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- GROUND VIBRATION DURING THE

BENTONITE TUNNELLING PROCESS

ABSTRACT

The research was carried out during the bentonite shield tunnel

“drive for the Acton Grange trunk outfall sewer at Warrington, Cheshire.
This tunnel is driven through cohesionless Drift deposits beneath a
built-up urban environment, with a cover of less than 6m. The environ-
mental effects of the ground vibration caused by the excavation process
are investigated with particular regard to ground settlement by compac-
tion. The geology of the area and the technical and commercial factors
which led to the choice of the bentonite tunnelling system are

described,

Previous work on compaction by vibration is critically reviewed and
methods to assess a soil's potential for compaction are given. The
vibration instrumentation is described and relevant wave propagation

theory is developed with emphasis on body waves from underground sources.

Vibration data were recorded from transducers located in boreholes,
on the pavement surface, on the tunnelling machine and on fhe concrete
tunnel lining. These records were processed to characterise the
vibratioﬁs in terms of peak particle velocities, frequency spectra and

spatial attenuation.

The maximum measured ground vibration (expressed in terms of

resultant peak particle velocity) was .3.90 mm/s. The vibration was



characterised by random high velocity particle motions resulting from
impacts between the machine's disc cutters and glacial boulders in the
tunnel. face. Surface and subsurface settiement measurements were made
§10ng the tunnel line and structural damage to property aboye the

tunnel was observed.

Laboratory tests and other field data showed that the ground‘in
this area was likely to settle at levels of vibration lower than those

measured from the tunnelling machine.

The vibration caused by the excavation process caused ground.
compaction which contributed to ground settlement and the ensuing
damage to the overlying structures. The vibration was not l1ikely to
have damaged these properties directly but did cause considerable nuisance

to the residents.
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CHAPTER 1

GROUND VIBRATION IN TUNNELLING

1.1 The significance of ground vibration in civil engineering

The viability of civil engineering construction techniques wi]f
often depend upon their effecfs on existing structures, and reéent]y
increasing importance has been given to the preservation of
'environmental amenity' both during and subsequent to completion of
the works. A major contributor to structural and environmental damage
may be vibrational energy transmitted either through the ground or, in
the form of sound, through the air. Steffens (1974), Whiffin and
Leonard (1971) and Roberts (1962) have produced useful documents
reviewing vibration and its effects. Each work contains an extensive

range of references.

Engineers must consider two basic sources of vibration. The first,
and potentially most severe in character, is natural ground movement
resulting from seismic activity. This proﬁ]em is present in various
degrees of severity throughout the world. Certain areas around the
great faults in the earth's crust, and associated with plate margins,
are particularly subject to devastating earthquakes, whilst here in the
British Isles very little consideration need generally be given to
seismic activity. The second group comprises man-made vibrations which,
when referred to civil engineering, may usefully be sub-divided into

'operational’ and 'constructional' sections.

Ground movement and noise from road, rail and air traffic (Steffens

1974) have caused widespread concern to large groups of the community
e SEE URE
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and_illustrate 'operational' problem areas which concern civil

engineers.

Vibration and noise from 'constructional’ sburces wi]]_genera]]y
be of a transient nature as few constructions actually go on indefinitely.
The disturbance caused, however, may result in permanent damage to
property, and substantial nuisance to the surrounding population (Koch
1953; Bender 1972). Both these factors may prevent the works from
continuing efficiently, so resulting in additional costs or even curtail-

ment of activity. Pakes (1976) reports restrictions imposed on the

construction of a tunnel due to disturbance of the local population.

Explosive blasting (Snodgrass and Siskind 1974; Duvall and
Fogelson 1962; Taylor 1975) and piling operations (Wiss 1967; Sior 1961;
Luna 1967) have in the past been the cause of greatest concern, but in
recent years the scale of construction has become larger and the plant
utilised has grown even more rapidly as economic pressures force greater
emphasis on mechanised rather than labour intensive techniques. These
developments have resulted in the use of plant which is larger, heavier,
noisier and which dissipates large amounts of energy into the ground.
Examples of damage and nuisance havé been attributed to even relatively
small amplitude vibrations and consequently almost any source may be
regarded with suspicion. The work of Jackson (1967) is widely quoted in
the literature and points out the difficuities in assessing the true
effects of vibrations and the response of humans to them. Claims of
damage dérive from many sources and whilst it may be straightforward
to prove some claims, others are sometimes difficult to deal with and an
effective numerate capability to relate 'cause and effect' would be

highly desirable.



1.2 Soft ground tunnelling

1.2.1 The need and technique

As the urban areas of this country expand, their needs in terms of
transport, water supply, sewerage and the provision of other utilities,
demand the construction of tunnels (BRE/TRRL 1974). These tunne]é must
be driven through a variety of geological strata but as the majority of
the conurbations within the British Isles are underlain with weak sedimen-
tary formations some emphasis has been placed on developing soft ground
tunnelling techniques. A comprehensive background to these techniques
may be obtained from the works of Peck (1969), Bartlett and King (1975),
Donovan (1968) and Szechy (1973). Any construction technique employed
to tunnel beneath existing structures should cause the minimum of dis-
turbance to the inhabitants above. A system that caused structural

damage or other substantial disturbances would not be acceptable.

The extent of mechanisation in tunnelling has increased in recenﬁ
years and in suitable ground conditions it is now usual for tunnel drives
of over 1 km to be driven by mechanical digger shields or tunnelling
machines. Driving tunnels through Bon-cohesive materials, such as sand
and gravel, was originally carried out by miners skilled in techniques
which involved the close timbering of the tunnel face within a shield.
Progress by this method was often slow and a run-in of ground cbu]d cause
considerable damage to surface buildings. If the tunnel level was below
the water‘tab1e it was necessary to use compressed air, which added

considerably to the hazard and cost of underground workings.

Recently other approaches to the problem have been made, most of

which involve some alteration to the properties of the ground. Treatment



~ of the ground by chemical and cementitious grouts, ground freezing

and ground water lowering, have all been used with varying degrees of
suc;ess. A11 these techniques tend to be time consuming and expensive,
énd whenever possible tunnel lines have been chosen to avoiq non-
cohesive ground. It is problems of this type that led to the construc-
tion of London's underground in the London Clay rather than the over-
lying Thames gravels. Cut and cover systems are rarely viable in‘densely

populated areas as their construction will often result in unacceptable

levels of disruption.

The requirement is for a tunnelling machine which may be used in
non-cohesive ground above or below the water table without disturbing

overlying property, preferably without the use of compressed air.

Various types of machine have been designed to meet this need,
and the bentonite tunnelling machine described in Chapter 2 is currently
employed on the first commercial works using such a technique in this

country.
1.2.2 Surface disturbance

Any method of tunnel construction will dissipate energy into the
surrounding ground in the form of vibration. This energy may cause
disturbance at the surface either directly by shaking the overTying
property, or indirectly by causing settlement which may undermine it.
In certafn types of construction, ground heave may also occur but
vibration is not likely to be responsible. Tunnelling operations are
often based on shift working, and if the tunnel has little cover then

the noise created may disturb the local population, particularly at night.

4



chgiile, if any, work has been undertaken to investigate the effects
of vibration from the tunnelling process, although information is
available on vibrations produced when the tunnel is operational (Bean

énd Page 1976; Anon 1974). Many studies have reported the sgtt]ements
(Peck 1969) caused by tunnel and mining excavations, but again little
work is available which directly relates these settlements to vibration.
Information on earthquake induced settlements and damage (Terzagh{ and
Peck 1967; Holmes 1965) is widely reported but unfortunately this is

not easily related to tunnelling as the amplitude, frequency and duration
of energy from such tremors is not similar to that produced by tunnelling

machines.
1.2.3 The opportunity for research

The construction.of a trunk outfall sewer at Warrington provided
an excellent opportunity to study the effects of vibration on an
environment likely to be adversely affected. The construction contract
was awarded to Edmund Nuttall Ltd by the Warrington New Town Development
Corporation, with certain financial support to be provided by the
National Research and Development Corporation (for full details see
Chapter 2). Agreement was obtained'from the parties concerned for
Tunnels Division of the Transport and Road Research Laboratory to under-
take a programme of geotechnical research during the construction of the
tunnel. In view of their expertise in the field of ground vibration, the
Engineering Geology Laboratories of Durham University were contracted to
set up and carry out the vibration measurement programme. The co-operation
of both contractor and customer proved most important in the conduct of the
reseérch, particularly where access to the tunnel and engineer's log

sheets were required.



_The tunnel_is driven beneath an urban area in Drift sand deposits
with a cover of less than six metres. Such a construction might be
expected to cause considerable ground settlement, a proportion of which
might be attributed to compaction caused by vibration. A principal aim
of the bentonite tunnelling process chosen to complete the work is to
reduce settlements caused by the flow of material into the tunnel, to a
minimum. If this objective is achieved, then settlements caused By
compaction may assume a dominant r6le. Also, as the cutting head of
the bentonite tunnelling machine is well coupled to the ground mass by a
thixotropic slurry, the transmission of energy into the ground might be

increased, so accentuating any tendency to cause compaction of the ground.

An early impression was that the shallow overburden would offer a
low attenuation facility to the vibration caused by the tunnelling, and
so investigation of the direct effect to the surface environment was also

desirable.

1.3 Thesis structure

This thesis presents work which falls into three principal areas of

study:

a) The geology at Warrington and the choice of the bentonite

tunnelling process.

b) AThe collection and processing of vibration records on, and in
the ground surrounding the bentonite tunnelling machine. A
chapter on the vibration instrumentation is included and
wave propagation theory is developed with particular emphasis

on body waves from underground sources.



¢) The effects of the vibrations. o

Where appropriate the research is discussed within the relevant
section of the text and Chapter 7 provides the overall conclusions and

recommendations in a concise form,



CHAPTER 2

THE BENTONITE TUNNELLING PROCESS AND SITE GEOLOGY
AT WARRINGTON

2.1 The Acton Grange trunk outfall sewer (AGT0S)

2.1.1 The social and civil engineering requirement

The present population of Warrington is expected to almost double
in the next fifteen years, rising to around 220,000 by 1991. The
Warrington New Town Development Corporation, set up under the 1965
New Towns Act, was faced with the immediate problem of improving and
expanding the sewerage system of the town. New development was not
possible until the sewerage capacity had been increased. The AGTOS
contract provides replacement of the existing overloaded trunk sewer,
and will avoid the need to discharge crude sewage into the Manchester
Ship Canal. The full scheme comprises several works, the pkincipa] of
which is the construction of 1350 m of 2440 mm internal diameter main
tunnel. The tunnel is lined with strengthened bolted concrete segments,
and is shown in Plate 2.1. The dry weather flow channel is installed

subsequent to the main drive and the erection of the primary lining.

It is necessary that the tunnel passes beneath a densely built-up

urban area and the design brief laid down certain broad requirements:

i The optimisation of the relief given to the existing

sewerage network.






i1 The avoidance .of workihg directly beneath houses.
iii  The minimisatiOﬁ of disruption to road traffic.
iv ~ The minimisation of environmental disturbance.
2.1.2 The contract

The 'cut and cover' technique for the construction of shallow
tunnels was not considered as the disruption caused by such work would
have been substantial and unacceptable. The sewer had, therefore, to
be constructed as a bored tunnel., The site investigation indicated
that the Drift deposits could ndt be excavated with a conventional
tunnelling machine, and that a hand driven tunnel in compressed air
would be the appropriate solution. Other methods, mentioned in
Chapter 1, were considered but discarded on economic or technical grounds.
The compressed air technique had certain elements of risk due to the
shallow depth of the tunnel and its proximity to oid property, services,
and the Manchester Ship Canal. It is the author's view that the§e risks
may have proved greater even than expected. Experience from another
site in the same locality reveals d}fficu1t1es that were encountered in
maintaining even lTow air pressures with a cover of more than double that
of the AGTOS tunnel. The possibility of huge air losses and blow-outs

may have made the system impracticable and dangerous.

The new bentonite tunnelling process appeared to present a solution
to the problems mentioned above, the contractor having developed the
machine on an experimental contract at New Cross in South London
(Boden and McCaul 1974). The experiment had shown that the process was

technically viable and had given certain costing information. Before

10



-the process could be used widely on .a commercial scale the contractor .

needed to obtain a suitable contract founded on a sound commercial

basis.

Contract documents were prepared so as to allow the bentonite

tunnelling process to be proposed as a method. A conventional tender

based on compressed air working was also submitted by the contractor. |

At a figure of £1,098,000 the bentonite process tender was some £79,000

in excess of the lowest bid received. However, it was decided to proceed

with this tender on the following grounds:-

.i

ii

iv

vi

Ground. movements and other detrimental effects were

Tikely to be reduced.

Health risks due to the use of compressed air were

greatly reduced.

The possibility of large air losses and their effect

on the environment was removed.

The diameter of tunnel offered by the contractor was
larger than that required and may have future

advantages.

The financial risk to the client was quantified.

The commercial application of the proceés could help to

advance national technology.

1



“With hindsight some of these advantages may not have been

fulfilled whilst others manifested themselves as disadvantages in a

different form.

It should be noted that owing to the circumstances (particularly

the novelty of the tunnelling system) the contractor submitted his

proposal with the bentonite tunnelling machine at cost.

A 'cost reimbursable contract' was formulated between the client

and contractor, and was based on the following safeguards and jncentives:

ii

iii

iv

A 'target estimate' based on the 'conventional tender' was

'produced to give the contractor a financial incentive to

minimise the cost of the scheme.

If the final account is less than the 'target estimate' the
difference between the actual 'cost of the works' and the
‘target estimate' will be shared qually between contractor

and client,

If the final account exceeds the 'target estimate' the
contractor will receive the actual 'cost of the works'up to

the 'maximum cost'.

A 'maximum cost' based on the bentonite tender was placed in

the contract; the contractor having to absorb any excess.

The form of contract assisted the contractor with financing the work,

particularly in its early stages, but retained the penalty of possible

financial loss. The National Research and Development Corporation helped

12



the contractor financially in three ways:
i Contribution to Head Office overheads.
ii  Sharing of deQe]opment costs.
iii  The underwriting of 50 per cent of any expenditure
over and above the maximum cost of works payable by

the client.

2.2 The slurry shield system

A full description of the bentonite tunnelling system has been
published by Bartlett, Biggart and Triggs (1973). The following brings
out its most important aspects which may be seen djagrammetica]]y in

Figure 2.1.

The system is intended as an alternative to the use of other systems
described earlier for tunnelling in cohesionless soils. The machine can
be used without bentonite where ground conditions permit, spoil being
removed either directly from the face hopper by conveyor or as a pumped
slurry. The machine was invented by British civil engineering consultants
Mott, Hay and Anderson and developed under a research contfact from NRDC
in association with Robert Priestly Ltd. Edmund Nuttall Ltd are the

contractors using the system.

The cutter head, fitted either with disc or pick cutters depending
on ground conditions, rotates within a sealed plenum chamber which is
filled with a thixotropic bentonite slurry (see Appendix A) under pressure.

When the soil is of a suitable permeabilify this slurry penetrates into

13
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the ground sealing and stabilising the face. The pressure surcharge
-provided also assists faéé ;uﬁpof£;> Rotat#bn 6%W£géA;dtting‘head removes
spbil from the face and discharges it through the hopper into the
extraction feedwheel which allows discharge to a sump at atmospheric
pressure without loss of plenum chamber pressure. The matef%a] is passed
through a 50 mm grid before entry to the sump to remove any large pieces
of spoil. Plate 2.2 shows the front of the tunnelling machine with the
lining erector in the foreground. The slurry is pumped from the face to
a surface separation plant (shown in Plate 2.3), which consists of a

vibrating screen followed by a series of hydrocyclones. The cleaned

bentonite slurry is returned to a storage silo for re-use.

The British bentonite system was first used on an experimental basis
at a site in New Cross, South London (Boden and McCaul 1974). The tunnel
was sited such that it may be incdrpdrated as a running tunnel for- the
proposed Fleet Line underground extension in due course. A description
of the works involved may be found in Bartiett, Biggart and Triggs 1973.
These trials showed thé potential qualities of the system and formed the
. practical background which allowed the tender for the AGTOS tunnel to be

formulated.

Other slurry shield systems have been used in Japan and Germany.
Japanese engineers are credited with having introduced the.idea of.11qu1d—
supported tunnel faces as early as 1961. Many systems of this type have
been tried in Japan but most seem to use sea water under pressure to

support the ground rather than bentonite.

The German company, Wayss and Freytag, have developed the Hydroschild

bentonite system which also relies on the stabilising properties of
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bentonite. The pressure of. the supporting liquid, however, is controlled
by the insertion of an air cushion located behind a partial diaphragm
wall in the plenum chamber. This technique is claimed to be more
-effective and simpler than the British system where the face. pressure is
maintained by pressure regulating valve located in the shield crown. A
fuller description of the German and Japanese systems has been reported

by Jacob (1976).

2.3 Site location and geology

2.3.1 The geology of the area

Warrington is in North East Cheshire (see Figure 2.2) and the tunnel
is located approximately 2 km south of the town centre. The tunnel line
runs for 1.4 km parallel to and about 20 m south of the Manchester Ship

Canal.

The local geology is consistent with that of the plains of West
and South Lancashire and Cheshire, and is floored with red rocks of
Triassic age., The Triassic system comprises three series, the Upper,
Middle and Lower. This system was originated in Germany and in this
country the marine Middie Series, the Muschelkalk, is absent. The Upper
beds comprise Keuper Marl and Keuper Sandstone and are present within
1 km to the south of the tunnel line. The Lower series is referred to
as Bunter Sandstone generally, and the Upper Mottled Sandstone in
particular is the bed through and above which the tunnel is driven. A
stratigraphy is given in Figure 2.3. It should be noted that this fine-
grained rock may vary in coherence from a moderately firm stone to a
soft sand which may be readily excavated and used as a building sand.

Unfortunately, 6-inch series geclcgical maps do not exist for this area.
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The Downall Green fault passes close to the tunnel portal and its
influenﬁe is c]eany Visib]e in the exposed rdck at this poiﬁt. To the
east of the fault the Upper Mottled Sandstone is shown dipping at about
50 to the SSE which is closely normal to the direction of the tunnel.
This sandstone is overlain with Blown Sands (Shirdley Hill Sénd) and
fluvio-glacial gravels. The Shirdley Hill Sands extend some ten or
twelve miles inland from Liverpool and form a horizontal sheet obscuring
minor features of the country. and only rarely appear as moundy dunes.
Undifferentiated marine alluvium is also present in this area of the
Mersey valley. A full description of the area geology may be found in

the British Regional Geology series (Wray 1948).

From this existing geological data it was predicted that the
deposits along the line of the sewer might vary between moderately firm
sandstone and recent sands of aeolian origin with some Pleistocene deposits
between them. The varied and difficult nature of this geology had great

influence on the choice of the tunnelling system chosen for the contract.
- 2.3.2 The site

The initial site investigations depended almost entirely on
information derived from boreholes §1ong the proposed line 6f the tunnel.
These boreholesconfirmed broadly the 1ithologies shown by fhe Geo]dgica]
Survey data but for reasons explained later in this chapter did not reveal .
certain features which led to serious tunnelling problems. It was on
. the basis of this geological data that the contractor decided to use
the bentonite tuhne]]ing system. - Because of the nature of the lithologies,

the tunnelling operations were divided into three distinct categories:
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1. The first 230 metres were to be driven in fairly
coherent sandstone and the machine was to be fitted
with disc cutters and operated as a conventional full

face shield machine.

2. The next 150 metres comprised a mixed face of sandstone
and non-cohesive Drift sands. These deposits were
cementiciously and chemically consolidated, and again the

machine was to be used in a conventional manner.

3. From just beyond shaft 6 (see Figure 2.4) the tunnel was
in the Drift deposits entirely and the machine was to be
converted to its slurry shield role to deal with the
non-cohesive soils. It was this part of the tunnel drive
that is the subject of the research described in this

thesis.

It was decided to carry out the research programme of vibration and
settlement studies at the two sections designated A and B shown on the
site map Figure 2.4, Larger scale plans, Figures 2.5 and 2.6, give
fuller details of the borehole Tocations and other measuring points.
Transducers were installed in boreheles at each section and, during the
sinking of these,stratigraphical logs were taken. A stratigraphy and
descriptions of the lithologies found in these boreholes are g{ven in
Figure 2.3. The first 1 m of the ground was excavated as a pit to reveal
any services, and each borehole log in Figure 2.3 was overlain by about
3 mof fill material in the form of tarmac, sand and sandstone boulders.
The boreholes were sunk by a 1 ton Pilcon Wayfarer percussion rig

operated by a two-man crew. The work was carried out by Nuttall
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Geotechnical Services. It immediately became clear that the boundary
between the sandstone and the overlying non-cohesive deposits was

poorly delineated.

Figure 2.7 shows an 'envelope of suitable ground" for the bentonite
system (after Walsh and Biggart 1976) together with a typical grading
curve for the sands at Warrington and New Cross. Figures 2.8 and 2.9
show the extremities in gradiﬁg found at sections A and B respéctive]y.
Another borehole log (not given here) some 60 metres east of Section B
revealed an even coarser grading; this curve wés desjgnated C2 depth 7 m.
The grading in A2 at 6 m and C2 at 7 m, together with comments on the
log sheets referring to 'cobbles', might have given at least an idea
that the coarseness of the ground might subsequently lead to problems
with the machine. It should be noted that the presence of erratic
boulders of igneous rock derived from the Southern Uplands of Scotland
and the Lake District is common everywhere in the Lancashire and Cheshire

plains (see Wray 1948 page 70).

Standard Penetration Tests (SPT)BS 1377: 1975) were carried out

during the boring of borehole A6 and the results shown in Table 2.1.

Table 2.1
Standard penetration tests in Borehole A6

Depth m SPT Relative Density
from to blows/ft (after Terzaghi and Peck 1967)
2.00 2.45 16 medium dense
3.00 3.45 15 medium dense
4.00 4,45 10 loose~-medium dense
7.75 8.20 51 very dense
8.75 8.89 (a) very dense

(a) 62 blows for 300 mm penetration, then no further penetration.
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- - 0f the 12 boreholes- at sections A and.B, SPT_values_were taken
only at A6, although the contractor had access to other SPT values
from boreholes on the other side of Ellesmere Rcad. It is understood

that these borehole results were similar to those at A6.

The level of the water table derived from borehole logs at sgctioné
A and B was approximately 5-6 m below the road surface. It seems
un]ikely however that the water table was standing significantly above
the tunnel invert (about 7 m down) when the tunnel face passed Sections
A and B owing to the drought of the previous summer (1976). It should
be noted that the water surface in the adjacent ship canal is at about
tunnel invert level and there was no indication of ground water seepage

on the banks at this time.

2.4 Tunnelling problems associated with the site geology

2.4.17 Introduction

During the tunnel drive from portal to section B there were two
major difficulties involving the siﬁe geology which were not predicted
by either client or contractor. The first was the presence of boulders
in the Tower levels of the Drift deposits and the second the occurrence

of very loose ground at chainage 744 m.

Two other minor problems were encountered early in the machine

drive:

(a) The contractor claimed that the quality of the rock was

harder and more abrasive than had been expected and had
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caused excessive wear to the disc cutters. This

problem was overcome by the use of special discs with

hard rins.

(b) The combination of water and the small debris size of
the excavated rock caused slurry problems with the
conveyor. It was, therefore, decided to convert to

hydraulic disposal early on in the rock drive.
2.4.2 The presence of boulders

The following is a direct quotation from a paper written jointly
by representatives of the client end the centractor. '"Unexpectedly at
ring 457 the tunnelling machine encountered boulders at the face. The
boulders were up to 500 mm in size end caused great difficulty in
excavating and steering of thelmachine'. It should be noted that at
approximately ring 457 the Drift deposits began to occur in the tunnel
crown, increasing steadily until a full face of Drift occurred at about
chainage 350 m. Besides general damage to the cutting head the boulders
caused blockages in the chute and the slurry disposal system which
could not, of course, deal with sucﬁ material. The tunneT]ing was enabled
to continue to shaft 6 by the manua] removal from the face of the large
debris. Plate 2.4 shows some of the granite and dolerite boulders removed
in this way. At shaft 6 the machine was fitted with a new head of the

fully plated type and disc cutters with tungsten carbide tyres.

This remedy was immediately successful. It seems that the close
plating and disc array binds the boulders into a matrix in the face until

they are smashed into pieces small enough to pass through the 100 mm
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slots in_the head. It is also _possible that some boulders are thrust
aside by the rotary action and the conical shape of the machine head;
During the bentonite drive the large debris was removed by hand from
ihe 50 mm grid between the feedwheel and slurry sump. This system
proved successful although occasional blockages still occurred when

elongated fragments penetrated the grid and fouled the pumps or pipes.

The method of breaking down the boulders at the face during the
excavation process had a crucial effect on the vibrational energy put

into the ground by the machine.
2.4.3 Loose ground

During the night shift on 6 October 1976, at ring 1180 (chainage

720-730) a 'loss' of some 12,000-15,000 gallons (55,000-68,000 1itres)

of bentonite from the face occurred in a short space of time. Tunnelling
proceeded for one week, during which time it became apparent that
structural damage was occurring to the houses close to the tunnel line;
“large settlements also took place above the tunnel. It was decided that
owing to the presence of loose ground it would be necessary to stop the
tunnel drive until further ground 1ﬁf0rmation was obtained. It was
generally agreed that in these very loose conditions the sett]ements

were 1ikely to be due to compaction caused by vibration rather than ground
loss at the face. It should be noted that up to this time little damage
had occurred to houses close to the tunnel line and the measured settle-
ments wefe small (Barratt 1976). A further point of interest is that,
for several metres before the large loss of bentonite, very few boulder

fragments or cobbles had been found on the slurry sump grid.
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_. . The presence of ﬁhanged,ground_conditions stimulated a éearch“of _
documents held in the town library. This investigation revealed that
this area had once been used to obtain sand and that several sand pits
were probably worked close to the tunnel line. The Ordnance, Survey map
also revealed the presence of the, now buried, 01d Quay Canal. The
Cheshire Mid-Division sheet, surveyed in 1877, shows clearly the canal
and areas of sand excavation. Figure 2.4 shows the position of tﬁe
filled 01d Quay Canal superimposed on the recent map. The intersection
point between the tunnel and the filled canal occurs almost ekactly where
the loss of bentonite took place, and the houses indicated were the
first to be structurally damaged by settlement (No 40A at corner of
Algernon Street). From this evidence it was accepted that the presence

of the filled canal was in a large part responsible for the problems.

After further research, the present author is not convinced that
the filled canal is definitely the cause of the loose ground. Figure 2,10
shows the proposed route of the Manchester Ship Canal (circa 1883) and
Plate 2.5 shows the construction of this part of the Canal in 1890.
This photograph was taken from the point marked P in Figure 2.4 looking
in an easterly direction. It should be noted that it was proposed that
the 01d Quay Canal would fall in itg entirety inside the boundaries of

the new Ship Canal. It is possible.to recognise and accurately locate
/"‘\ -

several important features on P]ate(2.3 byuUsing the tower of St Thomas's
Church (on extreme right) and the rgaf»and chimney of the 01d Greena]]s
Brewery (still lovely beer.) on the left skyline as sighting points.

The platé is dated 1888-90 by the author as the first houses (seen under
construction) in Ellesmere Road were buiit at this time. Other informa-
tion {Leech 1895) reveals that it was not until 4 July 1887 that

Bridgewater Undertakings, which included the 01d Quay Canal, was purchased

by the Manchester Ship Canal Company. It also appears that it was not
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until August 1888 that the 01d Quay Canal was closed below Twenty Steps

Lock.

Plate 2.3 shows no sign that the 01d Quay Canal was 1o¢§ted beneath
the newly constructed Ellesmere Road. It does not seem likely that within
a period of 1-2 years the canal was closed, drained, filled, a road built
and vegetation established as shown by the photograph. It‘seems more
likely that the railway line which appears to follow a curve from Twenty
Steps Bridge (centre-right background) away to and probably beneath Tom
Paines Bridge (extreme left) was located at the start of the main Ship
Canal excavations in the floor of the then existing 01d Quay Canal. It
is possible that the position of the Canal was not mapped very accurately
in the 1877 survey. Indeed, the shape of the canal shown in the Ordnance
Survey map bears very close reéemb]ance to a freehand sketchmap (circa

1820) showing the canal running across Arpley meadows.

As a result of encountering loose fill, further SPT values were
obtained in boreholes along the line of the tunnel for some 150 m ahead
of the tunnel face. These tests confirmed that the ground at and around
the tunnel Tlevel was very loose indeed, SPT values of between 1 and 10
being very common. As a result of these 'real time' site investigation
results it was decided to treat the ]oose ground with cementitious and
chemical grout before any further tunnelling took place. In practical
terms the cause of the loose ground was of little or no consequehce,
but the lessons learned from the encounter may influence future thinking
on the use of tunnelling machines in non-cohesive materials. The
incident also emphasises the need to anticipate disturbed ground conditions

in urban and industrial areas.
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CHAPTER 3 - L

GROUND VIBRATION: ITS TRANSMISSION AND EFFECT

3.1 Introduction

The theory of wave propagation in solids Was developed during the
19th century and since that time theoretical mechanisms for most types of
wéve behaviour have been postulated. The bulk of manageable theory has
in common some combination of assumptions regarding fundamental material

properties. These are that the material is:

1. homogeneous
isotropic

linearly elastic

SHow N

spatially infinite or corresponding to a true half-

space or having some clearly defined boundary conditions.

When related to some types of materials (for example, most metals)
the assumptions are often almost wholly valid and 1ead to accurate
theoretical analysis of static and dynamic material behaviour.
Unfortunately, rocks and soils are rarely either homogeneous or isotropic,
and the limit of their linear elasticity will often be difficult to
specify reliably in dynamic terms. Attempts to analyse the dynamic
behaviour of geological materials are often frustrated because simplify-
ing assumptions are not allowable and the reéu]ting theory becomes
unmanageable and/or unusable in a civil engineering context. Such
difficulties, however, rarely deter the diligent geophysicist. However,
wave theory may have a role to play in the context of the problems

presented in this thesis in two well defined areas:
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(a) The interpretation of field measurements.

(b) To supplement and extend the value of field measurements
in order to develop a quantitative model which may be
used for predictive purposes beyond the immediate

vicinity of the measurements.

This thesis is concerned with soil particle and wave dynamics in
varied materials in their natural state with superposition of man-made

inhomogeneities and boundary conditions.

If used in isolation,in a predictive role to determine the effect of
vibration on the Warrington environment, theoretical approaches alone
would have proved to be inadequate. However, when used in a qualified
manner the theory developed below provides for fuller understanding and
rationalisation of the field measurements than would otherwise have been

possible.

Valiant but often fruitless attempts have been made to quantify the
effects of vibration on structures and the human senses. Human beings
and structures both exhibit extremely varied thresholds of distress,
rendering any attempt to quantify the physical levels at which problems
begin a difficult task. Neverthe]egé, it is recognised that some
general guidance must be given and this type of research may provide
important case-history information which will allow reasonable limits to
be set in future. Section 3.4 reviews some previous work in this area

where relevant to the problems of the Warrington environment.
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3.2 The transmission of wave energy

The theory covering the propagation of waves is thoroughly covered
By several excellent texts (Jaeger and Cook 1976; Timoshenkd}gnd Goodier
1970; Kolsky 1963; and Volterra and Zachmanoglou 1965). However, there
is, to the author's knowledge, no single text which deve]obes from first
principles a united theory covering all the aspects of wave propagétion
required by this thesis. Appendices B and C have, therefore, been
~included as supplementary references to the standard texts and form an
important part of this work. A book written specifically for engineers
by Timoshenko, Young and Weaver (1974) may also be found useful in under-

standing the fundamentals of wave motion.

Making the assumptions given in 3.1 it may be shown that a material

may support two types of body wave motion:

1. A wave of dilatation which will propagate with a velocity
1
Cp = (A + 2G/p)2. (These waves are often described as compress-
ional and have a particle motion in the direction of wave

propagation.)

where G is modulus of rigidity
A is Lamé's constant

and p is bulk density

2. A wave of distortion which propagates with a velocity
1
CS = (G/p)2. These waves are often described as shear waves
and have a particle motion in a plane normal to the direction

of wave propagation.
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material may support two further types of wave, namely Rayleigh and

Love waves (Bullen 1963; Kolsky 1963). These waves are guided by the
gurface and are characterised by an exponential decrease in_partic]e
amplitude with increasing distance from the boundary. Miller and
Purdsey (1954) studied theoretically the distribution of waves in a
homogeneous, isotropic, elastic half-space. Their investigation dealt
with the generation of small stress waves in a bed of soil by the use

of a circular disc oscillating vertically on the surface. Except in

the region close to the source (a distance of about 2 or 3 disc diameters)
the body waves were found to be unimportant compared with the Rayleigh
waves in regard to surface effects. They confirmed that the body waves
decayed in proportion to the square of the distance from the source,
while the Rayleigh waves decayed in proportion to the square root of the
distance. Calculations of the partition of energy between the various
elastic waves gave 67 per cent for fhe Rayleigh waves,26 per cent for
shear waves and 7 per cent for compressional waves. Surface waves play
an important role in the study of earthquakes, where, diverging parallel
to the surface only, they acquire dominating importance with increasing

distance from the source.

This thesis is concerned with a source (a tunnelling machine)_who]]y
contained within a geo]dgic material and the wave energy of interest is
that close to the source,where the disturbance to the structure of the
material will be greatest. The theory developed in the Appendices is
largely éommon to all types of wave motion but in certain instances is
specifically concerned with body wéves which are most relevant to the

site measurements.
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Appendix B develops the equations for free, damped and force-
damped harmonic vibrations, and Appendix C develops and extends this
theory to travelling waves within a solid. Expressions are derived
from first principles describing particle motion, material ;Préin,

attenuation and energy propagation due to travelling waves.

It is important to emphasise that wave velocities are dependént
on the elastic properties of the material and upon its density. Therefore
we may use measured changes in wave velocity to reveal changes in the
condition or composition of a soil. It has been shown (Whitman 1970)
that the principal factors affecting the velocity in a soil are the
confining pressure (usually from the overburden) and the water content.
White and Sengbush (1953) used theory developed by Gassmann (1951) to
predict the wave velocity in sand with varying overburdens. Figure 3.1
gives the theoretical curves which have Been closely confirmed by field
measurements with overburdens of between 10 and 100 ft. Note the
predicted rapid increase in velocity with depth especially within the
first few meters and the steep increase in compressional wave velocity
below the water table. Gassmann's theory (based on assemblies of spheres)
predicts that the vertical velocity will be different from the horizontal
as the vertical stress from an overburden is greater than the horizontal
stress, Duffy and Mindlin (1957) provide the most comprehensive treatment

of this problem because they include tangential contact pressures in

addition to the normal contact pressures considered in earlier work.

On a small scale, however, Figure 3.2 (after Fountain and Owen)
shows that field variation of velocity with depth is not necessarily at
all uniform in sand and Gassmann's theory should be viewed with some

caution, particularly when low overburden stresses are involved.
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Hardin and Richart (1963) have carried out laboratory tests, using
the resonant column method, to evaluate compressional and shear wave
velocities in sand and crushed quartz silt. (This work contains a
ﬁsefu] review of previous experimental and theoretical studies). The
‘variables considered were the confining pressure, vofd ratio, and grain
characteristics of the materials and the resQ]ts may be summarised as

follows:

(a) The wave velocities for the sands varied with approximately

the } power of the confining pressure.

(b) For a given confining pressure the void ratio was the most

significant variable.

(c) The wave velocity varied almost linearly with the void

ratio.

(d) The effects of relative density, grain size, and gradation

enteréd only through their effects on void ratio.

An excellent critical review of existing knowledge of the dynamic
behaviour of soils and foundations has been published by Jones et ai

(1966) .

Terzaghi and Peck (1967) reproduce Figure 3.3 (after Scheidig 1931)

which describes the initial tangent modulus Ei for loose and dense sand
against variation of 'consolidation pressure', Pe- It is clear from these
relations that seismic velocity will increase far more sharply with

increasing overburden in dense sands than loose material.

a4



Biot (1956) considered the three-dimensional propagation of waves
in porous. saturated solids and concludes that two compressional waves
with diffefing velocities may be present, Winter (1972) asserts that
(for body waves) there is no velocity dispersion below 50k Hz but that

the velocity of both shear and compressional waves decreases slightly

with increasing amplitude.

The mechanism by which waves are attenuated in geological materials
is one of the most poorly understood aspects of rock and soil dynamics.
The causes for the reduction in amplitude of a wave, other than that due
to geometrical spreading, are often collectively described as internal
friction. Kolsky (1963) states that 'at present there is no satisfactory
theory of internal friction in solids, and more experimental data are
required'. Measurements available at the present time indicate that
attenuation constants are largely dependent on frequency so that high
frequencies are attenuated more rapidly than low frequencies. Attewell
and Ramana (1966) conducted a review of published data on sedimentary
rocks and concluded that the spatial attenuation coefficient o was
approximately proportional to the frequency for P & S waves where
10° < £ < 107, Winter (1972) gives typical 'absorption coefficients'
(in dB/ft) of 0.00012f for shale and 1.2 + 0.002f in dry silty clay.

Internal friction ultimately results in heating of the materié]
but it is not fully understood whether this is caused by scattering,
frictional, viscous or other phenomena. A concise review on internal
friction in rocks is given by Bradley and Fort (1966) and it concludes
that frictional losses account for most of the energy lost by elastic

waves travelling through a solid.
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3.3 _Settlement due to vibration in sands

- 3.3.1 Introduction

During the excavation of a tunnel in a cohesionless material, ground
settlements will almost inevitably occur. This section is concerned
with that part of the settlement that might be caused by energy iﬁput
from the construction process, so re-ordering the grain structure to a

more compact form with the consequent loss of bulk volume.
3.3.2 Saturated sands

At the Warrington site we are principally concerned with an
unsaturated material and any loss of bulk volume caused by vibrations
will be referred to as compaction. However, as the bentonite tunnelling
process is also suited for use in saturated materials it is relevant
to consider liquefaction effects. Liquefaction occurs when the pore
water pressure increases to the point where it is equal to the total
normal stress. At this threshold the shear strength falls to zero and
the material behaves as a fluid. Liquefaction usually results from
dynamic changes of stress or strain within a material that is poorly
drained and relatively loose. During the liquefaction process the grains
may be totally supported by the fluid and the combined effects of dynamic
and gravitational forces will re-order the grains to a denser form.

This may occur in almost any cohesionless material but obviously is most

prevalent in loose sands and gravels.

Bodies of loose saturated sands are particularly subject to
Tiquefaction during earthquakes with durations long enough for the

occurrence of a large number of oscillations involving repeated reversals
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of shearing strains of large amplitude. The process of vibroflotation
(Terzaghi and Peck 1967; Basore ahd Boitano 1969) is based on Tiquefaction
effects and is frequently used to increase the density of loose ground

fo reduce settlements subsequent to construction. In dense sands rapid
deformations may have the reverse effect of liquefaction. When such a
dense saturated sand is. deformed the void ratio is increased and if there
is no time for seepage into the sand the water can no longer fill the
voids. As a result the pore water is put in tension (negative pore

water pressure) thereby increasing the pressure between the grains and

causing a temporary increase in strength (Seed and Lundgren 1954),
3.3.3 Compaction

The term 'compaction' is generally understood to mean the increase
in the dry density of a soil by a dynamic load. It should not be confused
with 'consolidation' which is the gradual decrease in void volume caused
by the action of a continuous static load over a period of time. In
cohesive saturated soils consolidation is accompanied by the gradual
expulsion of water and air out of the soil voids with a consequent
decrease in soil volume. A great deal has been written on compaction
and its relation to other soil parameters such as dry density, porosity,
void ratio, relative compaction and relative density (Attewell and Farmer

1976; Jumikis 1967; Terzaghi and Peck 1967).

Most laboratory and field investigations have been directed at
either the settlements caused by large ground movements, usually earth-
quakes (Lee and Albaisa 1974; Silver and Seed 1971), or the deliberate
compaction of ground for civil engineering purposes (RRL 1952, Basore and
Boitano 1969; Forssblad 1965). Very little, if any, work has been done

to investigate the compaction effects of relatively high frequency seismic
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energy generated below the ground surface. Even the extensive laboratory
studies are difficult to interpret in this context as the frequency and
duration of the wave energy is not similar to that from‘the tunnelling
machine. Papers by D'Appolonia (1970) and Brumund and Leonards (1972)
both contain useful bib]iographies related to settlements caused by
dynamic loadings from blasting, earthquakes, surface compaction machinery

and laboratory sources.
3.3.4 Measuring soil compaction

Although it is difficult to gain specific information from previous
work there are several general points which are helpful when considering
the potential compaction of a soil. It is the degree of looseness of a
cohesionless soil which determines its ultimate settlement pdtentia].
This factor is often very difficult to measure in the field, and may be
specified in several ways (see Appendix D for definitions of soil |
properties). RRL (1952) defines 'relative compaction' as the ratio of
the field dry density to the maximum dry density obtained in the BS
compaction test (test 12 or 13 of BS 1377: 1975) expressed as a percentage.
This work goes on to say that a better scale on which to compare the
efficiency of compaction plant may be obtained by a ratio including the

"1oose density' of the soil.

Field dry density - Loose dry density x 100 per cent

Maximum dry density - Loose dry density

(from BS compaction test)

Kolbuszewski (1965) suggests that the relative porosity NR is the best

way of expressing the state of sand in the field where
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n n
N, = _max - f
R "max - "min -

where

- - .
nmax_ maximum porosity
n. = minimu rosi
min mi m porosity
Ne = field porosity

However, the most usual method is to use relative density RD which is

defined by the equation:

RD

where

Cmax

€min T

s

e

emax - f

emax - emin

maximum void ratio
minimum void ratio

field void ratio

Attewell and Farmer (1976) extend this to give

RD= ¥ Y Y ami n n_.
df dmax - " dmin ("max = "min)(1 - n)
where
Ydnax = maximum dry density
Yagin = minimum dry density
’ = field dr i
' df 1 dry density

From the above equations

field void ratio, poroéity or

it is clear that two sands of identical
bulk dry density are not necessarily in
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the same state of compaction. Variations in the particle size, shape,
grading and specific gravity will all result in Ehanéés_%ﬁ ;Bé'pdssib1e

stacking geometry and/or bulk density.

The values obtained from the formulae above will also be to some
extent dependent onvthe methods used to obtain the ;1dose' and 'dense’
states. These conditions are usually obtained by some form of fast dry
pouring and wet rodding or vibrating respectively. Under such conditions
typical void ratios range between 0.2 to 1.2, porosities vary %rom
20 per cent to 50 per cent, and dry densities vary from 1.2 to 2.2 Mg/m3

for granular soils.

The factors affecting the accurate measurement of relative density
were exhaustively dealt with at a conference (Selig and Ladd 1973), where
papers on almost every aspect of relative density were presented. Many
of the papers presented to this conference expressed considerable
reservations and cast grave doubts on the usefulness of the relative
density approach. A complete study by Tavenas 2t al (1973) concludes
that 'the concept of relative compaction is significantly better than
the relative density, in terms of accuracy and practicability of the
result. It is often considered that a major advantage of the relative
density over the relative compaction is that the relative density
magnifies small variations of the Zn sit% density, thus allowing a better
control of such variations, particularly on compaction works. From the
present findings, this supposed major advantage appears to be a major-
disadvantage, since the relative density also magnifies the errors on
the unit weights to such an extent that the computed result is barely
better than that obtained by a pure guess. Therefore, the use of relative
compaction can only be encouraged, not only in compaction specifications

but also in the analysis of natural deposits'.
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Poulos and Hed (1973) conclude that per cent compaction (relative
compaction) is related to the potential settlements of a fill and that
per cent compaction is a considerably more useful parameter than is

relative density for measuring degree of denseness.

The present author concludes that owing to difficulties discussed in
the references above, and in particular due to the errors introduced by
the 'loose density' measurement, that relative compaction should be used

to assess the settlement potential of a soil.

It should be noted that relative compaction gives an indication of
the maximum possible settlement as it involves the ratio of field dry
density (at field moisture content) with maximum dry density at optimum

moisture content.

If we wish to assess the maximum compaction settlement possible with-
out variation of field moisture content, then the ratio of field dry
density (ydf) to maximum dry density at field moisture content (Yfmax)

will give a better indication of likely settlements.

RCe = Yo/ Y fmax

where RCf is termed the relative compaction at field moisture content.

This relative compaction value at field moisture content reflects the
difference in objective between a tunnelling engineer who knows closely
when dynamic compaction forces will be imposed on a soil, and the road
engineer who szt design his subgrade to be suitable at any moisture
content. Whilst the tunnelling engineer must be aware of the maximum
possible settlement, it is the maximum likely under a given set of

circumstances which will be of primary importance.
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For site investigation purposes the state of compaction of a granular
soil is often derived from Standard Penetration Test (SPT) values (see
test 19 BS 1377). Figure 3.4 is derived from several sources in an
éttempt to correlate SPT values with relative compaction. The relation
between relative compaction (RC) and relative density (RD) was derived
from the work of Lee and Singh (1971) who reviewed data from some 47
different soils and concluded that RC = 80 + 0.2 RD. Further confirmation
of this formulation was obtained from work on granular fill materials by
Poulos and Hed (1973). Their Fill II material was similar to the
Warrington sand in size and grading and their conclusions regarding the
linearity of the relations between relative compaction and relative

density are interpreted numerically.

The qualitative description applied to relative density is attributed
to Terzaghi and Peck (1967). Unfortunately many authors seem to over-
Took the fact that SPT values are heavily dependent on vertical effective
stress whereas relative density is not. It is, therefore, unwise to
relate SPT values to relative densities unless the confining stress is

defined.

The correlation between SPT value, relative density and vertical
effective stress was derived from the work of Gibbs and Holtz (1957).
This qualitative link between differing numerical indices may be found

useful when interpreting site investigation data.

3.3.5 The effect of frequencyand direction of vibration on

settlement

It is known that an infinite and uniform mass of soil has no natural

or preferred frequency of vibration (Whiffin and Leonard 1971). However,
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it has been suggested by Barkan (1962) and others that soil has a. ..
natural frequency and that vibrations at this frequency are likely to
occur when the material is loaded by a sudden impulse. This idea stems
from Lorenz (1938) and others who measured the frequency at which a
vibrator placed on the soil surface generated the greatest vertical
amplitude. However, the frequency corresponding to maximum amplitude
is not a characterisfic of the soil alone because it depends on the mass
of the vibrator and its mechanical properties, the distribution of the
load over its base, the coupling between the vibrator and the soil as
well as the.stiffness and density of the soil. The boundary conditions
will also have an important role in determining the nature of the

vibrations.

Table 3.1 (after Terzaghi and Peck 1967) gives a list of 'resonant
frequencies' of vibrators on various materials. From these results it
would appear likely that the interaction of the tunnelling machine with

the soil-boulder material may give rise to resonances at about 20-30 Hz.

Important work has been carried out by Pyke et al (1975) to
investigate the difference between uni- and multi-directional shakihg of
sands. Their work was concerned with earthquake type vibrations and
concludes that 'tests on samples of dry sand subjected to shaking in
one, two and three dimensions have shown that the settlements caused by
combined horizontal motions are about equal to the sum of the settlements
caused by the components acting separately. While vertical accelerations
less than 1 g cause no settlement if acting alone, vertical accelerations
superimpesed on horizontal accelerations also cause a marked increase in
the settlements:  This work provided useful guidance in the design and

interpretation of laboratory studies reported in Chapter 6 (Section 6.2).



~ Table 3.1 -
Resonant frequency of vibrator on various
types of soil (after Terzaghi and Peck 1967,

page 129)

Supporting soil or rock Frequency Hz'
Loose fill 19.1
Dense artificial cinder fill 21.3
Fairly dense medium sand 24.1
Very dense mixed grained sand 26.7
Dense pea gravel 28.1
Soft limestone- 30.0
Sandstone 34.0

3.4 The thresholds of tolerance to ground vibration

3.4.1 Urban structures

Vibrational energy may be transmitted from the groﬁnd into a
structure through its foundations. The possibility or degree of damage
resulting from such vibrations will depend on the natural frequencies,
the damping characteristics and Fhe inherent strength of the structure
as well as on the amplitude and frequency of the forcing vibrations.
Steffens (1974) gives a comprehensive account relating damage criteria
from many sources to structural vibrations. Roberts (1969) has made a
survey of information on vibrations produced by civil engineering processes
and Whiffin and Leonard (1971) have produced a similar but more complete

work on traffic induced vibrations. The three papers above each contain

useful bibliographies on this subject.

National and international standardising authorities throughout the
world have been reluctant to issue any firm standards related to vibration

damage thresholds owing to the extreme complexity and independence of the
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many factors involved for almost any example. However, the German
prdviéféna] stanaard Vé?n&r& DIN44150 dated Septémﬂef 1975, 1is now
available and gives a positive guide for those seeking recommendations
regarding maximum vibration levels acceptable under various conditions.

It is, as might be expected, a very conservative document and many may

question the Tow thresholds given.

Figure 3.5 shows damage thresholds given by Whiffin and Leonard which
relate to traffic induced vibrations and by DIN 4150 which apply parti-

cularly to blasting vibrations.
3.4.2 Human perception

Often the fears expressed concerning vibration damage are a result
of the extreme sensitivity of the human body to vibration especially in
the low frequency range of 1 to 100 Hz. The direct action of vibrations
on people is to produce physiological effects on the body and psychological
reactions, and, although the two often go together, the extreme
sensitivity of the human senses may provoke varied and sometimes irrational
behaviour patterns. Pyschological differences between people often lead
to diverse interpretations but these are even more difficult to assess as
it is almost impossible to predict emotional reactions. Human reaction
is more likely to be influenced by previous experience and understénding
than by the actual level of vibration itself; a person’s state of health,
temperament and age will all contribute to this reaction. Soliman (1968)
and Guignard and Guignard (1970) have written useful surveys of published
work on human resbonse to vibration. Figure 3.5 shows the curves (heavy
solid lines) with subjective description (in capitals) produced by Reiher
and Meister (1931) and which are still regarded as a useful basis for
interpreting levels from most sources of vibration. More recently

Dieckmann (1958) showed the importancé of exposure time on tolerance in
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the series of curves shown in Figure 3.5 (fine dashed lines with
K values) for exposure to vertical sinusoidal vibrations. The K values

were obtained from:

0-5 Hz : K = 0.001 Af? (proportional to acceleration)
5-40 Hz : K = 0.005 Af (proportional to velocity)
40-200 Hz : K = 0.2 A (proportional to displacement)

where A = Amplitude in microns and f = frequency in hertz. The

tolerances for various values of K were defined by:

K=0.1 : the Tower limit of perception

K ='].0 : vibrations permitted in industry for any period of time
K=10 : allowable in industry for a short time

K=100 : the upper limit of strain for man

It should be noted that the threshold of perception is slightly
lower than that of Reiher and Meister. Dieckmann also produced tolerance
curves for exposure to vibrations in a horizontal direction. These show
a greater sensitivity by people to lateral vibrations at frequencies

below 4 Hz than to vertical motion.

The recent provisional standard DIN 4150 uses a classification based

b ()]

as follows:

a

where V = maximum velocity mm/s

f = frequency

fo = reference frequency of 5.6 Hz
and g8 =0.13
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This German standard gives a table of acceptable values related to the
particular environment. For areas described as 'general residential' the

KB guide values are as follows:

Vibration. continuous or . Infrequently occurring

repeated with intervals vibration
Day 0.2 4
Night 0.15 0.15

Two other standards in this area are worthy of mention; the I.S.0.
Standard 2631-1974 (currently subject to amendment), and the BSI 'draft

for development DD 32 : 1974'.

Apart from helping to define thresholds of perception and annoyance,
tolerance scales alone do not provide sufficient informaticn for
defining limits for tunnelling generated vibrations as they are only
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 source rather than the level itself which is likely
to provoke complaint. The effect of intrusion tends to be psychological
rather than physiological and is more of a problem at night when oécupants

of buildings expect no unusual disturbance from external sources.

A second type of involvement of people with vibrations is in
interpreting the effecf on buildings or their contents. Not surprisingly,
this is particularly true where the person concerned is the owner. Even
the slightest disturbances from an unusual source may excite anxiety and

draw attention to minor cracking of plaster or similar effects which
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were pre-existing or may have otherwise gone un-noticed. The provision
of information, education, and reassurance seem to be the main

requirements in these difficult circumstances.
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CHAPTER 4
THE MEASUREMENT, RECORDING AND PROCESSING OF THE VIBRATION DATA
4.1 Transducers
4.1.1 Measured variables

It was decided at an early stage that the vibrations to be measured
would be expressed in terms of their frequency and peak particle velocity.
A review of current literature revealed that this is the most usual
approach, although acceleration-frequency and displacement-frequency
descriptions are also found. In the context of structural damage
vibrations are generally expressed in terms of particle velocity although
the relevant parameter to human perception is related to the frequency
range involved. At frequencies below 10 Hz acce]eratioh seems to be the
dominant factor, whilst at frequencies between 10 and 50 Hz velocity
criteria are appropriate. At frequencies above 50 Hz displacement is the
more important factor. Studies on the effect of vibration on settlements
of sands commonly use acceleration as a criterion. These studies are,
however, usually at the low frequencies which are associated with earth-
quakes. Sinusoidal vibrations are uniquely defined (for zero phase) when
any two of the four parameters maximum acceleration, velocity, displace-
ment and frequency are specified. Use of velocity-frequency parameters
allows single process derivation of acceleration, by differentiation,

and of displacement by integration.

Most measurements were made with arrays of three mutually perpendi-

cular transducers to enable maximum particle velocities to be calculated
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if required by vector summation as follows:

= (V2 2 2 3
Vres (Vvert * Vn—s * Ve-w)
where Vres = Maximum resultant velocity
Vvert = Maximum vertical velocity
vn-s = Maximum velocity in a north-south direction
Vooy = Maximum velocity in an east-west direction

It should be noted that if all component velocities are equal in magnitude

and in phase then

Calculation of resultant velocity in this way provides an inherent factor
of safety as it is unlikely that maximum velocities recorded individually
from the three transducers will occur simultaneously. By measuring in
all three directions it was possible to observe the direction of maximum
vector amplitude. Provided that analysis is performed on the vector
component in the direction of maximum particle velocity the error can
never be greater than 42.3 per cent of the maximum possible resultant.

In practice, owing to the random phase and lower amplitudes of the sub-
dominant vibrations, any error incurred by considering only this vector

is likely to be significantly less than 42.3 per cent.
4.1.2 Geophones

Velocity type geophones were used for all surface and borehole

measurements. These transducers were manufactured by Walker-Hall-Sears
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~_Inc of Houston, Texas, and supplied by Fenning Environmental Products of
Luton. The 'horizontal' and 'vertical' type geophones were of WHS

type Z-2CA and had the following principal specifications:

Natural frequency 14 Hz

Intrinsic voltage sensitivity 0.62 V/in/sec (24.41 mV/mm/sec)v
Field shunt resistance 560 Q

Field damping ratio 0.61

Field sensitivity ' 14.89 mV/mm/sec

The geophones were checked in the Engineering Geology Laboratories at
Durham University before installation (Handsley 1975) and all were found to
be of closely similar sensitivity. At the conclusion of the field work
some geophones were recovered from the site and their sensitivities were
confirmed at about 15 mV/mm/sec. This value is in close agreement with
that expected for these geophones and is used for all particle velocity
calculations. It should be noted that the recovered geophones were in a
poor condition having been in the ground for some two years. The geophone

cases were opened and their type number (Z-2CA) positively confirmed.

Low frequency ground motion (below 10 Hz) was monitored by Bell and
Howell accelerometers and was found to be negligible during the periods

of interest.

The ;hoice of the geophone type of transducer proved to be particularly
satisfactory, their relative simplicity contributing to the field
reliability, a feature so important in this type of application. Although
peizoelectric accelerometers have certain advantages of specification (in

particuiar better low and high frequency response) they would have proved
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more expensive, and they are also subject to temperature drift problems.
Further, they are not completely self-generating like the geophones and
they require a stable power supply which is not always conveniently

available in the field.
4.1.3 Geophone location

Arrays of three ﬁutua]]y perpendicular geophones were placed at
four levels in boreholes at sections A and B. These boreholes were
directly above the tunnel crown and were designated A7 and B7 respectively
(See Figures 2.5 and 2.6). Each group of three geophones was mounted and
potted in an epoxy resin compound by the technical staff at the
Engineering Geology Laboratories in Durham Univefsity. Special measures
were taken to dissipate the high temperatures generated during the process
of resin curing. Care was also taken during cable coupling to ensure, as
far as possible, that water ingress was inhibited and that differential
ground movements along the cable lengths would not cause breakage. When
assembled the geophone packages were carefully lowered into the prepared
boreholes, taking care that the correct orientation about both vertical
and horizontal axes was rigorously preserved. The borehole was then
backfilled with the excavated material and tamped to restore the ground
to as near its original condition as possible. This procedure was
repeated until all four arrays had been installed in each borehole. The
colour coded wiring was then terminated in a diecast box situatéd in a
12" cast iron road box, as shown in Plate 4.1. Connection to the process-
ing and fecording equipment was then simply a matter of removing the
road cover and plugging directly into the Plessey type socket on the

terminal box as shown.
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The level of each transducer array expressed as depth below the

‘road surface is as follows:

Borehole A7 Borehole B7

Level 1 0.20 m 0.20m
Level 2 1.00 m 1.00 m
Level 3 2.25 m 2.25m
Level 4 3.67 m 3.69 m

Some measurements were made with a three geophone array mounted on the
pavement above the tunnel axis (as shown in Plate 4.2). These geophones
were screwed to an alloy block which was 'fixed' to the pavement with
Plasticene. Various other methods were tried but this proved to be the
simplest and most effective. This system was also used when taking a
series of measurements on the floor of the basement at No 54 Ellesmere

Road (see Section 5.3).
4.1.4 In-tunnel measurements

A different approach from that used on the surface had to be taken
when making vibration measurements in the tunnel. The equipment used
had to be fully portable and suitable for use in difficult environmental
conditions. The equipment chosen was a model 2100 portable vibratfon
analyser produced by Environmental Equipments Ltd of Wokingham, Berkshire.
Plate 6.1 shows the equipment (centre left). This equipment employs a
piezoelectric accelerometer with magnetic mounting and provides meter
read-out in terms of acceleration, velocity or displacement. It also
incorporates a narrow-band tuneable filter, which allcws measurement of
each variable at any particular frequency. Two tuned filter bandwidths

are available at +5 per cent and 2] per cent of the centre frequency.
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- This facility was most useful when isolating the predominant frequencies

‘at various locations within the tunnel and on the tunnelling machine.

The actual locations at which vibration measurements were obtained

are listed in Table 5.5, together with the vibration data.

4,2 Signal conditioning, monitoring and recording

4.2.1 Conditioning and monitoring

Conditioning and monitoring equipment was housed in a mobile
laboratory parked close to the borehole and was supplied with mains
electrical power from a nearby lamp-post. The importance of this
arrangement should not be overlooked, since a reliable, relatively noise-
free source of ample power was vital when using relatively sensitive
electronic equipment. Plate 4.3 gives a general view in the mobile
laboratory and Plate 4.4 shows a close-up of some of the equipment
within. A diagrammatic layout of the equipment is given in Figure 4.1.
From the borehole terminal box a single 25 way Plessey connector and
cable assembly carried the geophone signals into the van and terminated
in a 12 channel patch panel, each channel relating té geophone as shown
in the diagram. The geophone output was fed into an amplifier type
1-190 made by Bell and Howell. This differential amplifier is designed
specifically for use with instrumentation magnetic tape and ultra-violet
chart recorders. The amplifiers are designed for mu]ti;channel
operatioﬁ and being separately mains energised with isolation of signal
earth, aliow complete system flexibility. Twelve channels of amplifica-

tion were required and their specification is as follows:
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Gain (voltage) switched x 20, 50, 100, 200, 500, 1000
accuracy +] per cent maximum

linearity < 0.1 per cent deviation from
best straight line

stability better than .02 per cent

better than .1 per cent
long term

The above ranges may be attenuated by a factor of 100:1

Input impedance > 2 Mo balanced differential

8 volts maximum

I+

Output voltage

current + 10 mA
Common mode rejection > 100 dB

Bandwidth DC to 20 kHz

The signal was monitored on an oscilloscope at inputs and outputs of the
amplifiers to ensure that whilst using the full dynamic range no clipping
or other waveform distortion was occurring. A headset was available for
listening to the seismic noiée and proved a valuable asset. With
experience it was possible to recognise, by ear, almost all forms of
seismic noise from the tunnel and environmental sources. Viewing the

signal on the oscilloscope was not so useful for this purpose.
4.2.2 Recording

A1l twelve amplifier outputs were fed to a Bell and Howell model
5-139 u]ﬁra violet chart recorder fitted with type 7-316 fluid damped
Qa]vonometers. This combination has a frequency response flat to 5 per
cent for a bandwidth 0-1200 Hz. It was, therefore, possible to produce
hard copy in real time of all the geophone outputs from any one borehole.

This facility was particularly useful when deciding which were the most
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appropriate channels to record on magnetic tape for subsequent spectral
analysis. In order to resolve frequencies of up to 500 Hz it was
necessary to run the paper at fairly high speeds and this meant that

only relatively short bursts of data could sensibly be recorded.

A four-channel instrumentation cassette recorder made by Teac was '
used to record data from se]ecfeq geophone channels. This recordér has
a high input impedance (100 k@) and in its frequency modulated mode an
effective bandwidth from DC to 625 Hz. An input voltage of 1lv peak to
peak gives full tape modulation and on replay results in a 2.3v peak to
peak output. This form of data storage allowed a tape library containing
many complete 'mucks' (the excavation for one lining ring, 0.615m) to be
recorded in a form suitable for direct input to the spectrum analyser or

ultra-violet chart recorder.

It was usual to record either all three geophone outputs at one
level or one geophone output from each level (all four having a common
direction of sensitivity). The raw data were stored on high quality CS0
magnetic tape casettes and catalogued with reference to the tape code
letter and the three digit tape counter built into the recorder. For
example, D187, is the code for position 187 on tape D. To make best use
of the dynamic range of the recorder it was desirable to set the gain
of the amplifiers to provide as near to full tape modulation as possible.
This was achieved by careful monitoring of the signal on the oscilloscope.
If, however, the channel with the maximum signal was not correctly pre-
dicted errmodu]ation of the tape could occur. This problem occurred
infrequently and was easily detected because all the tape records were

checked during processing.
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4.3 Processing

4.3.1 Objectives and system choice

The principal objectives of the processing were:

a) to determine the maximum soil particle velocities,
and
b) to characterise the seismic energy in terms of its

frequency spectrum.

Objective a) was achieved by replaying the data held on cassette and
recording on the UV recorder the period of maximum observed partic]e
velocities. From this trace and a knowledge of the overall system
calibration the peak particle velocities were determined. Further manual
analysis was performed on the twelve channels of UV data recorded directly
from the boreholes. These records, however, only covered a very small
proportion of the 'mucking' period and were unlikely to detect the

important particle velocity maxima.

Two different approaches were considered to perform spectrum analysis
of the data. Firstly, the preparation of appropriate software for use
with the lLaboratory's on-line computer system and, second, the use of a
real time spectrum analyser of the type manufactured by Honeywell-Saicor.

The latter was chosen for the following reasons:

i. No suitable software packages were available to perform
the calculations required and the preparation of new or
substantially modified programmes would have been

expensive in terms of man hours.
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ii. The Honeywell-Saicor analyser performed exactly the
processes required and could be used in a real-time

mode on-site if required.

iii. The analyser was capable of accepting analogue signals
directly, whereas a software-based system would required

digitised data.

iv. A1l processing could be carried out without the delays

which seem inevitable with any on-line system.

v. The analyser is extremely flexible and any changes in
bandwidth, integrating times or other parameters may

be made at the flick of a switch.

In use, all these advantages were apparent and the system chosen was both

technically efficient and cost effective.

Spectrum analysis provides a frequency domain characteristic for the
applied signal. This characteristic yields the energy or power distribu-
tion és a function of frequency. It must be remembered that the relative
phase of the individual Fourier components is lost, and as the maximum
value of the signal {in this case velocity) may be of interest, this
information must be obtained from time domain processing, that is Simple
direct measurements of particle velocity as described at the beginning

of this section.

The information derived from the spectrum analysis allows the
principal frequencies to be identified and characterised in terms of the
source and the nature of the propagating medium. It alsc provides a clear
indication as to the deployment of the seismic energy over the frequency

range.
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The Honeywell-Saicor model SAI-52B spectrum analyser is essentially
a hard wired computer using a swept filter combined with time compression
system which allows a complete 400 point spectrum analysis to be
accomplished in 160 msec. A full description of these comp}e; processes,
together with detailed specifications and opefating instructions, may be

found in the handbook supplied by the manufacturers.

The data length required is dependent on the frequency scale selected.
As theoretically required, the minimum record length is equal to the
reciprocal of the desired resolution, the resolution of this 400 point
analyser being 1/400th of the chosen frequency range. Therefore, if the
analysis is accomplished on the 500 Hz scale the resolution is %%% = 1.25 Hz

and the processed record length is 1—%§-= 800 msec.

It is often desirable to produce a spectrum which is characteristic

of a long record length. This is accomplished through the digital integra-
tor section of the SAI52B, which accepts the output from the analyser
and averages by adding and dividing by a prescribed and selectable number
of spectra. The so called 'number of sums‘ may be 8, 16, 32, 64,.. and the

total data length is calculated by multiplying the number of sums chosen
by the individual processed recorded length. For example, the processed
record length for 32 sums on the 500 Hz bandwidth scale is 32 x 800 msec =
25.6 sec. A particularly useful feature of this analyser is its 'peak
hold' facility which, during the processing of data, captures and helds
the peak value occurring in each bin. This is particularly useful when
the signél comprises a low background noise with high amplitude oscilla-

tions occurring with frequent but random periodicity.
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It was decided to simplify the comparison of the frequency spectra
By standardising on a single bandwidth for all the processed data. This
bandwidth was determined by analysing data when the source (the tunnelling
machine) was at its closest to a geophone array. Since high frequencies'
are selectively attenuated to a higher degree than low frequencies‘these
conditions indicated that the maximum bandwidth required was 500 Hz. The
input/ouput gain factors in the processor were also fixed and the relative
amplitude of each spectra obtained from the original amplification applied

to the geophone signal at the time of recording.

The vertical scale of the spectra is output from analyser in
Volts/bin and is proportional to the voltage output from the geophone
which, in turn, is proportional to velocity. Owing to the non-stationary
nature of the spectra, the unrelated phase distribution of Fourier
components, and the finite window size of the processed data, it is not
permissible or appropriate to scale the spectra in terms of particle
velocity. In this thesis the relative amplitude of the spectra are scaled
in terms of a common and arbitrary unit, and when required, the particle
velocity should be derived directly from the time domain records as
previously stated. As all the records are from a common source, and
are processed in the same manner, each spectrum is directly correlated
by its common scale with any other, so allowing conclusions to be drawn
based on comparative measurements. Owing to the non-linear response of
the geophohes and the effect of low frequency speed variation of the
recorder, the part of the spectrum below 10 Hz should be disregarded. A few
records were obtained giving high amplitudes at frequencies below 10 Hz;
these were invariabiy found to be the result of over-modulation of the

magnetic tape and were discarded as unreliable. It has been noted earlier
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that independent measurenents using piezoelectric accelevometers in

no significant signal amplitude below about 10 Hz.

The raw dete were fed divectly 1n wnaltoque form from the tape
recorder to tho anslyser input. The continuous and averaged spectra

were displayed throughout the processing period. Headset monitoring was

o}

alsc found to be wost useful at this time for identifying particular

3

[#2

avents noted i the cassette Tog book, and to ensure that spurious events

o

3

(such as, -5%;

o
u!

tape STG ivt) did not infiuence the processed data.

<
]

Having 1déntifiad the period of seismic noise to be processed, an
average and pesk hold spectrum was produced together with a UV recording
of the period of wmaximum velocities (ohserved during the processing
period).  The records were catalogued and stored for future manual

analysis.

Plate 4.5 shows the spectrum analyser with input from the cassette

recorder and ciutput to a Bryans X-Y plotter.
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CHARTER 5-
VIBRATION CAUSED BY THE TUNNCLLING PROCESS

5.1 Introduction

Data were coliected during two pericds as the machine approached

and passed the instrumented boreholes. The bulk of data at borehole A7
were collected between 15 September 1976 and 23 September 1976, and at
borehole B7 betwsen 5 October 1976 and 8 October 1976, Much supplementary
dato were also collected between May 1975 and May 1977. The volume

of data was considerable and was held in magnetic tape and UV cnart

racovd form.

To reduce the data to a format suitable fer analysis the following
procadure was adepted.  Each magnetic tape was replayed and significant

events reproduced on UV charts and a full spectrum analysis performed

Lo

(2s described in Section 4.3). In all, well over two hundred peak holc
and mean spectra were produced. In order to quantify and tabulate the
amplitudes shown by the spectra the 500 Hz bandwidth was divided into
ten egual parts. An average value was then measured for each 50 Hz
banawidth and tobulated. The relative amplitude and frequency of the
principal peaks viere also noted. The peak particle velocity was measured
from the UV charts and wherever possibie the dominant frequency was also

noted.

Figure 5.1 shows a typical peak hold and mean spectrum, and illustrates
thie mathod of processing the data into tabular form. A data sheet similar
to that shown in Figure 5.2 was attached to each spectrum. Figure 5.3

shovis a shart extract from the UV chart record associated with the

spectrum shown In Figuie 5.1,



Appendices [, F and G present all the relevant data produced in

o~

this way and data are abstracted from these tabies for graphical and
tabular presentation. Information derived from data held in other

forms (that is, 12 channel UV chart or measurements of peak particle
velocity from the portable vibration analyser) is reproduced in the text
as required. Figure 5.4 is a typical direct record UV chart taken
during the muck for ring 1063 (the 1 E-W geophone is not working): A
large quantity of data of this type were racorded and were vuseful in
assessing patterns in the data. However, the maximum values which are cf
particular interest were always to be found and processed from the

complete magnetic tape records.

Pilot laboratory experiments, briefly described in the rext chapter,
had confirmed the Tindings of other workers (Pyke et «l 1975) that it was
the peak Tevels of vibration rather than their duration which were of
most importance when considering compaction. That is, for a given peak
level of vibration, settlement will occur within a relatively short
period of time, and until a higher Tevel of vibration is applied no
further significant settlements will occur. The emnhasis of the
experimental effort was, therefore, placed on the determination of peak
particle velecities and the majority of the data were recorded in the

inmediate vicinity of the machine.

5.2 Borchole measurements of nachxne induced vibration

5.2.1 The type of vibration and peak particle velocities

Duiing the excavation process the vibrations were characterised
by periods of low particle velocities with random periods of relativeiy

high valcoities. This s shown in Figure 5.0 during 1.8 seconds of a
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recording typical of the great majority of data collected. The periods
c¢f high velocities (in Figure 5.5 between 1.3 and 1.6 secs) were rarely

more than .5 seconds in duration whereas 'quiet' periods (between 0.42
and 0.88 secs in Figure 5.5) were often as long as 1 or 2 seconds. This
cutting action is explained by considering the sandy ground with randomly
distributed granite and dolerite boulders. The periods of high particle
velocities occur when a boulder is exposed, then pushed into the sand

and finally smashed by a disc cutter or by a milling action against other
boulders in the face. This cutting action could be heard clearly on the
headphones which provided a rather better 'feel' for the mechanism than
visual analysis of the UV chart records or oscilloscope trace. A
noticeablie change in this pattern occurred after the face has passed
borehole B7. Although the peak particle velocities remained similar at
this time, the periods of high veiocities became less freguent than
before, giving periods described in the cassette log book as 'quiet
cutting'. When standing on the paVement above the tunnel face the
vibrations could be felt and heard quite distinctly, and 'clearly
perceptible' was considered an appropriate subjective description by site

personnel.

Figura 5.4 shows a disc-boulder or boulder-boulder impact during the
excavation for ring 1063, with the machine some 5 metres from the borehole.
Note the increasze of particle velocity with depth. This is typical of
most records obtained when the tunnel face approached close to the bore-
holes. Consequently, the tepe records that were made concentrate on the
bottom (level 4) geophore array in order to record maximum ground particle

velocities.
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Figures ©.58, 5.7 and 5.8 show the peak particle velocities recorded
in the N-S, E-¥ and Vertical directions respectively, and demonstrate
the increase in particie velocity with tunnel face proximity. The
Tab?&s 5.1 and 5.2 give the value plotted in the figures together with a

value of the resultant peak particle velocity calculated as described in

Section 4.1.1.

TABLE 5.1 .

orehole A7

D
(%]
ja?]
puy
jon

Peak particle velocitie

Tunnel fac;‘~ R s i r
borehole distance Peak particle velocities mm/s

m 4 N-S 4 E-Y a4y Resultant

18.4 0.09 0.06 0.10 0.15

7.4 0.46 0.50 0.29 0.74

4.3 2.07 2.07 0.83 3.04

- 0.6 2.48 2.74 1.34 3.93

- 1.2 2.69 1.19 1.67 3.38

2.5 1.11 .0.78 0.44 1.43

- 8.0 0.55 0.49 0.4% 0.88

TABLE 5.2

Peak particle velocities at borehole B7

bolggg?; S?Eia;ce Peak particle velocities mm/s

m 4 N-S 4 E-V 4y Resultant

4.5 0.32 0.55 0.54 0.83

b 1.13 1.09 1.16 1.95

1.85 2.48 1.85 3.60

(3 H-5) (3 E-K) (3V)

5.5 .34 0.45 0.53 0.77

- 6.1 G. 31 0.48 0.54 0.79

- 10.& 0.12 0.15 0.10 0.22

P11 G.17 24 0.17 0.34
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The siwdlarity between the results from.boreholes A7 and B7

is dmmediately apparent and the maximum particle velocities recorded

T

in each direction are closely the same. The first of these points

may have heen sxpectiad as we are dealing with the same source in the

same type of ground. The second observation is also to be expected
if the motions monitored are due to body waves erxcited in random

directions through the process of smashing of boulders by the disc

cutters on the rotating machine head.

The level of particie velocity is approximately symmetrically
distributed on either side of the 'zero' tunnel face/borehole distance
axis. This may suggest that the precise point of impact between disc
and beulder is not the exclusive point of energy input to the grounc,
and that the complete rotating head of the machine is also vibrating

on these impacts and exciting the surrounding ground as well.
5.2.2 The spectral distribution of particle velocity

Gver 200 detailed spectra similar to that shown in Figure 5.1
were produced, and analysis of these processed records yields much

£

information not directly relevant to this thesis. The simplified
presentation and discussion wnich follows here will serve to indicate
general trends observed, and bring out the significance of the data

in the context of this work.

Figures 5.9 and 5.10 show the spectral distribution of particle
velocities and are representative of the trends shown by other data
giver in Appendices £ ana F.  These figures were plotted as described
in 5.1 with the average relative amplitude for each 50 Hz bandwidth

plotted at the midpoint of the bandwidih. As expected, the









distribution of energy varies with distance from the‘scurce; the closer
to the source the greater the proporticn of erergy at higher frequencies.
Again, the similarity between the results frem both boreholes and the
similar levels of relative amplitude between component velocities, should

b

[

noted.

Records number 92 and 93 (see Appendix G) vere taken to confirm that
the relative amplitude of the spectra beyond 500 Hz was nol significant.
Spectra were cbtained of ambient noise while the machine was idle and
there were ne other obvious sources (road traffic etc) present. The
relative amplitude of these spectra never exceeded 0.07, so indicating
that ambient noise tevels would not be significant with respect to machine

vibration levels.

Table 5.3 is i1lustrated by Figure 5.11 and shows the variation of
relative smplitude in five bandwidths against source distance. The
values plotted (in Figure_5.11) are average values of relative amplitude
in 100 Hz bandwidths. In order to obtain values for the attenuation
coefficient o the slope of a Tine between the values at 18.4 m and
4.3 m is considered for each bandwidth. Similar values for a are also
obtained between values of relative amplitude at 7.4 and 4.3 metres from
the tunnel face. Table 5.3 gives the calculated o values. The effect
of gecmetrical spreading is not allowed for ih the calculation of a owing
to the complex and largely unknown geometry of the source and the
refractive and quiding effects of the free ground surface and underlying
bedrock. This approach to the calculation of « from field data serves
only to describe empirically the order of attenuation as the effects of
the site geclogy and geometry and the deployment of energy into surface
waves renders largely invalid the assumptions made in the development of

the thecory. It is unlikely that the valuss obtained for the attenuaticn

()
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Tabla 5.3
Values of relative amplitude in 100 Hz bandwidths

derived from average spectra at bovrehole A7

Tunnel AR TATH
becord i BANDWIDTH
g . n 3 b
omber gorehole o100 | 100-200 | 200-300 | 300-400 | 400-500
distance
10 18.4 0.50 0.31 0.14 G.05 0.02
16 & 19 7.4 2.1 2.36 1.65 0.7 0.4
22 4.3 3.75 6.25 4.75 2.5 1.25
25 - 0.6 5.0 7.75 5.75 3.0 1.25
29 - 1.2 3.75 6.0 4.5 1.5 0.75
32 - 2.5 3.1 3.9 3.0 1.4 0.65
43 - 8.0 1.6 1.35 0.65 0.4 0.2
tog,, (rel. amp. rec. 22 + 2.01 3.00 3.52 3.91 4.14
rel. amp. rec. 10)
nepers
‘o nepers/m 0.14 0.21 0.25 0.28 0.29
109e (rel.amp.rec.22 + 0.57 0.98 1.06 1.27 1.14
rel.amp.rec. 16 & 19)
nepers
"o neperS/m 0.18 0.31 0.34 0.41 0.37







coefficient are an accurate reflection of the true value. It should

be noted that for surface measurements made at distances in excess of a
few tens of metres from the o ¢ the effects of “Face waves become
few tens of metres from the source he effects of surface waves become

predominant and the attenuations of the wave energy will be significantly

fess than that asscciated with body wave motion.
5.2.3 Other borehole m2asurements

The process of tunnel construction procuced little significant
ground vibration other than that directly associated with excavation.

The only exception to this was the 'dropping’ of the tunnel lining segments
into the invert during fthe building of a ring. Figure 5.12 shows a segment-
invert impact when the tunnel face was approximately 3 rings past the
borehole. As the Towest level (4) geophone crroy is just above the crown

of the tunnel, the source to a geophone distance was approximately 3 metres.
The maximum particle velecity produced by this impact was about 0.33 mm/sec
but velocities of up to 0.6 mn/sec were occasionally observed during ring
constructicn.

Vibrations produced by traffiﬁ at the Warrington site have beern
reported by Handsley (1975). He found that the vibrations produced by
heavy lorries were largest al the shallowest geophone array and we
predominantiy vertical in direction. The maximum resultant particle
velocity he recorded was 0.25 mm/s2c.  Numerous recordings of road traffic
were collected between periods of tunnel excavation and the results were
simflar to those of Handsley quoted above. A maximum resultant velocity
of 0.18 mn/sec was recorded from é heavily laden articulated lorry
travelling at about 35 mph. The Trequency of this velocity maxima was
approximately 20 Hz and the vibrations from the iorry were measurable

for a period of about & seconds. Passing cars produced resultant velocities
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“well-below 0.1 mm/sec. Most of the large motions from passing traffic
occurred clese to the surface and showed the general characteristics of
a retrograde ellipsa with a principal axis close to vertical. This

indicates the predominance of surface waves over body waves from surface

sources between approximately 10 and 50 metres distant.

5.3 Surfece vibration measurements

5.3.1 Vibration measurements in Number 54 Ellesmere Road

At the invitiation of the householder, vibration measurements were
made on the cellar floor at 54 Cllesmere Road during the excavation for
the build of ring 1039. At this point the tunnel face is directTy
beneath the front garden wall and at its closest fo this property. The
geoshone array (snown in Plate 4.2) was placed on the cellar floor about
150 mm from the front wall at some 2 metres below pavement level.

Plate 5.1 shows a gereral view of site A and number 54. Borehole A7 is
immediateiy in front of the parked car and number 54 is the third house
from the junction with Francis Road. Figuwre 2.5 gives a plan of this
site and the line x-x! shows the position of the tunnel face during the
acquisition of this data. Table 5.4 is derived from records 4-9 and
gives the peax particle velocities caused by the two Targest impacts
during the excevation for ring 1039. These vibrations were similar in
character (as shown by their frequency spectra) to those recorded by the
borehole geophone arrays and had a maximun peak partic1e velocity of

0.5 mm/s.
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Table 5.4

Peak particle velocities in cellar of

No 54 Eilesmere Road

Peak particie velocities mm/s

N-S E-u V Resultant

0.20 0.17 0.3 0.45

0.24 0.24 0.37 0.50

5.3.2 Pavement vibration measurements

Mhis sub-section mentions data which were cobtained to allow the
determination of seismic wave velocity by a cross-correiation technigue
and the evaluation of body wave attenuation cver the entire bandwidih of
energy produced by the tunnelling machine. Although this information is
not particularly relevant to this work, it does provide some confirmation

of other resuits quoted eavlier in this Chapter,

Vibrations measured on the pavement were found teo be similar in

character and magnitude to those recorded at Tevel 1 in each borehole and

records 50-52 (see Appendix G) are typical of those obtained from geophones

mounted directiy on the pavement. These records comprise twoc pairs of
simultanecusly recorded data sets designated numbers 50, 51 and 52, 53.

Numbers 50 and &

(]

were taken directly above the tunnel face, whilst

numbers 51 and 53 were devived from geophones some 18 metres ahead of the
face. This arrangement allowed direct comparison of vibrations from
identical dmpact events at a geophione-source distances of about 6 and 18

metres respectively. The vaiues for the attenuation coefficient ‘o

obtained frowm this data were consistent with those given in Table 5.3,
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which were derived from-the geophones in borehole A7 with varying source
distances. However, the results are subject to similar limitations to
those described in Section 5.2.2 and should only be used in an empirical
manner; and correlation with any theoreticail models is not likely to he
very meaningful. The meximum vertical particle velocity recorded was
0.5 mm/sec and 1s in agreement with the subjective description of

C'just perceptible' given by site nersonnel during this period of

excavation.
5.3.3 Disturbance by noise

Vibration from the tunneiling machine was transmitted through the
ground and rvesulted in noise in the houses along E11;smeré Roaa. The
sound was simiiar to distant thunder and wes estimated by the author to
be less than 40dBA.  The sound appeared to resuit from resonances of
floors and ceilings within the houses and the direction of the source was
not at all apparent. Occasionally, windows., doors and househoid items were
caused to rattie. The sound was clearly audible in houses for some 20 m
behind and in front of the tunnel face and was at its loudest when the
face was at its closest to the preoperty. Few if any complaints were made
~during the day shift working; howsver, many complaints were made betveen
22.00 and 24.00 hours. Due to the reduced Tevel of ambient noise, and
the fact that they were trying to sleep, the noise seemed, to the residents,
to be more severe at night. The vibration from the tunnelling machine
was more noticeable indoors than it was standing on the pavement above the

machine.

The residents presented their complaints to the Resident Engineer

air his Clerk of YWorks who exptained the causcs of the noise and performed
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_ __the puhlic relations exercise so important to this type of contract.
To the author's knowledge no tunneiling 'down-time' resulted from noise

complaints.

Several rather obvious conclusions were drawn from the author's

a) A tactful and good humoured approach by the man dealing with
the residents was vital. A surly or officious attitude

would cliearly have provoked residents to further action.

b} The noise upset residents because of its unusual source and
type but its level was so low that serious problems only

occurred at night.

c) With unimpeded tunrel face advance, the noise problem was
cnily presant in a given house for about one week. Good
¢riving rates reduced the duration of the noise and hence

isturbance to the residents.

(s
o
[¢¥
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5.4 In-tunnel vibration

The portabie vibration analyser described in Section 4.1.4 was used
to determine the level of vibration on the tunnelling shield, on various
parts of the machin2, and on the tunnel Tining during the excavation

process.  Tahle 5.5 gives the values found and the locations of the points

The Tevel of vibration on the turmeiling shield and the 1ining rings

was found to be lower than expected, although certain parts of the machine
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resonated at high peak particle velocities. There were few vibrations
of the shieid or the lining that were directly attributable to any
individual source, although there was considerable evidence that the
érea of the machine around each main motor was excited at about 12-13 Hz.
It should be noted in this context that the main motors rotate at 720

revs per minute (12 Hz).

As the data from borehole and surface geophones became available it
quickly became clear that it was the random impacts between the disc-
cutters and boulders that were the major source of energy transmitted
through the ground, and that other machine induced vibrations were not
particularly significant. It is of interest to note, however, that the
spectra of borehole and surface recordings taken when the main motors were
running, but excavation was not taking place, show peaks at approximately
13 Hz and higher modes. These peaks, of course, have a very low relative
amplitude in relation to those obtained from data recorded during

excavation.
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Table 5.5

In~tunnal vibrations

Probable
source of
vibration
energy

Excavation

Excavation

(@]
Qi

Excavation
Excavation
Ne 2 mairn
motor

Ho 2 main
motor

Erector
pump

Excavation
?

Excavation
2

Main motors

Main motors

Grout
mixer

Peak Dominant
tocation of particle %;efuéncy
measurenent velocity dv” -

- £

mm/s

Shieid tailskin 0.1 15-50

(parallel to (with other

tunnel Tine) peaks
betveen
150-900)

Shield tailskin 0.08 20~40

(normal to (with other

tunnel Tine) peaks
between
200~800)

Rear bulkhead of 0.12 15-100

shield

Last lining ring 0.08 10.35

erected

On motor 27 12.3

Rail adjacent to 4,0 12.4

motor

Rail adjacent to 0.25 24.5

purp

Erector 2.7 15

(parallel to

tunnel line)

Erector (normal 0.7 15-50

to tunnel line)

Lining ring by Below 0.05 -

main motors

(parallel to

tunnel Tine)

Lining ring by Below 0.05 -

main motors (nor-

mal to tunnel

line)

Rail by grout Balow 0.05 -

mixer

<

D
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CHAPTER G

GROUND SETTLEMENT

6.1 Soil density assessment

1.

s obtained during the site

Standard penetration tests (SPT) value
investigation had indicated that the soil at the Warrington site varied
between 'loosa' and 'very dense' (see Section 2.3.2). Penetration tests

2

carried out by the contractors more recently, however, have revealed that

the soil in tne vicinity of the tunnel at Sections A-and B might be more
accurately described as 'very loose' to 'medium dense' (see Figure 3.4).
SPT values of below 10 were often found, and values of 1 to & were not

uncommon. This indicates areas of very loose ground with considerable

potential for settlement due to compaction.

During the excavation of a trench for a feeder sewer to the main
tunnel the opporthity arose to measure the <m sttu density of the soil
on the proposed tunnel line at a depth'of 4.5 metres. The author
initiated a series of tests carried out and reported by A S Hagarkatti
(1877). Twenty twio <n situ density determinations were made using a sand
replacement method {7 tests) and modified core cutter method (15 tests).
No significant difference was found between the results given by the two
methods, but the core cutter method was preferred because of its
elative simplicity. Tnis was important because of the difficult site
conditions and the Timited access periods. Table 6.1 gives the
sumnarised resuits, and the standard deviations shown reveal the extremely
varied nature of the soil. The dry density, moisture content and air
content varied considerably, even cver distances of less than 1 metre, and

reflected not only changes in the stacking geometry of the particles but
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also variations in the material itself. For instance, bands of silty

clay were often clearly visible in the trench floor.

Table 6.1

Results of Zm siiuw density measurements

Moisture

Air content
content Hco v

dry density

: © Nq’ O-F @ ~ ey
T)'/‘[;(IjstOf ’E':%‘ts Mg/m3 pey cent per cent
- LGS

Mean | Std. Dzv. | Mean | Std. Dev. | Mean | Std. Dev.

Sand re-

placement 7 1 1.89 0.08 17.7 2.4 11.3 3.4
Core

cutter 15 1.55 0.098 10.9 6.4 24,3 8.9
Both 22 1.57 ¢.09 13.1 6.3 19.9 a.7

Figure 6.1 gives the laboratory compaction curve using a 4.5 kg ramuer
(test number 13 of BS 1377:1975) and shows the individual dry density
dgeterminations summarised in Table 6.1. Note the maximum dry density of
1.80 Mg/m® occurs at a moisture content of ebout 11 per cent.  The mean
'relative compaction' for the soil is the ratio of the field dry density
and the maximum dry density found in the BS compaction test.

Relative compacticn = %42% x 100 = 87.2 per cent

This is subjectively described as loose/medium and corresponds to the SPT
values of 10 and undger, wiich were found at similar levels in the vicinity

of sections A and B (see Fiqure 3.4).

From tne values in Table 6.1 *the mean void ratio was found to be

0.681 and the porosity 0.405 (seas fppendix D).  Several tests involving

—
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various fast pouring techniques were cariied out to find the minimum
possible dry density. These tests proved difficult to replicate and
the minimum value found of 1.37 Mg/m?® was not considered an accurate
refiection of the 'field' winimum dry density. The resulting value of
relative density was 46 per cent which, despite the inadequacies of the
method (see Section 3.3.3), is in reasonable agreement with that found

for relative comnaction (if the relation shown in Figure 3.4 is used).

These density measurements confirm that there is scope for an
increase in the 4n situ density of the soil at Warrington and,

consequently, settlements at the ground surface.

The wide variation of density values indicates the inhomogeneous
nature of the lensed Drift deposits, although the spread may in part
reflect the well known difficulties in obtaining an accurate measure of

in situ density.

6.2 Laboratory tests of vibration induced settlements

In order to obtain some feel for the level of vibration at which
settlement may begin to occur, a brief series of experiments was carried
out on the rig shown in Plate 6.1. Samples of the soil from the Warringicn
site were prepared at dry densities and moisture contents similar to those
found on the tunnel Tine. These samples were contained in a steel mould
150 mm in diameter and 125 mm high. The mould was clamped to a vibrating
table whfch had a fixed frequency of 100 Hz and whose amplitude of motion
could be controlled. The motion of the mould was measured by an acceler-
ometer mounted divectly on the mould and cutput on the vibration analyser

shown on the extreme left of Plate 6.7. A plaster disc was placed on top

—in
—
o

sampie to provide a small surcharge which prevented loosening of

~

the surface sand. The selttlement of the sample was measured using a






linear potentiometer which rested on the centie of the plaster surcharge

disc.
The sample was subjected to increasing levels of vibration until

the Tirst sion of setilement was observed. The vibrations were held

:

at this Tevel for 2 minutes and the total settlement was then measured.
The Tevel of vibration was then raised in stages to a peak level of
2 to 3g and settlements again recorded after periods of 2 minutes at

gach level.

Table 6.2

Laboratory vibration induced settlements

fost Ory density Moisture Direction Peak Settlement
Numéér fg /i3 content % . of accel. %
vibration ]

1a 1.52 12.0 Vert 1.4 | 0.20
ib 1.52 12.0 Vert 2.8 3.84
2a 1.79 6.7 Horiz. 0.1 0.04
s} 1.79 6.7 Horiz. 3.0 4.26
3a 1.59 9.6 Horiz. 0.2 0.22
3b 1.59 9.6 Horiz. 2.0 7.50
4a 1.50 11.7 Horiz. 0.7 0.22
4h 1.50 11.7 Horiz. 2.0 5.45
5¢ 1.37 9.2 Horiz. 0.05 0.44
5b 1.37 9.7 Horiz. 2.0 23.24

Table 6.2 summarises the results for 5 samples. The tests sufficed 'a'

give the threshold levels at which the first settlements were observed

and those suffixed 'b' dindicate the settlements after the maximum acceler

ations had been applied.



It was not possible to apply a substantial surcharge stress to the
sampiea to simulate true field conditions. However, these experiments

were useful and allow the following observations to be made:

i. Samples 3 and 4 had very similar dry densities and moisture
contents to the soil at Warrington ana under horizontal
unidirection shaking at 100 Hz began to compact at a peé
acceleration level of 0.2 g. This corresponds to a peak

particle velocity of 3mm/sec.

11, Samples 2 and 4, which are similar to the extremes of dry

aensity found on the site, began to settle at 0.1 and

0.05 g (1.6 and 0.8 mm/sec) respectively.

iii. As expected, the higher the initial dry density of tne

sample, the lower was the final settlement.

iv. The samples were far less affected by unidirectional

vertical shaking than by horizontal shaking.

v. It was noted that the settiemsnt due to a given level of
vibration occurred within a few seconds of the start of
shaking and thereafter no significant settlements occurred
until the vibration level was increased.

~
£
1

The results of this brief series of tests are similar to the results of
octher workers and conform to the bread princinles of compaction by

.3

[F%)

vibration discussed in Section 3.

.
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Vibration thresnelds of 0.8, 1.6 and 3.0 mm/sec caused the samples
to settle. As the level of vibralion in the ground due to the tunreliing
process was often in excess of these values, it is possible that

settlements duc to compaction will occur.

Tt siiould be noted that in the field two factors not simulated in

wvias will have an dmportant influence on the v1}1af'0n induced

-
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a) The efTective stress in the scil due to the cover will
increase the strength of the soil and increase the
enargy levels required to re-order the particle

structure (see Figure 3.3).

b) The multi-directional shaking present in the fieid will
tend to veduce the vibraticn threshold Teveis observed for
unidirectional motions.

.
|

I
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se effects are opposite in character and will bhe, to some extent, self

cancelling.

6.3.17 Introduction

A dmportant part of the TRRL researcn programme at Warrington was
the measurement of surface and subsurface ground movements due to tunnel
constrruction. The following paragraph Torms the conclusions to Turnels

Division Working Paper fio. 3 {Barratt 1976) and adequately summarises

surtace subsidence measurements made prior to work at the main instrumented

r—
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'Settlements above the sandstone and above the start of the
chemically consolidated ground have been reported in TRRL

Internal Hote IN 0123/75. The maximum and minimum values measurea
were 2.3 and 1.3 mm in the sandstone and 2.2 and 1.4 wmn in the
chemically consclidated ground. The amount of chemical treatment

in the zone where these settlements were measured was up to

40 per cent of the area of the face. Measurements reported in

this Paper show that towards the end of the chemically treated
ground the settlement measured was between 2.5 and 4.8 mm, with

an area of treated face of up to €65 per cent. This shows an
increase in settlement as the extent of the treated ground increases.
The surface settlements measured above the tunnel excavated using
the bentonite system gave values of 19.9 and 14.2 mm on the
centreline and 10.2 and 8.6 mm at the shoulders, véiues considerably
higher than in all previous cases at Warrington: the corresponding
sTope values were 1/210 and 1/360. If it isassumed that the
subsidence profiie at the surface can be approximated by a normal
distribution curve, the cross-sectional areas of the subsidence
troughs developed at the two survey locations are 0.086m? and

0.071m2",

The data given in Sections 6.3.2 and 6.3.3, were derived from measure-
ments given to the author by D Barratt in the form of personal communica-

tions and will be published in due course.

6.3.2 Surface seti{lement

At sections A and B a series of six studs were fixed into the road
surface on a Tine normal to the tunrel axis as shown in the site plans

(Figures 2.5 and 2.6). The upper parts of Fiqgures 6.2 and 6.3 show the
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settlement of the "o' road stud (directly above the centre line of the

tunnel) as the tunnel face passed benecatn. These data with their date

and time (where relevant) of acquisition, are also given in Table 6.3.

The Tower parts of Figures 6.2 and 6.3 give the settlement profiles of
.

the ground when the face was more than 20 metres beyond the measuring

peints. DBy this time the great majority of the settlement had occurred

and for our purposes the ground level had stabilised.

The settlements at both sections A and B showed very similar

characteristics which were as follows:

a) At both sections over 95 per cent of the total settlement
occurred during the excavaticn of material from
approximately 5 m before the road studs to 15 m beyond

the road studs.

b) The maximum settlement at section A was 18.7 mm and at

section B, 25.3 mm.

c) The settlement profiles at A and B were distinctly
assymmetrical. Settlements 2 m north of the tunnel centre
line were appreciably lower than those 2 m to the south.
This effect may be due to the greater degree of initial
compaction of the ground beneath the main road (Ellesmere
Road) or some other difference in ground conditions.
Praferential 'tzke' of material related to the direction
of rotation of the cutting head offers another possible

causa,



d) At sections A and B_the volume of ground 'lost' expressed
as a percentage of the volume of ground excavated wass 1.1

per cent and 1.5 per cent respectively.

e) The ground slopes, calculated on a stud to stud basis, are

given in Table 6.4.
6.3.3 - Sub-surface settiements

Sub~surface ground settlements at sections A and B were measured by
direct ground anchors and by magretic rings placed on the outside of the
inclinometer tubes, (see Figures 2.5 and 2.6). The equipment is
described and the full results of the ground movenment survey are given by
Barratt (1977). This section summarises the ground movemznts only where

relevant to the objectives of the thesis.

Figure 6.4 shows the settlements of magnetic rings at tunnel invert
Tevel offset about 13 metres south of the tunnel centre line at sections
A and B (boreholes A2 and BZ). The Figure aiso shows the settlements of
mégnetic rings some 2 m below invert level which were thought to be on
fairly competent rock at the bottom of each borehole. As expected, the
Tower magnetic rings show no significant movement, however the invert
level rings settled by some 7 mm at section A and WQ mm at section B.
It is considered that this settlement was caused by compaction. Settlements
at these points due to the redistribution of effective stresses during
excavatidn were not considered likely owing to the non-cohesive, granular
nature of the ground and the constant support given to the tunnel cover.
The direct ground anchors above the tunnel crown (shown in Figure §.4)

sattied by closely simiiar amounts. A% section A they both settled 25 mm
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Table 6.3
Surface settlement above tunnel axis

Distance to Sg%t}g@ent
Section PDate Time tunnel face road stud

' m mm

A 21.9.76 10.30 .5 0
A 21.9.76 17.50 1.8 1.8
A 22.9.76 09.30 3.1 11.9
A 23.9.76 11.00 9.8 17.3
A 23.9.76 16.30 171.13 7.6
A 24.9.76 09.07 14.8 17.5
A 24.9.76 15.00 16.6 17.8
A 25.9.76 10.30 20.3 17.9
A 27.9.76 - 20.9 18.7
B 5.10.76 13.45 4.3 0
B 6.10.76 14.10 3.1 10.8
B 7.10.76 10.00 6.2 21.3
B 8.10.76 10.15 13.6 24.1
B 18.10.76 - 16.6 25.2

Table 6.4
Surface slopes of settlement profiles
Section Slope between road studs
2-0 0-2 2-4 4-6 6-8
A 1:125 ¢ 1:220 | 1:250 | 1:1000 { 1:1000
1:90 | 1:145 | 1:200 | 1:1000 } 1:1000
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and at secticn B, 34 mn. It is common in ground of this type for the

material close to the tunnel crown to settle rather more than that
toward the surface. This dilation is due in part to the broadening of

the settlement trough in the upper regions of the cover.

The absence of this dilation may be partially due to some re-
compaction of the soil. However, the movements above the crown were
complex and no Tirm conclusions regarding compaction, should or need,

be drawn from data obtained 1n this area.

The inclinometer results from boreholes A2 and BZ showed that the
ground in the vicinity of the tunnel below shoulder level moved away
from the approaching tunnel face. Bearing in mind the stresses imposea
by the bentonite this ygrcund movement is also consistent with a

compaction process.
6.3.4 Structural damage due to settlement

The lower parts of Figures 6.2 and 6.3 also show 'best fit’
theoretical subsidence profiies based on the assumption that such profiles
can be approximated by a normal distribution curve (Peck 1969). The
settlement S developing at a lateral distance y from the centre line of the

- - e oy2/2i2 .
tunnel is defined by S =S e " where S is the subsidence above the
tunnel crown and i is the lateral distance to the point of inflexion of the
normal distribution curve. It follows that the slope of the ground is

given by:

-yl 22
U Sy ey

i 2

o.io_
ln
-

and the rate of change of slope is:

/ —y2 02
as _ SeVEY fyr
dy? 32 32
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“ At the point of inflexion -(where y = i) this-expression-is--equal to -
zero. Thisis the point of maximum sltope. fiowever, it may be expected
that damage will be greatest where the rate of change of slope is a

. . d3s
maximum, that is where — = 0
dy3

$B3s 5 envi/a’ gy . Y
dys i J

3
this expression equals zero when 3y = Y= that is, when y = /3 i.
:2
j
The value of i was found by iteration to be 1.75 m for the semi-profile

at section A and 1.6 m at section B.

The shapes of the theoretical curves show good agreement with the

measured settlements confirming the validity of the theory in this case.

The distance from the tunnel centre line to the points of maximum
rates of change of slope (v¥3 i) were 3.03 m at section A and 2.77 m at
section B. At section A only very minor damage to property occurred due
to settlement. This principally took the fourm of cracked garden walls
and patns. However, at section B the first structural damage to a house
occurred at No. 40A Ellesmere Road (see Figure 2.6). Plate 6.2 is taken
from a position some 3 m south of the tunnel Tooking west. Note the
cracked pavement and bay window and the tilt of the gatepost away from
the gate. It is understood that the damage visible inside the house was
considerable. The contractor erected the temporary supports shown to
prevent any further movement of the bay window. It is of particular
interest to note that the cracks in the fcotpath and the front footings
for the bay windows lay within ¥ m of the calculated point of maximum

rate of change of slope. Although it is not possible to accurately
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____predict_the_settlement profile at the tunnel planning stage, the siting

of this tunnei seems particularly unfortunate.

6.4 Disturbances due to ground treatment

As a resuit of the problems which arose between chainages 725 m
and 740 m (see section 2.4.2 and 6.3.4) the tunnel drive was tempérar11y
halted. It was decided to treat the 'loose' ground ahead of the machine
for about 150 metres with cementitious and chemical grouts to reduce
the possibility of settiement and further damage to property. These
works are generally beyond the scope of this thesis but it is relevant
to quote the ground settlements caused by the drilling of the 4-inch
diameter holes necessary for the injection of the grouts. Groups of five
holes up to 9 metres deep, were drilled beneath the pavement at 4 foot
centres along the tunnel line. The 75hp air flushed drill rig (see
Plate 6.3) advanced a steel casing with the drill bit. Unfortunately,
measurements ¢f ground vibration caused by the dri]]ﬁng were not obtained
as the drill rig had left site before it was made known to the author that
this process was causing substantial settlements. However, it was the
opinion of the site engineer that any ground vibration caused by the drill

rig was considerably less than that associated with the tunnelling machine.

At various stages during the treatment process the contractor
measured the settlement at each end of the garden parting wall between each

house.

Table 6.5 gives the settlements measured after the holes had been
driltled but before the injection of grout. The majority of these
substantial settlements must have been caused by compaction of the secil

as excessive take of material could and did not occur.

>
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On. grouting the ground heaved, rising in many places by over
25 mm. Plate 6.4 shows the footpath above the tunnel during grout
injection. The grout tubes are visible in the path and along the kerb

line.

The four houses (Numbers 29-32) shown in the left foreground of
Plate 6.4 are shown again in Plate 6.5 with the scaffold shoring érected
to prevent further structural damage. The ground settlement and
subsequent heave had caused some damage to the front wall of the terrace
at its junctions with the party walls. Plates 6.3, 6.4 and 6.5 clearly
illustrate the severe nuisance caused to househclders and road users

due to the ground treatment operation.









Table 6.5

Settlements due to drilling grout holes

Location Settiement mm
Paﬁzlzgswag] b;ﬁgeen Adjacent to Adjacent to
hiouse footpath
34735 1 1
33/34 3 6
33/Brackliey St 4 7
Brackiey St/37 5 -
32/31 8 S
30731 21 32
29/30 10 14
28/29 9 23
277128 13 20
26/27 3 13
25/26 2 18
25/Roman Road 3 4
Roman Road/24 3 12
23/24 17 14
22/23 8 11
21/2¢2 8 3
20/21 1 1
19728 1 3
18/19 3 4
17/7& 7 10
16/17 9 4
Egerton St/16 2 2




CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

This thesis has described the construction of the AGTOS tunngi and,
in particular, has discussed the factors affecting vibration induced
“ground settlement. The experimental resu}ts have been analysed and
commented upon in the text and the objective of this Chapteris to
summarise and correlate the most important aspects of the research and

te provide concise conclusions and recommendations.

7.2 Vibration induced ground settiement

The tunnel excavation preocess resulted in maximun ground vibrations
(expressed in terms of resultant peak particje velocity) of 3.90 mm/s
and 3.60 mm/s at boreholes A7 and B7 respectively. Close to the tunnel
face the majority of the vibrational energy lay in the bandwidth 50 Hz -
350 Hz. The vibration was characterised by random heavy 'impacts'
separated by periods of low amplitude vibration. The large amplitude
notions showed no preferred difection of particle motion and were due to

a combination of:

a) the impacts between the cutting discs and the granite

and dolerite boulders;
b)  The impacts between boulders in the face; and possibly,

c) the impacts between the cutting discs and the weak

sandstone cccasionally present in the tunnel invert.



It was the intezraction between the cutting head and the ground which

was the major scurce of ground vibration, and other cources of periodic

for example,by the main motors) were small by comparison.
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it follows that the spectra produced were of a non-stationary nature
with a compiex and varied freguency and amplitude content. These body
wave ocround vibrations were quickly attenuvated with spatial progress and
od to less than 1 mm/s (resultant peak particie ve]ocity) when
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the tunnel face was more than 5 metres distant from the recording point.

Because of the complex nature of the site geology and geometry, and
the deployment ¢f body wave energy into surface waves, no directly useful
conclusions are drawn regarding the attenuation of the vibration energy
over distances in excess of 20 metres. However, the rasults given in
Chapter b do indicate that high frequencies are attenuated more than low
frequencies and may be used empirically to predict maximum peak particle

velocities at distances up to 20 m from the tunnel face.

Structural damage to a house occurred due to ground settiement at
section B, and evidence of minor damage (cracking of garden walils, paths
and road surface) was present at section A. The surface settlement was
18 mm and 25 wm at sections A and B respectively. Also, sub-surface
ground settlements of between 7 and 10 mn occurred at tunnel invert Tlevel

a2

some 2 m from the tunnel centre line.

It is an important feature of the bentenite tunnelling process that
an absolute minimum of excess take of material occurs. The pressure fin
the plenum chamber was capablie of supporting the cover and the immediate
grouting of the lining to the rear of the shield should have ensured
complete ground support. It was thought that compaction of the ground,

caused by vibration from the excavation process, in the vicinity of the



tunnel foce was the most likely cause of these ground settlements.

This hypothesis was further supported by results from dritling and
iaboratory settlement tests described in Chapter 6. The d¢rilling of
hotes for ground treatment prior te tunnelling caused settlements
similar to those which resulted from the tunneiling in untreated ground.
The majority of these drilling induced settiements must have been caused
by compaction of the soil as excessive take of material did not occur.
This confirms that the ground has considerable potential for settlement
as indicated by the measurement of relative compaction and Standard
Penetration Tests. The laboratory vibration tests on samples of the
Warrington sand (at similar dry density and moisture content to that
Zn eitu) showed that settlement could occur at vibration levels of less

than the peak values measured in the field.

This work has shown that only the ground close to the ftunnel face

bt
¥

, subjected to vibration levels Tikely to produce compaction, and it

o]
(

is therefore difficult to assess the relative contributions of compaction
and excess material take to the total ground seftlement. However, bearing
in mind the nature of the bentonite process we may infer that the
vibration from the tunnelling process caused ground compaction which
contributed substantially to the settlement produced and the ensuring

damage to the overlying structures. It 15 reconmmended that:

a) When tunnelling in non-cohesive ground,compaction (that is,
densification through vibration) must be considered as an

important potential source of ground settiement.

b) Some reliable measure of the initial density of the ground in

the vicinity of any proposed tunnel should be cbtained during
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the site investigation in order to assess the degree of
possible settiement. The 'relative compaction' of the
material 4n situ seems to be the best measure of settlement
potential. However, Standard Penstration Tests may be a
mere practicel means of assessment in the field {Figure 3.4

may he of use in this context).

c) Breader and wore rigorecusly controlled laboratory investiga-
tions should be carried out to determine the effect of
vibrations, similar in magnitude and frequency to those
produced by excavation processes, on the densification and

settlement of sands.

7.3 The direct effect of vibrations

7.3.1 Damage to structures

Measurements of vibration in the cellar of a house when the tunnrel
face was cnly some 4 m away revealed a maximum resultant peak particle
velocity of 0.5 mm/s. The resulis from the borehole measurements indicate
that the peak particle velocity of the ground at foundation level for houses
5m or more from the tunnel was not likely to exceed 1 mm/s. These levels
are well below the established thresholds cited in Section 3.4, for
either arciiitectural or structural damage. It would, therefore, seem to
be extremely unlikely that the tunnelling process caused any damage to the

property in this area by dynamic stressing of the structures.

7.3.2 MNuisance to residents

The vibration from the tunneliing machine caused low Tevel noise and

minor vibrations within the houses situated close to the tunnel.

-
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noise was less than that caused by some passing road traffic, but was
of an unusual nature and was often present for periods throughout the
night. The sound appeared to result from resonances of floors and
Ee11ings, and was similar to that of distant thunder. The nuisance was
at its worst when the tunnel face was at its closest and gave rise to
lTittle complaint when more than 20 m from the houses. The reaction of
the householders to the same stimulus was extremely varied, scme
complaining bitterly whilst others found no cause to visit the site

offices and object.

Most of the noise complaints that were received were related to the
disturbance at night. Owing toe the reduced level of ambient noise and
the fact that they were trying to sleep, the noise seemed to the residents
to be more severe. This reaction from the local population is fairly

typical and similar to that found by other workers (see Chapter 7).

The unusual noise from the tunnel construction worried and caused
actual nuisance to residents even though its Tevel was lower than that
associated with familiar ambient sources. A tactful and good humoured
approach by the man dealing with the residents (in this case the Resident
Engineer or Clerk of Vorks) was of vital importance. A surly or officious
attitude would clearly have provoked the residents to further action

which mey have materially hindered the progress of the works.

It is recommended that considerable effort is made to achieve good
public relations and that the nuisance to residents is minimised by
achieving unimpeded tunnel advance to reduce the overall period of the

disturbances.
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APPENDIX A
BENTONITE

Bentonite is a clay mineral comprising principally montmorillonite with
small amounts of other minerals. It is formed by the alteration in situ
of volcanic ash or scoria and wsually occurs in seams and bads from a
few inches to a few feet thick in clays. It has a soapy feel, is highly
plastic and is smooth and free from grit. The best known deposits are

found at Fort Benton, Wyoming, USA.

Bentonite is chemically described as hydrous aluminium silicate
(A1, 05 5 Si 0, 5-7 Hyo). The crystals structure is fermed of mica-Tike

layers, buiit up from sheets of silica and gibbsite as shown below:

Silica

Gibbsite

Silica

nH,0

Silica

Gibbsite

Silica

The adsorbed ions are principally sodium and give a very great swelling
capacity. Water may be taken in between the layers until they are

completely disscciated forming a thixotropic gel.

In Soutn East England, important beds occur in the Lower Greensand
\

vhich are minerals yich in montmorilionite and are known as Fuliers Earth.
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The adsorbed ions are, however, mostly calcium and the material is
described as sub-bentonite. The calcium may be exchanged for sodium to

give bentonite.

Bertonite has a Tiquid Timit of about 400 per cent and forms a
stable suspension in water at very low solids concentrations. This
suspension acts as a Bingham plastic and as such requires a definite

shear stress to be applied before the fluid will flow.

Bentonite is dried and ground to a fine ncwder for commercial supply
as pellets, powder or a suspension. Various manufacturing processes

are employed to produce a range of grades for different purposes.

In civil engineering, bentonite has been used since the late 1920s
when it was used as a drilling fluid. It is used principally for soil
stabilisation and as a lubricant (e.g. for sinking caissons). However,
it has a number of other important uses. A review of the 'Uses of

Bentonite in Civil Engineering' has been published by Boyes (1972).



APPENDIX B
HARMONIC PARTICLE MOTION

Consider the motion of a particle {(of weight W, mass m) due to a stirein
wava passing through an elastic sclid. Let the restoring force on the
particle be proportional to its displacement and the dissipation of
enerqgy be proportional to its velocity. These are the fundamental
assumptions of linear elasticity and viscous damping. This approach is
the one used most commonly to model internal frictionin solids. The
terms viscous used in this context does not imply that viscous processes

are necessarily causing attenuation but that the result is similar.
The forces acting upon the particle are:-

W, the particle weight and

- (W+ky), the elastic restoring force,

where k is an elastic constant and y is the particle's displacement from

the position of equilibrium.
- {(c y) s the viscous ferce

. . . . . - d FN] .
where ¢ is a coefficient of viscous damping and y = a% , the particle

velocity.

If P isc an impressed force,

i

then force on particle = W - (W+ky) - ¢y + P
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This model is analogous to that used to describe mechanical vibrations

of a spring-dashpot-mass system as shown in the diagram below.

<
.

From Newtons 2nd law this applied force will accelerate the mass m

0| =

D S

my = - ky -cy-+P e D)
. = d2y . .
where y = - . the particle acceleration.
dt2
P = my + cy + ky » ceenees (2)

Considering cnly free vibrations (P = 0)

m} + c& + ky =0 AU )
to simplify let p? = K and on = &
m m

y + Zn& + pfy = 0 e (4)

This is a second order linear differential eguation with constant

coefficients and may be solved in the usual manner

Assume a solution where,

and where r is a constant that allows equation (5) to satisfy equation (4)



Putting (5) into (4) we obtain
pr2e’t 4 onBre™t ¢ p2ee’t = g

re 4 Znr + p?2 =0 P ()
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=
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Equation (7) allows three types of solution which define the character

of the damping

a) wherg n? < p? periodic motion

i

b) where n? = p critical damping
which represents the level of damping where the mction first loses

its vibratory character.

and ¢) where n? > p? overdanped

In this Tatter case the viscous resistance is so large that when the
particle is displaced from its equalibrium position it does not vibrate
but only creeps gradually back to that position. The aperiodic motions

b and ¢ are not relevant to this work and vie shall consider only a).
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Now, as n? < p?, the guantity Py = p2 ~ n?¢ is positive and we obtain

two compiex roots for r

rp=-nkdp, and vy = o-no- Py
T i

substituting these rcots into equation (5) we obtain

y' =Be and y" =Be
The sum or the difference of these two solutions multiplied by any
constant will also be a solution of equation (4)

-nt —ipdt

ip t
. i , .
Therefore, y' + y" =y = 1B, e (e © re ) after simplification

-nt
y; = By e cos pdt ....... (8)

and similarly

-nt ip.t -ip,t
1 it ] Y n d
yi -yt =y, = 5 Bye <e - e )

-nt
Therefore y, = B, e sin pdt ....... (9)
By adding these two solutions we obtain the general solution of
equation (4)
-nt
y = e By cos pyt + B sin gty e (10}

By, and B, must be determined from the initial conditions (of particie
-nt
displacement and velocity) and the factor e  decreases with time,damping



y as a negative exponential. To determine By and B, assume that at the
initial instant (time to) the particle is displaced from its equilibrium

position by a distance A and has a velocity Yo
Substituting t = 0 into equation (10)

Yo © By e (m

-nt
Therefore, y = e <yo cos pdt + B, sin pdt)

. dy -nt . -nt
ghd y = a F Y, & Py $1n pdt YN e  Cos pdt
~-nt -nt
+ By, e Pgq €OS pdt - By ne sin pdt ....... (12)

Substituting t = 0 into equation (12)

G

Therefore B, = (yo + yon>/ Py e (13)

Substituting for B; and B, in equation (10) we obtain

Yo = 7Y N+ Bapy

-nt &O + nyo
y = e <yo ces pdt 4~-—~75———~ sin pdt> ....... (14)

Note that the first term depends only on the initial displacement Yy whilst

the second term depends both on the initial dispiacement and velocity v.
(Sl



The oscillations may be considered as a cosine wave of amplitude Yo
. Y . . 0
with another wave of amplitude (yO + 1 yo)/pd (with a 90 phase lag)

superimposed.

To determine the resultant amplitude A and the phase angle by
consider the vector diagram in figure B.1. Note that the rotating vector
00 Tlags OP by 90° and the resultant vector OR (A) Tags 0P by the phase

angle ¢y

By Pythagorus A = {yg + (v + nyo)/pd]2 ....... (15)
y
-1 _Q+n
also ¢, = tan C_ e (16)
Py

Thus, equation (14) becomes

-nt
y = Ae cos (pdt - ¢d) ....... (17)
-nt
He have a motion with an exponentially decreasing amplitude A e , a phase
. . 2 '
angle and a period T, = —
B ¢d p d P

Note that for free undamped vibrations, n = 0, Pq ™~ P and dq ¢ giving

y=~Acos (pt-¢) (18)

From equation (17), the ratio of two successive amplitude maxima y

“mi
and ym(i+1) is
‘y . 'ﬂf- _‘n(t‘—*-T ) nT
Qﬁﬂ___,, = Ae 'fae VO oo ogd 8 (19)
Tm{i+1)

where & 1s the logarithmic decrement
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It follows that

- In - 2m o 2m )
6= T k“nﬁ/ym(1+1% " ﬁgﬂ p T (20

As the frequency f = LR , & = %- ....... (21)

Now the elastic eneirgy stored in the particle is proportional to the
square of the amplitude (as is the kinetic energy).

Therefore if we define the specific energy Toss as aAl/W, then

= 2 L oy2 2 i
MM/ = (ym ym(m))/ v (22)

when this is small compared to unity we have

Y (\ym ; )/n](1_+_l)>/y’]‘_i 2 21n (y“”./ym(].Jr”): 26 i (23)

Forced vibrations with viscous damping

=lVe)

Consider equation (2) and let P = Q cos wt and q =
then y+2ny +pty =q cos ot L. (24}
The solution of this equation is now the sum of two terms, & complementary
function and & particular integral. The complementary function is given

by equation (10) and dies away as t increases. The particular integral

corresponas to the steady state sclution and s

ISE)



y = M cos wt+Nsinwt . (25)

which, when expressed in terms of its amplitude and phase angle,

becomes (as before)

y = A cos (bt -9}y .. (26)

1

1 : 2
vhere A = (M4 + N2)2 = q/t(p2 - wl) o+ 4ﬂ?w"1 i e (27)

- N ~
and 6 = tan (»;5 = tan  2wn/(p? - w?)
/

-1 2nw/p?

= tan L (28)
'i - mZ/p?.
Let the damping ratio D = % = EE~ ....... (29)
cr

Where CC is defined as critical damping when n = p and the motion just

A

becomes aperiodic

Subsituting equation (27) into (206)

Q '

T B cos (wt ~ 0) ceveees (30)

y:

where g is the magnification factor,

1

2 2] 32
" T - w2/p2) + (2Dw/p) _l ....... (31)

L -
anc equation (28) becones
- 2
0 = ton”| [ 20u/p__ s (32)
] - mz/pzl} . )



From equation (30) the amplitude of the steady state forced vibration

is obtained by multiplying the static load displacement §~ by 8. This

- factor depends on B and the frequency ratio w/p. Figure B2 shows the
inter-related effects of the magnification Factors and the frequency and

1

damping ratiocs. Note that:-

when o is small compared to p, B 1s close to unity;
when w is large compared to p, B tends to zero regardless of damping;
when o is close to p the amplitude is very sensitive both to 8

and p. Llarge amplitucde particle motions are therefore to be expected.

Note also that the maximum value of 8 occurs when w/p is slightly less

than unity.

Setting %:%5 = 0 we Tind that the maximum occurs when w/p = (1 - 2D?)?



APPENDIX C
TRAVELLING WAVE MOTIOHN

Consider a solid through which a strain wave is travelling. At some
time, say t = 0 the shape of the wave can be represented by y = f(x),

t = 0 where y is the displacement at the position x.

Let this wave propagate to the right with a constant velocity C.
At some time t Tater the wave will have travelled a distance Ct. The

wave equation at this time (t) is therefore
y="f{x-C)ys;t=t . (24)

This is the same waveform about the point x = Ct at time t as we had

about x = 0 at time t = 0.

Equation (34) is the general equation for any wave travelling to
the right. It follows that y = f(x + Ct) represents a wave travelling to

the left.

If we wish to determine the progress of a particular part (or phase)
of the wave we must fix y and examine the effect of increasing t. Now
if y is fixed then as t increases so must x increase such that

x - Ct = constant

X = constant + Ct

= C

§ dx
and e



Thus the veleccity C is the phase velocity in the x direction.

Note that for any fixed value of time equation (34) gives y as a
function of distance x (from t = 0, x = ). Also if we choose to
investigate the motion of a particle at a fixed distance x then the

equation gives the variation of amplitude with time.

Now consider the particular wave motion whose ampliitude at time

t =0 is given by

y = A sin 2mx/L O

w)
o
——

Mote that the displacewment y is the same at x as it is at x + L, x + 2L...
ie L is the wavelength.

Let this wave travel to the right with a phase velocity C.

Then y = A sin %% (x - Ct) I

(O3]
(@)
~——

The period T is the time required for the wave to travel one waveliength
so L = CT

Substituting into equation (36)
y = A sin 2w(x/L - t/7) ceeeees (37)

This cquaticn is often expressed in terms of the wave nwrber K and

angular frequency w where

K = 2w/l and w=2n/T

y = A sin (Kx - wt) P g 13



This analysis has assumed the displacement y to be zero at x 0, t = 0.
This need not be the case and the general expression for a wave travelling

to the right is

where ¢ is the phase angie.
This eguation is similar to equation (18), the additional terin Kx
allowing for the spatial dimensions required for a travelling wave rather

than stationary simple harmonic motion.

Differentiating equation (36) with respect to time we find that the

particle velocity of the wave 1is

dy _  -27AC 27 _ | \
o T cos T (x - Ct) P € 10D

The strain due to the wave (the rate of change of displacement with

respact to distance) is

The energy propagated by a wave is part potential and part kinetic.
Consider an element, dx, of a filament of unit cross-section extending in

the direction of wave propagation. The kinetic energy of the element is

p< o (dx = %mECZAEfacosz L% - Ctil dx L. . {42)



Now the strain energy in the same element depends upon whether the wave
is one of distortion or dilatation. The strain energy for a wave of

dilatation is

ol o

5,

\2 P? r'
100+ 20) F Y dx o= 25D A2(a + 26)cos? | 28 (x - CE)| dx e.eo... (43)
< '\; L

O/ L2 -

i

(8 -+ 2 . . .
where C = Ax 26 the velocity of a wave dilatation and » and G are
P
Lamés constants.
\?2 .
~sfdy 2mé 2 , .
Therefore, }p C2 a%— dx = “1- A2(02 p cos? r~E-(A - Ct{] dx Lol (4D
)\} L2 L

equation (44) becomes identical to equation (42)

The strain energy for a wave of distortion is

dy ¥ 272 . o 2 '
3G ’5¥) dx = ]f;‘G A2 cos? {Tf (x - Ct)J dx e, (45)
a2
where C = i the velocity of a wave of distertion

Substituting for G in equation (45) again yields an equation identical

to equation (42).

These results show that for a wave of dilatation or distortion the kinetic
and potential energies at any instant are equal. It follows that the
energy propacated by a wave is divided equally between its kinetic and
potential energies. This result is quite different from that obtained
from a simple vibrating ¢pring-mass system where the energy oscillates
between pure strain energy when the mass is at rest and pure kinetic

energy when the mass is at its maximum velocity.

icl



Consider the enevgy flux passing through unit area perpendicular to
the direction of propagation. For a single harmonic component, the
energy passing through such an area in unit time is found by integrating

the energy in a filament of lengtih C.

E = ( 2 {SLL-CZA?p cos? [%?—(x - Ct)] dx
joo\w i )
x~C
= 2n?pC3AZ/L2 ceeee. (46)

For a spherical wave the total filux E' passing in unit time through an

envelope of large radius r 1is

L' o= 87r3pc3/\2'r"2/|_2 veeacen (47)
Consider equation (17) and putting the phase angle = 909,
-nt
theny = Ae sin pdt
~nt
= Ae sin 2wfdt e (48)

wnere fd is the frequency.

Now consider this wave propagating through a solid with a phase velocity C

(t =)

Then, spatially, equation (48) becomes

-nx/C y
y = Ae sin 2uf (f - t)
X X
or y = Ae sin 2#f (C - t)
-1
where o {the spatial attenuation ceefficient) = n/C (unit m )

and n is th

¢

. , o e s
temporai attenuation coefficient (unmit © ).

62



Now considering only amplitude maxima

-aX

y = Ae

and the ratio of two successive maxima at

X. —uN, —a(xi+L) ~al ~oC/f

where, again, & is the logarithmic decrement.

Consider the attenuation of seismic waves from a point source. The wave-
front will be spherical, and, if there is no damping, the energy in unit
solid angle will remain constant and the energy passing unit area will
vary as 1/r? (where r is the radius of the wavefront). HNow the energy
is proportional to y2 . Therefore the amplitude of the motion will decrease
as 1/r. Thus for attenuation c¢f amplitude due to geomctrical spreading

y is proportional to 1/r. Consider, for example, two distances ry and

r, from a point source, then with damping

-ar ~uls
A Gy A 2
/i, = —— e and = — 8
Y1 Y Y2 s
"OLY'Z “’OLY‘I Y‘l "(‘L(rz”rl)
Therefore, y, = y;r; e e ;= iy ¢©

where A 1is the amplitude at the source
y; is the amplitude at ry

y, is the amplitude at r,



APPENDIX D
PHYSICAL PROPERTIES OF A GRANULAR SOIL

Consider a volume, \ of soil weight Nf. Converntionally a soil may

l{,
be regarded as a three-phase system comprising solids, liquid (usually

water) and gas (usually air).

Using subscripts to weight W and volume V as follows g - gas, w - water,

v - voids, s - <olids.

Ay \i,x N g oA
Sav, i ity A
Vw \\i/ V _‘{I, '__,,'::__._"';.... H‘f \<
Vf . ’§' Wf The porosity n = Vv/vf
o 1] id rati o =
AR LS and void ratio VV/VS
.. ;)o
. Hence n = e/1+e and e = n/(1-n)
V o]

Saturation S = V /¥ = W /v V.

where Ty 15 the density of water

Moisture content m = W /W
w s
Bulk density vy o= Nf/Vf

I

Dry bulk density Y4 HS/Vf = v/(1+m)

Specific gravity (solids) Gq = YQ/YW

Hence G = Se = V /¥
S WS

164



Calculation of void ratic and porosity for samples

of Harrington soii

Considering Tcc of 4n situ material

m=W /W
w/ S

Hw = HS = 13,1 x 1.57/1GD = 0.206 gm

VW = (0.206 cc

Now VS = Yd/GS = 1.57/2.64 = 0.5%5¢cc

/ = 1 - v/ I / = e
\g ! (.S ! \w) 0.199¢cc

il

Void ratio e

i

Porosity n VV/Vf = (.405

165

VV/VS = (\’W+Vg)/VS = 0.405/0.595 = 0.6871 and
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APPENDIN U

STMPLIFTED ANALYSIS OF SIMPLE HARMORIC MOTION

Consider a line CB, ‘tength r, rotating about point 0 at w rads/sec.

[an]

BC is the vertic

B
ww |
X
N

wt

0 C

Let the displacement 0C = y

At the initial instant, to, let point B be coincident with A then

after t seconds

displacement r cos wt

~<
il

velocity =% = - wr sin ut

and acceleration —% = -¢?r c0s ot = w?y

1
accelerationy?

>

1 projection of the point B which intersects CA at C.

w = 2xf = where f = frequency

N

Maximum displacement (amplitude) = r
Maximum velocity = ~ar = 2ufr
Maximum acceleration = w2r = 45212y
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