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EXPLOSIVELY-INDUCED GROUND VIBRATION
IN CIVIL ENGINEERING CONSTRUCTION

by BARRY MICHAEL NEW

ABSTRACT

Research has been undertaken to improve techniques used in the prediction
of ground vibration caused by civil engineering construction works. In
particular, the effects of explosive excavation of rock for subsurface
structures is cpnsidered. Factors affecting the input and propagation of
explosive energy in the rock mass are investigated, and recommendations
made on procédures for trial b]ésting.gnd the most effective data pro-
cessing and presentation for the derived predictive equations. These
developments are. supported by blasting trials at two major road con-
struction sites, where vibration measurements were taken during conven-
tional and innovative blasting operations. '

A critical review of contemporary dynamic structural damage and
intrusion criteria is provided. It is concluded that vibration prediction
and control techniques, together with workable damage/intrusion criteria,
can be applied which substantially mitigate vibration hazard. The dis-
tribution of_vibfétion associated risk between employer and contractor is
discussed and contractual options presented.

Techniques to determine the engineering properties of rock masses by
analysis of stress waves from explosive and hammer impact sources have
been developed and successfully tested. The advantages and limitations
of the most promising seismic methods are discussed and field seismic
classifications are compared with knewn rock mass properties and estab-
1ished geotechnical classification systems. The research shows that both
rock mass properties and 'site specific' laws of vibration decay may be
obtained during the trial blastingsequence of a site investigation pro-
granmme.
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NOTATION

a acceleration

A particle displacement

Cp p- wave propagation velocity

'Cs S- wave propagation velocity

D side length of block

EM - elastic modulus

ED elastic modulus (dynamic)

f frequency

g - acceleration due to gravity

G shear modulus

Gp shear modulus (dynamic) ,

G(f) enerdy spectral density (ESD)

H(f) : ESD gain factor

k,K constants of proportionality

M weight of explosive

p' effective stress

PPY ' peak particle velocity (abbreviation used in text)

P- wave compressional wave of dilatation

Q! specific dissipation constant

Q . phase angle

r , radial distance

R2 coefficient of determination

S- wave shear wave of distortion.

t ' time

T pulse duration

v ' particle velocity

W weight

X(f) Fourier transform of x(t)

X(k), Y(k), Z(k) discrete Fourier transforms

X Tinear distance

x(t) inverse Fourier transform of X(f)

a,B empirical exponents (as used in site laws)

a spatial attenuation parameter

Y shear strain

€ compression strain .

A wavelength (or average number of discontinuities per

metre in Section 4.4.1)
'r effective joint friction coefficient

Poisson's ratio

vp Poisson's ratio (dynamic)

p density

shear stress

Tg ' shear strength
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CHAPTER 1

INTRODUCTION

1.1 The research objectives

The research reported in this thesis forms part of a continuing
programme concerned with the environmental effects of civil engineering
construction in fhe public sector. In particular, the prediction of
ground vibration hazard associated with the explosive excavation of rock
is investigated. This method of excavation is widespfead in the

provision of subsurface services and structures.

The demand for the exploitation of underground space for environ-
mental and energy 1linked purposes is increasing and seems 1likely to continue
to be of major importance to society in the future. For instance, large
civil engineering projects concerned with pumped storage electricity
generation and water supply schemes are in progress and feasibility studies
on subterranean nuclear waste disbosa] and petro-chemical storage caverns
are being carried out. The exploitation of fossil fuel stocks and
mineral resources also demands improved understanding and cost effective-
ness of underground construction techniques. The road construction pro-
gramme includes a number of major schemes which demand the explosive

excavation of tumnels and rock cuttings.

The potentié] impact of such construction schemes often imposes
considerable restraint on the viability and execution of the most exped-
ient method of excavation. Explosives inherently give rise to potentially

damaging and intrusive vibrations, the prediction and control of which is




vitally important. Although the research presented here is concentrated
largely on subsurface construction, the results are equally applicable

to most types of civil engineering. The specification of construction
techniques is often critically dependent on the possible effects to nearby
structures and human tolerance. This is particularly true in.urban areas
where local conditions may severely inhibit or even preclude the use of

blasting tgchmiques.

At the presgmt time pre-construction vibration prediction analyses
are often rather hit and miss affairs with 1ittle guidance provided by
the litefafure. In many instances they are not carried out at all. This
lack of prior knowledge can lead to severe restrictions being placed on
the Contractor during the actual works, with consequential increases in

costs to the Client.

Most vibration associated problems may be expressed as two separate

questions:

(1) 'what level of vibration will be produced by the proposed
construction works? This will depend on the explosive
excavation method and the propagation characteristics of the

site.

(i1) what is the acceptable level of vibration? This will depend
on the type of structures at risk and the sensitivity of the
local population to intrusion.

1)

The answers to both these questions are almost always site specific,

although some initial appraisal of hazard may be made which is based on

experience from other sites.



At present, trial blasts may be detonéted as part of the site investi-
gation programme in an attempt to predict the specific vibration character-
istics of the site. These trials are often.ill-designed and result in
contract specifications which create more difficulties than had no such
data been available. This thesis seeks to investigate the factors which
affect the input of explosive energy, and the propagation of this energy,
in the rock mass. The objective is to provide a rational-approach to,
and a deeper understanding of, trial blasting and the associated prediction

of induced vibration from explosive excavation.

Thé determination of acceptabje vibration Ievé15-is in many wéys
more difficult to deal with owing to its subjective nature, particularly
with regard to intrusion. A wide variety of contr&dictory advice on 'safe’
vibration levels is available. The incﬁeasing.influence of the environ-
mental lobby has resulted in some foreign standardising.authérities insist-
ing on unreasonably low levels of vibration frbm.blasting. On the other '
hand explosive manufacturing companies and blasting contracfors do
occasionally seem rather optimistic oﬁ the durabiiity of structures (and
pe0p1e) subject to dynamic loading. The review and discussion given in
the thesis seeks to evaluate and reconcile these viewpoints and make

balanced recommendations for working damage and intrusion criteria.

A related topic showing potential for progress is the improved and
widened application of seisﬁic measurements to fhe determination of rock
mass properties. A pre-knowledge of existing.rock conditions is vital to
all aspects of underground construction, and seismic techniques can provide
useful support to established methods of site investigation. Measurements
of seismic parameters pro?ide a method of investigating large volumes of

rock without the expense of frequent direct access by boreholes, although
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some borehole evidence will be required for calibration purposes. The

dynamic response of the rock mass to explosive and other types of .energy
input is controlled by rock mass properties, such as jointing and elastic
characteristics, which are also of great significance in underground con-
struction. This thesis reviews and develops seismic methods which may be

used during site investigations. The resulting seismic classifications

. are compared with other rock.mass classification systems and their rel-

ative propriety to the known conditions of the test site is discussed.

1.2 Research background and site choice

The research has been gﬁided by the requirements of the con-
struction industry and the need for a deeper understanding of vibration
problems has provided generous means of support and motivation to the
author. The developments givén here are based upon a review of existing
knowledge combined with two series of field trials. Certain aspects of
the subject have cﬂanged.1itt1e for maﬁy years ('site laws' and
'spherical’ elastic wave iheOry), whereas other areas (damage/intrusion
criteria and rock cjassification).have been subject to considerable recent
discussion. In the presentation of the review material an attempt has

been made to include as'much recent information as possible.

The field research has ‘taken place at two proposed road construction
sites in the UK. The-Penmaenbach site, in North Wales, is for the A55
reconstruction scheme where 5 considerable amount of drill-and-blast
tunnelling is required. The choice of the site was of importance and was

influenced by the following factors:

(a) The geology of the Penmaenbach headland is relatively simple
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and is well known.

(b) The rock is of interest in an engineering context in that it
contains many joints and is of such a strength that drill and

blast methods are the only practical means of excavation,

(c) .The rock is freely accessible from the surface, and in the area

of trials very little of the outcrop was soil-covered.

(d) The headland has been previously penetrated by two tunnels thch

pfovide:access to rock at depth.

A further important factor was the site investigatien programme being

_carried out for the construction of twin road tunmels, each some 600m in

lehgfh, throughthe headland. The promoters of the works (HM Welsh Office)
invited the Transport and Road Research Laboratory to advise upon and
carry out measureménts to establish parametefs concerned with the environ-
mental viability of tﬁe'proposed works. Concern had been expressed as the
new tunnels are to be blasted close to the existing unlined rail tunnel
which fb?ms the main London-Holyhead route. It was therefore necessary

to carry out blasting trials and-review work to previde a rational basis
for vibration control during tunnel construction and te check that main-
taining the integrity'éffthe existing rail tunnel would not unreasonably
restrict the contractor. An engineering appraisal regarding the specific
bTésting site laws and possib1é damage thresholds has been submitted to

the Welsh Office and British Rail (New, 1979).

Thus the trials, with some supplementary seismic exploratiens, provided.

both research data and pre-contract design criteria for the new tumnels.

The second site was that for the A9 reconstruction scheme through the
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Pass of Killiecrankie im-Scotland. Serious problems had come to light
late in the design of the scheme, and TRRL were asked by the Scottish
Development Departmeht to provide information on the likely effects of
the proposed excavation blasting on nearby structures and construction
works. The blasting trials carried out were extensive, and uhique data
were obtained relating to the vibrations produced by a recently developed
method of decoupled presplit blasting. The effects of decoupled charges
were unknown and the resulting changes in vibration level and character

are investigated in detail.

The field of wave propagation in discontinuous media is so complex
that it is useful to consider the nature of the geological medium (in
particular, its strength) which is of greatest significance in the pre-
diction of construction related blasting vibration. The market share for
blasting in a civil engineering comstruction has been considerably reduced
during recent years in favour of mechanised excavation techniques. For
instance, the construction of tunnels is now widely carried out by full-
face tumnelling or point attack machines, and road cuttings are excavated

by ripping equipment whenever poessible.

Recent experience on many construction contracts has indicated that
contractors specifying mechanical as opposed to explosive methods of
excavation were more likely to be successful bidders. These circumstances

have arisen for two main reasons:

(i) heavy mechanised equipment capable of efficiently excavating
all but the strongest rocks has now been developed, eg Cater-
pillar DIO ripper, Titan E134 roadheader, Robbins, Jarva

tunnelling machines.

(ii) the use of explosives, particularly in urban areas, is often

considered undesirable on environmental, security and safety
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grounds.

For construction works, particularly in areas where accurate pre-
diction of vibrétion is considered necessary, blasting is rather unlikely
to be used unless the rock strength is high, thereby making other methods
untenable. Therefore, at this time, and increasingly in the future, it is
the propagation of vibration in strong rocks which will be of dominant
interest. The trial sites chosen are representative of the two main
classes of strong rock in the United Kingdom. That is, strong igneous
rock at Penmaenbach, and a strong detrital.(in this case, metamorphosed)
material at Killiecrankie. These sites also represent rocks with usefully

variable discontinuity characteristics -which are described in some detail.

The data obtained from these sites are analysed in both time and
frequency domains in an attempt to verify, explain and extend present
knowledge from a wide range of sources concerning the prediction of blast-
ing induced -vibration during construction works. The conc]ﬁéions may not
be appropriate for applicafion to other types of blasting (eg quarrying)

where differing charge weights and site conditions may yield other results.



CHAPTER 2

VIBRATION EFFECTS ASSOCIATED WITH
UNDERGROUND CONSTRUCTION

2.1 Introduction

The viability of civil engineering construction techniques will often
depend on their effects upon existing structures and their disturbance of
the Tocal population. Tunmelling frequently takes place beneath sensitive
urban environments and although sub-surface works have many advantages
some-difficulties may arise. Ground movements of a quasi-static nmature
have been extensively investigated (Attewell, 1978; O'Reilly and New,
1982), but the effects of vibrations due to tunnelling operations have

received considerably less attention.

A major source of environmental problems associated with under-
ground construction is the vibration caused by the detonatien of
explosives. I?_damage thresholds or levels of human tolerance are exceeded,
construction work may be halted or curtailed with serious consequential
losses. Problems due to vibration from blasting are not necessarily
confined to urban environments although in some respects they may be most

troublesome in residential areas.

In many countries statutory environmental authorities must be satis-
fied that proposed consfruction works will conform to acceptable standards;
in the UK these poweré are vested in Local Authorities through the Control
of Pollution Act, 1974. A review paper based on this thesis, combined

with other data on full-face tunnelling machines has been published in a



form specific to the tunnelling industry (New, 1982; Appendix A).

Section 2.2 and those following deal with blasting vibration and its
damaging effects on structures but it is useful to review briefly other

potential problem areas, ie. air overpressure and human intrusion criteria.
2.1.1 Air overpressure

Blasting induced air overpressures may cause prob]ems; usually by
breaking windews or dislodging loosé plaster, but structures close enough
to a blast to suffer such damage will usually be subjected to potentially
damaging ground vibration as well. That is, where overpreSSUres.in excess
of 0.7 kN/m2 (0.1 psi) occur ground vibrations are likely to exceed 50 mm/s
PPV. High overpressures are associated with near surface blasting with
low degrees of confinement and therefore are not usually a cause of com-
plaint during underground construction. However, when blasting in portal
areas it is clearly advisable to ensure good stemming of the blast holes.
Table 2.1 re}ates sound pressure level to human and structural respomse.
Damage due to air overpressure is most unlikely during careful construction
operations but the noise may cadse complaints by the local population.
Siskind, Stachura et al (1980) have reviewed structure response and damage

produced by surface mining air overpressures.
2.1.2 Human perception and intrusion criteria

The fears_expressed_concerning vibration damage are often a result

of the extreme sensitivity of the human body to vibration especially in
the low frequency range of 1 to 100 Hz. The effect of vibrations on people

is to produce physiological effects on the body and psychological



TABLE 2.1

Response to sound pressure level

Sound pressure 1evé1

Example source Response
dB N/m? p.S.i. ”
180 | 20,000 3 Structural damage
170 Most windows break
160 2,000 0.3 Jet aircraft (close
to)
150 Some windows break
140 200 0.03 Damage threshold
130 Large siren at 100 ft | Hearing pain
-3 .
120 20 x 10 Thunder Hearing discomfort
Windows rattle
110 Riveting machine (blasting complaint
threshold)
100 2 x 1074 | very busy street
90 Shouting voice
80 0.2 x 107 | Pneumatic drill at Risk of hearing
20 m damage
70 Vacuum cleaner at 2 m
_ g | Normal speech
60 0.02 x 10
50 O0ffice, 1light road
' _ traffic
a0 | 2x1073 | 3x1077
30 | Whisper
20| 2x107% | 3x 1078 | sound recording
studio
10 | L
0of2x107]3x107? Threshold of

hearing
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reactions, and the extreme sensitivity of the human senses may provoke
varied and sometimes irrational behaviour patterns. Human reaction is
more Tlikely to be 1nf1uénced by previous experience and understanding than
by the actual level of vibration itself; a person's state of health,
temperament and age will all contribute to this reaction. Jackson _
(1967); Soliman (1968) and Guignard and Guignard (1970) have published

useful works on human response to vibration.

The work of Reiher and Meisfer (1931) has Stood the test of time
very well and is useful in defining, in quantitative terms, subjective
descriptions of human perception of vibration. The IS0 Standard 2631 and
the BSI DD32: 1974 both provide valuable guidance on acceptable levels of

human exposure to vibration.

Apart from helping to define thresholds of perception and annoyance,
tolerance scales a]dne do not provide sufficient information for defining
Timits for tunnelling genmerated vibrations as they are generally applicable
"to situations where vibration is an accepted part of the environment. A
" different type of criterion has to be considered in areas where vibration
does not normally occur or is at a very low level. Vibration may then be
considered as intrusive; It is the unpredictability and unusual nature of
a souce rather than tﬁé level itself which is Tikely to result in complaints.
The effect of intrusion ténds to be psychological rather than phyQiological,
and is more of a problem at night when occupants of buildings expect no

unusual disturbance from external sources.
A second'type?of involvement of people with vibrations is in inter-

preting the effect on buildings or their contents. Not surprisingly, this

is particularly true where-the person concerned is the owner. Even the

10
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slightest disturbances from an unusual source may excite anxjety and draw
attention to minor cracking of plaster or similar effects which were pre-

existing or may otherwise have remained unnoticed.

Experience has shown that when vibration levels from an unusual source
exceed the human threshold of perception (PPV 0.2 - 0.3 mm/s) comp]éints
may occur. In an urban situation serious complaints are quite probable
when PPVs exceed 3 mm/s. Complaints will increase with the duration of
the vibration and will be most severe when the 'intrusion' occurs outside

normal working hours, particularly at night.

These values apply to vibration of a continuous or semi-continuous
nature. Swedish experience (Persson et al. 1980) indicates that tolerance
levels may be considerably higher during blasting when the vibrations occur
as infrequent shocks of brief duration. Tolerance will also be improved
provided the origin of the vibration is kmown in advance and provided no
damage is done. Wiss and Parmalee (1974) have shown that levels of per-
ception are considerably higher when the vibration is of a transiént rather
than continuous nature. They indicate that vibrations at 1.5 mm/sec are |
'barely perceptible' and it is not until levels exceed 22 mm/s that they .
become 'strongly perceptible'. These values relate to their 'mean subject

response', their threshold levels being rather lower.

2.2 The effect of vibration on structures

2.2.1 Peak particle velocity (PPV) and associated distortion

Vibration may damage structures in two ways:

1



(a)- by the dynamic forces induced in a structure exceeding its

_ strength, or

(b) by causing compaction of the soil on which the building is
founded. The result of this settlement may be to induce
quasi-static stresses which result in stfucturaT failure.
This mode of failure is discussed by New (1978) and is not

considered further.

Vibration may be transmitted from the ground into a structure threugh
its foundations; its effect will depend on the natural frequencies, the '
damping characteristics and the strength of the'building as well as upon

the magnitude and frequency of the forcing vibrations..

Vibration damage thresholds are ggnera11y given in terms of peak
particle displacement, velocity or acceleration. It is most usual for
peak particle velocity (PPV) to be used as it has been found to be best
correlated with case history data of damage and has a theoretical under-
pinning imasmuch as the strain induced in the ground or structure is pro-
portional to the PPY. The equations relating stress and strain to vibration

as described by peak particle velocity are given below.

Consider two particles, within an elastic solid, sgparated by a
distance dx. Let an incident shear wave, of velocity Ce (propagating in
the x-direction parallel to a line joiming the particles) cause a distortion

of amplitude dA normal to its direction of propagation.

Then the shear strain, y = dA/dx ... (2.7)
Now the shear stress, T =G vy e (2.2)
and the shear wave velocity Cg = (G-/p)é : ... (2.3)

12.



where G is the shear modulus and p the rock density. The wave propagation
vefocity may also be expressed as the rate of chaﬁge of distance (x) with

respect to time (t)

That is, C. = dx/dt. ' ... (2.4)
Substituting 2.4 in 2.1

Y= g% /S . : ... (2.5)

As dA-is the particle velocity, V,
dt - C

v = V/C . ... (2.6)

Also,combining 2.2, 2.3 and 2.6

T =V o e (2.7)

Similarly, consider the effects of a compressional wave of velocity C

P
which causes a dilatation between the particles of amplitude dA
Then the compressiomnal strain, e = dA/dx ... (2.8)
Now the stress o = (A + 2G)e eee (2.9)

and the compressional wave velocity, Cp = [(A + ZG)/p] } ... (2.10)

where A and G are Lames parameters .

Now Cp = dx/dt .ee (2.17)
e = Ve : ' ... (2.12)
and ¢ = V Cp p , - ee. (2.13)

Thus for both shear and compressional wave motions the rock strain
is proportional to the particle Ve]ocity and inversely proportional to

to the characteristic wave velocity. In both cases the stress is pro-

13



portional to the particle velocity, the wave velocity and the density of

the rock.

It is Qital to recognise that particle velocity is merely a convenient -
description of the intensity of a vibration and that alone it cannot
describe the degree of distortion of the subject rock mass or structure.
It is the differential movements within a solid which will result in damage
and the 'velocity' of the subjeet is relatively immaterial. This is analogous
with damage to structures by ground subsidence where it is the distortion

imposed that causes damage nmot the overall change in level.

In order to determine the level of strain (or stress) resulting from
a nearby blast it is therefore necessary to measure the PPV and to have
some information on the type of wave motions (compressional, shear or

surface) and their characteristic velocities of propagation.

The dependence of distortion induced in structures on wave propagation
velocity has been recognised indirectly by Langefors and Kihlstrdm (1978),
who give risk of damage thresholds which are closely proportional to the
wave propagation velocity of the rock upon which the structures are
founded (see Table 2.3). Other velocity criteria discussed in Sectien
2.2.2 are varied with.respect to the frequency of the vibrations; again
this effectively reduces the allowable PPV for structures founded on low

velocity strata.

It is of significance to note that when vibration damage is discussed
and trial blasting results are analysed, 1ittle if any allowance is made
for the characteristic velocity of the wave motions. For instance, consider

a group of vibrations comprising compressional waves followed by shear waves

14
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of slightly lower peak particle velocity. It will bé the PPV of the
compressional,arrivaf;”that will be used to- assess the risk of damage
despite the:fact that the dynamic distortions from the later shear wave
arrivals (of slightly lower PPV) may be significantly larger (owing to

their lower propagation velocity).

Many instruments used to monitor blast vibrations only show PPV

- Tevels and not the full waveform of-the vibr&tion wave packet. Where
instfuments show the wave packet in detail if may somet%més be possible to
differentiate between compressionai épd shear/surface wave arrivals by
allowing for their relative times of.arrival'Snd discontinuities in the
waveforms. With measurements of characteristic wave velocity the strain

induced at the point of measurement may be determined.

Although it is essential to recognise that structural damage occurs
as a result of distortion, it seems likely that damage criteria associated
with vibration will continue to be based on peak particle velocities. There

are two main reasons for this: .

1. There is verj little information available on the damage induced
in structures related to dynamic distortion. The limited data that
are available on distortions of a quasi-static nature are not readily
interpreted in terms of dynamic distortions as the effective strength
of a material is often critically dependent on the rate at which the
load is applied. For instance, the dynamic tenmsile strength of rock
may easily exceed its static value by an order of magnitude the
prbbable reason being that with the increase in loading rate the
weakest 1ink in the material may not necessarily have an opportunity

to participate in the fracturing process. Dynamic tensile strength is

15



not a constant and ‘increases with loading rate (see Lama and Vutukuri,

1978, Ch 7).

2. Determination of the characteristic wave velocity of the damaging
vibrations is often extremely difficult owing to the complex nature of

the wave packet (see Section 2.3.1 and Chapter 3).
2.2.2 Construction-induced vibration and damage critefia

A 'state of the art' review of comnstruction induced vibration has
recently been published by Wiss (1981) and usefully presents measurements
of vibration caused by various construction operations. These data hdve
been converted to metric scales and combined with other information and
are presented in Figure 2.1. This graph represents approxiﬁate values
and provides general guidance only as conditions affecting the input and
transmission of vibration will vary considgrabiy from site to site.

This form of presentation shows the likely relafive intensities from
various sources and highlights the fact that even a small charge of
dynamite (0.45 kgf, 1 1bf) will produce larger vibrations thanthose from
most ‘continuous' types of source. Figure 2.1 shows that the detonation
of even small explosive charges will cause transient ground vibration

levels considerably in excess of those from construction plant.

The damaging effects of blast-induced vibrations have been explored
by numerous authors. For instance, the recent US Bureau of Mines pub-
lication by Siskind et al. (1980) gives a full discussion of ground
vibration and'its effects on some fully instrumented test structures.
This report is genera11y.concerned with quarry blasting but provides a

broad backgroﬁnd and bibliography for the whole subject area. Oriard (1979)

16
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gives a most useful and reasoned account of urban blasting practice and
philosophy based on many years of experience in the United States. Ambraseys
and Hendron (1968) provide an excellent description of the dynamic behaviour

of rock masses with special reference to blasting vibrations.

Useful case history records of blasting beneath British conurbations
are given- by Pakes (1976) and Ashley and Parkes (1976). Both papers described
difficulties associated with vibration damage and intrusion in residential
areas and discuss ways of minimising disturbance to the local population.
More recently, Persson et al. (1980) have described blasting techniques

used to minimise such problems in Sweden.

Reports of damage to structures have sometimes been associated with
unexpectedly low vibration levels, but close reading often reveals that the

vibrations had been monitored in on1y'one direction and almost certainly

the maximum particle velocity that occurred had not been detected. To

determine the-ma#imum particle velocity it is essential to measure the
vibrations in three mutually perpendicular directions and to establish the
resultant value by vector summation. In the past it has been common
practice to monitor construction blast vibrations in one direction only.
This practice seems to follow that for measuring the effects of quarry
blasting where the direction of the predominant vector component may be
predicted with some confidence. However thére is often a fundamental
difference in the type of wave motion of concern during nearby tunnel
blasting compared to that normally associated with quarry workings.

Quarrying will usually involve relatively large rounds of explosives at

substantial distances from residential structures. It is_therefore

usual to measure these vibrations at many tens or hundreds of metres

from the source. At these distances, and with a near-surface source,

18
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the predominant ground vibrations will be due to surface wave motions with
some refracted body wave arrivals. The direction of these motions has be-
come well understood and in practice it has been found satisfactory (and
expedient) to measure vertical or vertical and radial motions only. This
practice is not acceptable for sub-surface blasting close to structures.

In this situation it will often be body wave motions which will predominate.
It is rarely possible to predict with any confidence the direction of maximum
particle velocity in these circumstances and it is therefore essential to

use triaxial transducer arrays.

The establishment of precise or umiversal criteria which define vibration
damage thresholds is not possible and expert judgement based on specific
site knowledge and previous case history data will often be necessary.
The possibility or degree of damage resulting from vibration wi]f depend
on the nature of the source, the transmission characteristics of the inter-
vening geological- strata and the inherent stremgth of the subject structure.
The dynamics involved will usually be of a complex nature and many of
the variables controlling the resu]tfng structural motions are likely to
be unknown. Any suggested damage criteria are, of necessity, a compromise
on which engineering judgements may be based; they must not be regarded

as hard and fast rules. .

Standardising authorities throughout the world have experienced
difficulty in defining acceptable standards to be supported by legis-
lative powers. There is no British or International Standard defining
vibration thresholds for damage to structures, although such a document

is being considered.
Attempts to establish safe levels of vibration have, not unnaturally,

19
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tended to be of a conservative nature and the German Standard DIN4150

is an example thch is generally held to be over-cautious and unworkable.
The recently published Swiss standards are givenm in Table 2.2 and again
seem rather cautious. They provide a guide to acceptable levels from
blasting or traffic/machinery forms of excitation:for various types of
structure. Langefors and Kihlstrdm (1978) provide a risk assessment for
ordinary dwe]l{ng houses with varying ground conditions (see Table 2.3).
Persson et al. (1981) report vibration limits enforced in Swedish cities
(see Table 2.4). In the UK, Ashley and Parkes (1976) have quoted
realistic specifications for limiting peak particle velocity, again
related to various types of structure (see Table 2.5). Other workers
(eq. Estéves, 1978; . Edwards and Northwood, 1960) have also given 'safe
vibration va]ﬁes'and it is of interest to note the overall trend that the
more recent the publication the lower the acceptable values have become.’
This trend does not appear to be supported by much new field evidence of
damage at lower particle velocities and indicates a shifting social climate

rather than a change in engineering values.

Siskind et a1. (1980) have produced a comprehensive account on
structure response and damage produced by ground vibration from surface
mine blasting. This work provides damage probability analyses for various
conditions, and Figufé 2.2 is, in part, based on their 'alternative éafe '
blasting level criteria' for residential structures. The indicated 'safe’
levels fit the case history information well and it is suggested that these
levels provide a useful. basis for risk assessment. It must be emphasised
that there are many recorded instances when particle velocities well in
excess of those indicated have not damaged structures. Conversely where
a structure is in very poor condition even the slightest vibration may cause

inherent weaknesses to become apparent.

20
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TABLE 2.5

Typical specifications for Timiting blasting PPV levels
(after Ashley and Parkes, 1976)

Type of structure PPV mm/s
Heided steel §as mains, soumd 50
sewers and engineering
structures
Good residential/commercial 25
and industrial property
Housing in poor repair 12
Ancient and historic monuments 7.5

Research is being carried out on response spectra techniques which
are intended to improve prediction of vibration damage to structures
(Siskind et a1. 1980; Medearis, 1978; Walker et ai. 1981). These
techniques use measurements of the mass, stiffness and damping character-
istics of the subject structures to assess their likely response to
vibration. This approach shows promise particularly where specific
structures are at risk and the additional investigations are financially

acceptable.

In'some'respects the conventional form of damage criteria already
incorporate an important element of response spectra techniques. For
instance, the safe level of peak particle velocity, shown in Figure 2.2,
reduces considerdb]y'at freqﬁencies less than 40 Hz. This coincides with
the predominant frequencies.(10-30 Hz) associated with the response of
residential structures. Further, the variation in safe level shown in

Table 2.3 may also be attributed partly to the fact that footing materials

" characterised by low compressional wave velocities will tend to propagate

low frequency wave motions. Here again the recommended safe peak particle
velocity is reduced, albeit indirectly, for the lower frequency vibrations.

In each of these cases the known response characteristics of residential
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structures is matched empirically with an appropriate safe vibration level

taking into account the frequency of the forcing motions,

Robérts (1969) has reviewed vibrations caused specifically by civil
emgineeking processes (principally blasting) and a comprehensive review of
'Structural vibration and damage' has been compiied by Steffens (1974) which
includes a wide range of case history data on which thresholds of damage

may be based.

For nearby construction or excavation blasting where maximum particle
velocities occur at frequencies in excess of 40 Hz the review papers cited
above indicate that a building in a sound condition is unlikely to be damaged
structurally by PPVs below 35 mm/s although ‘architectural' damage may
occur to weaker structures at PPVs as low as 10 mm/s. However, there
seems to be Tittle or no hard evidence of damage to any building by vibrations
with PPVs of less than 50 mm/s. Th%s complies with fhe well established
'2 inch/s standard' which has been followed by the exp]ogives industry for
a number of years. For frequencies less than 40 Hz a practical safe criteria
has been found to be 12 mm/s for older properties Qith lathe and ﬁ]aster

finish or 19 mm/s for modern homes with plasterboard finish.

2.3 The effect of vibration on subsurface structures

2.3.1 Body and surface wave motions

The majority of published data on blast vibrations relate PPY to
range (r) and charge weight (M) where the vibrations are monitored at, or
close to the ground surface some tens or hundreds of metres from the blast.

These data are not directly relevant to underground constructions as here
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we are concerned with vibrations deep into the rock mass and the relevant
wave motions may be primarily of the body (compressional and shear) wave
types, not surface waves. Body waves radiate in three dimensjons whilst
surface waves essentially spread only in the dimensions of the guiding

surface.

The amplitude of Rayleigh surface wave motion decays rapidly with
increased depth below from the surface (see Kolsky,1963; Graff, 1375). For
example, in a material with a Poissons Ratio of 0.25, the amplitude of the
major component (vertical) of particle motion will have decayed to less
than 10 per cent of its sgrface value at a depth of 1.5 wavelengths. In
seismology where wavelengths may:be very long (16w frequency motions)
surface wave motions may be significant at depths of several hundred metres.
However, in the region clese to hgrd rock blasting operations the frequency
of the motions will be relatively high and significant shrface wave motions
will be confined to within a few ten§ of metres of the surface. Dowding
(1979) states that calculatioens of surface wave amplitude reduction with
depth (when estimating subsurface vibration based on surface seismic
measurements) may not be justified. He explains low amb}itude reduction
of higher frequencies by suggesting that they are shear.waves not surface
waves and cites the work of Tamura (1976) and Okamoto et a1. (1963) in
support. This does not in any way invalidate the concept of surface wave
amplitude reduction with depth but highlights the necessity to establish

the type of wave motion present before undertakihg attenuation analyses.

The discussion above indicates that when a seismic disturbance comprises
mainly surface wave motion, vibration levels at depth will be lower than
those at the surface; consequently, predictions of damage at depth,

based on surface data, are likely to be somewhat exaggerated. This con-
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conclusion is supported by experience from deep mines where it is well-
known that subsurface damage due to earthquakes is significantly less than
that which occurs at the surface.

When an explosion produces vibrations in a nearby tunnel the wave
packet will comprise compressional, shear and possibly somé surface wave
motions along or around the cavity. A detailed analysis of diffraction
effects associated with cavities within solids has been given by Pao and
Mow (1971), and Ewing, et a1 (1957) deal with other surface wave effects.
The scatteriné and diffraction of elastic waves with particular reference
to cylindrical and spherical cavities is given by Graff (1975) who also
provides a useful review of the subject.

For wavelengths that are long compared to the dimension of the dis-
continuity the particle motions at the discontinuity boundary will be
similar to motions in the surrounding solid. The 'small' discontinuity
will not affect the gemeral propagation of the wave motion although some
scattering will occur. For all situations dealt with in this thesis the
wavelength may be considered long (at least 5 times the tunmnel diametér)
and therefore the pesition of transducers within the tunnels was not of

great importance. As the size of the discontinuity increases (or the wave-
llength decreases) forward scatterfmg interferes with the incident field to
form a shadow zone and the regioh behind the discontinuity may become
relatively undisturbed (eg see Graff, 1975). It is therefore generally
prudent to locate transducers within a discontinujty, such that they are

not within a shadow zone.

2.3.2 Rock Failure mechanisms

There are two principal modes of failure which may occur in an under-
ground opening in rock subjected to vibration (nég]ecting large differential
movements on geological faults and slips in portal areas):

(i) the imposed dynamic forces may exceed the intact strength of
the rock or lining
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and (ii) structural inhomogeneities (rock jointing, rock/lining
interface, etc) which result in weakened shear planes may
allow material to be dislodged into the opening. Typically
this type of failure will result in 'loosening' of the rock

or the fall of blocks frem the haunch or roof of an opening.

Given measurements of Eock stréngth the critical PPV for mode (i)
failure may be calculated using equations given in Section 2.2.1. Where
the opening is lined with concrete a value for the tensile or shear strength
of the lining material should also be used. Okaiawa et al. (1975) have
reported that crack initiation in a concrete tunnel lining occured at a
PPV of 338 mm/s. This indicates a tensile strength of 4 MN/m2 for a
concrete of 2.4 Mg/m3 density and a compressional wave velocity of
4500 m/s. ‘'Slabbing' failure is well-known (see Jaeger and Cook, 1976)
and commonly results from detonation of exp]osives.' It occurs when
compressional waves are incidemt upon, and reflected at the rock/
opening interface. The incident wave is reflected as a tensile wave
and, if the resultant tensile stress exceeds fhe dynamic tensile strength
of the rock, fractureoccurs and material flies off into the opening'with
a momentum-equal to that in a length of the original pulse corresponding

to twice the distance between the free surface and the fracture.

Unlined openings generally only occur in rock with excellent engin-
eering properties (long stand-up time capability) or for short periods
during the construction process. Falling blocks of rock (mode ii failure)
may occur in these circumstances at low vibration levels. It is obviously '
not pessible to state that rock loosened by normal weathering or other-

wise will not be dislodged by even the smallest disturbance.
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An attempt at analysis of block stability has been made by Dowding
(1977) and later modified (Dowding, 1979). His analysis suggests that
blocks in cavern roofs are less stable at high rates of dynamic force
reversal where the'shear wavelengths are of the same order as the block
dimensions. This implies that rock fall is more 1ikely from nearby blast-
ing than for a similar acceleration (with longer wavelengths) due to

seismic activity.

Rock fall or slip due to strain waves in a jointed rock mass méy occur
when the shear stress due to a normally incident shear wave exceeds the
shear strength of the joint. As given in Section.2.2.1 the shear stress

t due to a shear wave velocity Cs in a rock of dénsity p is given by:

T = Ve, o ... (2.14)

Where V is the PPV (normai to the direction of wave propagation). The
shear strength Tg of the rock joint may be defined most simply as the
effective stress (ie. total stress minus any porewater pressure) across
the joint (p') multiplied by a factor associated with the effective
residual friction between the faces of the joint (u;). That is

T, = Plug (for cohesionless case) ... (2.15)
Therefore, when VC_ p > p'u, ... (2.16)

relative movement of the joint faces may occur.

In practice joint movement does not necessarily result in structural

failure and the fall of rock or collapse of an opening will depend con-

30



siderably on the geometry and nature of the jointing. Note that for this
type of dynamic failure the critical vibration'parameter is peak particle
velocity. A different mode of shear failure must be considered when the
wavelength is long compared to the 'block size' and the peak particle
acceleration of the rock mass is high. This effect is related to the
inertia of the block ahd the 'rigid body' analysis given in Appendix B
may be applied. '

The suggested analyses lead to the following conclusions:

" (a) PPV is the critical parameter when assessing the possibility
of shearing failure due to strain wave deformation in a dis-

continuous rock mass.

(b) For low frequencies (from distant blasting or earthquakes,
say < 10 Hz) accelerations, and hence inertial effects,

are likely to be small.

(c) For high frequencies (nearby blasting) accelerations are
relatively high and inertial effects may result in signifi-
cant shear stresses on block faces. This applies to any
block size but the effect on large blocks will be more
serious as the dislodging force will increase as D3 (block
weight) and the retaining force increases only as p? (block
face area). D is the face width of the envisaged 'cubic

block' (see Appendix B).
Although the proposed simple analyses of joint failure may be useful

in a qualitative semnse it is the writer's view that the direct quantitative

application of the derived stability equations is of doubtful practical
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significance. The large uncertainties in the values required (that is,
_the size and distribution of the stress field in the vicinity of the
opening, the geometry of the blocks and the joint friction) renders detailed
numerical amalysis.extreme]y.difficult. This conclusion is similar to that
made by Ward (1978) concerning the 'static' stability of openings in dis-

continuous rock masses.

When considering the possibility of rock fall there will be no sub-
stitute for detailed individual inspection of doubtful areas by experiericed
mining engineers. When performing blasting operations in the vicinity of
any underground opening it is clearly prudent to maintain close surveil-
lance for rock fall or damage until sufficient confidence has been gained

through experience.
2.3.3 Published thresholds of damage

Very little information is avai1ab1é concerning acceptable PPV
limits for tunnels or caverns. Langefors and Kiklstrdm (1978) give
300 mm/s as a criterion for the 'fall of rock in unlined tunnels' and
a PPV of 600 mm/s is correlated with the formation of new cracks in
rock. Hendron (1977) states that these criteria are consistent with his
experience for unlined tunnels near nuclear detonations and he asserts
that 'unlined tunnels rarely experience visible damage where the free
field ground motions are of the order 300 to 600 mm/s unless a loosened
piece of rock is detached from the roof by shaking'. This range of
vilues is also verified using the analysis given in Section 2.2.1 and
adopting values for rock properties typical of those encountered in
unlined rock openings. Persson et al. (1980) give 70-100 mm/s as the

1imit currently enforced in Sweden related to 'hard rock cavern roof,
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span 15-18 m'.

Monitoring of vibration and resulting damage to nearby rock faces
has been carried out in Canada by Keil et a1. (1977). Results, including
site law analyses (see Chapter 3) are given for six sites with various”
rock types. Their results were mainly derived from benching at heights
of 25 to 35 Tt and may not be directly applicable to 'tunnel blasting'.

The main conclusions of the study were as follows:

'The probability of causing damage increases with increasing
PPY. However, on the basis of thedry, results obtained in this
study, and results obtained by others, the risk of causing
excessive damage (formation of cracks or opemings of disconti-
nuities) to rock can be minimized if PPV's are limited to 24
and 12 in./s (610 and 305 mm/s) at supported and unsupported
faces respectively. Although no damage has been observed in
certain cases where these velocities have been exceeded, the
above criteria are deemed to be appropriately conservative
where adverse geotechnical features are absent. More stringent
criteria must be used where adverse jointing or disdontinuities
exist. Careful analyses of potentially umnstable wedges or
blocks must be made to suit the exact geometry prevailing.'

Sakurai and Kitamura (1977) give an interesting account of vibrations
measured in a tunnel as a second tunnel was driven about 30'metres

below. As no failures were noted and PPV's induced in the tunnel were
quite low (less than 30 mm/s) this work is not useful in assessing

damage criteria. However, useful information concérning the direction

of bropagation of the stress waves from the blasting is given. For
instance, the energy from the blast is mainly propagated 'forward' from
the tunneI:face so it is the 'approach' phase which will be critical with

regard to PPV damage. As a consequence measurements taken in the tunnel
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under construction (at a distance x behind the face) may seriously under-
estimate the vibrations induced in an underground opening (distance x)

ahead of the face.

An interesting case history of extensive damage to a tunnel caused
by a bomb during World War II is reported by Harding (1945). The bomb
fell in the Thames during December 1940, close to Tower Pier, and caused
extensive damage to the Tower Subway which lay some 10 m below the river
bed. The 6 ft 73" ID tunnel was lined with cast iron segments and was
driven in the London Clay which, at this point, is overlain with Thémes
ballast. The tunnel was damaged over a length of about 60 m and was
completely B]ocked directly beneath the bomb crater. The lining was
cracked over a considerable length and ‘closed 1ike a spring over itself'
until the point nearest the bomb was reduced to a diameter of4'2". The
bomb was described as a 'near miss' and did not penetrate the tunnel. The
bomb weight is unknown but was 1ikely to be in the range 250-1000 kg. It
is probable that it was either of 250 or 500 kg which were the most common
used at this time by the Luftwaffe. (Personal communications with the

meeria]IWar'Museum).

Although several relevant factors are unknown, it is clear that this
tunnel was subjected to PPVs well in excess of 2500 mm/s (100 in/s) and
its failure was therefore to be expected. However, at distances over 30 m
from the impact it seems that little structural damage to the tunnel occurred.
The finding agrees with other information given above that 1lined tunnels
are very resistant to blast damage. This case history suggests that further
useful data on blast damage to underground structures might be obtained

from historical records of the 1939-45 period.

34



2.4 The effect of earthquakes on underground openings

The lack of case history data concerning the effect of blasting on
underground openings makes it desirable to consider the information avail-
able on the effect of shaking by earthquakes. The difference in the
character of the vibrations generated by blasting (high frequencies) and
earthquakes (low frequencies) is discussed earlier in this Chapter and
because of these differences any conclusions drawn by analogy must be

considered with caution.

| Damage to underground storage facilities is of current interest,
particularly in the fields of nuclear waste disposal and rock storage
caverns, and has stimulated recent review work. Rozen (1976) has published
the most comprehensive review on damage to shallow underground openings
and correlates damage (if any) with earthquake intemnsity and and epi-
central proximity for 71 tunnels. Dowding and Rozen (1978) and Dowding
(1977 and 1979) have analysed thé data and arrived at the following con-

clusions.

1. Collapse of the tumnels from shaking occurs only under
extreme conditions. It was found that there was no damage
in both Tined and unlined tunnels at surface accelerations
up to 0.19 g. In addition, very few cases of minor damage
due to shaking were observed at surface accelerations up to
0.25 g. There were a few cases of minor damage, such as
falling of loose stones, and cracking of brick or concrete
linings for surface accelerations above 0.25 g and below
0.4 g. Most of the cases of similar damage appeared above
0.4 g.. Up to surface acceleration levels of 0.5 g, no
collapse (damage) was observed due to shaking alone.
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2. Tunnels are much safer than above ground structures for
given intensity of shaking. While only minor damage to
tunnels.was observed in MM-VIII to IX levels, the damage
in above ground structures at the same intensities is
considerable. Furthermore, it should be noted that the
effect of the damage is a function of the use of the
tunnel and building.

3. More severe but localized damage may be expected when
the tunmel is crossed by a fault that displaces during
an earthquake. The degree of damage is dependent on the .
fault displacement and on the conditions of both the
lining and the rock.

4. Tunnels in poor soil or rock, which suffer from stability
problems during excavation, are more susceptible to damage
during earthquakes, éspeéia]ly where wooden lagging is not
grouted after construction of the final liner.

5. Lined and fully grouted tunnels will only crack when sub-
jected to peak ground motions associated with rock drops
in unlined tunnels.

6. Tunnels deep in rock are safer than shallow tunnels.

7. Total collapse of a tunnel was found associated only with
movement of an intersecting fault.

The significance of the data is well shown in Figure 2.3 (after Dowding
1979). Observed damage thresholds are shown related to peak surface
acceleration, Modif{ed-Mercalli (Neumann, 1954) intensity and Richter
(Gutenberg and Richter, 1956) magnitude. These scales are defined by
Pratt et a1. (1978). A Figure is also given (by Dowding)_indicat1ng a
minor damage bamdwidth.ofibetween 200 and 920 mm/sec PPV. This suggests
a frequency ofabout 1 Hz when associated with his equivalent acceleration

threshold. Dowding (1979) also considers the problem concerning the
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effect of epicentral distance and amplitude reduction with depth (see

also 2.3.%1).

Pratt et a1.(1978) have also undertaken a review on 'Earthquake
damage to underground facilities' which is specifically aimed at seis-
mic risk for underground nuclear storage in the USA. Their conclusions
are very similar to those of Dowding and Rozen (1978) which probably
follows from their heavy reliance on Rozen's original data base. .They
do however include data related fo damage to oil wells du%ing the 1964
earthquake in Alaska. They confirm that, as for tumnels, vertical
structures such as wells and shafts are less susceptiﬁ]e to damage than

are surface facilities.

Application of the information given in Figure 2.3 is not possible
without some guidance on likely levels of seismic actiyity in the area
of a particular structure. Burton (1978) has published an 'Assessment
of seismic hazard in the.UK' which may provide guidance for design of

underground structures. His main conclusions are as follows:

(a) damaging earthquakes (presumably to surface structures)
do occur in the UK and it is likely that accelerations
reach, and may exceed, 0.1 g.

(b) this amalysis indicates that accelerations of at least
0.1 g may be considered for particular design purposes
within the UK.

It appears that seismic events of Richter magnitude of greatef than 6
are very rare in the UK and that for the Inverness area (one of the most
seismically active UK sites) the statistical '100 year event' has a

magnitude of just over 5. Inspection of Figure 2.3 would therefore

38



indicate that even minor damage to a soundly constructed tumnel or
cavern is extremely unlikely in the UK, and genmerally little consider-
ation need be given to seismic hazard for most purposes. However,
Burton's review indicates that where the opening is to be sited within
10 km of a known seismically active fault, larger accelerations than

0.1 g must be considered as a possibility.

2.5 Slope stability under dynamic loading

Blasting vibrations may impose dynamic loadings on slopes in the
vicinity of underground construction work which may result in rock fall
oé total slope failure. The problems will generally be greatest in the
portal areas where slopes are often at their steepest and the blasting
close to the surface. Humphries (1937) has reported a slip of some
3000 tons of rock at a tunnel porta1,durin§ blasting. Plate 2.1 shows
the steeply-dipping joint failure (or flow banding) immediately above

the portal stonework.

Dowding (1979) has shown that damage to tunnels caused by earthquake
shaking is at its greatest in portal areas and he attributes a proportion

of this to 'landslides -of masses through which the tunnels passed’.

Static analyses of slope stability are dealt with fully by Hoek and
Bray (1977) and Attewell and Farmef (1976), but neither seriously consider
the effect of dynamic loadings. Seed and Goodman (1964), Sarma (1975)
qu Sarma (1981) have provided analyses concerned with the earthquake
stability of a soil slope subject to shaking, and they give methods of
calculating the additional loading imposed by vibration, which may be

applied to more complex analytical methods.
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Consider the rock slope shown in Figure 2.4 where the 'day]ighfing'
joint separates a section of rock, weight W, from the rock mass. For
clarity this'analysis considers only gravitational, frictional and
inertial forces and déliberately neglects other factors, principally
hydrostatic, which may also affect stability. The analysis is independ-
ent of the type of wave motion and considers the destabilising inertial
forces contributing to the slope failure. Similar forces opposite in
direction will also occur during the passage of the wave train; these

will tend to increase the stability of the slope.

Consider the destabilising phase of the incident wave motion:-

Let o

angle of peak particle acceleration to the horizontal
g = joint inclination angle (dip)
a = effective acceleration due to vibration expressed as a
factor of g (the gravitational acceleration)
9 = effective friction angle of joint (joint friction plus
roughness coefficient, see Attewell and Farmer, 1976)
The force downjoint inducing sliding
= Wsing + aWcos (a + B) ... (2.17)

The force resisting sliding (no cohesion)
= [Wcosg - aWsin (a + g)] tano’ ... (2.18)

At the threshold of stability (Factor of Safety = 1)

eq 2.17 is equal to eq 2.18. At ‘failure' acceleration; acs
sing + acos (a + 8) = [cosp - acsin (a + B)] tane' ... (2.19)
aF[pos (o + B) + tan<¢;sin (o« + 8)] = tan ®'cosg - sin 8 (2.20)

42



a = (tan @'cosp - sing)/ [cos(a + 8) + tan ¢'sin (a + s.)J
.. (2.21)
ap = sin (¢' - 8)/cos(¢' - o - B) ... (2.22)

The acceleration angle (uc) at which ag is a minimum will occur when

the denominator of eq 2.22 is a maximum

that is cos(¢' - a - 8) =1 ... (2.23)
¢' 'G"B=0 l coa (2.24)
'ac=¢' -8 ... (2.25)

From 2.22 and 2,23

%F(min) = STN (¢ - 8) ... (2.26)

That is, the minimum acceleration for failure is a function of the
dip of the failure surface and the effective friction angle of the

surface.

Practical application of these stability equations is subject to
similar difficulties as those described earlier for block stability in
tunnels. However, one factor, the estimation of stress across the joint,
will be more easily assessed as it may depend more upon the rock weight
than the highly modified stress field associated with subsurface excava-

tions.

The estimation of effective friction angle ¢' may be extremely diffi-
cult as the interlocking effects of asperities on the joint surface may
considerably increase the effective friction (joint shear strength) beyond
that expected for surface-to-surface contact of flat rock samples. It
should be noted that the acceleration factor, a, is applied to the loosened
rock as a whole. In practice consideration must be given to the relative

dimensions of the ‘loose' rock section and the wavelength of the incident
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vibration. It might be that peak particle accelerations are different
at various parts of the unstable block due to temporal phase variation and

an 'effective' value for a may need teo be estimated.

By comsidgring the char;cter of these dynmamic forces some insight
may be gained as to why slopes do not fail as readily as this type of
calculation often indicates. Considering a stress wave, of say, 100 Hz,
the direction of the dynamic forces alternates every 0.005 seconds.
This implies that some 0.005 after the maximum destabilising motion an
equal and.opposite motion actually improving the 'static' stability may
occur. Further, the amplitude of the high particle motion at frequencies
likely to arise from nearby blasting will be in the order of 0.1.mm.
This is considerably less than the likely persistence of the 'interlocking'

asperities contributing to the friction along the joint.

2.6 In-tunnel traim-1nduced vibration

When considering the likely effects of blasting-induced vibration
on subsurface structures it is clearly useful to have knowledge of
'ambient' levels to which the structure has been subjected. The brief
review given below was. undertaken to assess the 1ikely level of vibrafion
induced by trains at the site of the Penmaenbach trials and in the Pass
of Killiecrankie. Subsequently, train induced vibrations were measured

and the results are given in Sections 6.7 and 7.4.5.

Steffens (1974) has reviewed many sources giving details of vibration
levels from rail traffic. Most of the reviewed work relates to vibrations
in man-made structures and the frequencies measured were all less than

100 Hz. These data reflect the matural frequencies of the structures
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rather than the frequencies actually excited in the ground mass by the
trains. These data show that vibrations of between 0.1 and 2 mm/s (at
between 5 Hz and 70 Hz) may be expected to occur in structures witﬁin

100 m of a railway. Steffens does not give any data, and none has been
found elsewhere, concerning vibrations in unlined rock tunnels or on bed-

rock close to a railway track.

Much existing information seems to relate to steam-hauled trains
and it is assumed that most data were obtained on a conventionally-jointed
track. It is well-known that the level of vibratien from wheeled traffic
is heavily dependent on running surface irregularities (see Whiffin and
Leonard, 1971). New (1974) gives details of bridge vibrations from rail
traffic where (neglecting quasi-static deflections due to train weight)
almost all the vibration is clearly attributable to the impact of each

axle (wheel pair) with a rail joint.

The conditions in the rail tunnelsat Penmaenbach and Killiecrankie

were materially different from those cited above in two ways:

(i) the track throughout the tunnel was long-welded, ie. there
were no rail joints at all in the vicinity of the measure-

ments;

(ii) the vibrations generated by the trains pass through the
track ballast directly into the rock mass upon which the

transducers were mounted.
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2.7 Demolition-induced tunnel vibration

Sections 2.3 and 2.4 have discussed and reviewed vibration hazard to
sub-surface structures resulting from various man-made and natura]l}-
occurring sources. It became apparent during thi; review that one
potentially damaging source of vibration. has not been considered in the
literature; that is, damage risk to tunnels due to explosive demelition

of a large building.

Urban clearances of high rise blocks have increased dramatically
during recent years as a result of,Socia1]y unacceptable living conditions
and structural failures. Piecemeal demolition of such structures is
dangerous, lengthy and causes great environmental distress to the
surroundings. Exp]osive‘demo1ition has been shown to be quicker, more

economical and therefore generally more acceptable.

The urban areas where these demolitions are becoming necessary are
often under]éin by sub-surface.structures and in particular railways in
tunnels. The demolition of Dak and Eldon Gardens at Birkemhead in 1979
caused considerable concern to British Railways who owned an old brick-
lined tunnel which passed closely beneath the demolition site. Although
some vibration measureﬁents were faken at this site, none was ever pub-

lished (personal communication with British Rail).

In November 1981 the opportuniﬁy arose to carry out vibration
measurements in a tunnel closely beneath two tower blocks as they were
demolished. London Transport asked the author to advise on the likely
effects to the Central Line running tunnels which passed closely beneath

the blocks to be demolished.
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The following brief case history is presented here because of its
direct relevance to the subject of this thesis and because it is not poss-

ible to refer to other published work of this kind.

Owing to structural faults the two highrise blocks, owned by the
London Borough of Newham, were demolished by the Contractors (Ogdens) on
the 22 November 1981 (Dadson, 1981). The rather spectacular nature of
the event stimulated many reports in the national press of the following

day.

The position of New Town and Stratford Points relative to the Under-
ground tunnels and access shaft are shown in Figure 2.5. The buildings
were previously weakened and the explosives detonated during a number of
3 second delays to soften up the structure at various floor levels
immediately before collapse was caused. This process served to reduce the
vibration levels that would have resulted if only the base of the building
had been blown out and the upper levels of the structure had hit the
ground as a rigid mass. The skill of the Contractor in collapsing the
buildings almost within their own plan area also contributed significantly
to minimising vibratjon problems. This is because the rubble pile pro-
gressively formed by the lower floors tends to cushion the high energy

impacts from the upper floors..

The demolition of New Town Point, which at its clesest was less than
30 m from the tunnels, gave the greatest cause for concern, and although
calculations based on vibration transmission data, energy to be dissipated
and subsurface damage criteria had indicated that damage to the tunnels was
unlikely it was considered prudent to close the railway during the

actual demolition. -
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The tunnels were constructed during the late 1930's, through sandy
clays overlain by red ballast, using a compressed air technique. They
are, of normal Underground construction with cast iron segmental 1inings
12 feet in diameter and have a cover of about 7 m. The shaft was of
similar construction and has a diameter of 15 feet. The subsurface
structures were thoroughly inspected before the demolitions and found fo
be in good condition with no significant evidence of water ingress

despite being below the water table.

Triaxial vibration transducer arrays were bolted to the tunnel
lining and in the access shaft. Other similar transducer arrays were
placed just below the ground surface at the shaft top and on the road
surface at a point approximately equidistant between the blocks. The
signals from the transducers were amplified and recorded by a multi-
channel ultra-violet oscillograph. The peak particle velocitiés (PPV)
in the vertical, radial and horizontal directions were measured from the
oscillograph traces and the 'real time’ resuftant PPV was calculated as
described in Section 6.1. The 'radial' direction is defined as the
direction from the transducer array toward the vibration source in a
horizontal plane, and the 'horizontal' direction 1is perpendicular to

the 'radial’.

The PPV's recorded are given in Table 2.6. The maximum subsurface

resultant particle velocities recorded were 7.4 mm/s and 4.7 mm/s for

New Town and StratfordPoints, respectively. During the New Town Point

collapse the surface ground motions close to the shaft reached 12 mm/s:
for Stratford Point this value was 3.3 mm/s. These values were closely
as predicted and were well below the threshold of damage for this type

of structure. The transducer arrays in the tumnel and shaft all showed
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in-phase motions of very similar amplitude. This was a consequence of
the Tow frequency (long wave length) of the major motions which was
approximately 7 Hz. The major ground motions occurred between 3-6
seconds after the initial detonation and resulted from the impact of the
buildings; the motions due directly to the explesions being very small.
The principal vector components of the subsurface motions were always
vertical and at least three times greater than the radial motions. The
horizontal motions in the-tunnel were very small although in the shaft
and at the surface positions they were significant. Strains in the
tunnel lining were very small as the induced particle displacements were

less than 0.2 mm and the wavelengths involved greater than 20 m.

It was of considerable interest to note that transducers mounted.
either on or close to fhe surface showed significant vibrations due to
the actual explosions whilst those at depth in the tunnel‘showed no
vibration frem this cause. It.is suggested that air overpressure was
responsible for this observation. When interpreting the results from
surface transducers (due to virtually unconfined demolition charges) great
care must be taken if damage is to be correctly attributed to either

ground vibration or air shock effects.

The vibration caused by the demolition was aboutan order of
magnitude greater than that caused by the passing of trains which
generally produced PPV's between 0.4 mm/s and 0.8 mm/s in the access

shaft and tunnel.
The series of photographs in Plate 2.2 show the demolition of New
Town Point at approximately one second intervals subsequent to the shot-

firing instant at A. B shows the early delay charges softeming up the
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upper floors of the building and it is not until about 2 seconds after
initiation that the building first starts to drop. The state of collapse
at the instant of maximum PPY in the tunnels is shown in E with the scene
after the dust cloud has cleared (several minutes later) in Plate F.
These photographs form part of a high speed (20 frames/sec) stills

record of the event which was also recorded at 150 frames/sec on 16 mm

cine film.
Stratford Point was demolished some 5 minutes after New Town Point

and the tunnels were then thoroughly inspected. No evidence of damage

or disturbance was found and the railway was opened for normal traffic.
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CHAPTER 3

EXPLOSIVELY-INDUCED GROUND VIBRATION
AND DYNAMIC ROCK PROPERTIES

3.1 Correlations of vibration (PPV) with charge weight and diﬁtance

When an explosive charge is detonated in a rock mass the rock-

close to the charge is subjected to violent anelastic deformations which
may result in vapourisation, heating, shattering, and elastic and plastic
deformations. The remainder of the energy from the explosion is dis-
chafged im¢6 the surrounding rock mass in the form of stress waves. The
factors influencing the initiation and prapagation of these wave motions,
and in particular their magnitude and attenuation with distance, are of
great importance as they are used to predict the likelihood and extent

of damage to nearby structures.

Broadly, the ground motions resulting from a blast will depend upon
the weight of explosive fifed, the distance between the explosion and the
observation point and the rock mass characteristics. The effect of each
of these factors is very complex (see Section 3.3), and at present a
satisfactory theoreti;al approach for calcﬁlating the form of these
motions has not been developed. Therefore, scaling of field measurements
is used almost exclusively to predict the magnitude and character of the

vibrations from explosions.

A wide range of field data is available and several similar empirical
approaches are in common use. The principal variables are usually

related by an equation of the form:
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PPV = K M% B ... (3.1)

where PPV is the peak particle velocity, M is the charge weight and r
is the distance from the explosion. The constants K, ¢ and g8, are
dependent on conditions imposed by the site geology and the type of
explosion. Two special cases of this formulation are most commonly

used:

PPV = K(r/yM)™™  (square root scaling) ... (3.2)

and ppy

K(r'/3»/IW)"n (cube root scaling) L. (3.3)

where again n is an empirical constant.

In the absence of specific field data peak particle velocities may
be predicted by substituting values for the constants, suggested by
numerous authors (see Hoek and Brown, 1980, for list), into equations
3.1, 3.2 and 3.3. In practice, where vibration damage is thought to be
possible, it is desirable for trial blasts to be carried out. This
allows the determination of specific 'site laws' which may be used in
conjunction with structuré] damage criteria to determine the maximum

charge weight which may be safely detonated at a. particular site.

The 'square root' and 'cube root' scaling methods both allow
simple graphical presentation of the derived site laws. These laws are
graphically shown (Figure 3.1) as a straight line (on a log-log plot)

with a slope of -n and an intercept of K at unit scaled distance.
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Fig.3.1. SCALED DISTANCE

ory N
SITE LAW FORMAT. PPV=K(r/M=¥)

.slope -n

peak particle velocity

1 o : -
scaled distance r/M*.,.*

Because of the difference in the forced scaling of r to M these

two methods lead to different predictions of peak ﬁartic]e velocity based
on the same field measurements. Where extrapolation beyond the bounds of
the field data is not required the predictions will be similar whichever
method is used. However, where prediction is required beyond the scaled
distance range of the trial blasts, significant differences may result
from the two methods. This situation is clearly unsatisfactory, as is
the somewhat arbitary scaling of r to M inherent in both methods. It has
been argued that these empirical laws should be 'shaped’' by dimensiocnal

analysis (Ambraseys and Hendron, 1968; MNewmark, 1968). The dependent

variables considered in their analyses are the particle displacement,
velocity, acceleration and the frequency of the ground motions which
result from an explosion. The independent variables considered most
significant in influencing grognd motions are the weight of @he e;g]osivg, _
M, the range, r, the rock density, p, the compressional wave velocity, Cp
and the time, t. Historically the charaéter M has been used in the

literature although Q or W may also be found to represent charge weight.
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The dimensional analysis results in 'cuberoot' scaling laws for
explosions of different sizes in the same medium. This approach has led
to equation 3.3 being used extensively (Sauer et al. 1964; Newmark and
Haltiwanger, 1962). the r/3 /M scaling of the 'horizontal axis' may be
expressed in metric or imperial units and care must be taken that 'scaled
distances' are clearly specified in terms of m/kgfitn'ft/]bfg(lm/kgf%.
= 2.52 ft/]bfa). Note that the size of the charge, M, is given in terms
of exp]oéive weight rather than energy, this being valid as energy is
directly proportional to charge weight. If, however, data are scaled from
various types of explosive the relative strengths of the explosives (Dick,

1968; Hoek and Bray, 1977) should be taken into account.

The alternative 'square root' scaling method (r/ Aﬁ,lm/kgfé= 2.21ft/1bf5),
is used by the US Bureau of Mines and is frequently preferred'by workers
such as Oriard (1971) who shows the 'limits of experience' for peak
particle velocities from blasting (Figure 3.2). The scatter of about
an order of magnitude is typical of the variations Which'may be found at
varjous sites. Oriard also indicates the expected levels of peak
particle velocity 1ikely to result from confined blasting. This may be

particularly relevant in a tunnelling context, as the initial charge of

a tunnelling round may be heavily confined by the rock.

It has been argued (Ambraseys and Hendron, 1968) that square root
scaling has 'no basis in dimensional analysis' and that cube root scaling
should be used if estimates of motions are required which necessitate
extrapolations beyond the Timits of existing data. 'However, experimental
evidence (Devine, 1966: Snodgrass and Siskind, 1974; Devine and Duvall,
1963) indicates that in certain situations 'square reot' scaling does

normalise the datg very well. That is, the correlation coefficients were
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higher using r/ /M scaling than for r/3 /M scaling.

It will be shown (see Section 3.3) that neither scaling method can
be generally appropriate and that the best estimate of relative scaling
between r and M is site-specific and is best obtained by the amalysis of

trial blast data using the method shown in Section 3.2.

Several authors have recognised these prbb]ems and have derived site
specifﬁc values for the constants K,;a and g rather than just K and n.
For instance, Holmberg and Persson (1979) give véTues for Swedish bedrock
of 700, 0.7 and 1.5 (éPV in mm/s, M in kgf and r in metres) for K, Q and
8 respectively, Also, Vorob'ev et 51.'(1972) have developed equations
related to Rayleigh surface waves and found values of K = 707, a = 0.68

and g = 1.56.

Nicholls et a1. (1971) have used two-variable regression analyses
to determine values for o and 8 individually. These data have then been
presented graphically in terms of peak particle velocity against distance
with various lines representing different charge weights. Subsequently
the data have been presented in scaled distance '§quare root' format

with standard deviations of the regression lines indicated.

It is usual to present blast vibration data in scaled distance
graphical format with a 'best fit' straight line obtained by linear
regression analysis (see Appendix C). A great volume of data in this
form is available in the literature and almost without exception the peak
particle velocity is well represented by a power law decay with scaled
travel distance. That is, the measured PPV decay cam be well represented

by a straight 1ine with negative slope an a log-log plot, although the
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actual slope and intercept values may vary considerably from site to site

and with different blasting conditions.

3.2 Determining the site constants (K, a, 8) by multiple 1{near
regression analysis -

Having obtained field data relating peak particle velocity to
explosiVe.charge weight and range, it is clearly important to process and
present the information in the best and most useful manner. The arbitary
forced scaling of r to M implicit in equations 3.2 and 3.3 is unsatis-
factory, (see Section 3.3) but does allow s%mp]e graphical preSéntation
of the data in an easily usable format. However, the exploitation of
equation 3.1 allows site specific scaling of r to M whicﬁ will enmable

~ predictions to be made using equations better correlated with field data.
The improved correlation is the direct consequence of the more versatile
equation with three variables (PPV, M and r) rather than two (PPV and
r//M).

The constants K, o« and g in equation 3.1 may be determined by trans-
forming the equation and applying a three-variable multiple linear

regression analysis to the data as follows:

from eq 3.1 (PPV = K M* r"B)

log PPV = Tog K + a Tog M - 8 log r ... (3.4)

In this form 'best' values for K, o and 8 may be calculated based on the
usual regression criteria that the sums of the squares of the deviations
shall be minimised. For simple regression (two variables) these deviations

are taken as deviations from a straight 1ine whereas for this three
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variable analysis they are represented by deviations from the plane, KABC,

shown in Figure 3.3.

The application of this form of analysis is given in Chapters 6 and
7 and the resulting equations may be used to give a 'best' predicfion of
PPV. In this form, however, simple graphical presentation is not possible
and some authors (eg Nicholls et a1.) have resorted to plotting PPV
against range for numerous values of charge weight. It is possible, how-
ever, to plot the data, using the constants and exponents calculated by

the multiple regression, in the convenient PPV v 'scaled distance' format.

Transforming equation 3.1

PPV = K(r/M/By B . (3.5)

where the tgrmr/M“/B is the 'scaled distance'. Thus the data may be
presented in the same convenient format as for square or cube root scaling

(see Figure 3.1) but without the forced scaling relationship.

The coefficient of determination (Rz) for the three variable-
regressioﬁ will always be greater than that obtained using the two-
variable analysis for square or cube root scaling. (Except where, by
chance, o/B is equal to 3 or 3 when the correlation will, of course, be

2 the better the data

numerically the same.) The higher the value for R
is fitted to the representative equation. Routine statistical tests of
the significance of the correlations may be carried out and confidence
1imits calculated for the predictive equation if required. Generally,
however, statistical analysis of the results will not be found any more
useful than a straight-forward visual appraisal of the data plotted in

scaled distance form.-
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Although the projection shown in Figure.3.3 is most useful in vis-
ualising the multivariate regression equations 3.1 or 3.5, it is not
appropriate for routine graphical presentation of data. Isometric or
hypometric graph pads are not available with logarithmic scaling, and
even where the plane is clearly defined the position of indi?idua] points
in three dimensions is most confusing. Further, this form of presentation
of field data does not materially imprové upon that shown in Figure 3.1

and equations 3.1 or 3.5.

3.3 The factors which influence the 'peak' particle velocity

3.3.1 Introduction

Although it is accepted that the empirical equations given in
Sections 3.1 and 3.2 do describe the peak particle velocity induced by
a blast, little discussion of the form and constituents of the equations
has takenplace. A fuller understanding of the effects of varying charge
weight and range may be expected to lead to better design of blasting

trials and the reduction of vibration due to improved blasting techniques.

Theoretical analyses have centred around solutions for the dis-

turbances produced_by some arbitary pressure function acting on the
internal surface of a spherical cavity in a homogeneous elastic solid.

This type of analysis leads to an equation of the form.

PPV = K Mg}r‘

where K is dependent on the magnitude of the pulse pressure and the
elastic characteristics of the rock mass. This equation leads to

inaccurate prediction of blast vibrations, tending to underestimate the
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effect of charge weight and to an e&en greater degree the attenuation with

distance (see empirical equations given above for comparison).

Several more complex physical-mathematical models have been investi-
gated in an attempt to describe the behaviour of waves in massive rock.
These models are reviewed by Clark (1966) but none yields useful formu-
lations for the prediction of vibrations under field conditions. This
point has been forcefully made by Duvall et ai. (1966) in the following
Chapter of the conference proceedings where they propose that empirical
metheds should be used. The prob]ems associated with these theoretical
approaches and their conflict and inability to comply with field con-
ditions and practice are dealt with below during discussion of the main

factars influencing the empirical constants, K, « and g.
3.3.2 The nature of an explosion and the intercept constant K

The intercept constant K is the value of the peak particle
velocity at unit scaled distance; that is where (r/M“/B) = 1. It may
be considered as describing the initial magnitude of the blast-induced
vibration (for unit charge weight) whose decay with distance will sub-
sequently be described by the term r8. The exponent o describes the

increase of peak ve]ocity due to increasing charge weight.

Theoretical solutions define the initial disturbing forcé as sdme'
pressure function on the wall of a cavity. Solutions are available for
step pulses, pulses with exponential decay and with both exponential rise
amd decay. Sharpe (1942) has suggested that this latter assumption
'probably corresponds quite clesely to that which exists in practice'.

A1l these solutions predict that the induced peak particle velocity will
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be praoportional to the assumed peak applied pressure.

In practice it is impossible to predict the form or magnitude of an
explosive induced pressure pulse in a rock mass and the complex factors

affecting the initial pulse are aiscussed below.

It is useful to consider the particular field conditions applied
to blasting for construction works. The object is to excévate the
material as efficiently as possible whilst causing a minimﬁm of damage
or disturbance to the surroundings. An idealised picture of the -
fracturing caused by an exp]osién in a borehole near to a free face is
given in Figure 3.4. In the immediate vicinity of the charge the rock
may be vapourised or melted and beyond this will be pulverised and
shattered rock. Radial cracking will occur with some preferential growth
in the direction of the major principal stress. These cracks will be
opened by the gaseous products of the explosion and may interact with
existing discontinuities within the rock mass to provide broken rock.
Where the explosion is close to a free face further tensile breakage of
rock by 'slabbing' may occur and gas expansion fractures may break out
the remaining volume of reck creating a crater. Outside the volume of
damaged rock the stress waves induced by fhe eXploﬁion will propagate
into the rock mass. For convenience the zone of damaged.rock will be
referred to as the 'anelastic zone' anq the.rock beyond as the 'elastic
zone'. It is the propagation of the vibrations within the 'elastic zone'
which are dealt with here and the actual comminution process is considered

only where it affects the induced vibrations.

The actual value of the constant K will depend on the conditions

imposed by the rock mass, the type of explosive and its method of
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detonation.
3.3.2.1 The explosive and its initiation

The energy of an explosive is usually described in terﬁs of 'weight
strength' or 'bulk strength' normalised to the energy yighiof 100 per
cent strength blasting gelatine. Explosives may vary considerably in
terms of energy yield and as the 'energy' term in the empirical equations
is referred to explosive weight (rather than energy content) the constant

K will reflect the power of the particular explosive used.

The detonation of a given explesive charge will yield, in a very
brief period, an amount of energy which, in the elastic zone, will
initially radiate outward in the form of a large compressional pulse.
The amplitude or peak particle velocity of this pulse will depend upon
the time takem for the explosive to release its energy. The quicker the
release of the energy the greater the induced particle velocity and the
briefer the pulse. The time taken will depend on the confinement of the
explosion by the rock mass as the speed of the reaction in the explosive
is pressureédependent. Where the charge is fired in a deep borehole
packed tightly with explosive well tamped and stemmed, the pressure due
to the initial stages of the explosion-builds up rapidly and causes an
acceleration of the exp1osfve process. It 15 worth noting that for dyna-
mite the degree of packing with a tamping pole is between 1.0 and 1.25
kg/clm-3 whereas with a pneumatic cartridge loaders up to 1.70 k.g./dm3 may

be achieved.

Where the explosion is poorly-confined such a rapid pressure build-

up will not occur and the duration of the compressional pulse will be
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will be longer with consequent reduction of peak particle velocity.
Poor confinement will occur where charges are close to a free surface,
in a weak or broken rock and where small diameter charges are used in

large drill holes.

The speed with which the explosion occurs is also dependent on the
characteristic velocity of detonation (VOD) and the method of initiation
of the charge. The VOD is defined as the velocity of detonation in an .
unconfined column of explosive 32 mm in diameter initiated by a standard
No; 6 detonator. Some explosives (such as submarine or plaster gelatines)
have vefy high (7500 m/s}) VODs whereas others (such as special gelatine)
have unconfined VODs of about 2500 m/s. When detonated using strong

primers the VOD of special gelatimes increases by at least a factor of two.

The energy from a cylindrical charge may also be released more quickly
by initiating from a central point (rather than from one end) or using
several simultaneous detonation points on the same charge (see Figure

3.5).
3.3.2.2 The conditions imposed by the rock mass

The degree of confinement will also greatly affect tﬁe proportion
of the explosive energy transmitted as vibration. For instance, a
charge fired at considerable depth in a strong rock will use 1ittle of .

its energy in breaking the rock and much will be transmitted in the form

____of vibration. The effect of the confinement is to increase the effective

strength of the rock in the vicinity of the borehole. A charge close to
the surface will expend a much greater proportion of its energy in

creating new fracture surfaces and other anelastic losses.
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The effect of charge confinement is one of the most important
factors influencing vibrations from blasting. Figure 3.2 shows that the
value of K may be an order of magnitude greater for a’pre-split'or
‘unusué]ly confined' charge than for a similar charge weight fired with

a small burden.

The strength of the rock will also affect the peak particle

velocity at the beginning of the elastic zone; a weak rock can support

a Iowér level of particle velocity than can a strong rock.

Figure 3.6 shows the approximate amount of explosive and the number

"of drillholes required For various types of rock and tunnel face areas.

Note that the metamorphic rocks,'mica schists and granite gneisses, are
often the most resistant to blasting. They tend to absorb the shock
imparted by the blasting rather than shatter. Ignmeous rocks such as gran-
ite or diorite, usually shatter readily but may Ee costly to drill due to

their high silica content.

Thus rock strength and 'breakability' will determine the proportion
of explosive energy transmitted into the elastic zone in the form of
vibration. Further, it can be shown (BIéke, 1952; Sharpe, 1942) that
the duration of the cémpressiona] pulse (hence magnitude) is dependent on
the elastic constants of the rock mass; rocks with lower moduli values

propagate pulses of greater duration.
3.3.2.3 The effect of decoupling

A decoupled blast comprises the detonation of a relatively small

diameter explosive charge in a larger diameter drillhole. The degree of
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This graph has been constructed assuming that 35 mm (13") diameter
holes are drilled. using 28 mm (14") diameter explosive cartridges. if
44 mm (13") diameter holes were drilled, accommodating 37 mm
(1%") diameter cartridges, larger burdens could be used and the number
of holes required would be less. This is particularly so with the wedge cut
rounds where fewer cut holes woutld be required.

Fig. 3.6 EXPLOSIVE CONSUMPTION AND NUMBER OF
SHOTHOLES FOR TUNNELLING (after ICI LITERATURE)
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decoupTing may be defined as the hole/charge diameter ratio (or altern-

atively, the square of this ratio).

The space around the charge may be filled with normal stemming
material but may in certain circumstances be left empty. Clearly the
presence of the void or the greater porosity of the stemming material
(compared to that of the rock) will tend to reduce the peak gas
pressure created in the borehole and thus reduce the PPV transmitted to
the rock mass. Voids around the charge may also affect the duration of

the pulse transmitted to the rock.

In laboratory tests on stemmed decoupled explosives Fogelson et al.
(1965) have-shown that the amplitude of the displacement pulse was
significantly reduced by decoupling. The duration of the pulse was also
slightly reduced by increased decoupling, but changes in stemming mater-
ials had little or no influence. The significant reduction in strain
pulse amplitude caused by decoupling in stemhed holes had previously been

reported by Atchison et a1. (1964).

" The use of unstemmed decoupled charges is now being recommended for
presplitting in rock excavation for civil engineering contracts (see
Chapter 7). AlthoughIEt is to be expected that peak particle velocities
from this type of charge will be less than those from conventional bulk
blasts, no relevant research or field data was available to verify or
quantify the reduction in vibration levels. Research to determine these

effects has been carried out and is described in Chapter 7.
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3.3.2.4 The effect of explosive/rock 1mpedaﬁce match

| The ability of a strain wave to propagate across the boundary from

one medium to another would be expected to be dependent on the character-
istic impedances of the media concerned. (see Jaeger and Cook, Ch 13;
1976). Atchison and Pugliese (1964) proposed that the pressure, or stress,
transferred from an explosive to the surrounding rock will, to some extent,
be dependent on the explosive/rock impedance ratio.(where chﬁracferistic
impedance is the product of density and détonation, or propagation,
velocity). They. found that explosives with impedances more nearly matching
the impedance of the rock produced hiéher peak strains and transferred more
of their energy to the rock. The results from their tests provided a
simple empirical method for predicting the relative effectiveness of
different explosives for breaking granite from a knowledge of the impedances

and detonation pressures of the explosives.

Further trials reported by Nicholls and Hooker (1965) also show that
as the explosive/rock impedance ratio approaches unity, more rock is
crushed and a larger percentage of the explosive energy is transferred to
the rock as seismic eﬁergy. They showed that the effect of changes in
impedance ratio was considerably greater than that predicted by acoustic

theory.

Altheugh the effects noted by Nichoi]s and Hooker (1965) were sub-
stantial, their variation in impedance ratio of from 0.165 (permissible
ammon-dynamite < 5% to 0.522 (high pressure gelatine, 80%) was much
higher than would occur in most field situations. That is, for con-

struction blasting, the choice of explosive will be dictated principally

by commercial objectives (cost, availability, packaging, safety, etc)
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rather than with reference to any advantage that may be gained by
selection of an explosive with a particular impedance. It is, however,
important to note the general principle that the intercept constant K
will increase with increasing explosive characteristic impedance. That
is, explosives with high densities and detonation velocities will give
higher vibration levels than those with low densities and detonation

velocities.
© 3.3.3 The effect of charge weight and the exponent o

The assumption of a single spherical charge made by most theoretical
models is rarely, if ever, true for field excavation processes. This
assumption Teads to the generation of a pulse the duration of which is
proportional to the diameter of the charge with a peak particle velocity
proportional to the cube roof of the energy released by the charge
.(Zio]kowski and Lerwill, 1979). That is, when expressed in terms of
charge weight,

PPV « M3
A considerable complication of the théoretical approach occurs when
the assumption of spherical symmetry is not acceptable (see Graff, 1975).
In particular, these complications involve the generation of shear wave
motions superimposed upon the compressional waves which alone were con-
sidered for the case of spherical symmetry. For a cylindrical charge of
constant radius it has been suggested that PPV « Mé (Snmodgrass and

Siskind, 1974; Jaeger and Cook, 1976).

The actual shape of excavation charges is cylindrical. Generally
a number of individual cylindrical charges will be fired simultaneously

(a 'delay') and it will be the complex collective effects of all the
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charges in one delay which will produce the vibrations. As with the
constant K so the exponent a is critically dependent on the effective

time taken for the explosive to release its energy and the proportion of
the energy which is ultimately transmitted as vibration. The exponent o
reflects the variation of PPV with change in charge weight and distribution
for a given set of conditions. The constant K reflects the variation of
PPV with a change in field conditions for a constant charge weight and

distribution.

Figure 3.7 (Nobel Explosives Company) shows a typical drilling
pattern for the excavation of a small or medium sized tunnel. The type
of cut illustrated is the 'burn cut' which uses parallel drill holes with
a larger relieving hole around which the initial millisecond delay
charges are fired. The later charges then fire using the cavity created

to provide the necessary relief.

Note that in this case the initial millisecond delay detonators fire
individually (except for No. 8) and may therefore be considered as single
cylindrical charges. However, the later parts of the round fire a number
of holes nominally simultaneously. In fact, because of small variations
in the period of delay in the detonators and the spatial distribution of

the charges, even the.firing of a single delay is by no means instantaneous.

Close to the explosive the duration of the initial compressional
pulse is typically about 1 ms (see Chépters 6 and 7). An indication of
the accuracy of the time delay detonators is expressed in terms of stand-
ard deviation and is as follows (personal communications, Nobel Explosives

Company)
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Delay period(s) Std Dev(s)
5 0.08
3 0.04
0.485 0.007

0.03 0.003

Therefore even with millisecond delay detonators the firing of nominally
simu]tqneous explosions will in fact produce distinct and separate com-
pressional pulses. The spread (in time) of the emergy input for a given
delay will be a fun?tion of the number of separate detonations 5nvo]ved
apd the accuracy of the particular batch of detonators used. Where
detonating cord is used the time spread will depend upon the equality

of cord length to each charge of the delay from the initiating point.

The 'effective' firing instant will also depend upon the physical
separation of the charged drillholes as the compressional wave propa-
gation velocity of the rock may not be considered as infinite for most
‘tunnel rounds and rock conditions. For instance the charge holes for
delay VIII in Figure 3.7 are separated by as much as 3} metres. There-
fore, for a rock with a characteristic velocity of say 3500 m/s the time
taken for the pulse td travel from ome drillhole to the other may be
similar to the duration of the individual pulses. Thus, where the point
of vibration measurement is in line with these holes the pulses may be

observed as two separate arrivals.

From the discussion above it is clearly impossible to describe the
complexity of the source with sufficient accuracy for theoretical

solutions to provide reliable results. The exponent a is therefore best

obtained by empiricism.
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3.3.4 The effect of range and the exponent g

When vibrations from an explosion propagate into a rock mass they
are subjected to two fundamental mechanisms of attenuation. The first
involves geometrical factors which spread the available energy in space,
and the second comprises losses due to the imperfect elasticity of the
rock. Geometrical factors result in a spatial redistribution of the
vibrational energy whereas imperfections in elasticity result in ‘

perménent.]bss of vibrational energy, ultimately in heating the rock mass.

Theoretical solutions (Sharpe, 1942; Blake, 1952) neglect absorp-
tion losses and consider the case of spherical symmetry with body waves
diverging in an elastic continuum or the two dimensional spreading of

surface waves. These solutions yield:

1

PPV == for spherical propagation

or PPV « l} for surface propagation
r .

These formulations grossly underestimate the losses observed in the field

“which indicate that PPV « 1/r(]'5+2).

The fact that particle velocities
attenuate far more rapidly than these equations predict has been attrib-
uted to 'dissipation' by Jaeger and Cook (1976) and 'to 1ne1as£ic deform-
ation in the rock mass' by Ambraseys and Hendron, (i968). The discussion
given below will indicate that the higher attenuation of peak particle
velocity may be more reasonably explained by geometrical factors than to

inelastic loss mechanisms.

Consider the resultant peak particle velocity induced by an actual

explosion under field conditions. In the ‘'elastic' region a large com-
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pressiohaT pulse with some complex shear wave vibrafions will propagate
outward. Close to the source the arrivals of all wave motions will be
closely simultaneous, and the initially received pulse is large and
dominant with a short 'tail' (see Holmberg and Persson, 1979). As the
disturbances propagate into the discontinuous (finite boundaries, joints,
faults, bedding, lithological changes, etc) rock mass the wave packet
will tend to spread owing to the different velocities of the constituent

wave motjons.

Even if only compressional waves are initially excited extensive
mode conversion to slower wave motions will occur at rock m;ss dis-
continuities where reflection and refraction of the wave epergy will take
place. There will be steadily less and less superposition of wave types.
Thus the resultant peak particle velocity will irevitably be reduced by
the spreading of the emergy into a longer wave packet. Eventually, in the
far field, the wave packet will separate into compressional wave and shear

and surface wave motions as observed at distance from earthquakes.

The general spreading of the wave packet is also accompanied by an
increase in duration of the initial compressional pulse, which, close to
the source will produce the maximum particle velocity. This has been
noted by Newmark and Haltiwanmger (1962) who suggest that the duration of
the in{tial pu]se;is approximately half the source to observétion point
travei time. That is, pulse duration increases linearly with range (see
Figure 3.8). Clark (1966) has also noted that 'another parameter which
exhibits a notable difference from elastic behaviour is the pulse duration,
which increases (see Figure 3.9) as the first power of scaled travel
distance'. The measurehents reported in Chapters 6 and 7 also indicate

that an approximately linear increase of pulse duration occurs with

78



v

t:; t) |
“TNime, b

Fig.3.8 TYPICAL WAVE FORMS FOR DIRECT —
TRANSMITTED GROUND SHOCK (after
NEWMARK & HALTIWANGER,1962)

50 T LA S R |

320,000 1b

10—

Fig.3.9 PULSE DURATION vs SCALED TRAVEL DISTANCE
IN SANDSTONE (after CLARK ,1966)

79



increasing travel distance. This spreading of the initial pulse or the

"wave packet cannot be_reasonabiy explained in terms of the dispersive

consequences of fricfidné] losses (Knopoff, 1956) as it is well-known
that the characteristic vefocity of body waves in rock is practically
independent of frequency. Farr (1978) discusses this and the concept of
'no dispersion attenuation' which theoreticians face when considering

field rock masses.

Goldsmith (1966) discusses possible mechanisms of dispersion and
concludes that 'the observed dispefsive features may also be produced
by factors other than anelastic behaviour of the medium (rock). The
presence of any type of physical discontinuities, such as faults, will
produce reflective effects resulting in changes of wave form'. Geomet-
rical &ispersion has been illustrated by studies of explosive pulses in
bounded elastic media by Goldsmith and Allen (1955). Goldsmith has also
pointed out that 'anisotropy plays a significant ré]e in pulse obser-
vations and, in consequence, will lead to dispersion even when dissipa-

tive mechanisms are absent!

It is difficult to evaluate the likely magnitude of absorptién
losses in the field as most measurements have been obtained on laboratory
samples rather than over ranges up to 200 m in rock masses. Jaeger and
Cook (1976) have stated that dissipative attenuation does not assume
significance until the propagation distance is a few orders of mégnitude
greater than the wavelength of the motion. For the case of construction-
induced vibrations this will represent several hundreds of metres. Other
authors (Ambraseys and Hendron, 1968; Attewell and Ramana, 1966) have

attributed a value of about " to the specific dissipation constant, Q-].

210
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1 Cgo/nf, (Clark, 1966)

g
F= |

then a nf/CpQ = w/Qx = 0.015/A Neper/m,

0.13/x db/m.

o
=
[~
Q
n

Where Cp is the compressional wave velocity, a the spatial attenuation
coefficient, A is wavelength and f is the frequency. Farr (1978) has con-,
cluded that: 'In all field studies amplitude differences attributable to
absorption correspond only to the very lowest rock attenuation (0.1 to

0.2 db/m) determined from the laboratory measurements'.

For ranges of interest in tunnel blasting operations (say < 200 m)

" and wavelengths typically generated by blasting (say > 10 m) the field
absorption will result in, at most, only a few db's of attenuation. This
may be regarded as insignificant when compared to measured field or theo-

retical geometrical losses at these ranges.

Further, if field absorption were significant it might be expected
to produce a non-ljnedr decay (when plotted log-leg format as in Figure
3.1) of the form PPV « exp(-ar). Such a non-linearity is not present in
field data for these ranges. An examination of laboratory data covering
the attenuation of pulses in diorite indicates that the decay is more
closely expressed as a power law than by an exponential relation
(Goldsmith, 1966). If this observation holds true for field daté then
absorption losses, whether small or otherwise, will be assimilated iﬁto

and be described by, the exponent 8.

Recently theoretical investigations of seismic wave propagation

have been undertaken by a number of authors (Brennan and Smylie, 1981;
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Kjartansson, 1979) and McKenzie et al. (1982) provide a useful biblio-
graphy and discussion of the most recent work in this field. They cast
considerable doubts, from both theoretical and experimental viewpoints,

on the widely cited work of Ricker (1953). These analyses make the
assumption that the specific dissipation factor (Q'1) is a constant which
may be justified for the small strains (<10'6) associated with exploration
seismology. However, it has been shown that where strains in excess of

=1, will not be constant (Winkler, et al. 1979). It

1078 are present, Q
can be shown (by substitution of appropriate values in equations 2.6 and
2.12) that where potentially damaging construction-induced vibrations are
considered, the strains involved are between 10°® and 10" and therefore
the assumption that geofogic materia]slmay be treated as linearly elastic
is not acceptable in these circumstances. Larson (1982) has arrived at

the same conclusion in his studies of PPV attenuation rates in various

rocks.

It is of interest to note that it is now a widely accepted experi-

mental observation (Ricker, 1977; Gladwin and Stacey, 1974) that the

" duration of a compression pulse will increase with increasing propagation

time (even for Q = comstant). This increase has been described by an
equation of the form
T = T0 + kt (Gladwin and Stacey, 1974)

where To and T are the pulse durations at the source and after time
elapsed (t), respectively. The constant k is associated with the

transmitting medium.

The available theoretical anaiyses often involve considerable

simplifying assumptions and yet result in complex descriptions of seismic
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pulse propagation.: Future theoretical research of use when considering
construction blast-induced wave packets must allow for a strain-dependent
specific dissipation factor and, even more importantly, for the separation
of wave types with propagation distance. A suitable analysis of this

kind is not yet available owing to the complexity of the theory involved
and the difficulties involved in defining input parameters and when
analysing the field data. Examples of field data are given later in this
thesis-and show how, close to the blast, the initial compressional wave
motions dominate the»obserVed PPY whilst with progressively greater

distances later wave arrivals give rise to the maximum PPV.

From the discussion above it seems 1ikely that, for civil engineering
construction purposes, the majority of the attenuation of PPV may be
attributed to geometrical rather éham-absorptiom factors. Further, the
wide range of field blasting data available shows clearly that the atten-
uation of PPV with range may be well represented by an equation of the

form
PPV « r B

where g8 is a site specific constant which may range typically between

1.5 and 2.

3.4 The design of trial blasts

Trial blasts should be carried out where initial desk studies show
that nearby structures could be at risk. The tria]s should be designed
with a clear concern for the factors which will influence the induced PPV
during the excavation works, as indicated in the previous section. Where-
ever possible the materials and techniques used during the trials must

simulate those expected for the full-scale excavations. This will include:
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(i) the type of explosive,
(i1) the drillhole diameter and depth,
(ii1) the coupling of the explosive to the rock (tamping,
stemming, water in-hole, hole/explosive diaméeter ratio),
(iv) the confinement imposed by the rock mass on the explosion.
It will be desirable to simulate both 'confined' and
‘partially confined' blasts for tunnelling works,
(v) multiple hole shots with appropriate hole spacing and
detonating accessories,
(vi) simi]ar.shot point/structure ranges and paths,
(vii) wherever possible full-scale charge weights,
(viii) the ranges at which PPV is measured should be'as broad as

possible, not only centred on those of specific interest.

Changes in site conditions between the time of the trials and the
works must also be ;onsidered. For instance, are there any new sensitive
structures to be introduced or will seasonal changes in the water table

have any effects?

It is recommended that plenty of data poin;s be obtained. The cost
of firing additional charges, or ebtaining measurements at additional
ranges, will be small compared to the mobilisation costs involved and
will probably.provide valuable information, or at least greater confidence
in the derived predictive equations. The results of trial blasts should
be analysed using the three variable correlation analysis discussed in
Section 3.2 and demonstrated in Chapters 6 and 7. It is field practice
to predict limiting charge weights based on an 'upper bound' line drawn
parallel to the regression line such that all data points lie beneath it

(see Section 6.5).
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Costs and inconvenience will generally be minimised if the trials
are carried out as part of the normal site investigation programme for
the works. This will also ensure that the information gained will be of

assistance in the preparation of tender documents and bids for the contract.

To reduce the peak ﬁartic1e velocities. induced by tunnel blasting
it is necessary to spread the round over a number of"deIays'. This
reduces the effective charge weight fired at any instant, thus lowering
the particle velocities. The type of cut chosen may also influence
induced vibration levels with cuts which impose the Teast confinement
being preferred where low vibration thresholds must be observed. For
example, 'fan cuts' impose lower confinement on the initial delays than
that imposed during the early parts of a parallel holed 'burn cut’
(Langefors and Kihlstrbm, 1978). However, the type of cut employed will
often be determined by economic factors and with the increasing use of
multiple boom drilling jumbos it is becoming more and more desirable to
emp]oy-para11e1.ho1e cuts. It is usually found more convenient to drill
a series of holes all Qara]lel to the tunnel axis rather than a complex
array of holes at various angles into the face. Multi-boom drilling
jumbos may alse drill several parallel holes simultaneously, but this
becomes less easy where.angled holes are required. The provision of
'relfef' by drilling uncharged holes close to the initial delays will

aid fragmentation and reduce vibration levels,

Occasionally the rock breaking mechanism demands the firing of many
holes simultaneously. This may be the case when presplitting is being
carried out as, due to the interaction required between the holes, it is
essential to fire and Ppresplit over certain optimum sized slabs. This

type of problem is unlikely to occur when tunnelling but may be encountered
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during construction of rock caverns or cuttings using presplit techniques.

Tests have been carried out (Devjne et al. 1965) to determine if,
and to what extent, a vertical presplit fracture plane placed between a
blast point and a detection point will reduce vibration levels, The
results of numerous field blasts indicated that the presence of a pre-
split fracture plane did not significantly reduce vibration levels.
Further, it was shown that the vibration levels from the blast used to

form the presplit can be higher than any of the breakage blasts.

As discussed in Section 2.2.1, damage is a deformation-related
phenomena and although PPV is, in part, a measure of material strain, a
knowledge of characteristic ﬁave velocity is required to determine the
induced level of strain. It is therefore suggested that where damage
observations are related to vibration measurements the dymamic strain is
also considered. This will require the identification of the type of
wave present and an assessment of its characteristic velocity during the
trial blasting. As discussed in Chapter 2, the relation between dynamic
strain and structﬁra] damage is not established and further research and

well-documented case histories are required.

3.5 The determination of in situ rock properties from seismic data
3.5.1 Introduction
The establishment of blasting site laws requires the detonation of
a number of relatively small explosive charges which enable the attenu-

ative effects of the rock mass to be evaluated. These explosions may

also be considered as geophysical sources in a broader semse and
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analysis of the wave forms received at distance will yield useful infor-

mation concerning the engineering properties of the rock mass.

The deployment of vibration transducers at various knownh distances
from the explosive source (to establish site laws) may allow the measure-
ment of compressional and shear wave velocities and freqﬁencies. These
measurements will provide a basis for the calculation of rock mass
classification'(3.5.4) and the dynamic elastic moduli of the rock mass.
Static moduli may be estimated from empirical correlations. Knowledge
of rock mass classification and moduli are of considerable interest at
the design stage of underground openings and where trial blasting is
carried out it is clearly sensible to make the greatest use of the data
obtained in this context. Geoph&sica1 investigations of this kind can
provide valuable supplementary data to conventional site investigations,
based largely on borehole data, by providing access to the rock mass as
a whole. At present site ipvestigations of this kind are rarely carried
out because of the difficulties and ambiguities which are often encoun-

tered during the interpretation and evaluation stages.

This section discusses and develops applications of trial blast
data in establishing rock mass properties associated with tumnel
stability and support requirements. The applications of the analyses

developed here are given in Chapter 6.

The delineation of rock head by seishic refraction methods and
seismic borehole logging are both carried out on a fairly routine basis
and are not discussed here. Lama and Vutukuri (1978, Ch 7) discuss
dynamic measurement of rock sample and mass properties in detail and

provide an extensive bibliography on the subject. They also list
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details of dynamic measurements on many rock types. Similar, but less
recent work, is reported in Chapters 7-9 of the Handbook of Physical

Constants edited by Clark (1966).
3.5.2 The 'velocity ratio' approach

The velocity of seismic wave propagation in a rock depends on its
rigidity, compressibility and density which are affected by the degree
of weathering, fracturing and the state of stress in the rock. The
measurement of seismic velocity provides a means of assessing rock

. quality that does not require full access to the region of interest.

Onodera (1963) proposed that the fatio of the dynamic elastic
modulus of an in situ rock mass to that of an intact specimen could be
used as an index of rock soundness, the dynamic moduli being derived from
compressional wave (P-wave) velocities measured in the field and
laboratory. Deere et al.(1966) correlated other experimental velocity
ratios with Rock Quality Designation (RQD). RQD is the percentage of

solid borehole core recovered greater than 0.1 m in length.

The determination of the velocity ratio requires the measu?ement
of the in situ P-wave velocity of the rock, using surface or borehole
geophysiéa] techniques, followed by measuremént of the P-wave velocity
of an intact core specimen taken from a borehole. The intact specimen
should preferably be tested under an axial load equivalent to that
estimated from its former depth in the field. The velocity ratio is
the in situ velocity divided by the intact velocity; it is close to
one for fresh rocks with few joints and less than one for sheared,

altered or weathered rock or rock containing many joints.
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Subsequently Deere (1968a) suggested that the square of the
velocity ratio may be used interchangeably with the RQD for engineering
purposes. This seismic method has obvious potential for the site
invesﬁigations carried out before tumnelling in rock (Scott et al. 1974)
and has also been proposed by Deere (1968b) as a method for determining

the rock quality ahead of a tunnelling machine.

There are, however, a number of problems that arise in the interpre-
tation and use of seismic velocity data. These relate to the type and
state of the joints in the rock mass. The freshness, filling, aTteration
and in particular the normal stress across a joint may lead to a seriously
inaccurate assessment of the rock quality. This type of problem has
previously been noted by Cratchley et ai. (1972) in their report of geo-
physical measukements on a tunnel for the Foyers Hydroelectric Scheme |
driven beneath cover ranging up to 100 m, where they found no correlation
between wave ve]ocity and fracture spacing. Further fhey observed 'that
when logged in the Glen Lia pilot tunnel all joints appeared so tight that
it was not surprising that the tunmel velocities showéd virtually no

change from laboratory values'.

The writer has reported (New and West, 1980) laboratory and field
studies together with a discussion concerned with the.difficulties that
may be encountered with the velocity ratio approach. Relevant abstracts

from the’conclusions of this work are given below:

'From the tests on rock with open joints it was found that P-
waves passed through the shortest available path in the intact
rock because an open joint so attenuated the signal that the
receiver was unable to respond. For closed and relatively
unaltered jointing, laboratory tests showed that the direct

89



ST wgme oG e s VRS E - TR TR e

stress imposed by even shallow overburden may render such
jointing acoustically transmitting. This indicates that
measurements of P-wave velocity (used to calculate the
velocity ratio or otherwise) may be insensitive to the
frequency of joints in a rock mass and should therefore be
used with caution for engineering purposes.

For underground excavations in rock the interpretation of
seismic velocity data, in an engineering context, may be
improved considerably by allowing for effects resulting in
the acoustic closure of the joints. For example, the circum-
stances which limit the app]icabiiity of the velocity ratio
approach discussed in the Introduction can now be defined.

If the velocity ratio is low, for both deep and shallow sites,
it shows that the rock quality is probably poor. If the
velocity ratio is high for shallow sites it shows the rock
quality is good. However, if the velocity ratio is high for
deep sites it cannot necessarily be taken to show that the
rock quality is good because of the possibility of acoustic
closure of joints.'

Sjogren et al. (1979) have correlated RQD with P-wave velocity in a
number of igneous and metamorphic rocks with unweathered and unaltered

jointing. They give the following relationship
Velocity m/s 3000 3500 4000 45000 5000 5500
Cracks/m 19 13.5 9.5 6.5 4 3.5

RQD 25 45 - 63 78 88 94

Further, they compare P-wave velocity with tunnel support requirements as

developed in Sweéden since 1956. This classification was as follows:

'Yelocities below 4000 m/s were found to be related to faults,
contact zones, etc with highly fractured rock, where in general
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a higher degree of reinforcement was necessary when tunnelling.
In contrast, velocities above 5000 m/s were considered to
indicate competent rock masses with in general little need of
reinforcement. The transition values between 4100 m/s and
4900 m/s were divided into two groups. Rock sections with
velocities from 4100 m/s to around 4400 m/s generally proved
to need more extensive support measures, while in the velocity
range between 4500 m/s and 4900 m/s a continuous improvement
of rock quality could be observed. Extremely low velocities -
below 3000 m/s - were considered to indicate cavities in the
bedrock filled with soil, or completely crushed and fragmented
rock material. It ought to be noted that this classification
of the longitudinal velocities was related to hard crystal-
Tine rock masses; 1in less consolidated rocks the same pattern
was observed, but at lower velocity limits. If we compare
these velocity Timits with the corresponding fracture
frequencies we can note that the velocity 4000 m/s corres-
ponds to an average of about 10 cracks/m and velocities

25000 m/s to less than 5 cracks per meter. The extremely low
velocities (below 3000 m/s) are obtained in rock material with
pieces smaller than 5 cm.'

The information given by Sjogren et al. seems to apply to rock with
an 'intact' P-wave velocity of between 5500 and 6000 m/s. Their attempts
(and those of Cecil, 1971) to correct for variations of 'intact' velocity
values at different sites by applying 'multiplication factors' would be
better replaced by a velocity ratio approach which effectively normal-

ises the data for each site.

Figure 3.10 (after Sjogren et al.) shows the relation between

actual tunnel support measures and P-wave velocities in a number of
tunnels. It must be emphasised that these correlations will only apply

to rocks of the types specified earlier.
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3.5.3 1n situ dynamic and static moduli

When measurements of P and S-wave velocities are available, values
of dynamic modu]f (and Poisson's ratio) for the rock may be calculated.
The formulae required for these calculations are given in Section 6.6.2
and derivations may be found in Jaeger and éqok (1976). Application of
these equations is obviously dependent on whether the p;ecise moment
‘when shear wave arrivals (often superimposed on decaying P-wave motion)

commence is discernible on the vibration records.

Dynamic moduli for the Pemmaémbach rhyolite in situ are gi?em in
Section 6.6.2 of this thesis. Strictly, however (for reasons given
below), it is not correct to apply the formulae in this way to dis-
continuous mater%a]s where the apparent (measured) velocities of P and
S waves are affected differently by the discontinuities. This matter
appears to have been generally overlooked by. the literature and is

discussed further below.

Figure 3.11 gives empirical correlations (Coon, 1968) .between
field dynamic modulus of elasticity and field static moduli. Note the
large spread of data resulting in poor correlation coefficients. This
may, in part, reflect the difficulties and inaccuracies associated with
ﬂagking and pressure chamber tests (field assessment of static modulus)
but it is suggested that another reason for the poor correlation is the

different effect of joints on the transmission of P and S-waves.

Consider P and S wavefronts, from a common source, normally inci-
dent upon a tight, fresh, unaltered joint with a small stress across it.

P-waves (particle motion normal to joint plane) will be transmitted
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directly across the joint whereas S-waves may have to seek a route
'around' the joint due to the very low sﬁear strength of the joint.
Similarly an open water filled joint will transmit P-waves but notS-waves.
The concept that a material with these joint characteristics may effect-
ively appear as a continuum to a P-wave but discontinuous to S-waves is

of considerable importance.

It follows that the ratio of P and S wave velocities (which deter-
mines the dyﬁamic elastic moduli) may be critically dependent on the geo-
metry (persistance, frequency, orientation) and ﬁature of the jointing
(aperture, filling, etc). This suggests that measurement and careful
study of P-wave and S-wave characteristics (frequency, velocity and
attenuation) may provide a powerful seismic method for investigating the
discontinuous properties of rock masses. The following Section 3.5.4
deals with S-wave frequency in this context but further research into

S-wave velocity variation in discontinuous rock seems highly desirable.

where.joints are not tight, fresh and unaltered P-waves may also be
forced to seek an 'intact' path and calculations based on relative P and
S wave velocities may reflect more accurately the true elastic broperties
of the rock mass. This alse applies to 'continuous' materials such as

intact samples tested in the laboratory (see Section 4.3.3).

Despite their severe limitations the relations in Figure 3.11 may be
used to estimate static rock mass moduli (from dynamic measurements) with-
out undertaking often-expensive jacking tests. A book on the determin-
ation of in situ modulus has been published by ASTM (1970) and contains

useful contributions by well-known workers in the field.
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The writer appreciates that pre-knowledge of deformation and

.elastic moduli may be useful to a tunnel designer. However, it is empha-
sised that their use in the design of tunnel linings and support will
often be of 1imited and dubious value, particularly when applied to
'relative stiffness' solutions in hard rock (Einstein and Schwartz, 1979).
This is due to the fact that it is the inelastic dilation of the rock
surrounding an opening (caused by stress relief and weathering effects)
that will dominate'support loads and deflections. The elastic deform-
ations will usually be only a small part of the actual displacements of
concern and will have taken place partly ahead of, and immediately

behind the working face (Egger, 1980). Although 'temporary support'
measures ﬁay-be appliéd almost immediately after blasting they will not
significént]y resist elastic deformations but will inhibit weather-
induced dilation and subsequent rock fall. The time-dependence of

tunnel distortions has been usefully discussed in a recent paper by

Fairhurst and Daemen (1980).

There are, however, some occasions when information on moduli may
be of importance. For example, in the design of a tunnel which is
later to be subjected to surcharge pressures or where a tunnel passes
close to another opening. In both these cases knowledge of the rock
mass moduli will be. important and may allow calculation of 1ining load

and deformations due to the revised stress fields imposed.

3.5.4 The correlation of S-wave frequency with static rock
mass properties

Schneider (1967) has given an empirical correlation between the
received S-wave frequency and the static in situ deformation modulus of

rock masses. Biemiawski (1978) has presented this correlation with
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further field data which tends to confirm its accuracy (see Figure 3.12).
Roussel (1968) has published a theoretical justification of this corre-
lation using viscoelastic rheological models. Simplistically, the con-
ceﬁt is not hard to envisage, that is, the 'stiffer® the 'spring' the
higher its natural frequency. In situ moduli and S-wave frequency are
therefore likely to be correlated and apparently provide a most satis-

factory link between seismic and static modulus measurements.

It should be noted that the source used during determination of
S-wave frequency was a sledge hammer falling from a height of 1 m at a’
;distance' may be of considerable importance particularly in the light
of the wave spreading effects described in Chapter 3. This.technique
js often referred to as the 'petite seismique' method. Bieniawski (1978)
also reports (Figure 3.13) good correlation between in-situ static
modulus of deformation and the Geomechanics rock mass rating (RMR, see
Section 4.4.2). The equation associated with his 'best fit' regression

line is

Ey = 1.76 (RMR)- 84.3 .e. (3.6)

This is simplified to Ey =2 (RMR)- 100 in Figure 3.13
eoo (3.7)

Combining this equation with that linking S-wave frequency and static

modulus of deformation:-

Ey = 0.054f - 9.2 (from Figure 3.12) ... (3.8)

M
0.054f - 9.2 = 1.76 RMR - 84.3
RMR = 0.0307f + 42.7 ... (3.9)
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This equation provides for a direct calculation of RMR based on S-wave

frehuéncy.
3.5.5 Tunnel support design based on seismic data

The seismic and rock mass property correlations given and discussed
above provide a basis for the design of tunnel support, using seismic
field data. They are presented schematically in Figire 3.14 which also
indicates their linkjng,sources. As with other techniques fhis épproach
- should not be used in isolation but in combination with, and in support

of, other established methods.
These seismic methods have some attractive features:

(a) the cost of obtaining the data is Tikely to be relatively low,

(b) measurements will generally fit easily into the normal site
investigation or trial blast programme,
(c) seismic measurements inherently investigate large volumes of

~ material,

(d) seismic measurements are critically affected by the joint
frequency, filling, alteration, stress, etc. which are often

the dominant parameters controlling support requirements.
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CHAPTER 4

THE SITE OF THE TRIALS AT PENMAENBACH

4.1 The North Wales coastal route

Communications to the west of the River Conway in North Wales have
always been hampered by the mountainous nature of the terrain. The
coastal route, shown in Figure 4.1, between the River Conway and
Anglesey is obstructed by two water crossings, the River Conway itself
and the Menai Strait, and two mountainous headlands at Penmaembach and
Pen-y-clip. To the south of the narrow coastal plain the mountains of
Snowdonia present serious engineering difficulties for both roads.and

railways.

As a vital part of its plan to improve the congested road system
in this area HM Welsh Office are implementing a subétantia] improvement
scheme for the A55 coast road. This road, together with the railway,
forms a.main artery of communication within the area and onward through

the port of Holyhead to Ireland.

A new road crossing of the Menai Strait was completed on 11 July
1980 when the road deck above the reconstructed Britannia railway bridge
at Bangor was opened to traffic. The original bridge, completed by
Stephenson in 1850, was destroyed by fire and new steel arch spans,
replacing the original twin tubes, were built on the existing towers.
These new spans were designed with capacity to accept a second level
deck of sufficient width for the new four lane highway. This road link

effectively replaces the Telford suspension bridge (built 1826), about
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1 mile to. the east, which is still open to local traffi;. Plans for the
other water crossing at Conway have yet to be finalised but it is
expected to be by immersed tube tunnel in the estuary rather than by the
originally proposed bridge. A final decision has also to be reached on
whether to tunnel through or go around the Pen-y-clip headland by marine

viaduct.

It has been decided that a new sect{on of the A55 road.wi11 pass
through the Penmaenbach headland in tunmel. The western side of the
headland is shown in the frontispiece. The present A55 passes through
the tunnel (left centre),and to the left of the portal the 'shelf' for
the old Telford road may be seen. The railway passes into a tunnel
behind the wall to the rear of the beach (centre right). The proposed
tunnel route (see Figure 4.2) is immediately south of, and gemerally
parallel to, the main line rail tunmnel which, in places, is less than
30 m away. The location and proposed construction of these new tunnels
in relation to the existing tunmel provided an excellent site to test

and develop the concepts outlined in Chapter 3.

Trial blasting was required to determine the site laws prior to
the contract tender stage in order to satisfy the clients and their
consultants that maintaining the integrity of the existing tunnel would
not unduly restrict the contractor during comstruction. It was alse
necessary to provide British Rail with a form of engineering appraisal
regarding both the site laws and damage thresho]ds'indicated by the
literature (see Chapter 2). The acceptance, by British Rail, of real-
istic vibration levels was clearly of great importance as the arbitrary
imposition of low vibration Timits could render the construction of the

new tunnels uneconomic.
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It is of interest to consider briefly the history of land communi-
cations along this part of thé coast. The Act of Union with Ireland in
1800 increased ‘the number of important travellers from Holyhead and Irish
MPs became 'vociferous in loud complaint' at the appalling journey frem
Holyhead to Westminster. Although roads to the south from Betws-y-coed
to Bangor via Bethesda (the present A5) had been jmproved by Telford by
1819, the coming of the raflway age and the Telford coast road improve-

ments were to materially change the pattern of travel in the area.

Before 1826 the mountainous Penmaembach headland was either passed
over the sands at low tide or by way of the difficult inland route over
the Sychnant Pass between Conway and Penmaenmawr. In 1826 Telford

built a road by blasting a shelf around the cliffs and this formed the

" trunk road until 1932. Despite the road improvements it still took the

mail coaches from London nearly 27 hours to reach the packet ships at
Holyhead and the administration of a troubled Ireland urgently required

faster communications. The climate of political will therefore existed

~ to promote early railway schemes from the gmeatest'engimeers of the

times. After many difficulties and much competition between companies

the‘Chester and Holyhead Railway Act of 1844 was given the Royal Assent.

By May 1845 contracts had been let for many of the railway sections
of which contract 7, 'the Penmaenbach Tumnel and its approaches', was
awarded to John Harding and John Cropper for the sum of £59,611. This
tunnel, then reported as 632 yards in length through basalt, was driven
from adits to the beach. These adits are still visible and appear to
act as drainage and ventilation ducts (see Plate 4.1). Despite many
financial and engineering difficulties thg tunnel was completed on 16

November 1846 with much celebration in Conway and the vicinity (Herepaths

105









Journal and Railway Magazine). The line, through the tunmnel, between
Chester and Bangor was opened to passenger traffic on 1 May 1848 and
onward to Holyhead by May 1851. A history of the Chester and Holyhead
Railway has been written by Baughan (1972) but contains little detail of
the tunnel construction. Any records that did exist were apparently lost

during a fire, some years ago, at Llandudno Junction motive power depot.

The last major civil engineering works at Pehmaenbach were to
improve Telford's road by widening and the provision of a cut-off tunnel
avoiding the most precarious section of the old road. The works began
in 1930 and the short tunnel was opened to traffic in December 1932. A
good account of the works was given by Humphries (1937) but this does not

include detail of the blasting techniques used.

4.2 The geology of the site

The géo1bgy of the area is given fully by'Smith and Neville George‘
(1961) and is also described in a site investigation report carried out
for the Welsh Office by Soil Mechanics Ltd in 1974. Figure 4.3, based
on the i.inch to the mile Geological Survey Solid mapping, shows the
principal geological boundaries in the area and Figure 4.2 maps the site

on a scale of 1 to 2500.

The underlying rocks in the vicinity of Penmaenbach are of
Ordovician age. Penmaenbach itself is thought to be the vent of a pene-
contemporaneous volcano and, although rhyo1it1c in composition, has been
‘described as intrusive (rhyolite is usually regarded as extrusive). The
headland may be the result of more than one intrusive event, and if

multiple phase intrusions have occurred, the rock at depth may be subject
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to 'contact zones' where a fresh intrusion impinges an existing igneous

material.

The shape of the headland appears to be largely determfned by the
discontinuity orientation, with slopes varying from shallow to almost
vertical. To the west the rhyolite is thought to underlie the coastal
plain at depth. Penmaenbach 1is thought to be the origin of the lavas

and pyroclastic depesits of Conway Mountain which lies to the east.

The rhyolite is petrographically described as fine-grained holo-
crystalline consisting generally of subhedral quartz dominant over alkali
'feldspar and ferromagnesium minerals. Occasional subhedral phenocrysts
of alkali feldspar are presemt and secondary carbonate is present through-
out. In the proposed portal areas flow banding occurs in the groundmass
around the phenocrysts and sericite is seen to replace feldspar in
places. Generally rhyolites may have a silica content of about 70 per
cent with between 20 per cent and 40 per cent quartz (Hatch et a1. 1972).
Plate 4.2 shows a piece of heavily weathered material recovered from the
upper slopes and indicates the contorted nature of the flow banding,
Relatively fresh material is shown on the left of the sample where frac-
ture has occurred along a flow banding plane. The fresh rhyolite is a
grey/green colour and very strong. Weathering produces a grey/cream

surféce which tends to highlight any flow banding present.
The eastern portal area is overlain by drift deposits of sand and

clay with angular gravels and boulders. At the western portal there is

considerable depth of coarse angular scree.
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4.3 Intact rock properties

This section giVe§ details of rock properties required in later
Chapters of the thesis. Full details of the site investigations are
given by Soil Mechanics (1974) and these have been supplemented by
further boreholes in the vicinity of the proposed tunnel portals
(Soil Mechanics, 1979). The results given below were (except'where
stated) obtained by the writer and generally relate to the rock in

the vicinity of the trial blast and tunnel western portal areas.

4.3.1 Rock strength

The Soil Mechanics (1974) report gives full details of unconfined

compression tests, indirect tensile (Brazilian disc) and point load
strength tests carried out on borehole samples of the rhyolite. Their
results are summarised in Table 4.1 which is reproduced from the Soil
Mechanics Engineering Interpretation and Discussion Report of

September 1974.

Further UCS tests on cores recovered from the Western portal area
during 1979 have indicated that the rock in this region has an
average strength around 250 MN/m2 with a recorded maximum of 305 MN/m2

(Personal communications with R. Travers Morgan and Partners).

To supplement these results Schmidt hammer tests were carried out
at five locations in this area. In each case sound, reésonab1y fresh
exposures were selected and care was taken to avoid ioose]y—jointed
areas of rock. These precautions were only partially successful and

it was noted in the field that the weathering and loosening of the
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TABLE 4.1

Summary of rock testing results (After Soil Mechanics, 1974)

Mean_Va]ue Standard Relative | Number
X deviation(s) [. error_ of

MN,/m2 MN/m2 S = s/x Results

Uﬁconfined com- . o |

pressive strength 204 2
Brazi]iah.d{sém-"” i3.5 3'
Point load* Diametral 11.2 3.2 0.29 27
Point load* Axial | 19.1 3.6 0.19 16

-

*Point load strength test results combine a number
of mean values and therefore represent a much
greater number of individual test results.

surface rock might materially affect the rebound number. Puffs of dust
from surrounding joints and a dull rather than solid sound were common

indications of loosened rock.

Ten rebownd number readings were taken at each Tocation with the
mean and standard deviation calculated from the six highest values,

The four lower values were discarded to remove any anomalously low values
{

due to loosened rock. The mean Schmidt numbers were as follows:

Positibn A

55.5 2.9 (Std Dev)
Position B 59.7 1.4 (Std Dev)
Position C 54.7 1.2 (Std Dev)
Position D 58.2 1.6 (Std Dev)
Position E 58.5 3.3 (Std Dev)

Grand mean 57.3

These values were rather lower than had been expected for this extremely
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hard rock and further tests were carried out on a large sample of fresh
rock available in the laboratory (see Section 4.3.3). This sample gave
consistent Schmidt hammer readings of 67 + 1 and 'sounded' far more

reliable than any measurements taken on the weathered rock in the field.

The treatment of Schmidt hammer data and its comparisons with uncon-
fined compression tests is dealt with by Carter and Smeddon (1977).
Their empirical relationship is given in Figure 4.4. Note that a Schmidt
number of 67 corresponds to a value of about 300 MN/m2 unconfined com-
pressive strength. Thus the value for the UCS of a fresh intact sample
obtained using Carter and Sneddon's empirical relationship agrees
extremely well with the recent values.obtainéd by the conventional

strength testing of cores.

The Tower value (57.3) obtained in the field corresponds to a value
of about 150 MN/m2 which may be appropriate for the weathered surface
rock. However the effects of the weathering, inm particular the loosen-

ing of the joints render these measurements unreliable.
4.3.2 Elastic modulus and Poisson's ratio

Elastic modu]ﬁs and Poisson's ratio tests on one 54 mm diameter
borehole sample were carried out by Soil Mechanics. Four electrical
resistance strain gauges (two horizontal and two vertical) were mounted
diametrially opposite about mid-height of the specimen. Loads were
applied at an approximately constant rate of strain 6n a standard fest
frame. Three load cycles were applied over the ranges 2.0, 4,0 and
10.0 MN/m2 (unloading to 0.1 MN/m2). The deformation modulus was cal-

culated for the best straight line relationship over the test range
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(0-10 MN/m2) and was closely of linear elastic form. The modulus was
found to be 56000 MN/m?2 and the ratio of horizontal to vertical strain,

Poisson's ratio, was 0.15.
4.3.3 'Intact' seismic velocity

The determination of 'intact' wave velocity is necessary in order
to calculate intact dynamic moduli and rock mass velocity ratio which is

demonstrated and described in Section 6.6.

A large sample, weighing about 40 kgf, was recovered from the site
and sawn into a roughly cubic shape. Opposite faces (designated A-B,
C-D, E-F) were diamond sawn flat but were not exactly parallel. This
sample was totally free of visible fractures and was considered as a

truly intact specimen.

The characteristic compressional wave velocity (at 54 kHz) was
measured using an ultrasonic tester known commercially as the PUNDIT
(made by CNS Instruments, see Elvery and Vale, 19?3) and the process is
shown in Plate 4.3. New (1976) gives a description of the PUNDIT and
its use on intact and jointed rock samples. This instrument comprises
two piezo-electric ceramic probes one of which inputs a pulse whilst
the other detects the wave arrivals through the specimen. The pulse
transit time is measured and digitally displayed. The timer detects
the first wave arrival and therefore it is the compressional (P-wave)
velocity which is calculated from the measured pathlength through the
sample and the transit time [Ve]ocity = Distance/Time]. In this case
the shape of .the waveform, as displayed on an oscilloscope, did not

permit the measurement of shear wave velocity although this is sometimes
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possible with the PUNDIT.

TABLE 4.2
'Intact' Compressional Wave Velocity
o | Transit time | Distance | Velocity (Cp)
Between faces us . /s
A-B 37.6 206 5479
Cc-D 32.8 176 5366
E-F 35.0 187 5343

The transit times were repeatable to 0.2us and the 'distance'was
Al

measured by vernier caliper to an estimated accuracy of 1 mm.

The mean value for compressional wave velocity was 5396 m/s and
there was no indication of significant anisotropy within the sample.
This value was confirmed at several points in situ where it was poss-
ible to make 'indirect' PUNDIT measurements om fresh intact exposures.
A value for shear wave velocity was not obtained but, assuming a value
for Poisson's ratio, the elastic modulus may be calculated (see Section
6.6.2). In this case taking Poisson's ratio as 0.15 the dynamic

elastic modulus was 72,250 MN/m2 (10.5 x 10® 1bf/in2),

Coon (1968) has given an empirical correlation between static and
dynamic moduli for 'intact' rock (see Figure 4.5). It is of interest
to note that the static modulus for the rhyolite (56,000 MN/m2, 8.12 x
106 1bf/in2) would indicate a dynamic modulus of about 11 x 108 1bf/in2
from Coon's ‘best fit' regression line for non-foliated rocks. The
measured value of 10.5 x 106 1bf/in? therefore agrees extremely well

with Coon's correlation.
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4.4 'Rock jointing and classification

4.4.1 Observations of jointing

The rock of the headland is exposed in many places and is fractured
by many discontinuities. Discontinuity observations reveal no generally-
preferred orientation although in localised areas significant joint sets
are readily identifiable. In the western portal area, for example,
there is a major set dipping steeply to the north which tends to dominate
the form of the north-facing exposures. The majority of the‘joinis
appear tight, unaltered and in many cases welded. Apparently 'loose’
pieces of rock cannot easily be removed.even with the use of hand tools.
Weathering of the joints does tend to open them near the surface and in
areas not subject to severe erosion this gives rise to the appearance of
a more frequent joint occurrence. Beach exposures (subject to rapid
erosion by the sea) appear to have a mean joint spacing of almost
double that measured 'inland' in the area of the trial blasting. Also
measurements in the rail tunnel suggest lower joint frequencies than
those obtained from weathered areas of rock. It should also be noted
that the rock in the rajl tumpnel has been subjected to blasting'and

about 130 years of weathering.

These effects may tend to exaggerate the engineering significance
of the jointing. Plate 4.1 illustrates the jointing typical on the
north western face of the headland. The photograph shows the most
westerly construction adit between beach and rail tunnel and reveals

three joint sets (two dominant) plus random jointing.

Measurements given in Table 4.3 on three mutually perpendicular
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scanlines (Nos 1, 2 and 3) were taken in the vicinity of the trial
blast holes. Scam]ines 4 and 5 were taken on the cliff to the beach
close to the area shown in Plate 4.1. Observations on the almost ver-

tical scanline 5§ presented some operational difficulties (see Plate

4.4).
TABLE 4.3
Scanline measurements of joint spacing
, Scanline S%Z:;lﬂe gg%mzz s?gz?ng Deergo?1964) RQD*
| (m) (m)
1 10 103 | 0.70 64 72
2 8.35 38 0.22 -89 92
3 5 64 0.08 61 63
1+2+3 23.35 205 0.1 72 78
4 10 50 0.20 - 91 91
5 6.3 32 0.20 88 91

b

The joint spacing data for each scanline has been analysed in the
manner originated by Priest and Hudson (1976). This method assumes
that the joint spacing takes a negative exponential distribution and on

‘this basis the RQD* may be calculated from the equation

RQD* = 100e 01 (0.12 + 1)
where A is the average number of discontinuities per metre. The signi-
ficance of this formulation is that RQD (rock quality designation, Deere,
1964) may be calculated using only the number of joints in a given
distance.

The joint spacing distribution for the combined scanlines 1, 2 and
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3 is given in Figure 4.6 and is reasonably represented by the negative

exponential curve,
£(x) = ae”**

where f(x) is the frequency of a discontinuity spacing, x.

The distribution histograms did net all appear to be of good nega-
tive exponential form and in most cases a heavily-skewed normal distri-
bution (log-normal) may have been more appropriate. The apparent

absence of very close joint spacing (below 2 cm for this rock) has been

noted and discussed by Hudson and Priest (1979; p 355). The modifi-

cation of this theory to account for multiple parameter distributions
would detract greatly from the concept and does not seem useful when
the assumption of a negative exponential distribution does give a

satisfactory correlation.

The differences between RQD and RQD* are a little greater than
might have been expected ('within 5 per cent') from the field results
of Priest and Hudson (1976) and more recently by Wallis and King (1980).
These differences may be explained, in part, by the limited lengths of
the scanlines, although some of the error could be due to the joint
distribution not being of a closely negative exponential form (see
above). It is recommended by Priest and Hudson that the scanline length
should be at least 50 times the mean discontinuity spacing and that at
least 200 values are required to complete a satisfactory histogram.

Scan]iﬁes were not taken in the rail tunnel but it was noted that

in most areas toward the Western postal the joint spacing was between
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0.10 and 1 m. There were generally 3 sets (two dominant) plus random

joints visible.

The rhyolite material itself is essentially impermeable and all
water flow is ducted thkough the major discontinuities. Isolated seepage
was observed from joints above the present A55 and the old Telford road.
Small water inflows and drippers were noted in the portal areas within
the rail tunnel but the quantity was meg]igib]e.'.Results from standpipes
obtained and interpreted by Soil Mechanics indicate, as expected, that

the headland is of low rock mass permeability.
4,4,2 Rock classification

The 'rock quality' may be assessed employing currently-available
empirical methods uéing data from the observations of rock exposures
and other tests. There are many methods of classifying rock masses and
in his comprehensivé report 'Tunnel design by rock mass classifications’
Bieniawski (1979) deals fully with the six most commonly referred to

systems. They are:

(a) Terzaghi's rock load classification

(b) Lauffer's classification

(c) Rock quality designation (RQD) (Deere, 1964)

(d) RSR concept (Wickham, Tiedemamn and Skinner, 1974)
(e) RMR geomechanics classification (Bieniawski, 1974)

(f) Q-System (Barton, Lien and Lunde, 1974)

The application of, and relative merits of, these systems are fully

discussed by Bieniawski (1979) and this recent report forms a most
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useful reference text.

0f these classifications the most recently developed, c, d, e and
f, are those most widely considered in the prediction of ground stand-up
time and support requirements, The direct application of RQD values to
rock support design (Deere, 1968b; Merritt, 1972) is considered to have
severe practical limitations-in that it neglects many vital rock mass
properties. Its main attraction is that it provides a quick and
inexpensive index which may be utilised in other more complete classi-.
fication systems. Used alone it does not provide an adequate description
of a rock mass. Appendix D gives Deere's (1968b) general description of
RQD application to support requirements and Merritt's (1972) corré-

lation of RQD with tumnel support and span.

The RSR concept was developed primarily in relation to tunnel
support by steel ribs and is not generally recommended for use where

rockbolts, mesh and shotcrete are to be used.

The Geomechanics and Q-System have rather similar constituative
parameters although the classifications are calculated in a very
different manner. Thesé systems have been numerically correlated
through case history data (Bieniawski, 1976). The relationship, with

data points, is given in Figure 4.7 and takes the form

RMR =9 1n Q + 44

Other recent correlations given by Rutledge (1978) are:

n

RMR = 13.5 log Q + 43 (S.D. 9.4)

RSR

0.77 RMR + 12.4 (S.D. 8.9)
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and RSR = 13.3 log Q + 46.5 (s.D. 7.0)

ft should be noted that the Q-System does not include a factor directly
associated with rock strength and tends to indicate a Tonger stand-up
time for a given span, than does the Geomechanics Classification. The
latter classification is therefore more conservative than the Q-System
which reflects a difference in tunnelling practice in Scandinavia based
on the depth of experience of underground construction in almost

uniformly good rock of metamorphic and igneous origin.

The Geomechanics Classification, RMR, has been adopfed here to
assess the rock mass comditibn by an ‘established' method. The corre-
lation with the Q-System is good, particularly in sound rock (although
support recommendations may be rather different) but RMR has an advant-
age here as it has been specifically correlated with in situ deformation

modulus, a parameter linked to wave propagation velocity im rocks.

The Geomechanics Classification details are given by Bieniawski
(1979). This system was used to determine the range of RMR values
calculated from observations given in this Chapter. These observations
are intended to relate particularly to the relatively unweathered rock

mass within 150 m of the rail tunnel western portal.
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TABLE 4.4
Geomechanics classification (uncorrected for joint direction)

RMR.Va]ue.

Parameter :

Best case | Worst case
1 Strength of intact rock 15 12
2 RQD 19 o 14
3 Joint spacing 17 - 10
4 Joint condition 22 18
5 Ground water 9 6
Total 82 60

As the joint direction was variable and there is often a steeply-dipping
set sub-parallel to the proposed tunnel direction a rating adjustment
value of -12 (very unfavourable)is applied to both RMR case values,

giving
RMR = 48 to 70

This range spans classes II and III ('good rock', 'fair rocki) for which
average stand-up times of 6 months (4 m span) and 1 week (3 m span) are

predicted.

It is revealing to note that the rail tumnel (span 7% m), which
for most of its‘1ength is unsupported, has remained structurally sound
for 130 years. In this case therefore, the Geomechanics Classification

would appear to be very conservative.
The above analysis does not allow for any areas of serious faulting

and geological information from the few sections of the rail tunnel

where brick arches have been built and would be useful.
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There are several further indications of rock behaviour which are

worthy of note:

(a) During annual 'drumming and scaling' of the rail tunnel,
very little léose rock is apparent. The tunnel seems to
be in excellent condition despite its age and method of
construction, although in places some of the brickwork may
require gttentioh in due course. Plate 6.1 shows the British

. Rail tunﬁé]‘inspection train with high level work platforms.

(b) Ddring construction of the short road tunmel in 1931 two

incidents of note occurred:

(i) blasting for the westerm portal shook some 3000 tons

of rock down onto the main road (see Plate 2.1). The
road remained closed until the drives from East and

. West had met and no further falls or movements occurred;

(if),ié'minor fall of rock in the railway tunnel was noted

'after a blast in June 1931.

, (CL;.Mo}tar teii-ta]es dated April 1922 are visible in maior Jjoints
associated with overhanging rock on the old Telford road.
Aithough many of these steeply-dipping joints daylight, no
moveﬁént appears to have taken place. Historical records
reveal that travellers were as likely to be injured by falling

sheep as rock on this stretch of road.
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CHAPTER 5

THE TRIAL BLASTING PROCEDURE

5.1 Organisation

When blasting operations are to be carried out on, or close to,
areas with public access a considerable effort is often necessa}y to
obtain permission from the appropriate authorities and to take the
required safety precautions. For the blasting at Penmaenbadh this task
was carried out by the Consultants (RTM) for the Scheme as an extension
to the site investigation programme which was in pregress at that time.
This procedure was agreed by the Employer and removed any problems
associated with the Tetting of a new contract. The blasting work was
therefore let as a sub-contract by the contractor for the site investi-

gation works, Soil Mechanics Limited.

The proposed procedure for the trial had been agreed, in outline,
by the writer with RTM ,HH and British Rail at a meeting some weeks

previously. At this meeting BR stated their safety requirements and

suggested possible periods during which the trials might take place.

It was subsequently agreed that the blasting would take place between
06.00 and 10.00 hours on Sunday 17 May 1979. A full 'track possession'
of the London-Holyhead main line between Llandudno Junétiom and
Penmaenmawr was arranged for the beriod between 02.30 and 11.30 on that
day. This period allowed for the re-positioning and checking of trans-
ducers and, after the trial, removal of equipment located in the rail

tunnel.

130



Agreement was also obtained for similar track possessions on two
previous Sundays. These periods were uséd to install equipment in

various parts of the tunnel for other purposes (see Section 6.7).

It was considered prudent to close a few hundred metres of the A55
(which passes close by the trial s%te), during the actual blasting.
This was to protect traffic from unexpected rock falls and to prevent
distraction to drivers. This resulted in the road closure for five
periods of about 10 minutes each. The local police and Gwynedd County
Councf] gave.their approval for this action and Soil Mechanics Limited
imp1emented the road traffic control. Lookouts were positioned on the
Penmaenbach headland to warn and prevent any members of the public

straying into the area of blasting.

Special arrangements were also made for transport and on-site
positioning (by mobile crane from the A55) of the TRRL instrumentation
cabin. It is of interest to note that insurance cover for losses to a

value of £1M was considered necessary for the trial.

5.2 The explosive charges and their location

. Rock Fall Limited of Glasgow were awarded the sub-contract to
'drill, charge and fire trial blasts specified and agreed with the

Engineer'.
5.2.1 Drilling and charging

Dfi]ling the 19 holes required was carried out during the week

preceding the'blasting using a hand~held air-powered and flushed
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percussion drill. The near-vertical holes were all driven to a depth of
3.5 m and after drilling were plugged to prevent ingress of dirt or water.
The hole depth was chosen to eliminate rock fracture or crack opening at
the surface. This condition was specified by the Engineer to minimise
rock damage which might hinder the subsequent construction of the new
road tunnel approaches in this vicinity. For the same reason a maximum
charge of 1 kgf of explosive per hole was specified. Thus, where blasts
of more than 1 kgf were required, several charges were to be simultane-
ously fired. Thus a condition of 'confined blasting' was imposed upon
the trials although it transpired that some charges did disturb the

rock surface and may be treated as 'unconfined' or 'partially confined'
blasts. The explosive was specified as '80 per cent strength gelatine
or equivalent' the contracter choosing ICI 80 per cent Special Gelatine,
This explosive is a waterproof gelatine -commonly used for controlled

underground excavation and is specified as follows:-

weight strength 85 per cent BG (blasting gelatine)

bulk strength 79 per cent BG
density ’ _ 1.4 g/ml
detonation velocity 3.5 km/s (unconfined)

.The explosive was supplied in 200 mm sticks, 30 mm in diameter and
_in this form weighed 0.85 kgf/m. .After-the insertion of the detonator
the explosive was tamped and stemmed with quarry waste in the usual
manner. The shot firer was positioned by the south wall of the A55 in
direct oral and visual contact with the writer who gave the instructions

to 'fire' the charges at the appropriate moment.
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5.2.2 Charge to transducer distances

The positions of the shot holes and the vibration transducers mounted
in the rail tunnel were surveyed by RTM staff, referring the individual
transducer and shot hole locations to bench»harks set up in the tunnel
and on the hillside. These positions were mapped and are shown in Figure.
5.1. A table of direct distances is given in Table 5.1. Where more than
one shot hole was charged for a single delay (for charges over 1 kgf)
adjacent holes were chosen and their average distance from the trans-

ducers is given at the foot of the Table.
5.2.3 The compliance with the vibration limit

It has Eeen agreed with British Rail that the trial blasting would

be controlled such that a resultant PPV of 25 mm/s should not be -
exceeded in the rail tumnel. Information, referred to in Chapter 2,
indicated that it was extremely unlikely that any damage to the tunnel
would occur below this Tevel. Analysis and calculations based on
previous case history data (principally after Oriard, 1971, Figure 3.2)
suggested than an initial single shot of 1 kgf would allow the equip-
ment to be set to suitable gain and calibration values without the

possibility of exceeding the agreed limit.

5.3 The vibration transducers

It was decided at an early stage in the project that all vibration
measurements would be expressed in terms of particle velocity. Thresh-
olds of damage are known to correlate with particle velocity. This is

reasonable as the dynamic stresses within a structure are proportional
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TABLE 5.1
DIRECT DISTANCES BETWEEN SHOT HOLES AND TRANSDUCERS (m)
. TRANSDUCER REFERENCE
SHOT HOLE POSITION
REF NO
45 78 18 | 1N

1 41.9 | 43.1 | 70.9 | 117.5
2 50.7 | 43.8 | 72.7 | 119.7
3 39.8 |'43.6 | 72.9 | 120.3
4 39.0 | 44.4 | 74.7 | 122.3
5 30.5 | 44.5 | 74.5 | 121.9
6 38.1 | 44.8 | 75.8 | 123.6
7 38.3 | 45.6 | 76.7 | 124.5
8 35.8 | 45.5 | 78.0 | 126.5
9 35.1 | 46.2°| 79.3 | 128.0
10 37.4 | 46.5 | 78.4 | 126.5
N 36.3 | 47.4 | 80.3 | 128.7
12 |3 | 49.3 | 83.4 | 132.3
13 35.3 | 48.2 | 81.9 | 130.7
14 35.6 | 50.6 | 84.9 | 133.9
15 30.7 | 48.9 | 85.2 | 135.2
16 31.3 | 50.8 | 87.4 | 137.4
7 32.1 | 51.9 | 88.5 | 138.5
18 33.4 | 53.7 | 90.2 | 140.1
19 34.1 | 54.7 | 91.3 | 141.1
(2,345 40.0 | 44.0 | 73.4 | 120.6
9,11 & 13 | 35.6 | 47.3 | 80.5 | 129.1
15, 16 31.0 | 49.8 | 86.3 | 136.3
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to particle velocity (see Section 2.2.1).
5.3.1 Selection and calibration

The choice of transducer type was essentially between various geo-
phones and piezoelectric acce]erometefs. It was expected that most of'
the vibration energy at Penmaenbach would lie in the bandwidth 20-500 Hz,
and although accelerometers have some advantages of specification (wider
Freduency response) a high-quality geophone-type transducer was selected.
Geophones are seif;generating transducers producing an éTectrica] signal
capable of transmissién through hundreds of metres of cable, whereas
accelerometers require a stable power supply and charge amplifiers close
to their site positions; In tunnel environments this may be impracticable

ahd inconvenient. From previous experience with both types of transducer

the geophone has been faund the more robust and reliable in.operation.
They are also less expensive, Further, the geophone provides an analogue
voltage proportioha1 to particle velocity whereas it is necessary to
integrate thé accelerometer output to give particle velocity. In use
piezoelectric accelerometers are often subject to temperature drift and

electrical noise problems not found with geophones.

The geophones selected were made by Sensor Nederland BV and
supplied by Fenning Environmental Products of Luton. Their specifi-
cation is given in Figure 5.2. As shownlin.the Figure these geophones
have a low (4.5 Hz) natural frequency and are sensibly responsive to

frequencies down to a few hertz.

Each geophone was tested on the rig shown in Plate 5.1 by

comparison with an accelerometer of known calibration. For practical
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T vs FREQUENCY
TYPE SM-8 Model A
20} = NATURAL FREQUENCY 4.5 Hz
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Fig.5.2 GEOPHONE RESPONSE CURVES
(after SENSOR TRADE LITERATURE )-

Frequency Hz

Fig.5.3 CASSETTE RECORDER FREQUENCY -RES-PONSE
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purposes all the geophones were found to be similar in performance.
Their sensitivity remained constant to 1 kHz then increasing slightly
before falling rapidly. At 2 kHz their sensitivity was reduced by over
95 per cent. The vibrating table shown in the Plate 5.1 may be rotated
through 90° allowing both 'horizontal' and 'vertical' type geophones to
be calibrated. This facility also allowed confirmation that the geo-
phones could be used satisfactorily when inclined at up to 20° from
their nominal orientation (vertical or horizontal). Sample geophones
were tested with both long and short transmission cables to confirm that
cable length did not influence output. Each.ggophome was marked and
tested when connected to the recording system by the cable with which
_it was to be used on-site, confirming that all connections were sound.
It was important that all the equipment installed within the tunnel
during a 'track possession' period worked immediately and reliably as
access for repairs was not possible unmtil thé next 'possession', one

week. later.
5.3.2 In-tunnel location and mounting

For the trial blast at the western portal area all the geophones
were mounted on the south wall of the tunnel about 1 m from the tunnel
floor. The geophone arrays are identified by their distance from the

tunnel portal as follows:

Distance from Portal (m) Geophone array type
45 3 mutually perpendicular
78 - do -
118 single
171 single
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At positions 45 and 78 the arrays were oriented such that one geophone
had its axis of sensitivity 'pointed' directly toward the shot holes.
The geophone package was then rotated about this axis ensuring that no
transducer was more the 20° from its 'mominal' orientation. Thus one
transducer monitored radial motions, and the other two, horizontal and
vertical (approximately) motions respectively. The single transducers
at 118 and 171 were 'pointed’ directly at the shot holes, again record-
ing radial particle motions. The geophones were mounted rigidly on an
aluminium cube which in turn was bolted to a steel bracket fixed to the
tunnel wall. The cube could be rotated before clamping on the bracket,
to allow correcf orientation. Plate 5.2 shows a three-dimensional geo-

phone array being mounted on the tunnel wall.

At each desired distance into the tunnel suitable mounting areas
were 'drummed’ with a hammér to assess their rigidity within the rock
mass. Most of the large 'faces' tested rang true although occasionally

a dull note clearly indicated an unsuitable 'loose' block.

After fixing the brackets the geophone packages were.bolted on and
covered by polythene bags to protect them from dust and water; The
transducer cables were then laid in the tunmel cess and secured to the
rock where necessary. A portable 2 kW generator mounted on a light rail
truck was used to provide both lighting and power for the drilling, The
drilling and bracket fixing in both portal areas was completed during the

track possession on Sunday 3 June.

5.4 Signal conditioning and recording

The cabling from the transducers was run into the instrumentation
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cab%n located at the tracksidé a few metres from the tumnel portal
(Plate 5.3). The cabin was provided with a 240 V mains supply from a
distribution box situated. above the cabin on the A55. This facility was
laid on by the local Council and gave a reliable, relatively noise-free
source of ample power which is highly desirable when using this type of

electronic equipment.

The signals were conditioned to appropriate levels by instrumen-
tation type amplifiers housed Qithin an ultraviolet (UV) recorder.
Plate 5.4 shows the chart recorder (amd‘other equipment) being reloaded
with UV sensitive photographic paper. The performancé of the recorder
with various input waveforms was tested in the laboratory and found to
be satisfactory in the bandwidth 0-1 kHz. At higher frequencies the
spot displacement decreased rapidly due principally to the galvanometer
specification. The galvanometers were specified by their manufacturer
as having a natural frequency of 1600 Hz and a 'flat' sensitivity curve
to 1 kHz.

The eight data channels were recorded in parallel (see Figure 6.2) ‘
and the paper speed was usually the maximum possible (1 m/s) for this

recorder.

Up to four data channels could be recorded om an FM cassette tape
recorder. The recorder's specification suggested lack of linearity at
frequencies in excess of 625 Hz. However, the tests shown in Figure 5.3
indicate that its performance was closely 1inear up to 800 Hz and still
usefully sensitive to 1 kHz. An oscilloscope was available to monitor
the progress of the signal through the system; this allowed the gain

settings to operate at full dymamic range without the risk of ‘clipping'
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or other forms of waveform distortion occurring. A schematic of the

equipment is given in Figure 5.4.

- 5.5 The

b]éstiggﬁseqqgncg

On the Friday before the trial blasting a meeting, attended by TRRL,

RTM, HH and Rock Fall Ltd, was held to fimalise blasting procedure. It

was agreed that:

()

(b)

(c)

(d)

(e)

()

The

Five minutes before each blast a warning would be sounded.

A whistle was to be blown to announce the shot firer's

readiness to detonate.

The writer counted down '5, 4, 3, 2, 1 Fire'. This permitted
the instruhentation to be run at precisely the right moment.
This was vital as the chart recorder was producing paper at

a rate of 1 m/s.

The first blast was to be 1 kgf and was to be used to
establish the correct gain settings for the signal condition-

ing equipment.

1

The second blast would be of 1 kgf,-% kgf and.% kgf with 75

delays.

Subsequent blasts depended on the initial results, bearing in

mind the PPV limit of 25 mm/s.

actual blasting sequence followed is given in Table 5.2
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TABLE 5.2
The blasting sequence
Delay .
Blast No. | %E?égg 2§:¥;:2 ho?goﬁef. Remarks
gf) (s) :
201 R - 1 'Setting up' blast.
No surface disturbance
202a 1 19 - -do-
) 3
b 3 18 ~-do-
3
c % 17 -do-
203a 2 16, 15 ~-do-
1 ,
b 1 12 Considerable surface i
loosening and opening of
. joints in blast hole.
;204 1 3 - 9, 11, 13 | Some opening of joints and
' rock loosening.
205a 3 12 3,5 Some spoiling of surface
: rubble and cobble sized
i fragments.
, b 1 10

There was some concern that,where multiple holes were charged to give

a single delay (for charges > 1 kgf), the detonation of each was sim-
ultaneous (see Section 6.3). Close inspection of the records indicated
that the detonations were closely simultaneous except in the case of
blast 4. This record indicates that one of the 3-1 kgf charges actually

fired about 100 ms after the simultaneous detonation of the other two.

The delay period for multiple blasts was extended from s to 1s

after blast 2 as some motions had not quite died away before the wave
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packet from the mext delay arrived.

At the completion of the blasting an inspection of all areas where
rock fall or damage might have occurred was carried out. No such falls
were noted; the only damage occurred within a few metres of the shot

holes.

5.6 Supplementary seismic measurements

In addition to the friq] blasting it was necessary to carry out
hammer-seismic measurements to acquire data necessary for the assess--
ment of rock quality as discussed in Section 3.5 In particular, measure-
ment of the frequency of S-wave motions induced by a sledge-hammer blow
(Section 3.5.4) was required to emable rock quality correlations to be
tested (Section 3.5.5). These tests also provided additional data on
P-wave velocities which are used together with 'blasting' P-wave veloci-
ties for thé determination of'velocity ratio' in Section 6.6. These
measurements were carried out in the area of the proposed western

tunnel portals close to the location of the trial blast holes.

The motions produced by a hammer blow were monitored by three,
three-dimensional, transducer arrays rigidly mounted at various
measured distances from the source. \The instrumentation used'was the
same as that described in Sections 5.3 and 5.4 except that a more
versatile UV recorder was employed. This Bell and.Howell recorder has
double the chart width and up to four times the paper speed available
from the recorder used dufing the blasting trials. This enabled
significantly-improved records to be collected and provided more

accurate ineasurements of seismic velocities and frequencies. The
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original recorder was ideal when mainly amplitude data (for 'site laws')
was required but the Tow chart speed (1 m/s) made velocity measurements
difficult. The equipment was mounted in a Range Rover which was parked

at the foot of the hillside. Plate 5.5 shows the equipment in use.
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CHAPTER 6

THE FIELD RESULTS AND THEIR ANALYSIS

6.1 Initial data processing

A seismic record sheet was completed for each blast and a typical
sheet is shown in Figure 6.1. These sheets were completed during blast-
ing and .noted the instrumentation configurations and amplifier gain
settings. Associated with each sheet was the UV chart record of the
blast vibrations (see Figure 6.2). The maximum peak particle velocities
occurring during the blasting were measured from the chart records

given in Tables 6.1 - 6.5.

The resultant peak particle velocities given in the Tables were

calculated in two ways:

(a) The resultant was first calculated by the vector summation
of thg three contributory components irrespective of their
time of incidence. That is, the three maximum PPVs were
summed whether or not they occurred simultaneously. This is

sometimes referred to as the pseudo-resultant. .

The resultant peak particle velocity was calculated as

follows:

}

= lv2 y2 2
VResu]tant v '‘Radial’ T v 'Horizontal! v 'Vertical'

(b) The 'real time' resultant over the period of a recording

was calculated in a similar manner except that the vector

, 151
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components were summed at simultaneous times. This involved
the digitisation of the data and the computatiqn of the 'real
time' resultant for each blast vibration record. Figure 6.3
shows the real time 'resultant' peak particle velocities for

blast 3 and is typical-of those obtained from the other blasts.

It should be noted that the 'real time' resultant is the actual
peak particle velocity recorded and will generai]y be less than that
calculated as in (a) above. However, since it is possible that all
three 'maximum' vector compenents may occur simultaneously during sub-
séquent construction, it is arguable that method (a) should be used to
-establish the site laws. To illustrate this problem the chart records
with their computed 'real time' reéu]ts are given in Figures 6.4 and 6.5
for the 3 kgfcharge of blast 5. It is interesting to note the difference
in these records which are derived from the same shock at similar
disiances froﬁ the blast; - the differences be1n§ due to the different

properties of the intervening rock. mass.

Figure 6.4 shows that the maximum vector component, at position

78 m, for the radial, vertical and horiantalh(r, v and h) directions is
due to the initial bdmpressiona] pulse. These maxima therefore occur
simultaneously and tﬁé 'real time' resultant is almost identical to that
of the more conservative resultant calculated by the method (a) above
(7.6 mm/s and 7.69 mm/s.respeqtiyé1§6, "However, Figure 6.5 shows that
at position 45 m the maximum‘ﬁndiVidua] components do not occur at the
same time. For the radial direction the maximum is due to the initial
compressional pulse whereas for the vertical and horizontal the maximum
follows later in the shear wave arrivals. In this case the resultant

values computed by methods (a) and (b) are 4.78 mm/s and 3.6 mm/s,
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respectively. It is interesting to note that although position 78 m

is 4 metres further from the blast than position 45 m, the recorded PPV
was rather higher. This may be attributable to variations in the
attenuative properties of the rock mass or some form of wave guidance

due to jointing characteristics.

6.2 The site laws; square and cube root scaling methods

The data in Tables 6.1 - 6.5 have been abstracted and grouped to
provide graphical presentations of the site laws. Table 6.6 defines the
axes of each log-log graph together with the Figure reference.

Appendices E,-F and G Tist the data groupings.

TABLE 6.6
Site law presentation format
. Vertica] axis ) ”MHﬁrizdntgl axis
Figure Peak particle velocity mm/s | Scaled distance m/kgfé or 3
6.6a Resultant (max) ) R/ M
6.6b " " R/3M
6.7a Resultant (real time) R/ VM
‘6.7b " u R/3M
6.8 Radial R/ M
6.9 " R/3/M '

The least squares 'best fit' lines together with their power law
equations and correlation coefficients (see Sectiom 3.1) are given

for each group of data both in the Appendices and in the Figures.
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The equations relating peak particle velocity (PPV in mm/s) to

scaled distance (r//M) or r/3/M are as follows:

ResuTtant PPV = 3665(r//M) 1-820 RZ = 0.961
(max, confined) » -2.278 ,
or PPV = 19692 (r/3/) 2 R2 = 0.965
Resultant PPV = 2125 (r//my"1-860 R2 = 0.783
ggz;;ng;£§;§‘  or PPV = 10475 (r/3/M) 2-272 R2 = 0.676
Resultant PPV = 5424 (r/vM)"1-995 R2 = 0.991
t é;ﬁ?}n:;?e’ or PPV = 21343 (r/3/M)~2-354 R2 = 0.978
Radial | PPV = 4587 (r//M) 2-044 © R2 =0.935
(confined) or PPV = 8876 (r/3/M)2-212 R2 = 0.945
Radial PPV = 1434 (r/vm)~1-881 R2 = 0.899
(partial . _ 3 47y -1.961 2 _
e ament) or PPV = 2217 (r/3/M) R = 0.874

where R2 is the coefficient of determination as defined in Appendix C.

6.3 The site laws; site specific scaling method

Figures 6.10, 6.11 and 6.12 present, in graphical format, the 'site
specific' laws calculated by multiple regression analysis as described
in Section 3.2. The data was taken from Tables 6.1 - 6.5 and grouped

as shown in Appendices E, F and G.

The equations relating peak particle velocity to the 'site specific'

scaled distance (r/M“/B) are as follows:
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0.399)-2.093

Resultant PPV = 10,000(r/M ) RZ = 0.972
(max, confined)

Resultant PPV = 67.45(r/M]'132;-o'947 RZ = 0.846
(max, partial

confinement)

Resultant PPV = 8138(r/M0'45];'2']02 R2 = 0.993
(real time,

confined)

Radial PPV = 7727(r/M°'373§‘2°]77‘ R2 = 0.947
(confined) .

Radial PPV = 1197(r/M0'552;']‘845 R2 = 0.900
(partial

confinement)

Note that, as expected, the correlation coefficients for these data are
better tham those for either square or cube root scaling methods given

in the previous Section.

It is of interest that the data for confined blasts are better
correlated with the predictor equations than those described as
partially confined. This ref]ect§ the field conditions which allow a
well-confined blast to be accurgte]y described whereas the actual
degree of confinement imposed when significant rock breakage occurs may

be varied and difficult to ascertain.

By substitution of a relevant value of range, r, the PPV may be

expressed as a function of charge weight, M.

Figure 6.13 shows the predicted values for PPV, at a range of
30 m, for values of charge weidht. Note that, in this case, the
predicted 'site specific' PPV lies about midway between the predictions
based on square and cube root scaling methods. This results from the
specific scaling exponent (o/g) being 0.399 which lies between one-half

and one-third, the square and cube root scaling exponents. The value
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of 30 m was chosen as the closest the new tunnels were to approach the
existing rail tumnel at any stage of the design. The ‘'confined'
resultant equation was used as this represents the potentially mest

hazardous condition.

6.4 The duration of the vibrations

6.4.1 Wave packet duration

As discussed in Sgction 3.3.4, it is to be expected that the wave
packet spreading away from the source will increase in duration with
propagatibn distance. This spreading may be largely explained by the
differing characteristic velocities of the compressional, shear and
surface waves which are created at the explosive source and by mode

conversion during propagation.

For simplicity the duration of the radial wave packet is measured
‘although in practice the vertical and horizontal packet durations appear

similar and could probably be used if necessary.

WaQe packet duration is arbitarily defined as thé périod between
the first observed.arrival until a point when the PPV never again exceeds
25 per cent of its peak value. This period Wil] include the majority of
the vibration energy in the wave packet and removes the difficulty of
deciding when the low level vibrations in the tail merge into the noise
level of the system. Figure 6.14 shows the increase in the duration of
the wave paéket with distance from the source. The spread of the data

at larger ranges is considerable but the trend is unmistakable.
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The pattern of the data is well represented by the example given in

Figure 6.2.

Note the differences in the duration and character of the wave

packet with increaéing distance from the source:

(a) Channel 6 is 31 m from the sourte, is dominated by the
initial compfessional wave pulse and has a duration of

25 ms.

(b) Channel 9 is 50 m from the source and comprises a clearly
defined compressional pulse followed by slower (probably
shear) wave motions of similar size. The wave packet

duration is about 40 ms.

(c) At 86 m (Channel 2) and 136 m (Channel 1) the wave packet

duration have increased to 100 ms and 130 ms respectively.

Further measurements of the increase in wave packet duration, including

data obtained within a few metres of the source, are given in Chapter 7.
6.4.2 Initia] pulse duration

The duration of the initial pulse, (T), is defined as the
duration (in milliseconds) of the initial half wave motion of the first
wave arrival at the transducer array (eg see Figure 6.2). In the
radial direction and for distances of less than 60 m this first
arrival‘gave rise to the maximum PPV recorded during each blast. At
greater distances however, the maximum radial PPV sometimes coincided
with the first arrival, but on many occasions occurred later in the

wave packet. This was due to the build up of slower shear wave
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motions and possibly surface wave effects along the tummel sidewalls.

Figure 6.15 shows the increase ‘in the duration of the initial pulse
for the three charge weights fired. Note that the increase of pulse
duration with radial distance is similar for all charge weights but that
the pulse duration intercept comﬁtant increases with charge size. This
increase in initial pulse duration is due mainly to the geometrical

factors and to the variations within detonators (see Section 3.3.2).

6.5 Application of the site laws

Having established site specific scaling laws rglating PPV to
charge weight. and distance, the maximum charge weight per delay to be
fired may be determined. This information is usefully considered by the
Engineer prior to the issue of tender documents as it may be that Tow .

charge weights will make the drill and blast method uneconomic..

For the Penmaenbach tunnels it was initially agreed by British
Rail that 100 mm/s should be regarded as an acceptable value for
maximum PPV, a]?hough it seemed likely that a rather lTower value may be
used in practice. The value of 100 mm/s was largely based on the review

and discussion given in Chapter 2 of this thesis.
Given the value for maximum PPV and the minimum distance between
the blasting and the rail tunnel (30 m), the maximum charge weight may

be calculated using the equations given im Section 6.3.

Consider the equation for the resultant PPV (max, confined)
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0.835 r-2.093

PPV = 10,000 M (from Appendix E)

| .
" =[ppv r2-093 | 5yp
L_"I'OTO'O"O_‘.

Substituting PPV
M

100 mm/s and r = 30 m

20.3 kgf

It must be remembered that this value for maximum charge weight is based
on the regression equation for the best fit straight 1ine through the
data. To ensure that the limiting PPV was not exceeded a similar
calculation based on the equation an 'upper bound' line as shown in
Figure 6.10 (such that all data points were beneath the 1ine) should be

carried out.

That is PPV =
1
M = |ppy r2.093 0.83%
11300
M = 17.5 kgf

Proprietary tunnel blasting rounds such as that shown in Figure 3.7
indicate that‘resfritting the contractor to a maximum charge weight per

delay of 17.5 kgf would not unreasonably inhibit the construction method.

Having.estainshed'the maximum charge weight per delay and the
maximum PPV it is possible-to consider the stresses and strains to be
imposed in the adjacent rail tunnel. Close .to the blast (say less than

50 m)'compressional wave motions dominate all others (see Section 6.4)
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and calculations should be based on the compressional wave velocity
(Cp). Measurements of characteristic rock mass wave velocity are given

in Section 6.6 and the average value of C_ is 4672 m/s. The density of

p
the rock was 2.62 Mg/m3.

From equation 2.12 the maximum compressional strain is given by

= V/C
€ V/ p

where V is equivalent to the maximum allowable PPV of 100 mm/s

m
1

0.1/4672

21 microstrain

The maximum compressional stress is given by substitutien in equation -

2.13.

That is, o

VCep

0.1 x 4672 x 2.62
1224 kN/m2

Q
il

These values of strain and stress are more than an order of
magnitude lower than those which the intact rock may be expected to
sustain. This does not, of course, guarantee that the in situ rock
will not be subjected to distress and the acceptability or otherwise of
these deformations will be based on an overall assessment of the tunnel

stability as discussed elsewhere in this thesis.

- For partially confined charges, as used for later delays in the

tunnel round, greater charge weights per delay will be acceptable and
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and similar calculations may be performed usimb the appropriate site law
equation. Deformation calculations for the far field (further than

about 50 m) should be based on shear/surface wave velocities because, as

described in Section 6.4, at these distances these wave types predominate.

6.6 Rock quality and dynamic properties

6.6.1 Velocity ratio and rock quality designation (RQD)

In order to calculate the velocity ratio and hence RQD (see Section
3.5.2) it is necessary to measure the intact P-wave velocity (taken as
5396 m/s, see Section 4.3.3) and the in situ P-wave velocity. The trial
blasts provided numerous measurements from which the in situ P-wave
velocity was calculated. This was simply accomplished by differencing
the distances of two transducers and dividing by Fhe difference in the
arrival times of the first wave motion at each array. These velocities
are given in Table 6.7. In some circumstances a clear discontinuity of
arrival waveform made it possible to determine S-wave velocity as well,
although the use of these measurements in the calculation of dynamic
moduli is questionable (see Sectionm 3.3.3). Note that the velocities
apply to rock at distances between transducer arrays as shown in
Figure 5.1 and not to~rock close to the b]asting.‘ Details of the wave
velocity in the 'near' blast area could not be calculated from the blast
data as the 'ipstant' the blast was initiated was not recorded. It is
assumed that the time taken by the compressional wavefront to travel to
the nearest array (position '45') was the same as the time taken to -
travel a similar distance'toward the other transducers at positions 118
and 171. The time differences between arrivals at positions 45 and 78

were not great enough to allow reasonably-accurate velocity calculations
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to be made. The wave velocities given in Table 6.7 therefore relate to

largely undisturbed rock subjected to substantial overburden stresses.

TABLE 6.7
Trial blast; body wave velocities
P-wave velocity m/s S-wave ve]oéf%§>m}§”"
Blast/Delay ‘Path' 'Path’
45/171 | 45/118 | 118/171 | 45171 | 45/118 | 118/171
2/a | 4836 4780 | 4902 | |
2/b 4850 4733 4990 ,
2/c 4756 4974 | 4527 2756 2137
3/a 4897 4987 4545 2793 2136
3/b 4628 4600 4657 2722
4/a 4675 4726 4629 2577 2814 2260
5/a 4357 4338 4370
5/b 4455 4556 4372 2414
Mean 4682 4712 4624 2652 2814 2178
Std D 194 216 226

Grand mean 4672 (Std D.206) 2512 (Std D. 281)

Based on the grand mean P-wave velocity, the Velocity Ratio (VR)

and RQD are calculated below (as described in Section 3.5.2).

VR = P-wave velocity (in situ)/P-wave velocity (intact)
= 4672/5396 = 0.866 (Std dev 0.038)
and RQD = (WR)2 = 0.75 | " (Std dev 0.067)
= 75% (Std dev 6.7%)

This mean value for RQD determined by seismic methods agrees very closely
with the mean value obtained by the measurements on rock exposures

detailed in Section 4.4.1 (see Table 4.3).
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Further measurements of P-wave velocity, obtained by the hammer

I " seismic method (Section 5.6), are given in Table 6.8. The initial part
- of a typical UV record of a hammer impact is shown in Figure 6.16 and the
3

method of processing is indicated. A 1 kHz reference (not shown) was used
as the time base and corrections were méde where necessary for individual

galvanometer offsets. The full details of the amplifier gains, dis-

position of transducers and other relevant information were recorded on

log sheets as for the trial blasting (Figure 6.1).

The results gave a mean value of 4646 m/s which is only 0.6 per
cent lTower than that given by the blast method above. This indicates
that the rock 'at depth' has similar characteristics to those of the
near-surface material traversed by the hammer induced vibrations. This
confirms other site observations that the surface weathering of the rock
is of a superficial nature and that immediately below the surface the

Jjoints are generally tight and unaltered.

The extreme values for P-wave velocity measured by both seismic
methods were 4314 m/s and 4987 m/s, which corresponds toc an RQD ramge
(via Velocity ratio) of 64 per cent to 85 per cent. Thus both the |
average and extreme values of RQD assessed by the seismic methods
agree very well with fhose obtained by scanline surveys of rock exposures

(Table 4.3).

A 1imited hammer/seismic survey was also carried out along the
southern wé]i of the rail tunnel. These measurements were taken between
the western portal and -a point some 150 ﬁ to the east. Transducer-
hammer impact separations varied betweem 14 m and 27 m and the mean of

six P-wave velocity measurements was 4164 m/s. The velocities varied

188




(dwl} A Add) SNOLLVNEIA ow_._zmmzmo.. YIWWVH 91’9614
«—S|0- 00—
w . I LA i}

J
9-L2 )
g
, I
E
52 ER &
y | r
: |DIpD3I . - | Y\
. 0ol IDIU0ZII0q : 3 v
A
- (w) Kp4iD
- 3dUD}SIp— TFEIYED — auoydoab
”, a2unos




T TEgATT T

8L1 |:23
99y Woon
6LLY 2e00°” L gt a-J
688Y 9€00° 9° Ll a-v .
Oow Om_._. Omm m-N Ul< n n n MMF
6LLY 2€00° L 6t a-2
LEgy €€00° 9Ll a-v
000L | 00lLL - §°2 J-v 972 G2l 0°0L 0el
6LLY 2€00° ["G1 a-J
6SLY 6.00° 9°[E a-v
N@N.v OOm _. N#OO ' m ‘ NN Ul< 1 1 1] wN _.
6LLY LE00" L°GL a-2
6SLY 6.00° 9° /¢ a-v
8Ly L¥00° A4 J-Y L"2¢b 0" L2 1 7 Lel
L2EY 0sel 2500° " " " " n Gel
265t 000L | O0ELl | 098 6+¥00° §°2¢ v-J 0°6 L°9 9°8¢ gel
ley Ge00° 1°G1L J-a
9"/t v-a
0001 | 029 §°22 Y-J " " u vl
84747 ¥€00° L*6l J-a
(0] X0) £€800° 9° (€ v-Q
265t 600" §°¢22 ¥-3 LS 8°0¢ S LLL
LL8Y LE0O” Lgl a-2
6S.LY 6.00° 9° /€ a-v
889% 00, 098 oovlL 8v00° §°2¢ v " " " 801
6LLY ¢£00° 176l a-2
0Z8t 8.L00° 9° /¢ a-v
168 00. 0v6 0ogl 9t00° G 22 -y " " " 01
AR% ) G€£00° L6l a-3
9Lby #800° 9° /¢ a-v
265t 0s8 00¢L 6%00° §°2Z =Y " " " 70l
244 G€00° LGl d-J
g8GY - 2800° 9° L€ a-v _
(811 ~009 | 0S6 szl | /00" G272 -y L'gb | 0°/2 1S 01
S/u (zH) (w) - (w) | 43
K£310013A a 9 v (s)sawiy | aouauajsip | aouauajau q bon | ¥ p402234
ABM-d 3@ _AouanbaJj 3AEM-S | jlsued] yaed yaed 432Npsuedl 03 ddUBISLP 3IJNOS AR

Prr.ey

Aouanbauy aAem-S pue A3LJ0]3A UOLJRUGLA PIONPUl J3umey
8°9 314Vl

190




;i.,.g.‘-—f-.- -.v. eF Tt -y

from 4575 m/s to a minimum of 3333 m/s in a section of the tunnel
supported for some metres by a brick arch. These results suggest that
the rock surrounding the tunnel has been noticeably changed by the
tunnel construction process (black powder blasting) or other subsequent
weathering and stress relief processes. It is of particular interest
that the séction requiring special support gave by far the lowest

seismic velocity readings obtained on the site.

The range of RQD values obtained by the seismic method is similar
to that obtained by direct observations and classifies the rock in the
range 'fair' to 'good'. (For Deere's classification see Section 4.4.2.)
The predicted support reqﬁirements (after Deere, 1968b; Merritt, 1972)
would involve random rock bolting in the ‘'good' areas to pattern bolt-
ing at T m to 2 m centres in the 'fair' areas. Where locally-disturbed
areas are found, such as that 'identified' in the rail tunnel, meshing

and shotcrete or lagged steel sets may be required.

6.6.2 Field dynamic moduli

The severe limitations and imaccuracies imherent in the calculation
of dynamic moduli from seismic velocity data have been discussed in
Section 3.5.3 but these properties are calculated below for completeness

(see Jaeger and Cook, 1976 for relevant equations).

A value for dynamic shear modulus (GD) based on apparent S—wéve

velocity (Cs) may be obtained from the following equation:

where p 1is the density of the rock.
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W,

3 2

x 2512 10

1.6533 x 10 /m2

16533 MN/mZ

GD =2.62 x 10

Poisson's ratio (vD) is given by

vy = HCH/C)E -1
2
(CP/CS) -1

where_CP is P-wave velocity

- 3(a672/2512)% -1 = 0.297
(4672/25=2)% - 1

M)

Now the dynamic modulus of elésticity ED is given by

. , 2
Ey = ZGD(I + vD) = 42887 MN/m

-

The anoma]ous1y=high‘va1ue of dynamic Poisson's Ratio is the direct
consequance of the low measured value for S-wave velocity resulting from
a longer effective path]ehgtﬁ for Sf&ave motions, It is well-known that
at very small strains in jointed rock the dynamic Poisson's ratio is
Tess than the static-Péissun's ratio and will often tend to zero (Jaeger
and Cook, 1976, Ch 6). fhat is, small strains are taken up by discon-
tinuity closure and ¢9 not induce strains normal to the applied

X

stresses.

Now the dynamic modulus of elasticity may also be found from:

c, = | Fp (1 - v) }

o T+ (T =2y

and as v + 0, C, (ED/p)é
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(this simplification implies that C

2
p - "° Cp

p+/2'CS)

E

3

2.62 x 10° x 4672°

57,188 MN/m2

This value is close to that obtained from laboratory static tests des-
cribed in Section 4.3.2 and indicates that the rock mass has simiiar
dynamic and static elastic properties at small strains. The dynamic
modulus is not sensitive to Poisson's ratio when the ratio is small.

For instance, an increase from 0 to 0.15 (the static value) only gives
an 11 per cent increase in dynamic elastic modulus. It should be noted
that dynamic tests carried out at ultrasonic frequencies (Sectien 4.3.3)
on a fresh intact sample resulted in a dynamic modulus of elasticity of

76286 MN/m? for C, = 539 and v = 0.
6.6.3 S-wave -frequency and Rock Mass Rating (RMR)

Table 6.8 gives the frequency of the S-wave arrivals derived from
the UV chart recordings of hammer induced vibrations for various dis-
tances. Following the 'petite seismique' technique described in
Section 3.5.4 the in situ static modulus of deformation may be calcu-
lated. More significantly, using equation 3.9, developed in Section

3.5.4, the RMR may be estimated directly from the S-wave frequency..

The mean value of S-wave frequencies measured at ranges between 5
and 30 m from the hammer impact was 975 Hz. Below 5 m the waveform was
complex due to the almost simultaneous arrival eof both body wave types.
Beyond 30 m surface wave motions were apparently well developed and

their arrivals made the measurement of S-wave frequencies very diffi-
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cult. At ranges between 5 m and 30 m it was usually possible to dis-
criminate between the initial P-wave motions and the larger S-wave

vibrations which followed a few milliseconds later.

From equation 3.9.

RMR = D.0307f + 42.7 = 72.6, for f = 975 Hz

This value b]§§sifies the réck as class I 'gooed rock' and suggests
a 'standup time' of several months according to the Geoﬁechanicé'C1assi-
fication (RMR). The value is essentiaﬂ}y:the same as that obtained
using ;uncorreéted' RMR-frqm fieléémeasuremeﬁts (Table 4.4) but is
higher (implying lower sd%ﬁfo requirement) than the RMR corrected for

the worst possible discontinuity orientation (Section 4.4.2).

For class II 'good rock' the Geomechanics Classification (RMR =
72.6) suggests excavation of the full face with 3-5 ft advance ahd com-
plete support within 60 ft bf the face. The support recommended
involves robf bolts 10 ft long spaced 8 ft with occasional wire mesh and

2 in of shotcrete in roof as required.
6.6.4 Hammer pulse and wave packet duration

Many of the vibrations induced by hammer impacts gave a clear P-
wave pulse at the start of the wave chain (see Figure 6.16). The
duration of this initial compressional pulse was-measured, and, as with
the blast data, was observed to increase with increased source/transducer
separation. These data have been treated as described in Section 6.4
and a graph plotted showing the characteristic (see Figure 6.17). A

linear regression analysis of the 36 data points gives:
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T =0.33 4+ .0375 r, R? = 0.90

where Tx is the pulse duration in milliseconds and r, is the source/

transducer separation in metres.

Note that the hammer-induced pulse duration increases with range at
a very similar rate to that observed for the blast pulse. That is, the
slopes of the regression lines are similar. The offset constant, repre-
seﬁting the pulse duration at the source is about one-third of that
associated with the 1 kgf blast pulses. This confirms the trend observed
from the blasting data. Direct comparison of offset constants due to

blasting and hammer impact energies is not appropriate due to the

_completely different input transfer function of the two energy sources.

The former produces heat and considerable mechanical damage whereas the
great majority of the hammer impact energy is transmitted into the rock

mass as strain waves.

It should be noted that the.initia1 pulse duration will vary with
rock type for both hammer and blast-induced vibrations. In general, the
weaker and more jointed the rock the longer the initial pulse will be.
For instance, reanalysis of the hammer seismic tests carried out in weak
Lower Chalk at Chinnor (Hudson et ai. 1980) shows an initial pulse |
durétion of 3:ms at 10 m source distance. This is almost five times as

long as that measured at Pemmaenbach.

6.7 Train_induced vibration

The equipment used was the same as that described in Chapter 5.
Geophone locations are shown on the site plan (Figure 4.2) and Tables

6.9 and 6.10 give details of transducer orientation and positioning.

196



Note that train-induced vibrations were monitored at the eastern portal

as well as at the western end of the tunnel.

The 'horizontal' geophones were mounted with the axis of sensi-
tivity normal to the tunnel centre line. For the triaxial arrays this
implies that the other horizontal geophone in the array is sensitive to

vibration parallel to the tumnel centre line.

TABLE 6.9
Geophone locations for train vibration measurement
' (eastern portal area)

Distance

Geophone S g N Instrumentation
: . from Position in tunnel ;
configuration portal channel
(m)
Single vert 50.5 Tm above cess N wall
n " 4] .4 n " n S "

3D ARRAYS -
Vertical 4
Norma1 to tunnel

axis _ 53.5 n " uoonoowm

Parallel to tunnel

axis
Vertical 7
Parallel to tunnel

axis 43.4 5m " von " 8
Normal to tunnel

axis 9
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TABLE 6.10

Geophone locations for train vibration measurement
(western portal area) '

Distance | .
Geophone , . , Instrumentation
. - from Position in tunnel
configuration portal channel
(m)

Single horizontal 171 1m above cess.S wall 2
" . n 'l ]8 " " " L} n 3
_ 4
3D ARRAY 78 " ”n 1l " . 5
6
7
3D ARRAY 45 " " oo 8
' 9

Plate 6.1 shows the eastern portal of the rail tunnel with the
train used for the annual inspection and 'drumming and scaling' about to

enter.

Vibration records were obtained from a total of 83 trains and a
typical data sheet (Figure 6.18) was prepared for each. Figufe 6.19
shows a brief extract from the UV chart record obtained during the pass-

ing of the train cited on the data sheet, Figure 6.18.

During the week commencing 3 June measurements were taken with
the instrumentation cabin located at the eastern portal and the abstracted
results are given in Table 6.11. On 10 June, during the second rail

possession, the cabin was moved to the western portal and further data

gathered during the following week; these results are given in Table

6.12.
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At the eastern portal a maximum resultant peak particle velocity
of 0.64 mm/s was recorded. Although there was considerable variation
within each group of trains, due mainly to speed vafiation, the mean
value of peak particle velocity for multiple units, diesel hauled

passenger and freight trains was about the same.

A similar pattern was found at the western portal but the vibration
levels were higher with a maximum resultant pedk particle velocity of

1.17 mm/s.

The resultant peak particle §e1ocities were calculated as described
in Section 6.1(a) which as previously stated, provides an inherent safety
factor since it is unlikely that.the maximum velocities recorded indi-
vidually from the three dimensional transducer arrays will occur simul-
taneously. Analysis of all the records showedlthat the frequency of the
vibrations, in the rock of the tunnel wall, was principally in the band-
width 200-800 Hz. These unexpectedly high frequencies may result from
the comp]ex1ty and close proximity of the source and the very high stiff-

ness of the propagating medium (rhyolite).

There were indications that the tunnel vibrations were excited not
~only through the wheel/track interface, but were also transmitted by
sound. There was a high level of noise in the closed environment of
the tunnel and vibrations at 900 Hz were clearly attributable to the
locomotive horn that was often sounded as the train entered the tunnel.
The high frequencies measured are consistent with the sound produced
by the trains. It was later confirmed, by measurements of train
vibrations taken in the area of the trial shot holes, that these high
frequencies were induced in the rock (not just in the transducers).

High frequencies were again recorded although the sound level,at the
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transducers [from the train was negligible.

It is concluded that, under present circumstances, if two trains

passed in the tunnel their cumulative effect may result in a peak

‘particle ve]oc{ty of about 2 mm/s in the rock. It should be noted that

in the past considerably higher levels of vibration might have occurred
when poorly-sprung steam locomotives crossed rail joints (the present

track is long-welded).
These results indicate that vibrations from the drill and blast

construction of the adjacent road tunnels were likely to be many times

higher than the ambient level due to the passage of trains.
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CHAPTER 7

BLASTING TRIALS AT THE PASS OF KILLIECRANKIE

7.1 Introduction

Subsequent to the trials at Penmaenbach the opportunity arose to
carry out an extensive trial blasting programme at the Pass of Killie-
crankie in the Tayside Region of Scotland. This allowed the trial blast-
ing techniques developed for, and at, Penmaenbach to be further refined

and extended.

As at Penmaenbach, the research was carried out in parallel with
the attainment of specific objectives concerned with the development of
the British trunk road network. In response to a request from the
Scottish Development Department the author carried out a series of
vibration measurements to- assist with the design specification for the

A9 improvement works.

These measurements comprised the determimation of vibration levels

produced by a series of trial blasts and by road and rail traffic.
The objectives of the measurements were:-
(a) To determine the seismic wave propagation characteristics
of the rock (parallel and normal to schistosity); in

particular the attenuation of peak particle veloéity (PPY)

with distance.
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(b) To determine the effect of various charge weights.
(c) To determine the effect of charge confinement by the rock.

(d) To determine the effect of decoupling the charge as inherent

in the proposed presplit technique.

_ (e) To measure the induced PPV at selected points on local

structures.

(f) To determine ambient vibration levels from trains and road

traffic.

The objectives 1isted above were critical to the viability of
construction methods for the major rock cuttings which were required
for the new A9 which is to be cut along the steeply-sided Pass. The
trials also provided the opportunity for testing amd refining blasting
techniques, and in particular providing new information on vibration

induced by recently-developed presplitting methods.

A major consideration in the design of rock cuts for roads (and
rock caverns) is the projected cost of maintenance of the excavated
faces. In the past careless use of bulk blasting techniques has- some-
times resulted in highly unstable rock faces which either collapse or
require expensive scaling and support works. The use of presplitting
or smooth blasting techniques (Langefors and Kihlstrbdm, 1978) greatly
reduces the blast damage to the final rock exposures. In Scotland,
where extensive rock cuttings are required, a particufar]y successful
technique of presplitting usimé decoupled charges has been developed
(see Figure 7.1). Plate 7.1 shows a successful1y presplit rock face

on the.A9 at Aviemore, some 50 kilometres to the north of the
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Ki]Tiecrankie site. The objective of presplitting is to create a major
discontinuity in the plane of the final reock exposure prior to the
removal of the bulk of the rock. The presence of this discontinuity
plane and the careful design of the following bulk blast, protects the

" remaining rock from blast damage, thus reducing maintenance costs.

The use of presplitting may also allow for more steeply-sided rock
slopes to form part of a road design. This may significantly reduce
the volume of rock to be excavated and therefore lessen the cost of

the scheme.

For caverns in rock an undamaged final rock profile will consider-
ably enhance the short and long term étabi]ity of the opening. Where
the cavern is to be used for the storage of liquids an undamaged surface

is also clearly an advantage.

A feature of the presplit method currently under development is that
it tyﬁ1ca11y requires a number of parallel b]a;t holes (100 mm diameter)
to be charged with 25 mm diameter explosives and fired simu]téneous]y
(see Figure 7.1). Experience has shown that a minimum presplit panel
size must be created by simultaneous explosions and therefore the
quantity of explosive cannot be reddced below certain limits prescribed
by the method. Where blast-induced vibration is a problem this prespliit
technique may not be viable as levels cannot be reduced by increasing
the number of delays in the round (thereby reducing individual charge

weights).

The use of presplitting at the Pass of Killiecrankie was considered

potentially hazardous as several valuable existing structures and certain
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elements of the new road construction were thought to be at severe risk.
Thi§ conclusion had Beén_ba;ed largely on the fact that previous measure-
ments of vibration from presplit blasting had shoﬁn very high vibration
levels. This is shown clearly in Figure 3.2 (after Oriard). These
results, however, had been obtained %rom well coupled charges (explosive
tight in drill-hole amd'we]1 stemmed), and'it was thought that the pro-
posed method, usiné ;eavily-decoupled charges, would produce considerably
less vibration. No vibration measurements from this type of explosion
were available and it was therefore decided to conduct an examination of
the effects of decoupling during a programme of trial b1astin§ at the

site.

The discussion given in Chapter 3 of this thesis clearly indicates
that leaving an annular gap around the explosive would substantially
reduce the initial blast pressure and create a significant mismatch in
the effective rock/explosive impedences. Both these facto?s-wére known
to re&uce the vibrations transmitted to the rock mass, and experimental

evidence was required to determine the scale of the effect.

Although subsurface construction was not required at Killiecrankie,
the trial blasting objectives with regard to the establishment of site
laws and considerations of vibration effects on local structures is
common to all such construction sites. The use of the blasts as seismic
sources in order to determine subsurface rock quality was not required.
Also the highly variable nature of the rock (see below) makes application
of the techniques used at Penmaenbach largely impracticable for the

‘verification of an experimenta] method.

Local rock exposures and borehole and trial pit excavations have
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provided adequate knowledge of the rock and drift deposits to be
removed. There was little information of rock quality at depth and
therefore no basis of comparison with geophysical predictions such as

those described in Chapter 3 and carried out at Penmaenbach.

7.2 The_Ki]]iecrankie'site

7.2.1 The Pass of Killiecrankie and the A9 improvement

The Pass of Killiecrankie forms a natural route for commwmicatioq
between Pitlochry and Blair Atholl. As such it carries the major road
(A9) between the Scottish lowland region and the north of Scotland via
Inverness (see Figures 7.2 and 7.3). The river Garry flows through the

Pass with the road and the main Perth-Inverness railway line on the

slopes above its eastern bank.

In recent years the A9 has increased in importance as a result of
the opening up of the North Sea oilfields and consequently it carries a
considerable volume of commercial traffic. The development of Aviemore
as a tourist centre and major skiing area has also given rise to consid-
erably increased road traffic. Owing to the mountainous nature of the
route the old A9 was often narrow and tortuous, and the journey from
Perth to Inverness was rather slow and unsuitable for heavy commercial
traffic. The Scottish Development Department has therefore ptlaced
considerable emphasis on improving the road, and many major schemes

along the route have been completed.

At present the A9 through the Pass of Killiecrankie is a narrow,

often bendy, single carriageway and this is to be replaced by a twin-
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lane dual carriageway situated on a shelf excavated higher up the steeply
sided slope to the east. The site investigations for the works are now
complete and the design is currently being finalised. It is hoped that

work will commence in 1983.

The Pass runs in a North-South direction and its sides are of &
very steep wooded nature. Much of the Pass is owned by the National

Trust and is designated as being of great landscape value.
7.2.2 The geology of the site

The Pass of Killiecrankie lies within a mountainous area known
generally as the Grampian Highlands. The Highlands are bounded by the
Great Glen Fault to the north, and the Highland Boundary fault to the
south. These faults cut across country in a south-west to north-east
direction and contribute greatly to the variety in the geology of Scot-
land. The majority of the rocks are in excess of 500M years old and are
distributed in two assemblages, named 'Moinian' and 'Dalradian’', which
are approximately arranged towards fhe Great Glen and the Highland

Boundary, respectively.

A full description of the geology of the Highland Schists may be
found in the British Regional Geology of the Grampian Highlands (Read,
1948). Figure 7.2 shows the lithological divisions of the Dalradian and

(with some additions) is taken from the Regional Geology.
The rocks of the Pass comprise the 'Killiecrankie Schists' which
are a massive, competent quartzitic sub-group of the Dalradian. These

rocks represent former sandstones and mudstones of sedimentary origin
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which have been penetrated by intrusion of basic igneous rocks and meta-
morphosed to quartzite and quartz-schist (from sandstone), mica schist
(from mudstone) and hornblende-schist (from igneous). In the fresh state
they are generally strong, reasonably hard and impervious. The original

" sedimentary rocks were probably laid down as continental shelf deposits
which, after consolidation were intruded by basic sills. The metamor-
phosis took place during the Caledonian Orogeny and the rock structure

is extremely complex as there have been three major folding episodes
during the Ca]edonién-earth movements. In addition to this folding the
rocks were later subjected to wrench faulting associated with the Loch

Tay Fault system.

The topography of the Pass is dominated by the down-cutting action
of the river Garry, and the general condition of the bedrock suggests
thét much of the broken and weathered rock has been stripped off by
glacial action. Subsequently, superficial glacial deposits have covered
much of the Pass although in the area of the blasting trials the rock

outcropped freely withhlittle covering.

Examples of most of the Killiecrankie Schists could be found in
the vicinity of the trial blasting area although the rock eutcrop com-
prised mainly a medium-grained, stram§ quartzite and closely-foliated

quartz and mica schists.

The differences in.these metamorphic rock types can be slight,
with no transition zone from one to the other. Where the original
material was 'pure' sandstone the metamorphesis has resuited in quartz-
ite as mica was not present in sufficient amounts for schistosity to

develop.
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The rock colour ranges from almost white to dark grey sometimes
with brownish shades. The 'whiteness' of the rock is mainly dependent
on the percentage of quartz present and sometimes the quartzites have a
pinkish hue. Occasionally outcrops of a very dark grey-green hdrnblende
schist were observed. Weathering was generally slight although a few
narrow bands of very micaceous material could be readily broken down
with a hammer. Thesé bands were identified by heavy, often coloured,

staining of the mica crystals which are particularly -lacking in strength.

The schistosity, which runs in an east-west direction, also tends to

permit water penetration into the rock which accelerates the weathering

process.
7.2.3 Rock properties

As discussed above the rock structure of the Pass is complex with
frequent changes of fock type over distances of just a few metres. How-
ever, the great majority of the rocks present lay in the range moderately
strong to very strong (12.5 - 200 MN/mz) and the description 'strdng'

(50 - 100 MN/mZ) covers the bulk of the rock in the trial blasting area.

Laboratory tests on six different samples gave saturated bulk
densities from 2.69 to 2.79 Mg./m3 with moisture contents varying between
0.15% and 0.84%. Unconfined compressive strength varied between 49.1
MN/m2 and 114 MN/m2 and elastic moduli between 32000 MN/m2 and 76500
MN/m2 when stressed up to 1 MN/mz. A test to 3 MN/m2 resulted in a
modulus of 100000 MN/m?.

The frequency of the jointing is conveniently described in terms

of RQD which was almost always better than 60% and usually in the range
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70% - 90%. The'jbints recorded on borehole logs were mainly associated
with foliation and were often smooth and brown stained. Other rather
poorly-defined joint sets and random jointing, not associated with

foliation, were mppafent at rock outcrops throughout the site. A sample

‘of rock considered typical of that in the blasting area was sawn into an

approximately cubic shape and its characteristic seismic velocity measured
as described in Sectioh 4.3.3. The sample was mainly quartzite with some
thin foliated in;}usf@ﬁs. The compressional wave velocity was 4900 m/s,
4750 M/s -and 4700Am/s in three mutually perpendicular direciions; The
slight difference (3%) in velocity between parallel and normal to the
foliation is not significgnt. Two other samples from elsewhere in the
Pass had average (of similar triaxial measurements) compressional
velocities of 4040 m/s and 4510 m/s. In situ Seismic velocities based

on results obtained during the trial blasting indicated velocities between

3800 m/s and SSQO m/s.

A full site investigation report in two volumes (fieldwork and
laboratory tests) has been prepared {Soil Mechanics Ltd, 1973) and an
interpretive geotechnical report considers the effect of the geology on

the design of the new road (Sir Alexander Gibb and Partmers, 1981).

The information dn the local geo]ogy.givem above provides background
information which was of éssistance in designing the the trial blast
programme and interpreting the results. In particular, significant
variations in rock structure and properties which may affect wave pro-
pagation characteristics, must be known at the time the trial blasts are
planned. For instance, at the Pass of Killiecrankie the presence of the
schistosity in a well-defined direction suggested that the vibration

propagation characteristics of the rock mass may vary with the direction
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of propagation relative to the direction of the schistosity, It was
therefore decided to take measurements of vibrations from the blasts in
two directions; one parallel to and the other normal to the direction
of the schistoesity. If significant variations were found it would then
be possible to give 'site laws' appropriate to the particular direction

of the travelling waves.

7.3 The trial blasting

7.3.1 Organisation

The Killiecrankie to North of Calvine sectiom of the A9 Perth -
Inverness trunk road improvement scheme comprises two stages. The first
runs from the northern end of the Pass of Killiecrankie and extends to
by-pass Calvine some 12 km to the west. This stage was under construction
in 1982. The second stage, at present still under design (early i982),
requires the construction 6f about 23 km of dual carriageway and runs at
high 1evef on the eastern side of the Pass of Killiecrankie between the
Garry bridge and Killiecrankie village. The schemes are promoted by the
Scottish Development Department and Sir Alexander Gibb and Partners are
retained as Engineers. The author was asked te prepare a specification
for a series of trial blasts to resolve difficulties discussed in Section
7.1. A trial blast programme was drawn up in collaboration with Dr G
Matheson of TRRL Scottish Branch, who supplied details of the proposed
presplit blasting techniques. TRRL was responsible for the supervision

of all aspects of the blasting and vibration measurement and analysis.

Tarmac Construction, who were already on site nearby working on

Stage 1, werecontracted to carry out various site works including:
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(i) the construction of an access roadway to the trial
blast area, .

(ii) the installation of a pipe beneath the A9 to carry

cables, '
(iii) site clearance and the removal of topsoil,

(iv) the drilling and charging of the shot holes to the
author's instructions (this work was sub-contracted
to Richies Equipment Ltd).

(v) provision of personnel to arrange and swpérvise the
necessary road and rail closures.

‘The trials were carried out after discussions with the Authorities
responsible for the various structures in the vicinity, that is, Tayside
Regional Council (the Garry Bridge) and British Rail (culverts and
retaining walls), together with their consu]fants, James Williamson and
Partners. Rail possessions and road closures were arranged for two
success.ive Sundays, and éimi1ar control and safety precautions.were

made to those used at Penmaenbach (see Section 5.1).

Measurements of ambient vibration levels from road and rail traffic
were made at the blasting site and, in response to a request from
British Rail, further measurements of train-induced vibration were made
on the railway (in a tunnel and on a viaduct) at the northern eﬁd of the

4

Pass.
7.3.2 The trial blast area
A site plan of the blast area and surroundings is given in Figure

7.4. The trials were located at this part of the site for the following

reasons:
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the majority of the blasting for this section of the new

road was to take place at this end of the site,

the major structures at risk and closest to the proposed
blasting (the Garry Bridge, culvert R1, the railway and

the existing A9) were in this area,

the rock was easily accessible, and after removal of top-
soil, the fixing of the vibration transducers and drilling

and firing the trial charges was fairly straightforward,

a convenient parking area for the mobile laboratory and a

mains power supply were made available,

the rock was thought to be typical of that which was to

be excavated throughout the Pass,

adequate sight lines were available.for communications

during road closures.

Plate 7.2 is taken from the western abutment area of the Garry road

bridge. The steel box girder spans are supported on two concrete piers

and carry the B8019 over the river at high level. The railway also

passes beneath the far span adjacent to the abutment. The blasting took

place on the slopes shown toward the skyline in the photograph. Plate

7.3 shows the site looking back down the hillside and shows the bridge

deck centre left. This Plate also shows the cleared blasting area with

the drifter rig in action.
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7.3.3 The trial blasting sequence

The trial blasts were carried out in two series. Blasts designated
301 to 307 (Table 7.1) were carried out during the first Sunday rail
possession and were pertinent to objectives a, b, c and d (see Section

7.1). Blasts 311 to 316 (Table 7.2) were carried out on the following

Sunday and were pertinent to objectives e and f.

TABLE 7.1

First blasting sequence
Blast | Explosive Chéfge weight Holé size Impoﬁéd
Ref. type (kgf) (mm) condition
301/0 | SG80 3 64 c
302/0 | Trimobel 1 64 c
302/2 | SG80 1 64 C
303/0 | SG80 3 64 PC
303/2 | Trimobel 3 75 D
304/0 | SG80 - | 64 PC
304/2 | Trimobel 1 75 D
305/0 | SG80 1.5 64 c
305/2 | Trimobel 1.5 64 C
306/0 | DC1 3 75 D
306/2 | Trimobel 3 100 D
307/0 | Trimobel 3 64 C
307/2 | Trimobel 3 100 D

225




TABLE 7.2
Second blasting sequence

Blast ExpTﬁSiQe | Charge weight | Hole size Imposed
Ref. type (kgf) (mm) condition
311/0 | SG80 1 64 c
312/0 | SG80 3 64 Cc
312/2 | Trimobel 1 100 D
313/0 | Trimobel 3 75 Water in hole
31372 | DC2 1 75 D
314/2 | DC2 1 100 D
314/4 | DC2 3 64 c
315/2 | DC2 R 75 D
315/4 | Cordtex 13 metres 64 D
315/6 | Trimobel 3 100 D
316/4 | SG8O 2 75 o

The 'imposed comdition'_designations given in Tables 7.1 and 7.2

relate to the degree of confinement as discussed in Section 3.3 and are

as follows:
C - confined by the rock with full stemming, well tamped
no surface'rock breakaggi
PC - partially confined, well stemmed but seme surface rock
swelling.
D - decoupled. Small diameter explosive in larger diameter

hole without stemming -(after blast 306 these holes were
stemmed in the top 1 m).

The first part of the blast reference number defines the particular
trial blast round and the second part indicates the number of the 3}
second delay detonator used for an individual charge. The zero delay
gives instantaneous detonation, the number 2 gives 1 second delay, the
number 4 gives 2 seconds, and so oen. Thus each trial round comprised

one, two or three charges fired at intervals of one second. This inter-
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val was sufficient to prevent superposition of vibrations from successive

delays.

The principal characteristics of the explosives used are given in
Table 7.3. Special Gelatine 80 is a general purpose explosive used
widely in rock excavation work. Trimobel and DC1 and 2 are trimming
exp1bsives commonly used for removing small volumes of excess rock on a
face back to the design profile. These trimming explosives are ideal
for the presplitting ééchniques which have been discussed earlier in
this Chapter. Special Gelatine 80 and Trimobel are manufactured by ICI

and DC1 and 2 by Explosive and Chemical Products Ltd.

TABLE 7.3
The Explosives
Weight Bulk .
Explosive type strength | strength ?e7;}§y

(% BG) (% BE) g
Special Gelatine 80 85 79 1.4
Trimobel - 87 65 1.25
DC1 )
DC2 ) 88 85 - 1.45

The explesives were detonated by blasting cord initiated at the top

of the drill hole by a standard No. 6 detonator. The strengths given

. for DC1 and DC2 relate to the basic Gelimex constituent explosive which

is packaged in separate slugs within a plastic tube. DC1 tubes contain
about 270 gms/m and DC2 about 540 gms/m. DC2 is similar in strength

(per unit cartridge length) to Trimobel and DC1 is about half as strong.

Figure 7.5 shows the distribution of the drill-holes in the blast

area shown in Figure 7.4. The diameter of the holes are shown and their
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depths ranged between 1.6 m and 5.3 m. Three hole sizes were used, 64 mm
for 'confined' and 75 mm and 100 mm for 'decoupled' conditions. The holes
were drilled using am air flushed. rotary percussion 'drifter' rig. The
lengths, diameters and distribution of the drill-holes had been carefully
planned so that the objectives outlined in Section 7.1 could be achieved
with a few spare holes available to allow for any misfires or 'repeats’
that were required. The holes were all located in competent rock and

were denerally dry. Water was present at the bottom of holes 2.3, 4.3,

6.1, 7.3 and 7.4, and care had to be taken that the specified blasting

conditions were met, particularly in respect of the decoupled charges.

Initially, unstemmed holes were to be used for most decoupled
explosions. However, this plan was revised after blast 306, when rock
from the top of the drill-hole, was thrown considerable distances. It

was therefore decided to stem the top 1 m of all decoupled explosions.

Prior to the blasting it had been agreed to limit the PPV to
S'mm/s at the bridge footings and in the brick arch culvert beneath the
railway. Predictions based on results from other sites indicated that
this 1imit would allow several kilograms of explosive to be detonated if
required.- The initial blast of 3 kgf confirmed that vibration levels
were similar to those predicted and that charge weights could be

increased to 2 kgf.
7.3.4 The transducers and their location

The vibration transducers were the same high performance geophones
which were used at Penmaenbach (see Sections 5.3.1) but this time 6

triaxial arrays (18 geophones) were deployed.
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Figure 7.4 shows the positions of the transducer arrays. The trans-
ducers were bolted to steel brackets which were rigidly screwed to the
bedrock or structure as shown in Plate 5.2. For the first series (Table
7.1) triaxial arrays were placed at positions A, B, C (normal to the
schistosity) and D, E and F (parallel to the schistosity). This con-
figuration provided two lines of tﬁree transducers at approximately 20 m,
50m and 120 m from the blast area. The data gained from this series was

used to establish the 'site laws' given in Section 7.4.2.

The second series (Table 7.2) was designed to assess the response
of the culvert and bridge structures. Transducer arrays were placed in

the following positions:

Garry bridge pier foot
On rock in culvert R1
On brickwork in culvert R]

G
J
K
M On Garry bridge eastern abutment
N Garry bridge centre span

0

Garry bridge pier top

In addition to the geophone arrays a triaxial accelerometer array

was placed at position R within the blasting area. This allowed data

at low 'scaled range' to be obtained which greatly improved the 'width'
of the data base. In particular, confidence in the prediction of close-
in vibration levels was greatly enhanced. This was of significance for
the Killiecrankie scheme as the design required blasting excavation of
rock very close to recently-cast concrete walls. These walls are to be
advanced along the.Pass in order to retain the up-slope drift deposits

(which in places are of considerable depth) during the drift removal
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prior to rock excavation.

Results from Penmaenbach had indicated that the geophones would not
be suitable as their working range and frequency response was likely to
be exceeded when placed close to the blasts. An array of Bell and Howell
accelerometers with a flat response-between DC and 2 kHz, and capable of
méasuring PPVs in excess of 200 mm/s, was therefore used. This array

provided much valuable data and was used during both series of blasts.

The locations of the transducers were surveyed by the Engineers and
provided as a series of grid references and levels, AOD, The iocations
of four reference points in the blast area were also given. The grid
positions and levels are given in Table 7.4. This data allowed the
specific distance between each drill hole and transducer position (r) to

be readily calculated to an accuracy of better than 1%.
7.3.5 Instrumentation

The signal conditioning and recording equipment layout was similar
to that shown in Eigure 5.4, and is fully described in Chapter 5. How-
ever, experience from Penmaenbach had indicated that more data from each
blast was desirable énd therefore seven triaxial transducer arrays were
deployed, requiring 21 channels of conditioning amplifiers and UV record-
ing facilities. The.tWo récoréers shown in Plates 5.4 and 5.5 (see also
Section 5.4 and 5.6) were run tegether during each blast and provided a
combined chart width.of.40 cm. The instrumentation provided excellent
records‘with good resolution on all channels and examples are given in

the fo]]owing:Sections.
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TABLE 7.4

Transducer grid references and levels

Locafion é_- W N-S Level
(see Fig 7.4) (m) (m) (m) AOD
A 21601.3 | 10996.1 | 158.23

B "21602.8 | 10967.4 | 155.63

C 21577.3 | 10917.6 | 134.15

D 21586.3 | 11015.0 | 157.06

E 21563.6 | 11016.6 | 150.26

F 21478.9 | 11006.1 | 108.97

G 21476.7 | 10990.3 | 111.45

H 21497.2 | 10923.2 | 120.30

J 21513.0 | 10904.4 | 118.17

K 21526.4 | 10906.0 | 121.54

L 21537.9 | 10988.7 | 135.30

M Z1511.5 | 10987.4 | 134.03

R 21601.1 | 11011.5 | 162.00

A’ 21611.14 | 11016.15 | 164.06

B' 21601.21 | 11007.30 | 161.38

c' 21611.60 | 11008.33 | 163.08

D' 21600.25 | 11015.79 | 162.23
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A mobile laboratory was parked on the grass verge by the side of the
existing A9 (see Figure 7.4) and was supplied with mains electric power
from a disused house (purchased by SDD as it is on the new road line)

some 100 m away.

On the Saturday before each blast series the trénsducers and record-
ing equipment were set out and tested. This process took most of the day
as over 2 km of cable had to be run over rather difficult terrain. A
nightwatchman was employed to ensure the safety of'the equipment lTeft on
site overnight, and a prompt start was made each Sunday morning as soon

as the railway possession was obtained.
7.4 Results
7.4.1 Initial data processing

The data were treated in a similar manner to that described and
illustrated in Section 6.1. Typical worked examples from each blast
series (including data sheets and vibration recordings) are given below.

Each of the 24 trial explosions were analysed in a similar manner.

Figure 7.6 shows the log sheet for blast 304/0, and gives
details relevant to the first series of blasts. Similarly, log sheet
316/4 (Figure 7.7) gives basic information common to the second blast

series.
The actual blast vibration records associated with blast 304/0

are given in Figure 7.8 (locations B, C, E and F) and Figure 7.9

(locations A, D and R). The records for 316/4 are given in Figure 7.10
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(locations G, M, N and 0) and 7.11 (locations J, E and R).

The tabular 1istings of the measurements taken from the UV records
are given in Table 7.5 (blast 304/0) and Table 7.6 (blast 316/4). A1l
the actual data listings are not presented here as the significant infor-
mation is given in graphical format (Figures 7.12 -~ 7.17) and Appendices

Hy I, J, K and L.
7.4.2 The site laws
7.4.2.1 Coupled explosions

In order to determine any separate data groups within the
results from all the coupled (fully-confined) explosions, the PPVs were
plotted against scaled distance as shown in Figure 7.12a. A number of

conclusions were drawn from this Figure:

(a) there was no observable difference in the attenuation of

PPV attributable to the direction of the schistosity

(b) the three types of explosive (Trimobel, SG80 and DC2) all

gave similar vibration levels and

(c) the 'partially-confined' detonations were, as observed on

site, effecfive]y similar to the fully confined detonatiens.

It was therefore decided to analyse all the coupled explosions as
a-group and Appendix H gives the full data Tisting input to the.desk
computer which performed the regression analysis (as in Appendix C). As

listed the first number of each data pair (Y) is the measured PPV and
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Fig.7.8 BLAST 304/0 VIBRATIONS
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L20ms

Fig.7.9 BLAST 304/0 VIBRATIONS (cont)
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Fig7.10 BLAST 316/4 VIBRATIONS
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L20ms |

~ Fig.7.11 BLAST 316/4 VIBRATIONS (cont)
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the second (X) is the corresponding 'square root' scaled distance

(r/ M).

The regression equation was found to be

PPV = 4857 (r/M})"1-8%

with a coefficient of determination of 0.96 indicatihg 'very significant'

correlation when 'students t' tested.

A similar analysis was carried out using ‘'cube root' scaling but
this resulted in poorer correlations and was therefore neglected. The
same data were then analysed using the multiple correlation techiique
described in Section 3.2 and the data listing is given in Appendix I.
As before, the first listed number of each data group (now Z) is the PPV,b
the second (Y) and the third the charge weight (M).

This analysis resulted in the following relation:

with a multiple coefficient of determination of 0.97. This relation may
be re-written as:

oy -1.81
PPV = 4487 (ﬁﬂ“s)

and in this form the data have been replotted and are given in 'site
specific' scaling format in F%gure 7.12b. Where comparison of varijous
‘types of blasting are required, a common scaled distance must be adopted
(see Section 7.4.2.4) and in this case it is convenient to use square

root scaled data during comparisons.
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7.4.2.2 Decoupled explosions: 75 nm drill hole

The PPVs. produced by the decoupled charge§ in a 75 mm diameter
drill hole are shown in Figure 7.13. The results from the Trimobel and
DC2 explosives were very similar, the decoupling ratio in each case being
about 3:1. The packaging of the DC1 gives about half the weight of
explosive per unit drill hole length and therefore results in an effect-

ive decoupling ratio of about 6:1.

The regression equations are

PPV = 3821 (r//M) -89 (RZ = 0.93)

for the Trimobel

and PPV = 239.4 (r/vM)”1-9 (R = 0.96)
for the DCI

In each case the number of different charge weights fired was
insufficient to justify multiple correlation analysis and the equations
given above must be used cautiously when considering the effect of

charge mass variation.

As with the coupled blasts the correlation of PPV with scaled
distance was very good and no anisotropic attenuative properties
associated with the direction of the schistosity were observed; The
data listings and regression analysis printouts for the Trimobel and

DC1 explosives are given in Appendix J.

A single blast 313/0 was fired to test the effect of water in the

drill hole. The vibration level from this blast was, as expected, rather
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higher than those where the charge was surrounded by an air void.

It has been suggested that detonating cord may be used for pre-
splitting works and so blast 315/4 comprised four strands of Cordtex each
3 m long. This detonation produced a vibration level similar to that from

the DC1.
7.4.2.3 Decoupled explosions: 100 mm drill hole

Figure 7.14 shows the PPVs induced by Trimobel detonated in a
100 mm drill hole. Also shown are the results from a single DC2 blast

which again shows the similarity of these explosives.

As stated previously the top 1 m of the drill holes were stemmed
(mainly to prevent fly rock) after blast 306. The reéu]ts shown in
Figure 7.14 do indicate that 'top stemmed decoupled explosions give
higher PPVs than unstemmed. This variation in blasting conditions may
be responsible for the slightly less 'significance' indicated by the

coefficient of determination for the regression on this data.

The regression equation is

PPV = 1763 (r/vM) 200 (R% = 0.90) .
and the data listing is given in Appendix K.
The multiple regression equation is
PPV = 2529 M '-15 -1.96 (R® = 0.91)

and the data listing is given in Appendix L.
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7.4.2.4 Comparison of the site laws

The site law regression lines given above are plotted together
in Figure 7.15 and provide considerable information concerning the relative
effects of the various blasting techniques which may be used during the

A9 reconstruction.

A11 coupled explosives gave closely similar results and the attenu-
ation of PPV with distance was not significantly dependent on the .
direction of propagation in the rock mass. Decoupling the Trimobel in a

75 mm hole reduced the PPV, on average, by about 25%.

By effectively doubling the decoupling ratio (using DC1) the
vibration levels were reduced by at least an order of magnitude from the
coupled condition. This constitutes adramatic reduction and may

materially affect the design of the scheme.

Trimobel and DC2 again gave similar results when fired in 100 mm
holes. The regression lines show that vibration levels are reduced
(f?om the coupled condition) by a factor of between 3 and 6. The
spread of these 100 mm hole decoupled results is noticeab1y.greater
than those from the confined blasts. This may be attributed to the
fact that some detonations were completely unstemmed whilst others had
the top 1 m of the drill hole tightly stemmed to prevent flyrock. Note
that some of the decoupled (top of hole stemmed) results lie very close

to the lower bound 'coupled' data.

The few results available from the water filled hole suggest

that water is an effective energy coupling medium and if useful
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reduction of PPV is to be achieved by decou.p.nhfg the charged drili-holes

must be dry.

The rate of decay of PPV as indicated by the slope of the regression
lines (and the exponent of r in the multiple regression equations) is very
similar for each blasting condition. This is to be expected as the design
of each detonation was similar (single cylindrical hole) and the rock mass

was a constant factor throughout.
7.4.3 Wave packet and pulse duration measurements

The Killiecrankie trials provided a considerable amount of data in
confirmation of the discussion in Section 3.3.4 (and of the field results
from Penmaenbach) which concerns the spreading of the wave packet and the

initial pulse.

Figure 7.16 shows the increase in wave packet duration (as defined
in Section 6.4.1) and again shows clearly the spreading of the
vibrational energy into a longer wdve packet. The assessment of the
arbitarily-defined duration (see Section 6.4.1) is in practice rather
difficult and results in considerable spread of data points. However,
the trend is unmistakable. The data indicates that the increase in

wave packet duration is rather greater in the direction of the schistosity.

Analysis of the wave packets in the frequency domain was undertaken
and further examination of the directional propagation characteristics is

given in Chapter 8.

The measured increase in the duration of the initial pulse is also

very well defined (Figure 7.17) and again shows considerable spread.
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In this case there seems to be little, if any, dependence on the
direction of wave propagation. Data for the initial 50 m of propagation
distance is shown as beyond this-distance the initial pulse becomes

relatively small and its duration is more difficult to define.

The Killiecrankie results show the spreading in time (and therefore
a third spatial’ dimension) of the wave energy even more clearly than those
from Penmaenbach. In particular the accelerometer array close to the
blasts has clearly shown the short wave packet with a high frequency
(brief duration) pulse of dominant form. These observations offer good
experimental confirmation of the diverging wave packet shell growing in

thickness as well as radius with propagation distance.

7.4.4 The response of the Garry bridge and railway culvert .

Table 7.7 lists the resultant peak particle velocities measured at
various points on the principal nearby structures. Two transducer arrays
were placed in the culvert, one on the brickwork (K) the other on rock
(J). Four arrays were fixed to the Garry Bridge; these were at
positions G (pier foot), M (abutment), N (centre span) and O (pier top).
The accelerometer array was again.placed close to the explosions to
'normalise' and allow direct comparison with the blasts listed in

Table 7.1. The blast conditions are given in Table 7.2.
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TABLE 7.7
Structural PPVs

~ Resultant péék particle velocity (mm/s)
(s21a$;b$:f5.2) Piir Abrt- Cenﬁre Pizr Cu}dert _Cglsert.
foot | ment span top | (rock) (brickwork)
311/0 0.54 | 0.88 | 0.20 | 1.09 | 0.30 0.31
312/0 0.23 | 0.40 0.13 0.50 0.16 0.16
312/2 0.07 | 0.07 - 0.15 0.04 0.04
313/0 0.38 | 0.66 0.17 | 0.81 | 0.28 0.28
313/2 0.30 | 0.62 - 0.57 - -
314/2 0.11 | 0.17 0.14 0.19 0.10 0.10
314/4 0.11 | 0.23 - 0.19 0.10 0.10
31572 0.03 | 0.11 0.02 0.06 0.05 -
315/4 0.01 | 0.02 - 0.03 - -
315/6 0.05 | 0.06 - 0.07 0.05 -
316/4 0.99 | 1./8 0.48 1.81 0.89 -

The culvert (rock and brickwork) and the Garry Bridge pier foot and
abutment move with the rock mass and the pértic]e velocities measured
are therefore in accord with those predicted by the site laws given in

Section 7.4.2.

The motions excited at the Garry Bridge pier top were consistently
double those measured at the foot. Centre span vibrations are listed
against the first explosion of any trial round as the motions were pro-
longed and the vibrations from later delays were guperimposed upon earl-
ier shocks. The relatively high frequencies excited by the blasting
caused very small movements at the bridge centre span; clearly the
mismatch between the response and input spectra to the bridge will be
responsib]e."However if multiple millisecond delay rounds are to be -

fired, monitoring at the bridge centre will be necessary in case 'resonant’
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excitation occurs. Any further measurements taken midspan on the bridge
should use transducers (eg accelerometers) sensitive to frequencies down
to 3 Hz as 1st mode bridge vibrations may be at or below the lower sensi-

tivity 1imit for geophone type transducers.
7.4.5 Ambient vibration

When deciding vibration 1imits to be imposed at a site it is of
interest to have infbrmatiom regarding the ambient leVejs at the site.
This work is easily carried out during blasting trials and in this case
was carried out during the two days immediately preceding each series

of blasts.
7.4.5.1 The Garry bridge

. The passing of trains produced the following range of vibrations

(resultant PPV, mm/s) at the four positions indicated.

G/Pier 0.1-0.2

M/Abutment 0.3-0.8
N/Centre span 0.1-0.4
0/Pier top 0.1-0.3

The abutment M is within a few metres of the track and was therefore
subjected to the highest vibration Tevels. The high frequencies put qinto
the ground by the train de not appear to cause large resonant motions of

the bridge deck.

The passage of road traffic across the bridge does excite fairly

prolonged low frequency resonant motioms at centre span. The range of
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vibrations (resultant PPV, mm/s) were:-

G/Pier foot 0.05-0.25
M/Abutment 0.05-0.10
N/Centre span 0.25-1.20
0/Pier top 0.15-0.60

It seems 1ikely that these values would be at 1east_doub1ed.if
several heavy vehicles were crossing the bridge simultaneously. Higher
levels may have been present at frequencies below 3 Hz at the centre
span position although none were apparent to observers on the bridge

either during the blasting or with the passing of road traffic.
7.4.5.2 The culvert R]

The passing of trains produced the following range of
vibrations (resultant PPV, mm/s) at the two positfoms indicated in the

culvert:-

J(on rock) 0.25-0.30
K(on brickwork) 0.05-0.1

Position J was about 10 m beneath the railway with position K a further

14 m to the east.

Lerries passing over the culvert along the A9 produced generally

less than 0.05 mm/s at positioh K and less than 0.01 mm/s at J.
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7.4.5.3 The rail tunnel and viaduct

At the northern end of the Pass (see Figure 7.3) two major rail-
way structures, a tunnel and a viaduct, have recently caused considerable
concern to their owners. Although blasting for the road scheme does not
come within several hundred metres of these structures, the author was
asked by British Rail to take vibration measurements at various positions
on the viaduct and in the tunnel. The tunnel is partially unlined and has
recently been subject to stabiTity probléms which have required support
works. The stone-built viaduct has also been subject to considerable

repair works and is a 'listed' structure.

Access to this part of the site was difficult and a portable
measuring system based on the Micromovents UV recorder was put together
and mounted in the rear of a Land Rover. Nine data channels from three
triaxial geophone arrays were recorded at one time, and the range of

measurement from several trains are given below.

Resultant PPV
(real time)

mm/s

On rock in tunnel , 0.2-0.3
(eastern wall about 30 m from southern portal) TEe
On brickwork in tunnel 0.4-0.5-
(eastern wa] about 10 m from southern Portal) e
Viaduct top (trackside wall, centre 3rd span 15-22
from tunnel) )
Viaduct pier foot 2-4

The range of PPV recorded within the rail tunnel was similar to
that noted at other sites and gives no particular cause for concern.

The PPV on the viaduct, however, often exceeded 20 mm/s and could easily
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be contributing to the deterioration of the structure.

7.5 Application of the site laws

The site laws (given in Section 7.4.2) may be applied in the manner
described and followed for Penmaenbach in Section 6.5. In this case the

'upper bound' site specific equation

0.65,-1.81

PPV = 8974 (r/M

) (see Figure 7.12b)

will be used.

In order to establish acceptable individual charge weights it is

necessary to speculate on the likely limiting PPVs that will be imposed
on the Contractor in relation to the nearby structures. In the light of
the discussion and review given in Chapter 2 it would seem unlikely that
PPVs in excess of 100 mm/s would be acceptable to British Rail (railway |
and culvert) or Tayside Region (Garry bridge). Further, it would seem
unreasonable to impose a 1imit below 25 mm/s for occasional blasting

when trains regularly cause this level on a structure (the viaduct) which
is 1ikely to be less resistant than either the culvert or the relatively .

new road bridge.

Table 7.8 Tists the charge weights for various ranges which may

result in PPVs or 25 mm/s, 50 mm/s, 100 mm/s or 200 mm/s.
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TABLE 7.8
Predicted allowable charge weights

Chérge weight M (kgf)
Range r |— - - e —

(m) 25 mm/s | 50 mm/s | 100 mm/s | 200 mm/s

limit Timit Timit Timit

5 | o0.08 0.14 0.26 | 0.47

10 0.23 0.42 0.76 1.37

20 0.67 1.22 2.21 3.99

50 2.78 5.04 9.11 16.47

100 - 8.13 14.72 26.62 48.16

Table 7.9 gives the rock strain and stress associated with the four
PPV 1imits given above. The calculations apply to the area close to the
blast where compressional wave motions dominate the wave packet and assume
a bulk density of 2.7 Mg/m3 and an average compressional wave velocity of

4650 m/s. The method of calculation was as demonstrated in Section 6.5.

TABLE 7.9
Rock stress and strain

PPY | Strain Stress

(mm/s) .| (microstrain) | (kN/m2)
25 5 314
50 1 628

100 | 22 1255

200 43 2511

The predicted allowable charge weights given in Table 7.8 indicate
that the great majority of the blasting required for the new A9 is not
likely to be seriously inhibited by the imposition of a 25 mm/s or
50 mm/s 1imit at the Garry bridge footings or in the culvert R1. However,

some blasting has been proposed well within 100 m of the bridge and culvert-
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and charge weights will need to be considerably reduced, from those
required for optimum excavation or presplit blasting, if acceptable

vibration levels are not to be exceeded.

An important featuré of the proposed construction scheme was the
early placement of cast in situ concrete walls to retain the*often
considerable depth of up-slope drift material. The placement of these
walls was to be followed with excavation blasts which advanced the rock
ledge along the hillside.. This procedure is jjke]y to be modified as the
blasting trials have indicated that the nearby 'green' concrete may be

subjected to umacceptably high levels of vibration.

It should be noted that Table 7.8 gives values of maximum charge
wéight based on the ‘upper bound' coupled explosive site law equation.
As shown in Figure 7.15 considerable reduction of induced particle
velocity may be achieved by various degrees of decoupling and the site
laws appropriate to the spécific blasting conditions Qi]l be applied

during the final design works.
A paper (New, 1982) has been presented to the Scottish Development

Department and their Consultants, and forms the basis for aspects of

the road design which are subject to vibration control problems.
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CHAPTER 8
DATA ANALYSIS IN THE FREQUENCY DOMAIN

8.1 Introduction

Historically the prediction of vibration from construction blasting
has been based on the acquisition and analysis of trials data in the time
domain. That is, the variation of peak particle velocity (PPV) is con-
sidered a principal factor with respect to potential damage; -this follows
from the arguments presented in Chapter 2 which indicate that maximum
dynamic strain is likely to be a major cause of damage. It must be noted .
however, that the calculation of ground strain from particle velocity
measurements also requires a knowledge of the velocity of propagation of
the wave motion. Further, a knowledge of the frequency of the disturbing
ground motions will alltow the calculation of wavelength and these factors
may be of critical impPrtance when considering effects to structures (see
Section 2.2.2). It follows that frequency dependent damage criteria are
increasingly being considered in the development of vibration standards

relating to structural damage and human reactions.

Some care must be exercised in the use of data presented as distri-
butions in the freqhency domain. For instance, the actual distribution
of energy in the frequency'domain may be misleading as the peak strains
imposed will nbt necessarily occur at the frequency shown to possess the
maximum energy in thé wave paéket, This matter is discussed in the
context of vibration prediction by Nicolls et a1.(1971) of the US Bureau
of Mines and they state that 'familiarity with seismic type records and
their transforms 1éads one to conclude that there is little if anything
comtgined in the transform that cannot be discerned from the original

redord'. However, although the time domain analyses illustrated and -
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developed earlier in this thesis (PPV v scaled distance, site laws) will

continue to be of prime importance in the prediction of ground vibration,
analysis of the data in the frequency domain may yield useful insight as

to the nature ‘of the attenuative and source dependent mechanisms which

influence the development and propagation of vibration in the rock mass.

8.2 -The calculation of energy spectral density (ESD) and gain factor (GF)

Examination of the power or energy distribution (for 'continuous' and
" 'transient' processes respectively) with respect to frequency is an
important'and widely used technique in the analysis of many tybes of
experimental data. Im this Chapter the fast Fourier'transform me thod
(Cooley and Tukey, 1965) is used to obtain estimates of the energy spectra
from digitised data sequences obtained from the vibration wave packets

recorded at the test sites.

Detailed techniques and procedures for the calculation of Fourier
spectra are given widely in the literature (eg Bendat and Piersol, 1971;
Blackman and Tukey, 1958; Newland, 1975) and are dealt with here only
where essential. An excellent review of techniques for spectral analysis
with an exten;ive bibliography has recently been published by Kay and

Marple (1981).

Using Fourier techniques a time varying waveform, x(t), may be
analysed into an integral sum of harmonic oscillatijons over a continuous
range of frequencies. Equally, the frequenmcy spectrum may be converted
back into the original waveform. The transformation from the time to
frequency domain, or conversely from frequency to time, is expressed

mathematically by the continous Fourier transform relations:

X(f) 3a:7‘x(t) exp (- j2 n f t)dt (Transform)  ..... (8.1)
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and x(t) ff}fX(f) exp (j 2 « f t)df (Inverse transform) ceeeo (8.2)

These relations constitute a Fourier transform pair. When the waveform
has to be sampled for anmalysis by computer a discrete form of Fourier trans-
form (DFT) must be used. For N data points a series of values will be

required forming the sequence,

xn, forn=0,1, 2, .., N-1

The Fourier components (DFT's) may be expressed in the form:

=

-1

™

‘l & 5 7
Xk =N X, exp (-3 2 m kn/N);k = 0, 1, 2, .., N-1  ..... (8.3)

0

=

These complex quantities may be calculated using the Cooley-Tukey
technique and the particular algorithm employed here is based on that

given by Bice (1970).

Note that the complex DFT, X,, = A, + jBk where A and B represent

k
the component real and imaginary amplitudes.

The magnitude lel is therefore given by

a2 2
X = (A + B 1A (8.3a)
and the argument or phase Qk, by
Qq = arctan B /A ceeee (8.3b)

The Ak values include the DC term at the origin with N/2 real

frequency points f apart (where f=1/N.DT and DT is the sample increment
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period) and Bk the (N/2)-1 complex frequency points. Point zero is the

th

DC or zero frequency, 1f the fundamental, and nf the n~ harmonic.

The sequence of quantities Xk'provide a spectral description of the
time series sequence X called its Fourier spectrum, Xk(f), and it is usual
to present this information in its power or energy spectrum form.
Historically these Fou%ier techniques have been applied in the investi-
gation of electrical signals (voltage) and the terms 'power' and 'energy’
derived from electrical power (watts) and emergy (joules). Thus power and
energy specfra have taken the units watts per frequency and joules (watt-
second) per frequency; In our case the power spectra take the units of
particle velocity squared(per frequency). In fact the terms 'power' and
'energy' are also appropriate for our data as the power transmitted by a
single harmonic compenent is proportional to its particle velocity squared
for a wave motion in a materfa] of constant density and wave propagation
velocity (Jaeger and Cook, 1976). For a full discussion on the 'unit'
aspect of power spectra see Magrab and Blomquist (1971) and Newland (1971).
Bendat and Piersol (1971, Ch 10) provide detailed information with examples

related to transient proceSSég which result in energy spectra.

The energy spectrum G(f) is given by
6(f) = 21X, ()12 : eere (8.8)

where the factor 2 occurs to fold over the energies at negative frequencies
to yield a quantity defined for positive frequencies only. This function

is referred to as the energy spectral density (ESD) of the transiemt process
described by the series x(n). The principal difference between this
expression and that for the power spectral density (applied to a continuous

rather than transient process) is that the 'power' expression is divided by
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the record duration. This results in an expression giving energy per unit

time, that is, power. Thus the procedures appropriate for the determination

-of power spectra may be applied directly to the determination of energy

spectra although the estimation of errors is different for the transient
case. It must be remembered that validity of power spectra measurements is
dependent on the stationarity of the 'continuous' signal whereas a transient
signal is by definition non-stationary in character and the validity of
spectra can only be assessed by operation on repeats of the transient

phenomena.

A particular requirement of frequency domain analysis is to calculate
the gain factor between two sample records, x(t) and y(t). In our case it
will be of interest to observe how the particle velocity is affected by
charge variations, and attenuated with propagation distance throughout the

range of frequencjes present.

The gain factor related to particle velocity, H(f), may be calculated
from the energy spectra in the traditional manner (see Bendat and Piersol,

1971) as,
Hee = o (el L (8.5)

where Gx(f) and Gy(f) are the energy spectra associated with the real
transients x(t) and y(t). However, an interesting and useful property
of the complex fast Fourier transform allows the gain factor to be .computed

directly from a single fast Fourier transformation.

If we input one series of data points x(n) as the real part and the
other series y(n) as the imaginary part of a complex record z(n) inte the
FFT algorithm, we may obtain both the Fourier transforms X(k) and Y(k) as

follows:
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let z(n) = x(n) + jy(n)sn=0, 1, - -, N-1  ..... (8.6)

The discrete Fourier transforms of z(n) are

N-1
Z(k) = %528 [x(n)+jyﬂn)]_exp [-d2 = ka/N]sk = 0,1,--,N=1 ..... (8.7)

and Z(k) is calculated using the complex FFT algorithm.

It can be shown that (Bendat and Piersel,Ch 9, 1971) the two real
valued records x(n) and y(n) have Fourier transforms X(k) and Y(k) which

are given by

X(k) = [Z(k) + Z*(N-k)]/2 - ceee. (8.8)
k= 0,1,-=,N-1
and  Y(k) = [Z(k) - Z%(N-k)]/23¢ .. (8.9)

where * indicates the complex conjugate.

Now the individuat gain factors H(k) are given by
H(K) = X(k}/Y(k) k = 0,1,=,N-1 ve... (8.10)

since X(k) and Y(k) are proportional to (Gx(k))é and (Gy(k))é respectively.

In practice this provides the gain factor spectra in a single opera-
tion on two related records and the software requirements are further

discussed below.

8.3 Software requirements and implementation

The frequency domain processing of the field data was carried out on a

CBM microcomputer equipped with printer, twin floppy disc drives and a
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Hewlett-Packard digitising/plotting table, The software was written by
the author incorporating the BASIC FFT algorithm by Bice (1970) and

routines for plotting output.

8.3.1 Data preparation

The field data were in the form of U.V. chart recordings and the
initial requirement was the preparation of digital data files from the
analogue geophone ffaces. For the Penmaenbach site there were 8 wave
packets per explosion and from Killiecrankie site 21 wave packets per
expiosion.' In total some 200 wave packets were digitised and data files

were titled as shown by the following example:
File title - 302/4CR

Here 302 refers to the blast number at Killiecrankie, 4 to the particu]ar
delay, C to the triaxial geophone array location and R to the direction
(R, V or H) of sensitivity of the geophone. The 2XX series blasts are

those carried out at Penmaenbach.

A programme titled DIGIT (Appéndﬁx M) was written to create data files
which contained the data in a form readable, from the floppy disc stoerage,

by the mafn processing programme.

Each data file contains the fo116wing information:

(a) the file title,
(b) the time increment between data points (DT),

(c) the digitised sequence of data points from the chart record. °

The variable frequency content of geophome .traces at differing ranges
required that three sampling rates (0.25, 0.5 and Ilms) should be used. The
raw data were already of a 'band limited' form in that the electronic

conditioning removed very high frequencies (possibly present in noise) and
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therefore prevented any aliasing effects from this source. A sample size
of 128 points was sufficient to cover all the wave packets, and sampling

sequences were initiated at a zero point preceding the first arrival. The
sequences were 'zero filled' to complete the 128 samples, where necessary,

and there was no significant truncation of any wave packet. These pro-

cedures follow those given by Bendat and Piersol (1971).

In order to rationalise plotting routines the imput data sequences
were normalised with respect to the maximum particle velocity; where
amplitude (as well as distribution) of the spectra was relevant this
factor was corrected subsequently by rescaling the computed spectrum.
The quality of the geophone traces was generally good and the magnifying
sight on the digitiser allowed the accurate and speedy placement of the

cursor at each automatically incremented position on the chart records.

To reduce the possibility of operator error DIGIT also provided the
facility of immediately plotting the digitised data for comparison with

the original chart records.

8.3.2 Computation of the Enmerqy Spectral Density (ESD)

The programme 'FFT' (Appendix N) was written to compute and plot the
energy spectra from the data.fi]és prepared by DIGIT. The output format
gave graphfca] presentation of the energy spectra (£q 8.4), this calcula-
tion taking place in line 820 where the individual Fourier components are
square and doubled as required. The phase spectrum was also calculated
(1ine 950) and output in graphical format although this was not found
useful during the subsequent interpretation of the data. GeneraTiy. the
phase spectra took an erratic form which reflected the considerable
comb]exity of the wave packet structure and no helpful pattern of phase
distribution was apparent.
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Although the programme appears rather lengthy the actual fast Fourier
transform is carried out in the compact algorithm provided by Bice (1970)
in Tines 320 to 790. The programme is lengthened by the plotting routines
and other subroutines {ncluded to assist programme development. ThesSe

routines are included to allow modifications if required for other purposes.

The graphical output of ESD is normalised with respect to the maximum
value (in array P(I)). This value is designated PM and is printed to allow
comparison of amplitude between various spectra. A value (PT = ¢ P(I)) is
also printed to give the sum of the 'energies' at all harmonic frequencies.
Comparison of spectra will also require correction for the original data

normalisation factor, as noted above.

The frequency scale is given in Hertz and comprises the sixty four
harmonics given by the 128 sample point analysis (see Section 8.2), The
programme is easily adapted to deal with a greater or lesser number of
samples by changing the exponent G in line 200 (subject to adequate

computer memory).

The accuracy of the programme was tested using various trial functions.
In particular validation using various sine and cosine generated wave
packets is a stringent test of any fast Fourier transformation. In all
cases the programme yielded the expected form of spectral distribution
with correct peak spectral amplitude (PM) and total 'energy'(PT). The
FFT algorithm was further tested by performing the inverse transform
(from the Fourier spectrum) operation which returned the original data

sequencé, as required.
8.3.3 Computation of the gain factor (GF)

The programme FFT was then developed to produce a spectral

description of the gain factor between the Fourier spectra of two data
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files. This programme is referred to as GF-FFT and is given in Appendix 0.

As discussed in Sectijon 8.2 the respective data files are input to
the real and imaginary array locations and the complex output transform is
used to ca1£ulate (1ines 880 to 910) the fndividua] transforms of the real
data sequences by way of equations 8.8 and 8.9. The ratio of the Fourier
components is calculated giving a spectrum comprising the ratio of the
particle velocities at each harmonic. The gain factor sﬁectra may be
scaled with reference to the input particle velocities and the value of PM
for each sbectra. This programme was validated by sample calculation of

gain factor based on data from individual power spectra using equation 8.5.

In order to assist interpretation of the gain factor distribution the
spectra were smoothed by taking a ‘rolling average' comprising the average
of five harmonics. Thus the spectral value for the ith harmonic was

calculated from
H(i) = (H(i-2) + H(i-1) + H(i) + H(i+1) + H(i+2))/5 ..... (8.11)

8.4 The effect of charge weight and coupling

8.4.1 Charge weight

An important influence on the rate of decay of vibration with propaga-
tion away from an exp1o§ive source will be the frequency of the motions
generéted at the source. Although the primary mecharism causing PPV decay
(radial spreading) will not be inf]uemced by input frequency, other causes
such as scattering and absorption losses will be dependent on frequency.

A full discussion of the complex factors which may influence the source
characteristics of construction blasts is given in Section 3.3 and analysis

of all the field data in the time domain is given in Chapters 6 and 7. As
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well as the possibility of influencing the decay rate of the vibration, the
frequency cdmtemt will also be of importance where the stimulated ground

motions are to be interpreted with regard to the excitation of structures.

To investigate the frequency demain characteristics of the vibration

source we will consider the energy spectral demsity of the particle
velocity as close to the explosions as possible. At Killiecrankie the
accelerometer array located at position R was just a few metres from each
explosion and provided a range of data for charge weights between 0.5 kgf

and 2 kgf.

Direct observations of the field seismograms, obtained close to the
source, showed that the peak particle velocity occurred during the initial
radial motion and that the subsequent oscillations were heavily damped.
Initial pulse durations were between 1 and 23 milliseconds and the
significant motions in the wave packet lasted 1es§ than tem milliseconds

(see Figs 6.14, 6.15, 7.16, 7.17).

Figure 8.1 shows the ESD of the time domain record (also shown). for
blast 304/0RR. This record was obtained at a distance of 11 m from a
1 kgf Special Gelatine 80 charge and is typical of many records taken
close to“the source, that is, it comprises a dominant initial pulse
followed by a rapidly decaying.oscillation. It is of interest to note
that a simple synthetic waveform may rep1icaté that observed in the
field. Figure 8.2 shows the ESD for a heavily damped sinuseoidal waveform

at 200 Hz where
partic1e velocity = exp [-at] sin wt

Although the waveform and spectral distribution shown in Fig 8.1 is

naturally more complex than that in 8.2, the distribution of energy is
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essentially the same.

It will be noted that the shape of this observed wave packet is very
similar to that calculated by Sharpe (1942), and many others (see Section
3.3) for a pulse due to an exponential rise and fall of pressure on the
wall of a speriéa] cavity within an elastic continuum. This theoretical
" approach predicts the amplitude of the motions to comprise a sinusoidal
oscillation of freqdéncy w, wWhich is heavily damped by an exponential
factor a. The PPV of the motion is proportional to the peak applied
pressure and the 'cavity' radius, a, and is inversely proportional te the
material acoustic jmpedance,(»c, and the range, r. The geomechanical
rock properties which define the amplitude, frequency and duration of the
motion§ are simply described in terms of wave velocity and Poissons'
ratio, the combination providing a full description of the dynamic
elastic properties of the material. It is of comsiderable interest to
test the quantitative accuracy of this theory with particular regard to

the frequency of the observed motions which is given by:

13
1

- C(_'I--Zv)%/a“-v) ..... (8.12)

C(1-2v) 2 /u(1-v) ' er. (8.13)

o
-3
[=1)

]

In practice the charge takes cylindrical rather than spherical form
and 'a' must be considered as a measure of an 'equivalent cavity' rather

than a precise measure of the radius of the spherical source.

Figure 8.3 shows the spectral distribution of energy for several
charge weights and indicates that most of the energy in the wave packet
is carried at or around 200 Hz. (The apparent lack of variation with

charge weight will be discussed later.) Taking the velocity C to be
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5000 m/s and Poissons ratio as 0.25, then the 'equivalent cavity'

dimension, a, is given using equation 8.13 as 3.75 m.

A similar calculation may be made using the initial puise width (see
Fig 7.17, average pulse duration at 10 m taken as 1.25 ms) rather than the
spectral peak to fix w. This yields an equivalent cavity size of 1.9 m.
The difference is due to the slightly higher frequemcy of the initial
pulse compared to.the following motions. Clearly this equivalent cavity
radius cannot be considered as being directly related to a spherical
explosive volume which would, of course, be very much smaller. We require
that the equiva]ent cavity represents the dimensions of a radiator which,
for the given elastic properties, will resonate at the observed frequency.
This matter is discussed at some length in a most useful paper by 0'Brien
(1969) in relation to the equivalent cavity dimensions due to seismic
exploration pulses in Bunter sandstone. O0'Brien discusses the 'equivalent
radiator hypothesis' and uses it to describe and explain his field
observations which are similar to those reported here in that the size
of the equivalent radiator was larger than predicted by theory. (His
results gave a value for'a’of 3.9 m for a charge of 8.5 kgf, based on
initial pulse duration.) He rightly argues that 8.5 kgf of explosive
could not blow a cavity of this size "but since the boundary conditions
within a solid are more complex than those at a cavity wall, there is no
immediate reason to §eek quantitative agreement between the forcing
function at an equivalent radiating surface and the actual stress-time
relation in the rock". In seeking an explanation 0'Briem suggests that
this equivalent radiator radius may represent a tensile failure envelope
inside which the rock behaves in a similar manner to a fluid. This
serves to explain the observed motions and is consistent with his field

conditions.
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0'Brien's results lead to the calculation of an equivalent cavity
2.4 m in radius for a 2 kgf explosien in the Bunter sandsteme. That is
a radius about 25% larger tham that observed in the stronger rocks
investigated in this thesis. Thus, as might be expected, the stronger
material has a smaller tensile faj]ﬂre envelope, which results in a

smaller equivalent cavity and higher frequency motions. The equivalent

radiator hypothesis proposed by 0'Brien may therefore provide an

apparently satisfactory explanation which relates the observed source
frequencies to the geometric, strength and elastic parameters of the

trial blasts described.

However, there appears to be a significant difference be;ween the
obsérved source characteristics of geophysical exploration and construction
related explosions. The spectral distribution of energy would be expected
to be dependent on the size of the equivalent radiator and this should
vary with charge size. In fact, in exploration seismology it is well
known that the distribution of energy with respect to freguency is
dependent on the charge weight. The expected predominant frequency has
been shown to be inversely proportional to the cube root of the charge
weight (Ziolkowski amd Lerwill, 1979) and this has also been noted in the
field. In particu]ar; 0'Brien has given seismic energy spectra which
conform closely to this condition. For construction blasts this frequency
dependence on charge weight has not been generally observed and Duvall and
Atchison (1950) have undertaken studies to investigate why the frequency
content of the initial motions close to a construction blast are
"apparently independent of the charge or cavity size". Their work did
little to suggest anm explanation of this effect which had been noted
previously By their colleagues at the US Bureau of Mines. Indeed, even

the recent Bureau of Mines publication (Stagg and Engler, 1980) which
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reports data related to a wide variety of charge sizes shows a very
narrow and consistent bandwidth for the frequencies induced by

construction blasts.

The spectra shown in Fig 8.3 show remarkably similar energy
distributions with a spectral peak at just below 200 Hz for various
charge weights. Note that for a charge weight decrease from 2 kgf to
0.5 kgf we would expect the frequency at the spectral peak to increase
by a.factor of 1.6, that is,[:ﬁgs] §. Comparison of spectra is more
sensitively undertaken using the relative gain factor spectrum between
explosions of different weights. Figure 8.4 (upper and lower) shows an
almost totally consistent gain factor for all frequencies below 300 Hz,
the part of the spectrum where the majority of the energy lies. (Above
300 Hz there is relatively 1ittle energy and variation of gain factor is
greatly exaggefated where Fourier components of one of the recbrdg,
tend to zero.) it is of interest to note that the time domain records,
normalised wfth respect to their PPV? @nd superimposed on the Figure,
show gré5£;Sim11arfty despite the variations in charge weight. The
trials at Penmaenbach showed the same.lack of frequency dependence on
charge weight although 1little data were available closér than 40 m to
the source. Figure 8.5 shows spectra for a range of charge weights from
0.68 kgf to 3 kgf. Note that all the spectral peaks -occur at about
45 Hz when we may héve expected a frequency difference factor of
(3/0.68f§, that is, 1.65. The lower frequency of the spectral peak at
Penmaenbach compared to that at Killiecrankie is directly related to the
increased range at which the measurements were made. This is discussed
in the following section. Again, the gain factors between the spectral
distributions for different charge weights (Fig 8.6) show no signif{cant
variation at all at frequencies below 200 Hz (where the energy levels are

significant).
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We may conclude that although the range of field charge weights was

not large it was sufficient to produce a distinct variation in the ESD of

particle velocity if the size of the equivalent radiator had in fact
varied in the m&hhér described by 0'Brien and others. Such a variation

was not observed and it is of interest to speculate as to why this was so.

A11 the trial 'coﬁstruction' blasts took place within 53 m of the
surface wherea§ 'exp1oration' charges are generally placed at greater
depth towfé@ove the modifying effect of the weathered upper layers.
0'Brien's trié]s were carried out with charges at an average depth of
60 m (with a range between abbut 15 m and 80 m). Indeed, it is well
known that in order to preserve the spectral breadth of frequencies
generated for reflection seismic work it is desirable to place the source
below the 'weathered' layers. By working with charges close to the
surface we wou]d therefore expecf to lose spectral breadth (in particular,
the high frequencies) associated with the source. It may be that at
depth 0'Brien's concept'of a tensile zone of failure dominates the size
of the equivalent cavity; near the surface, howevef, it may be reasonable
to suppose that the natural discontinuities, which are not tightly closed
by substantial overbu;dan induced stresses, may have an important effect
in determining equivalent cavity size. For instance, a borehole 5 m in
length will have intercepted many discontinuities (at Killiecrankie,
Penmaenbach and most sites) and if the explosive pressures are considered
to act from within these discontinuities as well as frem the borehole then
it is clear that the size of the equivalent radiator will be more dependent
on the discontinuity form and distribution than the weight.of the charge
in the borehole. Thus the size of the equivalent radiator (hence the input
vibration frequencies) may be dependent on the geometrical conditions

imposed by the site rather than on the weight of the charge. Most of
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- measurements of construction induced blasts have been taken with sources
within 10 m of the surface and it is to be expected that rock in this
strata will generally be well-jointed. Observatiens of seismic exploration
pulses have deliberately excluded this zone because of its objectionable
filtration characteristics and it is suggested that this difference in

rock weathering and in situ stress condition may explain the observed’

difference in source characteristics.

There is anmother qonsideration relative to the equivalent radiator
hypothesis which again relates to the observed lack of variation of
spectral distribution with respect of charge weight from construction
exp1os{ons. For effective excavation purposes the total charge is
distributed in the rock mass such that many. boreholes containing a
similar charge weight may be fired at one time. The total charge weight
detonated is generally increased by increasing the number of charged
holes, not by increasing the charge weight in the same number of holes,
If we consider each charged borehole to act individually as an equivalent
radiator of fixed dimension, then superposition of the motions could
occur without changing the spectral distribution of the energy. There-
fore, as charge weights are imcréased by fifing more boreholes at one
time, the amplitude of the motions will increase, but the spectral |
distribution of the energy could remain similar to that for an individual

equivalent radiator.

As a footnote to this discussion it 1s necessary to mention the
spectra from two of the eight } kgf charges at Killiecrankie. Six of the
charges gave similar spectral distributions to those in Fig 8.3 with a
clearly dominant peak at just below 200 Hz. However, two charges, one of
which.is illustrated in Fig 8.7, revealed spectra with a more complex

structure having significant amounts of energy shifted to higher
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frequencies. This would in principle be consistent with a small charge
length intercepting fewer (and therefore probably less expansive) dis-
continuities, thereby producing a smaller equivalent cavity. In order to.
investigate this isolated effect further detailed observations of dis-
continuity frequency and aperture within the blastholes would be requi}ed

prior to the blasting.

8.4.2 Charge decoupling

The effects of decoupling the explosive charge from the rock by.
leaving a substantial air space around the charge is discussed in Section

3.3.2.3. The major effect that this decoup]{ng has on the PPV is shown in

Section 7.4,2, and Fig 7.15 quantifies the substantial and important

reduction in PPV that may be obtained by decoupling in this way. Having
quantified PPV reduction it is also of interest to determine the spectral
distribution of energy close to the source, since any change in frequency

content might be expected to alter the rate of attenuation with propagation.

Figure 8.8 shows the time domain and spectral records for 25 mm
diameter decoupled charges in 75 mm and 100 mm drillholes. Note that the
spectral distribution of energy is similar in both cases to that shown for
normally stemmed charges in Fig 8.3. Further, the time domain recordg
show the familar heavily damped sinusoidal oscillation at about 200 Hz.
From these observations we may conclude that although decoupling sub-
stantially reduces the level of particle velocity it does not materially
change its spectral dﬁstribution. We may therefore assume that the decay
with propagation characteristics of the motions may be considered as
similar to those of normally coupled charges. The field results confirm
this conclusion and are consistent with the discussions regarding equivalent

radiator dimensions given in the previous section.

It is worth mentioning here that in an empty cylindrical hole a kind
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of surface wave, known as a tube wave, can propagate along the axis of the
hole with its energy confined to the vicinity of the hole. At wavelengths
beyond about three times the borehole radius (as in our case) theyrére
swiftly attenuated, their energy being radiated into the rock mass a;

shear waves. If significant this mechanism would cause greater motions in

‘the horizontal and vertical directions (as opposed to radial) for decoupled

explosions. However, mo such variation was noted and it would therefore

“appear that the effect is négligible for our explosive configuration.

8.4.3 Explosive energy input

Although it is the distribution of energy in the frequency domain
which is of primarylinterest we may for completeness calculate the energies
radiated by the diverging wave packet. This is.most usefully expressed as
a percentage of the chemical energy of the explosive which is taken as
4 x 106 j/kgf for the 80% strength blasting gelatine (personal communication

with Nobel Explosives Co).

It can be shown that (Jaeger and Cook, Ch 13, 1976), for a single

harmonic component, the energy passing through a spherical envelope of

- radius, r, during a period of time, t, is given by:

p=a2mlr?Vet L (8.14)

This equation may be readily evaluated for the wave packets processed
in the frequency domain using the computed value PT (see Section 8.3.2)
which is the sum of the individual energies at each harmonic component
over the total spectral range. The time, t, must be taken as the total
sampling period (N.DT) and ¢ the density of the material. There is a

major source of uncertainty inherent in this calculation, this being
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associated with the fact that the recorded motions will comprise waves
with more than one characteristic velocity. Close to the source, say
within 15 m, where the motions are reasomably well defined it may be
acceptable to assume that the majority of the particle motion can be
attributed to compressional wave motion propagating radially away from the
source. At greater distances however, the character of the motions is
changed considerably by mode conversion effects dependent on the many
discontinu%ties hresent in the near surface strata. This change in
character of the motions is discussed in Section 3.3.4 and is further
considered with respect to frequency content in the following section,
Unless the distribution of energy between wave types can be identified
total energy ca]cu]atiéns of this kind are likely to be most unreliable.
This is particularly true at distances where the wave packet is a complex
summation of direct, scattered, reflected, refracted and diffracted
arrivals with shear, surface and compressional wave velocities. Table

8.1 shows the vibrational energy transmitted through a hemisphere of
radius 10 m at Killiecrankie for various coupling comditions. It is of
interest to note the effect of decoupling which greatly reduces the seismic
energy input to the rock mass. This is to be expected as a result of the
significantly reduced particle velocity with retention of similar
spectral and wave packet duration characteristics. |

TABLE 8.1

Seismic energy 10 m from explosion as percentage of
available chemical energy

| Total Radiated Eﬁergy %

Charge weight (kgf) | 0.5 1 2

coupled explosions | 2.39 | 3.02 | 3,91
Decoupled 75 mm hole 1.05 1.32 -
Decoupled 100 mm hole | 0.31 0.44 -
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An annular void around a centrally located explosive charge causes
not only a significant drop in the stress applied to the borehole
wall/'equivalent cavity' but also greatly reduces the efficiency of
energy transmission into the rock. This may be due to the greatly
increased impedance mismatch caused by the air gap and further detailed
study of this effect would seem desirable particularly as this type of
detonation will be increasingly used for presplitting work. Lack of
significant change in energy spectral distribution has been reported
(Atchison et al, 1964) for sand decoupled charges but no data regafding
the specfra,'PPV or energy propagation from air spaced charges have
previously been available. The energies are calculated on the basis of
spectral summation in the radial direction only, however sample calcula-
tions of energy content at this range in the 'vertical' and 'horizontal’
directions showed that, for the majority of blasts, less than 20% of the
energy was transmitted in what may be taken as source generated shear |
wave motions. The energy values given are similar to those found by other
workers (eg O'Brien, 1969) for shots at shallow depth and indicate that
larger charges tend to be more efficient sources of seismic energy.

This is consistent with the exponent associated with charge weight
determined from the site law regression equations (see Section 7.4.2.1)

1.17

which indicated that PPV was proportional to M As energy is

proportional ta PPV squared ,this equation suggests that the seismic

1.37 17,2
1 ]7) ).

energy output will vary as M (ie, (M

Similar calculations were carried out for 1 kqf detonations at
Penmaenbach where it was found that approximately 2.7% of the explosive
chemical energy was transmitted to the rock mass. At this site the
particle velocity was observed at some 30 to 50 m from the source however,

and the motions were clearly of a complex nature, comprising both P & S
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waves in indistinguishahle proportions. The total seismic energy was
computed by summation of radial, horizontal and vertical component
energies. It was assumed that compressional wave velocity was appropriate
to all radial motions and shear wave velocity appropriate to all horizontal

and vertical motions.

8.5 The effect of range

Although the decay of PPV with range has been observed to be
remarkably consistent over a wide variety of sites, the redistribution of
energy within the wave packet is not well understood (see Section 3.3.4).
The mechanisms which change the form of wave packets as they propagate in
inhomogenous anisotropic materials are extremely complex and, although
there is a body of information emerging related to certain geophysical
problems, the 'weathered' surféce strata have generally been avoided as
being either of 1ittle interest or because of difficulties with their

variety and unpredictable nature. Unfortumately, for construction blasting

it is usually this strata which is of greatest importance. Further, much

of the geophysical research effort has concerned wave propagation at
distances conéiderab]y in excess of those associated with damage or

intrusion from construction works.

Seismic prospecting has stimulated considerable effort towards a
better understanding of source and transmission functions for small
explosions. The work of O'Brien (1969) and Ziolkowsi and Lerwill (1979)
has been mentioned previously and Aki and Richards (1980) deal with wave
propagation theory in considerable detail. In particular Aki and Richards
deal with scattering processes which are classified using two dimensionless
parameters dependent on wavelength, inhomogeneity scale 1engfh and wave

travel distance. For the media with which we are concerned it is extremely
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difficult to determine, and especially to predict, the effects of the wide
range of discontinuity scale present in the near surface strata. For use
in the study of earthquake induced motions observed at relatively long
ranges the distribution of inhomogeneities may be satisfactorily described
by both statistical and deterministic methods. These techniques are being
continuously refined. In.particu]ar Crampin (1981) has published a wide
ranging review of wave motion in anisotropic and cracked elastic media,
although it is at present difficult to anticipate any useful exploitation

of these advances in the field of civil engineering construction.

For typical construction sites the scale of the inhomogeneities may
vary from less than 1 mm (crystal structure) to tens or even hundreds of
metres (faulting, lithological changes). We may therefore expect to observe
effects ranging from totally isotropic scattering due to discontinuities
much smaller than the wavelength to strongly forward scattered motions
from larger discontinuities. The presence of discontinuities will elongate
the wave packet and these changes will be heavily dependent on frequency
and are therefore usefully observed in the frequency domain. The prediction
of this energy redistribution is hampered by the lack of effective know-
fédééwa the size and distribution of the discontinuities although the
other relevant field harameters, wavelength and propagation distance, may
usually be determined. Reflections and refracted waves from surface and
su5-§ﬁ}face formations will also contribute to the extended duration and

complexity of the motions, particularly in the tail of the wave packet.

Where motions with different characteristic propagation velocities
are superimposed this will again cause the wave packet to increase in
durati;n. This added difficulty will occur where various types of wave
are created by non-spherical symmétry at the source and by mode con-

versions at discontinuities. Sato (1977) has analysed the redistribution
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of energy during isotropic scattering, including mode conversion effects,
to qualitatively describe the temporal development of seismic energy density
close to small earthquakes. For our purposes an extension of this work to

deal with forward scattering processes would seem potentially of interest.

Although the fields of earthquake and exploration seismology have
heavily influenced geophysical wave propagation research, recent interest
in the exploitation of the potential emergy resources of hot rocks at
depth ha§ also provoked some interesting investigations. In particular,
Fehler (1979) has used the seismological properties of the rock mass
between a piezoelectric transmitter and receiver on a 'geothermal' bore-
hole to investigate the nmature and geometry of the hydraulically fractured
rock structure. His work provides a theoretical background and useful
bibliography with some experimeﬁta] confirmation of scattering processes
from relatively high frequency wave motions. In the United Kingdom
Batchelor et ai. (1983) have used the microseismic em{ssions given out
during hydraulic well stimulation to monitor the locatien and growth of the
geothermal reservoir. Again, these studies relate to rock at depth and the
receiving transducers were positioned in boreholes 200 m deep to avoid

difficulties associated with the near surface region.

This section provides spect}a1 analysis of the field data to determine
how the distribution of emergy in the wave packet varies with range.
Changes in wave packet form can be qualitatively described in terms of the
general mechanisms which redistribute or absorb the vibrational energy, but
because the actual geometrical and absorption properties of the rock mass
are not accurately known quantitative solutions or predictions of wave

packet form are found difficult to achieve.

Similar difficulties have been encountered by Young and Hill (1981)
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who have attempted to characterise rock masses for opencast mining
applications in terms of their frequency selective transmission properties.
They conclude that a]though.near surface strata do act as a severe low
pass filter the mechanism is non-linear. and cannot therefore be accurately
explained in terms of a specific dissipation comstant (Q). Their
_absorption spectroscopy techniques show that 'a linear relationship is
seldom obtained due to the broken state of the rock and that certain
frequencies are attenuated dependent upon the ratio of the seismic wave-
length to the size of the characteristic rock fractures'. The fact that
these comp1ex sife—specific filter characteristics can probably be used

to evaluate the quality of near surface rocks indicates that the waveform
from a complex construction blast is unlikely to be reliably predictable,

except for its general loss of high frequency components.

A recent meeting on 'the geophysical aspects of cracks in rocks'
(Joint Association for Geophysics, Burlington House, London, 16 November
1983) indicated that although theoretical models are becoming available
there is often little field evidence to support them. Indeed, during the
informal discussions at this meeting it became clear that researchers from
various eminent establishments found it hard to agree on some of the
mechanisms involved, and the interpretation of the sparse field data
(S Crampin, IGS Edinburgh; S A F Murrell, University College, London;

G Simmons, MIT, Massachusetts; and others).

8.5.1 Penmaenbach

Figures 8.9 and 8.10 show the effect of propagation distance on
spectral energy distribution for two different charges at Penmaenbach.
It'must be noted that the distances from the source are not in quite the"

same direction (see Fig 4.2) and therefore comparisen is difficult as each
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"wave packet will have travelled through different volumes of rock. How-

ever, the trends shown by all the data are clear and consistent:

(a) the energy spectral peaks occur at a frequency of about

40 Hz at all distances observed.

(b) at distances between 30 and 50 m energy at frequencies

up to 400 Hz is present,

(c) at distances in excess of 80 m there is no significant

energy present at frequencies above 200 Hz.

Figure 8.11 gives the variation of gain factor with range and shows
how the higher frequencies are progressively attenuated to a greater and
greater extent. There is a steady general trend of decreasing gain factor
which is locally disturbed at harmonics where the Fourier components of
the shorter range record happen to appreach a near zero value. Also
there is an apparently high attenuation of the lowest frequencies present
at the zefo, and lower order harmonics. This initially unexpected effect
is also present in the pfocessed records from Killiecrankie. At both
sites there is relatively little energy present at these very low
frequencies but it is nevertheless relevant to-explain this apparent
anomaly when comparing spectral distributions at different ranges. Note
that it does not occur when comparing differing charge weights (Figs 8.4

and 8.6) at similar ranges.

The wave packet close to the source is generally of a simpler form
than that observed at distance (see Fig 8.1). That fs, it comprises a
large initial disturbénce which is rapidly attenuated whereas at distance
the longer duration wave packet comprises many oscillations about the zero
]evei and which are of more similar amplitude. A short wave packet is
necessarily richer in low frequencies than a longer one comprising motions

with similar period. Thus the wave packet observed clese to the source
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is relatively rich in low frequencies as a result of its brief duration.

The presence of energy at the zero order harmonic may be indicative
of some experimental error (most likely due to the tramsducer response
characteristics) as the integral of particle velocity over the whole wave
packet (that is, the total particle displacement) should be zero unless

permanent rock deformation was actually caused at the transducer location.
-8.5.2 Killiecrankie

Time domain analyses have shown that the decay of PPV with distance
was essentially the same in directions parallel and normal to the
schistosity. However, it has been observed (see Fig 7.16) that; although
there was little variation in the duration of thg initially received
pulse, the duration of the wave packet at distance was noticeably greater
for vibration propagating parallel te the schistosity. The spectra of
the motions also show rather differemt characteristics in relation to
the schistosity which are reflected in observations of spectral variation

with source distance as follows:

(a) As discussed in Sections 8.4 the energy spectral peak of
the motions close to the source occurred at about 200 Hz
with significant energy content to at least 400 Hz (Figs 8.12
- 8.16)

(b) Parallel to the schistosity the change in spectral energy
distribution was rather similar to that noted at Penmaenbach,
At all ranges greater than about 20 m the spectral peak
occurred between 40 and 60 Hz and beyond 30 m there was very
little energy dt frequencies greater than 150 Hz (Figs 8.i3
and 8.16)

(c) Normal to the schistosity the attenuation of non-radial,
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low frequency motions was more severe than it was
parallel to the schistosity. This is a direct

consequence of the more persistent propagation of

shear wave motions in the long 'tail' of the wave packet
parallel to the schistosity. This is discussed below
Qith=spectra1 analysis of partial wave packets. Although
at disténces_of greater- than 40 m the spectral peak had
agé{ﬁ shifted to lower frequencies (40 - 60‘Hz) some
energy at higher frequencies persisted at distances 6f
over 100 m (Figs 8.12 and 8.15). This characteristic is
Ashbwn clearly by comparison of the gain factors, over
similar range variation, for blast 302/2. The gain factors
are given in Figs 8.14 (upper and lower left) and show how,
parallel to the schistosity, the ESD falls to less than10%
of its peak by a frequency 6f 160 Hz. Normal to the schistosity
however, a similar decay has not occurred until a frequency
of about 300 Hz. A further example of this difference in
frequency selective attenuation is given in Fig 8.17 (upper -

left and right) for blast 304/0.

(d) For ranges greater than 40 m, even in a direction normal to
the schistosity, there was little or no energy present at

frequencies above 300 Hz.

Further spectral analyses were also carried out to determine whether
the distribution of energy in the frequency domain was uniform throughout
the individual wave packets. After careful inspection of the time domain
records it was decided to analyse each wave packet in two sections, the
first relating to the primary arrivals (which were in general tﬁe dominant

compressional wave motions) and the second to the generally lower particle
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velocities in the 'tail' motions. Analysis of many spectra from all
locations, except E and F, showed no significant variation of frequency
content between the two parts of the wave packet. However, spectra from
position F consistently indicated that the motions in the long tail were

of lower frequency than those of the earlier arrivals. This was particu-

larly noticeable in the horizontal and vertical directions rather than
the radial. A similar although less marked effect was noted in spectra

from position E.

Figure 8.18 shows a typical radial.particle motion induced by blast
304/0 at positfon F. Spectrum (a) shows the ESD for the complete wave
packet whilst (b) and (c) show ESD for the 'initial' and 'tail’' arrivals
respectively. Note that the distribution of energy is similar in both
sections of the wave packet: also the computed value for PT showed that
thé first 30 ms of the wave packet conmtained nearly twice as much energy

as the remaining 100 ms.

Figures 8.19 and 8.20 show similarly analysed spectra for the vertical
and horizontal directions. Note how the PPV now occurs during the later
arrivals (although the maximum value- still occurs in the radial direction).
Further, the spectral distribution of energy is different in each part of
the wave packet. The initial arrivals, which are of low amplitude, are
at much higher frequencies than those in the tail motions. Note how
because of their Tow energy content the early arrival frequencies are

not noticeable in the spectrum for the complete wave packet.

For both the horizontal and vertical directions the initial 30 ms
of the wave packet contained less the 5% of the total wave packet energy,
the remainder occurring during the passage of the later lower frequency

arrivals. Again, this is reflected in the relatively small high
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frequency content apparent in the whole wave packet spectra.

Although the wave packets observed are generally complex the analysis
of the more distant motions in both time and frequemcy domains shows, as

described above, distinctly different characteristics parallel to-and

normal to the schistosity. This had been considered a'possibility during
the design of the trial blasts and arose from observations contained in
the site investigation report prepared by Soil Mechanics Ltd which had
stated that the great majority of the rock mass discontinuities were
directly associated with the well-defined direction of the schistosity.
The analysis of the data does lead to a possib]e.explanatiom of the
differences observed in the distant wave motions parallel to and normal

to the schistosity. The motions observéd parallel to the schistosity
(positions E and F) show strong shear wave motions in the long tail of

the wave packet.. These motions travel more slowly Fnd are of Tower
frequency content tham,the initia]]y dominant compressional waves. and are,
thereforé, to be ob;erved later in the wave packét.' The motions normal to
the schistosity, howéver, do not possess.such a long 'tail' and no
significant low frequency shear wave motions are apparent. These
observations are consistent with a foliated structure which is substanti-
ai]y weaker with regard to the transmission of shearing motions occurring
in the direction ﬁf the majority of the discontinuities. As observed at
position. C these shearing motions are greatly attenuated whilst at

position F they are becoming important constituents of the wave packet.

As previously discussed the site laws are dominated by the major
early compressional wave arrivals and the attenuation of these motions
is similar in both directions. However, we may speculate that at distances
greater than 150 m the later sﬁear wave motions parallel to the schistosity

could become dominant and the decay of PPV with distance may become rather
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less in this direction,
8.5.3 Loss of -energy and PPV with range

Despite the uncertainties present in the calculation of wave packet
energy discussed above (Section 8.4) average values for wave packet
energywere calculated for distances 40 m and 100 m from the source.
Table 8.2 gives the percentage of input chemical energy passing various

distances from the source.

e TABLE 8.2
_Séismic'energy at various ranges for a 1 kgf explosion

Total radiafed energy (as percentage
of initial explosive energy)

Source distance (m) 10 | 40 100
Killiecrankie (parallel

to schistosity) 3.02 2.1 1.8
Killiecrankie (normal

to schistosity) 3.02 1.8 1.4
Penmaenbach NA 1.9 _ 1.6

Although these average values represent a progressive loss of
energy with propagation distance, it must be noted that sample calcula-
tions based on individual blasts occasionally yielded rather erratic
results. The calculations were again based on the summation of energies
at each harmonic, divergence with hemispherical symmetry and that motions
normal to the direction of propagation had the characteristic velocity
of shear waves. All radial motions were assumed to be attributable to

compressional waves.,

Note that the emergy loss is rather higher for waves travelling

normal to the schistosity than for those travelling parallel to the
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schistosity. This is consistent with other observations given above
that although the early radial motions which produce the PPV are similar

for both directions the wave packet duration was greater, parallel to the

schistosity. For both directions of propagation the loss of energy is
most severe near the sdurce. That is during propagatibn between 10 and
40 m about one-third of the energy is lost whereas from 40 m to 100 m,
twice as far, the loss is less than one-quarter. Examination of the
spectra and gain factors given in Figures 8.12 to 8.17 indicate clearly
why this is so. At 10 m the majority of the energy is carried at
frequencies around 200 Hz whereas at distances in excess of 30 m the
bulk of the energy is carried at frequencies between 40 and 60 Hz. The
Tosses at the higher frequencies are higher than those at lower frequencies
and this accounts for the more rapid loss of energy close to the source.
It is of interest to note that no similar effect is apparent in the >
decay of PPV near to the source. This reflects the fact that PPV is the
result of the complex summation of energies at each harmonic and this
'resultant' in the time domain, that is, the critical value of PPV which
determines ground stress, is not necessarily dependent on the total
energy carried by the wave packet. This point underlines the idea that
where the criteria of damage are considered purely in terms of PPV the
distribution of energy as observed in the frequency domain is of little

practical value. It is the peak instantaneous power which is important

and this is given in terms of PPV in the time domain. Hoﬁever, where the
dynamic response characteristics of the particular structures at risk
have been estab]is;;d, a knowledge of the spectral distribution of the
energy and its frequency selective attenuation with distance as described

by the gain factor spectra may prove most helpful.

It is of interest to note that for both sites at distances of greater
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‘than about 30 m the majority of the energy is carried beween 30 and 60 Hz;
this confirms very closely a wide variety of observations given by Lucole

and Dowding (1979).

Where the peak energy at various distances is carried at similar
frequencies it is of interest to estimate a value for the specific
dissipation constant Q; taking the frequency of the dominant spectral
peak (say 50 Hz) and the compressional wave velocity (5000 m/s) to

calculate the wavelength of the major motions (100 m).

For both sites at ranges between 40 m and 100 m the loss was between
1 and 2 dB per wavelength which corresponds to a value for Q between 13
and 27. Parallel to the schistosity at Killiecrankie the loss was slightly
less. This value for Q is rather lTower (indicating higher attenuation)
than some other field observations which have generally been obtained at
depth (eg 0'Brien, 1969) or from intact samples in the laboratory. The
weathered nature of the near surface strata and low in situ stress would
both give rise to relatively high eneny attenuation and this value falls
well within the range of values for attenuation given by Attewell and
Ramana k1966). It is important that this energy loss is considered in
the context of the overall loss of particle velocity which is mainly
attributable to geometrical spreading amd the general lengthening of the

wave packet by scattefimg and other mechanisms.

Note that the loss of particle velocity given for coupled explosions
(Fig 7.12b) for an equivalent distance of one wavelength, say between 30
and 130 m, is approximately 24 dBs. The permanent loss of vibrational
energy described by Q is therefore small (even where Q takes its higﬁest
observed field values) compared to the reduction in emergy passing unit
wévefront area due to the geometrical redistribution of energy with

.prppagatiom.
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Although frictional losses close to the source are clearly consider-
ably higher; as would be expected from the high ground strains induced,
there is a corresponding increase in the effect of geometrical spreading
and geometrica1 losses still dominate. (The loss expressed as dBs/unit

distance are of course higher for small values of r).

The dominance of geometrical factors over frictional losses expiains
to a large extent why the wide range of field data shows a remarkably
consistent decay of PPV with range, that is,s{te geomet;ies are.usually -
similar. Coupled with the discussion given in the section on the
frequencies generated by the majority of construction explosions (in near
surface'strata) we are left with a reasonable explanation of the
remarkable stability of the site law exponents which describe the decay
of the particle motions. Factors regarding the level rather than slope
of the site law regression line are clearly dependent on how well the
. explosive energy is coupled to the rock and these matters are discussed

elsewhere in this thesis.
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CHAPTER 9
CONCLUSIONS

9.1 "The prediction of ground vibration hazard

A1l present methods used to predict vibration levels from con-
struction sites are empirical and are based on a wide variety of case
history data. Prediction équatioms are usually shown in graphical form
relating PPV to distancé frem the source (scale distance for explosive
sources). Because of the extremely complex nature of the problem the
prediction will inevitably be imprecise and a wide spread of possible
vibration levels must be allowed for when considering environmental
impact. Predictions of PPV from various construction plant are given
in Figure 2.1 and from explosives in Figure 3.2. Explosive sources are
by far the most serious with regard to causing damage as even small
charges induce vibration levels considerably in excess of those from

plant and machinery.

The_‘site law' method of data presentation described in Section 3.1,
provides a convenient and useful working tool for engineers, and the
application of ‘'square' or 'cube root' scaling is widespread throughout
the mim%ng and civil engineéring industries. The investigations
presented in Chapter 3 have shown that the scaling relationship between -
range (r) and charge wéight (M) should not be arbitarily fixed as both
'square' and 'cube root' methods demand. There is no defensible theoret-
ical justification for either fixed scaling relationship when applied to
working sites and field blasting conditions. The data will be best
presented using the ‘site specific' scé1ing method described in Section
3.2 and demonstrated in Chapters 6 and 7. The use of multiple regression

analysis to determine the ‘'site specific' constants is now easily carried
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out on desk computers and this method of analysis inevitably improves the

fit of the prediction equation to the field data.

It is therefore recommended that the equation

PPV = K r P M

should be used in the prediction of vibration and that the site specific

scaling equation (as developed in Section 3.2 and used in Ch 6 and 7)

PPV = K (r/M“‘/ 8 )'B

should be used for graphical data presentation. This 'site specific'
graphical presentation provides the fie]d.engiméer with a familiar form
of workiﬁg document which now incorporates the advantages of the enhanced
correlation provided by the multiple regression analysis without the need

for repeated calculations using the multiparameter equation.

Theoretical analyses indicate that the size of the charge should
materially affect the frequencies generated at the source and therefore
frequency selective attenuation mechanisms would be expected to change
the rate of attenuation of PPV with propagationdistance for different size
charges. Research in the field of exploration seélsmology has confirmed
this variation of spectral energy distribution with charge Qeight but
extensive review of the literature shows that this important effect is
not generally observed during construction blasts. Further, the spectral
analysis of déta obtained during the field trials reported by this thesis
shows that the spectral distribution of energy was almest completely
independent of charge weight. The near-surface weathered strata are
necessarily subject to low in situ stresses and these conditions impose

severe low pass filter characteristics on the stress waves propagated
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into the rock mass. Indeed, for the typical sites investigated here
fhe ESD peak occurred at frequencies below 60 Hz after propagation
through less than 30 m of rock, although close to the source much of
the emergy was at higher frequencies (100-400 Hz). The detailed
observations of spectral distribution given are in good agreement

with other observations from many sites (eg Lucole and Dowding, 1979).

The dimensions of the 'equivalent radiator' cavity (wh{ch
determines input frequency) are effectively controlled by factors
which may depend on the effective tensile strength and the distribution
of explosive pressures, both of which will be influenced by rock mass
discontinuities and the physical shape of the charge. The relatively
narrow bandwidth of low frequency vibration observed from a wide
range of construction sites is consistent with thé known filter
characteristics of near surface strata. Indeed, in exp]oration‘
seismology this region is avoided when possible precisely because
the high frequency motions required for high resolutions are not

transmitted 'in the weathering'.

As the fractured, low stress rock conditions which are present
at most construction sites aré broadly similar in character, it
seems reasonable to infer that the severely band limited nature of
construction induced vibrations may be considered general except

at locations close to the source.

It is also of interest to consider why the exponent of PPV

decay with distance is so similar for a wide range of site conditions.
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It has been established that the filter characteristics of the near

surface strata are likely to create a similarly low frequency input

for most construction works. It has also been shown that for the
ranges of interest (Section 8.5) the losses due to the frictional
properties of the rock are likely to be small compared to those
associated with site geometry. As the site géometry is broadly
similar (a halfspace) for most construction works it therefore
follows that the attenuatiém of PPV with distance'is likely to be

similar.

The predicted range of PPV from various types of explosion
given by Oriard (1971) has been closely confirmed by the trials
reported in this thesis, and may be used in initial desk studies
to determine whether vibration problems are likely to arise during
blasting operations. Further, the Fria]s have shown that the
major;faétor which.éignificantly influenced the PPV (for a given
charge weighf)’{s ihe degree to which the expiosive energy is coupled
to the }éék mass; The Penmaenbaéh trials showed that PPV was noticeably
reduced where the explosive was not tightly confined and rock was
broken out a]lgwing the early venting of explosive pressures to the
atmosphere. f%é experiments at Killiecrankie showed that, although
the spectra]ldistributiom of energy and the rate of decay of PPV with
propagation was not influenced by decoupling the charges, the
reduction in PPV was most severe. This effect has not previously
been quantified and has significant implications with regard to
the future use of decohp]ed presplit blasting during road construction

works
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9.2 Damage and intrusion criteria

Criteria are given in Chapter 2 which provide a sound basis for the
assessment of risk to structures subjected to blasting vibrations. These
criteria should not be regarded as rigid rules and should be expertly
interpreted with regard to specific site conditions. In general, most
residential structufes will not be damaged by occasional blast vibrations
of 25 mm/s (below 40 Hz) or 50 mm/s (above 40 Hz). It is the role of the
engineering geologist to predict, measure and describe the ground
vibration§ and the effgcts should be determined in collaboration with
the structural engineer. At the present time there is a lack of detailed
informatjon on the effects of both dynamic and quasi-static deformations
on structures, and more field-based research is required.‘ It is important
to remember that damage is a distortion-related phenoma, and although
PPV is a good measure of dynamic distortion, it is not the only factor

involved (see Section 2.2.1).

Fatigue associated vibration damage may be caused at considerably
tower levels of PPV (than that due to transient sources) from 'continuous’
sources such as road traffic. This problem provides another area where

research is required and is being undertaken.

It is important that observed damage is attributed to the correct
cause if appropriate remedies are to be promulgated. For instance, it
is possible wrongly to blame damage caused by construction-induced quasi-
static ground deformations to vibration. The presence of vibration may be
easily‘deteéted by the human senses whereas slow ground movements may not.
Where excavations are taking place close to buildings it will often be

prudent to measure both ground deformation and and vibration.
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The review undertaken in Chapter 2, also indicates that underground
structures are far more resistant to damage by vibration than surface
structures. A value of 300 mm/s is-generally accepted as a threshold for
'the fall of rock in unlined tunnels' although there are cases where PPVs
in excess of this value have not damaged rock structures. This threshold
may be applied to both lined and unlined tunnels in good condition but
clearly cannot account for the dislodging of roeck fragments or blocks
which have become 1ooséned by weathering processes. It would therefore
seem prﬁdent to adopt a lower value, say 100 mm/s, as a general working
limit. This threshold is unlikely to inhibit blasting operations in most
situations and may be relaxed wﬁaer close supervision i1f, exceptionally,
the site conditions require high charge masses per delay at close proxim-

ity.

Rock mass stability amalyses in&icate that for blasting vibrations
both the imertial effects on block stability and the ‘increase of shear
stress on Qeakened shear zones caused by the imposed éynamic stresses
must be considered. Similar considerations apply to slopes around under-
ground constructions, gnd slope stability analyses must a]solinclude a

factor allowing for dynamic effects imposed by blasting vibrations.

Care should be takem when comparing the effects of earthquake and
near blast-induced damage as the damage mechanisms may be of a different
nature due to the wide disparity in the frequency of the motions. In
the UK 1ittle or no consideration need be given to earthquake damage to-
underground structures except within about 10 km of an active geological

fault.

Human perception and intrusien criteria are given and discussed in
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Section 2.1.2. Experience has shown that where vibration from an unusual
source exceeds the threshold of human perception complaints may occur, and
good public relations involving the provision of information to affected

persons are most important.

9.3 Vibration related constraints on the Penmaenbach and
K111iecrankie road schemes

Thé trials car}ied out at Penmaenbach showed that the imposition of
any reasonable vibration 1imit for the adjacent rail tumnel (say, 50 mm/s,
PPV) would not unmreasonably inhibit the road tunnel construction method.
Besides the determination of the specific site laws by trial blasting, the
review of acceptable levels of vibration in subsurface structures_pféyed
an impertané part in the submission to British Rail by the Department of
Transport. Specific yibration monitoring procedures and PPV limits are
currently being written into the detailed design for the tunnel which

wi]} be commenced early in 1984.

The results from the Killiecrankie site were not as favourable with
régﬁkd fb the b%oposéd design and construction.methods for the A9 rock
cuts, -A]thﬁugh the trials showed that much of the blasting will not be
hazardous to the nearby structures, some severe restrictions or redesign
will be necessary. -The charge weight per delay may be severely
restrictéd close to certain structures. This may preclude the use of
presplittiﬁg in certain.areas despite the fact that the trials showed
that thé decoupling of the explosive, inherent in the method proposed,
did considerably reduce the vibration levels. At greater ranges, however,
‘the site laws obtained for thefdecoup1ed charges will allow for pre-

splitting where it may otherwise not have been permitted.
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The data obtained from the Killiecrankie trials show that decoupled
presplit explosive charges produce less vibrations than that indicated by
Oriard (1971) for (non-decoupled) presplit charges. Resultant PPVs may
be reduced by up to an order of magnitude and Figure 7.15 provides a
quantitative indication as to the degree of PPV reduction with increased

decoupling.

Aspects of the design which involved the firing of bulk excavation
blasts close to 'green' concrete retaining structures, which form part of
the new road construction, will require modification. At both sites the
measurement of ambient vibration levels provided useful background data.
In particular, at Killiecrankie the high level of train-induced vibrations
on the old stone viaduct would make it difficult for unreasonably low

limits to be imposed upon the Contractor.

The A9 improvement scheme for the Pass of Killiecrankie is now under
urgent revision; taking into account the trial blasting results. Invi-

tations to tender will be issued as soon as possible.

Both trials indicated that useful research could be carried out in
parallel to the acquisition of data specifically relevant to the road
design. The road and rail closures necessary for such works would not
have been possible for research purposes alone, and so the combined

objectives were mutually supportive and cost effective.

9.4 Rock mass classification by seismic methods

Seismic methods show promise as supplementary techniques in the

acquisition of site investigation data for underground excavations. They
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offer exploration of large volumes of rock without direct access and will
often be relatively inexpensive to carry out. Besides its well-known use
in the delineation of Tithologies the analysis and interpretation of seismic
data may provide informatien on rock mass structure which is of direct
interest in an emgineefing.context, Given a knowledge of intact material
properties (from core samples), the detailed analysis of vibrations from
géophysica] sources (explosive, hammer etc) can provide information -
related directly to the frequency and the nature of the jointing, the
discontinuous rock properties being of dominant importance in the design

~and construction of underground openings.

The principal methods of analysis are based on the measurement of
body-wave velocities and the frequency of the wave motions. Both these
parameters are linked through their dependence on rock mass moduli to
rock classification and support requirements. The relationships are of
an empirical nature with some theoretical supbort and the discussions
given in Chapters 3 and 6 help to explain the strengths and weaknesses of
the seismic methods. The two most promising techniques have been carried
out at Penmaéﬁbach and the results are summarised below. The site con-
stitutes an almost ideal environment for comparisons of seismic and
conventional geotechnical techniques in a relatively uniform and well-

known (in am engineering context) rock mass.

Blasting trials to esfab]ish the site laws provide excellent records
from which most of the geophysical data may be recovered and the 'combined’
trial concept is therefore particularly cost effective. Similarly hammer
seismic tests may be used to produce a wide range of information concerning

specific site rock mass properties.

323




ohe e e SemEr T

9.4.1 seismic velocity and -ROD

As shown in Section 3.5 seismic velocity measurements may be used

- indirectly to assess the Rock Quality Designation which in turn has been
used to design underground support systems. There are a number of
potential difficulties with this 've16city ratio' approach the most
serious .of which is the acoustic closure of joints under stress. This
may render the joints 'seismically transparent’', so concealing their
presence. In practice this seemingly significant déffciency may not
always invalidate the method as joints which are unaltered and tight

are frequently not critical in engineering design. The power-of'
velocity measurements to reveal the presence of altered and open jointing
has been demonstrated (New and West, 1980) and the method should be

considered for use during site investigations.

In _the area of the blasting trials at Penmaenbach the measurements
of P-wave velocity, translated into RQD by way of velocity ratio, give
a mean RQD of 75 per cent with a range from 65 per cent to 85 per cent.
RQD measurements based on mutually-perpendicular scanlines in the same
Qicinity indicate -a mean RQD of 72 per cent with a range from 61 per
cent to 89 per cent. Therefore, at this site, and despite the pre-
dominance of tight unaltered jointing, this seismic method provides an

excellent estimate of RQD.

Other measurements indicate volumes of rock with significantly lower
P-wave velocity. In particula}, a section of the rail tunnel, supported
by brickwork, showed a velocity of only 3333 m/s indicating an RQD of
only 38 per cent. .
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' 9.4.2 S-wave frequency and Rock Mass Classification

Schneiders' correlation between S-wave frequency and in situ static
modulus has been developed in Chapter 3 to provide a direct value for RMR
(Geomechanics Rock-Ma;s Rating). The RMR classification has been corre-
lated with other well-known systems and is used in the design of support
systems. The'simpiified equation given below combines Schneiders' concept
with Bieniawski's (1978) correlation of RMR and in situ static modulus;
it provides a value of RMR directly from S-wave frequency (f)

RMR = 0.031f +-43

At~Penmaenbach the average S-wave frequency was 975 Hz giving a ‘seismic'
RMR of 73. The value of RMR calculated in the traditional manner lay in
the range 48-70. Thus the seismic value indicates a better 'class' of
rock requiring less support, a situation verified, at this site, by the
rail tunnel which for much of its length has remained virtually

unsupported for 130 years,

Techniques based on S-wave frequency have been 1ittle used (outside
Fréﬁce) but do seem to offer an.extﬁemely useful method of investigating
rock mass properties. The concept that ‘stiffer'.rock masses (having
relatively few open 5oints) have high characteristic S-wave frequencies
is not difficult to understand and is certainly worthy of further
exploitation. Further field trials supplemented by_théoretica] develop-
ments based on appropriate rheological models (such as that proposed by
Roussel, 1968) are recommended. In particular field trials must deter-
mine the effect of source variation and investigate the spreading of the
wave packet with diétance. A worthy research objective may be to devise
a rock support system based directly on S-wave frequency rather than

through its correlation with RMR.
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9.5 Contractual specification and vibration control

Figure 9.1 provides a flow diagram of questions which should

be asked at the planning stage of major construction projects.

These procedures were followed for both the road construction projects
described by this thesis and found to provide am excellent basis

for the investigation of vibration associated difficulties. The

trial blasting schemes are descr%bed and form the basis for the
aeve1opment of a system of trials, described in Section 3.4, which

has not been previously published.

Trial blasting will sometimes be necessary to determine the
vibration propagation characteristics at a potentié11y sensitive
site. Carried out as part of the site investigation, trial blasts
usually provide valuable information for the preparation of
contracts and tenders. Trial blast charges should, as far as

- possible, simulate expected excavation conditions. In particular,
the effect of the degree of confinement of the charge should be

investigated.

For given site conditions it is the weight of the composite
charge per delay and the confinement imposed on the charge that are
the principal factors controlling the level of vibration produced.
The greater the number of delays (the smaller the weight/delay) and
the lower the degree of confinement the lower will be the level of

induced vibration.
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Where millisecond delay detonators are used (instead of 3 sec) the minimum
delay period should be sufficient to allow the vibrations from a given
delay to die away before the arrivals from the next. Where blasting or
other vibrations are to be produced close to unstable geological strata
analyses of stability should include allowances for dynamically induced

stresses.

The design of the trial blasting scheme should use preliminary site
investigation data (when specifying the distribution of the transducer
arrays) to allow for possible directional variations in the propagating
characteristics of the rock mass. Where possib]e it is particularly cost-
effective to carry out research at sites where trial blasting is an

essential element in the design of am actual excavation programme.

Much of the data on blast vibration has come from the mim{ng and
quarrying industries, and great care must be exercised if this inforﬁ-
ation is to bg used in-a civil engineering context. Mineral eifraction
b]ast§ generally comprise large rounds which are detonated at sites
fairly remote from habitation. Construction blasts often involve much
smaller rounds but may be very close indeed to‘vulnerab]e environments.
Because of important differences in the character of the significant
wave motions, measuring systems with a more demanding specification may
be required for civil engineering applications. For instance, triaxial
transducer arrays should be used and the frequency response of the

system must often be able to cope with at least 500 Hz.
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At present there are three basic approaches used with regard to the

contractual specification of vibration control. They are as follows:

(a) Complete neglect of the prob]ém with no mention of vibration

in the contract,

(b) The inclusion of a 'mo damage, no intrusion' clause intended

to absolve the Client of anmy responmsibility, and

(c) The imposition of a limiting value for vibration usually
defined in terms of resultant PPV at some distance or

structure.

Method (a) may be adopted when it is the considered opinion of the
Client and his Emgineer‘that there are no possible vibration problems.
It is alsé used widely by default and can often lead to serious problems.
. Notably these problems will result in claims made under clause 12 of the
Institution of Civil Engineers Comditions of Contract (5th Edition), ﬁnd
will be based on additional costs necessarily incurred by the Contractor

due to circumstances unforeseen at the time of tender.

Method (b) is often used where the Client is not inclined to incur
the additional expense of extending his site investigation to cover
vibration. The inclusion of the 'no damége/no intrusion' cﬁéuse may
seem to be of great assistance to the Client by throwing vibration 1inked

risks upon the Contractor.

This -approach has two main drawbacks. Firstly, the Contractor may
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may still feel that he can recover his additional costs through the Clause
12 claims procedure. Secondly, bidders for the Contract may feel obliged
to increase their prices to allow for the vibration associated losses for
which he feels liable. Neither circumstance is conducive to obtaining the

best job at the lowest final cost.

Method -(c) should involve an initial desk study perhaps followed by
blasting trials as found necessary. Where trial blasting is carried out
as suggested im.Section.§.4, and an appraisal of environmental hazard is
made, a considerable element of risk may be removed from many blasting
contracts. Where full disclosure of trial blasting results is made to
bidders an otherwise unquantified element of contractura]lrisk is
removed and bids may therefore be made with less allowance for vibration

damage comtingencies.

It must be recognised that the specification of vibration criteria by
the Client does result in some extent of risk-sharing with his Contractor.
This circumstance follows recent trends within the construction industry
which suggest that such risk sharing may be mutually beneficial to

Employer and Employee (see CIRIA, 1978).

It will be the Engineer's role to act as the supervising authority
in relation to vibration control and measurement. If suitable expertise
and equipment are not available 'in house' he should employ a sub-
contractor with the appropriate experience. In most situatioms the
monitoring and retention of vibration records from all construction
blasts will be found useful. The difficulties in acceptance or rejection

of damage claims will be greatly eased where such records are available,
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~Some Clients and Engineers are attracfed by the idea of imposing
unjustifiably low limits of vibration on their Contractors. These

limits are a form of regressive conservatism which is to be deplored.

An example is the use of the 'method of halves' whereby a specifying
enginee} halves the Timit set by his predecessor on a similar job,

thereby appearing 'cautious' to his peers. These methods inevitab]&
impose unreasonable restraints on the Contractor, thereby increasing

costs to the Client.

The majority of major civil engineering works are sponsored by .
the public sector and, although safe 1imits must be imposed to profect,
the local people, overconservative limits and unnecessary restrictions
will be a charge on the community as a whole. It is therefore vital
that authorities responsible for setting vibration limits do so on an

informed rather than on an arbitrary basis.
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APPENDIX A

ibration caused by
nderground construction

B, M. New
Ti'ansport and Road Research Laboratory, Crowthorne,
EPgland

t

Synopsis

Environmental considerations play an important and often

critical part in the acceptance of a construction project.

Although tunnelling may have a number of obvious
vantages, there are, nevertheless, situations in which

underground construction may endanger nearby structures
1d services and intrude upon the community. This is true,

. particularly, in urban areas, where conditions may inhibit or

even preclude the use of certain methods, e.g. drill and blast.
Injrecent years mechanization of tunnelling methods has
resulted in the use of plant that may introduce significant
vil:)rational energy into the ground. In particular, the use of
full-face tunnel-boring machines at shallow depths may

give rise to environmental problems.

Damage criteria from various sources are critically
reviewed and vibration data obtained from a number of
tunnelling sites within the United Kingdom are presented.
The vibration measurements are correlated with various
mades of environmental impact, including structural
damage, human tolerance and ground settlement by
compaction.

The viability of civil engineering construction techniques
will often depend on their effects on existing structures and
their disturbance of the local population. Tunnelling
frequently takes place beneath sensitive urban
environments and although subsurface works have many
ad¥antages, some difficulties may arise. Ground movements
of 4 quasi-static nature have been extensively investigated,
but the effects of vibrations due to tunnelling operations
have received considerably less attention. Vibration and
noise from construction sources will generally be of a
temporary nature, but the disturbance caused may result in
permanent damage to property and substantial nuisance to
the| surrounding population. Either factor may lead to
restraints on the working method that result in additional
COS|s or even, in extreme circumstances, curtailment of
activity.

lasting and piling operations have in the past been the
cauge of greatest concern, but in recent years construction
works have utilized larger plant as economic pressures have
for¢ed greater emphasis on mechanized rather than labour-
intensive techniques. These developments have resulted in
theuse of machines that dissipate large amounts of energy,
in the form of ground vibrations and noise, into the
environment. Tunnelling works have followed this trend
and} in particular, the use of full-face tunnelling machines
in shallow urban works is now commonplace.

Iin many countries statutory environmental authorities
must be satisfied that proposed construction work will
conform to acceptable standards; in the United Kingdom
these powers are vested in Local Authorites through the
Conitrol of Pollution Act, 1974,

his paper considers the effects of machine (continuous)
and |blasting (transient) induced vibrations in the context of
tunnelling in urban areas. Measurements of vibration from a

© Crown copyright 1982,
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number of sites are given with a discussion of current
‘damage’ and ‘intrusion’ criteria.

Vibration measurement

It is necessary to briefly consider what measurements are
necessary to define construction-induced vibrations.
Harmonic vibrations may be described by any two of the
following parameters: frequency, peak particle
displacement, peak particle velocity or peak particle
acceleration. The ‘peak particle’ preface indicates that it is
the maximum value associated with the motion of a
particle at a point in the ground (or on a structure) that is
considered.

In the context of structural damage it is usual to express
vibration in terms of peak particle velocity (PPV) and
frequency. It is of interest to note that the stress induced
in a solid by a travelling wave is proportional to the
particle velocity of the wave motion. With regard to human
perception of vibration, the relevant parameter is related to
the frequency range involved. At frequencies below 10 Hz
acceleration seems to be the dominant consideration,
whereas at higher frequencies velocity or displacement
criteria may be appropriate.

Transducers are readily available with output voltages
proportional to particle velocity and geophone types are
self-generating (need no power supply) and are ruggedly
designed for field use. Measurement of particle velocity
allows single-process derivation of acceleration, by
differentiation, and of displacement by integration if
required.

Measurement of particle velocity should be made in
three mutually perpendicular directions. This allows the
calculation of the resultant particle velocity, Vg, by the
vector summation of the component velocities (Vy, V; and
V3)=

Ve = (V2 + V32 + V%

Fig. 1 shows a triaxial geophone array being rigidly
secured to a tunnel side wall, -

Fig.1  Mounting triaxial geophone array on tunne] wall

Vibration measuring instruments that display the
resultant peak particle velocity directly on a chart record
are available. If such an instrument is not used, the three
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vectors must be summed by 'hand’ or computer processing.
The true resultant is obtained by summing the three
component values at simultaneous times. The ‘pseudo
resultant’, sometimes referred to, is obtained by summing
the maximum value obtained for each component during
the period of the vibrations.

t is vital for the specification of the instrument chosen
to be appropriate to the vibrations that it is to record,
particularly in terms of frequency response and sensitivity.
For instance, some instruments are limited to an upper
frequency bound of 200 Hz. This type of equipment may
ge erally be quite satisfactory but will, of course, be
ins¢nsitive to vibrations above 200 Hz that could be
present. High frequencies (200—500 Hz) will sometimes be
encpuntered in the region very close to tunnelling works.
Where doubt exists expert opinion should be sought and
tria] measurements made with systems sensitive to high
frequencies. )
nstruments that record peak particle velocity only may
be left for many days without attention and are particularly
useflul for routine monitoring during construction. Systems
that provide high-speed recordings that show the full
vibration waveform will, however, often prove useful for
diagnostic purposes during initial works. Periodic checking
and [recalibration of site measurmg equipment is essentlal
eference purposes. Bollinger® and Stagg and Engler?’
dealt fully with the theory and choice of vibration
uring equipment, and Jaeger and Cook'! and Kolsky'?
provided an appropriate background on strain wave
agation in rock and other solids.

Construction-induced vibration in urban areas

‘Co:jtinuous’ types of vibration source

A ‘state of the art’ review of construction-induced vibration
has recently been published by Wiss® and usefully presents
measurements of vibration caused by various construction
operations. These data have been converted to metric scales
and ¢combined with other information and are presented in
Fig. P. This graph represents approximate values and
provides general guidance only, as conditions that affect
the ihput and transmission of vibration will vary
considerably from site to site. This form of presentation
shows the likely relative intensities from various sources

Table 1

and highlights the fact that even a small charge of dynamite
(0.45 kg) will produce larger vibrations than those from
most ‘continuous’ types of source. Fatigue effects that
result from repeatedly taking a structure through a stress
cycle will, however, be more likely to occur under
conditions of ‘continuous’ vibration. Acceptable levels will
therefore be related to the nature and duration as well as
the maximum level of the vibration.

Little, if any, information has been published on
vibrations of a ‘continuous’ nature caused by tunnel
construction, although some data are available from
tunnels that are operational. Bean and Page* gave details
of vibration in and around road tunnels and the suppression
of noise and vibration from underground trains has also
been reported.? The writer has measured vibrations due to
various types of train passing through an unlined hard rock
tunnel. The maximum peak particle velocity recorded on
the tunnel side wall was 1.2 mm/sec and the predominant
frequencies of the motion lay in the surprisingly high
bandwidth 200—800 Hz. It should be noted that the track
was long-welded and rather higher vibration levels would
be expected where jointed track occurs.

Steffens® has published a general review of vibration
measurements and effects from many sources and this
work also provides an extensive bibliography.

Vibrations from full-face tunnelling machines

As part of a broad research programme to determine the
effects of tunnelling in urban areas vibration measurements
have been made at a number of working sites in the United
Kirgdom. Three sites — at Warrington, Cardiff and

Sutton — that were using full-face tunnelling machines are
described below. The work at Warrington was part of an
extensive series of measurements reported elsewhere!S'6:2!
and only a summary of the vibration measurements is given
here. Table 1 gives details of the tunnelling conditions and
of the resulting ground vibrations at various distances
ahead of the tunnel faces. Fig. 3 presents the resultant peak
particle velocities and illustrates their decay withincreasing
distance from the tunnel face. Comparison of Figs. 2 and 3
shows that the machine excavating moderately strong rock
at Cardiff produced a level of vibration rather lower than
that attributed to a large bulldozer by Wiss.> Similarly, the
vibration from the very small machine driving through
London Clay at Sutton was less than that expected from a

Tunnel Machine type Ground conditions Tunnel - Tunnel Tunnel face, Resultant PPV,
: diameter, cover, geophone separation, mm/sec
m m m
Acton Grange trunk Bentonite shield; Very loose to dense ~ 2.44 4.5 2 3.9
outfall sewer (Warrington full-face machine cohesionless drift 18 0.15
New Town Development fitted with disc deposits with very (Many other
Corporation) cutters strong glacial measurements taken
erratic cobbles and between 1 and 20 m)
boulders and some
sandstone
Cardiff cable tunnel McAlpine full-face Moderately strong 2.44 11 11 1.3
(General Post Office) machine with Big A (12.5—50 MN/m?) 19 0.42
picks in compressed  red-brown mudstone
air (Keuper Marl)
overlain with gravel
drift
Sutton—Worcester Park  Full-face mini-tunnel Brown stiff clay 1.2 4 4.5 0.12
sewer (Thames Water machine fitted with  weathered and silty 13 0.04
Authority) picks at top becoming

fissured at depth
(London Clay)
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small bulldozer. At Sutton the very low level of vibration
as not perceptible at the surface and no complaints

relating to vibration or noise caused by excavation during
this part of the drive were received. Thé vibrations were at
a reasonably constant level during each mucking and clearly
attributable to the action of the picks at the tunnel face. At
Cardiff the vibrations produced by the rock cutting process
were clearly perceptible to an observer on the ground
surface directly above the machine, although their level
was well below that associated with even the most
conservative damage criteria. Some concern had been
expressed about the possible effects of vibration at this
site, but in the event no such complaints were received.
The vibrations were of a more fluctuating nature than those
observed at Sutton, maximum peak particle velocities
occurring in random wave packets, which lasted for about
1 sec, set in a lower general level. It should be noted that
although the vibrations produced by the Cardiff machine
were larger than those from the Warrington machine (at a
similar distance), their surface effects were less noticeable
owing to the greater tunnel cover.

he relative position of the Warrington tunnel and
adjacent houses is shown in Fig. 4 and Fig. 5 shows the
sigrilal processing and recording equipment used in the
mobile laboratory on site. This tunnel was driven through
cohesionless Drift deposits with a cover of less than 6 m.
Thq environmental effects of the ground vibration caused
by the excavation pracess were investigated with particular
regard to ground settlement by compaction.

Vibration data were recorded from transducers located
in boreholes, on the ground surface, on the tunnelling
machine and on the concrete tunnel lining. These records
were processed to characterize the vibrations in terms of
peak particle velocities and frequency spectra. The
maximum measured ground vibration (expressed in terms
of resultant peak particle velocity) was 3.9 mm/sec. The

Fig.5 Vibration processing and recording equipment in mobile
laboratory

vibration was characterized by random high velocity
particle motions that resulted from impacts between the
machine’s disc cutters and glacial boulders in the tunnel
face.

Spectral analysis of the vibrations within a few metres of
the tunnel face showed that much of the energy was being
transmitted at frequencies between 200 and 400 Hz.

Surface and subsurface settlement measurements were
made along the tunnel line. Laboratory tests and other
field data showed thar the ground in this area was likely to
settle at levels of vibration lower than those measured from

* Vibration transducer array
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ig. 6 Prediction curves for blasting vibrations

PP , based on Fig. 6, may be separated by an order of
magnitude, it does, nevertheless, provide a useful starting

point for predictive investigations.

f trial blast data are available to contractors at the
tendler stage, it will provide valuable guidance as to the
maximum charge weight per delay that may be used in'the worthy of specific mention.

tunnel round. Where no such information is provided the

usual course of action is for the contractor to use the

N AN
\\

Increasing charge \ Unusual confinement (presplitting, initial cuts

confinemy of tunnel round, excessive burden etc.)

N\
A% \ X
‘\ \ \
4 AN
il \
Bounds of experience \ \
(Stoping, easing, etc.)
L
\ N
\\ \Vv’v/ell confined charge
\ \
Partially confined charge
)
——  After Oriard, 1979
— e === Recent example of trial blast
1 [ [ [ 1 1 |
1 2 4 6 8 10 20 40 60 80 100
Scaled distance R/jW, {m/kg'2)

initial construction blasts to determine his own ‘safe’
charge weights with sometimes unexpected consequences.
Clearly, the pre-knowledge provided by a trial blast is
invaluable to all parties concerned.

There are a few points regarding trial blasts that are

Trial blast charges are often relatively small in
comparison with working charge weights per delay and the
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After Langefors and Kihlstrom"?

Table 4 Risk of damage in ordinary dwelling houses with varying ground conditions.

Sand, shingle, Moraine, slate, Hard limestone, Type of damage
clay under soft limestone quartzy sandstone
groundwater gneiss, granite,
level diabase
Wave velocity, 300—-1500 20003000 4500—-6000
m/sec
Vibration velocity, 4—18 35 70 No noticeable cracks
mm/sec 6—30 55 110 Insignificant
cracking (threshold
value)
8—40 80 166 Cracking
12-60 115 230 Major cracks

Table 5 Typical specifications for limiting blasting PPV
leyels. After Ashley and Parkes®

Tylpe of structure PPV, mm/sec

Welded steel gas mains, sound 50

seyers and engineering structures

Ggod residential/commercial 25

andl industrial property

Hdusing in poor repair 12

Anicient and historic monuments 7.5

damnage to structures, although such a document is in the

course of preparation.

Attempts to establish safe levels of vibration have, not

unmnaturally, tended to be of a conservative nature and the

German Standard DIN4150 is an example that is generally

held to be overcautious and unworkable. The recently
published Swiss standards (Table 2) again seem rather
cautious. They provide a guide to acceptable levels from
blasting or traffic/machinery forms of excitation for
varjous types of structure. Persson et al.'® reported
vibtation limits énforced in Swedish cities (Table 3).
Langefors and Kihlstrém'? provided a risk assessment for
ordinary dwelling houses with varying ground conditions
(Tale 4). In the United Kingdom Ashley and Parkes® have
qugted typical specifications for limiting PPV, again related
to various types of structure (Table 5). Other workers®’
have also given ‘safe vibration values’ and it is of interest to
note the overall trend that the more recent the publication
the [lower the acceptable values have become. This trend
does not appear to be supported by much new field
evidence of damage at lower particle velocities and indicates
a shifting social climate rather than a change in engineering
valies.

Siskind et al.* have produced a comprehensive account
of structure response and damage produced by ground
vibration from surface mine blasting. This work provides
damage probability analyses for various conditions and
Fig.. 7 is, in part, based on their ‘alternative safe blasting
level criteria’ for residential structures. The ‘safe’ levels

. indicated fit the case history information well and it is

suggested that these levels provide a useful basis for risk
assessment. It must be emphasized that there are many
recorded instances of particle velocities well in excess of
those indicated not having damaged structures. Conversely,
if a structure is in very poor condition, even the slightest
vibration may cause inherent weaknesses to become
apparent. ’

Research is being carried out on response spectra
techniques intended to improve prediction of vibration

damage to structures.'®*%® These techniques use
measurements of the mass, stiffness and damping
characteristics of the subject structures to assess their
likely response to vibration. This approach shows promise,
particularly where specific structures are at risk and the
additional investigations are financially acceptable.

In some respects the conventional form of damage
criteria already incorporate an important element of
response spectra techniques. For instance, the safe level of
PPV (Fig. 7) reduces considerably at frequencies less than
40 Hz. This coincides with the predominant frequencies
(10—30 Hz) associated with the response of residential
structures. Further, the variation in safe level shown in
Table 4 may also be attributed partly to the fact that
footing materials characterized by low compressional wave
velocities will tend to propagate low-frequency wave
motions. Again, the recommended safe PPV is reduced,
albeit indirectly, for the lower-frequency vibrations. In
each of these cases the known response characteristics of
residential structures are matched empirically with an
appropriate safe vibration level, taking into account the
frequency of the forcing motions.

Geological structures

Besides damage to man-made structures, consideration
must sometimes be given to potentially unstable soil or
rock conditions in the vicinity of construction works.
Cohesive soils are unlikely to be adversely affected by
vibration, whereas loose sands may be caused to settle. In
certain circumstances liquefaction may take place and
result in large ground settlements. A recent ‘state of the
art’ report on soil dynamics (and its application to
foundation engineering) has been published by Yoshimi
et al.® and it provides a useful background to the subject
with an extensive bibliography. Seed and Goodman?®® and
Sarma®? have provided analyses concerned with the
carthquake stability of soil slopes.

Blasting vibrations may also impose substantial dynamic
loading on nearby rock slopes, which may result in rock fall
or total slope failure. This problem will generally be
greatest in portal areas where slopes are often at their
steepest and the blasting is close to the surface. By the
nature of their formation such slopes may have static
factors of safety approaching unity and any additional
dynamic loads may result in failure. An example of this
type of failure is shown in Fig. 8. During the initial blasting
work for this tunnel some 3000 ton of rock was dislodged
from the daylighting discontinuity (a rock joint or flow
banding plane), which is clearly seen just above the portal
stonework. Incidents of this kind can prove hazardous to
the workforce and may require costly additional works.
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Damage due to air overpressures is unlikely during most
tunnellmg works. In blasting in portal areas, however,
ptecautions may be necessary to avoid causing alarm to the
local inhabitants.

i In tunnelling it is important to provide full information
through good public relations procedures. Moreover, the
works must be carried out as quickly as possible with the
mjnimization of vibration through good excavation
techniques.

Most tunnelling is sponsored by the public sector and,
although safe limits must be imposed to protect the local
peiople, overconservative limits and unnecessary restrictions
will be a charge on the community as a whole. It is
therefore vital that authorities responsible for setting
vibration limits do so on an informed rather than on an
arbitrary basis,
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APPENDIX B
"RIGID BODY" BLOCK STABILITY
Consider a cubic block of rock (side length, D) formed by vertical inter-

secting joints in the roof of an underground opening which is subjected to

shaking. Let the wavelength A of the disturbing wave motion be large com-

pared to the size of the bloék. (This will be the case in almost all

practical situations.) Any cohesion across the joint is neglected.

I rock mass

intersecting joints block® inner' face l “accelleration,a

N

o L_LT R A
o ,
};____ (3 . o

effective force on Y uniform horizontal
side faces pD* effective stress field

. V g
i R Y N ) l [ R Y B |

cavern roof/ block weight ,W=D%g

The block will start to fall when the retaining force, applied by a uni-
form horizontal effective stress field, (p') and effective joint friction
(u'n)» is less than the dislodging. force. which comprises the block:weight

plus the force required to accelerate the block with the vibrating rock
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mass.

The block retaining force = Stress x Joint contact area x coeff of

friction

p'.4D%u‘, .. (BL2.7)
(this assumes stress on ‘'inner' block face is zero due to radial stress

relief.)

Without shaking, the dislodging force = D3pg, (the block weight)
' ... (B.2.2)

where p is the density of the rock and g the acceleration due to

gravity.

Let the acceleration (a) of the rock mass be upward, The force required
to accelerate the block upwards with the rock mass = D3p a (= mass x
acceleration). The total force required to retain and accelerate the
block upward and therefore maintain its integrity with the rock mass
= block weight + accelerating force
= D3pg + D3pa = D3p (g + a) cee (B.2.3$

'
In the albeit oversimplified circumstances defined above this is the
dislodgihg force due to block inertia. The condition, A>>D, neglects
the effect of shear wave induced forces (see Section 2.3.2) and.considers
only the effect of block inertia. Now if the total dislodging force,
D3p (g + a), is greater than the retaining force, p1.4DZu'r, the block

will slip downward relative to the rock mass.

That is, if D3p(g + a)>p4D%u',,

(D p(g + a)>4Riu'? ) ... (B.2.4)

movement of the block relative to the rock mass will occur.
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‘ APPENDIX C

THE DETERMINATION OF THE SITE CONSTANTS

Consider the equation V = K (r/vM)" from Eq 3.2

Site data will provide values for V for a variety of r//M conditions.
Let r/M = x |

then V = Kx"

In V =nln x + InK
This equation may be solved as a problem of linear regression and the
constants K and n computed to establish a power curve fitted to the data
such that the sum of the squares of the deviations shall be a minimum.
The values for V may be applied for both x = r//M and x = r/3/M
The regression coefficients may be computed from a set of data points

(%55 V43 1= 1,2,3....N) using the equations

n = z(ani)(ani)-[{z]nxi)(z1nvi)/N]
(i) -[(zInx;)2/N] |

]nv. - n):]nx- -
and K = exp [Z i 1] » _
N n—1-%?0> V>0

The coefficient of determination

(£Inx;)}(zInV;) ]2
R2 = vLK]nxi)(ani) - N |
[z(ln‘xi)z - (z1nx1.)2]'lf:ﬂ‘nv1.)2 - (z1nvi)?]
N —N

These eqpations may be readily evaluated using a programmable calculator
and a suitable program is given in below. This program is reproduced

from a Hewlett-Packard Applications book and is suitable for use with a
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model HP25 calculator. (Note that the designations n, K and Vi are

replaced by b, a and ¥y in the program.)

H-P 25 POWER CURVE FIT PROGRAM (after HANDBOOK)

— KEv ||  DPLAY | wev REGISTERS
LNE] copE | ENVRY | ungi cope | ENVAY
o . {] 28] 2407 [RCL? o[ Rea ]
Cor i o7 [fN ) pee T e ) TIRge T T T
“o2 ] nit 2] 3lews_ A EMy?
o3 | is02l gxt 28 2104 RCLA | iRga _
04 [ 235102 | STO+2 29 Sile ) IRGZImy_ ]
o5 |7 22| AL 30! 2403 [RCL3 R; = (in x) (In y)
KJ AR ST N L N '_Ru..(ln x)?
o7 407 | TN 32] 1807 fge* (RrEinx
(o8| 1S 331 2300 jst00
09 1300 Torooo_ 84|  nlms
0] 2408 , RCL5 || 351 2401 [RCLY
M| "207,RCL7 [ |'38 ] 74 |RSS
21" 2404 lRCLS || 37 21 Ixy
13 61! x :w_J__ 22 IRt
4 |7 2403 RCL3 (1 30 61 |x
: 40 { 2402 |RCL2
41| 2404 |RCL4
| 42 16.02 jgx?
431 2203 |ACL3
Al Sl .
44 7 |+
a5 | 4y |-
a6 | 71 |+
{ 47°( 1300 |GFO00
; a5
247" 2301 'EEFOT“ 149
Terem e ".—" T U ourrur |
{STEP, INSTRICTIONS DATANITS ! KEvs ! oaTaumis |
{7 Key in program T [" J'"'"_‘:l i it _———1’
I ilniﬁllizt h 7 REG . - i
i .. -
3 IPeﬂorml'uvi-l ..... n: ' 1
- . . L4 R | et
+ Input x-value and y-value : x T
.
& Compute consants o
' . .
6 Comuite coefficient of deter. ! o -'lr
" mination , B
'8 :lnputx-uluundcnmpuu’v‘ ] x i_—_ns:l_. JL—I_I
. TREL I o T
©7 Pertorm:itep 6 as many times as : o H ]
, :duiud [ il j
ig’ "For new cas, go to step 2. LT ,r ':
P N ’ i
£ 77 The ttack must be mainwined 4 i
7 these poinu. 'r N
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The correlation may be tested for significance using the Students

t test where

Reference to tables giving the distribution of t will indicate the
significance of the correlation. Some authors show confidence limits,
usually displaced by plus and minus two standard errors about the

regression lines, where the standard error is given by

S = o /1-R2

where o is the standard deviation. These are usually described as

" the 95% 'confidence limitg'. It must be moted"thaf these tests are
dependent on the normal distribution of the data and the user must be
satisfied that this condition is appropriate. Moroney (1971) gives

useful practical'guidance with regard to correlation statistics.
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APPENDIX D

TUNNEL SUPPORT REQUIREMENTS BASED ON RQD

Deere (1968b) gives the following description of ground classification

and support requirements correlated with RQD values:

An RQD, that is a modified core recovery, of 0 to 25 per cent,
indicates a very poor quality rock. This would only be found
in weathered rock near the surface, in shear zomes, and in
fault zones. An RQD at 25 to 50 per cent has been categorized
as poor rock, 50 to 75 per cent as fair rock, and 75 to 90‘per
cent as excellent rock. Obviously the orientation of the
fractures with respect to direction of driving also has to be
taken into account in the system. For an RQD of 0 -to 25 per
cent, in a tunnel, one would have to anticipate that squeezing
conditions could apply, that there would be raveling ground,
perhaps flowing ground, and support requirements would be heavy
steel sets, perhaps even skintight and perhaps invert struts
would be necessary. For an RQD of 25 to 50 per cent, that is
poor rock, steel sets would also be required in normal practice.
It is in the range of 50 to 75 per cent, the so-called fair
rock, that quite often problems are encountered in understanding
the type of support needed. The contractor would often prefer
to place steel sets, even though they might be spaced at 5 or 6 ft
centers because in rock of this fair quality there are enough
joints and often'weathering or alteration on the joints so that
the blocks can slip out - it is truly blocky ground with some
seaminess. The design engineers would often 1ike to see rock
bolts put into this quality of ground. When rock is in the

75 to 90 per cent category, so-called good rock such as normal
good granite, there is very little necessity for anything other
than a random rock bolt.

Figure D.1 gives Merritts' (1972) 'comparison of rock quality criteria

from various soeurces'. This Figure correlates RQD with tunnel support
and span. ’
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APPENDIX E
RESULTANT PEAK PARTICLE VELOCITY

CONFINED BLASTS (see Figures 6.6a, b and 6.9§

oo | sy | m) | ety | ™ ik Rl
1 2.95 43.1 1 43.1 | 43.1 43,1
2 6.54 34.1 1 34.1 | 34.1 34.1
2 2.42 54.7 1 54,7 | 54.7 | 54.7
2 4.04 33.4 2/3 40.9 | 38.2 39.3
2 1.74 | 53.7 2/3 65.8 | 61.5 63.1
2 2.81 32.1 1/3 55.6 | 46.3 49.8
2 1.17 51.9 1/3 89.9 | 74.8 80.5
3 16.0 31.0 2 21.9 | 24.6 23.5
3 4.84 49.8 2 35.2 | 39.5 37.8

Regression equations for:

square root scaling PPV = 3665 (r/M)~1-820 RZ = 0.96]
cube root scaling PPY = 19692 (r/M3)~2-278 RZ = 0.965
'site specific' scaling PPV = 10,000 M0+835 r'2’993

= 10,000 (r/M0-399)-2.093 g2 _ g g75
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APPENDIX E (cont)
. PARTIALLY CONFINED BLASTS

‘Blast | PPV r M i 3 | a/8
No. | (mw/s) | (m) | (kgf) | T/M° | /M7 L e/
3 | 2.42 {381 1. |351]35.1]| 35
3 1.15 | 49.3 1 49.3 | 49.3 | 49.3
4 4.51 | 35.6 2 25.2 | 28.3 | 16.2
4 4.54 | 47.3 2 33.5 ] 37.5 | 21.6
4 2.81 | 35.6 1 35.6 | 35.6 .| 35.6
4 2.15 | 47.3 | 1 47.3 | 47.3 | 47.3
5 4.78 | 40.0 3 23.1 | 27.7 | 1.5
5 | 7.69 | 44.0 3 25.4 | 30.5 | 12.7
5 1.91 | 37.4 1 37.4 | 37.4 | 37.4
5 1.77 | 46.5 1 46.5 | 46.5 | 46.5
Regression equatfons for:
square root scaling PPV = 2126 (r/m})”1-860 R? = 0.783
cube root scaling PPV = 10,475 (r'/Mi)-z'272 RZ2 = 0.676
'site specific' scaling PPV = 67.45 M].O?Z r'0‘947
= 67.45 (ryM1-132)70.947 RZ = 0.846
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APPENDIX F

" RESULTANT ('REAL TIME') PEAK PARTICLE VELOCITY

CONFINED BLASTS (see Figures 6.7a, b and 6.10)

Blast | PPV ro oM b
No. | (mm/s) | (m) [ (kgf) |

1 2.95 | 431 1 |43 |43 43
2 1.95 | 54.7| 1 |54.7]|54.7] 54.7
2 3.3 | 33.4| 2/3 | 40.9 | 38.2 | 40.1
2 1.3 | 53.7| 2/3 | 65.8 | 61.5 | 64.5
3

3

rm3 | e/

12.3 31.0 2 21.9 | 24.6 22.7
3.9 49.8 2 35.2 | 39.5 36.4

}

Regression equations for:

square root scaling PPV = 5424 (r/Mé)']f995 R2 =
cube root scaling PPV = 21,343 (|r-/M":")'2‘354 R2 =
'site specific' scaling PPV = 8138 M0-948 .-2.102

. g13g (ryu0-451)72.102 R2 -
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APPENDIX G

RADIAL PEAK PARTICLE VELOCITY

CONFINED BLASTS (see Figures 6.8a, b and 6.11)

Blast PPV

No. | (mm/s) (;)_ (sz) et | e rme/8
1 o2 |nrs] 1 [ s | s 17
1 0.6 70.9 1 70.9 | 70.9°| 70.9
1 1.2 41.9 1 #n.9| 1.9 M9
1 2.4 43.1 1 43.1 | 43.1 | 43.1
2 0.24 | 141.1 1 141.1 | 141.1 | 141.1
2 0.38 91.3 1 91.3 | 91.3 | 91.3
2 4.75 34.1 1 3.1 34.1 | 34.1
2 1.64 54.7 1 54.7 | 54.7 | 54.7
2 0.16 | 140.1 | 2/3 | 171.6 | 160.4 | 163.0
2 0.18 90.2 | 2/3 | 110.5 | 103.3 | 104.9
2 2.5 33.4 | 2/3 40.9 | 38.2 | 38.9
2 1.04 53.7 | 2/3 65.8 | 61.5 | 62.5°
2 0.1 138.5 | 1/3 | 240.0 | 199.7 | 208.7
2 0.14 88.5 | 1/3 | 153.4 [ 127.6 | 133.4
2 1.7 321 | 1/3 55.6 | 46.3 | 48.4
2 0.6 51.9 | 1/3 89.9 | 74.8| 78.2 -
3 0.32 | 136.3 2 96.4 | 108.2 | 105.2
3 0.56 86.3 2 61.0 | 68.5 | 66.6
3 12.0 31.0 2 21.9 | 24.6 | 23.9
3 2.8 49.8 2 35.2 | 39.6 | 38.3
Regression equations for:
square root scaling PPV = 4587 (r/Mé)'Z'044 R2 = 0.935
cube root scaling PPV = 8876 (r/M)"2:212 "R2 = 0.945
'site specific’ scaling PPV = 7727 MO-813 (-2.177
= 7727 (r0-373)-2.177 R2 = 0.947
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APPENDIX G (cont)

PARTIALLY CONFINED BLASTS

Blast PPV

oo | sy | @ | ary | | | ene®
B 0.14 | 132.3| 1 [ 132.3] 132.3 [ 132.3
3 0.32 | 83.4| 1 83.4 | 83.4| 83.4
3 1.28 3.1 1 35.1 | 35.1 35.1
3 0.88 | 49.3| 1 49.3 | 49.3 | 49.3
4 0.36 | 129.1] 2 91.3 | 102.5 | 88.1
4 0.72 | 80.5| 2 56.9 | 63.9 | 54.9
4 2.4 | 38.6] 2 25.2 | 28.3| 24.3
4 4.0 47.3 | 2 33.5 | 37.5| 32.3
4 0.2 [129.1 ] 1 [ 129.1 ] 129.1 | 129.1
4 0.32 | 8.5 1 80.5 | 80.5| 80.5
4 1.6 35.6 | 1 35.6 | 35.6 | 35.6
4 1.6 47.3 | 1 47.3 | 47.3 | 47.3
5 0.38 | 120.6 | 3 69.6 | 83.6 | 65.8
5 1.16 | 73.4| 3 42.4 | 50.9 | 40.0
5 2.4 40.0 | 3 23.1 | 27.7| 21.8
5 6.64 | 44.0| 3 25.4 | 30.5| 24.0
5 0.14° | 126.5 1 126.5 | 126.5 | 126.5
5 0.32 | 78.4| 1 78.4 | 78.4 | 78.4
5 0.96 | 37.4| 1 3.4 | 37.4| 37.4!
5 1.44. | 46.5 | 1 46.5 | 46.5 46.55
Regression equations for:
square root scaling PPV = 1434 (r/m})"1-881 R2 = 0.899
cube root scaling PPV = 2217 (r/M3)"1-%61 R = 0.874
'site specific' scaling PPV = 1197 M+018 .-1.845
= 1197 (r/M0-552)-1.845 R2 = 0.900
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APPENDIX H COUPLED EXPLOSIONS (simple regression)
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APPENDIX H (cont)
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APPENDIX T COUPLED EXPLOSIONS ( multiple regression)
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APPENDIX I (cont)
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APPENDIX J DECOUPLED EXPLOSIONS : 75mm HOLE
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APPENDIX K DECOUPLED TRIMOBEL :100 mm HOLE
(simple regression)
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APPENDIX L DECOUPLED TRIMOBEL :100mm HOLE
( multiple regression) |
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