v.) is the best indicator of the vibratory response, especially when it is combined with the
frequency content of the disturbanee. Further guidance on human vesponse to vibrations may be found in

BS 6172
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A.3 Vibrations associated with specific operations

A.5.1 Intermittent and transient vibrations

A.3.1.1 Single-acting pile hamuers

Intermittent vibrations ave obtained with most single-acting pile hammers. A variety of mechanisms may
be used to ratse the hammer after each blow, e.¢. winch rope, diesel, hydraulie, steam or compressed air.
Some diesel and air hammers are double acting and have considerably more rapid striking (or repetition)
rates than convenlional free fall hammers. This may result in vibrations being set up in certain
circumsiances (see note Lo A1)

A3.1.2 Impact bored piling

Traditional impact bored piling gives rise to intermittent vibrations, both in the boring process when the
boring teol is allowed to fall freely to form the borehole, and also when temporary casing is being drnven or
extracted.

A.3.1.3 Rotary bored piling

Although rotavy hored piling Londs to set up low level vibrations, transient vibrations may also oceur when
the auger strikes the base of the borehole. I 11 is necossary to insert an appreciable length of temporary
casing to support the boring, a easing dolly may be used and, as with the impact bored piling method, this
will give rise Lo inlermitient vibrations. The use of special Lools, such as chisels, will alse vesult in
intermitlent vibrations.,

A3 1.4 Clamshell grabs

The construction of diaphragm walls and barveties using clamshell grabs may also give rise to transienl or
intermitlent vibrations. The grabs may be operated cither hydraulically, or by rope, but in each case they
impact (with open jaws) on the soil in the trench. Sinee the excavation is filled with a bentonite suspension
for temporary support there will be a modest buoyaney factor.

AB.1.5 Free falling tamping weights )

Cround treatment by dynamic compaction using large {vee falling tamping weights results in intermittent
vibrations. The process is generally carried out on large sites to improve the density of relatively loose soils
ov fill materials. The major frequency coment of the free vibrations tends to be very low.

A3.1.6 Other operalions causing intermitient vibrations

The formation of stone columns using plant designed for driven cast-in-place piling is another source of
intermittent vibrations.

A.3.2 Continuous vibrations

A3.2.1 General

Continuous vibrations differ [rom intermittent or transient vibrations in that the vibratory stimulus is
maintained through a sequence of eycles. [f the frequency of the vibrations coincides with a natural
frequency of, e.g. a structural elenient. then resonanee can be indueed. The resulting vibrations then
exhibit substantially higher amplitudes than otherwise would be the case. This should be borne in mind 1f
the criteria recommended in 8.4.2 are used for the setting of acceptable limits for vibrations at the remole
receiving point,

NOTE  For continueus vibmtions the variabile: mentioned primarily in conjunction with intermirtent vibrations are all significam
(excepl that energy per blow i replaced by encegy por evele) in determimng the imtensity of vibration.

Continuous vibrations ave associated primarily with vibratory pile drivers. They are used for installing or
extracting steel sheot and H-section piles and temporary or permanent easings for bored piles. Small
vibrators ave used for inscerting reinforcement cages in continuous [light auger injected piles, and during
the extraction of the dviving tube following the concreting of a driven casi-in-place pile. The vibration in
this latter case assists in compacting the concrete in the pile shaft, und the technique is employed as an
alternative to hammering the tube duving ils extraction.

AL3.2.2 Vibratlory pile drivers

Vibratory pile drivers can be very effective in loose to medium. cohesionless ov weakly eohesive soila. The
continuous vibration of the pile member effectively fluidizes the immediately surrounding soil, removing
contact frietion during a fraction of each vibration cyele. The mechanism is thwarted in dense cohesionless
soils and stiff cohesive soils, and a vibrator used at length under these civeumstances merely succeeds, in
increasing the level of environmental vibrations at the expense of very slow penetration, especially with
displacement piles.
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Most vibratory pile drivers derive their cyclic axial motion from one or more pairs of horizontally opposed
contra-rotating cceentrie weights which may be powered hydraulically or eleetrically. The design operating
frequency of these vibrators is typically in the range 25 Hz to 30 Hz which is vather higher than natural
[requencies associated with loose or medium loose soil sites. This can lead to a high and possibly dangerous
(although short-lived) vesponse al the vemote receiving station whenever the vibrator is switched on or off,
as 1t accelerates or decelerates through the range either of site [requencies or of the natural frequencies of
floor slabs, ste.

NOTE 1 Axa guide. whole building cesponse for buildings up w four ~toreys in height, as apposed Lo building slement vesponse,
generally occurs at freqoencies between 5 He and 15 He, Buildings clement response, e.g, =labs, may oceur at freguencies

between 5 He and 40 He. For buildings more than four storeys in beight, the whole building response frequency is likely 16 he less
than 3 1z 0 12 He,

NOTE 2 Care should be taken when vsing vibraiors with frequencies tess than 23 He.

A.3.2.3 Resonant pile drivers

A similar principle to that for vibratory pile drivers applies to very high frequency resonant pile dvivers. In
this case the vibrator is eapable of oscillating at high frequencies (up to 135 Hz) and 1s designed to tune to
one of the natural modes of vibration of the pile being driven, in order to obtain the benefits of pile
resonance.

A3.2.4 Conlinuous flight auger infected piling and jacked piling

The levels of vibralion associated with continuous flight auger injected piling and jacked piling are minimal
as the processes do not invelve vapid acceleration or deceleration of tools in contact with the ground but
rely 1o a large cxtent on steady motions. Continuous vibrations al a low level could be expected from the
prime movers.

A3.2.5 Vibroflotation and vibroreplacenient

In ground treatment processes by vibroflotation or vibroreplacement, a rotaling eccontric weight in the
nose of the machine seis up a mainly horizontal vibration pattern. This is basically a much enlarvged version
of the familiar vibrating poker used for compacting concrete. Pokers for vibroflotation are gonorally
energized by clectric or hydraulic motors and typically operate at frequencies between 30 Hz and 50 He,
A3.2.6 Vibrating lunces

Another ground treatment process is the installation of vertical band drains. This may be achieved by using
a vibrating lance. The vibrator 1s similar in concept Lo, but somewhat smaller than, vibrators used for pile
dviving,

A3.2.7 Other operalions causing continuous vibralions

Continuous vibrations, albeit at low intensitics, may be experienced from diesel engines, for example from
impact bored piling winches mounted on skids, crawler mounted base machines, and artendant plant.

Appendix B Prediction of vibration levels

Simple empivical formulae relating peak particle velocity with source energy and distance from the pile
were deduced by Attewell and Farmer® from field measurements. and have been used for many vears for
prediction. Move recent studies by Attewell and his co-workers have confirmed and vefined their 1973
proposals. with a series of formulae characterizing different types of pile and piling hammer being derived.
For the purpose of this appendix il is sufficicni to note that a general relationship for hammer-driven piles

W
& 055, —* ) (1) |
-
and for vibratory-driven piles is:
;W .
g Ly L (m|
-

where:

v 15 the peak particle velocicy (vertical component) (in mm/s):

TATTEWELL. 5. FA RMBER, LW Avenwation of ground vibrations from pile driving, Gronnd Fngincering, 801, 2629 1973
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W, 1s the source energy per blow (or per cycle) {in J);

r 18 Lhe radial distance between source and veceiver (in m).

Lise of either of these formulae will enable a predietion to be made of peak particle velocities (p.p.v.) which
are unlikely to be exceeded significantly in the vast majorily of cases. In fact in many cases the predicted
values thus deduced will be found 1o over-estimate those which will oceur in practice, for some ov all of the
following reasons.

a) Regression analysis of data from numerous case histories was performed on the highoest peak particle
velocities found in each data set rather than "average” values,

b) Although in driven piling the source of the vibrations is axially directed and thevefore predominantly
vertical, the threc-dimensional nature of the resulting wave paliern ensures thal some oscillatory
movement will oceur in the horizontal planc. Furthermore, horizontal components may well dominate
at elevated locations on relained or retaining walls or on structures subject to vibrations from
vibroflotation operalions,

¢) The constant 0.75 in equation (1) reconciles differences in unils and averages soil conditions and
driving efficiencics. Further commentary on the varations in vibralion response dependin% on Lha
nature of the soil may be lound in other publications, e.g. Wiss (1 967)" and Martin (1980)".

d) Where the plan distance between the sounrce and the receiver exceeds the depth of the pile i may
reasonably be substituted fov the radial distance r. However, when piling close to a structure the rvalue
would be very dependent on pile depth, and so an indication of Lhe depth al which significant resistance
to driving is likely to occur would be important in making an assessment. {n Table 3, r is generally taken
as plan {or hovizontal radial) rather than radial distance. '

o} Measurements made on the ground surface tend to yield levels which are greater than those made on
adjacent load bearing structure. A variation of a factor of 2 is not uncommeon (sce for example Martin®
and Greenwood and Kirsch™).

B 1t can be seen hrom Table 3 Lo Table 13 that in many cases satisfactory levels can be achieved when
the remote receiving point {see 8.1) is at velalively close quartors. In this nearfield situation it is nat
practicable to digeriminale between the various wave types.

Appendix C Measured vibration levels

Information on measurcd vibration levels arising from varvious forms of pihng and kindred operations has
been summarized in Table 3 to Table 13, Data have been compiled from case histories recorded throughout
the UK. Examination of the tubulated results will indicate Lhe magnitude of scatter that can be anticipated.

Notes 1o Table 3 to Table 13

N/R Not recorded or not veported
v Vortical
il Horzontal

p.p.v. Where peak particle velocities arve quoted the values will normally be resultant or

substitule resultant values (e, veclorial sums of the three orthogonal components) unless
indicated to the contrarvy.

Indicates that the p.p.v. shown hag been caleulated fvom measured displacement and
frequency of vibration.

Indicates that the p.p.v. shown has been calculated (rom measured acceleration and
frequency of vibration. .

! Tndicates that some annayanes (human perception of vibration) was reported.

See explapation in appropriate “Remarks” entry,

TWERE L fhmnage effects of pile driving vibratines, Fhghwavs Rescavch Boovd USA Noo 1350 11200 18567

TNFARTIN, Db Groand cibrations o impaet ple defeing durving vood constrsction, TREL Sopplemencary Report 519, 1950,
Fransport and Road Reseavch Labovatory. Crowthorne, Berkshive,

BGREENWOOD DA and KIRSCH. 1. Specialist wround tveatment by vibratory and dynamic methods, Provecdings of

the 1983 Institution of Cieil Engineers Buernationad Canference on advances i piling oo groind treatwesd for

Joredations, 17-45. London, Thomas Telford, 14961
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Ref No. Where the reference is unprefixed, this represents a ease history associated with an actual
site. Where investigations yielded inadequate (or no) measurements, they have heen
omitted.

Where the refercnce number is prefixed by "C”, this represents a case history coniributed to
the CIRIA project RP299. The project report is CIRIA Technical Note 142 by J.M. Head and
M Jardine. Only case histories reporting measuved vibralion levels with velevant
distances and some geographical infermation ave included in the Lable. Where the reference
numbey is prefixed by “M”, this represents a case history which docs not fall into either of
the above two categories.

P Penetration phase © for vibrollotation/vibroreplacoment
C Compaction of stone column phase )
0 BS102- 1994 35



Table 3 — Summary of case history data on vibration levels measured during impact bored piling (tripod)
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Ref. | Year and Sail conditions Pile | Muode Measured peak particle veloeity (p.p.v.) at various plan distances Remarks
Nao. lecation dimansions | " T
“ ! . i I'Thearetical Plan p.pv. | Plan PPy, Plan p-p.v.
energy per | distance distance distance
blow .
! m s n nmds m mmds
171 fondon B2 [ Made Bepth 12 m Brring N/R R R 2.1 1.6* 3.7 1.1* Measured an
wroundiray el ' ground next to I7th
Il,tmrkm (:Iu\-' ceniury church
2 1972 Londan SW 1| Made srounddseft [ 300 mm e Driving casmng . N/R 2 3.4 G I L 0.5% Heovontal vadind
claviillasti ‘l.“”L]‘ NI Faze ramming | 1.5 G.2% | 3 I MUaEl e mants
Lomidon elay GO0 mny & wravel ;
- Sl depth N/R
34 1973 Lelien 502 | Made TR 1= Driving casing | N s 245 Measured on FTth
grouncl/peatf 20w depth century church
gravel/Londan
clay
+ 1971 Nunednlk Soft ~ilt=fuavels !; MR Ideiving ensimg | WK 1.3 2.4 Cracking of
{l.outh) boulder- adpernt rmpml't.y
owing 1o loss of
ground pruor to
: | piling
Phe 1980 Lutan (Bed<) | Ballastichalk G mm ¢ STl bovig | KT 10 D0 shoyed retaining
; "85 mdepth : will in pour
. jeanditinn
G P 1880 Yurk { Rubhle with 150 mm o Boring PN 1 A 2.5 i 3 2 Adjacent structores
SN Yorks) Cubstructhionsf=ofl | 1003 mdepth vy casing | N/R 1.2 4 L‘.](lt.'l'li.\' with
Peilny cladstitf etay Drving casing | xip 1.2 16 eXsting vracks
AT
AT SRER AT : I
Te 1951 Tayrmanisnft A0 mm @ Brring N/R 3 I 20 n.7 Vertical | mumis
cBerwick-upon- sy }:hrrm;:h : at 6o
P [T armac ot .
[\I\'m‘rl ffllllt;\l___ ) Fnetn s mdepth | Boring NiR i 125 Vertical component
INorthumberlandy | clayisandstone phatvuction anly measured
lreel it thoulder)
5 1982 il inckudimg C150 i o Diyviving casing | N/ 2.5 & na 1 2 O1d buildings
Ptncktun-ansTees | Hmbersisand/ P1Amito 15 m Baring NIR 1 8 6.5 Fl 11 2 {one ]1-‘:-1'-“‘_1) ]
(Cleveland) huulder clay depth through adjacent o zite
ahatruction
il 1982 Tondon SW1 | Fillisandy 00 mm o Buoring NiR 1.5 2.2 Near toa telephang
siltfwet 12 m depth exchange
ballastTondon ! Treal bovings
lelay below 9 m i X {pro-contract}
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Table 3 — Summary of case history data on vibration levels measured during impact bored piling (tripod)

Ref, | Year and Soil conditions | Pile Mode Measured peak p:;rticl(-z veloeity {p.p.vy at various plan distances Remarks
No. \ location dimensions Theovetical | Plan V. | Plan P [ Plan p.pv.
) energy per | distance rdistance Mdistance
; hlow : i i ;
i n mmis ™m Ml m mmds
] 1982 Bristod St =ls SAND ol Boring SN 1.5 5 n 2T 112 i 1.4 “Medieval heted
fAvan) averlying GO0 mm e 3 m R Do i ) - ) huildings adjacent ta
cndutone T , Chizelling N 4.8 12 10 i 12 3 Caitn
12 m depih . i i L
according to Driving casing | N/ 1.5 9 12 2.5
rackhead. Borving IR 15 26 Th 51 _ N
) Chisetling I NIK 5 Gn 1 y Afterpre-drilling
ClA v peneteacion o PIEEHIDRE ‘ B o 8 i rock
rock sockets /
t [982 Hulilux Liowsee rock 1ill At e Baving MLt N a2 25 .65 48 J0LA5 dendibive induwstria
(N Yok nver weathored [ B mtn 17 m Hase ramming | N/R 0 15 15 13 30 V1B process in adjacont
rock ovor rock depth Haockll : hulihing
s T8RS Swansexn Made ground! 300 mm e LA m | [having casing - N/ vl 10 ] 0.8 T Monsured on
{(W. Glamorgan) | dense sandsand | depth Boving NiR o1 g8 1t 075 adjacent
gravel with ’ Fosommereial
cobbles ol ' ohuilding
berulebers s
Driving casing | NAL T 6.1 11 1.5 ! Vo Measured on
R T, " - T K ¥ voied surliee
Boring NR [ G0 1.0 |4 b Aheve 19th
century spwer
B 1081 Lanendn Backfidled 500 mm e Base rammnwe | N/R 1.5 R 20 b1
{1anes) quars-aroutedd CTnitial buvmg P NAR [ 12,1 20 0,73
) =it sandy clay : S
‘ ili‘fl][H‘“’--‘“l""'ﬂ 12mital3m Driving vasimg Nt 1.5 KM 20 0.1
Phlockihas clay o Tav bor ‘ q= w20 :
! below 6w depth Clay boriog NR 1.3 0T 016
I} 1953 Lundun Backiilled G0l e Boring NiK 0.5 a5 & 3.7 Muasured on
! e surnbianft candy |29 e 23 m {ohstructon) retained Ceades
. sa1lfhallasg depth Boring (stunesy | NAL b 4.9 Difterant pile
A ¢ oeleaytags L _ " R o
E:LHE‘?N:E;E"’N Driving casimg | N/IR 0.7 1.5 3 1A . u! 4.9 | position
Lonchin clay ,
helow 8.7 m
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Table 3 — Summary of case history data on vibration levels measured during impact bored piling (tripod)
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! Ruef. Year and Soil conditions Pile Mode Measured pealt particle veloeity €p.p.v.) at various plan distances Remarks
N, location dimensions - - T
Cheoretical Tlan p.p.v. Plan PRV, Phan p.p-v.
energy per | distance distance distance
biow
m mmifs m mnis m LTTES
15 1981 Guilellord Suvface 150 mm @ Titial hoving NIR 2.5 10.1 3.5 12.4 T G.h Sensitive cquipment
{Surrev) cyustivery =nit 12,5 m depth | through erust m adjacent building
: Clasfsands (nrotected hy cut-o
R trench)
pabavelsiclay
clay henizon o
hetween G m Nriving casng N C2.5 34 3.5 B3 7 36
and 8.5 Puring =oft clay N/ R 1.1 T 0.8
11 1984 London EC2 M ade GO0 Mm@ Driving easing ~NIR 3 Tl 3.5 2.3 LO§ n.9% Measured on retained
groundidensn 22 mdepth T Boring cising N 3 bt A0 1.6 104 r.&a68 | faeade
Ballagt/Londen - Shaking clay out
clay below 5.4m {of pump NIR 3 75 |55 0.5% | 10§ i1, 15§
Boarae hrck sork :
phatenction N 6 a6 | 26 | 138 1ss
17« 5 1D&S Londnn KO3 | Made CR Nrving casing Trial bovings
ground/dense Hom depth P2 rigs Computer equupment
haltast/bondon (2nd at 10 m) N/E Py 25 brvend party watl
Sty below 6.5 m ’ o
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Table 4 — Summary of casce history data on vibration levels measured during driven cast-in-place piling (drop hammer)

. Ret. | Year and I Soil conditions - Pile Mode M Veasured peak particle velocity (p.p.v.) at various plan distances Remarks
Ne. location dimensions Theoretical Plan p.p.v. Plan B-p.v. Plan p.pv.
energy per | distance I distance distance
hlow
i1 ©ommis " mmis ™ s
IS . PO Londan ST | Made b nma Diyiving tubo NIR 2{) 2.7 100 0.9 Botiom-driven
Suround/peats Gmodepth with | Ealarging base 20 16 104 1.1
Thames baliasts | onlarzed base
Lanetan clay
heluw 10 m
19 ¢ | 1482 London Fillihallastd HULINTINIR Driving tube i NVR A0 2.3 Bottm-diven
VA Lo elay ll |an|,[1 'T_nl‘l Kxpellmg plug | ypR o a5
: ’ depth wath Fnlarging base | ... . "
enlarged hase Nikt #0 2.5
200 TuRg Avlosheey [ IETEEN 1300 mu g tuhe NiT 1 K.l 20 a0 fottony-driven
(ks cmaterialiclay P10 depth wath | Expelling plug | g 1 G 20 18
becomimg <tift enlogedl hose Falnrging hise R 4 10 20 1
21 ¢ o [HEE Aldershoo Dense fine zand 3 430 mim o | Phiving tube 589 ke 120 in : Tube deyven open
Hant=) ' Ay om cided fnitially to
depth remove some s
prior tu drving with
shne tng-driven
22 ¢ 11983 Horshuam Peity, silty A50mn 8 Mg tuhe 348 kJ 2] 2.9 28 2.5 35 2. Tap-drven
(W Bussex) alluvia aver TAOM A AmM Fxtiacting tube 21 V2 ZM R 33 3.1
twhale and depth
i Caandstone
234 | 10 Nedhill | Dense fine sad - [430 mm 6 Priving tube {N/R 225 31 41 1.1 Totlome-cdriven,
(Sirreyl with o nstone A depth (max) Expelling plug 173 1.25 promiplter st m
hands S0 avernge) acacent building
2he 10 Weymiouth “Zmta 3om thick 350 mm & Drivimg tube AT L 5.0 il K] A6 Top-irmven
CDereety L'I'Ui-‘*‘ ot -“-'1]“['-“' " 15 m depth Sopen unded
and pravel over e et Ty - .
:-g.Lr[uu{':ln L.il[it\(' : Same with s Driving tube 471 L i3 5.3 13 1,44
clay hecuming enlutgund hase with shoo
| firmer a greater Exrracting tube ! 8.5 28 25 2.1
! deparhy Fnlireing b
! onlirging hase 95 Py
234 1051 Cambridee - 175 m to 6,53 m Fandmm a Driving ruhe AT 1k [ ERY 22 3.1 34 20 Top-driven, sensitive
(b i(J(Ih‘][.' ﬂ]H HISHE ' lill ml r 11 m Lnlargring hise B 10 2w 14 44 11 couipment i
aalt elay ctlepth wat Foxtrncting tube . i . - . L adjacent hudding
hecemime stfter anlarged bave I3 IRt i ; 2.5 hE| 1.0 L g
Cwith deplh
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Table 4 — Summary of caze history data on vibration levels measured during driven case-in-place piling (drop hammer)

ri{of Year and Soil cunditions Pila Mode Measured peall particle velocity (p.p.v.) at various plan distances Remarks
No. Incation dimensions Theorctical : Plan [PATRER Plan | PRV Plan | Py
Energy per i distance distance ! distance
blow
T m TN m s m mimss
26 ¢ Ty London 611 Fitl over Thames 80 mm o Driving tuho AT KT L 12 LB 21 3.4 Tap-clriven. clusc (o
: hallast 3 m deynth [stracting tube R 3.2 ! 12 o 2.8 2] 2.0 main =ervice pipes
27 # 198 [sleworth Clavey 30 mm @ Driving lube 1235 ki 30 1.05 38 nas 40 0,66 Tap-driven. measured :
(Cyearer Londuny filiLoadan clay - [10m e 12 m Enlavging basc R5 D076 an su=pended tlaar in
. Mepth Extracting tube a0 055 A cumputer reony
Sune with 3 2 R
enlarged hase
2% 4 [ 1984 Portsmouth | Dense fine sand (100 mm 2 Ihriving tuhe 471 kT o) 1.2 3 0.72 Top-driven
[Hunt=) Syt G om (])pun umi%d L !
. driving tube with i
flepths coe 50 | Lo |63 0.83
xtrating tube A0 .37 i3 031
24 198 1 Londun 141 Soft Tl over S mm g Driving tube iNR 1) T2 Bottom-driven.
dlomse Thames (35 mmGm (il : measured at base of
hil]]:—t.‘jl } depth wath . Driving tube 10 - viverside wall
below b i m erliraed base .
(hadlast) ;
! [xpelling plug 16 14
Fuabrging bise ST GO :
30 e [19R3 Enfield Fillidmee 450 i e Driving tubue 171 ki 9.2 370 14.5 7.3 : Top-driven, measured
{Greater Lanudany  wraveliTondun St 1145 m feyavel) . on eavth relaining
clay helow 3 m [i.m”h . g tube I 9.2 FRTIE 153 21 embankment
Fo fim Spme wlth, . (elav) ' !
vnlarged bosc LA . . - '
Pinlavping hase 19.3 1.4 297 !
31+ (19495 SR e s soft =ity G330 mm a Driving tube W 14 2.2 23 .82 (30 .58 Bottom-driven
Lattlehampton chawdthin Juyverof 10mto 11 m Fxpelling pluy 11 L2 gl 1 30 1.3
(W, Sussend wravebweafhored  depth with Entarging base o - . i ' .
chafk below 81 wplarged base 14 2.3 2.1 ! 88 (30 1.0
e dm
32 ¢ [ TON3 Matcham [Sub-snrface cruse [3530 mm ¢ Driving rube 173 kd 23 3.2 31 28 a2 1.7 Tup-trven
tCreater London) |of Hmte 12m Fonlayging base Rl 1.2 (listet building
. Hogging/Tondoy |depth Extracting tube 2 17 (3l 15 42 0,54
clay below 2 mi o |0 with : .
- enlarged base ,
SAm i
33 e 1943 Ushridge A Gineluding 450 mm & Driving tube 23.0 Lk o 10 | 4.2 14 2.2 Tap-driven
{laveater Londomd "Jl"lilUt-“ U[ graveld [5mto (2.6 m Mriving tube 351 kd W )
Ao cliay depth after preboring 5.3 P33 ] 2.0 13 1.4
belaw 3 m Some with : ; - i
omlaraod has Enlarging hase 3. bag 0 L 3n 13 98
ENITREC DASE | Ectracting tahe 5.5 i 5.0 0 D34 14 2.8
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Table 5 — Smnmary of case history datu on vibration levels measured during dynamic consolidation

BHGT -l 155

Ref Yearand | Soil conditions Tampinyg Mode o Measored peak particle velocity {(p.p.v.) at various plan distances Remarks
No. location weight X Theorctical | Plan I pp.v. Plan BBV, Plan p.p-V.
: ' encrgy per | distance distance distance
! blaw :
. 1 Hl s m mimds n mimds
A 1974 Corby 0 asa 1 up to L339 NG| 25 3.0 1225 0.¥6*
[Northant«)
. : Piiss 2 Sup o L3R M 25 d7F 120 0,33 :
h) 1T Beltast 1 Clay fill 10 147 M) 3 42 24 3.6 1.1 1.75  Dyopping anto
Al wirgin ground
[ L] 14 i2 23 3.2 A9 1.35% % Drepping on to
981 ko 11 n 25 29 19 1.4 } [tm
ETH 1970 Teesside | Hydraulic ti of v Pass ] 2,50 M bl 240 12 53 20 15.4
(Cloveland) clean =and with Pass 2 2.50 M.J 5 177 12 67 20 20,3
sone poebibles
37« 1975 Sand fill containing | N/R 20 m drap 12 1.5 20 R 32 2.5
‘Fl.i1|1t.;e)|'};u1'_\' mueh tine =il 15 m drop 1 20.5 20 N 32 3.4
Men 10 m drop 12 15.5 20 4.3 28 23 _
REI. LT3 Glisgow 1O docks backfilled |15 Pavs 1 2,94 &1 15 22 30 135 50 9 Comparison
'ff:;:\':utuh e ;:(11-{’.;1:\:.1']11:‘:.;“'[!:1:.'1' . Prst-treatment 2060 M 15 30 B 12 A0 5.4 E’;]‘l:‘!:l‘n: i:’lgm"
Stvathelyde ' <H Ty ar e ) - - ) . I ¥ we =
fill :l’u.~[.-1erLm[mt. 221 M 15 27 At kY 11 5.0 e dvap heighis
Post-treatment | 117 M) 15 27 u 14 50 (TR
_ 15 =mallbase)  Postireatment [2.94 M 15 Eb] 30 1 50 B0
: 2 (hall) (Past-treatment |392.1 kJ 15 f 30 23 a0 2.0
AN 1078 Cwmloean [ Loose M1 ol clay | N 20 m dvap 27 i
{Cwentd guirreyidepth 7 oo o
20 m ;
il TIHTG Pory Slag il 153 2490 ML) D 2.1 230 0.16 Measured at
Tat thut _ 294 M 5 72 230 1.4 ground lovel
SOV Glamurgan) Measured at top
of 30 m high silo |
11+ [ 1978 Tandon Ol docks o Uass | 81 kJ 24 4.9 a0 16 n 2.0 :
SI1G i backfilled with 1.96 M 2 155 A0 11.2 70 2.0
: pvarious matera s | :
197% inchuchng 14 Later pass S1.06 W 1 523 22 8.0 1351 24
cohesive clay 15 Loy prss 1294 M.J 6 15
soils with
19K sub=tantial voidage; |15 iPass 1 2.0 M 20 11.4 2% 6.3 3 5.1
Hepth |
1051 Mmool m |15 Pass | 324 MJ 150 L6 j
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Table 5 — Summary of case history data on vibration levels measured during dynamic consolidation

Ret. Year and Sail conditions Tamping
No. Incation waight
I nd
12 ¢ 1979 Walzall I3
O Midlond=)
pERY 1952 Ol refuse tiy, 4
Suuthampton depth 3 m o 5 m
{Hants)
|4 1943 O lasyuw Shaley fill: depth (15
Fimmeston 105 m
; (Strathelyde)
i e 158 (00 sand gquarry [ 10
Fingewintord thacktilled with
W Mud sl nianly granular
materal
meeluding founerey
s :
Ho ¢ 119 Dadley (e openenst 8
(W Maelbaad ) mine, filled with
colliery whale i
' eohe=ive nutris
AT @ 1080 Glavgow Miseellancous &
Iingston sligghtly cohesive
(Srrathulvile) fll: deplth 6 m
W T m
TTUR5 \
FER) 1HEA Ahertdeen Temolitian ]
Hrnmpan) frublile, =ty
! santla preats, ote.,
prerlving hengh
sand; Depth ol il
up e 15 m

Mode

Pasx 1

Pass 1

Pass 1

Pass b

Pase ]

Phas2

Pass

Pass

Pass1

Pazs |

Piss 1

Pass 2

fass 2

Measured peak particle velocity (p.p.v.) at various plan distances Remarks
Theoretical Plan p.p.v- Plan p.p.y. Flan RV
,energy per | distance distunue distance
biagw
m M i mmfs m mmis
221 M G0 11 '
1.47 M G0 T
Ta5.8 MJ [A1] 1l
137 MJ 10 159 14 11.0 27 .2 Measured on
; pipeline
147 M 23 9N i35 69 |40 47 Measured on house
S0M WLE 10 0.2 108 2.8
2,065 MJ 325 ] Tamping un very
shallow A1l
2675 M 14 5.5 A 6.3 A0 i34 Tamping vn desper
! : fill
12,68 M 150 1] :
b2 M Tt 1.4 ! BA 3¢ Slea=ured an 300
yearr old buililing
126 MJ T2 4.1 325 3.4 Meawved v madern
G5 | 3T haouse
118 ALI 15 I 5.1 30 4.2 45 2.3 Deep cut-off trench
118 M. 60 13 75 14 ‘a0 1.4 hetween treatment
| areaand momtorng
' pusiiion
118 ML 15 12.7 30 o584 LT 30 Measured on metal
rack 08 m above
ground level
1.18 &) 13 243 30 9.7 70 5.4 Memsured oninetal
rack 2.7 m above
ground level
2.65 M) 14 137 27 13 01 7.1
2G5 AL 40 3.3 Yery satt fill in this
area
2 (i MET 3 fi.l T 3.1
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Table 5 — Summary of case history data on vibration levels measured during dynamic consolidation

i Haief.
Na.

Yeur and
lxcation

Sotl vonditions

Tamping
weight

Yode

© Measured peali particle velocity (p.p.v.) at various plan distances

Theurctical Plan
distange

QUergy per
hlow

B.Bv.

Plan
distance

AT

Plan
distance

p.p.v.

Remarks

(B

LA+

CIORD Dhravescemd

Pt

TOHS Preston
[Lanes)

18985 Fxeier

(v

COTel dvmies e fill
miTueling hattles
averlving
Thanot =ands
anel chalk.
Doypth of

BT 1.5 m ta 6 m

(1A brickanrks

fr 5.5 m

O quarey
backfilbed wirh
rubible, clave and
nseel laneaus

walste overlving

hard <hile.
Bepth of fill 4 m
to 12 m

epthaf 11§ m

#

Prass 1

e 2

PPk |

IPas== 2

| Pass 1

26 %11
26 3]

A
AT M

L

26 AT

30

m T

n

nins

m

mnds

1111 very =hallow
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Table 6 — Summary of case history data on vibration levels measured during vibrotlotation/vibroreplacement

Ref. . Yenr and Soil conditions Depth of Mode Measured peak particle velocity (p.p.v.) at various plan distances Remarks
Na. lacation ! treatiment -
! | Theoratical * Plan p.p.v. Plan p.p.v. Plan PRy
Loenergy per o distance distance distance '
cyvele
i ‘ ) ki n m munds m mmis
514 1974 Newport Demobition NI (IR 3D 3 6 4.5 |12 2.5 Verten)
fGrwent) rubble inald ' 3 @ 6.3* |12 L9 Horizontal
: Lazcimuents .
T3 T3 Manehester | Unspecified fill N/R NI 3.0 15 A% Horizontal
Contral (Greater .
Manchoestor) !
S+ 197 1 Wioreester N/l A P NVR 1.0 2.4 A1
(Hereford and
Whreesler)
53 ¢ V10T Lamden B9 [ N/R 3 Airtlu=h 3.0 G.5 12,7 Measurved on ground
surliee
| L 1a 10,5 Il rasared at nicd
: : height of 4 m high
| brick houndary wall
Gt e 1974 Sandgate NiH N Nit 3.0 2 2.0 i 1.0 26 I.G
{Ienl) .
A7 e 1975 Hemel Voser chialls i1 i ! RO IR L | 14.0 2 L1080 20 3.0 “Vartival
Henp=tesd ; .
Herts) .7 2.5 HS I 0.6 Vertial
58 s ] 1973 Dxdoed EDsuacl a1 NiR 30 12 2.6
{OIxerm? Chmestone gy
) backfilled with i
ruhhle |
30 1975 Part Tallot | Soft aluvium 02 “Warerflush R B 4.2 Yerteal
O Glamorgany | with swrface
crust
0 19776 Bradfonnd NR WiR : N 3.0 .G 0 I.2 A
Wt Yorks) i
|
]+ 1976 Ruttan Backfilled sand [3tod Adrflush 3.0 25 1.4
Caldfield uarey
(W, Alidlands)
G2 . 1976 Oxford As for ne. 58 3t NiR 3.8 15 1.9 20 1.1
H{(Oxan)
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Table 6 — Summary of case history data on vibration levels measured during vibroflotation/vibroreplacement

Ref. Year and Soil conditions Depth of Mode Measured peak particle velocity (p.p.v.) at various plan distances Kemarlks
No, lovessati 2 2 y - -
o feation treatment Theoretical Plan p.p.v. Plan [THER Plan Py
energy per | distuance distanee distance
i cvele !
m k. m mmis m ‘ ninfs m mm/s
Tl e 1976 Laermion Demulition rubhln | 2.5 o MR 3.0 1 10,1 i G.7 ) LY
SMILT S ol hasements
18] 1976 Manchester - NAR i3 Adrflush | 1. 2.1 20 a6 GO 021 Cut-aff trench
Aluston (lareater
Manchoester)
i3+ 197% Doncaster | Wet crushed 5 Watcrflush 3.0 22 0.98 57 0.1& 32 Hz
{8 Vorks) Lirme=fone fill.
surrounding
graund granulay 22 015 |aT 013 21 Hz
cwith hagh water
Lalile
Gli ¢ | 1979 York Ashoud elinker 3tnd.n Aarflush e ) 11 some alleped
(N York=) fill averlving clay architectural damage
! Cis.0 I25 1.3
67 e 1 18S0 Nottingham | Demaeltien vulible |3 [ Artlush 3.0 [ A5 6.7 12 8.1 22 2.6 Ground surface
(M=) 1 hysements nuwasurement
(8 + 1950 Stanstead o Fill over soft <1ty |2 104 Alrflush 3.0 17 ¢! First flooy timber
Abburs (Herts) clay over hallast 3.0 17 .82 beam
: : Ground floor house
: wall
iy 1980 Rochdade Wsee il of 2i05 Adrtlu=h 130 25 7.5 1.3 5.8 5 5.7 livief stvee at ond of
(Greaker _ clives conssteney _ penetration
Manchester) a0 2 5.0 1.5 3.3 Shallow cai-off
tranch tn protect
) Ervice papo
T+ 1950 1Dalehet St sand fllover | 1.5 te 4 | Advflush P asn (3 a0 15 1.2 These hole=s poartially
(Berls) chulle or s aned prebored with
wrase 250 o auger
| I 206 1.4 40 0.493 Memsured at first
i 20 2.l floow [evel
Beio 23 1.4 48 0G5 Moasured at groand
; leve)
[N ] 23 [ No pre-buring of
]Il]]efﬂ'
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Table 6 — Summary of case history data on vibration levels measured during vibroflotation/vibroreplacement

[Tyne e weanr)

Ref. Year and Soil ronditions Depth of Mode | Measured peak particle veloeity (p.p.v.} at various plan distances Remarks
. locatiun treatment : -
No @ " ‘ F ¢ Thearetical Plan p.p.v. Plan p-p.v. Plan p.p.v.
~energy per | distance distance distance
cvele
n Il m mmis m mm/s 113 mm/s
71 1HED Belast Weak sandy clay (Lplo 7 Adrfluzh 3.0 3 29 g3 1.9 d.3 1.3
CAutrim) 4.0 3.0 3.0 3 2.4
Waterfluzh 30 3.8 1.4 6.6 0.78
30 3.8 1.1 ;3.6 0.81
172 198t Bripe Fine =ilty =and 3 Watarfluzh 1.6 1.3 5. 25 4.1 5 2.1
: (8. Numhersde) |61 1.5 45 2.5 3.0 b} 2.5
73 1481 . Ashoand hrck 3 to 3D Adrflush 30 25 34.7 4.6 14.7 11 A7 Ground swrface
[!1]f|f!01"‘f1l?]f| rublile fill a0 2.5 A8.0 16 14,2 11 38 MCASUTE N s
DWW Yorksd 2.0 55 Ta e 7.9 .\-"le:llr'-urcd nnl
BN 3.0 ] T a1 .Ilnr.t_‘! o
=ervice pipe

The 108t Cardd Backilled AT AadTush 30 [ k] 20) n.a7

(3 Glionargan vl lweay cuttong: RN 1] i 10 20 .98
sk fill :

T |82 I Demolitinng 3 Anrflush a0 i EXD & 1.6 11 1.1 Measured anold
Rirmmgham rubble m 1 5 9a 5§ . 11 0O brick spwer
Huckley collp=ed ‘

W Ridland=) basements=

76 | 1983 Datchet Miscellaneousfill 3 Ajellush .0 & 1.9 12 3.8 a0 1.3 Veasurements on

(Rerks) celurding dense and tevrace house
fine sand andd ! with oxisting
vory logse sand A 5 2.} 12 12 20 1.4 dueterts

7T 1983 Rugeles Demoiition 3 Adrtlush 3.0 8 16,1 L} 8.6 22 2.0 Groond sweface

(S tatT) 1'11_}=}_al_9_ mi] o :§1m 30 It &6 1] 58 22 1.9 measIrements
m L': ’ldm = ant ‘ 3.0 1 452 ! 4.4 16 1.4 Measured an top of
arive s -
A ! "0 4 257 .5 8.0 16 1.3 vefaiming wall

TA e 1983 CAdade ground i Aurflush 3.0 ] 2.5 15 2.9 27 0.87
Tewle=hury meludmg rased 3.0 G 2.1 13 3. a5 0.87
(G lnx) shingle i Wt BT 220 10 15.5 .\-'I(.‘;lsur::m_mﬂ_s on

‘ BN 350 9ET 10 11.6 T.T(:L’-:'_-‘Tﬂlldll'lg
! manhale surmund

TH o4 IaRs Ashoapd brick 251tk Airtlush 3.0 3. 2.5 7. 2.0 13 1.5 Encountered burerd

Foweastle-upon- | rabble Al ‘ 30 1 2.6 ohstrngtion
Vg
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Table 6 — Summary of case history data on vibration levels measured during vibroflotation/vibroreplacement

Ref. Year and ‘ Soil conditions Depth of Mode Measured peak particle velocity {p.p.v.} at various plan distances Remarks
No. locati ’ aliment. ™ -
’ aeation : traatmen I'heoretical Plan PR Plan | p.py Plan ! [T SRER
encrgy per | distance distance ! distance |
eycle : :
m leld m nonds m D mms m Cm W
S 1985 Oxtord | Mucollaneous Hll 2.2 Adrttush P30 1.9 T 4 2.4 0.5 A Cut-ofl trenclh
(4350010 over weal cohesve . ) . . L
‘ﬁUHrWCrgnnn] €40 P9 6.9 4 23 |10 0.55
. 1
sl 1954 Londan B Dematbitinn rabble Y510 2.5 Mivilu=h Poign 18 073 |26 0432 0.15  PSensitive indusirial
and other Al uyer ueesses nearby
prave] ¢ |ao 18 0.76 |26 0.62 |42 015 | Processes nearby
|
s2 ] fanrlon Brck rubble Bllaver 125 103 MAaetlush [T 3.0 12.6 5 0.7 18 1.G Measured on
SA clavey =and aod . cervice -
' o= and wravoels IS 4.9 16.3 3 103 3 1.7 SURVICE e
S e OS5 Grnvesend  Aeh, el and c2.0 ta i Awflesh s b 2.4 14 1.2
Kentd demalition, pulihe oy § ; P «
( backtilled mto ald { o " 2.1 1 0.9
basements
el 10945 Dadley Grimuline Al over ERGE © arthush I+ 1HD 3.3 T [ 5.4 15 1.1 Cut-aff trench,
i (WM d e clav over hilaelk caal L, . Y ) - e o
sheal { 0 35 Rt G ENE SEPVICER PR
85+ | 955 CMascellanequs fiil 210 2.4 Aarflush Poisa 3.5 i Cut-off trench
|_§J1'mi1‘1[u;]1;1111 aver <stit clay 3D 3.8 I
RBordestey ‘ e
W el Dl =)
B 1085 Hull Miscellnmenus fill Aivihash 3.0 12 £
tiv, Hhamsheraide)  over dense Innony
s s
ST ¢ | 985 Woreester Fill including saneds, | 3 Airflush oo 4 a5 14 33 26 1.2 Cut-off trench
{Heretord and rulthle and porcelain
Worcestert Cwaste over tlense
: wravel
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Table 7 — Summary of case history data on vibration levels measured during the use of casing vibrators
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Hef. Year and | Snil conditions | Pile Mode Measured peak particle veloeity (p.p.v.) at vavious plan distances Remarks
No. location dimensions
" Theoretical . Plaun p.p.v. Plan INIR A Plan PV,
| energy per distance distance distance
| cycle
L __ | . - . A . . _ |
! lred th s m mmis m Mg
848 1953 Isle af Grain Hydrauhenlly BRI [Tviving liner L35 1 63 1 10 2 3.2 3 0.3 25 Hy
{Fentd Cplaced sondfll 241 mdapth ;
over estwaral pormanent.
siles over ballast | ooy  Dving Tineyr GOt 8.9 - 41 11 2.2 1G 1.5 12 [l to 15 He
aver Jandon clay \ .
uih e 1971 London Wi 0 aver ballast 730 mm ta Drviving casing 208 tn 385 [t 5.0 2 G.4 f.6G 1.3 Vertical 25 Hz
Cover Landen clay [ 1050 e
s ! e depth 2.9 m :
to i Extracting casing | 2,18t 315 2 3.0 6.6 3.2 Viertical 285 He
: ; Sensitive equipraent
. : : in adpacent building
a0+ 1976 Londan KO FITEover hallast CEA e o Iriving cuasmy 2 Mty 3 1h 3 | 25 Hx
Sovee Londan clay 1030 mmog |
; .
RN 14976 Laondan 11 Pl over allasl | NAR iy casimg 4Lt 315 14 | 25 1.5 25 Hy
Jover Londan elay
02 19510 : Mllwvidgravel=s | TH0 mm @ ITrving casimy ERER TR A3 0,20 Al 0.21] T 016G 25 Ha
N-‘“'i“'kjl-'}-“'ﬁ' il 10 mogbepth 0
Trent (Notts) REatractimg rasag [ 2181 30150 |80 0,31 T 0.23 25 Ha
| Sensitive cyuipment
1 nearby buildmg
SE e LsU London B Fallidey 900 mmoa Fxtractmg casmg 35 o G S0 1.3 17 Hz
vraveliclay 10 m depth
91 e [ 19851 London ST | Milbeavelsiclay | NR Dyrpving casing 218 m 35 |30 0.4 Vertical 25 Hae
45 19451 Readmy CPear =it and P H00 mm o CDriving casing 28 mdls 4 16 TS 1.1 21 024 25 Hz
. D Therksd gravelsftty 1050 mm & lxtracling casing | 218 to 3.15 15 5.8 10.5 0.7 25 Hz
i i challk with Sl mto 13 m
Sfhinesffien ¢chalk | depth
Shoe [ 19RT Limdon Filliduenze THD nn Lo Liviving (:E—l.-sing_ 2. 80 305 |30 0.48 73 0.19 25 Hx
S hallasticlay 15300 mm o Extracting casing |9 1810315 | 25 P G5 mil 95tz
! ! Somodepth
lo7 « j 194t Tondon SE1 i Fill/hallastelay = 9 m depth CExtracting casing | 2183 t0 313 [ 23 1.3 25 1l¢
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Table 7 — Summary of case history data on vibration levels measured during the use of casing vibrators

Rel. I Yo and Soil conditions | Pile dimensions Mode Measured peak particle velocity (p.p.v.) at various plan distances Hemarks
N location — -
Theoretical | Plan p.pv. Plan popev Plan p-p.v.
enevgy per ¢ odistance distance distance
ovele :
leet m nitnis m s m P oands
b 1051 Barvaw s | Hedraulienlly 1330 mm e Driving-nuter 261 14 131 "Warning up 10 e
Furngss placed saed Hmoadepth | cising e o i
N e . - LTy 30 02 T Hz
1Cmliria ) : fillthanbeles clay tl{';;]’{rﬂ].:r:.‘l :;']L g L5535 g } ibLE
marl 175 m depth
permancnt liner
O e 1985 Hartield Clay pver JO0 mm @ Meiving casing 1.25 11 0.8 Anchor vaxings
FHer s wravels 13 mdepthanchor | ] ] driven at 30° to
i casy Fxtracting casing | 1.25 8 I3 |11 0.4 “horizontal
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Table 8§ — Swmmary of case history data on vibration

levels measured during rotary bored piling (including casing dollies)

Ref. Year and - Boil conditions Pile Mode Measured peak particle velocily (p.p.v.) at varicus plan distances Remarks
No. ati dimensions — X
No location Iheoretinal Plan p.p.v. Plan PV Plan p-p.v.
eneryy per | distance distance distance
blow
k.l m mmds m mmés m mm/s
100 + |1971 London W6 Fyllfgravel/ N/R Thiving casing 7 3.2 Horizontal
London clay JWith 3t dully 7 1.0 SWertical
101 1981 London KO3 | Filtidense 1 03 mm TAugering 20 005 Listed building
! albs : s ; warhy
}TI‘I'“"MH ondon Auger hitting 20 11,23 . ¥
rlay base of hole
102 | 1982 Cheltenham | PillAves sand/us (900 mm ¢ Angunng y 0.2 iLizted building
iilos) Telay Hammering ! . , . sadjacent to site
mmering 4 0.5 i
casing with Kelly :
L hay !
! :
) 1084 Hamtinred RS AA0 mm e Augering mn 038 20 0.3 30 0.03
: [Greatrer Londun FLd modepth  Thllving casmg |14 n 1.1 20 055 2 Lelally
CAugey lfting
hase uf hole 10 046
! Spinming off 10 037 20 0,4
11 1985 Londun W12 Fidli=and/fulay L HURTTPIVE Augering 1u 0.4 |3 0.1 26 .02
Augey hfting ' :
. hase of hole 14 0.3 26 ol i i
: Muddimg in 10 0.4 11 0.2 ! r
) Spnnimg off 0 0.3 )
i Dallving casing |18 o 1.0 14 0.8 f2 | dolly
|03 L St Adbans [ SBareds and GOW m @ Augenng 3.4 Ui 1 (.l
{Herts) gravels aver 12 m depth Cuger hitting
ichalk ihase af hole i PR & 1.7
' [Spmmng off [ (1.4 L] 1.06
|0 1935 Martland O ool soft gronnd (GO0 mm ¢ Autgering 5 0.3l Sensttive pgiupiment
Sl orsot) Toveyr roghk T dopth Surging cusing 5 0.36 m adpcent building
i . Twi=ling m
s 3 .22
Spinning off 3 nA2
Boring with vuck
BARELIDY b} 43
107 18985 Ushindey Fall aneludimg VAA mm @ Augoring 5.5 0.13 Preboymg for a
dCireater Landomy pockets of gravel 07 m depth dviven pale
aver Landon clay
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Table 8 — Swumary of case history data on vibration levels measured during tripod hored piling

Ref. Year and Soil conditions | Pile dimensions Mode Measured peak particle velocity (p.p.ay) at various plan distances Remarks
No. - location L - P,
: Theovetical i Plan ppLv. Plan Pap Plan p.pv.
energy per | distance distance distance
blow
k] m mni= m nimis m onds
. i :
C1e 1971 London | Overburden over | NiR Driving casing | NI 1 12,5
Wt lomdan clay
C2e | 1971 Fondon | Sand and gravel | 300 mm & N/R Nitt 11 2.6 44 F0.3
| over Landan elay [ 17 m depth : |
Ce s (rendar Sqand ol A00 mim e N/ N t13 1.0
Manchesterd 5 gewedisoft silty :
. clivfhared wliuaal :
! till :
| O i . - : N
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Table 10 — Summary of case history data on vibration levels measured during driven sheet steel piling

Ref.
No.

Year and
location

Soil vonditions

U

{1 e

Cln

(011 e

KA Aldermaston
LTerks)

N Bridlingon
(Flambgrsicded

NI Uanvey
Tsland ([Essox)

N Wontrose
(Taysicled

1971 Taondon
Wit

197 Lanuishre

1978 Crand (i)

N Ha
{Fivmhboersidoy

dmouk mosandy
gravel aver
Farndon elay

At 3 mo=oft

saturated sand

over =ofl to Frm
clay

Clayv

fanft <l

Dl fsilty sand:
Chigh water table

CNAR

SOgarharden!

Limselem clay

Fallffiens o =nff
hatlder

elavisanidy =tuny
clavive bouteler

clay

H F]&l_\-‘.‘fl‘ut:k

1l m
alluvinmd | an tn
Gom peat. el
saned e
A3 m snd
andl wravelSom
=0fF el m
dense snndihare
chaik

) Pile_ Mode Measured peak particle velocity (p.p.v.) at various plan distances i Remarks
dimensions Theoretical Plan ' popav. Plan PRy, Plan PPy, h
energy per | distance distance distance
hlaw
k) m mints m mnfs m =
NIR Ny hammer 15 12 [LRTE T Veviieal
driving sheets : !
| i
N/R Adr hammer | G 1.1 225 Rlows per man
driving sheets )
NR Extravting sheets T LG 014 150 Blows per nin
Fordingham [Frop hammer Lot 145 3.4 Yirtieal
3N 8 mdepth | driving sheets hivmmer drop 133 ] Howmzontal
N
[arrssen Drtvimg =hects 32t 73 11.7 1 Vertival
NIR hesel laonmaer
drnmg vhees NI 1 20
Ao himumer
Cdrtving sheets iR 1 I
NIR ’ oving shects LR 0 80% Hovizontal
i
NiR Ihrop hammer
driving sheets TR 15 Loy Vertical. pile in clay
‘ 15 l .48 Vervtical, pile on rock
: i
Larssen oo, 6 | Desel humer . "5 G to 10 2 ;
]5‘13 ml'd--[’l;lt‘]lﬁ driving =heeis 130 1.1 130 0.1 250 0.025 | Horzantal radial
L ke ; L0 025 | 140 0.1 250 0.015 | Hovzontal
27 min total I
! 30 0.6 130 0.1 250 0025 | Tean=verse vertical
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Table 10 — Summary of case history data on vibration levels measured during driven sheet steel piling

GOHT-700 |58

BEX

I

Uncontrolled Copy,

Ral. Year and | Soil conditions | PPile " "Mode Measured prak particle veloeity {p.p.v.) at various plan distances Remurks
N location ' . dimensions Theaoretical Plan p.p-v. Plan p.p.v. Plan PRy
energy per | distance distunce distance
blow
i : ; k] m s m mnds m s
Clzs 1074 Hiree] Soff elavidonse Frodinghaw 2 X L Drop hammer ;194 11 b 24 12.5 bE 2.0
Crove (Greater e ineluding driving sheots |
D Lchestor vl beud= : ;
CLE e | 1DTE Oldhamn N NI Dnesel hinnnger | i ©G0 Lozan Vertical
(Greater driving sheets | i
AManchester)
HNE: NI Cambralge |aoos-a 1o medium | N2 Ihving sheots | N/R 2 1 Vertical
(b= =sands uver clay I 2 2 Hovizontal
ClLae [ 1979 Molpsey Grave] over NIR i Diesel hantmer
{Suriey) Loudan vlay driving sheets | N/ 3 IR on hungalow
: 3 404 ! on geound =urfave
C160 21979 Rochdale MR NIR Driving sheets | N/R 0 1.9 '
[{STEANT (T8
Manchester . ;
17 N/R Cambrdg: Filltsand and Frodingham 1 B Drop hammer | 1353 1 9.1 i
(Cambs) gravebfzaalt elas [ 6 m depth drving shoets
13 1980 Newton NI NiR Driving shects | N/R 300 0.015 Varfical
"Heath {Greator
i dlanchester) : i
[ 1981 Doenton Firm <oy T imdepth [hesel hammer | N na 15 ; : Veortical
(Gvaater zlacial Ll driving sheots i :
Yanchesicer) . i
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Tahle 11 — Summary of case history data on vibration levels measured during driving of bearing piles

¥-8¢¢¢ Sd

Ref. | Year and Soil conditions Pile Made Measured peak particle velocity (p.p.v.) at varicus plan distances Remarks
No. Incation dimensions T
Theoretical Plan P Plan B.p.v. Plan P.p.v.
enargy per | distance distance distance
blow
k. m mntfs m mmf m mufs
20 NIR CGilaggow 4w 1L blaes, L3 my X A4t odeop NiR 13 0.19% Vertical
' Cowceaddons f]n‘\'l ;Jl nel 2305 mm hamner
Sirathelyvile ioulieys aver - . driving pile
( we) 8 m soft to iy | Steel Hopile £
silty clay iver
sandlstane .
. ) ) i .
[ N/ Dax Crramular 011 "recast concrete | Diozel anid 245 to BB.2 4 3 13 Yernical
(N Yorks) Lacusirine A0 i ® dynp hammers
deposits, sand, 400 mm driving pilos
sl stone
22 N/R Kinneil PR CNFR Nriving pile NiR i | 58
{Central) : !
[ NI Ll s A filli2 m [¥riven Triving pile IR 12 a1 24 |} When devven 1.3 m
(W Yorks) Alluvaal granular cast-inelace
ra Sl B r
suil=hrock dimuen=ns N
C21 e, N 22 m firm Dyven [Feiving pide NI 12 . 1.6 30 17 15 1.15
: _\|1i(|<l|u.~'hr:|uu']1 heconimy staff astan-place : :
(Cloveland) houlder clay over Cdimerssn s KA
mael : e
; H
25 NIR NI 385 mm X [esul hammer | NT 25 13 -
!{jl\'i‘ll\."‘UTﬁillg A3 mm riving pile
i (Strathelyvede) Stee] Hopile
L0 '_ NR Rending MR Driven Firiving ple NR H0 .07 Measured on fitth
{Berks) cast-in-placo ; a0 Lopz flaay ol office
dimensions NAL i building
027 1968 W lln Tockfill and clay | Steel Hapile Dicsel hannuer | X/R 1 18 YVertical
frwvnedd) Ve e sehise dryving ple
[ 1904 Tree Atluvial peat A m = Dipzebhammer | 434 [ 1.4
i Thoshire) day :’”UMUT A5 drvang ple
i 3l .
¥y sand. Steel Hepile
| | hunfer Steel Hepile
i Ceandstone

.

G661



BOGL-CG I8 5

BST

[}

Uncontrolled Copy,

25/09/2008,

Licensed copy:Arup,

Table 11 — Summary of case history data on vibration levels measured during driving of bearing piles
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No. location dimensions - R - © o o
I'heoretical © Plan | P.pa. Plan p.p.v. Plan [VRVRTR
energy pet distance | distunce distance
blow :
I | m nnfs m mmis m mmss
(029 e | 1072 Dorhy NI AN i Lo Dving prile tuhe | NAR 15 12 )
e hves) A0 ¢ , i
; Dviven . ‘
east-pneplace
30 e 197204 Pnstal Fillind alloviumy | Simulation tezt | Thoppeng test RN EH 0.7 Vortical on ground
) {Avnn) over keaper mart | for driven shedl Dwpight on ereund :
‘ piling |
O3 T e | 10TT P2t 275 mm ¥ Mrop hammer nNilt 25 315 ‘ Hules prebored
Soutiampton granular fill over | 273 mm = U dvrvimg ol ) w3 modepth
{Flant<} et lesham depth pre-cast :
: beds, very Seoncrete prles .
Sromaet clvey ' : :
- hne s ‘
CdZ e (1977 Madle zrovnd/S m 450 min o i Drep hammer 2042 | 27 T4 55 RS Harizontal un
?‘('"dm[;*!”'tmg]‘ Lo 1|'f'2[ m j”'”; “l‘ Cast-in-place ieveing pile fube ! ) @round
oyl = AT s :
_{ levecliand} clavid e 6 m Pl fenggth N/R
clavial tillfhard :
kouper marl : ‘
U3 e 1079078 4 m o= A0G mm 1Mooy hammaer BIR 14 1 ! : Voertead
Kimgs Lyvan claves <l ool Dreven visend drving pile : |
iNnprfotl) 1AL mst pile depzh N ‘
Limmoeredge
clayfhard
Jamimated
Kimmeredge el ‘
(SR 1978 South Lonse tn medrum | 305 mm = Niesel hammor 6.3 I.] ]
»"‘:]llll’lf}-“ . I“'Hlf?_fl H"fd -*'1'|I"r5rllfl[ 205 mm Selrving pile .
{" Ve N i) 1B L tes TP e :
elayistitf houbder | Steel T-pile, ‘ :
clas/medium e | dopth N/R |
dens=e saned and : : ;
aravel o
mtstone

! lepth

AL2T e 23 m ‘

¥-86ee 8

4661



Eanianll Snl A

i L e L A A L e A e

AL LA A n i At e e

&

G

666120 154

Table 11 — Sammary of ease history data on vibration levels measured during driving of bearing piles

Year and
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Table 12 — Summary of case history data on vibration levels measured during use of vibratory pile drivers

Rel. Year and Soil conditions Pile Mode | Measured peak particle velocity (p.p.v.) at various plan Remarks
Mo, location dimensions distances
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Appendix D Examples of record sheets

This appendix does not form part of this Britigh Standard.

Investigators of piling vibrations may find the example pro forma record sheels in Figure 4 and Figure 5
helpful in formulating Lhelr own site record sheets. Figure 4 and Figure 5 are based on models extensively

used by the University of Durham whose permission to publish them 1n this appendix is duly
ackaowledged.

Date Time Location Dise ¥ile

Ground conditions

' Ground surface Subsurface
o Pile
Tvpao Size | Length
Hammer
Weight Model Energy

Geophones stand-off distavces

A B C D E

Additional nhservations

.F]ki S Depth Commenis

Figure 1 - Sile measurements sheet

60 © BSI 02-1999
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[Dise no Date File name
- Pile
'l‘ypé ) Sizes Lengl..h |
Tubular steel. 740 mm diameter and 7 mm thickness 20 m
S L o
Frequency Madel Energy T
275 Haz Vibrodriver 10.7 kd/eycle
Peak particle velocity measuremecnts
min.s
File |Depth Geophone-set | A B C D E _
no. m Stand-off 28m 4.0 m 8.0m 10.0m 15.0m '
T Radial [14.6 6.3 0.73 3.5 |14
Q Transverse L 6.5 146.8 1.1 3.5 1.6
W 7.0 Vertical 12.2 131 2.1 3.6 1.5
3 Resuliant, 16.3 17.4 2.5 3.6 2.3
il Radial 6.5 9.8 17 2.6 1 N
G Transverse 6.4 14.0 1.3 3.0 2.0
A" 9.0 Vertical 9l 3.0 1.2 2.1 1.1
9 Resullant  {11.3 174 2.1 36 2.3 ‘
H Radial 1.3 3.8 4.0 4.1 0.9 '
9] Transverse 6.0 13.3 I.5 22 1.2 !
w110 Vertical 10.2 10.9 19 5.0 i9 |
0 Resultant 15.2 13.9 4.9 5.6 3.1
i Radial 12.2 115 31 6.2 2.2 :
0 Transverse 13.8 18.7 26 5.1 1.6
W 125 Vertical 12.5 11.1 (.9 5.1 1.5
11 Resultant i 18.6 219 3.2 7.1 2.5
H Radial 153 113 4.5 6.0 17 N
O Transverse 6.7 18.7 279 1.6 1.4
Y 13.0 Vertical Ih.5 132 5.2 3.3 1.6
2 Resultant 17.5 23.2 70 6.1 2.2
o ) Figure 5— Vibration data summary shect ) !
© BS1 o2 1080 61
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NOTE  See also "Publications referred o
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Proposed London Underground (Victoria Station Upgrade) Order

LAND SECURITIES PLC AND OTHERS (Objector No. 3)

PROOF OF EVIDENCE of TIM CHAPMAN of ARUP
APPENDIX 14

RETAINING WALL CONSTRUCTION SEQUENCE



RETAINING WALLS CONSTRUCTION SEQUENCE

1. INSTALLATION OF PRIMARY PILE

2. AUGERING OF SECONDARY BOREHOLE

3. INSTALLATION OF SECONDARY PILE

EXHIBIT OBJ3/P3/A14
Evidence of Tim Chapman
Land Securities

Retaining Walls Construction
Sequence
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VIBRATION DISTANCES



PEAK PARTICLES VELOCITY {mm/s}

100

10

0.5

0.2

0.1

N\

PLAN DISTANCE FROM SOURCE (m)

— Piling involving higher
degrees of vibration
— Sheet piles through
Sand / Gravels
grosvenor
freet "
' Secant piling
London City Halls,
(with Dolly) — London
N
_— . H"“‘O\ 9.8mmfs
— Mean of results for
— dropping 1 t0 2
| tonne mass 2-4m
B Grosvenor
| Strest,
Auger bored piles
with operation causing
— higher vibrations.
Great Marlborough
Street. London
B Normal Auger
_ boring operations /
Demolition of PN
existing building Layel of background
p CAT DSH Dozer vibration 8m below )
or similar ground level.
(PAL crown level)
S \'\
I I W N S S N B
1 2 3 4 5§ 67 8910 15 22 3540 50 100

EXHIBIT OBJ3/P3/A15
Evidence of Tim Chapman
Land Securities

Vibration distances
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Summary

Vibrations, generated by impact and vibratory methods and transmitted through the ground,
affect people and, sometimes, property. This Project Report introduces the subject of ground
vibrations and how they are propagated. It describes requirements and contrels that may be
imposed on piling or similar work, The potential effects of different intensities of vibration, as
perceived by people nearby and as experienced by structures, are described with reference to
available criteria and standards. A number of case records made available to CIRIA are
examined in relation to the reported consequences, of annoyance or not to the public and of the
effects on structures. Comparisons are made between the case-record vibrations from different
piling systems and at different distances, and the results are expressed in ways which will allow
engineers to make a preliminary appraisal of the vibrations which might be expected on a
projected piling or ground treatment site.

Recommended procedures are summarised for minimising nuisance, for controlling and
monitoring the vibrations and for carrying out and reporting studies of ground-bome vibrations
from piling. In addition to references cited in the text some additional relevant texts are listed,
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Foreword

This report is an introduction to the nature and effects of ground-bome vibrations caused by
piling and similar works. It contains guidance about the nature of these vibrations and about
how they are propagated. References relevant to the assessment of the risks of annoyance and
damage are given as are recommended procedures for making these assessments.

The report is the outcome of CIRIA Research Project RP299. The first stages of this project
were the collection and analysis of case histories of projects involving vibration measurements
associated with bearing and shect piles and a limited number of ground improvement works.
The case records were collected in the early 1980s and relate largely to UK projects completed
between 1970 and 1980.

In the time taken to finalise this report, the case histories have dated. It is likely that many,
more thorough, studies have since been completed. Nevertheless, few are in the public domain
and it is probable that, as with the records cellected by CIRIA, many may be incomplete or
inadequate. In the absence of a British or intemational standard giving acceptable vibration
levels relating to damage, it is hoped that this report will provide helpful information for
engineers faced with assessing the effects of piling and similar works.
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particle acceleration {mm/s?)

empirical attenuation factor

displacement amplitude (mm)

cross-sectional area of pile

empirical attenuation factor

nominal energy delivered to pile per blow {ki/blow)
frequency (Hz)

modutus of shear deformation

impedance of pile

empirical atfenuation factor

Dieckmann perception intensity parameter
modified Dieckmann perception intensity parameter
peak particle velocity {mmy/fs)

surface (plan} distance from pile {m)

time (s)

particle velocity (mm/fs)

transicnt maximum single-component particle velocity {mm/s)
Tongitudinal wave velocity in pile material

true instantangous peak particle velocity

velocity of (compressive) P-wave

velocity of {shear} S-wave

particle velocity in direction x, y ot z

power (of vibro-driver} (KVA = kJ/s)

empinical attenuation factor

displacement {mm)

unit weight

Poisson’s ratio

density

phase angle

circular frequency = 2af (rad/s)
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1 Introduction

Many construction activities, including piling, generate both air-borne and ground-bome
vibrations. Regulating autherities are now empowered to set limits to control noise and
vibration: designers and constructors are thereby required to restrict these side effects of the
construction works.

Ground-borne vibrations from piling can be distwbing to neighbouring people and may cause
damage to nearby property. At present there are no explicit criteria against which these effects
can be measured nor maximum levels and tolerances unequivocally defined. There are,
however, subjective criteria based on human perception of vibration, and ‘rule of thumb’
guidelines for vibration levels which might cause property damage. Because these criteria are
not specific to piling vibrations, they are limited in their applicability. It is difficult, thercfore,
for regulating authorities to set practical limits for the control of the effects of piling operations
or other similar works such as ground improvement processes. Equally, designers and
constructors need guidance to be able 1o meet their responsibilities to the community.

This report introduces these issues in order to give preliminary guidance on the effects of
graund-borne vibrations arising from piling and similar works. The report resuits from two
separate exercises. First, a survey was made of British practice, collating and interpreting over
150 case studies of piling and similar activitics. Secondly, a desk study assessment was made of
available knowledge of perception and damage criteria and of various international proposals
relating to these criteria.

The available criteria were then compared with the empirical results. From the advice of
spectalisis and engineers experienced in these aspects of piling and ground improvement, a
practical approach is put forward which sheuld help to mitigate complaints and damnage (and
unjustified claims of damage).

The gencration and transmission of vibrations are explained in terms of types of plant, pile
construction, ground conditions and structural response. Levels of vibration propagation are
related to their consequence to people and property. The available criteria and case history
records are compared. A procedure for monitoring operations and mitigating risk is proposed
with guidance or specific problems. The recommended procedure draws particular attention to
the need for good public relations,

The generation, transmission and effects of piling vibrations are complex with many variables
and related uncertainties. Although vibration magnitudes can be measured accurately, prediction
of their effects is uncertain. Some of the reasons for this are shown in Figure 1. Each piling
operation is a unique combination of process and ground conditions. Each site {and its
surroundings) is unique; and cach of the nearby structures has its own special characteristics.

Broadly based guidelines, essentially in terms of the probabilities of risk, arc the current
approach to prediction, but expert judgement is needed for specific assessments. The intention
of this Report is to provide an introduction to the subject so that engineers may recognise
situations when cxperts shouid be brought in.

CIRIA Technical Note 142 1
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Figure 1 Variables of ground-bome vibrations from piling
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2 Propagation of piling vibrations

How people and property are affected by piling-induced vibrations largely depends on how the
vibrations are transmitted through the ground. This Section outlines the nature and propagation
of ground-bome vibrations and of how they are generated by piling.

The vibration characteristics, and therefore their effects, depend on the form of piling, the type
and geometry of the ground conditions, the distance to the affected property, the structural form
and condition of buildings, and the type of foundation (Figure 1). An appreciation of vibration
characieristics and propagation will help in identifying the potential risks of damage to adjacent
structures and property and of physical discomfort and annayance (¢ local people. The
explanation of the propagation of piling vibrations which follows is given in terms of classical
wave mechanics,

2.1 VIBRATION OF ELEMENTARY SYSTEMS

The motion of a discrete element of a vibrating material {which may be a mass of soil or part
of a structure) has its simplest form when it is sinusoidal (harmonic), Vibratory pile drivers can
often gencrate practically steady-state sinusoidal vibration in the ground, More often. with other
types of piling, the vibrations are transient, periodic or random. The diagrams of Figure 2 show
examples of the displacement ~ time relations of these four types of vibration, Note that the
displacement is the movement of one element or particle of the mass that is vibrating. Formai
definitions of vibration can be found in ISO 2041 - Vibration and Shock - Vocabulary,

z4 @ zh D)

z4 (0 z 4 (0
M m /‘/]A_,
! v \/J \/J vy

Figure 2 Types of vibralion: (a} sinusoidal (b} transient (¢} periodic {d} random
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For sinusoidal molion, the displacement-time relation is:
z = Asin(wt — §)

displacement (mm)

displacement amplitude (mm) 20
circular frequency = 2xnf (radsfs)

frequency (Hz)

time (s)

phase angle (rads)

where 7

N

[ | I

A
©
s

t
$

Differentiation of the displacement equation gives the maximum velocity of the particle and, on
further differentiation, its maximum acceleration i.e.

-RE2 - 22)
ar=- % = 4]‘2‘4}: . (2.3)

Simijarly, for other types of vibration the quantities (displacement, velocity and acceleration of
the particie} can be derived by differentiation or integration, provided that the relation of one of
these with time is known, Section 7.6 summarises the ways these guantities are measured.

2.2 VIBRATION PROPAGATICN

As individual particles vibrate they transmit the vibration to adjacent ones. In an infinite elastic
mediam, the vibration motions are transmifted through the body of the material as dilational and
distortional waves. The dilational wave is referred to as the primary, compressive wave or P-
wave. Its velocity through the medism, 1e. the wave propagation velocity, is v,. The secondary
wave is the distortional shear wave or S-wave: its propagation velocity is v,. These wave
propagation velocities are related to the elastic properties of the material through which they

pass by:
_ ¥ +2G
= p_
and v, = G
P v (2.4)
where G = modulus of shear deformation
p = density
2vG
l = e——— .
(1 - 2v)

and v = Poisson’s ratio

The units of v, and v, are usually given in m/s. Typical examples of soil and rock physical
properties and values of the wave propagation velocities are given in Table 1.

14 CIRIA Technical Note 142
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Table 1 Typical properfties of some soils and rocks

Materlal In-situ velocities Poisson’s Density Mass shear
{low strain) {m/s} ratio modulus
v, ¥, v P G
Saturated Saturated {(MNm?)
(not satureted) {not saturaled)
Loose 1450-155¢ 100-250 0.48-0,50 1.5-18 15-110
Sand {185450) {0.3-0.35)
{near
surface}) Medium 1500-1750 200-350 047049 1.7-2.1
(325650 ©0.2-0.3; 70-250
Densae 1700-2000 350-100 0.45-0.48 1.9-22
{550-1300) {0.15-0.3} 230-1000
Clay Soft 1450-1550 80-180 0.47-0.5 1620 10-65
Firm 1500-1700 180-300 G.47-05 1.7-2.1 55-19¢
Suiff 1600-1900 300-500 0.47-0.5 1.8-2.3 160-450
Unweathered 1400-4000 8OD-2000 0.25-0.35 2.0-2.4 13009500
Sandstone and shale .
Limestone 21006000 1200-3000 0.25-8.35 1.8-2.5 2600-20000
(not chalk)
Unwealhered Igneous 3500-7000 2000-3500 0.25-0.35 2.2:26 8500-32000

o metamarphic rock

Compressive waves induce longitudinal particle motions which travel on a hemispherical wave

front, as shown on Figure 3. The relative displacement amplitude associaled with these particle

motions decreases towards the ground surface. The proportion of total energy propagated in this
way is very low (less than 10%) and rapidly decays with distance,

Propagated shear waves induce particle motions in a transverse direction on a hemispherical
wave front, Relative component displacement amplitudes in vertical and horizontal directions
increase towurds the ground surfuce. Their propagation velocity is lower than that of primary
waves (sse Figure 3); the proportion of total ¢nergy transmitted is higher {about a quarter), the
energy decaying more rapidly with distance.

The energy density of both compressive and shear waves attenuates rapidly with distance from
a localised source such as piling, primarily because of the volumelric increase in material
encountered as the hemispherical wave front expands (see Figure 4). This decrease in energy
per unit volume is called geometrical damping. A sccondary decrease in energy with distance is
the material damping, i.e. it depends on the material through which the waves travel,

In an infinite elastic haif-space, there is a third wave which is confined to a zone near its
boundary {ground level). The surface wave propagation motion produced is commonly known
as the Rayleigh wave. Because propagation s planar, rather than hemispherical, the decay of
energy is much slower; the proportion of total energy transmitted in this way is about two-
thirds. However, this wave has the slowest propagation velocity and its influence decreases
rapidly with depth. Induced paricle motions from piling operations are predominantly vertical
in the immediate vicinity of the source, but rapidly generate a horizontal component with
distance.

Although there is a refation between the Rayleigh (surface) wave velocity and the shear wave
velocity, in practice the latter is used: it is usually within 10% of the Rayleigh wave velocity.
Furthermere, it is not clear whether true Rayleigh waves can be discretely developed within the
short distances relevant to civil engineering works. It is suspected that a similar but partly
developed wave is generated at the surface which again approximates to the shear wave. A
summary of the charactenstics of the various waves is given in Table 2.

CIRIA Technical Nolg 142 15
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Table 2 Summary of characteristics of displacement propagation waves arising from a loading on

a hali-space

.Compre&dve wave

Shear wave

Rayleigh wave

Highest propagation velocity

Longitudinal oscillation

Propagalion velocity increased
below provndwater level

Propagation velocity increases with
matenial stiffness

Energy proportion propagated is

low

Displacement amplitude
propodional Lo

1
distance

Inlermediate propagation velocity

Transverse oscillation

Propagation velocity decreased hy
groundwaler

Propapation velocity increases with
matenal stiffness

Energy proportion propagated is
termediate

Displacement amplitude
proportional te

1
disance

except along the ground sudface
when amplitude proportional to

1
(distance)®

Lowest propagation velocity

Vertical osciliation, but rapidly
develops horzontal component
with distance

Propagation velocity unaffected by
groundwater but generally lower in
mgist soi

Propagation velocity increases with
material stiffness and 15
mdependemt of frequency in
homogencaus matenal

Energy proportion propagated is
high

Bisplacement amplitude
propoftional 10

1
{distancer™

2.3 EFFECT OF MULTIPLE LAYERS

In layered ground, some of the encrgy is refracted through the base of the first fayer to the
lower material, and some is reflected. The velocitics of the reflected or refracted propagation
waves can be greater than that of he incident wave. The amplitude and direction of the
resuitanl propagation waves depend on:

1. The angle of incidence at the boundary.
2. The ratio of densities, hence velocities, of cach malcrial.

Figure 5 shows the action of multiple wave reflection and refraction in a laycred half-space.
Multiple total reflections can gencrate a subsidiary surface wave propagation kaown as the Love
wave, Also, multiple layers and the surface can convert one wave type 1o one or several other
wave types; thus a surface wave is generaled when a primary wave is reflected from the

surface.

2.4 GENERATION OF VIBRATIONS DURING PILE DRIVING

As a pile pencirates the ground, the driving hammer gencrates a body wave within the pile
which travels down the shalt to its base in contact with the soil. A proportion of the wave
energy is reflecied within the pile but most is transmitted to the soil. Uniess the pile is
predominantly frictional, tapered or stepped, the proportion of energy transmitied from the shaft
to the soil alongside is low. Body waves through the soil are generated at the pile base as
shown on Figure 4 and at a critical distance, roughly equivalent fo the pile depth, the shear
wave reaches ground surface. The surface transmission of the shear wave is termed a fead

wave. Reflections at ground surface, possibly interacting with low energy wavelronts associated
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with overcoming pile and shaft friction, produce a complex array of particle motions, Any
adjacent structures will experience incidenial reflected compressive propagation waves.

The amount of ground energy generated depends on the characteristics of the hammer or
vibrator, the deformation of any helmet packing, the elastic distortion of the pile, and the rate of
penetration of the pile or casing. The proportion of impact energy transmitted to the ground will
also depend on the proportion direcied towards advancing the pile. In a soft clay most of the
energy direcily advances the pile whereas in stiff clays, dense gravels and weak rocks, a
proportion is transmitted to the ground. At refusal, all the energy is used in vibrating the soil,

Critical refraction angle

Layer 1
P Vi

Layer 2
fi2. ¥2

T

Figure 5 Action of multiple wave reflection and refraction in a layered half-space

Where the energy produced by impact piling effectively dies away before the next blow then
the vibration is termed transient or intermittent {note that the term ‘intermittent’, although used,
for example, in BS 6472 does not have a formal definition). A large proportion of driven piles
falt within this category. Periodic and continuous vibrations are produced when piling with a
vibratory driver and by vibro-compaction operations. Essentiaily this mode of vibration
produces a forced particle motion through continuous sinusoidal wave propagation.

Where two sinusoidal motions at slightly different frequencies are superimposed, a non-
sinusoidal motion is created with amplified characteristics. This phenomenon can be
experienced on site when two or more piling rigs are operating at the same time.

Random vibrations are caused by traffic, site works, trains and other extraneous sources. These

vibrations can combine with piling vibrations to provide an amplified effect at particular
frequencies.
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25 TYPES OF PILE VIBRATIONS
2.5.1 Translent vibration

Transient vibrations are produced by rapid-impact driven piling (e.g. precast piles, sheet piles or
cast-in-place piles which are top or boitom driven). The displacement amplitude varics with
weight of the drop hammer, drop height, penetration per blow, distance from pile, and soil type.
Single-acting pile hammers, for example, produce vibrations which may be regarded as
transient.

2.5.2 Continuous vibration

Yibrajory driven piles produce a steady-state vibration when vibro-drivers, vibroflots or resonant
drivers are employed. The ground particles are forced to vibrate in a predetermined mode,
irrespective of any preferred frequency which the ground may have. The forced

vibration may be made up of several component frequencies, but the predominant frequency is
always that of the driver itself. A substantial increase in ground vibration always occurs when
the frequency coincides with the characteristic pile/ground frequency.

A less regular but continuous form of vibration can also result from rapid impact piling where
the vibrations do not fully die away between blows; for example, with some double-acting air
or diesel hammers whose stroke rates are considerably more rapid than conventional
gravifational-fall hammers. Augered piling fends to generate essentially continuous vibrations,
but at low energy levels.

The distinction as to whether the vibrations from piling and simmlar works should be classified
as infermitient or continuous is not necessarily clear cut; often it will be a matter of judgement.

2.5.3 Occasional vibration

Bored and augered piling can cause occasional vibrations from the driving of casing or
chiselling through obstructions.

2.6 ATTENUATICN OF GROUND VIBRATION

The rate at which vibrations pass through the ground as waves of energy is termed the wave
propuagation velocity (Section 2.2). The excitation of individual ground particles, caused by the
energy wives, is an osciliatory motion (Section 2.1), which is described by the varying
acceleration, velocity and amplitude of the displacement of the particle itself. Particle velocity is
thus completely different from wave propagation velocity.

A soil particle experiences a combination of effects from the different energy waves, producing
a particle motion which rapidly reaches a peak value before reducing as the waves pass. The
techniques of wave propagation mechanics enable the superimposition of the different waves to
be filtered, separated and analysed.

Attenuation of the gencrated wave motion, and therefore the peak particle motion, takes place
through the geometric enlargement of the various wave fronts as they move away from the
source and by material damping. Attenuation with distance from a source should not be
confused with decay with time at a point.

The particle-motion parameters of displacement amplitude, velocity and acceleration are

identified and measured by their components in the orthogonal directions x, y and z. Particle
velocity can therefore be resolved vectorially as shown overleaf:
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¥ = \fv: * v: + vf ... (2.5)

where components, v,, v, and v,, are those at the same instant of ime. It is possible to identify
maximym values of the resultant, v, and of the component in appropriate directions.

A convenient indicator for the characterisation of piling vibrations is the simulated resultant
peak particle velocity. This is the vector sum of the peak velocities in the three mutually
perpendicular directions, imespective of the time at which these three peak values occurred. In
other words, the simulated resultant treats the three maximum components as though they
occurred at the same instant. The simulated resultant is sometimes referred to as SRSS (square
root, sum of squares): it is a robust parameter for use in developing attenuation — distance
relations, but for the purpose of establishing criteria on vibration levels, it is tending to be
displaced by the vectorially-resolved maximum and components in appropriate directions (as in
DIN 4150, 1988).

This report, unless otherwise stated, uses the simulated result when referring o peak particle
velocity (ppv). Where refercnce is made 10 other texts, the definition of ppv used in them is
specifically identified.

There is a consensus that measurement of particle velocity provides the best single parameter
for assessing human and structural responses to piling vibrations. When considering human
percepticn of vibration on its own, national and international standards tend to use root-mean-
square acceleration as the most useful indicator. Pasticle velocity has been used in this Report,
however, because of its direct application to both humar and structural response.

A number of empirical relations have been developed to express atlenuation in terms of ppv and
distance. Theorelically, compression and shear waves attcnuate at a rate inversely proportional
lo the distance from source, whereas surface and Love propagation waves attenuate ai a rate
inversely proportional to the square root of surface distance (in some cases attenuation is
directly proportional to distance). However, surface and, less commonly, Love waves, are more
likely 10 dominate particle motion at large distances from piling operations. At closer distances,
compressive and shear propagation waves attenuate through complex processes which are
frequency dependent: higher frequencies being alienuated more than lower, Buried obiects. such
as adjacent foundations, are likely to modify the characteristics and form of the vibration,

It is important to recognise that as the zone of interest becomes nearer to the piling operations,
the ground response to the vibration and the effect of (or on) a structure in this zone are not
well understood, nor are methods of prediction well developed. The extent of this near field is
uncertain and depends on the type and size of the piling operations and on the influence of the
nearby structure. Typically, but not invariably, this zone will be of the order of metres. This
Report does not address the problem of structures in this zone and the general guidance given
in the Report may not apply to these circumstances.

Wave propagation damping is affected by the characteristics of the soil or rock and by the
amplitude of motions (the cyclic strain magnitude). The magnitude of ground motion {expressed
in terms of particle velocity, acceleration or displacement) at a given distance from a vibration
source principally depends on the magnitude of the source and the attenuation characteristics of
the ground.

Because so many variables are involved, no explicit relations exist which allow accurate
predictions of magnitude to be made for any given source and ground conditions. Approximate
empirical relations have been developed based on linnted case studies, and these concentrate on
simulated resultant ppv, v, at ground surface. The dominant wave component being measured is
the surface wave,
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For a surface wave generalised relations between resultant ppy and distance have been proposed
by Wiss (1967):

Jor clays: v = \JEp*
for silts and sands: v = JEfr

where E = pile energy inputfblow (L5}
r = surface distance (m)
v = peak particle velocity {mmjfs)

.- {2.6a and b}

Other authors have proposed similar empirical expressions {Attewell and Farmer, 1973
Morris 1950). The general form of these is:

v = kJ/Ejr* - (27)

where the empirical factors, & and x, have a wide range of possible values:
& varies from 0.1 to 1.5 for E in Joules depending on ground profile, and
x varies from 0.8 to 1.5 depending on soil characteristics.

The foliowing conservative relaticn has been put forward by Atiewell and Farmer (1973);

v = 15/Ejr - (28)

This can be used for preliminary evaluation of an upper-bound resultant ppy, but it is more
satisfactory to develop site specific correlations based on the general form of Equations 2.7

or 2.9. It is usual to measure at points on the ground surface identified by their plan (horizontal)
distance from the source,

Empirical relations should only be applied to situations similar 10 those for which they were
developed and within a similar range of distances. In particular, they may be unreliable at closer
distances to the vibration source or where a structure intcrvenes.

Although individual soils and rocks do not possess a natural frequency as such, there are
characteristic frequencies at which they transmit vibration more readily. Typical general ranges
of characteristic frequencies noted during piling operations are:

Very soft silts and clays 51020 He
Soft ¢lays and loose sands 10 to 25 Hz
Compact sands and gravels -

and stiff clays 15 to 40 Hz
Weak rocks 30 1o 80 Hz
Strong rocks > 50 Hz

In practice, actual frequency characteristics depend on a combination of factors.

Equations 2.7 and 2.8 may be used to estimate ppv at ground lcvel at selected distances from
piling operations, but their value is limited to this two-dimensional assessment. In order to
identify the more important and critical aspects for a specific sile, the vibration study should
take the three-dumensional effects on the propagation and attenuation of the vibrations into
account. :

Recent, further work at the University of Durham has included the analysis of 130 studies of
vibrations caused by piling. This work is reported by Attewell ef af. (1990}, Attewell e al.
{1991), and Ofiver and Selby (1991). By setting up the records in an appropriate database, they
have designed a knowledge-based system which may be interrogated in order to make broad
predictions of vibration levels for a new site with different choices of pile and hammer,
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Their work again confirms the applicability of relations of the general form:

v - b(@]’ . 29)

r

In particular, however, they point eut the following:
1. This type of relation should only be used for plan distances greater than about 0m.

2. Values of ppv at closer distances are often lower such that a cubical polynomial curve-fitting
is more appropriate.

3. For impact hammers, they suggest vibration velocity estimation can be based on the
following parameters:
b =133 and x=0.73.
For vibrodrivers, the parameters for estimation purposes are:
b= 1.18 and x = 0.98.
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3 Requirements and controls

Piling vibrations can affect nearby structures and inconvenicnice the occupants or users, Both
aspects are important, either separately or together, because the level of disturbance might not
only be a nuisance, but it could also damage buildings and services. Restrictions, if imposed,
might involve suspending, modifying or even terminaling the piling, thus affecting the progress
of the construction project. :

It is therefore important from ail points of view that there should be early recognition of the
potential for annoyance, nuisance or for damage. An investigative study at a sufficiently early
stage will usually lead to steps which minimise risks without untoward consequences for the
works.

For control purposes, vibration has been grouped with noise, and guidance or stipulative
documents often do not differentiate between these two quite different phenomena.

Vibrations are generated, inter alia, by traffic, machinery, explosions and construction activitics.
Control of their level and effects is achieved through statutory and other requirements such as
construction contract conditions. Piling vibrations are a special form of vibration, being both
temporary and intermitient by nature. Vibrations in general, and piling vibrations in particular,
are neither explicitly controlled by legislation, nor is their control always defined in construction
contracts, {although it may be implied by indirect requirements such as the avoidance of
‘inconvenience’ or ‘disturbance”). Because many assessments of nuisance or disturbance are
subjective, it is difficult to estublish comparative precedents to set acceptable levels.

3.1 LEGAL BACKGROUND

Legislative contzol of the nuisance element of vibrations used o lie within the provisions of the
Noise Abatement Act 1960 {now repealed). This particular aspect of nuisance controt. including
vibration, is now covered under the Environmental Protection Act 1990 and also the Control of
Pollution Act 1974, In certain severe cases, contraventions of the Health and Safety at Work
Act 1974 may occur, particularly if distuption of mechanical or electrical syslems result from
these vibrations, which in tum present difficulties to operators of that equipment.

Resirictions can be imposed by local authorities at any time on methods employed, hours of
working and consequent effects (see Section 3.2). Maximum vibration levels can be specified, If
recorded or assessed levels of actual operations are decmed to be sufficiently disruptive to the
commuanity, or damaging to the property, then the vibrations may be designated a Public
Nuisance.

Legal action can also be taken by individuals, under common law, to restrict nusance or to
seck compensation. Such cases are dealt with under the classification of Private Nuisance.

The legal position is complicated and the application of Common Law cannot be regarded as
settled. The Final Report of the Wilson Commitiee on the Problem of Noise (HMSO, 1963)
commenls as follows:

Noise can be the subject of a civil action for nuisance at Common Law. Nuisance has been
defined as the wrong done to 2 man by unlawfully disturbing him in the enjoyment of his
property. The disturbance may take the form of injury (o property or interference with
personal comfort. The wrong does not involve a direct physical interference like trespass; in
relation to personal comfon it must not merely cause transitory disturbance but also
substantially interfere with health, comfort or convenience. The following quotation from the
Judgement of Mr Justice Luxmoore in the case of Vanderpant v. the Mayfair Hotel Company
Limited (1930) expands this definition with particular reference to nuisance:
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‘Apart from any right which may have been acquired against him by contract, grant or
prescription, every person is entitled as against his neighbour to the comfortable and healthful
enjoyment of the premises occupied by him, and in deciding whether, in any particular case,
his right has been interfered with and a nuisance thereby caused, it is necessary to determine
whether the act complained of is an inconvenience materially interfering with the ordirary
physical comfort of human existence, not merely according to elegant or dainty modes and
habits of living but according in plain and sober and simple notions obtaining among English
people’.

In England and Wales the remedy sought in an action for nuisance at Common Law is an
injunction restraining the defendant from continuing the nuisance. Sometimes damages are
sought in addition. If proceedings are brought in a County Court it is necessary for the plaintiff
to claim damages as well as ar injunction since otherwise the court has no jurisdiction. In
Scotland the corresponding remedy is an action for interdict or for interdict and damages: such
actions may be brought in the Shemiff Court or in the Court of Session and it is not necessary
in either case to claim damages as well as interdict. There have been many decisions by the
courts granting injunctions or interdicts restraining various types of noise including the ringing
of church bells, singing, holding noisy entertainments and bringing together disorderly crowds,
using a steam organ in connection with a merry-go-round and making an excessive noise in
carrying on a trade.

3.1.1 Public nulsance
Lord Justice Denning (1957) defined public nuisance as:

Nuisance which is so widespread in its range or so indiscriminate in its effect that it would
not be reasonable (0 expect one person 1o take proceedings on his own responsibility to put a
stop 1o it, but that it should be taken on the responsibility of the community at large.

A public nuisance can be a crime, a misdemeanour at common law and as such the subject of
indictment. Crimiral prosecution for public nuisance can be commenced by the Attorney
General or, for example, by the Environmental Health Department of the local authority. Civil
proceedings can be commenced by the Attorney General either alone or at the instigation of the
Environmental Health Department of the local authority or a private individual, A private
individual cannot commence civil proceedings unless it can be shown that the nuisance is the
cause of special damage fo that person, over and above that sustained by the public at Jarge.

This branch of the law is rarely invoked and is largely superseded in practice by statutes such
as the Control of Pollution Act, 1974,

3.1.2 Private nulsance

According to Kerse (1973}, in private nuisance ‘damage traditionally consists of actual physical
damage to the plaintif€’s property or some unreasonabie interference with the plaintiff’s use and
enjoyment of his property. The cases involving noise and vibrations from pile driving are a
good example of both these forms of damage; actual physical damage to the property caused by
the vibrations together with joss of sleep, interference with communication ...,

An isolated incident will generally not amount to a private nuisance unless it is associated with
sudden and seripus damage or inconvenience. The character of the locality is also impottant.

An important distinction of private nuisance is that an action is not necessarily based on
compliance with conditions restricting noise or vibration detailed in a planning permission, or
stipulations of any noise or vibration levels under the grovisions of the Control of Pollution
Act, 1974, However, it has been made clear that the law of nuisance is not to be used to
prevent building works being carried out {(Andrea v. Selfridge, 1938, Ch 1), The Court of
Appeal head note states that ‘no cause of action arises in respect of operations such as
demolition and building, if they are reasonably carried on and all reasonable and proper steps
taken to ensure that no undue inconvenience is caused 1o neighbours’.

CiRIA Tachnical Note 142



Uncontrolled Copy, ® CIRIA

25/09/2008,

Licensed copy:aArup,

An injunciion and damages are the principal remedies for privaie nuisance, although, in practice
an injunction is usually the only remedy sought. An injunction will generally not be given
where damages would be an adequate remedy. It is a standard condition of granting an
injunction that the plaintiff gives a cross-indemnrity in the event that it is held the injunction
should not have been granted. In most cases an application is made for an interlocutory
injunction before the matter has been tried. The plaintiff also takes the risk of having to pay if
it is decided that an injunction was wrongly obtained.

Another case of importance is Hoare v. MacAlpine (1923) 1 Ch. 167. This case concerncd an
old building in London which had to be demolished as a result of damage from vibrations,
There appeared to be a strong argument that the defendants were not liable because of the frail
state of the building, On page 174 of that record, authority is cited for the proposition that, in
nuisance, persons are not o be allowed to enforce rights which limit the uses by others of
property unless the facts relied on as constituting a nuisance are such as to interfere with the
ordinary rights which according to the ordinary notions of mankind they are entitled to exercise
in relation to one another and in relation to their property (Kine v. Jolty (1905) 1 Ch. 480, 489).
The Cowrt accordingly adopted the view that the defendant was under absolute lability for the
escape of vibrations following Rylands v. Fletcher LR, 3HL 330. This was a leading nineteenth
centwry case which established a species of absolute liability where a defendant gathered upon
his land some unnataral and potentially dangerous material of force. In Rylands v. Fletcher this
was a reservoir, which was held fo put the defendant under absolute liability should water
escape from it and damage neighbouring land. Hoare v. MacAlpine is therefore some authority
that the same principle may be applied to vibrations. But the authonity of the casc has been
doubted. The judgement concludes by seeking to justify the impesition of absolute liability on
the basis this was the only way that owners of old buildings in Lendon counld be protecied.
Since then, however, the London Building Acts have beén passed.

3.2 POWERS OF LOCAL AUTHORITIES

Part 3 of the Control of Poliution Act embodies the statutory provisions which control
emissions of noise and vibration from construction sties. The Act covers noise extensively and
defines noise as inciuding vibration {Section 73). This statement confirms full application of the
provisions of the Act. The Northem Ireland Local Government Order (1978 SI 1049, SI 19)
defines "noisc” as including ‘vibration” and contains provisions for the abatement of such
nuisances,

Much of the complaint of residents often stems from the temporary and intermittent nature of
piling works — they represent a change in the usual conditions in the neighbourhood and, to
ouisiders, the operations appear 0 be in bursts of intense activity and noise with irregular
pauses between. Because of their statutory responsibilities and because they have 1o handle
complainis, the local authorities will require prior notification of works of this kind which are
likely to give rise to problems for residents. Prior notification is not mandatory, but failure to
notify the relevant bodies may result in action which can bring into operation the statutory
powers invested in these bodies.

Section 66 — Control of Noise and Vibraiion on Construction Sites. Section 60 of the Act gives
focal authorities powers to enforce their requirements for the control of noise and vibration. The
Section applics to construction works, including pile driving, and enables a local authority to
stipulate and impose their requirements prior to and during operations. Where it appears 1o a
Iocal authonity that works of pile driving or other forms of construction are being, or are likely
1o be, carried out within the district, the local authority may serve on a contractor a statutory
notice, listing the requirements. These can inciude methods of working, types of machines and
hours of working. Maximum levels of vibration and a time for compliance can also be
specified. As with other sections of this Act, the recipient of this notice has a right to appeal to
the magistrales” coust.

Section 61 — Prior Consent for Works on Construction Sites. Insofar as the notification of a
particuiar piling schemc is concemed Section 61 lays down a prior consent procedure.
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Agry person intending 1o carry out construction work, such as piling, which could be subject to
noise and vibration regulations may anficipate the requirements of the local authority and submit
to them a request for Prior Consent. The submission must contain details of the work to be
done, the method by which it is 1o be carried out and the steps which will be taken to control
noise and vibration emitted. The application for prior consent can be presented at the same time
as for approvals under other enactments but not to precede application for Building Regulations
Approval. The local authority may, if it is satisfied with the proposals, give consent for the
work to proceed, Alternatively, it may grant a qualified consent, stating additional conditions
with which the contractor must comply. The authority must inform the applicant of its decision
with 28 days of the request for Prior Consent.

This procedure enables local circumstances to be discussed between the local authority and the
contractor, and methods of operation can be agreed at that stage. Any such consent agreement
between the local authority and the contractor, while it may be grounds for defence against
proceedings under Section 61, does not constitute any ground of defence against any
proceedings instituted under Section 59 of this Act {see below).

In its deliberations, the local authority will bear in mind the provisions of any codes of practice
which are issued in respect of the part of the Act and that the *best practicable means’ are used
in execution of the work. ‘Best practicable means’ is an important phrase as it indicates that a
local authority recognises that certain site operations are, by their very nature, noisy and cause
vibrations, and consequently, with currently available equipment, not capable of achieving
significanily redoced noise and vibration levels.

Irrespective of whatever limits are sel for the exccution of the work, the Contractor may carry
out emergency work by other means, where there is a temporary danger io life or property.

The basic aim of this part of the Act is to preserve the quality of life, as reasonably as pessible,
for those people who live or work in an area where civil engincering work is in progress.

Any resiriction under the Act is normally related o the usual circumstances in any particular
locality and to a corresponding period of time, e.g. day or night, weekday or weekend, The
local authority which intends to set maximum noise and vibration levels should therefore ensure
that it knows what normal ambient noise and vibration fevels exist before the work commences.

3.3 PROCEEDINGS AGAINST NUISANCE

Summary proceedings by local authorities. Nolwithsianding the specific use of powers under
Section 60 of the Controt of Poliution Act, the local authority can still use its nuisance powers
under Section &0 of the Environmental Protection Act 1990 fo deal with a variety of noisc and
vibration nutsances.

Local authorities can serve statutory notices pricr 1o or during operations 1o conirol nuisances,
reinforced, if necessary, by injunction proceedings in the High Court.

Proceedings by aggrieved residents. Iimespective of agreements, consent or other arrangements
between a local authority and a contractor, a resident or residents aggrieved by piling operations
can make a complaint to a magistrates’ court. The magistrates’ court shall, if it is satisfied 2
nuisance exists, make an order for the abatement of the nuisance or prohibit a recurrence of that
nuisance (Section 82 of the Environmental Protection Act 1990).

3.4 CODE OF PRACTICE RECOMMENDATIONS AND CONTRACTUAL
REQUIREMENTS
BS 5228: Part 4: 1986, Noise Conirol on Construction and Open Sites, which deals with piling

operations, does not cover vibrations but notes that serious disturbance and inconvenience can
result to anyone exposed to them. The recent revigion to Part 4 (BSI, 1992} deals with piling
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vibrations, Types of vibrations generated, their effects, prediction and reduction of levels, are
covered.

General conditiors of contract (e.g. LC.E. Sth Edition, 1973) usually require that work be
carried out without unrcasonable neise and disturbance or that reasonable precautions are to be
taken io prevent nuisance or inconvenience. These broad requirements would, therefore, include
the effects of piling vibrations.
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4 Human perception of vibration

The threshold of human perception of vibration is very low. Expressed in terms of peak particle
velocity, the threshold of perception corresponds to a velocity of about 0.15 to 0.3 mmy/s at
frequencies between 8 and 80 Hz. As their intensity increases vibrations become irritating,
annoying and can even be frightening at intense levels.

The degree of annoyance primarily depends on the following factors:

» Physical and mental condition, age and attitude of a person
= Characteristics of vibration

+ Accompanying noise

« Daration and time of day

« Current activity of a person

» Proximity of source

» Quality of pre-existing eavironment.

If people have becn informed about the nature and timing of the disruption and are confident
that reasonable care will be taken by thosc responsible for the work, their annoyance is likely to
be less. Although such a public relations exercise, to give prior warning and assurance, is
important, it is only one of a series of necessary actions.

Acceptability depends on factors like those listed above for annoyance, e.g. whether the
occupants are at work or in residence, their state of health, whether it is day or night, and
whether the vibrations are continual, repeated or sporadic. Figure 6 indicates how the typically
accepiable vibration levels vary for situations of differing sensifivity. At night, only people
working in industry are tikely to tolerate vibrations.

} is not possible to definc the levels of vibration intensity which will be unacceptable in any
particular circumstances. What may be ultimately tolerated, although with complaint in one
situation might, in ancther, lead to injunction proceedings. The underlying truth of Lord Justice
Thursiger's direction of 1879 still rernains; what would be a nuisance in Belgrave Square would
not necessarily be so in Bermondsey.

Most of the vibration problems from piling reiate to human tolerance, and because this aspect is
subjective there can be no rigid definition of what constitutes “annoying’ or a ‘public nuisance’.
Reflecting this difficulty, the tendency now is not to differentiate between different degrees of
acceptability or annoyance, but to use the expression ‘adverse comment’.

Nevertheless, past experience gives broad guidelines of acceptability and case law the
precedents which proved unacceptable. But both change.

4.1 PERCEPTION CRITERIA

Several scales of perception criteria have been developed (see Steffens, 1974). BS 6472: 1984
provides guidance to evaluation of human exposure to vibration in buaildings (1 to 80 Hz). The
draft DIN 4150: Part 2: 1986 provides a detailed, scientific method for determining the effects
on persons in buildings.

Many of the scales were developed for permanent sicady-state vibrations or transient events
such as carthquakes or wind loading on buildings.

The three parameters used to define scales of discomfort are displacement amplitude; particle

velocity; and acceleration. Lack of consensus on a preferred parameter that suitably covers
various types of vibration has ¢ncouraged the production of an array of criteria, many of which
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have little in common with the cffects of piling vibrations, Some of the more relevant
perceplion scales are summarised below (for more details see Steffens, 1974).

PERCEPTIBLE

NOTICEABLE

UNPLEASANT

Figure 6 Sensiltivity and tolerance of diffarent types of vibration

BARELY

STRONGHY
NCTICEABLE

Occasonal

Continuous

£

=

A MOST SENSITIVE

Hospital operat'ng theatres
Precis,on laboratones
Nursing homes

High: precision processing
Offitsar functiong

Cinemas

Residental areas
Monicipal bukdngs
Edurational gstabshmers
Offices

Light moustry
Workshops

Heavy industry

LEAST SENSITIVE

Reiher and Meisier related perception and discomfort to displacement amplitude and frequency
for exposure to continuous steady-state vibration. They demonstrated that although a particular
displacement amplitude may be just perceptible at low frequencies it may be unpleasant or even

painful at high frequencies.

Dieckmann derived a perception intensity parameter, X, whick can be related 1o the expected
effects on people. K-values are derived from acceleration mcasurements at low frequencies,
from velocities in middle ranges, and from displacement amplitudes at higher frequencies.

DIN 4025 (German Standards Institute, 1958) employed K-values to classify and to predict the

effects on workers. An amended version of this criterion is also adopted in subsequent DIN
standards {sce Section 4.2.1 ahout DIN 4150).

Zeller developed a unit termed a Yibrar which is based on common relationships between

dispiacement amplitude, acceleration and frequency. The Zeller scale is related to the Merscalli-

Cancani earthquake rating, and a prediction of the effect on both humans and property is
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derived. The scale is based on events of relatively short duration and therefore has limited
application to piling.

The Pal Scale was developed by the German Standards Institute (DIN 4150, 1939) as a measure
of the strength of vibrations in terms of root mean square peak velocities. The strength of
vibrations can be related to various threshold levels of perception and discomfort.

4.2 AVAILABLE STANDARDS
4.2.1 DIN 4150 (1970 draft)

A much used source in vibration studies in the UK is the German Standard DIN 4150 (German
Standards Institute, 1939, 1970 (draft), 1975 (provisional), and 1986 {(draft)). The 1970 and
1986 drafts are available in translation from the British Standards Institution, BRE Digest No.
278 (HMSO, 1983), Vibrations: Building and Human Response, based its recommendations on
the 1970 draft. For piling purposes the 1970 draft and provisional 1975 versions are considered
adequate. The 1986 draft is highly technical and would only be applied in special
circumstances,

The DIN specifications apply 10 vibrations transmitted through solid surfaces, such as floors,
and apply panticularly to sinusoidal vibrations. The method involves the calculation of the
perception intensity (degree of perception) from the acceleration, velocity or displacement, and
the frequency of the vibration. Comparison is then made with guide values given in tabular
form for various locations in differing environments, having regard to duration and frequency of
the vibrations and the time of day at which they occur.

~ In the 1970 draft, the degree of perception, X, is an amended version of that proposed by

Dieckmann. Some guide values are given in Table 3. Suggested levels of vibrations acceptable
in different situations arc given in Table 4. It is thought that where piling in less sensitive
situations is continued for only a few days, the acceptable vibration levels might be higher

(2 to 3 times) than those suggested in Table 4,

4.2.2 DIN 4150 (1975 provisional standard)

In the 1975 provisional standard of DIN 4150 there are curves of equal perception intensity (in
terms of another parameter, K8) for a frequency range 1 to 100 Hz: the curves are related o
displacement, particle velocity and acceleration. The perception intensity parameter, XB, is
derived from the peak values of these three characteristics as follows:

Jrom acceleration. KB = 202a{D
from particle velocity: KB = 0.13v/D

Jfrom displacement: KB = 08478 /D
where a = acceleration (m/s® )
vy = velocity (mmjis)
[ = displacement amplitude (mm)

wi - |1 (]

for f, = 5.6 Hx (a reference frequency).
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Table 3 Kwaluss and human perception of vibration
{from CIN 4150: 1970 draft)

K value Degree of Perception
below 0.1 no felt

0.1 thseshold of perceplion
025 barely noticeable

.63 noticeahle

1.6 easily noticeable

4 strongly noticeabls

10 very strongly detsctable
Notes:

L. Applies to ventical and horizontal vibrations
2. Frequency mnge 0.5 1o 80 Hz

3. Perception of persons sitting or standing

4. K-values calculated from:

K = 0.00547%C
or X = 8FIC
or K = 0.125a/C
where A = displacement amplitude (mat)
f = frequency (Hz)
v = particle veloclty {mmis)
o = particle ceceleration {mmiis)

and C =1 + A1

Different values are given for the numerical constants if root mean square values of the

vibration characteristics are used rather than peak values.

Figure 7 is a simplification of the peak particle velocity ~ frequency curves of equal perception
intensity (KB) given in the 1975 provisional standard. A table of guide values (in terms of KB)
is also given in the provisional standard for different situations. Table § presents those parts of

that table most relevant to piling projects. Note that it refers to vibration in dwellings or

comparable rooms,

Tabla 4 Suggesled vibration levels acceptable in different situations {after DIN 4150: 1870 draft).

Degree of perceptlon {K-values)

Situatton Continuous Repeated  Occasional

vibratlons'  vibrations vibrations®

Hozspitals and day 0.1 ] 2.
nursing homes night 0.1
Residential arcas day 0.1 0.2 4

night 0.1 0.1
Fown residential day 03 0.63 8
and business arcas night 0.1 0.1 a1
Industrial areas day .63 0.8 12

night 0.6 0.8 i2
Notes:

1. Conlinuous vibrations are defined as lasting more thao Zh.

2. Repeated vibrations, here, are either continuous vibrations occurving occastonally or shocks that occur at intervals.
3. Occasional vibrations are transient vibrations lasting for & short lime only e.g. shocks from blasting, which occur

once [o three times & day.
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Figure T Curves of equal perception intensity (KB} in terms of peak particle velocity and
frequency

4.2.3 DIN 4150: 1986 Part 2

The evaluation procedure presented in DIN 4150; 1986; Pant 2, Vibrations in Buildings, Effects
on Persons in Buildings, is a scientific approach based on a frequency-weighting method.
Yaricus formulae are used to derive time-weighted, root mean square vibration signals, which
are pulse stretched to smooth, time-decay signals. Duration effects and rest periods are taken
into account as are secondary audible effects (¢.g. door and window rattling).

The oscillation amplitudes in both vertical and horizontal directions have to be measured for
floor centres, structural members, walls, doers and window bays. At each point, measurements
are taken in perpendicular directions.

Where measurements are of short duration, statistical approaches are recommended, except
when constant signals are recorded or where occurrences are single or continuous.

In order to evaluate vibration emissions, the caleulated time-weighted or root mean square
vibration signals are compared with reference values, presented in a table, for both vertical and
horizontal componenis. The able gives reference values mainly for commercial plants and
housing {day and night). An approximate procedure is given in the draft standard with examples
of worksheets and explanatory notes.

The approach, which this draft standard outlines, is not easily applied to piling vibrations acting
over comparatively short periods. The vibration study needed to ensure compliance would be
extensive and costly, and there would be a delay after measurement before the findings could be
analysed. It seems probable, therefore, that this approach would only be useful in exceptional
circumstances, such as where delicate sensitive work operations are necessary or where the
vibrations can be expected over a subsiantial period of time.

4.2.4 1SC 2631 and BS 6472

1SO standard 2631: 1978: Guide for the Evaluation of [fuman Exposure ioc Whole Body
Vibration and Shock, applies primarily to vibrations transmitted to the human body as a whole
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through the supporting surface in buildings, vehicles and by working machinery. It proposes
three limits for preserving comfort, working efficiency, safety or health as follows:

(a} reduced comfort boundary
(b) fatigne — decreased proficiency boundary
{c} exposure limit.

Relationships are given for assessing perception in terms of (b}, with suggested multiplying
factors for assessing perception in terms of (a} or {¢).

Of more direct relevance to this piling study is a draft addendum to ISO 2631, Guide to the
Evaluation of Human Exposure to Vibration and Shock in Buildings (Document 81/78512 DC,
1981 — which has been translated into BS 6472; 1984, Guide to evaluation of human exposure
to vibrations in buildings (1 Hz to 80 Hz). This gives levels of vibrations in tesms of
satisfactory magnitudes of particle accelerations or velocities for people in buildings.

The draft addendum takes into account the foilowing factors:

» type of excitation : steady-state vibrations, intermittent vibration and impulsive shock

» type of building : workshop, office, residential, hospital operating theatre or other critical area
= {ime of day

+ position of persons affeeted : standing, sitting or lying, or combination of the three.

Impact pile driving is defined as producing intermittent vibrations and vibro- or resonant piling
1s classed 4s continuous. No differentiation ts made between different types of dweHing.

Table 5 Guide values for the assessmant of vibration in
dwellings or comparable rooms (aftar DIN 4150: 1875
provisional standard}

Sttuation™? Guide values for continuous vibrations
and vibrations cccurring repeatedly
with [nterruptions®

KB ¥ (mmis}
Quiet residential areas day G015 03000
night .15 02
Town residential and commercial arcas  day 0.3 (0.7) [CX: (i 34
night 0.2 03
Commencial arcas including offices day 0.4 Q.35
night 03 0.4
Induxirial areas day 0.6 0.85
night 0.4 0.55

Noics:

1. Lower values may be appropriate in certain special arcas,

2. Day (0600 1o 220G h): Night {2200 to 0600 h).

3. Continuous vibrations and vibrations ooeurring repeatedly with interruptions ars those which occos for a period
longer than 2h.

4. The guide values in brackets should not be excesded when structures are subjected 10 horizental vibrations of § Tz
and below. _

5. With vibrations confined to daylight houss and over a few days, such as those from piling, geide values up to double
those given above might be suitable provided damage thresholds zme not exceeded.,

BS 6472: 1984, Guide to evaiuation of human exposire o vibration and shock in buildings,
provides guidance to human response to building vibration within a frequency range I 1o 80 Hz
with weighting curves applying to different situations, It recognises that perception depends on
human body orientation and therefore produces differeni curves for z-axis vibration (head to
foot} and x- and y-axis vibration (back to chest and right to left side). These curves are given as
Figures 8(a) and (b}. The situations to which they apply arc presented as Table 6,
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Peak parhicle velocity {mm/s)

100

0

0.1

Tabie 6 Multiplying factors applying to satisfactory
magnitudes of building vibration for human
response {after BS 6472 1884)

Muitipiying factors!
Situation Contlaucus Intermittent
vibrations vibrations
Critical working arcas day { 1
night 1 i
Renidential areas day 204 &G to 90
night 1.4 20
Offices day 4 128
night 4 128
Workshops day g 128
night 8 128
Note 1. Refer 1o carves in Figures 3(a) and (k).
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Figure 8 Curves reiaiing typical human response lo vibrations in buildings (a} x- and y-axds
vibration {b} z-axis vibration
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5 Effects on buildings

The response of buildings to ground-bome vibrations is govemed by the following factors:

+ Relationship between natural frequencies of the building and its clements and the
characteristic frequency of the ground vibration

+ Magnitude of vibration

» Stiffness of building and elements

+ Damping characteristics of the building

» Other factors such as height and dimensions of the building and the types of materials used in
its cohstruction.

Specialist advice is required for a full assessment of stiffness, damping and interaction
characteristics: in normal circumstances thig level of sophisticated analysis would not be
jnstifted.

There is a distinction to be made befween structural, serviceability and aesthetic damage.
Structural damage impairs safety and may result in some form of failure, whereas aesthetic
damage is mainly an impairment of the appearance of surface finishes and fittings, Cracking of
plaster and rendering is annoying to building owners and could affect durability. Serviceability
failures would include loss of weatherproefing, sticking of doors and windows, sloping floors
and wall movements. A classification of damage is presented in Table 7 which is based on ease
of repair of visible damage to walls. This classification does not consider the subjective
judgements that need to be made on accepiability of cracking, nor should crack width be used
as the only measure of consequences of damage.

Cases where vibration has caused serviceability damage to buildings are rare and those reporied
nete that levels of vibration become unpleasant and even painful to the oceupier before such
damage results. When investigated, acsthetic damage, such as plaster cracking or loosening of
roofing tiles, which was initially atiributed to vibrations, is often found to have been produced
by other causes. In many cases, such defects have only been noticed as a result of inspection
through concern produced by the onset of vibrations — but were there previously. In other cases
it is possible that there were incipient defects made apparent by the vibrations,

It is alse important to recognise other possible causes of building damage, i.e. not necessarily
associated with vibrations of the structure or its compenents. Piling can cause ground seitlement
or heave which could distort # structure; other associated construction operations may give rise
to ground movements; or there may be several other quite separate reasons for building damage.

5.1 OTHER CAUSES OF DAMAGE TO STRUCTURES
A number of mechanisms can lead to damage o structures. These include:

Differential settlement of foundations.

Thermal expansion and contraction of structural elements.

Shrinkage and swelling of clay soils {causing differential settlement or heave),
Shrinkage of construction materials in new buildings.

Deterioration of construction materials,

Loss of ground support.

Groundwater Jowerning {causing settfement or loss of ground}.

Frost heave.

e A ol s
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Table 7 Ciassification of visible damage to walls with particular reference o ease of repair of
plaster, brickwork or masonry {adapted from BRE Digest 251)

Category of Description of typical damage Approximate crack
damage'" width (mm}
0 Hairlina cracks of less than about 0.1 mm width are Up 10 0.19
classed as negligible
1 Fine cracks are evident which can easily be treated Upto 1@
during normal decoration. perhaps with isolated slight
Assthetic fracturing in building. Cracks are rarely visible in
extemal brckwork
2 Cracks easily filled. Redecoration probably required. Up to 52
Recurrent cracks can be masked by suitable linings.
Cracks not necesserily visible exiemally. Some extemat
repointing may be required to ensure. weathenightness.
Doors and windows may stick slightly
3 Cracks should be broken out and repaired by a mason. Sto 15% (ora
Repointing of external brickwork and possibly a small nember of cracks
amount of brickwork 10 be replaced. Doors and up to 33
windows sticking. Service pipes may fraclure.
Weathentightness often impaired
Functionable
serviceaility 4 Extensive repair work necessary iavolving breaking-ont 15 to 259 but aiso
and replacing sections of walls, patticularty over doors depends on
and windows. Windows and door frames distorted, number of cracks
Flocss sloping noticeably™. Walls leaning™ or bulging
noticeably. Some foss of bearing in beams. Service
pipes disrupted
5 Requires major repairs involving partial or complete Usually greater
Swucrural rehailding. Beams losc bearing. Walis lean badly and than 25 bot
require sharing. Windows broken with distortion. depends on
Danger of instability number of cracks
Notes:

1. In assessing the degree of damsge, account must be taken of the Jocstion in the building or structure where it occurs,
alse of the function of the building or structure. The categorisation is purely related 1o easc of repair, and is not a
genenal objective statement of the acceptability of cracking in a building. Other factors, soch that might, for example,
affect the market value of the property, must be taken inte avcount even when the cause of damage is not progressive
or a threat to the stability of serviceability of the structure.

el

Crack width is one factor in assessing category of damage and it should not be used oa its own as direct measure of
it.

3. Local deviation of shope from the horizontal or vertical of mere than 1100 is nomally cleardy visible, Overall
deviations in excess of 1/150 are undesirable.

In any enquiry into reported damage to buildings afl other possible causes, as well as vibrations,
should be carefully considered.

An jmportant indirect cause of building damage through piling results from dyramic (vibration-
induced} ground settlements in granular soils. Structural damage to varying degrees can result,
but it is most pronounced where shallow foundations overlie loose or medium dense deposits.
Dynamic settlement predomirantly affects uniform fine sands and silty sands below the
groundwaler level, and produces movements that are differential in nature. The degree of
induced movement will depend on the initial density of the soil, level of vibration, and distance
from source. Various authors (NAVFAC [982; Heckman and Hagerty, 1978; and D’ Appolonia,
1971} suggest setilements can be expecied for a distance of up to 10 pile diameters and
occasionally as much as 10 to L5 m distant from driven piles.

In exceptional circumstances movements can be induced at greater distances. For example

where a loose sand or il overlies a dense gravel (or rock) and piles are driven to end-bear on
dense material. adjacent buildings founded on shallow foundations can be affected, because the
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vibrations can be transmitted from the pile basc, along the dense layer, and cause dynamic
settfement directly beneath shallow foundations at adjacent structures, Ground settlements of up
to 300 mm arc also possibic from driving pile groups in uniform granular soils. A further cause
of building damage results where the bearing capacity of adjacent foundations approaches unity
and piling vibrations trigger coliapse or partial collapse, or where foundation stability has becn
reduced through temporary excavations.

Thie cffect on gramilar soils from vibro-drivers and vibroflots is more marked as the
characteristic frequency of the ground is approached. This is particularly the case on the Tun-up
and run-down from the operating frequencies which are usually about 30 Hz.

5.2 DAMAGE CRITERIA FOR BUILDINGS

As with human perception of vibrations, there is no single set of criteria for predicting damage
to buildings from vibrations. Various proposals have been made but they differ in the
parameters used to characterise the vibrations, in the levels of risk, in the damage thresholds
and in the calegorisation of both damage and the buildings.

Much of the published guidance, including national codes and international standards, deals with
the measurement and effects of vibrations, machinery, traffic, blasting. wind and earthquakes
eic. Although construction activities may be included and piling may be mentioned, the
guidance is not specifically about piling-induced vibrations.

It is not possible to define what constitutes a damaging vibration with any degrec of confidence.
There are no universally accepted criteria which can be used t6 predict the effects on all
buildings and struciures. Various criteria have been proposed in America and Europe, based on
blasting, earthquake and similar evidence, which attempt to predict the likelihood of damage in
terms of measured {requency, amplitude, velocity or acceleration. But there are also many other
factors, such as the increased stresses gencrated by vibrations, fatigue properties, resenance and
sensitivity, which are unquantifiable. '

Early research in the USA, based on the effects of blasting vibration, provided guidelines in
terms of maximum amplitude before onset of damage to wood-framed and brick buildings.
Similar tests carried out in Sweden and Britain were also based on amplitude. For piling
vibrations, however, measurement in terms of peak particle velocity (ppv) is considered more
appropriate for several reasons. Displacement and acceleralion measurements are more sensitive
to low and high frequency components respectively. The measurcment of velocity can be made
directly (without having fo integrate or differentiate) from geophones, which are robust and
cheap, in the refevant frequency range (5 to 200 Hz). The response of people as well as
structures can also be copveniently related in terms of velocity.

5.2.1 Criterla from blasting technology

The ground vibrations from blasting are of short duration from sporadic or even rare events.
Blasting is almost invariably in hard rock and aithough piles may be taken 1o bear on rock at
depth the reason for piling is that the ground is relatively weak. Much of the North America
data 1s for timber structures, Therefore it is to be expected that blasting vibration criteria permit
higher intensitics (whether described in terms of amplitude or velocity) than are given for other
types of operation and more sensitive buildings.

American velocity limits for damage from blasting arc based on measurements in one
component direction on the ground. Early reporters suggested that slight damage could occur at
maximum {non-simulated) peak particle velocities of 50 mm/s and moderate damage at over
10G mmys (Crandell 1949, Duvall and Fogelson, 1962). Steffens (1974) reporis the Dicckmann
K-value of about 60 (extremely urpleasant), equivalent to 75 mm/s, for damaging vertical
vibrations of 5 to 40 Hz.
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Theissen and Wood {1582) summarise various proposals of damage thresholds, which are
primarily based on blasting technology, for four classes of structure affected. A summary of the
criteria assessed is presented as Figure 9, which illustrates the divergence of apinion. They
categorise vibration damage fo structures as follows:

+ Damage to building content: including stock, equipment and computers

» Structure deterioration: including aggravation effects to structural and architectural damage

+ Architectural damage: including broken windows, cracked plaster, non-bearing wall and frame
damage

» Structural damage: including effects on structural components or integrity.

In the past structural and architectural damage has received most attention, but it is expected
that building contents will receive more attention in future because of the proliferation of
vibration-sensitive computer equiprnent.

Siskind ¢7 al. (US Bureau of Mines, 1980) reassessed structural response to blasting vibrations
based on measurements in 76 homes. They concinded that the previously recommended damage
theeshold ppv of 50 mmy/s is not appropriate when frequencies are below 40 Hz. Within this
range of frequencies {which is appropriate to piling vibrations) they proposed damage threshold
values of ppy of 18 mmy/s for modem homes with drywall interiors and 12 mmy/s for older
homes with plaster and wood 1ath construction, But, if is important to note that these values are
for single events, measured only on one direction on the ground and, moreover, no account is
taken to reduce thresholds for continuous or tntermittent vibrations from operations such as
piling. New (1990) discusses the ground vibrations caused by blasting and other construction
works.

5.2.2 Published guldance about the effects of vibration on buildings

BRE Digest 353 is the most recent guidance note from an authoritative UK soirce on this
subject. It points out that there is no carrent UX code or standard and that it will be some years
before one could be developed. In refesring to DIN 4150, a Swiss standard and a Swedish
Code, it notes the different approaches these adopt and that the data on which they are based do
not necessarily apply to UK conditions and structures.

In the absence of definitive guidelines for the UK, this Section presents some of the approaches
that have been considered in other countries as well as in the UK. As with human perception
criteria, much of the key developments have been in Germany.,

Koch (1953} and Soir {1961} deveioped damage criteria based on the Zeller Scale of Vibrars
(see Section 4.1}, but it has since been widely acknowledged that peak panticle velocity is the
most appropriate single description for damage criteria prediction for piling vibrations.

DIN 4150 (1970 draft) recommended the measurement of the resultant peak particle velocity,
although its recommendations are principally directed towards blasting technology. The
recommended criteria are given in Table 8 for foundation vibrations (in the frequency range 8
to 80 Hz) caused by blasting once or twice each day, but the type of damage which these
criteria are designed to prevent is not given. It may be noted that no damage is to be expected
when the peak resuliant velocily is less than 2 mm/s. Although the guide values would not
apply 1o vibro-diving or to impact hammer piling where the vibrations de not have time to
dissipale between blows, they may not be inappropriate where the blows are well spaced.
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{Note: if structure 1s subject to repeated blasting or if blasting is done without instrumentation,

tower class by one)

Figure 8 Observed or anticipated damage threshoids
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Table 8 Representativa values of peak particle velocity for assessing vibrations from sudden
shocks {after DIN 4150: 1970 draft)

Cless of Building Nature of Buliding Permissible
ppy (Inm/s)
1 Ruins and damaged buildings, protecied as monuments 2
1] Buildings with visibie defects, cracks in masonry 4
[1f Undamaged buildings in technically good condition
(apart from cracks in plastering} &
v Well stiffened buildings (e.g. industrial buildings) 1G - 40
Notes:

1. Guide values are inappropriate if thers is the possibility of ground compaction because of the vibrations,

2. i blasting is more frequent than twice in a working day, for example, the guide values should be rduced to two
thirds of values shown,

3. One axis of measurement should be towards the source of the vibrations or panallel to one of the side walls of the
building.

o

In large baildings, the vibrations should be meastred in several places simultaneonsly, mcluding the foundations, the
ceilings and upper storeys. :

5. Fer vibmations in cetlings, values of np to 20 men/s in the vertical direction (v} may be pennissible.

Part 3 of DIN 4150: 1986 deals with transient and continuous vibrations in building structures.
For transient vibrations the velecity is defined as the maximum of the three single-components
of vibration velocity, It should be measured on the foundation of the outer wall of the building
or in the cuter wall. A further important position is defined as the ceiling level of the last full
floor. Table 9 presents the guide values given for various types of buildings and lists special
features for their use. :

For continuous vibration, including vibratory pile drivers and vibrators, ppv values of up fo

5 mm/s (measured at the top floor) for types 1 and 2 should not result in damage or superficial
cracking. Data for type 3 are not available. Similarly, it is noted that if values are exceeded, it
is not inevitable that damage will occur. Where a building is excited as a harmonic it is
recommended that measurements are made simultanecusly on several storeys. The Standard
suggests that a rough estimate of the lowest natural frequency of horizontal free vibrations for
muiti-storey buildings is:

- 10 (51
f number of storeys ) e

The Swiss Standard SN 640 312: 1978, which is also quoted in BRE Digest 353, is entitled
Effecis of vibrations on structures. It also relates limiting peak particle velocities (true peak
resultant values) to various (ypes of construction for differing frequencies,
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Table 10 summarises the guide values provided for vibration sources including machines, fraffic
and constructional equipment. No allowance is made between continuous and intermittent
vibrations, but it is implied that the quoted valves apply more directly to scmi-continucus
vibrations. The measurements should be made at the foundation of the structure,

Table 8 Guideline values of vibration velocity, v, for evaluating the effects of short-term vibration
(aftar DIN 4150 Part 3: 1986 and as given in BRE Digest 353)

Vibratlom velocity, v, In mm/fs

Type of structure Foundation Plane of floor of
uppermost full
storey

At a frequency (Hz} of Frequency
mixture
<19 10 - 50 50 - 100"
1. Commercial and industrial buiidings 20 2010 40 4010 50 40
2. Dwellings and buildings of similar 5 5w 15 1510 20 15

design and/or use

3. Structures that, becanse of their 3 JtoB f10 10 8
particular sensitivity to vibration, do not

comeapond 1o thase Tisted above and are of

great intrinsic valuc {¢.g. buildings that are

under a preservation onder}

* for frequencies above 100 Hz, at least the values specified in this column should be applied.

Notes:

1. If the maximum measured value at foundation level for buildings over two storeys is higher than 0.7 limes the values
given then it i3 essential 1o carry out measurement at the top floor.

2. Effects of piling vibrations are coversd and relevant provided that the time period between driving blows is sufficient
for the effect due to one blow 10 die away in buildings before the next is applizd.

3. Damage referred 1o in the fist iwo categorics also includes fine plaster cracks.

4. Values qroted are applicable to direct damage resulting from vibration apd will not accur &5 a result of effects of
former vibrations.

5. H guide values are excesded it is not incvitable that damage will accur, but continied observation is essential.

In France, the Minisiry of Environment and Transport Regulations for mechanical vibrations
affecting buildings (1986) adopt the same criteria and tables as defined by the

ISO/DIS 4866; 1980 described below, They contain guidance for both intermiticnt and
continuous vibrations, and provide a methodology for measurement and assessment for various
structures and ground conditions. These are considered for both direct and indirect effects.
Figures 10 and 11 provide limiting guide values for intermittent and continuous vibrations and
are related directly to Table 11, Classes of building, and Table 12, Categories of structure. If
guide values are exceeded it is not inevitable that damage will occur, but it is recommended
that in such circcumstances continuous monitoring is carried out.

The draft international standard ISO/DIS 4866: 1986 deals with measurement and evaluation of

vibration effects on buildings: and is intended 1o be used as an Intemational Standard. It
considers source-related and building-related factors and outlines methods of vibration
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measurement and methods of evaluating data. Annex A to the Draft defines categories of
vibration resistance.

Different building types are sct into categories of structure (see Table 11} and different classes
of building are shown in Table 12 depending on their structure category and their foundation
type and ground conditions (Table 13). Thus a church of historical importance (building

group 1} would be a structure category 8. If it has large stone footings {Class C foundation} on
sand and gravel (Type ¢ ground conditions) it would then be considered as a Class 14 bailding.

It may be noted that this special categoty (8) is not included in the French Regulations
{Figures 10 and 11).

Table 10 Structural types and guide values of vibration velocity (after SN 840 312; 1678}

Structursl type Gulde values of true peak resultant particle
velodity v, (mmfs) for frequency ranges of:

10 to 30 Hz 30 to 50 Hx

I Reinforced concrete and steel construction 12 1210 18°
{without plasier} such as industrial and commercial
buildings: retaining walls, bridges, towers; abowve
ground pipelines, Underground struetures snch as
cavems, tunnels, galleries with or without concrele
lining.

1l Buildings with foundation walls and tloors in 8 810 17
concrete with walls in masonry or concnete,
Retzining walls of ashlar consiruction.
Underground structures as in [ but with masonry
lining. Pipelines buned in soft ground.

I Buildings witk foundations and basement floors of 5 5108
concrete construction with wooden beam
construction in vpper floors: brickwork walls.

IV Buildings which are especially sensitive or worthy 3 308
of protection.

* The lower value applies at 30 Hz, the upper one at 6 Hz. Interpolate for intermediate frequencies.

5.2.3 Review of criteria

From these published critcria for building damage some broad, tentative guidelines can be
derived.

1t would appear that damage is unlikely (even improbable) at true peak particle velocities of
Iess than 2 mmy/s measured on structural foundations. Exceptions could be previously damaged
or dilapidated buildings and monuments. The effects of vibrations also depend, however, on the
predominant frequency: for a given value of ppy, the risk decreases for higher frequencics and
tncreases for lower frequencies.
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Tabie 11 Categorisation of structures according to group of buliding
{after Draft ISQ/DIS 4866, 1986)

Category of
structure

Group of building

1 2

Resistance 10 1
vibration

Heavy industrial multi-storey buildings,  Two- and three-storey industrial, heavy-frame
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five 1o seven atoreys high, inchuding
easthquake- resistant forms.

Heavy structure, including bridges,
fortresses, ramparts

2 Tumber frame, heavy, public buildings,
icluding earthquake-resistant forms

3 Tunber-frame, single- and two-storey
frouses and buildings of assaciated uses,
with infilling andfor cladding, including
“log cabin” kinds, including earthguake-
resistant forms

4 Fairly heavy multi-storey boildings, used
for medivm warchousing or as living
accormodation varying from five to
seven SIORCYS OF more ’

5 Four- to six-storey houses, and buildings
of associated urban uses, made with
blockwork or brickwork, Ioad-beating
walls of heavier constction, including
"stately homes” and small patace-style
buildings

& Tworstorey houses and buildings of
assoclated uses, made of blockwork or
brickwark with timber floors and roof

Stone or brick-boilt towers, inciuding
earthquake-resistant forms

7 Lafty church, hall and simnilar stone- or
brck -built, arched or "articulated” type
struciures, with of without vaulting,
including arched smaller churches and
similar buildings

Low heavily consiructed, "open™ {i.e.
non-cross-braced} frame church and bam
type buildings including stables, garages,
low industrial buildings, town halls,
lemples. mosques, and similar buildings
with fairly heavy timber roofs and floors

B Rutns and near-mins and other

buildings, all in a delicate state

All class 7 constructions of historical
nportance

buildings of reinforced concrete or stractural steel.
clad with sheeting andfor infilling panels of
blockwork, brickwork, or precast units, and with
steel, precast or in-sifiy concrete floors.

Composite, structural sieel and reinforced conerzle
heavy industrial buildings

Five- to nine-storey {and more)} blocks of flats,
offices, hospitals, light-frame industrial buildings of
reinforced conerete or stmctural steel, with infitling
panels of blockwork, brickwork, or precast units,
not designed to resist earthquakes

Single-siorey modermely lightweight, open-type
indostrial buildings, braced by mtemal cross walls,
of steel or aluminivm of limber, or concrete -frame.
with light, sheet cladding, and tight panel infilling,
mcluding eanthquake-resistant types

Two-storey, domestic houses and buildings of
associated uses, comstrucied of reinforced
biockwaork, brickwork or precast unis, and with
reinforced floor and roof construction, or wholly of
reinforced concrew or simifar, all of earthquake-
resistant types

Four- to ten-storey domestic and similar buildings.
copstrucied mainly of lightweight load-bearing
blockwork and brickwork, caleulated or
uncaleglated, braced mostly by intemnal walls of
similar matenial, and by reinforced concrete,
preformed or in-situ floors al least on every other
storey

Two-storey domestic houses and buildings of
associated uses, including offices, comstructed with
walls of biockwork, brickwork, precast units, and
with timber ot precast or in-siti floors and roof
strucitres

Single- and two-storcy houses and butldings of
assovtated uses, made of ghter constraction, using
light-weight materals, pre-fabricated or in-séitu
separately or mixed

nged
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Table 12 Classification of buildings according to their resistance to vibration and the
tolerance that can be accepted for vibrational elfects {Draft [SO/DIS 4866, 1586}

Category of structure {see Table 11)

Class of Bullding 1 2 3 4 5 & 7 8

Categories of foundations {capital letters) and types of soll (lower case letter)

2y

CIRZ

Uncontrolled Copy,

25/09/2008,

Licensed copy:Arup,

1 Aa
2 Ab  Aa As Aa
3 Ab Ab Ab Aa
Bz Ba Ab
4 Ac Bb Ac Ac
Bd Ba
Bb
5 Be Ac Bc Ba
-3 Af Ad Bd Bh Ba
Level of Ca
acceptable 7 Af Ae Be Be Bhb
vibiration Chb Ca
decrsasing 3 Be Be
Ce Ch
g Bf Cd Bd Aa
Cc
10 Bf Ce Be Ab
Ccd
11 Ci Cf Ce Ba
12 Cf Be
Ca
13 Cf Bd
Ch
Cc
14 Cd
Ce
[0 §
1m 1 1
. i Ranats
= .
@ X i
E 20F-- - : . !:’C‘ .
& T +iHH, o4- ™
é 10F —- | i 508
g § -' - 91013 :
) — : i
?? Nl i RE
& ¥ i
2f— at
a4k : [ 1
1 : ik 1 i|5:
i 4 6 810 30 100

Predominant frequency (Hz}

Figure 10 Limiting vibrations from an intermittent source affecting various classes of building
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Figure 11 Limiting vibrations from a cortinuous souree affscting vatious classas of building

Table 13 Types of foundation and ground conditions (from {SC/DIS 4866: 1986)

Type of foundation Class

Linked reinforved concrete and sieel piles A
Stiff minforced conerete raft

Linked timber piles

Heavy retaming wail

Non-tied reinforced concrete piles B
Spread wall footing
Timber pdes and rafts

Light retaining walls 8
Large-stone fooling
No foundations {wall direct on to ground}

Growdcondidons . e
Unfissured rocks or moderately strong roeks, slightly ﬁssm’ed;. cemented sands a
Compad, horizontally bedded soils b
Poorty compacted, horizontally bedded soils c
Sloping surfaces with potential siip planes d
Open granular soils, sands, gravels {non cohesive} and cohesive saturated clays @
Fill f

For ppv values of between 2 and 10 mm/s generated by impact piling there is the increasing
possibility of plaster cracking, of the enlargement of existing (visible) defects and of cracking in
finishes. Undamaged buildings of modern construction to a high standard, and which have been
well maintained, should not be affected by intermittent vibrations. At ppv values between 10
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and 30 mm/s, damage is an increasingly high risk, but again much depends on the geometry
{(structural form), the materials and the construction quality of the building e.g. well stiffened
industrial buiidings are less likely to be seriously damaged. Censideration was being given in
the draft addendum to Part 4 of BS 5228 to limits of 20 mmy/s for light industrial structures and
of 30 mmy/s for heavy indusirial stroctures.

Above 50 mmy/s some form of damage is likely, which might include adverse effects on load-
bearing units.

These guide values should be reduced to about 50% for continuous vibrations and further
reduced if the buildings are dilapidated or have been damaged beforehand.

Particular care is necessary to anticipate the response of old buildings, For example, whereas
modem plasterboard ceilings are unlikely {0 be affected by moderately intense vibration {apart
from cracking at the joints), old lath and plaster ceilings can collapse when subjected to
comparatively minor levels. Ancient structures also require special attention because dynamic
settlements can be induced and walls are often out of line or inadequately propped by
buttresses, anchors or underpinning. Any consequent damage will be costly to repair,

Retaining walls and retained facades also require careful assessment. They may have liitle
lateral restraint near their top and can experience vibration amplification by factors of between
Jte 5.

Threshold values of 10 mmy/s at the toes of masonry and carthwork walls and 40 mm/s at their
crests have been suggested (BS 5228: Part 4: draft addendum) with increases of 50 to 100% for
well-propped or massively constructed walls. Selby {1991) reports the results of a fieid test
measuring ground vibrations and dynamic strains in 1.5 m high brickwork walls when an H-pile
was driven by drop hammer and vibratory driver at different distances from them. He reports
the high tolerance of the brickwork to dynamic strain, which was found to be propontional to
the incident radial components of vibration.

The variety of situations and wide range of structures and their possible responses to piling
vibrations are stich that expert advice should be sought wherever a preliminary asscssment
indicates unacceptable risk.

5.3 EFFECTS ON BUILDING CONTENTS

Sensitive plant, computers, machines and laboratory equipment housed in adjacent structires
can be damaged, even by low levels of vibration. When assessing potential effects to such
equipment, it is recommended that advice is obtained from either the manufacturers or operators
on acceptable vibration levels. It is usual to specify tolerances in terms of peak displacement
but limits in terms of velocity or acceleration can also be expected. Experience suggests that the
tolerances set are usuaily conservative, but each case shonid be assessed individuaily.
Manufactorers’ criteria for computers are usually expressed in terms of displacement amplitude
at particular frequencies. Corresponding particle velocities can be evaluated using wave
mechanics assuming sinusoidal motion. Allowable thresholds for continuous vibration should be
reduced to about 40%.

IS0 8569 gives provisional guidance about measuring and evaluating shock and vibration in
relation to sensitive electronic equipment, but there is no explicit guidance on acceptabie
vibration levels.

Martin (1980) notes that there is an amplification factor between ground vibrations and floor
vibrations. For butldings with concrete floors amplification factors {ppv floor/ppy ground} of
between (.32 and 0.92 are quoled, whereas those for wooden floors are between 1.55 and 1.76.
From an assessment of the case records described in Section 6, particle velocity values
measured on foundations are lower {(about half} than those measured on the adjacent ground
surface (see also Greenwood and Kirsch, 1983).
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5.4 DAMAGE TO FRESH CONCRETE

There is insufficient information on the deleterious effects of vibrations on fresh and young
concrete, Tests on partially hardened concrete (Akins and Dixon, 1974) suggest that vibraton
during the initial 2 to 4 h can actually increase strength by up o 35%. Suggested safe levels of
vibrations based on shis rescarch are:

Concrete age Permissible ppy

(days) (mm/s)

less than 1 5
1to7 50

The critical period for placed concrete is after the concrete has taken its initial set and before it

has acquired appreciable strength, It is therefore expected that piles may be driven close to
newly cast-in-place piles up to say 4 h or after a few days, but not in hetween.
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6 Case records

The initial stage of this CIRIA project was to obtain case histories of piling projects for which
there had been thorough studies of the induced vibrations and their effects. Public and private
organisations and universities provided information for about 150 projects (including a few
ground improvement works). Most of these projects were completed in UK between 1970 and
1980, some were from abroad. It had been hoped that this information, when analysed, would
provide evidence or insights for the assessment of the potential for annoyance or damage from
piling vibrations. Another purpose was to compile the records in a form that could be referred
te by others and which would be the start of a UK database.

Neither of these intentions has been fully achieved. Many of the records provided to CIRIA
lack important information, A sixth of them were entirely without measurements of vibrations,
so that the assessments given appear to be based on subjective opinions or purely qualitative
records. In only a few of the received records is it clear that a comprehensive assessment and
monitaring programme had been completed. The following list shows the information typically
missing:

» details of building

» foundation type

» around conditions

» pile type, dimensions and depth

» type of piling rig, details of driving and hammer

- distances of pile construction from affected structure

+ frequency of vibrations at measuring point

« ambient {background) vibration levels

= measured values of displacement, velocity or acceleration
+ details of how or where measurcmenis were {aken.

It is understood that, over recent years, BSI has boen conducting a survey of cases of ground-
bome vibration damage. BRE Digest 353 (July 1990), referring to this survey notes that ‘the
data for many of the cases are neither documented fully nor verified ... It is partly for this
reason that CIRIA has not published an analysis of the 150 case records received in the early
1980s. The existence of these records was made known 1o BSI, but it is not clear if they
included them in their survey. Since 1980, many more studies have been made of ground-bome
vibrations not only for piling works but of other civil engineering operations and of the effects
of uaffic on buildings (see New, 1986 and 1990; Walts, 1990), Walion {1990} reports a
database of structural drainage cases related to ground-bome vibrations.

It is also probable that with the increased attention to environmental issues over recent years,
and the care taken by piling contractors, engineers and local authorities to minimise nuisance,
records from the 1970s would give a misleading picture. In any event they were even then not
representative of piling works as a whole. It is thought that more than 26,000 piling projects
were completed in the UK duning the period covered by the 150 case studies. While it is
probable that other vibration studics were carried out in that time, but not made available to
CIRIA, the proportion of piling projects warranting vibration studies would still have been very
small. By their very nature, most of the 150 records were in situations where adverse comments
or damage had been expected.

It would be inappropriate and potentially misleading o give other than general descriptions
from the irformation of these case records. It remains the situation that there is no UK Standard
or Code of Practice about acceptable limits for ground-bome vibrations in relation to building
damage.

Nevertheless, the case records do provide useful information about the magnitude of pile-
induced vibrations and about their attenuation with distance from the source.
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6.1 TYPES OF PROJECT AND STRUCTURE

As might be expected. the vibration measurements were made for relatively close structures.
Figure 12 is a cumulative frequency distribution of the distances of the monitored structures
from the piling or ground improvement operations, 70% of the structures were within 20 m of
the piling; and 47% were within 10 m.
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Figure 12 Distribution of distances between piling operations and monitored structures

Scant information was given about the structures being monitored, insufficient even to classify
the structure type by the Swiss Standard (SN 640312:1978) given in Table 10 and certainly not
in the detail needed for the ISO DIS 4866:1986 given in Tables 11 and 12.

Using the categorics of DIN 4150; Part 3 1986, the German Standard, the case records can be
grouped broadly as given in Table 14.

While the caiegory (B} of dwellings and similar butldings is clear, it is not so obvious if office
premises should be classified as commercial buildings. It is of interest that 18 of the 123
monitored structures were not buildings; as well as underground services, gas pipes etc., the
other properties considered to be af risk included 3 railway line, an earth embankment, an
clevated waltkway and a steelworks chimney. A sixth of the monitored buildings were described
in terms {hat would suggest they would be classified in Group C (e.g. churches, "old" buildings
in the sense of intrinsic value etc.). Nevertheless it could well be that while certain of the
industrial or cven public buildings (which for Table 14 have been considered as Class A) would
be considered as having *particular sensitivity to vibration® ¢.g. refinery buildings, town hall
¢fc., the distinction between a structure and its use {occupants, conlents efc.) may not always be
cbvious.

The ground engineering works represented in the case records are summarised in Table 15.
Sixty projects involved driving bearing piles; 15 were bored piling works. 36 sheet-pile
operations were monitored: this figure includes sheet piling installed or extracied with vibro-
drivers. The other records are for ground improvement works of vibro-compaction (10 No.} and
dynamic compaction (1 No.}.
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Table 14 Structures moniored in the ¢ase records {groups A, B and C are those
used in DIN:4150 Part 3:1986)

Category of Structure Number
A Buildings used for commercial purposes, industnial buildings and buiidings of 42
similar design
i Drwellings and buildings of simiiar design and/or use 34
C Struchires that, becanse of their particular sensitivity to vibration do not 18
correspond to those listed above and are of great intrinsic valve e.g. buitdings
that are under a preservation order)
D Public utility services 10
E Other types of structure 8
F Unspecified structures 9
Toral 123

Table 15 Types of work reported in the case records

Operation Number
Bearing piles — driven 44
- bored 15
¥ibro-driving of pre-cast piles or casings 16
Sheet piling 36
¥Yibro-compaction 10
Dynamic Compaction 1
Toral 122

In 24 cases, there are reports of measuring the ambient or background vibration levels at the
structure and some measurements of particular but everyday events were also taken. Three
quarters of these background levels were reported as being peak particle velocities of less than
1 mm/s — and more than half were less than 0.5 mmy/s. Higher ppv values were associated with
events such as the passage of trains {ppv up to 7 mmys} and traffic (6 mm/s}. Le. routine
occuiences for that situation. Specific ppv measurements were also made at or near perceived
sensitive focations: examples, given here for itlustrative purposes only, were:

25/09/2008,
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= stamping on a computer mom floor, 2 mmy/s
» footsieps a few metres away from a home, 0.5 mm/s
« footfalls across a wooden floor, 3 mmfs
+ bellringing {measured in the belfry), 2.2 mmys.

These normal-situation ppy valucs are often of the same order of magnitude as those induced by
piling operations, perhaps even greater. Even though the vibrations caused by piling works are
additional, both in the sense that they are not normally present and that they may augment
ambient vibrations, demonstrating that they may be of comparable intensity may help in public
relations efforis. Measurements of ambient levels should always be part of the vibration study

of a site.
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6.2 VIBRATION MEASUREMENTS REPORTED IN THE CASE RECORDS

One of the difficulties in comparing vibration study data is that different types of measurement
are made. In these records, nearly all quote ppv values (which can be derived from direct
measurements of amplitude or displacement) or acceleration, But the valucs quoted are a
mixture of the different possible vectors: some are horizontal, some are vertical, and some are
resultants (either simulated or instantaneous). For those given ag horizontal or vertical values on
their own it is not clear whether the measurements were only taken in that direction.

Figure 13 shows the distribution of the reported ppv values {regardless of their direction). In
50% of the cases. the reported ppv was less than 4 mmy/s; 90% were less than 20 mm/s.
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Figure 13 Distribution of reported ppy values
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Figure 14 Distribution of reporied frequences at measurament points

Only 57 of the case records reported the vibration frequency at the measuring point, The
distribution of these values is shown in Figure 14. The median frequency is 20 Hz and over
70% of the results are in the range 5 to 30 Hz.

There is also wide variety in the positions chosen for measurement. and it is not always clear

from the case records if measurements on a structure are at or near ground level and in direct
contact with the stmcture’s foundation.
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6.3 PUBLIC RESPONSES

Over 80% of the case records note that the piling or ground improvement works were annoying
to the public i.e. adverse comments were received. As [2% of all the sites were rural, there can
be few projects in built-up arcas which would not cccasion some form of disruption or
annoyarnce.

In many cases, the complaints were dealt with through explanations and by assurances. In
others, modifications of plant and piling method were made to improve matters.

The case records do not provide information by which to judge relative degrees of annoyance.
In the context of traffic noise and vibration, Waits (1990} presents some analyses of peopie’s
responses, a method which could be used for ground engineering projects. A major difference,
however, is that in most cases traffic is a ysual part of the environment: piling represents
changed conditions and is the advent of the longer disruption which the constraction works may
bring.

The case records overwhelmingly demonstrate that the toleration of the public to piiing-induced
vibeations is markedly increased where good public relations have been fostered by the
developers. Notification in advance, information procedures and practical assurances to those
potentially affected are worthwhile. These have to be planned and co-ordinated with carefud
surveys of pre-existing conditions and preparations for appropriate preventative measures.

6.4 REPORTS OF DAMAGE
Assessing the reports in the case records about the effects on structures presented several

difficulties. Table 16 gives the distribution of reports about damage.

Table 16 Incidence of reports about damage

Report Number {%)
No demage 84 (&6}
Damage probably caused by vibration 20 {16}
Damage thought lo be from other canses 5 (4)
Alleged damage 16 (13}
Totals 125 (100)

For those cases where damage was known 10 have happened, it was not always possible to be
sure that it was the consequence of the piling vibrations i.e. there might have been some other
cause, perhaps but not necessarily, associated with the piling (see Section 5.1},

In other cases, it was only possible to classify the report as being of atleged damage i.e. not
only was there no proof of a direct link with the piling operations, but also most of the relevant
vibration levels were low and suggest that they would have been untikely t0 cause the damage.
The uncertainties surrounding these cases of alleged damage are such that it is not worthwhile
10 examine them further, Tt is noteworthy, however, that about one sixth of the cases are in this
category and vibralion measurements were taken in half of these. Even if unfounded or
unprovable, allegations of damage are a burden on those with responsibility for the piling works
who have 10 deal with these claims. The cases of alleged damage and those thought to be from
canses other than piling-induced vibration of the structure were as common as those where
vibrations were the probable cause of the damage (20%).

It is possible to be more positive about the vibrations experienced in the 66% of all the cases
where no damage resulted (see Section 6.4.1) and the 6% where damage could probably be
attributed to the vibrations from the works (see Section 6.4.2). Table 17 shows the numbers of
cases of different operations and whether or not damage resulied. Overall, the ratio of cases
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(damage: no damage) was about a quarter, the highest propertion being for vibro-driving (9:19)
and the least for bored piling.

Table 17 Different types of work and reports about damags

Type of operation Numbers of cases reporting

No damage Damage Tolals

Driven bearing piles n 5 36
Sheet piling (inpact driving} 17 4 21
Bored piling 10 0 10
Vibro-driving and resonant piling 19 9 28
Vibro-compaction ? 2 3
Totals 84 20 104

6.4.1 No damage to structures

No damage was reported in 83 (66%) of the case records, 75 of which gave vibration
measurements. Table 18 groups the ranges of recorded ppv values by pile type or operation.
T1% of the ppv values were less than 10 min/s and 36% less than 2 mm/s, For the structures to
which these refer, the vibration levels would not be expected to cause damage {e.g. by the guide
levels of DIN 4150: Pt 3: 19863,

Table 18 Peak panticle velocities racorded in operations resu iting
in no damaga to structures

Type of operation Numbers of cases with reporied ppy vaiues of:
<2 mmis 2to 16 mmis  >10 mm/s Totals

Driven hearing piles 10 i3 T 30
Sheet piling 6 & 5 17
Bored {tnpod) piles 1 5 2 8
Vibro-driving g 3 2 13
Vibro-compaction 2 4 1 7
Torals 27 31 17 75

Of the 23% with ppy measurements of more than 10 mm/s, about half of these relate to
relatively stiff structures, for which problems would not be expected. The other (nine) cascs are
examples which underline the point made in published guidelines that damage is not inevitable
il limits are exceeded.

6.4.2 Damage to structures

Vibration measurements were made in 15 of the 21 cases of reported damage, but they are a
mixture of ground and siructure measurements, single component {(horizontal or vertical) and
resultant peak particle velocities, The structures were of different types and conditions, It is also
not possible (o categorise the resulting damage from the descriptions given either in terms of its
sevenity or in relation to the type of structure.

These uncertainties are such that it would be polentially misleading to detail individual records.
It 1s certainly not possibie to draw generai conclusions from such scant data, Nevertheless,
because these cases are of particular interest, it is worth summarising certain observations,

1. In only one case was there structural cracking (of the walls of a bungalow and of its drains),
High-modulus sheet piling was being driven by a diesel hammer some 5 m from the
building. Resultant ppv vatues were 40 and 14 mm/s on the ground and on the building
respectively,
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2. In eleven buildings cracking was observed, from hairline cracks to more open ones in
finishes, plaster and blockwork. These would probably ail be in Categories 0 to 2 (Aesthetic
damage) of BRE Digest 251 (Table 7).

3. Three of the cases refated to burst water and gas mains ard two were embankments which
were disturbed.

4. In three other cases, seitlement was reported. As these structures were built on granular

soils, the piling may have densified the ground causing the settfement, Strictly, therefore,
these cases would not then represent damage because of vibrations in the structure. On the
other hand, if the piling vibrations caused the settlement, it is not inappropriate to include
these causes here {as distinct from the five cases (Table 16} where the damage was
attributed to lateral ground movements).

Another cause of damage to buildings that could have occurred in the record cases (and cannot
be eliminated as a possibility) is localised loss of ground support at excavations, whether or not
associated with piling or building operations. Piling vibrations can trigger further ground
movements or cause instability of buildirgs on sloping ground where safety factors are low.

In the context of the extensive search for case records {and the small number obtained) there
was a very low incidence of serious damage and relatively httle aesthetic damage to buildings.
It is probable that even more care has been taken in recent years to prevent damage occurring.

6.5 ATTENUATION OF PILING VIBRATIONS

A number of the case records included results of vibration measurements at differing distances
from the piling operations. These are plotted in Figures A.1 to A.15 of Appendix A as peak
particle velocities against plan distance, both io log scales. In these examples the ppv values are
simulated resultants, The measurements were made on the ground n len cases and on structures
for the other four. Where known, details are given in each figure of pile type, driving system,
frequency of driver or hammer, and the type of ground.

In most cases therc appear to be reasonably linear relations between ppv, v, and plan distance, r,
of the form:

v=2 - (6.1)

£

-

Lines through the data points have been drawn by eye and the values of the parameters, 2 and
x, are given in the tables of Appendix 1. Where the driving system is known i.e. mass and fall
of a drop hammer, make and model of a diescl or air hammer or vibro-driver, the nominal
driving encrgy per blow, E has been used to derive the parameter, £, in the expression

v=k@
rl

where v is in mm/s
E is in Joules
and r is in m.

w (6.2}

These values of £ and k are also given in Appendix 1. See Section 6.7 for comments about
energy values.

An alternative representation of these attenuation plots is that used by Wiss (1967) and, in

relation to vibro-compaction and dynamic compaction, by Greenwood and Kirsch (1983). Peak
particle velocity is plotted in Figure 15 against {E)'"/r for twelve sets of results using the lincs

CIRIA Tachnical Note 142



Ia

CIE

25/09/2008, Urncontrclled Copy, ©

sed copy:Arup,

Licen

drawn on the individual log v - log r plots of Figures A.1 to A.15. Transformation of
Equation 6.2 gives:

b{/ErY

k
Efx - 112

H

v
e (6.3)

where b

For those case records where sufficient information is given, individual measurements of peak
particle velocity are plotted against scaled distance (E'%r) in Figure 16. It should be noted that
many of the ppv values in this plot are peak values in one direction (i.e. horizontal or vertical)
rather than simulated resultants. Distinction is made between measurements on the ground and
those on the strycture —~ usually at its base. Where the measurement point was described as
being on a wall, a column, a facade or similar, the plotted points are identified separately,

Comparison of Figures 15 and 16 shows that the ground measurements tend 1o be higher than
those on the structure base. Greenwood and Kirsch (1983} note this in their comparison of
vibration ~ scaled distance measurements associated with vibro-compaction. Superimposed on
these two figures are the upper-bound envelopes (A, B and C) of the data points on the
Greenwood and Kirsch plots, It can be seen that

L. Both the attennation relations (Figure 15) and the single-point measurements of the piling
records lie below envelope A (that for vibro-compaction: ground measurements).

2. All the measurements taken on structures, except the more distant measurements on case
133, lie below envelope B (that for vibro-compaction: structure measurements).

3. The Greenwood and Kirsch cavelope for dynamic compaction {envelope C) lies through the
single-point piling measurements and below most of the attenualion relations. One case
record of dynamic compaction, not plotted here, gave measurements of ppy and scaled
distance very close to envelope C.

4. The results from the vibro-driving of piles and sheet piles lie below envelope B apart from
one low ppv value and two points, where the measurements were noted as being on a metal
desk and on a column.

There are insufficient data for distinctions between different pile types. different driving systems
or diffcrent ground conditions. In deriving scaled distances, the notional driving energy is used.
In practice, driving energy varies during the drive and also depends on the efficiency of the
system, its state of maintcnance and the ground’s response (see, for example, Mallard and
Bastow, 1979).

For piling, whether by vibro-driver, drop or diesel hammer, in the range of scaled distances,
E'2jr, from 1 1o about 30 }/m, the following preliminary guidelines for attenuation with
distance could be suggested:

{a) Conservative estimate for ground measurements in terms of simulated peak particle
velocity, v = 1.5 (E)¥%r. Attewell and Farmer ( 1973) proposed guideling values for peak
vertical components of particle velocity of v = .5 (E)*r.

(b) Conservative estimate for measurements at the base of foundation of a structure, v = 0.2
(E"ir)'* ie. envelope B,

These guidelines do not apply for scaled distances closer than about £'%r = 30 1'/m. which
for piling operations usually implies less than about Sm. At these close plan distances the wave
propagation paltern is more complex than further afield, and the plan (horizontal) distance, r,
may be an inappropriate’parameter as the pile is driven to depth. The seismic distance from say
the pile toe to the measurement point may be more suitable. Attewell, Seiby and

Uromeihy (1991} suggest that the simple attenuation relations should not be used at standoff
(i.e. plan} distances of less than 10m. At closer distances, amplitudes and particle velocities are
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Seak particle velocity {mm/s)

often lower, but increase 10 peak af about 10m becanse of the overlap of surface waves from
pile movement at the surface with waves emanating from the pile toe.
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Figure 15 Peak particle velocity and scaled distance: attenuation studies
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+ measurements on ground

* measurements on base of structere

4 messurmments on calemns, walls or elsewhere sbove ground

¥ vibrating hammers or vibro-driving

Line A envelape for vibro paction - ground

Line B envelopt for vibro-compadtion - structure messurements
Line C covelope for dynumic compaction

Lines A, B and € taken frum data of Greeawoed and Kimch (1983)

Figure 16 Peak particle velocity and scaled distance individual points
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6.6 THE EFFECT OF PILING ENERGY
The case records provide insufficient evidence to distinguish between different types of driving
system or the amount of energy applied. In Section 6.5, the notional energy is used as a means

of normalising the data in the scaled distance term.

As an aide-memoire because energy values are quoted in different units, the calculation of
values in Joules is given here for different types of driving systems

{1) Drop hammers

Mass of hammer = mtonnes
Fall = d metres
Energy per blow E = {1600m) 38074 kN-m
= 9807md Joules
(2) Diesel hammers
Rated energy per blow = {R.E) kg-m
Energy per blow = (R.E.) x 9.807 Joules

{3} Vibro-drivers
Power supply = W kYA (= kilowatt = kiloJoules/s)
Rated frequency f Hertz (cycles/s}
Energy per cycle = 1000W/f Joules,

6.7 EFFECTS OF GROUND CONDITIONS
6.7.1 Level of vibratlon

The ground conditions affect the propagation of the piling-induced vibrations in several ways
{sce Section 2). Stiff soils and intact rocks transmit vibrations more readily than softer, more
compressible materials. Thus the presence of harder layers, theough or into which the piling
penetrates, can give rise to the highest vibration intensities. Often, of course, the piles are taken
down to bear on a harder layer and the foundations of nearby stmictures may either aiso be
piled to the same layer or, if shallower, they may rest on a higher stiff layer. Thus the
vibrations transmitted through the ground and measured on the structure may be influenced by
the stratigraphy of the site, There are relatively few places in UK. where there are deep,
uniform deposits. The case records and the aftenuation data (at sites where more is known about
the ground conditions) include various combinations of soft ground and weak rocks. On some
sites the piling itself aiters the stiffness of the ground c.g. driven large-displacement piles.

Many of the particle velocities measured in the case records reflect the effect of stiffer materials
at depth or of adjacent structures fourded on these stiffer materiats. Figure 17 represents ppy
values measured either at the ground surface or on structures plotied at varying distances, for
softer and stiffer ground conditions. These data, extracted from the case studies, suggest that
generally higher particle velocities can be expected in stiff or compact ground. The wide scatter
demonstrales, however, that ground stiffness is not the sole determining factor.

6.7.2 Foundation settlements and movements

Localised movements in adjacent properties are frequently suggested in the case records. The
cause of these movements is not ascribed with certainty but it is suspected that ground
setilement (or other movement) could be a contributory factor, Usually there is little of no
knowledge of the ground conditions benecath property adjacent to pihing operations. It is possible
that, in a number of cases, granylar fills or natural soils settled differentially as a result of
dynamic effects from piling, thus causing damage. The lack of substantiating information means
that it was not possible to examine this further.
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6.8 EFFECT OF PILING METHOD

The piling method includes the type of pile and how it is driven. Sheet piles, for example, may
be driven by drop or diesel hammer or by vibro-drivers. The bearing piles of the case records
were mainly driven by drop or diesel hammers, but included pre-cast piles, steel H- and tubular
piles, shell piles and Franki-type (expanded base) driven, cast-in-place piles. Vibro-drivers and
exiractors were used for casing as well as for sheet piling,

Heckman and Hagerty (1978) suggest for different types and sizes of pile that the vibrations
tnduced can be related to the pile impedance. The impedance, /. of the pile (Poulos and
Davis, 1980) is:

i

where p = mass density of the pile material o (6.4)
v, = longitudinal wave velocity in the pile material
A = cross-sectioral area of the pile.

pv A

noi

It should be noted that the dimensions of impedance are mass-time/length and follow from
P = ¥/g where ¥ is the unit weight.

For higher impedance piles, the wave encrgy transmission to the ground is less and Heckman
and Hagerty suggest that the proportionality factor, &, reduces as impedance increases, Here & is
given by

y:é@
r

... {6.5)
where v = pesk particle velocity (mm/s}
E = driving energy per blow (Joulesibiow)
and r = distance (m).

Relatively few of the case records give sufficient information to calculate impedance values of
the piles, but for these in which the pile type is known, values were estimated assuming typical
vaiues of the longitudinal wave velocity, v, ie. for steel, 5000 m/s and for concrete 3000 m/s,

The &-vaiues of these few case records gencrally lie well below the curve given by Heckman
and Hagerty - those above the curve were from the same site in which the piling was driven
into mudstone. Amongst other factors, the wide range in ground conditions and uncertainties
about energy levels and impedance make it impossible to draw any general conclusions.

6.8.1 Driven bearing plles

When assessing the effects of driven bearing piles, a distinction is required on the basis of
method of instaliation. For example, smail-displacement piles such as H sections are likely to
create maximum values of ppy when they encounter hard ground, including rock. Large-
displacement piles may generate more uniform particle velocities throughout driving. Bottom-
driven piles give rise to less noise than their top-driven counterparts but the position with regard
to vibrations is not clearly defined.

In broad terms higher ppyv values are apparent from the cases of driven piles, This fact is
attributable 10 the high source energy required for instailation and the need to drive 10 a
competent stiff founding layer in a large proportion of cases.

The effect of pile penetration on ppv generated is likely 1o depend on the type of soil profile
and the continuity of that profile. Two of the cases of cast-in-place piles report greatest
vibrations during formation of the bulb whereas one of the H-pile records reports that the
highest vibration intensities were at shallow depth.
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Figure 17 infiuence of ground conditions on measured peak particle veiocities

6.8.2 Sheet piles

Installation of sheet piles produces relatively small soil displacements and might be expected to
require less driving energy than displacement piles. Most sheet piling is for support works often
in urban areas and particularly close to existing structures. In addition, sheet piles are likely to
be driven to a depth dictated by stability criteria, not by bearing characteristics, and may often
be driven through stiff or dense ground.

Martin (1980) noted that vertical compenents of particle velocity can be much greater than
other components. In some cases it will be necessary 10 assess separately the effect of vertical
particle velocities.

6.8.3 Percussion bored piles

As might be expected the relatively few case records confirm, in general, that bored piling
generales less intense particle velocities than driven piling.

Depending on the method of boring and how carcfully it is controlled there can be a loss of
ground into the borehole excavation: ground movements may be generated in addition to any
effects of vibrations.

Significant vibrations can be produced whilst driving or extracting casings, during chiselling

through obstructions or rock, and by tamping of concrete. Larger diameter hored ptle operations
may use casing oscitlators to advance the casing (see Section 6.8.5).
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6.8.4 Augered bored plies

The lack of reported annoyance or damage suggests that auger technigues are ynlikely to
generate significant vibrations unless associated with installation of casing or with chisclling
operations, The recent more extensive use of continuous flight auger piles, which do not need
separate casing,is partly due to their being relatively quiet and vibration-free (but see the
comment in Section 6.8.3 about possible loss of ground).

6.8.5 Vibro-driving and resonant piling

Vibro-drivers are clamped to sheet piles or casing and a substantial dnving {or extracting) force
is created via two contra-rotating eccentric weights. Their operating frequency is typically 25 to
40 Hz. They are only effective in soils, such as loose t0 medium dense cohesionless materials,
soft alluvium and weathered chalk, which can be displaced.

The resonant driver is used to vibrate an H pile or casing at its resonant ‘end-to-end’ frequency
which generates large linear oscillations of the pile at frequencies of 70 to 125 Hz. These large
vertical vibrations temporarily over-tide the frictional resistance of the soil surrouniding the pile;
thus allowing penetration by self-weight.

A high proportion of the ¢ases reported damage and annoyance, The reason is probably due to
the forced nature of the frequency of the driver which is, by necessity, close to the
characteristic frequency at which soils are likely to vibrate intensely and to the resonant
frequencies of structures and floors. Resonances are likely during run-gp to and run-down from
operating frequency but are possible at operating frequencies. Table 19 Surmmarises {ypical
values of maximum ground surface response for various soils.

Table 18 Typical frequencies of maximum ground surface response
to impact and vibratory pite driving

Type of ground Typlcal Rayleigh Wave
frequency propagation velocity
(Hz} (m/s}

Very soft saturated silts and clays 51020 75t 100

Soft clays and loose sands 18 to 25 o0 1w 25C

Compact sand, gravel and stiff clays 15 to 40 > 200

Because vibration is continuous, human tolerance to Jevels generated by this activity is low.
Steady-state vibrations are more likely to produce a resonant response in huilding components,
particularly pancls. Wiss (1967) suggests that the safe level for continuous vibration might be
between one half and one fifth of those produced by transient excitation.

6.8.6 Vibro-compaction

Vibro-compaction is used to improve the properties of poor ground. A vibroflot is introduced
into the ground and is used to compact non-cohesive materials of displace cohesive soils
which are then replaced by stone columns. An eccentric rotor produces essentially horizontal
vibrations to a poker-shaped probe which penetrates the ground under self-wei ght. Operating
frequencies are usually about 30 He.

Greenwood and Kirsch (1983) give measured ppy values for various scaled energy/distance
measurements recorded on the ground and on the foundations of structures (see Section 6.5).

Although two cases of damage were reported (and seven without darnage) these could have
been situations where vibration-induced settlement was a contnibutory factor.
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6.9 MITIGATING VIBRATION LEVELS

Where piling vibrations are judged to be unaccepiably annoying or the risk of damage is
considered to be too high, there are several options available to reduce the effects.

Alternative foundation. I the problem is identified sufficiently early in the design stage, then
various possible aliernatives can be assessed and the most appropriate adopted. Solutions
include modifications to foundations and structures (o spread loads or selection of ground
improvernent processes. To make radical changes to the foundation design after piling has
started would be extremely costly and delaying: every effort should be made to avoid this being
necessary.

Alternative pile type or process. Section 6.8 outlines the main differences berween pile methods
with respect to vibration. The aim should be to reduce the particle vibration magnitude to an
acceptable level, as it will not usualiy be possible to eliminate vibeation. In many cases a
compromise will be necessary between the suitability of piles for the ground conditions and
limiting vibrations.

Reduction in pile cross-section will increase ease of installation and allow a reduced driving
energy, but this may increase iotal cost and time on site if more or longer piles are used.

As explained in Section 6.8, Heckman and Hagerty (1978} relate the pile attenuation factor {(k in
Equation 6.5) to the pile impedance, suggesiing that k reduces as impedance increases Le. more
energy is absorbed by the pile, Site-specific correlations are likely to be needed using different
pile sizes or types in carefully controlied and measured trials.

Reduction of driving energy. If ppv is proportional to the square roof of encrgy and the
reciprocal of the distance from source, a lower driving energy is only likely to have a
significant effect on ppv at closer distances. Figure A.11 {case 98) itlustrates the small
difference in ppv values between a lighter air hammer and a more powerful diesel hammer, It
may be noted that the ratio of ppv values is less than 1.5 but the ratio of hammer cnergies is
about 6 {or about 2.5 in terms of the square root of energy). Adjustments 1o the frequency of
blows may be beneficial as would a reduction in the number of rigs operating simultaneousty
nearby. Another alternative might be to use a heavier hammer and smaller drop. It may be that
reducing energy per blow would be more worthwhile at close distances but nof further away.

Adjfustment of piling method. Where high ppv values would be expected {e.g. when penetrating
a particularly stiff layer) preboring is one method to avoid them. Several casc histories report
this option to be successful in limiting vibrations in the early part of the drive, particularly
where a stiff surface crust is present. It is also reported that preboring before vibro-compaction
reduces vibrations,

The dangers of using operating frequencies close to the frequencies that are likely to cause the
ground to vibrate at its maximum level have been mentioned previously (Sections 2.6 and 6.8).
ONeili (1971) suggesis that higher penctration rates, and thus lower vibration levels, might be
obtained at driving frequencies which are 50 percent above the level at which the ground
characteristically vibrates. This is produced because vibrations from the soil and pile arc not in
phase. In practice, frequencies would have to be continuously varied to produce optimum
conditions.

Bottom-driving of piles, although less efficient than top driving, is considered quieter and may
produce less severe vibrations. This. to some extent, remains a matter of opinion. The method is
employed in the BSP permancntly cased pile and in some types of driven cast-in-place piles.
One case record reports bottom-driven permancntiy-cased piles successfuily installed without
damage in a very sensitive location, next to old buildings. Jetting in granular soils may also be
helpful in assisting penetration of driven piles.

Isolation of vibrations. Several of the case records and various authors suggest that vibrations
can be isolated from adjacent structures by trench excavations. In addition to reducing the
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general level of particle velocilies, the use of renches has been repored as being particularly
useful 1o sever a stratwm where preferential transmission of vibrations occurs, The location and
depth of a trench are importand in order to optimise its valve. It should be close either to the
source or the receiver, but care is necessary o ensure that static stability or safety will not be
jeopardised by introducing a trench. In general, this technique has a limited scope of
application, because the trench usually has to be several metres deep.

Mudding in. Temporary casing can be more easily inserted if a small quantity of bentonite is
introduced (e.g. by auger) into the hole beforehand; aiternatively, excavation could proceed
under bentonite where deeper casing is needed.

Continueous monitoring is considered to be the most important single action that will help to
reduce the instances of extensive damage from piling. Often just as important is that it should
provide conclusive evidence of actual vibration effects. Physical measurements and
photographic records, before, during and subsequent to piling can be used to demonsirate
whether the effects are damaging and the exient of that damage. More critically, moniioring
provides an early warning that the ppv values generated are at pofentially damaging levels or, if
damage occurs, it can identify levels that are not to be exceeded. Altermnatively, a predetermined
limit can be specified and operations monitored accordingly.

A further benefit of monitoring is in terms of good public relations. By demonstration to Jocal
occupants that professional care is being exercised, levels of concem and, therefore, compiaint
may be reduced. To be of greatest value continuous monitoring is best carried out by an
independent vibration consultant. :
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7 Recommended procedures

Careful assessment and planning by developers, regulators and engineers will allow sites with
potential problems to be wdentified and the risks of annoyance or damage to be avoided or
minimised. Sections 2 to 6 provide information on how vibrations are transmitted and how
particle velocities attenuate away from their source. Guidance is given on assessment of
potential for annoyance and damage, and information is provided which allows judgements to
be made on likely levels of peak particle velocity. Ways of mitigating the effects of vibrations
are also identified. This Section draws together this experience and recommends sequences of
procedures that can form the basis of most site assessments relating 1o vibrations associated
with piling and allied processes.

7.1 CONTRACTUAL ARRANGEMENTS

Local authoritics have legal powers to set predetermined limits of acceptable vibration levels.
To do so requires a detailed knowledge of the ground and of specific stmctural responses to
different types of pile and pile installation, In many situations, therefore, there will be
insufficient data from past experience to be certain about vibration levels and their effects,
Ideally, the limits for vibration (and noise) shouid be chosen after full consultation with the
promoter’s engineer and contractor’s piling representative and taking into account the specific
circumstances of the site.

Usually in civil engineering, the foundation piling and sometimes the sheet-piling is sub-let to a
specialist sub-contractor by the main contractor. The piling specialist ts unlikely to be party o
the initial planning and may not be able to influence major policy decisions already taken. The
Engineer should ensure these decisions have the benefit of advice from piling-vibration experts
in order that a realistic balance is achieved between construction methods and limits.

For building works, the piling sub-contractor may be nominated by the Architect on the advice
of the structural engineer, If so, the piling specialist should be brought in to the consultation
process of setting appropriate vibration limits,

7.2 SITE INVESTIGATIONS AND APPRAISAL

The ground investigation of the project site identifics the need for piled foundations, for ground
support such as sheet-piling and for ground improvement, together with other alternatives
thought practical. These recommendations have to be set in the coniext of the site iself, its
surroundings and the constraints these impose on both detatled design and construction
operations. Too often in the past, selection of piles has been based on factors associated splely
with ground cenditions and structural performance reguirements.

The site investigation studies should identify potential construction restrictions and include an
appraisal of the risks of damage 10 adjacent property. A desk study of available records shoutd
be carried out (o locate utility services and the types of structures close lo the site {preferably
with foundation details). A site reconnaissance is essential (o supplement and clarify information
about the buildings, their function and general conditions and to select those where further
structural surveying is desirable.

An assessment of the reported ground conditions should be made to identify ground likely to

transmit particle velocities preferentially to adjacent services, foundations and structures
(Sections 2.2, 2.3, 2.4).
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Situations where vibrations have to be assessed very carefully include sites close to:

» hospitals

+ nursing homes

* museums

» laboratories

« precision machine workshops

« sensitive plant or equipment

« historical monuments and ancient buildings
+ housing and other buildings in poor condition
+ tall buildings or other thin or tall structures
« brittle and ancient underground services

+ residential estates.

In addition, the ground conditions relevant o the nearby structures have to be assessed for the
susceptibility to:

» collapse or large settlement, where stiff or briftle materials are to be penetrated by driven
piling

» vibration-induced settlement

* loss of ground into nearby excavations or borings.

7.3 ASSESSING POTENTIAL FOR ANNOYANCE AND DAMAGE

The assessment of the pefential for annoyance or damage may be made either on the basis of
risks associated with a chosen pile type or plant or by selecting pile types and instaliation
methods which satisfy the imposed vibration Limits.

A preliminary estimate can be obtained from the empirical relations given in Section 6.6.

By inspection of the attenuation plots from individual case histories in Figures A.1 1o A.15 and
Tabies A.1 to A.3 it may be possible to choose a comparable site. Alternatively., Figure 17 may
be used, depending on the general estimate of the strength of the ground.

Checks on particular pile types and hammers can be made by comparison with the predictions
using Equation 2.8 with Figure 15 or using Equation 6.3 with Tables A.1 to A.3.

In general, the ppv values measured on building foundations are lower than those measured on
adjacent ground. The casc history data suggest that they might be about half (see also

Figures 15 and 16). On the other hand, the vibrations of structural components, particularly of a
tall building or of a suspended floor, can be magnified.

The degree of annoyance produced by vibrations depends on the aclivity and condition of
persons affected, as well as vibration infensity. Section 4 discusses vibration intensities in terms
of ppv and frequency. The likelihood of adverse comment heavily depends on the situation and
usage of the building. 83% of the case records reported that complaints of annoyance had been
received. It is likely that local residents will complain about any perceived piling vibrations as
soon as they become easily noticeable, the more so if they have not been forewamed.

There is no UK standard or code giving guidelines for assessing the risks to buildings from
ground-bomme vibrations. BRE Digest 353, although referring to German, Swiss, Swedish
slandards and the draft 1SO standard, points out that UK conditions and structures may differ
from those on which these other guidelines are based. At present therefore the best guidance
which can be given is to consider each situation separately. If it appears that 4 piling or ground
engineering project is likely to generate vibrations approaching the intensities considered as a
risk for adjacent structures (using the general limits given in those international documents or
local knowledge), then a detailed study should be undertaken by specialists.
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In most cases, by careful choice of method and control systems it should be possible to keep
the vibration intensities to levels at which the risks of noisance are considered accepiable. This
can best be confirmed by field trials either in {he initial stage of the piling contract or by a pre-
contract investigation, for example combining 1t with trial piling,

Attenuation retationships can be developed for various energy inputs and, in some cases,
variations in pile type or geometry can also be tested. Vibration levels can be measured: in
adiacent structures 1o determine safe distances and the structures monitored, particularly any
existing cracks, to prevent damage. However, a careful structural assessment and crack survey
will be required beforehand, and closely controlled monitoring during the piling or ground
improvement operations may also be necessary.

Where there is insufficient time or finance to carry out separate field tests the initial production
piles can be tested in the same manmer.

7.4 PUBLIC RELATIONS

Fostering good public relations should be a pre-requisite for any piling or similar ground
engineering project which could annoy or interfere with local occupants. The attitude of
residents or occupiers of affected peoperty is largely determined by their concern about possible
damage o property, effect on their health and well-being, including psychological effects, and
uncerainty about proper compensation for disturbance and damage. Alleviation of that concem
can be brought about by a planned programme of advice and guidance on the duration,
magnitude and effect of expected vibrations. The effort will benefit the developers and
contractors if the public have a betier understanding of the nature of the work and are thereby
more prepared to tolerate occasional or minor discomfort.

Such a strategy has (o be honest and sincere. Misleading or ever-optimistic forecasts are likely
to be counterproductive. Local residents should be informed of the expected length and nature
of operations and their possible effects, and given assurance of the care being taken to reduce
disturbance to a minimum, e.g. that operations and their effects will be professionally monitored
and improved where necessary. Realistic notice should be given; in some cases it would be
appropriate {¢ hold a public meeting in order to explain what is being proposed and to answer
questions. A simple and effective procedure for dealing with complaints should also be
established. '

Vibration measurements coupled with crack monitoring at the affected structures are usually
helptul and tend 1o alleviate fears. Confidence will be increased if the monitoring is carried out
by an independent vibration consunltant. In some cases it can be demonstrated that the stamming
of a door and other domestic incidents or a passing lorry causes a higher vibration intensity
than the piling works.

Comments on the advantages of keeping the public informed, directly to tndividuals and
through local committees, were received in 40 of the case histories. Of these, 31 considered that
the information process was beneficial, 4 that it did nol appear 1o help; but § took the view that
it had detrimental effects.

7.5 MEASUREMENTS OF EFFECTS ON STRUCTURES

Before starting the construction operalions, it is necessary ¢o survey the relcvant structares. The
survey should include a detailed record of:

existing cracks and their widths

level and plumb survey, including damp-proof course

« measurements of tilting walls or bulges

other existing damage including loose ot broken tiles, pipes, guolleys, or plaster.

L
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Photographic records and measurable tell-tale devices are also helpful to confirm alleged or
actual damage.

7.6 MEASUREMENT OF VIBRATIONS

Guidance on measurement and evaluation of vibrations is given by Broch (1980}, by
ISO/DIS 4866 (Draft 1986) and by Skipp {1978).

Site measurements should be carried out by competent and experienced persennel so that
representative and meaningful results are reported.

When considering the type and method of moniloring vibrations it is essential to evalyate the
site conditions and piling effects three-dimensionally. Points of measurement should be
identified as part of a preplanned strategy and should be located so as to provide information on
ground attenuation and building response characteristics. The proper characterisation of building
response may require simultancous measurement at several locations. Measurements should be
evaluated on sife so that the measurement strategy can be improved and the peak vibration
levels identificd during the piling programme,

The three components representing vibration characteristics that are commonly measured or
calculated are displacement amplitude, ppv und acceleration. These are measured as peak values
in three orthogonal directions o produce the resultant vector sum {(see Section 7.64).
Conversions between the three parameters are made by electronic instruments using an
integration process.

Guidance on methods and details of measurement and on the evaluation of data is provided in
ISG/DIS 4866 (1986 Draft).

7.6.1 Measuremernt devices

In the broad ficld of mechanical vibration and shock measurement it is common to use
accelerometers to record vibrations. For general use they are smaller than velocity transducers
{geophones), and their frequency and dynamic ranges are wider, However, in the range of
frequencies normally under consideration for piling, geophones will give more consistent direct
resuits; and velocity measurement provides the best single-parameter response of both people
and structures,

Geophones operate on the principle that 2 magnet and coil will be relatively displaced and the
voltage generated will be proportional to the relative instantaneous velocity. Alternatively,
veltage is generated 1n a coil wound or a magnet which is proportional to the change in flux
produced as a gap varies between the magnet and an adjacent movable metalic object. Devices
with a natural frequency of about SHz are favoured (Skipp, 1978).

Accelerometers operate on the principle that vibrations load a small mass and a preloaded ring
or spring. The force on an adjacent piezoelectric element is proportional to the acceleration.
Accelerometers are usually constructed to operale in either compression or shear. Measurements
are confined 1o frequencies up to one third of their natural frequency. *

Moving-coil accelerometers developed for oil exploration geophysics provide a robust sensor in
the frequency range 2 to 200 Hz; some numerical integration has to be undertaken to gain
velocity information,

7.6.2 Monitoring and calibration (see ISO 5348)
The method of mounting the measuring devices is critical, Poor mounding will result in
unreltable and misleading results. Transducers should normally be fixed to record in three

orthogonal axes. Their mass should not be greater than 10 percent of the element to which it is
fixed. For measurements on buildings or foundations they can be fixed by adhesives or by
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magnets. Brackeis should be avoided. It is preferable {o fix three uniaxial sensors on three faces
of a metal cube rigidly mounted by means of studs or quick-setting, high modulus resin
(ISQO/DIS 4866, 1986 draft). It is acceptable to glue or use magnetic atiraction for transducer
fixing in special circumstances. For internal measurements on horizontal surfaces use of double-
sided tape should be avoided where possible. For ground measurements, geophones can be
positioned using an integral spike or fixed to a plate with spikes at each comer. Altemnatively
they can be buried. The following environmental effects on transducers and leads should be
considered:

+ humidity

+ temperature

+ glectromagnetic inferference
= acoustic noise

corrosive subsiances,

Calibration and system performance checks should be carried out regutarly.
7.6.3 Measuring systems (see 1SO 4865}

Measuring systems range from simple portable meters o dedicated sophisticaled devices using
filters, recorders, amplifiers and analysers. Filters are often incorporated into the measuring
system so that separate vibration intensities can be obtained at various frequencies. These take
the form of mechanical filters to limit frequency range, and thereby eliminaie unwanted signals,
or tunable sweep f{ilters. They are mounted between an accelerometer and point of
measurement. Yibration signals can be recorded on magnetic tape for analysis later or can be
analysed on site using hard copy produced by chart level-recorders provided the frequency
Tesponse is suitable. Analysers can assess varions frequency bands simultaneously and provide
instant graphical display of frequency spectra. Real-time analysers are particularly suited for
analysis of short durafion sigrals, such as transient vibrations. Analysed spectra can be stored or
produced on hard copy.

Many local authoritics and other organisations have sound-level meters which are used for
measuring noise. While they are not ideal general purpose vibration meters, they may be
economically attractive to those who have orly occasional need for such measurements. Many
of the meters used may be adapted for vibration recording by substituting an accelerometer for
the microphone. The further addition of an integrator allows measurements of velocity and
displacement to be made. Frequency analysis can be carried out by fitting a band-pass filter, A
portable level-recorder will enable hard copy to be produced, otherwise a peak-hold facility is
required. Limitations on the frequency and dynamic ranges exist and many scund ievel meters
are not sensitive below 10-25 Hz. Modification of such meters is often unsuccessful, however,
and leads (o inaccurate measurements. The use of sound meters should be confined to steady-
state vibration: their use for impulsive piling is open to question and the results can be
unzeliable.

7.6.4 Velocity measurement

There are several possible definitions of peak paricle velocity and the criteria and guidelines
about the effects of vibration often involve different definitions. Thus DIN 4150: Pt 3: 1986
refers to the maximum of any of the x, y or z axes; the Swiss Standard SN640312:1978 uses the
instantaneous peak resultant {which BRE Digest 353 refers to as the true peak resultant
velocity); other guidelines may stipulate only the vertical component. In this Report and in other
studies, particularly of scaled distance attenuation, it has been convenicnt (o calculate a
simulated peak resultant — the vector sum of three orthogonal maxima which are not necessarily
coincident in time, The other term for the simulated resultant is SRSS {square root, sum of
squares).

BRE Digest 353 recommends that the true peak resultant ppy should be determined, i.e. that all
three components are measured simultaneously. Time histories of each response should be
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recorded so that the SRSS resultant can also be calculated. In this way ppv values can be
determined by each definition.

Definitions of peak particle velocity (ppv)

SRSS (simulated resultans) =Vope = (Vipey * Vimwy * Viean

Uni-directional peak = Vaaizy, or ) = Vetmag) O Vymazs 07 Vipmay

' F3 z 7
Instantaneous (trus) resultam = Voaty = va; * Vo * Vi

In many of the case records, the ppv reported was not defined so it is rot known if they were
uni-directional, true peak or simulated resultant values.

In particular circumstances ¢.g. on a structural component, it may be appropriate {0 measure
uni-directional velocities. Usually this will be for supplementary parts of a vibration study.

7.6.5 Measurement procedure

Measurements are usually taken either to define ground attenuation characteristics or to identify
building response. Where the purpose is to monitor buildings the preferred location is at the
foundation, typically being at a point low on a main load-bearing external wall on the ground
floor. In order to identify any amplification within the building it may be necessary to carry out
simultaneous measurements at several points within the building, ISO/DIS 4866 {1986)
recommends that where a building is higher than four storeys (approximately 12 m) additional
measurements should be taken every four floors and at the top of the building. It also specifies
that where a building is more than 10 m long measuring points should be installed at
approximately 10 m horizontal intervats,

In summary, the recommended procedure for measurement is:

Carefully select measurement points.

Estimate the type and level of vibrations (o be recorded.

Choose appropriate vibration transducer,

Choose suttable ampiification, recording and analyser cquipment.

Check and calibrate system.

Record the instrumentation and layout chosen.

Select appropriate mounting method and record the instailation procedure.
Record instrument seltings and interference from extrancous ‘noise” and other ambient or
background vibrations,

8. Record the disturbance.

16. Recalibrate after recording.

7.7 MITIGATION AND CONTINGENCY MEASURES

Following the assessment of expected vibration levels and the survey of potentially affected
structures, procedures should be established in case the levels are higher than expected or are
more harmful than assessed (see Section 6.9 for some of the mailers which may have to be
considered),

7.8 REPORTING AND CHECK LIST

Many of the case records were incomplete in various ways, perhaps because those who
submitled them did not have all the necessary information or did not appreciate the importance
of aspects outside their speciality. The reporting organisations included 17 specialist vibration
consultants, 6 academic consultants, 5 civil and structural consulling engineers, 5 government
rescarch establishments, 5 local authorities and 2 miscellaneous — 40 in all. A particular feature
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of the reports from the specialist vibration consultants was that the information was almost
exclusively on the vibration technology i.e. without details of pile or plant operations. Many
case records lacked information on ground cenditions, location and distance of measuring
stations, frequency and energy of source, and details of either the plant or the measuring
system. These gaps made the case records less useful.

Reports of vibration studies, like any specialist task, are often direcied to the solution of
specific problems. For the report to contain all the information that subsequent researchers
would desire would go beyond the specialist’s expertise and, usually, the brief for the study.
Nevertheless, in order to enhance both the local knowledge and the national body of experience,
it is important that as much information is given about the site and the works.

BRE Digest 353 presents a check list of matters to be included in vibration studies for

structures. This list together with aspects which should be specifically reported for piling and
ground engineering works are given in Table 20.

Table 20 Check list for reports of piling vibration studias

General matters

+ Nature of the study, its purpose and its location
+ Report referencetitle and for whom it was prepaned

Matters 10 be reparted in building vibration studjes™!

+ name, affilistion and professional standing of person taking measurement
+ dales of messarement

« information on sonrce of excitation including any technical details

+ type of sail, any messured soil parameters (especially wave velocity)
distance of source from strctare

+ descriplion of stracture, room stzes, layout and site location

+ buijlding construction type and floor plan

~ general structural condition, including list of defects

~ iransducers, operating ranges and calibmtion factors

+ amphifiers, recorders, analysers and calibrating equipment

+ calibmtion procedures and results

+ measurement positions and axes

« individual recorded time histories, maximum calculated ppv values and method by which they were calculated
+ predominant frequencies in time histories

+ background noise levels and nommal vibration levels

« records of any damage, including pholographs

Matters to be reported in studies about piling projects®™

« Details of the ground engineering coetract (client, engineer, main contractor, specialist subcontractor ete.}

» Location and plan of the site

+ Ground conditions (focations and fogs of exploratory holes from the ground investigation or a statement describing
the known ground conditions and reference to the investigation report)

« Groundwaler conditions

« Piie type, materials and dimensions {diameter of cross section, length and penetration}

- Piling rig and pile driving system (make and model of hammer and rig, weight of hummer and drop, energy per
blow, fraquency of blows, packing, dolly and recorded sets)

+ Vibratory plant {make and model of vibro-driver or frequency of vibrater)

+ Locations of piling and distances from relevant structeres, services of plent for cach vibration measurement

- Asseasment of other possible fisk Tactors such as lots of ground in pile boring. ground displacement caused by driven
piling, Iatetal yield of excavations, settlements caused by groundwater towening or compaction of loose granular soils,
flooding, frost and drought etc.

Notes:
|. from BRE Digest 353
2. for ground improvement works such as vibro-compaction, vibro-replacement and dynamic compaction, the
equivalent matters should be reported e.g. stone column nominal size, Location, vibroflot etc.
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Appendix 1 Attenuation measurements in the case
records

A number of the case records included studies of the attenuation of piling-induced vibrations
with distance from the pile. These are summarised in Figures A.1 to A.15 as graphs of
measured ppv against plan distance. Noted on the figures are pile type, driving method and
energy and ground conditions, where known, and whether the measurements were on the
ground or structure. Attenuation coefficients have been calculated for these cases in terms of the
various equations put forward in the text. Table A.1 is for drop hammers, Table A.2 for diesel
hammers, and Table A.3 for vibratory driving,

Table A1 Alttsnuation data: drop hammers

Case Hammer: Energy 1 ai g 5 Figure
Mass {t) drop {m} E (kI}

Martin (1980)a 5 0.6 294 0.90 34 63 74 Al

Marnin {1980)b 8 0.6 47.1 1.42 00 438 i85 Al

10 3 10 264 .o 176 99 1.7 A4

39 3 c8 221 1.10 255 542 465 A9

104 & 1 588 £.50 525 685 247 A13

133 -] 0.5 294 0.80 34 63 .31 Al4

{1} Equation 6.1 v = gfr*

{2) Equation 6.2 v = KFEIP

(3} Bquation 6.3 (2.9) v = b WFEHKY

Table A.2 Attenuation data: diessl hammers

Case Hamimer Energy E (k]} A @ Y Paure
Manin (1980% - 40 138 165 261 129 A}

28 Deimag D46 117.7 164 216 193 46 AT
98 BSP B15 356 137 130 251 130 Al
99 Kobe 13 36.3 149 136 259 107 A2
104 Kobe 35 103.0 148 500 493 162 A3

(13 {23 {3) Scc noter to Table A1

Table A3 Attenuation data: vibratory drivers

Case Vibrodriver Energy E {kJ) P A Figure
7 ICEs! - 116 80 - - A2

8 Muller MS?26 5.12 086 146 645 72 A3

15 PTC 20H6 436 173 1030 480 290 AS

S9  Foster 4000 - 129 66 - . ATD

{134{2) (3) see notes 10 Table A1
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