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SUMM ARY

Changing social needs and increases in traffic have led to the demand for increased 

infrastructure. Due to the limitation o f space in urban areas, underground structures, 

such as tunnels, are becoming more important for potential infrastructure. 

Tunnelling under city streets has now become a common activity for nearly all 

types o f transportation. The construction o f a tunnel induces ground vibration, 

which may affect the existing surface structures, particularly when the tunnel is 

constructed in hard ground, such as rock, or is at shallow depth. It is necessary to 

ensure that historically and economically important structures will not be adversely 

affected by tunnel construction and that any effects will be within acceptable limits.

This programme o f research involved carrying out laboratory tests to determine the 

dynamic properties, such as the small strain shear stiffness and the damping ratio, 

o f Dublin boulder clay. It also involved predicting, using 3-D finite element 

modelling (FEM), the vibrations at the ground surface due to construction o f the 

north bound Dublin Port Tunnel and the south bound Dublin Port Tunnel. Further, 

it also involved the development o f a new semi-empirical method for estimating the 

vibration level at the surface above a tunnel boring machine (TBM). Finally, a 

comparative study was carried out to compare the vibrations predicted using the 3- 

D FEM and those predicted using the empirical methods with the measured 

vibrations.

Several parametric studies were carried out to examine the sensitivity o f the 

predicted vibrations to variations in the various input parameters including 

variations in the small strain stiffness and the damping ratio o f soil.

During construction o f Dublin Port Tunnel, field tests were carried out at different 

locations and in all cases it was found that the measured peak particle velocity 

(PPV) values were within the acceptable limit with respect to building damage.

3-D finite element analyses o f the ground vibrations were found to be very time 

consuming, but good agreement, in terms of PPV, was obtained between the



measured PPV values and the values calculated using the 3-D finite element 

analyses. Parametric studies were performed and these showed that the stiffness of 

the soil had a significant effect on the vibrations at the ground surface.

A comparison study between three empirical methods, the 3-D FEM and the 

measured results, was carried out which revealed the following important features 

concerning the prediction o f ground vibrations. It was found that all methods had 

similar attenuation characteristics. The NCC and the Godio et al. equations 

overpredict the magnitude o f the PPV values with large differences between the 

predicted and measured values. However, good agreement was found between the 

resultant PPV values predicted by the 3-D FEM analyses, the new semi-empirical 

model and the measured PPV values. The NCC and the Godio et al. empirical 

models are crude at best, as they are functions o f only the direct distance between 

the source and the point o f interest, while the groundbome vibrations depend also 

on the soil properties and the tunnel boring machine excitation, which are taken into 

account in the 3-D FEM analyses and in the new semi-empirical model.
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CHAPTER 1

INTRODUCTION

1.1 General

Changing social needs and increases in traffic has led to the demand for increased 

infrastructure. Due to the limitation of space in urban areas, underground structures, 

such as tunnels, are becoming more important for potential infrastructure. 

Tunnelling under city streets has now become a common activity for nearly all types 

of transportation. Long urban tunnels are principally for metros, water supply and 

sewers while shorter tunnels may be required for highway underpasses and 

pedestrian subways, most usually constructed in cut-and-cover. Longer highway 

tunnels are sometimes suggested but problems o f access and ventilation add greatly 

to the difficulty and cost o f construction, against which preservation o f surface land 

and gains in environmental amenity may prove a quite inadequate offset (Megaw & 

Bartlett, 1982).

The construction o f a tunnel induces ground vibration, which may affect the existing 

surface structures, particularly when the tunnel is constructed in hard ground, such 

as rock. It is necessary to ensure that historically and economically important 

structures will not be affected and that any effects will be within acceptable limits. It 

is also necessary to ensure that the vibrations due to tunnelling do not cause a 

nuisance to those living or working close to the tunnel.

Tunnel construction is a highly complex operation involving many different 

activities. The complexity o f tunnelling activities can take many forms, such as 

airborne noise, ground vibration, ground deformations, visual intrusion, dust and 

smoke, etc (Taylor, 1998).

Airborne noise is generated by mechanised tunnelling due to the use o f machines 

that generate high levels o f vibration and hence dissipate large amounts o f energy, in 

the form o f ground vibrations and noise into the environment (New, 1982).
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The interaction o f ground vibrations with a structure can induce dynamic strains 

within the structure. Depending upon the relative dimensions o f the structure and the 

wavelength o f the incident vibrations, differential dynamic distortions or whole body 

accelerations can be induced. These may be o f sufficient magnitude to lead to 

damage, but a more common problem is disturbance to the occupants o f the 

building. This is because the human body is extremely sensitive to vibrations (Hillar 

& Hope, 1998 and Massarsch, 2000).

Another potential source o f intrusion is groundbome noise. This is the audible noise 

emitted by components o f buildings, especially suspended floors and ceilings, when 

they are caused to vibrate by ground vibration (Hillar & Hope, 1998).

Vibrations can also induce permanent deformations in soils, which result in ground 

settlement. Structures adjacent to a new tunnel, in particular old masonry buildings, 

may suffer damage resulting in costly repairs or requiring expensive protective 

measures, such as compensation grouting (Lee, 2002 and Athanasopoulos & Pelekis, 

2000). These expenditures may significantly increase the total project cost o f a 

tunnel project.

Vibrations and noise from tunnelling activities will generally be o f a temporary 

nature, but the disturbance caused may result in permanent damage to property and 

substantial nuisance to the neighbouring population. Either factor may lead to 

restraints on the working method that may result in additional costs or even, in 

extreme circumstances, curtailment of activity (New, 1982 and Hillar & Hope, 

1998).

The environmental effects o f vibrations also have received considerable attention in 

recent years owing to the damage they can cause both to buildings and people (Hall, 

2003). These consequences o f tunnelling activities have prompted recent research 

into improved methods for predicting the ground vibrations induced by tunnelling 

on adjacent structures and people.
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1.2 Dublin Port Tunnel

The Dublin Port Tunnel project comprises approximately 5.6km o f dual 

carriageway, o f which 4.5km are underground, which includes 1.9km of twin cut 

and cover tunnels and 2.6km o f twin-bored tunnels, with associated interchanges and 

infrastructure. It provides a link from Dublin Port to Santry in the Dublin suburbs 

and the motorways to the rest o f Ireland. The Dublin Port Tunnel is a key element of 

the National Development Plan's strategy to deliver a more efficient and safer 

transport system in Dublin City. Its primary purpose is to provide a high quality 

access route to Dublin Port, as well as relieving traffic congestion in many areas of 

the city. The route o f the Dublin Port Tunnel is shown in Figs. 1.1, 1.2 and 1.3.

The first part o f the tunnel was constructed in cut and cover tunnel from the portals 

o f Santry to the Whitehall, constructing the tunnel inside the trench, and filling in 

the trench afterwards. The cut and cover tunnel is shown in Fig. 1.4.

The bored tunnels, from Whitehall to Fairview, were driven from a circular working 

shaft 57m in diameter and 25m deep. This shaft accommodates one o f the four 

vehicle cross passages to be provided in the tunnel. Staged construction of the 

working shaft, with ring beams and anchoring, followed the construction o f deep 

reinforced concrete perimeter diaphragm walls.

The depth o f the bored tunnel section, from existing ground level to the roof o f the 

tunnels, ranges from approximately 19m to 24m under residential areas. The cross 

sections o f a typical bored tunnel using a tunnel-boring machine are shown in 

Fig. 1.5 and the inside o f the bored section o f Dublin Port Tunnel is shown in 

Fig. 1.6. From the working shaft in Whitehall, two Tunnel Boring Machines (TBM 1 

& TBM 2) set o ff to drill the two-lane, 11.8m-diameter tunnels. The 11.8m-diameter 

TBM l (nicknamed Grainne) that tunnelled from Collins Avenue to Fairview was 

delivered to the shaft in 103 parts and assembled at the launch pit in May 2002. The 

156m-long, l,600t machine was a hard rock tunnelling machine that advanced at an 

average rate o f 10m per day and by the time it had completed its round-trip o f 

4.5km, it had excavated more than 500,000m^ of rock. The hard rock TBM had a 

rotating cutter head at the front o f the machine with 72 and 0.43m disk cutters to
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break the hard Hmestone. The cutting wheel was fitted with hard rock discs which 

rotated on the working face and notched into it. The notching effect caused large 

sections of rock to break o ff and caused vibrations in the ground. Buckets located 

behind the discs transported the rock away from the cutting wheel. Conveyor 

equipment then transported the excavated material out o f the tunnel. Another source 

of ground vibrations was the jacks were pushing the TBM forward. The cutter head 

rotation speed was 4 revolutions per minute. The machine travelled approximately 

2.25km from the working shaft to the reception chamber located at Fairview Park at 

the south end o f the bored tunnel section where it U-tumed for its return drive 

towards Collins avenue (Goto et al., 2004).

The other TBM2 (nicknamed Meghan) was an open face machine especially 

designed to excavate a hard clay stratum, like the Dublin Boulder Clay. This 

machine travelled the relatively short distance o f 330m from the Collins Avenue 

working shaft to the interface with the northern cut and cover section, where it was 

also U-tumed and retumed to Collins Avenue. This machine was equipped with 

three excavation arms for excavating the Boulder Clay and a screw conveyer for 

removing it, two intermediate support decks, and various movable face breasting 

plates for face support forward (Goto et al., 2004). The sources o f vibrations in the 

case o f this TBM were the excavators digging the soil and the jacks pushing the 

TBM forward. The open face machine excavated from Collins Avenue to Whitehall 

Church in Dublin suburb with very little ground cover (14 to 7m). It was 60m long, 

weighed 1,1 OOt and travelled at a rate of 5m per day. It required 18 staff per shift to 

function fully (Goto et al., 2004). Photograph o f TBM 1 and TBM 2 are shown in 

Figs. 1.7 and 1.8 respectively. The vibration measuring area is shown in Fig. 1.2.

The geological and geotechnical conditions o f the Dublin Port Tunnel area are 

described in Sections 1.3 and 1.4 respectively. During the constmction o f Dublin 

Port Tunnel project, there were a number o f complaints from house owners in the 

area when the boring was through limestone whereas there were no complaints in 

the area where the boring was through boulder clay and hence boring through 

limestone was important with regard to this research.
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Fig. 1 .3 - Bored tunnel section; W hitehall to  Fairview
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Fig. 1.7- Hard rock TBM 'GRAINNE'

Fig. 1,8-Boulder Clay TBM 'MEGHAN'
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1.3 Geology

1.3.1 General

A major underground construction project, such as the Dublin Port Tunnel, needs 

very comprehensive knowledge o f the ground conditions. Many site investigations 

have been carried out since the beginning o f the project along the route o f the tunnel. 

A variable sequence o f soil-type materials overlies the bedrock.

The soil within the tunnel area consists primarily o f glacial deposits resting on 

limestone bedrock. The glacial deposits comprise boulder clays, silts, sands and 

gravels. In many areas within tunnel these deposits are overlain by made ground of 

varying thickness, which is site specific, generally resulting from abandoned 

quarries, the filling o f streambeds, ponds and valleys, etc. From borehole logs, the 

strata o f the boulder clay and limestone were determined.

1.3.2 Limestone

The Dublin bedrock formation comprises carboniferous limestone and shales o f the 

Fingal group, known as ‘Calp’ limestone. The limestone can be categorised as a 

predominant strong to very strong, very thin to medium bedded, dark grey 

predominantly by medium to coarsely crystalline and fosssiliferous (crinoids 

approximately 6mm diameter) limestone, with occasional interbedded, moderately 

strong, very thin to thin, dark grey to black, unweathered shaley mudstones and 

strong to very strong fine grained argillaceous limestone. Farrell & Wall (1990) 

stated that the limestone was deposited in a shallow marine environment and that 

cyclical changes in the water depth and depositional conditions led to marked 

changes in the rock properties and thickness, variations in the sand and clay content, 

and inclusions o f shale or mudstone layers, occasionally weathered to clay. 

Discontinuities varied from planar smooth and tight, to open, with little to much 

clay. Through extensive in-tunnel logging, faulting and folding o f the limestone and 

shales has been observed. The dip o f bedding is generally between 5*̂ and 30*̂ , with 

vertical bedding being recorded within fault zones, and the rock is highly fractured 

within the fractures generally containing gouges and clay joint infill. The limestone
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within the project area lies wholly beneath the water table and water inflows during 

tunnelling were generally around 250 1/min for the full 11.8m diameter rock face. 

The bored section tunnel lies almost entirely in the limestone bedrock (Goto et al., 

2004 & Skipper et al., 2005).

The shale bands within the limestone formation have given rise to some problems 

during tunnelling, by way o f crushing to a clay/silt consistency and when 

encountered with a high dip>50® led to plucking o f  boulder size slabs o f the 

surrounding limestone. Some overbreaking occurred along areas on intersection 

joint and bedding planes, but this rarely extended more than 300mm and had limited 

effect on surface settlement (Goto et al., 2004). The engineering properties o f the 

limestone are discussed in Section 1.4.

1.3.3 Glacial Deposits

Glacial deposits are found over the limestone bedrock. Farrell & Wall (1990) and 

Farrell et al. (1995) have comprehensively described the glacial deposits in the 

Dublin area. The authors made the distinction between the brown boulder clay and 

black boulder clay and stated that black boulder clay upon weathering produces 

brown boulder clay 2 to 3 m in thickness. The clays, referred as the Dublin 

black\brown boulder clays, are glacial tills formed by the deposition o f particles at 

the base o f glaciers, and therefore have been subjected to very high vertical 

pressures. Thus, these boulder clays are generally highly overconsolidated deposits 

o f stiff to very stiff consistency. Although the glacial tills are mainly composed of 

clay, they also contain some significant quantities o f gravels and cobbles (Farrell et 

al., 1995).

These lodgement tills are the predominant soils in Dublin and its surrounding area. 

The black boulder clay is usually the lower portion o f till, although at the Port 

Tunnel they have also found brown boulder clay below the black boulder clay. The 

quaternary glacial deposits are complex and the presence o f fluvioglacial and 

glaciomarine sand and gravel sediments are indicative o f either local withdrawals or 

advances o f the ice sheet (Orr & Farrell, 1996).
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Skipper et al. (2005) identified four units in the Dublin boulder clays: an upper 

brown boulder clay (the brown boulder clay o f Farrell et al., 1995), an upper black 

boulder clay (the black boulder clay o f Farrell et al., 1995), a lower brown boulder 

clay and a lower black boulder clay. The authors also stated that average engineering 

properties of all four boulder clays are very similar. The stratigraphy o f the geology 

o f the Dublin Port Tunnel area is shown in Fig. 1.9. The detailed geological cross 

section o f the Dublin Port Tunnel North Cut and Cover Section is shown in Fig. 1.10 

and a typical borehole log is shown in Fig. 1.11.

1.3.3.1 Upper Brown Boulder Clay

The upper brown boulder clay (the brown boulder clay o f Farrell et al., 1995) was 

found to have a thickness o f up to 3m below ground level and this is the weathered 

mantle o f the upper black boulder clay (Skipper et al., 2005 & Farrell et al., 1995). It 

is a stiff to very stiff, yellowish brown, slightly sandy slightly gravely silt/clay with 

some cobbles. Although its mechanical properties are similar to the upper black 

boulder clay, microscopically, differences are apparent. The upper brown boulder 

clay contains a small number o f higher permeability sand and gravel lenses, which 

are clearly weathered versions o f the small-scale features in the upper black boulder 

clay (Skipper et al., 2005).

The upper brown boulder clay represents a complex pedogenic horizon, which 

developed during a period o f climate warming and glacial retreat after the deposition 

o f the upper black boulder clay. It is classified as a separate formation from the 

lower black boulder clay as it is distinct in appearance (Skipper et al., 2005).

1.3.3.2 Upper Black Boulder Clay

The upper black boulder clay is a dense and stiff to very stiff or hard deposit from 

which it is difficult to obtain relatively undisturbed samples because o f its stone 

content and its high stiffness. Dublin black boulder clay was deposited as a 

lodgement till during the Midlandian Glaciation. During the maximum extent o f this 

glaciation, ice from a large sheet crossed Dublin in a southeast direction leaving a 

widespread drape of lodgement till rich in erratic material from the north and
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northwest. The composition is typically a heterogeneous mixture o f particle sizes 

ranging from clays to cobbles and boulders (Farrell et al., 1995). A detailed 

geological profile o f Dublin Port Tunnel area is shown in Fig. 1.10. The upper black 

boulder clay was seen to display consistent characteristics over a distance o f 4 km. it 

is characteristically a very stiff, dark grey to black, slightly gravely, slightly sandy 

clay with some cobbles, and can be described overall as a diamicton. (Skipper et al., 

2005 & Menkiti et al., 2004).

1.3.3.3 Lower Brown Dublin Boulder Clay

Three sub-units were present in the lower brown boulder clay formation. O f these 

the upper and lower units were diamictons, but the middle subunit proved to be by 

far the most lithologically variable o f all the sediments encountered in the study 

area. All units in the lower brown boulder clay were discernible as more silty and 

browner in colour than either the upper or lower black boulder clays. The uppermost 

lower brown boulder clay unit was generally found to be a very stiff, dark brown, 

slightly gravely silt or clay silt with a relatively high proportion o f gravel to cobble 

sized particles and rarely boulder-size exotic clasts - certainly more than are usually 

found within the upper black boulder clay. The unit is usually up to 5m thick. The 

second sub-unit is only l-5m  in thickness. It varies in consistency from a soft to very 

stiff, light brown to reddish brown clay, to a loose to dense sand with some gravel. 

The third sub-unit is at least 2.5m thick and consists o f  a diamicton, similar to the 

top sub-unit, but with an apparently lower cobble content than the top sub-unit 

(Skipper et al., 2005).

1.3.3.4 Lower Black Boulder Clay

The lower black boulder clay, which was seen in the area o f the open cut tunnel 

sections, has a maximum thickness o f approximately 4m. The lower black boulder 

clay was seen to display consistent characteristics over a distance o f at least 3 km 

and therefore qualifies as a formation. It is consists o f very stiff, dark grey to black, 

slightly sandy, slightly gravely silts/clay with some to cobbles. The main difference 

between the upper and lower black boulder clays is that the lower black boulder clay
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is generally blacker and more plastic when wetted in hand specimen than the upper 

black boulder clay (Skipper et al., 2005 & Menkiti et al., 2004).

Several types o f discontinuities and fissures are identified. Fissures are generally 

rough and tightly closed and did not have an impact on the engineering behaviour of 

the till for the structures constructed (Skipper et al., 2005).

1.3.3.5 Near-surface deposits

Much o f Dublin city is built on made ground. Made ground is the uppermost layer 

and is composed o f clayey sand with man-made materials like rubble, glass and 

ceramics, deposited on tidal flats or in old streambeds. The Dublin port area has 

been reclaimed using mainly hydraulic fill. The fill is generally loose to medium 

dense with pockets o f silt (Farrell & Wall, 1990). The relatively high void ratio of 

the top layer has resulted in permeability higher than that o f the Dublin boulder clay 

beneath.

Fig. 1.12 shows a simple strati graphic model for Dublin soil and rock based on the 

discussions outlined in this section.

Loess/ recent soily made grajnd

Upper brown (weathered)
Dublin boulder clay

Upper black Dublin boulder clay

Lower brown Dublin boulder ciay

Lower black Dublin boulder clay

Carboniferous ("Cafp) limestone 

(A )
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NORTH SOUTH

LOESS AND RECENT SOIL

UPPER BROWN BOULDER CLAY (UBrBC)

UPPER BLACK BOULDER CLAY (UBkBC)

FLUVIOMARINE GRAVELS, 
SANDS AND SILTS

LOWER BROWN BOULDER CLAY (LBrBC)

LOWER BLACK BOULDER CLAY (LBKBC)

A  A  -JL ' X  J t A
> CARBONIFEROUS LIMESTONE

(B)

Dublin boulder clay

M«rd«
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Fig. 1.9- Stratigraphy o f the geology o f the Dublin Port Tunnel (A) Menkiti et al., 

(2005), (B) Skipper et al., (2005). (C) Not in scale
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1.4 G eotechnical properties o f  Dublin boulder clay and lim estone

The follow ing is an overview  o f  the geotechnical properties o f  the Dublin boulder 

clay and limestone. In engineering terms, D ublin’s boulder clay is separated into 

brown and black boulder clay. Brown boulder clay is w idely considered to be a 

weathered product o f  black boulder clay (Farrell et al., 1995). Skipper et al., (2005) 

identified four units, referred to by them as the upper brown boulder clay, upper 

black boulder clay, lower brown boulder clay and low er black boulder clay and 

which discussed in the previous section.

The low perm eability in the range o f  10'^ m s'' to 10 '"  m s’' and high gravel content 

o f  Dublin boulder clay have resulted in the till being referred to as a boulder clay 

(Lehane & Simpson, 2000 and Skipper et al., 2005). The m oisture content and bulk 

density is shown in Table 1.1 & 1.2. Overall, both m oisture content and bulk density 

values are uniform  with depth. The average m oisture content in the upper brown 

boulder clay is som ew hat greater than for the o ther layers, w ith a corresponding 

slightly sm aller bulk density. The upper black boulder clay has the lowest water 

content and highest .bulk density, while the values o f  lower tw o layers are almost 

identical. The m easured w ater contents and bulk densities for upper black boulder 

clay fall within the overall range o f  11 ±  3% and 2.2 ± 0.05 M g m'^ respectively for 

Dublin boulder clay as suggested by Farrell & Wall (1990); Lehane & Simpson 

(2000). A typical w ater content chart is presented in Fig.1.13 and from Fig.1.13 it 

can be seen that the typical water contents are o f  order o f  10%. The w ater content o f  

the soil in the top m etre is substantially higher at about 20%. Table 1.1 shows that
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the average index values for all four materials are very similar. Plastic limit values 

fall reasonably close to the natural moisture content, indicating the liquidity index is 

close to zero. Again, measured values for liquid limit and plasticity index are close 

to the previously suggested ranges of 25 ±4% and 11 ±2% respectively (Lehane & 

Simpson, 2000) and around 30% and 10 to 15% respectively (Farrell & Wall, 1990). 

A typical plasticity chart is shown in Fig. 1.14. In Fig. 1.14, it can be seen that the 

results lies above the Skempton’s A-line and are close to the T-line (Farrell et al., 

1995) where T-line is till line suggested by Boulton & Paul (1976 cited by Farrell et 

al., 1995 & Lawler 2002).

Particle size distribution (PSD) curves for the four formations are shown in Fig. 

1.15. The curves are typical of those o f a lodgement till (Hanrahan 1977) who 

carried out PSD tests on Dublin boulder clay found that the PSD curves had straight- 

line distributions as shown in Fig. 1.16. Farrell et al. (1995) carried out PSD tests on 

nine samples, including both the brown and black diamictons, and found that the 

PSD curves fell within a very narrow band characteristic o f glacial diamictions and 

were effectively indistinguishable (Fig.l .17). The Table 1.1 shows the remarkable 

consistency with depth observed in terms o f index properties of these boulder clays.

Lawler (2002) carried out seismic refraction tests and laboratory dynamic tests to 

determine the small strain stiffness o f Dublin boulder clay and the results are 

presented in Fig. 1.18. It can be seen from the Fig. 1.18 that the small strain 

stiffness increases with increasing confining pressure. The author carried out a large 

number of drained and undrained triaxial compression tests on variable soil samples 

for determining the strength parameter o f black boulder clay and interpreted results 

from all the tests. The results are (p’ = 40*’ and c ’ = 0 kN/m^. Farrell et al. (1995) also 

found (p’ = 35*’ and 37” and c ’ = 0 kN/m^.

Limestone cores were obtained using core barrels equipped with diamond or 

tungsten carbide tipped bits. There are three basic types o f core barrels; single tube, 

double tube, and triple tube. Use o f double and triple tube core barrel systems are 

preferred since single tube core barrels generally provide poor recovery rates. 

Laboratory classification tests were carried out to determine density, porosity, 

absorption and moisture content. The modulus o f elasticity, Poisson’s ratio and
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unconfmed compression strength were measured using unconfined compressive 

strength tests. From stress-strain curves the tangent modulus and secant modulus 

were measured. The geotechnical properties o f limestone in the area o f Dublin Port 

Tunnel are presented in Appendix A3. The data were taken from Dublin Port Tunnel 

site investigation reports, where tests were commissioned by Geoconsult and ARUP 

consulting engineering companies. From Appendix A3 it can be seen that the bulk 

density and dry density are uniform with depth and location and are both around 2.7 

Mg/m^ The average moisture content is less than 1%. The Y oung’s modulus values 

are different for different locations and the average value is around 29 GPa. This 

values is lower than the value that is relevant for the small strain levels associated 

with ground vibrations as it is determined from unconfined axial compression tests. 

The Poisson’s ratio values are also different for different location and the average 

value is around 0.19.

Table 1.1- Summary o f average basic material properties (Skipper et al., 2005)

Parameter Upper Brown Upper Black Lower Brown Lower Black

Moisture content, % 13.1 9.7 11.5 11.3

Bulk density, Mgm'^ 2.228 2.337 2.283 2.284

Liquid limit, % 29.3 28.3 30.0 29.5

Plastic limit, % 15.9 15.1 14.9 17.8

Plasticity index, % 13.4 13.2 15.1 11.8

Clay content, % 11.7 14.8 17.8 17.5

Silt content, % 17.0 24.7 28.3 30.5

Sand content, % 25.0 24.7 25.7 34.0

Gravel content, % 46.3 35.8 28.0 35.5
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Table 1.2-Database o f  the index, state and strength properties o f  s t iff  tills

Parameter B lack boulder clay Brown  
boulder clay

R eference

Grading curve Straight line grading 
curve

Straight line 
grading curve

Farrell et al., 1995. 
Hanrahan (1977 cited by 

Farrell & W all, 1990)
Plasticity index 10 to 15% 

11 ±2%
10 to 15% 

11 ±2%
Farrell & W all, 1990. 

Lehane & Simpson, 2000

Liquid limit >30% 
26% 

25 ±4%

<30%  
23 & 30%

Farrell & Wall, 1990 
Farrell et al., 1995 

Lehane & Simpson, 2000
Plastic limit 14 & 17% 

14 ±2%
16 & 17% Farrell et al. 1995 

Lehane & Simpson, 2000
Water content 8.6 & 8.7% 

11 ±3%
9.5 & 10.6% Farrell et al., 1995 

Lehane & Simpson, 2000
Bulk Density, Mg/m^ 2.29 & 2.35 

2.2 ±50
2.24 & 2.28 Farrell et al., 1995 

Lehane & Simpson, 2000
Void ratio 0.24 & 0.28 0.29 & 0.33 Farrell et al., 1995

Clay fraction 15 ±5% Lehane & Simpson, 2000
Gravel fraction 30 ±5% Lehane & Simpson, 2000

Permeability, m s' 10’'* to 10 " Lehane & Simpson, 2000
Angle o f  friction 37“

40®
35" Farrell & W all, 1990 

Lawler, 2002
c ’ 0 0 Farrell & W all, 1990 

Lawler, 2002
Undrained shear 
strength, kN/m^

Around 450 Farrell et al., (1995a)

Preconsolidation 
stress, MPa

1.3 ±3 Lehane & Simpson, 2000
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Fig. 1.13-M oisture content (Farrell et al., 1995)
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1.5 Aims and Objectives o f research

The main aims and objectives o f this research are summarised as follows:

1. To carry out laboratory tests to determine the dynamic properties, such as 

stiffness and damping ratio, o f the Dublin boulder clay.

2. To predict, using 3-D finite elements modelling, the vibrations at the ground 

surface due to construction o f the north bound Dublin Port Tunnel and to 

make a comparison between the vibrations predicted using finite elements 

and the measured vibrations.

3. To predict, using 3-D finite element modelling, the vibrations at the ground 

surface due to construction o f the south bound Dublin Port Tunnel while 

north bound tunnel is existence and to make a comparison between the 

vibrations predicted using finite elements and the measured vibrations.

4. To carry out several parametric studies to examine the sensitivity o f the 

predicted vibrations to various parameters o f input data, which include the 

stiffness and the damping ratio o f soil.

5. To predict the vibrations at the surface above the tunnelling boring machine 

using existing empirical methods.

6. To develop a new empirical equation, based on the wave attenuation 

equation, to predict the vibrations at the surface due to the tunnel boring 

machine and to compare these predicted vibrations with those predicted 

using the existing empirical models, 3-D FE analyses and the measured 

vibrations.
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1.6 Thesis Outline

The following chapter. Chapter 2, presents a review o f the relevant literature in order 

to provide a background to ground vibrations and to highlight recent research work 

that has been carried out by researchers working in this area.

Chapter 3 presents the fundamentals o f the finite element method regarding its use in 

the analysis o f soil dynamic problems and a brief description o f the dynamic features 

available in the finite element packages PLAXIS and ABAQUS.

In Chapter 4, the results o f an investigation using bender elements to measure the 

small strain stiffness and damping ratio o f Dublin boulder clay are presented. The 

results o f this investigation are compared to the parameter values supplied by 

Nishimatsu Construction Co. Ltd and to the values obtained by Lawler (2002).

Chapter 5 describes the measurement in the field o f  the tunnel boring machine 

excitation and the ground vibrations induced at the surface due to the tunnelling.

Chapter 6 presents 3-D finite element analyses o f tunnelling induced ground 

vibrations while Chapter 7 describes the empirical methods used to predict 

tunnelling induced ground vibrations, including the development o f a new empirical 

equation.

Finally, in Chapter 8, the main conclusions and recommendations for future research 

o f this thesis are presented.

Appendix A presents laboratory test documentations 

Appendix B presents the TBM excitation at different sections.

Appendix C presents the predicted Peak Particle Velocity (PPV) at the surface. 

Appendix D presents the ABAQUS input file.

Appendix E presents the publications.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In recent years construction works have utilised larger plant as economic pressures have 

forced greater emphasis on mechanical rather than labour-intensive techniques. 

Mechanisation of tunnelling methods has resulted in the use o f tunnel boring machines 

(TBM) that dissipate large amounts of energy, in the form o f ground vibrations, into the 

environment (New, 1982 and Hillar & Hope, 1998).

This chapter reviews the literature concerning the different factors that influence the 

propagation and spreading o f TBM induced ground vibrations into the surroundings. In 

the first section, the types of tunnelling are described. In the second section, the ground 

vibrations and their effects, the propagation of ground vibrations and their attenuation, 

the way in which the waves are reflected and refracted and the control o f vibrations are 

all discussed. In the third section, the dynamic ground properties are discussed. Finally, 

in the fourth section, the bender element test used to determine dynamic ground 

properties is discussed.

The main purpose o f this chapter is to provide from literature a theoretical background 

that can be useful when analysing TBM induced ground vibrations and other problems 

of soil dynamics.

2.2 Tunnelling

2.2.1 Cut and Cover Turmel

Shallow depth tunnels, such as large sewer tunnels, vehicular tunnels, and rapid transit 

tunnels are frequently designed as structures to be constructed using the cut-and-cover
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method. Tunnel construction is characterized as cut-and-cover construction when the 

tunnel structure is constructed in a braced, trench-type excavation and is subsequently 

backfilled. For depths up to 10-15m this method is often cheaper and more practical 

than underground tunnelling (Bickel et al., 1996).

When designing a shoring system for a cut-and-cover excavation, it is important to 

consider the effects of ground settlements on nearby buildings. Probable amounts of 

settlement must be determined so that effects on nearby buildings may be analysed. If 

unacceptable settlements are predicted, then the shoring plan should be re-evaluated or 

options for ground treatments studied in order to limit damage. Factors influencing 

ground settlements include excavation dimensions, soil type, construction methods and 

workmanship quality (Megaw & Bartlett, 1982, O ’Reilly et al., 1990 and Fredriksen et 

al., 1994).

A general guide proposed by Peck (Terzaghi et al., 1996) based on many case histories, 

summarizes expected settlements adjacent to internally braced or tied-back flexible 

walls. Peck was the first to propose that settlements at distances from the excavation 

can be related to the excavation depth.

2.2.2 Bored Tunnel

2.2.2.1 Bored Tunnel in Soft Soil

Tremendous advances have been made since Brunei invented the first soft ground- 

tunnelling machine in 1818 (Megaw & Bartlett, 1982). Brunei’s shields, used to 

excavate tunnels under the Thames, were the forerunners o f today’s modem soft ground 

tunnelling machines. Today’s engineers have many tunnelling methods to choose from 

when seeking an option for a tunnelling project. The selection o f the optimal tunnelling 

method depends on many factors, which include the soil and water conditions, tunnel 

size and support methods as well as tunnel excavation sequence and other logistical 

factors. Economics play a deciding role as well as equipment availability and the
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experience of the engineer/constructor when selecting one method in preference to 

another.

The most basic tunnelling machine is the simple shield type that was invented by Brunei 

and is still in use, with minor modifications, up to the present day. Brunei’s shield was 

designed to provide (Megaw & Bartlett, 1982):

■ A skin, supporting the ground on all sides. This was done by means o f iron 

staves sliding forward as the excavation was advanced, and supported by iron 

frames.

■ Means to support the face and yet provide access for excavation. The iron 

frames carried horizontal oak poling boards, supported by screw jacks which

could be moved forward one at a time as the small area o f face open was

excavated.

■ Means to move the shield forward into the excavated space and then to build the

permanent lining at the rear. Jacking from the completed arch brickwork

propelled the shield forward.

Sutcliffe (1896, cited by Megaw & Bartlett, 1982) gives the following functions of a 

Tunnel Boring Machine (TBM):

■ to excavate the ground

■ to remove the material excavated

■ to maintain the line and grade of the excavation

■ to support the excavated tunnel temporarily until permanent support can be 

provided

■ to handle adverse ground conditions.

Excavation o f tunnels in soft ground or with inflowing water is problematic. In order to 

stem the flow o f water, which erodes and weakens the surrounding ground, modem 

TBMs are equipped with watertight seals, which allow the cutting o f the ground to be 

performed under pressure and which restrain the flow o f groundwater into the
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excavation. A TBM handles this by several methods. A brief description of these 

methods follows.

The use o f compressed air as a means of ground stabilization and groundwater control 

in sandy and squeezing clay soils has been used for many years prior to the 

development of TBMs. The first use o f compressed air for turmelling was in 1879 to 

excavate a tutmel under the Hudson River in New York. This proved to be an effective 

way to offset groundwater pressure at the tunnel face, thus controlling the flow of water 

into the face. In spite o f these benefits, there are several major disadvantages of working 

under compressed air conditions. The first of these is the difficulty in striking a correct 

balance between the air pressure required at the crown and water pressure at the invert 

(Megaw & Bartlett, 1982).

The second major disadvantage to tunnelling under compressed air is health related. 

Working under increased atmospheric pressure conditions may be harmful to a 

tunneller’s health. There are many statutes regulating the exposure time, age and 

physical condition of the tunneller for working under such conditions. Workers must 

take precautions similar to deep-sea divers to ensure against suffering from the bends as 

they re-enter normal atmospheric pressure (Megaw & Bartlett, 1982 and Attewell, 

1995).

In 1964 the Robbins Company developed a TBM for the excavation of Metro tunnels in 

Paris. This TBM relied on pressurized air at the face ahead o f an airtight bulkhead. A 

drawback to this method is the compressible nature o f air and its highly explosive 

nature when highly compressed (Megaw & Bartlett, 1982).

A system preferable to pressurized air was developed by the German construction firm 

Ways & Freitag A.G. (Megaw & Bartlett, 1982) which used a combination of slurry and 

air to provide pressure at the face. As the TBM advances, the bentonite slurry carries 

the excavated material back to a separation plant where the separated spoil is disposed 

of and the cleaned bentonite is recycled through the slurry back to the TBM. The
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cushion of compressed air in the plenum, or excavation chambers, regulates the 

operating pressure of the slurry in order to compensate for the variations in the 

surrounding groundwater pressure and effectively limits surface settlement by limiting 

losses due to the over-excavation volume.

2 2 .2.2 Bored Tunnels in Hard Ground

The tunneller has three options for tunnelling in hard ground:

■ Drill & Blast

■ Road header

■ Tunnel Boring Machine (TBM)

Drill and Blast methods are suitable for full or partial face advance and for any cross 

section geometry. The Drill and Blast method may be an integral part of the New 

Austrian Tunnelling Method (NATM) method for advancing the tunnel. The potential 

for overbreak and problems due to noise and vibration make it unsuitable for most 

urban projects (Deane, 1994).

The use of road headers is suitable for full or partial face advance and for any cross 

sectional geometry. They are also known as “continuous miners” and are usually 

generic pieces of equipment not specifically modified for a particular project. When 

compared to a TBM, they are inexpensive. Road headers are very adaptable and can be 

quickly modified to perform drilling operations required for fore poling or rock bolting 

as well as installing steel arches used as primary support members (Megaw & Bartlett, 

1982 and Attewell, 1995).

The use of a full face TBM in rock assumes the ability to cut a cylindrical hole, self- 

supporting for a sufficient time. The machine typically comprises a fixed head, 

supported by jacks on shoes in the invert and at the sides, containing the drive motors 

and a rotating cutting head carried in a large and heavy thrust bearing. Behind, and 

attached to the fixed head, is a chassis on which are mounted electro hydraulic motors.
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conveyor, rear jack, and an expanding ring or series o f pads which can grip the tunnel 

walls and against which forward thrust can be made. The whole mechanical system 

must transmit the torque and thrust necessary for boring, while remaining accurately on 

the centre line, and steerable (Megaw & Bartlett, 1982). The open shield TBM is shown 

in Fig.2.1.

When the TBM is driven forward, a precast concrete segmental lining is assembled 

inside the TBM’s steel cylinder and this replaces the cylinder to resist earth and water 

pressures. Therefore the tunnel face walls are always protected either by the steel 

cylinder or the concrete lining. Because the thickness o f the steel cylinder and the 

concrete lining are different, there are voids between the excavated surface and concrete 

lining. These voids are filled with grout to stabilize the excavated surface. For the voids 

ranging from 0.5m to 2.5m away from the tunnel face, pressurised grouting is 

performed to fill the voids and loosened parts o f soil, to prevent settlement of the 

ground and buildings above the tunnel.

One of the great advantages o f a TBM in rock is that, unless the rock is so cracked and 

fissured that blocks fall into the tunnel, it cuts a smooth bore o f the correct profile 

which not only gives a usefiil reduction in the amount o f excavation but also makes the 

best use o f the rock strength and facilitates the construction of any tunnel lining whether 

it be in situ concrete or a precast segmental lining (Whittaker et al., 1990). The 

disadvantage of a TBM in rock is that the tunnel-boring machines may give rise to 

vibration problems (New, 1990a).
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1. cutting head
2. drive
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5. tunnelling jacks
6. lining segm ent supply

7. backup system
8. silo car

Fig.2.1- Open shield TBM (http://www.herrenknecht.com)

2.3 Ground Vibrations 

2.3.1 General

Vibration can be considered to be the oscillation or repetitive motion of an object 

around an equilibrium position due to an external force. The equilibrium position is the 

position the object will attain when the force acting on it is zero.

The environmental effects of noise and ground vibrations have received considerable 

attention in recent years due to the damage ground vibrations can cause buildings and 

due to the sensitivity o f people to noise and vibration (Hillar & Hope, 1998 and Hall, 

2003). Vibrations can be generated by either natural or artificial sources. Natural 

sources are earthquakes, ocean waves and landslide, hi the case o f earthquakes, the 

intensity o f ground vibrations may be high enough to result in heavy structural damage 

or even collapse o f structures accompanied by loss o f life. Ground vibrations from 

artificial sources are called man-made vibrations. Sources o f man-made vibrations may 

be classified into the following main categories: (1) operation o f machines; (2) road and 

railways traffic; and (3) construction activities (Athanasopoulos & Pelekis, 2000 and 

Dobry & Vucetic, 1987).
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The magnitude of man-made vibrations is normally much smaller compared to 

earthquake vibrations and hence these vibrations do not, in most cases, cause serious 

structural damage to buildings and their effects are limited to the development of 

cosmetic cracks in the walls and floors of buildings. Structures adjacent to a new tunnel, 

in particular old masonry buildings, may suffer damage resulting in costly repairs or 

require expensive protective measures, such as underpinning or compensation grouting 

(Athanasopoulos & Pelekis, 2000; Liu et al., 2000). Man-made vibrations can also 

induce densification in sandy soils, resulting in foundation settlement. This settlement 

has the potential o f inducing more serious structural damage than the cosmetic cracking 

(Athanasopoulos & Pelekis, 2000).

Ground vibrations from the operations of heavy machines are mostly continuous and 

periodic and have been studied extensively by both analytical and experimental 

methods. The focus o f the relevant studies has been on the development of methods for 

estimating the magnitude o f the expected vibrations from machine foundations. Fewer 

studies have focused on the establishment of vibration criteria to protect the integrity of 

the machine and avoid the disturbance o f people (Athanasopoulos & Pelekis, 2000).

Ground vibrations caused by road and railway traffic are in most cases random motions 

and have been the subject o f numerous studies in the past 25 years. These studies 

involved field measurements and focused on developing: (1) methods for empirical 

prediction of the intensity o f ground vibrations generated at a given distance from 

vehicular traffic; and (2) numerical models encompassing the source o f vibration and 

the transmission path for predicting the vibration level at different distances from the 

source and for investigating the study o f the effects o f parameter variability 

(Athanasopoulos & Pelekis, 2000 and Madshus et al., 1998).

During the past few decades, construction vibrations have become the subjects of 

intensive study (Dowding, 1996; Skip, 1998; Hillar & Hope, 1998; and Athanasopoulos 

& Pelekis, 2000). Construction activities resulting in vibrations include blasting 

operations in rock sites, explosive demolition, pile driving in soils, vibratory or dynamic
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compaction of soils, deep excavation and tunnelling activities in either soil or rock 

(Athanasopoulos & Pelekis, 2000). The effect o f vibrations, above the human 

perception level, may cause disturbance to human comfort and even damage to existing 

structures. In this chapter, some of the literature considering the effects o f vibrations on 

humans and on structures is reviewed.

2.3.2 Types of Vibrations

Besides the magnitude and frequency of vibrations, the potential for damage and 

disturbance is also dependent on the nature and duration o f the vibrations. The motion 

of a discrete element o f a vibrating material has its simplest form when it is sinusoidal. 

Ground vibrations can be classified into the following:

• Sinusoidal vibrations; sinusoidal vibrations are the simplest form of vibrations 

described by sine functions, as shown in Fig. 2.2 (a). Vibratory pile drivers can 

often generate steady-state sinusoidal vibration (Head & Jardine, 1992).

• Transient vibrations: transient vibrations have a cyclical variation in amplitude, 

which reaches a peak and then decays towards zero, as shown in Fig. 2.2 (b). 

Such vibrations can be generated by blasting and impact hammers.

• Periodic vibrations: periodic vibrations have a cyclical variation in amplitude 

which repeats many times, as shown in Fig. 2.2 (c); vibrations generated fi-om 

heavy machines are an example of periodic vibration. Sinusoidal vibrations are 

also periodic vibrations.

• Random vibrations: random vibrations are not predictable and the displacement

time pattern never repeats, as shown in Fig. 2.2 (d). Vibrations from road and 

railway traffic and seismic activities are random vibrations.

For sinusoidal motion, the displacement (x)-time (t) relation is
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X = A sin (cot-(p) [2 .1]

where A is the displacement amplitude; co is the circular frequency and cp is the phase 

angle. The particle velocity can be obtained by differentiating Equation 2.1 with respect 

to time;

dx
V -  — = Acocos (cot-cp) [2.2]

dt

Also, differentiation o f  Equation (2.1) with respect to time gives the particle 

acceleration:

d^x  

dt^
a = — = -Aco^sin(cot- (p) [2.3]

— o / m

vwwv

z

Fig. 2.2-Types o f vibration: (a) sinusoidal (b) transient (c) periodic (d) random (from

Head and Jardine, 1992)
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2.3.3 Vibration Propagation

Vibrations are quantified in terms of the velocity attained by particles in the ground, as 

they are disturbed from their at-rest position during the passage of a wave. As an 

individual particle vibrates it transmits its vibration to adjacent ones. Vibration is 

propagated away from the source in the form of a wave (Hillar & Hope, 1998).

A wave can be defined as a disturbance travelling from one point to another transferring 

energy but not particles. A wave can be distinguished fi'om particle vibration through 

the following example. Consider the movement generated in water when a small piece 

of stone is thrown into the centre of a pond. A single disturbance moves at a constant 

speed away from the source o f the disturbance towards the edges o f the pond. The 

movement of the disturbance is described as wave motion and it has a wave velocity. If 

a piece o f wood lies on the water surface, the up and down movement of the wood as 

the water wave passes its location is defined as its particle velocity (Hillar & Hope, 

1998 and Fahy & Walker, 1998).

In engineering practice, attention is focused on studying ground motion, which is 

defined as particle velocity. The measurement of the vibration at the ground surface is 

usually expressed in terms of particle velocity where its form and amplitude is a 

function o f the source, the ground conditions and the radial distance fi'om the source. 

Vibration is propagated away from the source in the form of body waves and surface 

waves.

2.3.3.1 Bodv Waves

Body waves, which can travel through the ground, are o f two types: one is a P-wave 

another is an S-wave. P-waves, also known as primary, compressional, or longitudinal 

waves (Fig. 2.3a), involve successive compression and rarefaction (Fig.2.3a) of the 

materials through which the waves pass. P waves are the fastest body waves and arrive 

before the S waves. The P waves carry energy through the ground as longitudinal
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waves, moving particles in the same line as the direction of the wave. They can travel 

through all layers of the ground. Like sound waves, compression waves can travel 

through both solids and fluids. P waves are generally felt by humans as a bang or thump 

(Kramer, 1996 and Santamarina, 2001). The compression waves, Vp, can be calculated 

using following Equation:

where M = constrained (oedometer) modulus; E = Young’s modulus; p = bulk density 

and V = Poisson’s ratio.

S-waves, also known as shear, secondary and transverse waves, cause shearing 

deformations as they travel through a material. The motion of an individual particle is 

perpendicular to the direction of the S-wave travel (Fig.2.3 (b)). Shear wave carry 

energy through the ground in a pattern of transverse (crosswise) waves. These waves 

move more slowly than P wave. The direction of particle movement can be used to 

divide the S-waves into two components, SV (vertical plane movement) and SH 

(horizontal plane movement). Fluids, which have no shearing stiffness, cannot sustain 

S-waves (Kramer, 1996 and Santamarina, 2001). The shear waves, Vs, can be calculated 

using following Equation:

Vm _ I £ ( l - v ) [2.4]^  Vp(1 + v ) ( 1 - 2 v )

V g [2.5]
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Compressions Undisturbed medium
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(b)

Wavelength

Fig. 2.3-Deformations produced by body waves: (a) P-wave; (b) SV-wave (from Bolt,

1993 cited by Kramer, 2000)

2.3.3.2 Surface Waves

Surface waves result from interaction between body waves and the ground surface. 

They travel along the earth’s surface with amplitudes that decrease roughly 

exponentially with depth. Because of the nature o f the interaction required to produce 

them, surface waves are more prominent at distance farther from the source. The most 

important surface waves, for engineering purposes, are Rayleigh waves and Love waves 

(Fig.2.4). Rayleigh waves are produced by interaction o f P-and SV-waves with the 

ground surface; involve both vertical and horizontal particle motion. They are similar, 

in some respects, to the waves produced by a rock thrown into a pond. The velocity of 

Rayleigh waves is slower than that of body waves. The velocity o f Rayleigh waves (Vr) 

can be calculated using following Equation:



Love waves result from the interaction of SH-waves with a soft surficial layer and have 

no vertical component o f particle motion.

Wavelength
Undisturbed medium

\

t r n rn mmmm

Wavelength
Undisturbed medium

Fig. 2.4-Deformations produced by surface waves: (a) Rayleigh wave (b) Love-wave 

(from Bolt, 1993 cited by Kramer, 1996)

2.3.4 Attenuation of Ground Vibration

Attenuation describes the processes by which the magnitude o f a vibration reduces as it 

propagates away from the source. Attenuation occurs by geometric spreading and 

material damping. Attenuation with distance from a source should not be confused with 

decay with time at a point. The first effect is purely geometrical and occurs because the 

energy radiated from the source is spread over an increasingly large volume of material 

as the wave front propagates. So this effect is independent o f the material properties of 

the ground. The second effect, material damping, is a property o f the propagating 

medium and describes the fnctional, inelastic, hysteretic energy losses that occur during 

the passage o f a wave, as elements of soil undergo cyclical shearing or compression. It
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is affected by the characteristics of the soil and the amplitude of motions (Hillar & 

Crabb, 2000).

For the decay of both body and surface waves the geometrical damping is an important 

parameter. The energy attenuates according to 1/r̂  for the body waves, where r is the 

distance from the source and the amplitude is proportional to the radial distance (1/r). 

The amplitude of the Rayleigh waves is proportional to the square root of the radial 

distance (1/Vr). Thus, the attenuation of the amplitude of the Rayleigh waves is slower 

than that for the body waves (Das, 1984). Geometric attenuation is independent of the 

properties of the material through which the energy propagates.

Richart et al., (1970) found that the attenuation of waves in soils is more rapid than that 

predicted by elastic theory. The amplitude is attenuated by material damping caused by 

frictional dissipation of the elastic energy.

The combined effect of material and geometric damping is given by Mintrop’s (1911, 

cited by Hillar & Crabb, 2000), attenuation equation is:

A, =Ao[ro/ri]“ e-“^ V  [2.7]

where A] is the amplitude at distance ri from the source; Ao is the amplitude at distance 

ro from the source; a is the absorption coefficient; and 13 is the geometric spreading 

term.

In Equation 2.7, (ro/ri)® represents the geometrical damping and the power, 6, is a 

function of the wave type, with 6 = 1 for body waves in the ground that spread 

spherically, except at the surface where B = 2, and B = 0.5 for Rayleigh waves 

(Dowding, 1996). In Equation 2.7, a (ri-ro) is the material damping and the a is the 

coefficient of attenuation. The a coefficient increases with increase in the dominant 

frequency, as a higher-frequency wave will pass through more motion cycles than will 

low-frequency waves when travelling the same distance and hence will undergo 

attenuation. For material damping, decay is a function of energy loss per cycle of
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deformation, not the distance travelled per second. The lovi^er-frequency components 

have undergone fewer deformational cycles and hence have lost proportionally less 

energy. As shown in Table 2.1, a  has also been found (Woods and Jedele, 1985) to be 

larger in soil than in rock.

Table 2.1 Proposed Classification of earth materials by attenuation coefficient, a

Classification of 

Earth Materials

Attenuation Coefficient, a (1/m) Description of 

Material5 Hz 50 Hz

I 0.01-0.03 0.1-0.3 Weak or soft soils

II 0.003-0.01 0.03-0.1 Competent soils

III 0.0003-0.003 0.003-0.03 Hard soils

IV <0.0003 <0.003 Hard, component 

rock

(from Woods and Jec ele, 1985)

Godio et al. (1992 cited by Hillar and Crabb, 2000) proposed an equation for predicting 

the ground vibrations, through the calculation of the peak particle velocities. This is a 

useful first estimate for predicting the vibration levels likely to be generated by 

mechanised bored tunnelling works and is given by the exponential equation:

V-Ar''^ [2.8]

Where,

V is the predicted resultant peak particle velocity (mm/s).

A is a constant whose value depends on the ground condition; for hard ground 

A=180.

r is the direct distance from the vibration source to the measurement point (m). 

Equation 2.8 is for values of r ranging from 10 to 100m.
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The direct distance, r, from the source of the vibrations to the point o f interest is an 

important parameter when predicting the vibration level. This direct distance may be 

calculated from the horizontal and vertical distances between the source and the 

measurement locations. For tunnelling works, it is clearly important that the depths as 

well as the lateral distance are recorded in order to calculate the direct distance from the 

source of the vibrations to the point of interest.

Nishimatsu Construction Co. (NCC) Ltd. has also developed a general equation for 

predicting the vibrations due to tuimelling from PPV values monitored on other 

construction sites. This equation provides a correlation between the peak particle 

velocity, V and the distance from the point source to the point of interest, r of the form 

V = Nr'"’ but it was found that the coefficients N and m change with the ground 

conditions, the diameter o f the tunnel boring machine and the thrust force of the 

machine. The specific equations for obtained by NCC from a number of different 

tunnelling works, are presented in Table 2.2.

Table 2.2-Summary of tunnel vibration data sites compared to predictions

Project

Reference

Number

Project

Name

Geology TBM

type

Tunnel

diameter

(m)

Tunnel 

cover (m)

NCC 

Equation 

V = Nr'"’

No. 1 Rail (JLE) Sands and 

clays

Mix

shield

5.13 21.2 V = 0.15r'"“

No 2 Rail (Channel 

Tunnel)

Clay/ Chalk Full

face

TBM

8.72 22.6-55 V = 3.4r'®-’ '

No.3 Cable Tunnel Mudstone Full

face

TBM

2.44 11 V = ISSr'*'''’

No. 4 Emergency

Tunnel

Nohi rhyolites Open

shield

4.5 100 V = 0.6r'“"'

No.5 Road (Pilot 

Tunnel)

Sandstone Open

shield

5.0 70 V = 7.6^“*

No. 6 No Information V = 48r-''''
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From the equations for the PPV values in Table 2.2 obtained from previous turmelling 

projects, the following upper-bound equation and a lower bound equation were obtained 

to predict the peak particle velocity in the case of Dublin Port tunnel:

The new Rahman-Orr model, Equation 7.6 and 7.8, is developed and based on the wave 

attenuation Equation 2.7, which considered the combined effects o f material and 

geometric damping. The model takes account the TBM excitation, ground dynamic 

properties and direct distance between the source and the point o f interest. If the source 

vibration velocities are known, then Equation 7.6 and Table 7.3 and 7.4 can be used as a 

generalised Equation for any type of soil and rock to predict the ground vibrations. 

However, if source vibration velocities are unknown, then Equation 7.8, which is a 

simplified version o f Equation 7.6, can be used for limestone boring to predict the 

ground vibrations.

2.3.5 Reflection and Refraction of Waves

Consider the case o f two half-spaces o f different elastic materials with one resting on 

the other. The different types o f waves produced by incident P-, SV-, or SH-waves 

impinging on the boundary o f two layers are shown in Fig.2.5. In Fig.2.5, it can be 

observed that the waves are divided into two new waves one is refracted into the top 

layer material and the other is reflected back into the original material. Since incident P- 

and SV-waves involve particle motion perpendicular to the plane o f interface; they will 

each produce both reflected and refracted P-, and SV-waves. An incident SH-waves 

does not involve particle motion perpendicular to the interface; consequently, only SH- 

wave are reflected and refracted. The directions and relative amplitudes o f the waves 

produced at the interface depend on both the direction and amplitude of the incident 

wave to the interface and the propagation velocities and densities of the two materials 

(Kramer, 1996 and Das, 1984).

V = 1 7 6 f''*

V = 7 .4 r''°’

upper bound 

lower bound

[2.9]

[2 .10]
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Fig.2.5-Reflected and refracted rays resulting from incident (a) p-wave, (b) SV-wave,

and (c) SH-wave (from Kramer, 1996).

Using Snell’s law these directions can be determined. Snell showed that

sin (i)/c = constant [2.11]

where i is the angle between the wave path and the normal to the interface and c is the 

velocity of the wave o f interest (Kramer, 1996 and Das, 1984). Using the velocities u, v, 

y, z and angles a, b, c, d, e and f  defined in Table 2.3 the direction of all waves are 

easily related to the direction of the incident wave using Snell’s law;

Table 2.3 Different wave types with propagation velocity

Wave Type Velocity Angle with normal

Incident P u a

Incident S V b

Reflected P u c

Reflected S V d

Refracted P y e

Refracted S z f

sin a _ sinZ? _ sine _ sint/ _  sine _  sin /
u V u V y  z
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Since incident and reflected waves travel through the same material, a = c and b = d, 

which shows that the angle o f incidence is equal to the angle o f reflection for both P-, S- 

waves. There is also a critical angle of incidence, ic, where the refracted waves travel 

parallel to the interface (Kramer, 1986). Therefore,

ic = sin''u/y = sin''v/z [2.13]

2.3.6 Human Response to Vibrations

Vibrations produced during construction operations normally become o f considerable 

concern before threshold-sized cracking occurs because o f the low threshold o f human 

perception. Defining a control limit for vibrations in these conditions can be challenging 

because it will inevitably depend on the existing vibration environment and human 

tolerance (Dowding, 1996).

Human reaction is influenced more by previous experience and understanding than by 

the actual level of vibration itself; a person’s state of health, temperament and age will 

all contribute to this reaction (New, 1990a).

Many controlled experiments have been conducted by researchers, summarized by 

Griffin (1990), which show that perception thresholds are difficult to establish, and 

exhibit a great deal o f scatter. This is because determination o f perception threshold 

requires many other factors to be considered or isolated, such as fi'equency and duration 

o f vibration, effect o f visual and audible cause, foot vibration o f seated subjects 

(stationary or moving footrest), subject attention (reading or concentrating), presence of 

background vibration, subject’s willingness to guess or wait until they are sure that they 

could feel the vibration, subject’s confusion between a required judgement for 

perception or comfort, and lack o f repeatability o f results for a given subject's response. 

The analytical and statistical methods used for determining thresholds also have a 

significant bearing on the results.
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The British Standard BS 6472 (1992) gives detailed guidance on the evaluation o f the 

effects of vibration exposure on humans in the frequency range o f 1 Hz to 80 Hz. It 

gives guidance on the threshold values for human perception and the higher levels 

above which complaints become more likely in a variety o f environments. Consider the 

human body coordinate system defined in Fig.2.6. Here, the x-axis defines the back-to- 

chest direction, the y-axis defines the right side to left side direction, and the z-axis 

defines the foot -(or-buttocks-) to-head direction.

Fig.2.6-Co-ordinate system for human sensitivity to vibration (Irom BS 6472)

BS recommends that measurements are made in terms o f particle accelerations but 

curves are presented for particle accelerations and velocities, the curves for velocities 

being calculated assuming sinusoidal motion. For z-axis vibration the threshold level for 

human perception is 0.141mm/s between 8Hz and 80Hz and higher at lower 

frequencies, rising to 2.25mm/s at IHz and the multiplication factors applicable are 2 &

*Z
7

y
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4 (for residential and day time) giving the threshold limits as 0.282mm/s and 

0.564mm/s. For x- or y-axis vibrations, the threshold level is 0.402mm/s between 2Hz 

and 80Hz, rising to 0.804mm/s at IHz. The base curve values without multiplication 

factor are applicable to the most sensitive situations.

Richart and Woods (1987) focused on the effect of vibrations on humans and found that 

the amplitude, frequency and duration o f vibrations are the important parameters. The 

authors found that a vibration of 0.25mm/s is hardly detectable to people while a 

vibration o f 2.5mm/s causes people discomfort.

New (1990a) found that when vibration levels from an unusual source exceed the 

human threshold of perception (PPV, 0.2-0.3mm/s), complaints may occur. In the urban 

situation, serious complaints are probable when PPV values exceed 3mm/s. Complaints 

will increase with the duration o f the vibration and will be most severe when the 

intrusion occurs outside normal working hours, particularly at night.

2.3.7 Structural Response to Vibrations

The response o f buildings to ground vibrations is governed by the following factors:

■ Relationship between natural frequencies o f the building and its elements and the 

characteristic frequency of the ground motion

■ Magnitude o f vibration

■ Stiffness of building and elements

■ Damping characteristics of the building

■ Other factors such as height and dimensions o f the building and the types of 

materials used in the construction (Head and Jardine, 1992).

When the induced frequencies of the ground vibrations coincide with one of the 

building’s natural frequencies, this may result in large vibrations. This is known as 

resonance frequency. Damping is the property of a material to absorb vibration energy 

and every material has some degrees of damping. The vibration energy induced by a
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dynamic load decreases with higher damping and vice versa (Clough & Penzien, 1993; 

Kramer, 1996 and Dowding, 1996).

The growth in instrumentation has led to ever more detailed measurements o f vibration, 

often in terms of velocity, yet very little effort has been directed at carefully monitoring 

the structures for evidence of damage which can be directly linked to the vibration. 

Whilst Peak Particle Velocity (PPV) is often used to assess vibration effects on a 

building, velocity in itself cannot create damaging forces. New (1990b) pictorially 

showed (Fig.2.7) that such forces are generated by:

■ Differential displacements, which give rise to distortion of the structure as it 

follows movement of the ground.

■ Change in ground particle velocity (magnitude or direction), which produces 

inertial forces upon the structure.
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Fig.2.7-Deformation and inertial forces due to ground wave motion (from New, 1990b)
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Distortion and inertial mechanisms arise at the same time. These are superimposed upon 

pre-existing stresses and strains from other causes. Damage occurs when the combined 

stress exceeds a limiting level, or there may be fatigue failure (New, 1990b).

A review of the possible effect of road traffic vibration on heritage buildings was 

undertaken by Morton and Fox (1989), who concluded that there are many other 

plausible reasons for the damage observed, related to factors such as poor ground, 

weathering effects and decay. Another factor not specifically mentioned relates to the 

effect that the road surface itself introduces on the moisture content of the soil, such as 

drainage o f storm water from road surfaces.

The problem of structural damage to buildings caused by vibration has been the subject 

of research in recent years (Dowding, 1996). Because o f the frequent construction of 

high-rise buildings on piled foundations, especially in the urban area, much work has 

concentrated on the study of vibrations due to piling. The risk of damage to a particular 

structure depends on its condition and the type of ground on which it is founded. The 

building may be previously stressed from differential settlement or uneven loading, so 

that small additional dynamic strain may be sufficient to trigger damage. With respect 

to the ground conditions, pile driving in loose granular soils or fill may cause 

settlement, while driving dense soils may cause heave o f a temporary or permanent 

nature.

The British Standard BS 7385 (1993) defines three damage categories: cosmetic, minor 

and major, and relates vibration levels to these. Cosmetic or threshold damage is the 

formation o f hairline cracks in plaster or drywall surfaces; in addition, the formation of 

hairline cracks in mortar joints of brick/concrete block construction or the growth of 

existing cracks in plaster, drywall surfaces or mortar joints. Minor damage is the 

formation o f large cracks or loosening and falling of plaster on drywall surfaces, or 

cracks through bricks/concrete blocks. Major or structural damage is damage to the 

structural elements o f a building, cracks in support columns, loosening of joints, 

splaying of masonry cracks, etc.
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BS 7385 recommends that the peak particle velocity is used to quantify vibration and 

specifies damage criteria in terms of PPV for frequencies between IHz to IkHz. In 

terms of cosmetic damage, the guide value is 15mm/s peak particle velocity at a 

frequency of 4 Hz, increasing to 20mm/s at 15Hz and 50mm/s at 40Hz and above as 

shown in Fig. 2.8. Minor damage is possible at vibration magnitudes that are greater 

than twice those given for the possible onset of cosmetic damage with major damage to 

a building structure possibly at values greater than four times the cosmetic damage 

values. The BS’s guide values relate to transient vibrations and to low-rise buildings. 

BS 7385: Part 2: 1993 states that the guide values may need to be reduced by up to 50 

percent for continuous vibrations.

100

o .

o.

200 2S0100404 1510
freq u en cy , Hz

Fig 2.8-Transient vibration guide values for cosmetic damage 

2.3.8 Vibration Control

A number o f methods have been developed to control ground vibrations. The common 

countermeasures include floating slab tracks for railway vibration, wave impending 

barriers and installation o f trenches. Another possible method is increasing the tunnel 

depth.
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Floating slabs, which basically consist of concrete slab tracks supported on resilient 

elements (capable o f returning to an original shape or position after having been 

compressed), have been widely used in modem rail transit systems (Wilson et al., 

1983). It is well known that greater effectiveness can be achieved in reducing ground

vibrations when the frequencies exceed V2 times the resonance frequency of the 

floating slab system. Resilient pads support the floating slab system. However, when 

the frequency is equal or close to the resonant frequency, vibrations will be greatly 

amplified. Designs which employ floating slab tracks assume the existence o f a single 

degree-of-freedom system, in which the lumped mass includes that o f the floating slab 

and the unsprung mass o f the train, and in which the spring stiffriess is determined by 

the supporting resilient pads, hi order to increase the effectiveness o f the floating slab 

track, that is, to lower the resonant frequency, the mass o f the floating slab should be 

made as large as possible, as the resilient pads have to maintain a minimum level of 

rigidity to ensure rail stability under full axle loads (Hung and Yang, 2001).

Many devices can be used as resilient elements. These can be rubber or steel springs 

under the rail, the ballast, a resilient element under the sleepers or the plates that support 

the rail, or a foam rubber under the ballast. The best results are obtained when the 

resilient elements are made as soft as safety considerations allow them to be, and when 

the mass between the rail and the resilient element is made as large as space (Heckl et 

al., 1996).

Balendra et al. (1989) found that, in the high frequency range, a floating slab track 

system behaves as an effective vibration isolator. Grootenhuis, (1977) found the 

effectiveness o f the floating track slab system for cut-and-cover type o f construction. 

He proposed a design for a floating track slab inside a bored tunnel without the need to 

increase the tunnel diameter.

Wagner (2002) found that high vibration attenuation levels can be reliably achieved 

with well designed, low-tuned floating track beds. Long slabs or troughs, supported on 

steel springs, provide advantages in terms of construction, installation and performance.
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The springs are generally accessible. They allow fast and easy readjustment of deviated 

track levels.

Wilson et. al., (1983) found that floating slabs were effective in isolating train induced 

ground vibrations in the frequency range above 20Hz, although floating slabs can be 

designed to extend the effectiveness to lower frequencies.

A Wave impeding block (WIB) is an artificial stiff plate installed at a certain depth 

below the source acting as artificial bedrock. Antes & von Estorff (1994) and Takemiya 

& Fujiwara (1994) found that the WIB could effectively reduce ground vibrations due 

to a train, but wave propagation into the surrounding area cannot be totally impeded 

because the artificial bedrock also vibrates. The effectiveness o f the artificial bedrock 

can be improved by increasing its stiffness. The shielding of a building from soil 

vibrations can also be achieved by installing an artificial bedrock directly beneath the 

building (Hung and Yang, 2001).

Ground vibrations due to man-made sources, such as traffic and machine foundation, 

and ground vibrations due to TBMs could be a major problem in densely populated 

urban areas and for structures, which are housing sensitive equipment. The 

environmental effects o f vibrations have received considerable attention in recent years 

owing to the damage they can cause to buildings and the disturbance to people and in 

many countries new rules and regulations have been introduced to control vibrations 

(Hall, 2003). Therefore, screening of vibrations induced by traffic and construction 

activities has become an important issue in recent times and it has been shown that it is 

possible to reduce the ground vibration significantly by placing a suitable wave barrier 

in the ground. Wave barriers are often installed in the ground to reduce ground 

vibrations induced by man-made sources such as traffic and machine foundations (Al- 

Hussaini and Ahmed, 1991).

The problems of vibration isolation for soil-structure interaction systems are classified 

into two families, that is active isolation and passive isolation. Active isolation is also
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known as source isolation refers to the installation o f barriers at a distance so close to 

the wave source that energy transmitted from it can be directly cut off or it can also be 

installed surrounding the vibration source (Yang and Hung, 1997). Passive isolation is 

also known as receiver isolation placing suitable barriers in the ground before the 

structure or surrounding the structure (Ahmed and Al-Hussaini, 1991). An active 

isolation barrier can effectively isolate stationary sources o f vibration, whereas a 

passive isolation barrier is effective for a wide variety o f wave generating sources 

including moving vibration sources such as train. Different kinds o f wave barriers, 

among them open and backfilled trenches, are the most common in practical application 

as they are most effective and have low installation costs (Adam & Estorff, 2005 and 

Klein et al., 1997).

However, to study the effectiveness of wave barriers in reducing ground vibration, 

much research, both experimental and numerical, has been carried out in the past few 

decades. An analytical approach has rarely been used because it is extremely difficult to 

obtain closed-form solutions except for very simple geometries and boundary 

conditions that hardly exist in practice. While detailed full-scale experimentation is too 

expensive to be carried out, small-scale model test results could be difficult to 

extrapolate to prototype situations. An efficient numerical technique, on the other hand, 

can be an effective alternative for conducting a detailed investigation into the vibration 

isolation phenomena (Al-Hussaini and Ahmed, 1991 and Ahmed and Al-Hussaini, 

1991).

Barkan (1962) investigated the screening of waves by means o f a trench and found that 

the amplitude of the waves decreased with increasing the depth o f the trench. Woods 

(1968) also carried out a series of field model tests on active vibration isolation by 

installing open trenches very close to the wave source as well as in the far field. The 

depth o f the open trenches was 0.15m to 0.6m and the trenches were located at 

distances o f 0.15m and 0.3m from a 0.1m diameter circular surface footing undergoing 

periodic vertical vibration. The author investigated the influence o f the location and 

depth o f an open trench on its effectiveness as a wave barrier and concluded that a
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minimum trench depth o f 0.6 times the Rayleigh wave length is needed to achieve a 

75% reduction in ground displacement amplitude. To study passive isolation, the depth 

of the open trenches was 0.3m to 1.2m, the length o f the open trenches was 0.3m to 

2.4m and the width of the open trenches was 0.1m to 0.3m. The author found that the 

critical dimension for trench barriers was the ratio between the depths o f the trench to 

the wave length. Amplitude of vertical displacement with distance along a line of 

symmetry from the vibrator through the trench for five tests are shown in Fig.2.9. The 

increasing effectiveness o f the larger trenches can be seen in region beyond the trench 

by the relative position of the curves for each test.
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Fig.2.9 -  Amplitude o f vertical displacements vs. distance from source for five tests

(From Woods, 1968).
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Haupt (1981) conducted a series of laboratory tests on the vibration isolation effect of 

various measures in the ground. Solid barriers like concrete core walls as well as rows 

of boreholes and open trenches are considered. The author found that the screening in 

the near field is more effective than in the far field. At rows o f bore holes stabilised by 

plastic tubes and increase of the isolated effect with increasing normalised shielded area 

was found. The screening effect of open trenches is increased with the normalised depth 

and results are presented in Fig. 2.10.
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Fig.2.10-Amplitude reduction factor vs normalised trench depth (From Haupt 1981)

Massarsch (2004, 2005) described the gas cushion method which was developed thirty 

years ago. It is vertical panels of gas-filled flexible cushions with very low impedance 

can be installed in a trench to great depth without losing its dynamic properties. The 

author evaluated the effectiveness of the gas cushion method in different soil conditions 

and recommended the design of the gas cushion method and also described the recent 

improvements of the gas cushion method. The author concluded that the efficiency of 

the gas cushion screen in reducing the amplitude of vibrations is comparable to that of 

open trenches. The results are presented in Fig.2.11 from full-scale projects in different
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soil conditions. It can be seen from the Fig.2.11 that there is a good agreement between 

the results reported by Haupt (1981), while the vibration amplitude reduction is less 

than that predicted theoretically. Amplitude reductions o f  50% to 80% can be obtained 

if  the depth o f the trench is equal to the one wavelength. The author also recommended 

that a separate slot be made at about 2m depths from the ground surface to avoid rigid 

contact between stiff elements in order to get better efficiency from the gas cushion 

method at higher frequencies.

Beskos et al. (1990) j H  Haupt {1981) 
♦  Sand 
® Clay 
■ Sand

Doiiing (1965)
o  Sand 
o  Sand 
A Sandy clay© Clay

0.9

<r 0,8

-o

Or -

■©

0.0
2.01,81.61,41.21.00.80,60,40,20,0

Relative Depth, T/L

Fig.2.11-Isolation effect o f gas-filled cushions in different soils and vibration sources

(From Massarsch, 2005)

In the past few decades, many researchers have used several numerical techniques to 

study the vibration screening problem. Ju (2004) used a three-dimensional finite 

element analysis with absorbent boundary conditions to investigate the screening o f 

train-induced vibrations by means o f an open and two infilled trenches. The dimensions 

o f the open trenches were 25m deep and 3.75m wide and the dimensions o f  two infilled 

trenches were 50m and 90m deep and 3.75m wide. The trenches were set 50m from the
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centre o f the main train line. The author found that the infilled trenches could not 

efficiently provide a screen against horizontal vibrations lower than 5Hz, however, they 

were more efficient in providing a screen against vertical vibrations. It was also found 

that the open trench could not provide a screen against vibrations that were lower than 

3.3Hz although it did provide an efficient enough screen against vibrations over 4Hz. 

This method performed more efficiently than infilled trenches. The author 

recommended that to improve the screening efficiency, the trenches should be deeper 

and wider in both cases. However, it is very difficult to make deeper open trench 

without any lateral support. Yang and Hung (1997) carried out a parametric study of the 

suitability open and in-filled trenches and elastic foundations for reducing train-induced 

vibrations and found that all three types of wave barriers are suitable for screening 

vibrations associated with waves of higher frequencies. Segol et al. (1978) used the 

FEM along with special non-reflecting boundaries to study vibration isolation by means 

o f open and backfilled trenches in layered soils. They concluded that the width of the 

trench is insignificant. Aboudi (1973) carried out a combined perturbation, 

mathematical method to find an approximate solution to a problem which cannot be 

solved exactly, -finite difference method treatment to the problem of half space by the 

thin barrier and suggested that open trench barrier will yield the best results for 

screening purposes.

Ju (2002) applied the 3-D finite element method to simulate soil vibrations due to a 

high-speed train moving across bridges and investigated the screening o f neighbouring 

structures from these vibrations by means of open and backfilled trenches. The author 

found that these could not screen the neighbouring buildings totally from the low- 

frequency waves. Yang and Hung (2001) proposed a 2-D finite/infinite element 

procedure to model with ground vibrations induced by moving loads. Besides the two 

in-plane degrees o f freedom per node conventionally used for plane strain elements, an 

extra degree o f freedom was introduced to account for out-of-plane wave transmission. 

The profile of the half-space was divided into a near field and a semi-infinite far field. 

The near field containing structures was simulated by the finite elements, while far field
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covering the soils extending to infinity was modelled by the infinite elements with due 

to account taken of the radiation effects for moving loads.

In the past few decades, the boundary element method (BEM) has emerged as an 

efficient numerical technique for solving a wide class of engineering problems. This 

method is especially well suited for wave propagation problems in soils involving a 

semi-infinite domain. A number of researchers have carried out 2-D and 3-D numerical 

analyses for the screening of vibrations by means of open and backfilled trenches and 

different types foundations due to machine foundation using the BEM (Al-Hussaini & 

Ahmed, 1991 & 1996; Ahmed & Al-Hussaini, 1991; Ahmed et al., 1996, Klein et al., 

1997 and Kattis et al. 1999). Several procedures for coupling finite with boundary 

elements or finite with infinite elements have been proposed by a number o f researchers 

(Adam & Estorff, 2005).

It can be observed from the above literature review that a number of researchers have 

carried out a lot of work on systems to provide screening fi'om machine foundation or 

high-speed train induced vibrations. However, no work has been reported in the 

published geotechnical literature on the use o f wave barriers to provide screening from 

the ground vibrations due to a TBM. Therefore, it is important to study the performance 

of wave barriers in reducing the ground vibrations due to a TBM. In this thesis 

numerical studies, using a 3-D finite element model coupling with infinite elements, are 

presented which investigate the effectiveness of wave barriers, i.e. open trenches and 

backfilled trenches, in reducing the ground surface vibration due to turmelling activities.

2.4 Geotechnical Studies on Dublin Boulder Clav

In this section, geotechnical studies on Dublin boulder clay are presented and findings 

are presented in Section 1.4.

Farrell et al., (1995) presented the results o f a study into the physical, chemical and 

mineralogical composition o f the Dublin boulder clay. The authors carried out
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systematic classification tests to a significant depth and obtained geotechnical properties 

(Moisture content, Specific gravity, Liquid Hmit, Plastic limit, Bulk density and Void 

ratio of this soil). The carbonate contents were determined using hydrochloric acid to 

convert CaCOa to CaCh and then the remaining HCL with NaOH was titrated using 

phenolphthalein as an indicator. The organic content was determined using the wet 

oxidizing method. The mineral properties were determined using X-ray diffraction, clast 

lithological analysis and microscopic analysis.

Farrell & Wall (1990) discussed the distribution o f the different soil types that occur in 

the Dublin City area and their geotechnical properties, principally in regards to 

foundation design and construction. The authors made the distinction between the 

brown and black boulder clay and determined index and strength properties of Dublin 

boulder clay.

Farrell et al., (1995a) presents a study o f the stiffness o f the Dublin black boulder clay 

based on the results from a trial footing test and from the load/settlement curves 

recorded in load tests on precast concrete piles.

Lawler (2002) carried out extensive laboratory and field studies on the Dublin boulder 

clay. A laboratory study includes: one-dimensional consolidation, triaxial bender 

element tests, soil suction and microscopic and mineralogical studies. A field study 

includes: pressuremeter, seismic and pile load tests. The objective o f the one 

dimensional consolidation test was to determine the yield stress, to re-establish the in 

situ stress-state of the till prior to measuring the soil stiffhess and understanding o f the 

behaviour o f the intact till. The primary objective o f the test was to determine the Gmax 

variation for intact boulder clay. Filter paper method was used for the measurement of 

soil suction. Qualitative and quantitative X-ray diffi'action tests and scanning electron 

microscope tests were conducted for the mineralogical and microscopic studies. The 

objective o f the pressuremeter test was to determine Ko, horizontal shear modulus and 

undrained shear strength. Seismic tests were carried to determine the very small strain 

stiffness.
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Lehane & Simpson (2000) presents index, state and strength properties of Dublin 

boulder clay. A laboratory testing programme was put in place with one o f its primary 

aims being to establish the stiffhess characteristics o f the till at low and intermediate 

strain levels. These findings are subsequently applied to a new three-dimensional 

version of the brick soil model to investigate the suitability o f this model for the till.

Skipper et al., (2005) presents a detailed description o f the stratigraphy and lithology of 

the boulder clay in Dublin port tunnel area and made the distinction among the upper 

brown, upper black, lower brown and lower black boulder clay. The author also 

presents the index and state properties o f four layers boulder clay.

London City University (LCU) and Trinity College Dublin (TCD) carried out 

laboratory tests on boulder clay in Dublin port tunnel area on behalf o f Geoconsult- 

ARUP private company to determine index properties and also carried out classification 

and triaxial tests. LCU carried out bender element tests to determine small strain 

stiffness. Geoconsult-ARUP private company also organised to carry out SPT, dynamic 

probes tests, plate loading tests, high pressure dilatometer tests, variable head 

permeability tests, pumping tests, geophysical tests. Sieve analyses, CBR, shear 

strength and consolidation tests.

2.5 Dynamic Ground Properties

2.5.1 General

The propagation o f vibration waves is strongly influenced by the response of the ground 

to dynamic loading. This response is controlled by the dynamic properties of the 

ground. In order to evaluate the response of ground subjected to vibrations and the 

manner of vibrations and their transmission through the ground, the dynamic 

characteristics of soils must be determined. The most important dynamic properties that 

should be obtained are the shear modulus and damping characteristics at small strains. 

The measurement of soil shear modulus and damping at small strains assumes greater
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importance in the study o f soil dynamics and its appUcation to geotechnical design. The 

shear modulus represents the stiffness of the soil and damping represents the attenuation 

characteristics o f the soil. The changes in stiffness and damping of soil with stress and 

strain have been the subject o f much research over the years (Kramer, 1996) and the 

dependence of deformation characteristics with strain is discussed in the following 

section.

2.5.2 Dependency o f Deformation Characteristics Upon Strains

The deformation characteristics o f soils vary to a large extent depending upon the 

magnitude of the shear strains to which soils are subjected. Overall changes in soils 

behaviour with changes in shear strain are illustrated in Table 2.4, in which approximate 

ranges of the shear strain producing elastic, elasto-plastic, and failure states o f stress are 

indicated. In the infinitesimal strain range below the order o f 10'^, the deformations 

exhibited by most soils are purely elastic and recoverable (Brignoli et al., 1996, 

Ishihara, 1996, Karl et al., 2003). Strains o f this order are associated with the 

phenomena of vibration or wave propagation through soil. Over the intermediate range 

of strain between lO'"' to 10'^, the behaviour of soils is elastic-plastic and produces 

irrecoverable permanent deformations. The development o f cracks or differential 

settlements in soil structures appears to be associated with the elasto-plastic behaviour 

of soils that is exhibited within such a range of strain. When large strains exceeding a 

few percent are imposed on soils, the strains tend to become considerably large without 

increase in shear stress and failure takes place in the soils (Ishihara, 1996). From table 

2.4, it can be seen that the soil can be modelled as a linear elastic for wave propagation 

problems.
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Table 2.4 Changes in soil behaviour with shear strain and corresponding modelling 

(from Ishihara, 1996)

Shear strain level
brsb

ii

b 
i 

 ̂
; 

b/~ibob

Phenomena Wave propagation, 

vibrations

Cracks, differential 

settlements

Slides, compaction, 

liquefaction

Soil behaviour Elastic

Recoverable

deformations

Elasto-plastic

Irrecoverable

deformations

Failure 

M ajor deformations

Constants Shear modulus 

Poisson’s ratio and damping

Angle o f  internal 

fiiction, cohesion

2.5.3 Shear Moduli

An elastic modulus, or modulus o f elasticity, is the mathematical description o f an 

object or substance's tendency to be deformed when a force is applied to it. The elastic 

modulus o f  an object is defined as the slope o f its stress-strain curve. The concept o f a 

constant elastic modulus is dependent on the assumption that the stress-strain curve is 

always linear. In reality, the curve is only linear within certain limits.

The elastic modulus o f soil (very small strain stiffness) is an important property and the 

dynamic loading effects depend on the elastic stiffness o f  the soil. The elastic soil 

modulus can be described by its bulk and shear moduli.

The bulk modulus, K, measures the change in relative volume due to a change in 

pressure, essentially measuring the substance's resistance to uniform compression and is 

a function o f stress level, density and the degree o f saturation. For a saturated soil its 

value is quite high. I f  soil contains significant air content then there is large reduction in 

the bulk modulus.

The shear modulus is the elastic stiffness with respect to a change in the shear stress and 

its values are mainly measured in tests with cyclic stress paths having uniform and 

constant shear stress or shear strain amplitude. Laboratory tests have shown that the
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shear stiffness is influenced by cyclic strain amplitude, void ratio, mean principal 

effective stress, plasticity index, over consolidation ratio, and number o f loading cycles 

(Pennington et al., 2001, Dano & Hicher, 2003, Lenart, 2004, Kramer, 1996 and 

Wichtmann et al., 2004). The secant shear modulus, defined as the slope of a line from 

the origin of the curve to a specific point on the stress-strain curve, o f an element of soil 

varies with cyclic shear strain amplitude. At low strain amplitudes, the secant modulus 

is high, but it decreases as the strain amplitude increases. The locus of points 

corresponding to the tips of hysteresis loops of various cyclic strain amplitudes is called 

a backbone curve and is shown Fig.2.12 (a); its slope at the origin represent the largest 

value o f the shear modulus, Gmax- At greater cyclic strain amplitudes, the modulus ratio 

Gsec/Gmax drops to values o f less than 1. The variation of the modulus ratio with shear 

strain is described graphically by a modulus reduction curve as shown in Fig.2.12 (b).

Backbone
curve

Modulus reduction cuivs

(a)
(b)

Fig. 2.12-(a) Backbone curve showing typical variation of Gsec with shear strain, (b) 

Modulus reduction curve (from Kramer, 1996).
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2.5.4 Maximum Shear Modulus (Gmav)

The maximum shear modulus, Gmax, is used for describing the waves propagation 

problems through the soil. Since most seismic geophysical tests induce small shear 

strains, the measured shear wave velocities can be used to compute Gmax as

Gmax = pV s' [2.13]

where p is the soil density and Vs is the shear wave velocity.

The use of measured shear wave velocity is generally the most reliable means of 

evaluating the in situ value of the Gmax (Kramer, 1996). Typical values for the Gmax for 

Dublin boulder clay and limestone are presented in Table 2.5. Other than in situ seismic 

geophysical tests, the low strain laboratory tests, which include the resonant column 

test, the ultrasonic pulse test, and the piezoelectric bender element test, are also used to 

determine the maximum shear modulus.

Table 2.5 Typical properties of Dublin boulder clay and limestone (from Lawler 2002, 

& Dublin port tunnel site investigation reports)

Material Density, p (kg/m^) Poisson’s ratio Gmax, (MPa) Emax, (MPa)

Dublin boulder 

clay

2150-2350 0.37-0.48 134-1103 323-2646

Limestone 

(Results from 

very few studies)

2600-2740 0.15-0.35 24000-

33000

60000-

83000

Care must be taken in the interpretation of the shear wave velocity, particularly at sites 

with anisotropic stress conditions, which can cause measured shear wave velocities to 

vary with the direction o f wave propagation and particle movement (Roesler, 1979 & 

Yan and Byrne, 1990, cited by Kramer, 1996).
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When shear wave velocity measurements are not available, Gmax can be estimated in 

several different ways. The shear modulus can be estimated by empirical relationships 

based either on laboratory or in situ test parameters.

Hardin (1978) suggested that small strain shear modulus, Gmax, could be determined 

from the semi-empirical equation:

Gmax = 625F(e) (O C R f  Pa''"(a’n,)" [2.14]

where F(e) = 1/(0.3+0.7e^), OCR is the overconsolidation ratio, k is the 

overconsolidation ratio exponent shown in Table 2.6, a ’m is the mean principal 

effective stress, n is a stress exponent, Pa is the atmospheric pressure in the same units 

as a ’m and Gmax, and a ’m = 3(l+2Ko)/ a ’v, where Ko is the coefficient o f lateral earth 

pressure and a \  is the vertical effective stress. The stress exponent is often taken as n = 

0.5 but can be computed for individual soils from the results o f laboratory tests at 

different effective confining pressures.

Table 2.6 Overconsolidation Ratio Exponent, k

Plasticity Index k

0 0.00

20 0.18

40 0.30

60 0.41

80 0.48

>100 0.50

From Hardin and Dmevich (1972)

Viggiani and Atkinson (1995) proposed another semi-empirical equation for calculation 

of Gmax which is as follows:
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^  = A { ^ Y R :  [2.15]
a a

where, Go = Gmax. Pa is the atmospheric pressure, p’ is the current effective stress and Ro 

is the overconsolidation ratio defined as p’m/p’ where p’m is the maximum 

preconsolidation stress and for Dublin boulder clay and it is 1.3 ± 0.3 MPa (Lehane and 

Simpson, 2000).

In Equation 2.15, A, n and m are material parameters. As a result of experimental work, 

Viggiani and Atkinson ( 1995) found that these parameters vary with soil plasticity and 

they developed graphs relating these parameters to the plasticity index which are shown 

in Fig.2.13.
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Fig. 2.13- Variation of stiffness parameters for Gmax with plasticity index (from
Viggiani & Atkinson, 1995)

From Equation 2.14 & 2.15, it can be seen that Hardin (1978) considered Gmax to be a 

function of the void ratio, effective confining pressure, overconsolidation ratio, 

atmospheric pressure and plasticity index, while, Viggiani and Atkinson (1995) 

considered Gmax to be a function of the current effective stress, overconsolidation ratio, 

atmospheric pressure and plasticity index.

The variation of the Gmax as a function of confining pressure and depth for Dublin 

boulder clay is shown in Figs 2.14 and 2.15 respectively. For Dublin boulder clay, the 

plasticity index of Dublin boulder clay is (11 ±2)% (Lehane and Simpson, 2000).
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Therefore, assuming the plasticity index is 11%, from Fig. 2.15, A= 2200, n = 0.65 and 

m = 0.195. The maximum preconsolidation stress is 1.3 MPa, and Kq is 2.0 (Lawler, 

2002 and Lehane and Simpson, 2000). The water table is assumed, for the particular 

case being considered, to be at 2.5m below the ground level.

It can be seen from Figs.2.14 & 2.15 that the shear modulus increases with increasing 

the confining pressure and depth and decreases with increasing the void ratio. The 

confining pressure is also function of depth. Although the Gmax value is assumed 

constant with confining pressure/depth in the analysis, it is not constant with confining 

pressure or depth but changes even with small variation in void ratio. From this study it 

can be concluded that the Gmax should be considered to vary with confining pressure and 

depth in analyses. Figs 2.14 & 2.15 show that the Viggiani and Atkinson (1995) 

equation gives higher value than the Hardin (1978) equation for same type of Dublin 

boulder clay due to the multiplying and exponential values being different for the two 

equations.

e = 0.20 
e = 0.30 
Atkinson

e = 0.25 • 
e = 0.35 Viggiani and Atkinson 

(1995)  ^
700

600

400
Using Hardin Equ. 
with different e

800 1000200 400 600

Confining pressure, kPa

Fig. 2.14- Variation of Gmax as function of confining pressuremax
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Depth, m

Fig. 2.15- Variation o f  Gmax as function o f  depth

Other empirical relationships have been proposed for specific soil types. The maximum  

shear modulus o f  sand, for example, is often estimated using the follow ing equation:

G „,ax=  1 0 0 0 K 2 , m a x ( a ’m f '  [2.16]

where K2,max is determined from the void ratio e or relative density Dr (Table 2.6) and 

a ’m is the mean principal effective stress in Ib/ft  ̂ (Seed and Idriss, 1970, cited by 

Kramer, 1996) and 1 kPa = 20.89 Ib/ftl

Table 2.7 Estimation o f  K2, max

e K-2, max

Determined from e

D r % K-2, max

Determined from Dr%

0.4 70 30 34

0.5 60 40 40

0.6 51 50 43

0.7 44 60 52

0.8 39 75 59

0.9 34 90 70
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For fine-grained soils, preliminary estimates o f the maximum shear modulus, expressed 

as a ratio of the undrained shear strength Cu, can be obtained from the plasticity index 

PI, and overconsolidation ratio OCR, as shown in Table 2.8 (Weiler, 1988, cited by 

Kramer, 1996).

Table 2.8 Values o f Gmax/Cu

Plasticity Index PI G m ax/Cu

O CR= 1 OCR = 2 OCR = 3

15-20 1100 900 600

20-25 700 600 500

25-45 450 380 300

From Weiler (1988, cited by Kramer, 1996)

2.5.4.1 Factors Affecting the Shear Modulus, G

Evaluation o f shear modulus can be complicated by the effects o f environmental and 

loading conditions. The brief summary of the effects of environmental and loading 

conditions on the maximum shear modulus and the shear modulus ratio o f normally and 

moderately overconsolidated soils is shown in Table 2.9.
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Table 2.9 Effects o f environmental and loading conditions on Gmax and G/Gmax o f 

normally consolidated and moderately overconsolidated clays (Dobry & Vucetic, 1987).

Increasing factor Gm ax G /G m a x

Void ratio, e Decreases with e Increases with e

Geologic age, tg Increases with tg May increases with tg

Cementation, c Increases with c May increases with c

OCR Increases with OCR Not affected

PI Increases with PI if 

0CR>1; remains 

approximately about 

constant if 0CR=1

Increases with PI

Cyclic strain Decreases with cyclic 

strain

Number o f loading cycles, 

N

Decreases after N cycles of 

large strain; but recovers 

later with time

Decreases after N cycles of 

large strain

Strain rate No effect for non plastic 

soils; increases with strain 

rate for plastic soils

Not affected

Effective confining 

pressure, a ’m

Increases with a ’m Increases with a ’m ; effect 

decreases with increasing 

PI

Dobry and Vucetic (1987) concluded that the shape o f the modulus reduction curve is 

influenced more by the plasticity index than by the void ratio and presented curves of 

the type shown in Fig.2.16. These curve show that the linear cyclic threshold shear 

strain is greater for highly plastic soils than for soils o f low plasticity. This 

characteristic is extremely important; it can strongly influence the manner in which a 

soil deposit will amplify or attenuate earthquake or any other motions.
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Fig. 2.16 -  Shear modulus ratio reduction curves with shear strain for fine-grained soils 

of different plasticity (from Vucetic and Dobry, 1991)

The modulus reduction behaviour is also influenced by the effective confining pressure 

a ’m, particularly for soils at low plasticity. The shear modulus increases with increasing 

confining pressure and decreases with increasing shear strain and void ratio (Pennington 

et al., 2001, Dano & Richer, 2002, Lenart, 2004, Dano et al., 2003, Sharma & Fahey, 

2003, Inci et al., 2003, Wichtmarm & Triantafyllidis, 2004 and Boulanger et al., 1998). 

The linear cyclic threshold shear strain is greater for high a ’m than for soils of low cr’m. 

The effects of effective confining pressure and plasticity index on the reduction of shear 

modulus ratio are combined by Ishibashi & Zhang (1993, cited by Kramer 1996) in the 

following equation:

G
G„

where,

= [2.17]

, 0 . 0 0 0 1 0 2 +  « ( P 7 ) ,  0 .4 92 .K(r ,PI)  = 0.5{1 + tanh[ln( ............—
r

m{r,PI)  -  = 0.272(1 -  tanh[ln (^^^^^^)“'  ]} exp(-0.0145F/'')

n(PI) = 0.0 for PI = 0

= 3.37X lO'^Pl'-^®  ̂ f or0<PI<15
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= 7.0 X 10-7 PI 1.976 

=2.7 X 10-5 PI 1.115

for 15 < P I< 7 0  

for PI > 70

The effects of confining pressures are illustrated in Fig 2.17 using the above equation.
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Fig. 2 .17-Influence of mean effective confining pressure on shear modulus ratio 

reduction curves for (a) non plastic soils, (b) plastic soils according to equation 2.17 

(from Ishibashi & Zhang, 1992, cited by Kramer, 1996).

2.5.5 Damping Ratio

In practical cases, all vibrations undergo a gradual decrease o f amplitude with time. 

This characteristic o f vibration is referred to as damping. Damping is actually the 

measure o f energy dissipation within the system during vibration. It is an effect, either 

deliberately engendered or inherent to a system that tends to reduce the amplitude of 

oscillations of an oscillatory system.

Theoretically at strains below the linearly cyclic threshold shear strain, there is no 

hysteretic dissipation o f energy. Experimentally it has been shown that a small amount 

o f energy is dissipated at very low strain levels and the damping ratio is never zero. 

Above the threshold strain, the breadth of the hysteresis loops exhibited by a cyclically
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loaded soil increase with increasing cyclic strain amplitude, which indicates that the 

damping ratio increases with increasing strain ampHtude (Rollins et al., 1998, Lin et al., 

1999, Teachavorasinskun et al., 2002, Kramer, 1996 and Al-Hunaidi et al., 1996). The 

area of the hysteresis loop in Fig. 2.18 is a measure of the energy dissipation and can be 

described by the damping ratio ^ as follows in Equation 2.18:

^ = ^  [2.18] 

where, Al is the area of hysteresis loop and At is the area of triangle.

A l

Fig. 2.18- Hysteretic stress-strain relationship for cyclic loading

Whitman (1970, cited in Stewart & Campanella, 1991) noted that the most important 

factors affecting damping, at least in sands, are shear strain and confining pressure. 

There was a slight increase in damping when water was introduced to dry sand, and 

damping in clay appeared to be less than in sand. Typical field measurement and 

laboratory values of damping at small strains are given in Table 2.10 and Table 2.11 

respectively.
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Table 2.10 Field measurements o f  damping ratios (Stewart & Campanella, 1991).

T>pe o f Soil Damping ratio (%) Source

Clay 1.7 Tonouchi, Sakayama & Imai (1983)

Fine sand 1.7 Tonouchi, Sakayama & Imai (1983)

Silt 2.5 Kudo & Shima (1970)

Sandy silt 2.5 Tonouchi, Sakayama & Imai (1983)

Sand 2-3 Mok et al. (1988)

Alluvium 3.5 Redpath et al. (1982)

Sand 4 M eissner & Theilen (1986)

Bay mud 4 Redpath & Lee (1986)

Clay 4-7 Mok et al. (1988)

Sandy 5 Tonouchi, Sakayama & Imai (1983)

Sand 6 Kudo & Shima (1981)

Table 2.11 Laboratory measurements o f damping ratios (Stewart & Campanella, 1991 

and Vucetic & Dubry, 1991)

Type o f  soil Strain (%) Damping ratio (%) Source

Sand 10'̂ 0.5-1 Zovoral (1990)

Cohesionless soil

1

1

b

1

0.5-2 Seed, Wong, Idriss & Tokimatsu 

(1986)

Sand 10'̂ 1 Sexena & Reddy (1989)

Cohesive soils 10’̂ 1-2 Kim & Novak (1981)

Saturated sand lO'^ 1-3 Seed & Idriss (1970)

Marine clays lO'̂ 1-4 Andersson et al. (1983)

Soft clay 10'̂ 1.5 Romo, Jaime & Resendiz, (1988)

Sand 10'̂ 1.5 Ishihara (1982)

Clay 10'̂ 1.5-2 Zovoral (1990)

Soft clay 10’̂ 1.5-2.5 Leon, Jaime & Rabago (1974)

Cohesive 10'̂ 3 Sun, Golesorkhi & Seed (1988)

Marine clay 10'^ 4-5.5 Koutssoftas & Fischer (1980)
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Just as modulus reduction behaviour is influenced by plasticity characteristics, so is 

damping behaviour (Dobry and Vucetic, 1987). Damping ratios of highly plastic soils 

are lower than those of \ow plasticity soils at the same cyclic strain amplitude. The 

effects of plasticity characteristics on damping are shown in Fig.2.19. Damping is also 

influenced by a number of environmental and loading conditions. The influence of 

various environmental and loading conditions on the damping ratio of normally 

consolidated and moderately overconsolidated soils is described in Table 2.12. 

Damping is also influenced by effective confining pressure, particularly for soils of low 

plasticity. Ishibashi & Zhang (1993, cited by Kramer, 1996) developed an empirical 

expression for the damping ratio of plastic and nonplastic soils that is as follows:

4= 0.33 + — f  - 1 .5 4 7 ( - ^ )  + l] [2.19]
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Fig. 2.19-Variation in damping ratio with cyclic shear strain amplitude and plasticity

index. (From Vucetic and Dobry, 1991)
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Table 2.12 Effects o f environmental and loading conditions on the damping ratio o f NC 

and moderately OC clays (Dobry & Vucetic, 1987).

Increasing factor Damping ratio, ^

Void ratio, e Decreases with e

Geologic age, tg Decreases with tg

Cementation, c May decreases with c

OCR Not affected

PI Decreases with PI

Cyclic strain Increases with cyclic strain

Number o f loading cycles, N Not significant for moderate 

strain and N

Strain rate Stays constant or may 

increases with strain rate

Effective confining pressure, a ’m Decreases with a ’m; effect 

decreases with increasing PI

2.5.6 Stress-Strain Relations in Cyclically Loaded Soils

The mechanical behaviour of soils can be quite complex under static and cyclic loading 

conditions. Geotechnical engineers are constantly challenged by the need to 

characterize the most important aspects o f cyclic soil behaviour as accurately as 

possible with simple, rational models. Modelling o f soil behaviour under cyclic or 

random loading conditions must be made so that the model can represent the 

deformation characteristics in the ranges of strain under consideration. Soil model can 

be classified into four categories depending on strain level: linear elastic models, 

equivalent linear models, cyclic non-linear models and advanced constitutive models 

(Ishihara 1996 and Kramer 1996). Modelling o f soil behaviour with strain-dependent 

deformation characteristics is shown in Fig.2.20.
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Fig. 2.20-Modelling o f soil behaviour in compliance with strain-dependent 

characteristics. (From Ishihara, 1996)

2.5.6.1 Liner Elastic Models

Linear elastic models are used for describing the vibration behaviour o f soil. When soil 

behaviour is expected to stay within the small strain range, the use o f a linear elastic 

model is justified and the shear modulus is the key parameter to model properly the soil 

behaviour (Ishihara, 1996 and Kramer, 1996).

2.5.6.2 Equivalent Linear Models

When a given problem is associated with the medium range o f strain, as shown in 

Fig.2.20, the soil behaviour becomes elasto-plastic and the shear modulus tends to 

decrease as the shear strain increases. At the same time, energy dissipation occurs 

during cycles of load application. The energy dissipation in soils is mostly rate- 

dependent and of hysteretic nature, and the damping ratio can be used to represent the 

energy absorbing properties o f soils (Ishihara, 1996). Two important characteristics of 

the shape o f a hysteretic loop are its inclination and its breadth. The inclination of the 

loop depends on the stiffness o f the soil, which can be described at any point during the 

loading process by the tangent shear modulus, Gtan- Obviously, Gtan varies throughout a
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cycle of loading, but its average value over the entire loop can be approximated by the 

secant shear modulus Gsec as in Equation 2.20 and as shown in Fig.2.21.

r
G s e c = —  [ 2 .2 0 ]

y c

where Tc and Yc are the shear stress and shear strain amplitude, respectively. The breadth 

of the hysteresis loop is related to the area, which as a measure o f energy dissipation.

soc

'tan

Fig. 2.21-Secant shear modulus, Gsec and tangent shear modulus, Gtan (from Kramer,

1996)

2.5.6.3 Cyclic Non-Linear Models

For strain levels larger than 10'^, soil properties tend to change appreciably not only 

with the shear strain but also with the progression of cycles (Ishihara, 1996). Thiis 

behaviour of soils can be represented more accurately by cyclic non-linear models that 

follow the actual stress-strain path during cyclic loading. Such models are able to  

represent the shear strength of the soil and, with an appropriate pore pressure generatio'n
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mode, changes in effective stress during undrained cycle loading. A variety of cyclic 

non-linear models have been developed, all characterized by a backbone curve and a 

series of “rules” that govern the unloading-reloading behaviour, stiffness degradation, 

irregular loading, densification and other effects.

The performance of cyclic non-linear models can be illustrated by a very simple 

example in which the shape of the backbone curve is described by x = Fbb(y). The shape 

of any backbone curve is tied to two parameters, the initial (low-strain) stiffness and the 

(high-strain) shear strength of the soil. For the simple example, the backbone function, 

Fbb(y), can be described by a hyperbola

Fbb(Y) =
l  +  (<^n ,ax /^n ,ax ) l r

[2 .22]

The shape of the hyperbolic backbone curve is illustrated in Fig.2.22. The simplest of 

these models have relatively simple backbone curves and only a few basic rules, which 

described as follows (Kramer, 1996):

1. For initial loading, the stress-strain curve follows the backbone curve.

'max

Backbone
curve

Fig. 2.22-Hyperbolic backbone asymptotic curve (from Kramer, 1996)
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2. If a stress reversal occurs at a point defined by (Yrjr), the stress-strain path 

follows a path given by )

3. If the unloading or reloading exceeds the maximum past strain and intersects the 

backbone curve, it follows the backbone curve until the next stress reversal.

4. If an unloading or reloading curve crossed an unloading curve from the previous 

cycle, the stress-strain curve follows the previous cycle.

Models that follow these four rules are often called extended Mashing model as shown 

in Fig.2.23. Cyclic loading begins at point A, and the stress-strain curve during initial 

loading (from A to B) follows the backbone curve as required by rule 1. At point B, the 

loading is reversed and the unloading portion of the stress-strain curve moves away 

from B along the path required by rule 2. The initial unloading modulus is equal to 

Gmax- The unloading path intersects the backbone curve at points C and, according to 

rule 3, continue along the backbone curve until the next loading reversal at point D. the 

reloading curve then moves away from D as required by rule 2, and the process is 

repeated for the remainder o f the applied loading.

The ability to represent the development o f permanent strains is one o f the most 

important advantages o f cyclic non-linear models over equivalent linear models. 

Another significant advantage is they enable the computation o f changes in pore 

pressure, hence also changes in effective stress. When incorporated in computational 

models for the ground response analyses, cyclic non-linear models allow prediction of 

the generation, redistribution, and eventual dissipation of pore pressure during and after 

an earthquake.
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(a)

Fig. 2.23- Extended Mashing rules: (a) variation o f shear stress with time; (b) resulting 

stress-strain behaviour (from Kramer, 1996)

2.5.6.4 Advanced Constitutive Models

Advanced constitutive models are the general methods for the representation of soil 

behaviour that use the basic principles of mechanics to describe observed soil behaviour 

for (a) general initial conditions, (b) a wide variety o f stress paths (c) rotating principal 

stress axes, (d) cycle or monotonic loading, (e) high or low strain rates and (f) drained 

or undrained conditions. These models generally require a yield surface that describes 

the limiting stress conditions for which elastic behaviour is observed, a hardening law 

that describes changes in the size and shape of the yield surface as plastic deformation 

occurs, and a flow rule that relates increments o f plastic strain to increments o f stress 

(Kramer, 1996).

Although advanced constitutive models allow considerable flexibility and generality in 

modelling the response o f soils to cyclic loading, their description usually requires 

many more parameters than equivalent linear models or cyclic non-linear models and 

the evaluation of these parameters can also be difficult (Kramer, 1996).
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A hierarchy o f advanced constitutive models is available for characterizing the stress- 

strain behaviour o f cyclically loaded soils. The models range considerably in 

complexity and accuracy; a model that is appropriate for one type o f problem may not 

be appropriate for another. No single stress-strain model is appropriate for all problems.

2.6 Determination of Small Strain Shear Modulus, Gmav

2.6.1 Bender Element Tests

Bender elements have been used for the measurement o f elastic small strain stiffness 

and damping ratio in a triaxial cell. The bender element technique has undergone 

ongoing development in the last three decades (Dano and Richer, 2002). In the early 

stage, piezoceramics were mainly used to generate and receive compression P-waves. 

Since little information about the soil structure can be obtained from P-waves and since 

the P-wave velocities are highly influenced by the pore fluid, the piezoceramics have 

been combined in different forms to generate and receive shear waves. Such combined 

forms of piezoceramic are used in gauges for measuring vibrations known as bender 

elements (Brocanelli & Rinaldi, 1998 and Karl et al., 2003).

Bender elements consist o f two thin piezoceramic plates rigidly bonded to a central 

metallic plate. Two thin conductive layers, which serve as electrodes, are glued 

externally to the bender element. The polarization of the ceramic material in each plate 

and the electrical connections are such that when a driving voltage is applied to the 

element, one plate elongates and the other shortens. The net result is a bending 

deflection as shown in Fig. 2.24. When the measurement o f the shear wave velocity is 

made using bender elements in the triaxial test apparatus, one bender element is fixed in 

place in the top cap and the other in the pedestal, as shown in Fig. 2.25. The elements 

have dimensions o f 1 mm in thickness, 12 mm in width and about 15mm in length. In 

the set-up in the triaxial cell, the bender elements at both ends protrude in the specimen 

as cantilevers, as shown in Fig. 2.25. When the bender element at the top is set into 

motion, the soil surrounding it is forced to move back and forth horizontally and its
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motion initiates the propagation of a shear wave through the soil sample. When the 

shear wave reaches the other bender element at the other end of the specimen in the 

triaxial apparatus, it causes it to bend and thus produce a voltage. This output signal can 

be captured on an oscilloscope and the travel time determined by measuring the time 

difference between the input and the output signals. From this the shear wave velocity 

can be found by dividing the travel distance, L, by the travel time, t where the travel 

distance of the wave is taken to be equal to the specimen’s length minus the protrusion 

of the two-bender elements at the both ends. The reason for chosen this length is 

explained in Section 2.6.2. After determining the propagation shear wave velocity, it is 

possible to calculate the small strain shear modulus, Gmax, by the elastic continuum 

mechanics relationship:

G m a x =  pVŝ  [2.23]

where p is the soil density and Vs is the shear wave velocity.

The damping ratio, D, can be determined from the frequency response curve using the 

half-power bandwidth method. The half-power bandwidth method is the most common 

method for measuring damping and uses the relative width o f the response spectrum. 

The frequency response curve is shown in Fig.2.26. Using the quantities indicated on 

the curve, the logarithmic decrement, 6, can be calculated from following equation 

(Richart et al., 1970 and Karl et al., 2003):

When D is small, the last term and (1-D^)'’̂  can be taken as equal to 1.0. Further 

simplification is possible, if  A is chosen equal to 0.707 Amax, so that the equation for D 

becomes
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D = [2.25]

The advantages o f bender elements are that they can also be incorporated into the 

oedometer test apparatus and simple shear test device but normally they are 

incorporated into the triaxial apparatus (Karl, et al., 2003, Ishihara, 1996 and Kramer, 

1996). Anisotropy of the soil stiffness can also be investigated by locating bender 

elements on two vertical and opposite sides of a sample. The disadvantage o f the bender 

element is that the element must be waterproofed to prevent short circuits, which is 

often difficult to achieve when testing dense or hard saturated materials. Insertion o f the 

bender element into such hard materials can easily damage the sealing for 

waterproofing (Ishihara, 1996).

Direction of element tips and soil particle movement 

< ►
<u

Voltage
+ Voltage

Fig.2.24-Piezoelectric bender element (from Kramer, 1996)
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Fig.2.25- Bender elements in the triaxial apparatus (from Ishihara, 1996)

Fig.2.26 -  Frequency response curve for half-power method (from Richart et al., 1970)

The application of the bender element test for the measurement o f small strain stiffness 

and the damping ratio is not straightforward as it is difficult to measure the exact travel 

time between the input and output signals, though the use of the apparatus is simple. 

Due to the difficulty in measuring the travel time, a major review was undertaken o f the 

stiffness and damping ratios measured by bender element tests reported in the literature.

The shear modulus of soil is simply related to the shear wave velocity determined using 

a bender element test. The bender element induces very small strains which lie within 

the elastic limit. Dyvik & Madshus (1985) estimated the maximum shear strain induced
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by bender elements to be less than 0.001%, so that the shear modulus determined is 

Gmax relevant to very small strain (Brignoli et al., 1996 and Karl et al., 2003). The strain 

level induced by the bender element test is directly proportional to the displacement at 

the tip o f the bender element so that it is difficult to measure. Jovicic (1997) validated 

the assumption of elasticity experimentally through finding that there was no volume 

change in specimens when drained bender element tests were performed, and no pore 

water pressures were generated when undrained tests were carried out.

2.6.2 Analvsis o f Bender Element Test Results

Determination of the shear wave velocity is the main work required to calculate the 

small strain shear modulus in bender element tests. The shear wave velocity is directly 

related to the shear wave travel distance and the travel time and is simply calculated by 

dividing the travel distance by the travel time. Initially there was some doubt as to what 

should be taken as the true travel distance. Intuitively one would take the distance 

between the bender element tips, although some researchers thought it might be the full 

height o f the sample. Viggiani and Atkinson (1995) carried out some laboratory tests on 

a set of reconstituted samples of Speswhite kaolin o f different lengths to investigate 

what should be taken as the travel distance. Travel times are plotted against the overall 

length o f the sample for different confining stress state conditions shown in Fig. 2.27. 

The test data fall on straight lines, each with an intercept of about 6 mm on the vertical 

axis where the bender elements used for those tests were 3 mm long. From these tests it 

has been concluded that the travel wave distance should be between the tips o f the 

elements rather than the full length of the sample. This is in agreement with previous 

experimental work by Brignoli and Gotti (1992) and Dyvik and Madshus (1985).
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Fig. 2.27-Relationship between travel time and sample length (from Viggiani &

Atkinson, 1995)

The most important parameter to be determined in a bender element test is the exact 

travel time of the shear wave between the transmitter and the receiver. Actually the 

principal problem with the bender element test has always been the subjectivity of the 

determination of the arrival time used to calculate shear wave velocity (Jovicic et al., 

1996 and Lee & Santamarina, 2004). The travel time is dependent on the shape of the 

wave transmitted through the soil sample. The procedure commonly used in bender 

element tests is to generate a square wave and to determine the time of first arrivals 

(Jovicic et al., 1996 and Viggiani & Atkinson, 1995) although there is considerable 

distortion of the output signal using a square wave, as shown in Fig. 2.28. The problem 

with the square wave is that it is composed of a wide spectrum of frequencies (Jovicic et 

al., 1996). From the received signal of the square wave alone, it is uncertain whether the 

shear wave arrival is at the point of first deflection (0), the reversal point (1), or some 

other point.
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Fig.2.28-Bender element trace for a square input wave in kaolin (from Jovicic et al.,

1996)

To reduce the degree o f  subjectivity in the interpretation, and to avoid the difficulty in 

interpreting the square wave response, Viggiani and Atkinson, (1995) suggested using a 

sine pulse as the input signal. Being mainly o f one frequency, the output wave was 

generally o f  a similar shape to the input signal, but it is still very difficult to determine 

the travel time as shown in Fig.2.29. The problem arises due to a phenomenon called 

the near field effect. The near field effect is caused by the very rapid P-waves that mask 

the first arrivals o f  the, slower, S-waves. The near field effect m ay mask the arrival o f a 

shear wave when the distance between the source and the receiver is within the range o f 

1/4 to 4 wavelengths. This is the situation in bender element tests where the distance 

between the transmitter and the receiver is relatively small and is about 2 to 3 

wavelengths (Viggiani and Atkinson, 1995). Brignoli & Gotti (1992) also found the 

existence o f  near field effects in bender element tests and these have been further 

investigated by Jovicic et al. (1996). The wavelength can be estimated from:

X =  Vs/f [2.26]

where, f  is the fi'equency o f  the input signal.
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Fig.2.29-Typical bender element input output sine wave, (from Arulnathan et al., 1998)

Jovicic et al., (1996) derived an analytical solution for the time record at a point 

resulting from the equation for the excitation by a transverse sine pulse of a point source 

within an infinite isotropic elastic medium, obtained by Sanches-Salinero et al., (1986 

cited by Jovicic et al., (1996)). The analysis uses the Cartesian coordinate system and is 

shown in Fig 2.30. The excitation motion of the source point located at the origin is in 

the X direction and is given in an exponentional form of a complex number e'“' where t 

is the time and co the angular velocity. The monitoring point o f transverse motion, s, is 

located at a distance d from the source in the Y direction.

Input motion
icdt

iffltse

Fig. 2.30-Notation for three-dimensional motion of points (Jovicic et al., (1996))
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The set of formulae, which define the motion, are:

?i = Vs/f, f = l / T  [2.27]

where A. is a wavelength and T is the period.

The fundamental solution for the transverse motion S (Sanches-Salinero et al., (1986 

cited by Jovicic et al., (1996))) is given in the form:

5 = — [2. 28] 
4;r/7v,

where the function F is given by:

d + (-
1 1

md̂  m^d'
- ) e

I
md m^d

- y
- i ( a id /v  ) [2.29]

From Equation 2.29, it can be seen that there are three coupled components to the 

transverse motion, which comprise both the near field and far field effects. This is 

because the motions o f the elements are not pure compressive or shear motions 

(Brignoli et al. cited) and generally some compressive or shear motion occurs. All three 

terms represent transverse motion; while they propagate with different velocities; the 

first two travel with the velocity of a shear wave, and the third travels with the velocity 

of a compression wave. The attenuation occurs at different rates with geometrical 

damping for the three components, the second and third terms attenuating at a rate an 

order o f magnitude faster than the first term. The coefficient o f first term is proportional 

to the inverse o f the distance and the coefficients o f second and third terms are 

proportional to the inverse of square of the distance and the cubic o f the distance, which 

implies that the last two terms are only significant for small distances and are called 

near field terms and first term is significant for larger distances and is called the far field
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term. In bender element tests, the effect is amplified by the S-wave source and 

substantial P-wave energy that is often developed.

Sanches-Salinero et al. (1986 cited by Jovicic et al. (1996)) expressed their results in 

terms o f the ratio d/A., where d is the distance between the transm itter and receiver o f 

bender element and X is the wavelength o f the input signal; later Jovicic et al. (1996) 

denoted this ratio as Rj The value o f  Rj represents the number o f  wave lengths that 

occur between the bender element transmitter and receiver and which control the shape 

o f the received signal through the degree o f attenuation o f each term o f Equation 2.29 

that occurs as the wave travels through the sample. Rd is calculated from:

Rh = d/X= df/vc [2.30]

For low values o f R<j there is an initial downward deflection o f  the trace before the shear 

wave arrives, representing the near field effect given by the third component o f 

Equation 2.29. For high values o f Rj the near field effect is almost absent, as shown in 

Fig. 2.31 where the displacement o f the monitoring point is plotted against normalised 

time T/Ta, where the time T is normalised with respect to the true arrival time o f the 

shear wave Tg.
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Fig.2.31-Analytical solution o f the motion at the monitoring point (from Sanches- 
Salinero et al. (1986 cited by Jovicic et al., (1996))) (u = particle displacement, F =

amplitude o f loading force)
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Jovicic et al. (1996) carried out series o f experiments using bender elements on 

Speswhite kaolin specimens with an isotropic effective stress o f 200 kPa and values o f 

Rd o f 1.1 and 8.1. The results shown in Fig. 2.32 confirmed that for low Rj values the 

near field effect dominates, while for high Rd values the near field effect is almost 

insignificant. The authors recommended selecting a high, enough frequency so that the 

soil being tested has a high Rd ratio. In practice this cannot be always achieved, because 

at the high frequency required for stiffer materials, overshooting, to shoot or pass over 

or beyond, o f the transmitting element can occur. The authors carried out experimental 

work on cemented granular soft rock, with Gmax o f 2.5 GPa at an effective stress o f 200 

kPa. At 2.96 kHz the element follows perfectly the input wave, while at 29.6 kHz it 

does not and overshooting occurs. The limiting frequency at which overshooting starts 

to occur depends on the relative impedances o f the soil and the element and 

overshooting is found to be severe for stiffer soil as well as being pronounced for square 

waves.

OiDs
'o>

■’t u

R d =  1.1

 Near field effect

n . - i i )  Rd = 8.1

V

0 os  10 t

Normalised time

Fig.2.32-Test data for sinusoidal input waves in kaolin (from Jovicic et al., 1996)

To overcome the problem o f overshooting the authors recommended two methods. The 

first method is to use a distorted sine wave where the amplitude o f  first upward cycle of
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the wave may be reduced so as to cancel out the near field effect as shown in Fig.2.33. 

In second method, the frequency of the input wave may be adjusted so as to give forced 

oscillation o f the receiver at one of its natural frequencies, in which case resonance 

occurs as shown in Fig. 2.34. The arrival time may be simply taken fi'om one of the 

peaks or troughs o f the input wave and the corresponding point on the output.
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Fig.2.33-Cancelling the near field effect with a distorted sine wave (from Jovicic et al.,

1996)
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Fig.2.34-Resonance of the receiving element (from Jovicic et al., 1996)
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Arroyo et al. (2003) focussed on the effects o f the input wave on near-field effects as 

shown in Fig.2.35. The authors found that the square shaped signal is the least 

favourable shape because it is the most affected signal and the distorted sine the most 

favourable shape as it is the least affected signal. However, the result is strongly 

dependent on the amount o f distortion introduced. The distorted sine signal is given by 

the following Equation;

I = A {sin [71 (2tf + di/2)] -  sin (7 1  di/2)} [2.31]

where A is the amplitude, f  is the frequency and d| is the distortion factor. The 

behaviour o f sine and sine-burst signals are almost similar.

asx>
3

fO
x>«
■?5g
o

2 :

6

5

V  V/

0 5

Sine-
burst

Input signal

Near field effects

f/Vg d

Fig.2.35-Input shape and near field effect in time domain (from Arroyo et al., 2003)

Lawler (2002) carried out laboratory tests on Dublin boulder clay using bender elements 

with isotropic and anisotropic consolidation condition and found that the stiffness o f the 

Dublin boulder clay increased with increasing confining pressure. The author also 

carried out a study o f  the effects of the input wave on the near-field effects as shown in 

Fig.2.36. He found that the square shaped signal is the least favourable shape because it 

is the most affected signal and the distorted sine the most favourable shape as it is the
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least affected signal. The Gmax values obtained from laboratory tests are presented in 
Fig. 2.37.
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Fig.2.36-Input shape and near field effect (a) Typical square wave; (b) typical sine 

wave; (c) arbitrary sine wave (no near filed effect); (d) typical resonance test (from

Lawler 2002)
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The error in the measured stiffness is particularly affected by errors in the estimation of 

first arrivals produced by the near-field effects (NFE). Errors in Gmax estimated fi-om the 

measured shear wave velocity are amplified due to the square o f the shear wave velocity 

in the formula that is used:

Gn,ax = pvs' = p {L/t f  [2.32]

where p is the density of the soil, L is the length between the transmitter and the 

receiver and t is the travel time.

The potential error in the shear modulus is given by (Viggiani and Atkinson, (1995)):

A/7 2AL 2At = —̂  + ------ + -----  2.33
Gn.. p  L t

where A/? , AL and At are the errors in /?, L and t respectively.

A/? is low, as the density o f a cylindrical soil sample can be determined precisely by 

direct measurements. The error in the measurement o f the distance between the 

elements could potentially cause a large error in Gmax, due to the square in the formula. 

However, Viggiani & Atkinson (1995) and Brignoli et al. (1996) have shown that the 

effective length, Le, which a wave travels, is the distance between the ends of the 

elements. It is not so difficult to determine the travel distance. So the main reason 

behind the potential error in the measurement of Gmax due to near field effects falls 

largely on the estimate o f travel time. From Fig.2.38 it can be seen how difficult it is to 

measure the travel time between the transmitter to the receiver due to near field effects. 

The first arrival o f the shear wave could correspond to any o f the points 0, 1 and 2. 

Using these arrival times for these points in Equation 2.33, the potential error due to the 

near field effects is about 60% in Gmax-
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Fig.2.38-Typical oscilloscope signals from a bender element test with a square wave

(from Viggiani &  Atkinson, 1995)

Viggiani &  Atkinson (1995) carried out complex numerical analyses to overcome the 

near field effect on a sinusoidal wave to calculate the travel time. The travel time o f an 

impulse wave between two points can be taken as the time shift that produces the peak 

cross-correlation between the signals recorded at these two points, based on the 

assumption of plane wave fronts and the absence of any reflected or refracted waves 

(Arulnathan et al., 1998). In this method the time domain record can be decomposed 

into a group o f harmonic waves o f known frequency and amplitude.

The cross-correlation function CCxy (t) is a measure o f the degree o f correlation o f two 

signals S i(T) and S2(T). The analytical expression of the cross-correlation function is 

given by:

CCxy(t) = lim -  [5, (T)S^ (T + t )dT  [2. 34]
T— > O O T J

where T  is the total time length o f the signal and t is the time shift between the two 

signals.
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It is convenient to calculate the cross-correlation in the frequency domain using the 

following steps. A  fast Fourier transform (FFT) transforms the time domain records to 

the frequency domain, as shown in the following equation:

Ls, (f) = F F T (S , (t)) [2.35]

Ls2 (f) = FFT (S2 (t)) [2.36]

where Lsi(f) and Ls2(f) are the linear spectra o f  signals Si and S2 respectively. The linear 

spectra are a vector in the complex field; its magnitude and phases are the amplitude 

and the phase shift respectively o f  each o f  the harmonic components o f  the signal 

(Viggiani and Atkinson, 1995).

The cross power spectrum ( G s i - s 2 ( 0 )  of the input and output is then calculated as 

follows:

Gsi-s2(f) =  Ls,*(f)Ls2(f) [2.37]

Where Lsi*(f) is the complex conjugate o f  Lsi(f). The cross-correlation can now be 

calculated as follows

CCs,-s2(t) =  IFFT(Gs,-s2(f)) [2.38]

where IFFT is the inverse fast Fourier transform. Fig.2.39 shows the cross-correlation 

o f  the signals in Fig.2.40.
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Jovicic et al. (1996) carried out dynamic finite element analysis using the SOLVIA 90 

package to check the influence o f  the boundary conditions on the applicability o f  the 

analytical solution to the bender element test when carried out in a triaxial apparatus. In 

this analysis the soil was modelled as isotropic, elastic and undrained with stiffness E o f  

118 MPa and density o f  2000 kg/m , representing normally consolidated Speswhite 

kaolin at an effective confining stress o f  200 kPa. The analysis was carried out using
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plane strain elements (the shear wave propagation and the bender element motion are 

not axi-symmetric boundary conditions) with a fine mesh of 2000 elements. The authors 

mentioned that full 3-D modelling o f the problem gave qualitatively similar results. 

Transverse sinusoidal motion was applied at a tip of the transmitter as an input dynamic 

loading and the output signal was determined in the transverse direction at the tip of the 

receiver. The analysis was performed using R<i (which represents the number of wave 

lengths that occur between the bender element transmitter and receiver) values o f 1.1 

and 8.1 and the displacement-time traces obtained for transverse motion at the point 

representing the source and at the point representing the receiver are shown in Fig. 2.41. 

For the value of R<i = 1.1, the near field effects is again clearly present as a significant 

initial downward deflection occurs before the true shear wave arrives at a T/Ta of 1.0. 

The authors mentioned that the near field effects are responsible for the initial 

deflection of the output signal. For the value of R<] = 8.1, there is no initial deflection of 

output signal.

Finite element analyses were carried out by Arulnathan et al. (1998) to identify the 

travel time errors associated with several techniques used to calculate the shear wave 

velocity. 2-D linear elastic finite element analyses were carried out using GeoFEAP, a 

finite element package with plane strain elements for the soil and bender elements to 

evaluate the combined errors resulting from wave interference at the caps and non-one- 

dimensional wave travel and near field effects. The 36 mm wide by 72 mm long 

specimen was modelled using 1818 four-noded quadrilateral elements. Fixed-end 

boundary conditions were applied at the top and bottom boundaries and the side 

boundaries were considered as stress free conditions. In the FE analyses, the input 

voltage signal applied to the transmitting bender element was modelled as an in-phase 

bending moment uniformly distributed along the length o f the bender element. The 

shear wave velocities were calculated using (1) the time difference between the first 

peak o f the input and output signals, (2) the difference between the first trough of the 

input and output signals, (3) the time difference between the first shear wave arrival and 

the second shear wave arrival, (4) the cross co-relation method between input and 

output signals and (5) the first and second maximums in the cross correlation plot.
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The example given by the Arulnathan et al. (1998) was for a bender element length of 

4.0 mm. The correct shear wave velocity was 80 m/s and the excitation frequency was 

2.5 kHz. The travel time was calculated using all the five methods above and the 

percentage errors were +2.6, +6, -1.25, +3.79 and -3.1 respectively.

Input

Input

Rd=8.1

Rd=I.l

Output

Output

GO

0 0  021 0 3  flLTft IJO 1JZ5

W.
Fig.2.41-FE solution for the motion at the monitoring point (from Jovicic et al, 1996)

The results of bender element tests, carried out by Lawler 2002 on Dublin boulder clay 

and London City University (LCU, 1996) on behalf of Geoconsult-Arup private 

consulting company on boulder clay in Dublin Port Tunnel area, are presented in Fig. 

2.42. It is found that the bender element results by Lawler (2002) and LCU (1996) are 

similar and reasonable agreements were found between them. In every case the Gmax 

increases with increasing confining pressure.
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Fig.2.42-Comparison of bender element test results

2.7 Conclusions

A brief discussion is presented in this chapter on tunnelling, the ground vibrations due 

to a TBM and their effects on humans and buildings, the propagation characteristics and 

parameters of ground vibration waves and recent research that has been carried out on 

these. More emphasis was given to discussing in detail those topics which are directly 

or indirectly related to the finite element modelling of the project.

The literature review covered the definition of ground vibrations, first for underground 

construction works in general, but especially for mechanised tunnelling works. These 

vibration travel in the ground in different forms as body waves and surface waves, with 

their wave propagation velocities dependent upon the ground characteristics and the 

TBM excitation.

Standards have been reviewed which cover the criteria against which the predicted 

ground vibrations need to assessed; these are structural damage and perceptible 

intrusion.

♦  ♦

* * •

A LCUl 
X LCU2

• LCU3

• LCU4
•  Lawler 2002
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It has been seen that the shear modulus increases with increasing confining 

pressure/depth and decreases with void ratio. Confining pressure is also fianction of 

depth. Although the Gmax value has been assumed constant with confining 

pressure/depth for theoretical analyses however, it is not constant with confining 

pressure/depth even it changes with small variations in void ratio.

Bender element tests are normally used to determine the Gmax- In a bender element test, 

the travel time is determined by measuring the time difference between the input and 

the output signals. From this the shear wave velocity can be found by dividing the travel 

distance by the travel time. The travel distance of the wave is taken to be equal to the 

specimen’s length minus the protrusion of the two-bender elements at the both ends. 

After determining the propagation shear wave velocity, it is possible to calculate the 

small strain shear modulus, Gmax, by the elastic continuum mechanics relationship. 

However, it is very difficult to determine the exact travel time due to near field effects, 

which are dependent on wave type and frequency of waves. It is found that the distorted 

sine wave is more favourable than other wave.

The environmental effects of vibrations also have received considerable attention in 

recent years owing to the damage they can cause to buildings and the disturbance to 

people. These consequences of tunnelling activities have prompted recent research into 

improved methods for predicting the ground vibrations induced by a TBM. The main 

objective o f this project is to predict the vibration at the surface above a tunnel boring 

machine using finite element modelling.
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CHAPTER 3

BRIEF INTRODUCTION ON FINITE ELEMENT ANALYSIS

3.1 Introduction

The objective of this chapter is to provide a basic theoretical outline of the finite element 

method used to solve the problems described in later chapters. This chapter is not intended as 

a text on the finite element method, rather as a brief description of how the method was 

utilised here.

3.2 Finite Element Analysis

Finite element analysis (FEA), also called the finite element method (FEM), is a method for 

numerical solution of field problems. Mathematically, a field problem is described by 

differential equations or integral expression. Finite element formulations, in ready-to-use 

form, are contained in general-purpose FEA programs. It is possible to use FEA programs 

while having little knowledge of the analysis method or the problems to which they are 

applied.

Individual finite elements can be visualized as small pieces of a body. Elements are connected 

at points called nodes. The assemblage of elements is called a finite element body. The 

particular arrangement of elements is called mesh. Numerically, an FE mesh is represented by 

a system of algebraic equations to be solved for unknowns at nodes. The basic steps of an 

FEA are as follows (Stasa, 1985; Bathe, 1982 and Cook et. al., 2002):

■ Problem identification and discretization: that subdivide the problem into nodes 

and elements.

■ Selection of an interpolation function to represent the physical behaviour of an 

element; that is an approximate continuous function as assumed to represent the 

behaviour of an element.

■ Development of the displacement equation for each element.

■ Assembly of the elements to represent the entire problem and construction of the 

global stiffness matrix.

■ Application of the boundary conditions, initial conditions and loading.



■ Solution o f a set o f linear or non-linear algebraic equations simultaneously to 

obtain nodal results, such as displacement values at different nodes.

■ Use o f the nodal values and interpolation functions to determine other parameters 

such as stress, strain and velocity etc. inside each element.

3.3 Strain-Displacement Relations

A displacement field describes how a body deforms as well as how it displaces. Strain- 

displacement relations extract the strain field contained in a displacement field and play a 

prominent role in formulating commonly used elements. The relation between the strain and 

displacement of the nodes is obtained using a shape function. The displacement o f the soil at 

any point within an element, {u} can be related to the nodal point displacements vector, {d} 

from the following equation (Stasa, 1985; Bathe, 1982, Kramer 1986 and Cook et. al., 2002):

where, matrix [B] is called the strain-displacement matrix.

3.4 Stress-Strain Relations

If deformations are small, the material is assumed to remain within the elastic limits of 

Hooke’s law so that the stress (o) is proportional to the strain (e). The linear stress-strain 

relation can be expressed as:

M  = [N]{d} [3.1]

where, matrix [N] is the shape function.

The strains within each element {e} are then given by:

{e} = [5]{u}

= [5][N]{d} 

{e} = [B]{d} [3.2]

{o}=[C]{e} [3.3]
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where [C] is the stress-strain matrix. Stress-strain matrices for different problems are shown 

in Table3.1. If strains are large, considerable non-linear effects occur in the material.

Table 3.1-Generalised stress-strain matrices for isotropic materials and different design 

situations (after Bathe, 1982).

Problem Material Matrix C

Bar in 

tension/compression

E

Beam in bending El

Plane stress

E
1-v^

1 v
V 1

1 - v  

2 .

Plane strain

E { \ - v )

(1 + v ) ( l - 2 v )

'  1
1 - v

1
1 - v

l - 2 v  

2 ( 1 - v )

Axisymmetric

£ { l - v )

(1 + v)(l  -  2v)

1 ^ 
1 - v  1 - v

1
1 - v  1 - v  

1 - 2 v

2(1 ~ v )
V v J

j _  V 1 -  V
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Three-dimensional
'  1 " 

1 - v

1

V
-

1 - v
V

1 ~ v
V V

1 - v
1

£ ( l - v )

(l +  v ) ( l - 2 v )

1 - V '  1 - v
1

l - 2 v  

2 (1 - v )
l - 2 v  

2 (1 - V )

l - 2 v

2 ( 1 - V)

Notation: E = Young’s Modulus, v = Poisson’s ratio, I = 2" moment of area

3.5 Element Stiffness Matrix

In the finite element formulation, it is assumed that the displacements of the finite element 

assemblage are assumed to be infinitesimally small and that the material is linearly elastic. In 

addition, the nature of the boundary conditions remains unchanged during the application of 

the loads on the finite element assemblage. With these assumptions, the finite element 

equations derived were for static analysis:

{Fe} = [K,]{d} [3.4]

where, [Kg] is the element stiffness matrix, {d} is the nodal point displacement vestor and 

{Fg} is the matrix o f the nodal point forces. [Kg] can be found using following equation 

(Bathe, 1982 and Cook et. al., 2002):

[Ke]= \[B]\{C].[BW  [3.5]

3.6 Element Mass and Damping Matrix

In a dynamic analysis, the inertia forces and damping are the extra parameters making the 

difference between static and dynamic analyses. Inertia forces can be calculated from the
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following equation:

OO

[3.6]

oo
where, {Fie (t)} is the inertia forces matrix, [Me] is the element mass matrix and {c/} is the 

nodal point acceleration vector. The mass matrix can be written as follows:

where, p  is the density, assumed constant within the element. This is called the consistent 

element mass matrix, because its shape function, [N] is the same as for the element stiffness 

matrix.

During the vibration of ground and structures some energy is being attenuated. This 

attenuation is included in the dynamic equation as damping forces. The damping forces on a 

single element are:

where, {Foe} is the damping force, {d  }is the nodal point velocity vector and [Ce] is the 

elemental damping matrix. The damping matrix can be written as:

[3.7]

o

{FDe}=-[Ce]{^/} [3.8]

O

[3.9]

where, Ce is a damping parameter analogous to viscosity

3.7 Dynamic Equation

The dynamic equation o f equilibrium for each element can be written as follows:

OO O

[ M e ] { J } + [ C e ] { ^ / } + [ K , ] { ^ = { r } [3.10]
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where, [Me], [Ce] and [Kg] are the mass, damping and stiffness matrices; {r} is the external
OO o

load vector; and { d } ,  { d )  and {d} are the nodal acceleration, velocity and displacement 
vectors.

Once the dynamic equations for each element are obtained, they are combined in a way that 

satisfies compatibility o f displacements to obtain the global dynamic equilibrium equations:

oo o
[M ]{Z )}+ [C ]{Z )}+ [K ]{D }= {R }  [3.11]

OO o

where, D , D  and D  are the global point acceleration, velocity and displacement vectors. [M], 

[C] and [K] are the global mass, damping and stiffness matrices and {R} is the global load 

vector. Equation 3.11 can be written as follows:

F,(t) + Fo(t) + FeW = R(t) [3.12]

where, F|, Fd, Fe matrices o f the are the inertia forces, damping forces and elastic forces 

respectively, all o f them being time-dependent. Therefore, in dynamic analyses the effects of 

acceleration-dependent inertia forces and velocity-dependent damping forces are considered.

Mathematically, Equation 3.11 represents a system o f linear differential equations o f the 

second order and, in principle, the solution to the equations can be obtained by standard 

procedures for the solution o f differential equations with constant coefficients. However, the 

procedures proposed for the solution o f general systems o f differential equations can become 

very expensive if the order o f the matrices is large. In practical finite element analyses, a few 

effective methods are used. The procedures considered are divided into two methods of 

solution. The main procedures are: (a) the direct time integration methods, (b) the modal 

analysis method (Bathe, 1982).

3.7.1 Direct Time Integration Methods

The most general approach for solving the dynamic response o f structural systems is by direct 

numerical integration o f the dynamic equilibrium equations. This involves, after the solution 

is defined at time zero, attempts to satisfy dynamic equilibrium at discrete points in time.
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Most m ethods use equal tim e intervals giving tim e stages o f  At, 2At, 3At,— ,nAt, and so on. 

At the nth tim e stage, the equilibrium  equation. Equation 3.11, is

OO o

[ M ] { D } n  +  [ C ] { D } n  +  [K] {£»}„= {R}n [3.13]

Many different num erical solution techniques are available; how ever, the algorithm s adopted 

can fundam entally be classified as either explicit or im plicit integration m ethods and these are 

explained below.

Explicit m ethods do not involve the solution o f  a set o f  linear equations at each step. 

Basically, these m ethods use the differential equation at tim e “t” to predict a solution at time 

“t+At” . An explicit algorithm  uses following expression in the general form (Cook et. al., 

2002)

o oo

{D} ,.At = A { D ) u  { D } u { D {£)},.A, ) [3.14]

which contains only previously calculated inform ation on its right hand side. For m ost real 

problem s, w hich contain stiff elem ents, a very small time step is required in order to obtain a 

stable solution. Therefore, all explicit m ethods are conditionally stable w ith respect to the size 

o f the tim e step. This condition is shown as follows (ABAQUS, 2004):

At = m in(L /vp) [3.15]

where, L is the elem ent dim ension and Vp is the P-wave propagation velocity o f  the material. 

This m ethod is suited to wave propagation problem s and w hen com puter storage requirem ents 

are low (Cook et. al., 2002).

In the im plicit m ethods to solve the differential equation at tim e “t+At”, the values are 

required values not only at tim e ‘t ’ but also at time “t+At” . An im plicit algorithm  uses 

following expression in the general form

o oo

W t+ A t= y ({£>}., {Z)}.+At,{i^}t.At,{i)}.-A..........) [3.16]
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which is combined with the equation of motion at time stage t+At. These methods require the 

solution o f a set o f linear equations at each time stage; however, larger time intervals may be 

used. Implicit methods can be unconditionally stable; they are suited to structural dynamics 

problems. In the following sections a few commonly used direct integration methods are 

presented (Cook et. al., 2002).

3.7.1.1 The Central Difference Method

In ABAQUS, the explicit dynamics analysis method is based on the implementation o f an 

explicit integration rule together with the use o f diagonal (“lumped”) element mass matrices. 

The equations o f motion for the body are integrated using the explicit central-difference 

integration rule:

} = {/),} + A / , [3. 17]

{ h u v 2 }  = {^,-./2} + [3.18]

where D is a degree o f freedom and the subscript, i refer to the increment number in an 

explicit dynamics step. The central difference method is explicit in the sense that the

O

kinematic state is advanced from the previous increment using known values o f D i- \n  and 

00

A -

The explicit integration rule is quite simple but it does not provide the computational 

efficiency associated with the explicit dynamics procedure. The key to the computational 

efficiency o f the explicit procedure is the use o f diagonal element mass matrices because, 

following ABAQUS (2004), the accelerations at the beginning o f the increment are computed 

by:

OO

{A } = [M ]-'{{/?,} -{ /,} }  [3.19]
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where, M  is the mass matrix, R is the applied load vector and /  is the internal force vector. A 

lumped mass matrix is used because its inverse is simple to compute and because the vector 

multiplication o f the inverse mass matrix by the inertial force requires only n operations, 

where n is the number o f degrees o f freedom in the model.

3.7.1.2 The Newmark Method

The Newmark analysis procedure used in PLAXIS is based on the implementation o f an 

implicit integration method. In 1959 Newmark presented a family o f single-step integration 

methods for the solution o f dynamic problems. During the past 45 years Newmark’s method 

has been applied to the dynamic analysis o f many practical engineering problems. It is based 

on the assumption that the acceleration varies linearly from time t to time /+  . The equation

o f motion becomes as follows:

OO 0

[M]{D},+ a  ̂ + [ C ] { D } , . a ? +[K] = {R}t+A^ [3.20]

in which the displacements and the velocities are defined as follows:

o oo oo
{D , , ^ } = {D,} + A/(D,) + A/ ̂  ((1 / 2 -  /?) {D ,} + }) [3.21]

0 0 oo oo
} = {£>,} + A/((l -  S)  {D,) + S {D ,^ ^}) [3.22]

where p and 8 are parameters controlling the stability and accuracy o f the integration process. 

When p =1/6 and 8 =1/2, equations [3.21] and [3.22] correspond to the linear acceleration 

method. Newmark originally proposed as an unconditionally stable scheme the constant- 

average-acceleration method in which case P =1/4 and 8 =1/2.

3.7.1.3 Hilber-Hughes-Tavlor Method

The general direct-integration method provided in ABAQUS/Standard is called the Hilber- 

Hughes-Taylor method. The method is implicit: the integration operator matrix must be 

inverted, and the set o f simultaneous dynamic equilibrium equations must be solved at each 

time increment. This solution is done iteratively using Newton’s method. A parameter, a, is
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used in this method to introduce artificial damping to minimise high frequency noise. This 

damping is purely numerical-material damping. The equation of motion in this method 

becomes:

OO o  o
[M]{D, ,^ } + (1 + a)[C] } - a [C ]{D, } + (1 + a)[K]{D,} -  a[K]{D, } = } [3.23]

in which the displacements and the velocities are defined as follov '̂s:

O o o  OO

} = {/),} + A/(Z), ) + M \ { \ l 2 - / i ) { D , }  + }} [3.24]

O O OO 0 0

} = {!)<} + A/((l -  S) {D,} + }} [3.25]

w h e r e , 1/4(1-a)^; 6=  1/2-a; - l /3 <  a <0.

The parameter a  can take any value from a  = 0, which gives no artificial damping and is 

exactly the trapezoidal rule, to a = -1/3, which provides the maximum artificial damping 

available from this operator. A value of a  = -0.05 is used by default because this provides just 

enough artificial damping in the system to allow the automatic time stepping procedure to 

work smoothly (Bathe, 1982).

3.7.2 Modal Analysis

The modal dynamic procedure provides time history analysis of linear systems. The excitation 

is given as a function of time: it is assumed that the amplitude curve is specified so that the 

magnitude of the excitation varies linearly within each increment. The method is much less 

expensive computationally than the direct integration method and is also very accurate 

because the integration operator used is exact whenever the forcing functions vary piecewise 

linearly with time. Initially it neglects the damping properties when solving the eigenvalue 

problem:

([ /C ]-g7^[M]).{0)} = {G} [3.26]

where (o is the natural frequency and O is the matrix of the mode shapes.
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When the model is projected onto the eigenmodes used for its d>Tiamic representation, a set of 

uncoupled one degree o f freedom systems is obtained, for any o f which the equilibrium 

equation at time t is

<30 O \ y

{u] + 2^{m}.{u} + {my{u}  = {r,} = {r,_^ + — A/} [3.27]
At

where, ^ is the critical damping ratio; u is the “generalized coordinate” o f the mode (the 

amplitude o f the response in this mode); r  is the magnitude o f the loading projected onto this 

mode (the “generalized load” for the mode); and Ar is the change in r over the time 

increment, which is A t . The actual finite element nodal displacements {d} can be obtained by 

linear transformation using following equation(Cook et. al., 2002):

{d} = [0].{u} [3.28]

3.8 Damping

Damping is the decrease in amplitude with time due to the dissipation o f energy. The types o f 

damping that influence soil and structural dynamics can be categorized as follows.

■ Viscous damping that exerts a force, which is proportional to the velocity.

■ Hysteresis damping that is inherent in the material and may result from plastic action 

on a small scale.

■ Coulomb damping that resembles hysteresis damping but is associated with dry 

friction.

■ Radiation damping that refers to energy loss to a practically unbounded medium, such 

as soil that supports a structure.

Viscous damping is easy to represent in dynamic equations. Damping forces are less than 

10% o f the other forces (Cook et. al., 2002). Proportional damping, where the damping force 

is proportional to the velocity, is commonly used to represent the viscous damping and is to 

type o f damping considered in this thesis.
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3.8.1 Proportional (Rayleigh) Damping

Proportional damping, which is also known as Rayleigh damping, defines the global damping 

matrix [C] as a linear combination o f the global mass and stiffness matrices.

[C] = a [M ] + p [K] [3.29]

where, a, P are damping factors and constants. The relationship between the damping ratio 

and frequency is as follows (Cook et al., 2002 and Clough &  Penzien, 1993).

+ [3.30]
2 w

where, ^  is the damping ratio and m  is the frequency.

It is now possible to evaluate the two Rayleigh damping factors, a and P  , by the solution o f

a pair o f simultaneous equations i f  the damping ratios and associated with two specific

frequencies cj|and ztTjare known. Writing Equation (3.30) for each o f these two cases leads 

to

= ^ ( — + M )  and^, = l ( - ^  + /?c7,) [3.31]
L CTj L XU2

a = and [3.32]

The evaluation o f desired damping ratio at frequencies tir, and gives a damping ratio- 

frequency relationship o f the form as shown in Fig.3.1.
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Fig.3 .1-Relationship between damping ratio and frequency for Rayleigh damping

Due to detailed information about the variation o f damping ratio with frequency seldom being 

available, it usually is assumed that the same damping ratio applies to both control 

frequencies; i.e.,^, = (̂ 2 ~ ^ (Clough & Penzien, 1993). In this case, the proportional factors 

are given by a simplified version o f Equation (3.33).

UT->W,a = 2^[------------- ] and /3 = 2^[-
CT2 +  C7|

[3.33]

The Rayleigh a  is the parameter that determines the influences o f the mass in the damping o f  

the system. The higher the a  value, the more the lower frequencies are damped. Rayleigh ^ 

is the parameter that determines the influence o f the stiffness in the damping o f the system. 

The higher the p  value, the more the higher frequencies are damped.

3.9 Discretization Considerations

The element size is the important parameter in finite element model in terms o f  computational 

time and accuracy o f the solution. The results o f the finite element model can be seriously 

influenced by the discretization. In case o f 3-D model it is necessary to select as large as 

possible element size without compromising the accuracy o f the solution in order to save 

computing time. The equation o f shortest wavelength is as follows:

/m

[3.34]
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where, yjnax is the highest frequency o f interest and Vs is the shear-w'ave velocity. The 

maximum dimension o f any element should be limited to one-eighth (Kuhlemeyer and 

Lysmer, 1973 cited in Kramer, 1996) to one-fifth (Lysmer et. al., 1975 cited in Kramer, 1996) 

o f the shortest wavelength considered in the analysis.

3.10 PLAXIS and ABAOUS

PLAXIS is a finite element package specially intended for the analysis o f deformation, 

stability and dynamics in geotechnical engineering projects. However, its dynamic model is 

limited to 2-D problems. It is also stated in the PLAXIS Manual that it is not possible to fully 

absorb shear waves at the boundary and hence, when shear waves are present, a boundary 

effect is noticeable (PLAXIS v7). ABAQUS is a general-purpose 3-D simulations package, 

based on the finite element method. ABAQUS Explicit is a special-purpose analysis product 

in the ABAQUS packages that uses an explicit dynamic finite element formulation. It is 

suitable for modelling dynamic events (ABAQUS 2004) as it has infinite elements that can 

disappear waves without reflection to the original model. As TBM induced ground vibrations 

are 3-D in nature, ABAQUS was used to carry on the studies although it is very difficult to 

make model for combination o f finite elements and infinite elements, as ABAQUS is a 

general-purpose finite element package. After using ABAQUS, the 3-D TBM induced ground 

vibrations were predicted and details results are presented in chapter 6.

3.11 The Typical Finite Element Mesh

A typical finite element mesh o f limestone and soil with a tunnel is presented in Fig.3.2. In 

the mesh, three-dimensional eight-noded linear brick and reduced integration elements were 

employed for the limestone and soil and the tuimel lining. Reduced-integration elements use 

fewer integration points in each direction than the fully integrated elements. They reduce 

running time, especially in the analysis o f a three-dimensional finite element model. To stop 

movement or sliding o f the tunnel lining relative to the limestone, three-dimensional rough 

contact surface elements were included at the interface between the limestone and the tunnel 

lining. Infinite boundary conditions were specified at the four sides o f the vertical section and 

on the bottom to account for the fact that in reality the soil is a semi-infinite medium (Fig. 

3.2) (ABAQUS, 2004). A linear elastic isotropic material law was used to define the material 

properties for the limestone and soil and the tunnel concrete lining. W hen soil and limestone 

behaviour is expected to stay within the small strain range, the use o f a linear elastic model is

124



justified and the shear modulus is a key parameter to properly model the soil behaviour 

(Ishihara, 1996 and Kramer, 1996).

The basic assumption of elastic behaviour, that is common to all the elastic models discussed 

here, is that the directions of principal incremental stress and incremental strain coincide 

(Potts & Zdravkovic, 1999). The general constitutive matrix relates increments of total stress 

to increments of strain:

A 2 D̂13 A  4 As A6 A.;, '

Acr̂ . 2̂1 0,2 A , 2̂4 As A6 Â >
Ac. AI Ai4 As A6

<

Â -,

[>
 

11 An 0̂ 2 A 4 As Ao Ar„
Ar,. A , 5̂2 A 4 As 5̂6 Ar„.-
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■ 
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. A>i 0,2 A 3 A>4 As D

_ Ay,,

Elastic constitutive models can take many forms: isotropic, anisotropic, linear and nonlinear, 

with parameters dependent on stress and/ or strain level. In this FEM mesh, a linear elastic 

isotropic model is assumed. An isotropic material is one that has point symmetry, i.e. every 

plane in the body is a plane of symmetry for material behaviour. In such a situation it can be 

shown that only two independent elastic constants are necessary to represent the behaviour 

and that the constitutive matrix becomes symmetrical. In structural engineering it is common 

to use Young’s modulus, E, and Poisson’s ratio, fi, for these parameters. Equation (3.35) then 

takes the form shown in Equation (3.36)

If the material behaviour is linear then E  and // are constants and the constitutive matrix 

expressed as a relationship between accumulated effective stresses {o )  and strains {e’} is the 

same as that given in Equation (3.36).
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For geotechnical purposes, it is often more convenient to characterise soil behaviour in terms 

of the elastic shear modulus, G, and effective bulk modulus, K’. Equation 3.36 then becomes:

A ct; K ' ~ % G  K ' - y ^ G  0 0 o '
f  V

A ct; K ' ^ y ^ G  K ^ ~ y G  0 0 0 Â -y

A ct'
J K'  + y G  0 0 0 A/;,

J ^

Ar,„ G O O
S >

A  r,.. sym G 0

.̂vvV ‘ J
G_ A r , y

[3.37]

Many engineering problems involve contact between two or more components such as 

underground tunnelling, retaining wall and masonry arch bridges etc. In a finite element 

analysis, contact conditions are a special class of discontinuous constraint, allowing forces to 

be transmitted from one part of the model to another. The constraint is discontinuous because 

it is applied only when the two surfaces are in contact. ABAQUS /Explicit provide two
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algorithms for modelling contact interactions. The general contact algorithm allows very 

simple definitions o f contact with very few restrictions on the types o f surface involved. The 

contact pair algorithm has more restrictions on the types o f surfaces involved and often 

requires careful definition o f contact; however, it allows for some interaction behaviours that 

currently are not available with the general contact algorithm

Contact definitions are not entirely automatic with the general contact algorithm but are 

greatly simplified. The generality o f this algorithm is primarily in the relaxed restrictions on 

the surfaces that can be used in contact. To stop the movement or the sliding o f the tunnel 

lining relative to the ground, three-dimensional rough general contact surface elements were 

included at the interface between the limestone and the tunnel lining. The general contact 

algorithm generates contact forces to resist node-into-face and edge-into-edge contact 

penetrations (ABAQUS, 2004).

Infinite elements are used in boundary value problems defined in unbounded domains or 

problems in which the region o f interest is small in size compared to the surrounding medium. 

Infinite elements are intended to be used for such cases in conjunction with first- and second- 

order planar, axisymmetric, and three-dimensional finite elements. Standard finite elements 

should be used to model the region o f interest, with the infinite elements modelling the far 

field region. These infinite elements allow the wave to disappear from the model without 

reflections, so that the model behaves like an infinite layered half space.

The node numbering for infinite elements must be defined such that the first face is the face 

that is connected to the finite element part o f the mesh. It is important to choose the position 

o f the nodes in the infinite direction appropriately with respect to the loading position. The 

second node along each edge pointing in the infinite direction must be positioned so that it is 

twice as far from the applied loading point as the node on the same edge at the boundary 

between the finite and the infinite elements. However, the location o f these nodes is not 

meaningful for explicit analysis.

In direct-integration implicit dynamic response analyses, direct-solution steady-state dynamic 

analyses and explicit dynamic analyses, infinite elements provide quiet boundaries to the 

finite element model. They also maintain the static force that was present on this boundary at 

the start o f  the dynamic response analysis; as a consequence, the far-field nodes in the infinite
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elements will not displace during the dynamic response. The infinite elements do not provide 

any contribution to analysis procedures that are based on the eigenmodes o f the system.

Unlike a dashpot element (another type o f wave absorbing element), an infinite element does 

not require calculations o f absorbent coefficients, which require knowledge o f detailed soil 

properties and mesh geometry. For 3-D problems, one infinite element can replace up to 

twelve dashpot elements, which reduces the total number o f elements in the model achieving 

significant economy in the case o f large models, such as the one shown in Fig.3.2. Unlike a 

dashpot, the infinite element is more manageable and accessible. In addition to the

convenience and economy o f use, the infinite element offers a slight improvement in the

regularity o f the wave absorbing characteristics (ABAQUS 2004). Now the formulations of 

infinite element are as follows:

The infinite elements are based on consideration o f plane body waves travelling orthogonally 

to the boundary. The response adjacent to the boundary is o f small enough amplitude so that 

the medium responds in a linear elastic manner. The equilibrium equation is

— <T = 0 [3.38]
dx

where p  is the material's density, u is the material particle acceleration, cr is the stress, and x 

is position.

The material's response is assumed isotropic, linear elastic, and thus it can be written as

cr = ? i{E  + 2G£) [3.39]

where s  is the strain and

(l + v ) ( l -2 v )

and

G  =  — - —

2(1+ v)

Introducing this material response in the equilibrium equation, and assuming small strain:
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^ = + [3.40]
2 ox ox

The governing equation for the motion is

d^u.
pu,  = G - ^  + (A + G ) - ^  [3.41]

o x -OX ■ OX. OXj

where index notation has been used for simplicity.

Now considering plane waves travelling along the x-axis. Two body wave solutions of this 

form exist for this equation. One describes plane, longitudinal (“push”) waves, which have the 

form

= f ( x ± v ^ t ) , u ^  =0  [3.42]

where, by substitution in the governing equation above, the wave speed, Vp, is

V p = J   [3.43]

The other solution of this form is the “shear” wave solution

= f ( x ± V s t ) , U ,  = U ^ = 0

or

“ z = = U = 0

where Vj is shear wave velocity and again by substitution in the governing equation

V =

\ P
[3.44]

In each case the solution f(x-vt) represents waves moving in the direction of increasing x, 

while f(x+ vt) represents waves moving in the direction o f decreasing x. Now consider a 

boundary at x = I  of a medium modelled by finite elements in x < Z. Introducing distributed 

damping on this boundary, such that
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where now choosing the damping constants dp and ds to avoid reflection o f longitudinal and 

shear wave energy back into the medium in ;c < Z. Plane, longitudinal waves approaching the 

boundary have the form = f \ { x - v = u ^ = 0 , .  If they are reflected at all as plane, 

longitudinal waves, their reflection will travel away from the boundary in some form 

~ = 0 ' Since the problem is linear, superposition provides the total

displacement/ /  + y}, with corresponding stresses =( A + 2G )(/, + / j ) ,  all other a.j = 0,

and velocity M, t=-v^( / i  - / j ) .  For this solution to satisfy the damping behaviour 

introduced on the boundary at x=  L requires

(A + 2G -  d ^ v )̂ /;  + (A + 2G + d ^ v )̂ / ;  = 0 [3.45]

Therefore, it is necessary to ensure t h a t = 0 (so thaty} = 0) for any/ /  by choosing

j  A + ilg
d , = — -----= pv^ [3.46]

P

A similar argument for shear waves provides

<  = pv,  [3.47]

These values o f boundary damping constants dp and ds are built into the infinite elements in 

ABAQUS. From the above discussion, it can be seen that they transmit all normally 

impinging plane body waves exactly. General problems involve non-plane body waves that 

do not impinge on the boundary from an orthogonal direction and may involve Rayleigh 

surface waves and Love waves. Nevertheless, these “quiet” boundaries work quite well even 

for such general cases, provided they are arranged so that the dominant direction o f wave 

propagation is orthogonal to the boundary or, at free surfaces and interfaces where Rayleigh



or Love waves are o f concern, is orthogonal to the surface. As the boundaries are “quiet” 

rather than silent (perfect transmitters of all waveforms), and because the boundaries rely on 

the solution adjacent to them being linear elastic, they should be placed some reasonable 

distance from the region o f main interest (ABAQUS 2004).

By advancing in the ground, the tunnel-boring machine is a vibrating source from which 

vibrations are transmitted into the ground. Therefore, the impacts o f the TBM on the ground 

during boring have been modelled by a dynamic loading system. The finite elements 

representing the TBM cutter disc have been loaded by a short triangular pulse. Due to this 

pulse, waves propagate through the soil and the response at the surface is determined. The 

main reason is to use input pulse in the FE model that it ensures parsimonious handling of the 

FE model rather than a direct application of the actual TBM source excitation. Due to use o f 

an input pulse, it reduced the FE modelling time by several days for one FE analysis and 

hence by several months for entire project, which is very significant. A short triangular pulse 

has a wide power spectrum and it is suitable for analysing wave ranging from low to high 

frequency waves. In FEM analyses, the pulse was applied at the beginning o f the calculations, 

and the vibration energy was damped out during the rest of the calculation. As a result, there 

is no also possibility o f reflection o f waves in the model due to this short triangular pulse.

Fig.3.2- A typical finite element mesh
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CHAPTER 4

MEASUREMENT OF DYNAMIC GROUND PROPERTIES

4.1 General

Dynamic analyses to evaluate the response of earth structures to dynamic stress 

applications, such as those produced by earthquakes, blasting, tunnelling construction, 

wind loading or machine vibrations, are finding increased applications in civil 

engineering practice. Various idealised models and analytical techniques may be used to 

represent a soil deposit and its response, but whatever procedure is followed; it is first 

necessary to evaluate the appropriate dynamic properties of the materials in the deposit. 

Precise measurement of dynamic soil properties is a somewhat difficult task when 

analysing dynamic geotechnical engineering problems (Sitharam & Raju, 2003 and 

Kramer, 1996).

Several field and laboratory techniques are available to measure the dynamic properties, 

many of which involve measurements at small-strain and many others involve 

measurements at large strain levels. However, the choice of a particular technique 

depends on the specific problem to be solved. Fig. 4.1 shows the changes in the types of 

soil behaviour with shear strain.

Shear
strain

10"® 1O'® 10""^ 10 " ^  1 0 ‘  ̂ TO"’
...........1. .................... ........... ........1_______

Small
strain

Medium
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Large Failure 
strain strain

Elastic

Elasto-plastic

Failure

Fig.4.1- Modelling of soil behaviour in compliance with strain-dependent deformation

characteristics (from Ishihara, 1996).
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Soil properties that influence wave propagation and other low-strain phenomena include 

stiffness, damping, Poisson’s ratio and density. O f these, stiffness and damping are the 

most important; the others have less influence and tend to fall within relatively narrow 

ranges. At high level o f  strain, the influence o f strain rate, number o f  cycles and volume 

change characteristics may also be o f  importance. Volume change characteristics are also 

important at large strain levels (Kramer, 1996).

4.2 Field Tests

In field tests, the soil properties are measured in situ. The evaluation o f dynamic soil 

properties by field tests has a number o f advantages, as these tests do not require 

sampling that can alter the stress, chemical, thermal, and structural conditions in soil 

specimens. Further, the tests measure the response o f relatively large volumes o f soil, 

which also minimizes the effects due to evaluating small, unrepresentative specimens. In 

field tests, it is also possible to induce soil deformations that are similar to those o f the 

problem o f interest.

On the other hand, field tests do not allow the effects o f  conditions other than in situ 

conditions to be investigated easily, nor do they allow pore water drainage to be 

controlled. Some field tests can be performed from the ground surface, while others 

require the drilling o f  boreholes or the insertion o f probes into the soil. Field tests 

involving boreholes and probes are expensive and time consuming while surface tests are 

often less expensive and can be performed relatively quickly. In many field tests, the 

specific soil property o f interest is not measured but must be determined indirectly, by 

theoretical analysis or empirical correlation. However, these field tests can be further 

classified, based on the range o f magnitude o f strain, as small-strain and large-strain tests 

(Kramer, 1986) and small-strain field tests are described in the following section.
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4.2.1 Small-Strain Field Tests

Dynamic soil properties depend much on the shear strain level. In the strain range below 

the order o f 10'^ (0.001%), the deformations shown by most soils are purely elastic and 

recoverable and the damping is negligible. Small strain tests operate below the strain 

specified above and are based on the theory o f wave propagation in the materials.

Seismic geophysical tests represent an important class o f field tests for the determination 

o f dynamic soil properties. The three types o f seismic geophysical test are: cross-hole 

tests, down-hole tests and surface refraction tests and these give the three different 

methods for determining the dynamic soil properties described in the following 

paragraphs.

In the cross-hole method, a shear wave or a compressional wave is generated in a source 

borehole and its propagation in the horizontal direction is detected by means o f receivers 

placed in two or three other adjacent boreholes in a linear array. The layout o f the test is 

shown in Fig. 4.2. The advantage o f this method is that it may be used to detect the 

modulus values o f individual soil strata in a horizontally layered structure. However, the 

cost o f the test is usually high, because it requires at least three holes (Ishihara, 1996).

7X7W

ReceiverImpulse
source

Receiver

'fcRjar#

Fig. 4.2-V elocity logging by cross-hole method (from Ishihara, 1996)
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In the case o f the down hole logging, a geophone is clamped to the wall o f  a borehole, as 

illustrated in Fig. 4.3, to monitor the arrival o f the wave front propagating downward 

from the source on the ground surface. Potential difficulties with down-hole tests and 

their interpretation can result from disturbance o f the soil during boring excavation o f the 

borehole (Kramer, 1996).

rjsciUa3raj>h

Fig. 4.3-V elocity logging by the down hole method (from Ishihara, 1996)

The refraction method is the simplest and most conventionally used procedure to obtain 

an overall picture o f  the soil and rock profiles over a wide area. In this method, an impact 

or explosive energy is applied on the ground surface and the wave front propagation is 

captured at a point some distance from the source. The distance and time o f arrival make 

it possible to calculate the velocity o f wave propagation. After calculating the wave 

velocity, the shear modulus may be calculated. The layout o f the test is shown in Fig. 4.4.
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Fig.4.4-Seismic refraction test set-up. (from Redpath, 1973 cited by Kramer, 1996)

4.3 Laboratory Tests

In the laboratory, the tests to determine the dynamic properties o f soil are carried out on 

relatively small specimens that are assumed to be representative of a larger body of soil. 

The specimens are tested as elements. The ability of laboratory tests to provide accurate 

measurements o f soil properties depends on their ability to replicate the initial conditions 

and loading conditions o f the problem of interest.

Dynamic soil properties are influenced by many factors, including density and stress 

conditions, and other factors, such as soil fabric or structure, age, stress and strain history 

and cementation. While the void ratio and stress conditions can be recreated in a 

reconstituted specimen, the effects o f the other factors cannot. Since the effects of these 

other factors are manifested primarily at low strain levels, they are easily destroyed by 

sample disturbance. For the results of laboratory tests to reflect the actual behaviour of 

the in situ soil as closely as possible, high-quality undisturbed sample must be obtained. 

Like field tests, laboratory tests can be classified based on the range of strain as small- 

strain and large-strain tests and small-strain laboratory tests are described in the following 

section.
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4.3.1 Small Strain Laboratory Tests

Laboratory tests are available to measure the dynamic properties o f soils at small strain 

levels. The resonant column test, ultrasonic pulse test, and bender element test are the 

commonly employed techniques to measure small strain dynamic properties. The bender 

element test is described in Chapter 2.

4.3.1.1 Resonant Column Test

The resonant column test is the most generally used in the laboratory test for measuring 

the low-strain properties o f  soils such as stiffness and damping o f  soils. In this test, a 

solid or hollow cylindrical sample is subjected to harmonic excitation by an 

electromagnetic driving system (Dmevich, 1985). The soil specimen can be excited in 

either the torsional or the longitudinal modes o f vibration by means o f an electromagnetic 

loading system. The frequency is initially set to a small value, and gradually increased. 

The frequency o f input vibration can be changed until the first resonant frequency mode 

o f the soil sample is found. The resonant frequency is a function o f the small strain 

stiffness o f the soil, the geometry o f  the specimen and certain characteristics o f the 

resonant column apparatus. Shear modulus values are then calculated from values o f the 

shear velocities and the density o f  the soil (Richart, Hall & Woods, 1970). Consider a 

resonant column sample o f  height h, with polar moment o f inertia J, subjected to a 

harmonic torsional loading. The torque T at the top o f the sample is given by:

T = G J — = G - —  [4.1]
dz p  dz

where, G is the shear modulus, 0 is the angular rotation o f the soil sample, J is the polar 

moment o f area, I is the 2"*̂  moment o f area, z is the height above the base o f the 

sample and p  is the material density o f  the soil sample. This torque must be equal to the 

inertial torque o f  the loading system. I f  the 2"^ moment o f  area for the loading system is 

lo, inertial torque is given by:
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[4.2]

Assuming that the rotations o f  the sample are harmonic, the equation 4.1 and 4.2 can be

solved to calculate the 9 and can be expressed using the following Equation 4.3 (Kramer, 

1996), where w„ and Vs in Equation 4.3 are the natural frequency and the shear wave 

velocity respectively. The details o f the derivation o f the equation are found in Kramer

For a given sample, lo, h and I are generally known at the time o f  testing. The natural 

frequency is then obtained experimentally, and Equation 4.3 is used to calculate v̂ . The 

shear modulus is then obtained from following equation:

The damping ratio o f  the soil sample is determined from the amplitude-decay curve 

obtained by placing the specimen in free vibration. Free vibration is the periodic motion 

occurring when an elastic system is displaced from its equilibrium position. Free 

vibration occurs without forcing the vibration o f a string after it has been plucked. The 

amplitude-decay curve and graph o f amplitude versus cycles are shown in Fig. 4.5 and 

Fig. 4.6. The slope o f  the straight line can be taken as being equal to the value o f the 

logarithmic decrement 6. From the theory o f vibrations, the damping ratio D is correlated 

with the logarithmic decrement (Ishihara, 1996);

(1996).

[4.3]

Go pVs . [4.4]

D =  —  
In

[4.5]
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Fig. 4 .5 - Amplitude decay o f free vibration (from Ishihara, 1996)

<15o»
05
O

T3
3

a
E<

2 3 4 6 6
Nth peak

Fig .4 .6- Amplitude versus cycles (from Ishihara, 1996)

The resonant column test is a useful tool for obtaining the strain-dependent modulus and 

damping properties o f soils, but there are some drawbacks. The main drawbacks are that 

the test is relatively expensive and the equipment is complex. The output is not the 

response o f the soil specimen itself but is the combined effect of the soil and its attached 

apparatus. Thus great caution must be exercised in order to obtain reliable data when 

using the resonant column test (Ishihara, 1996).
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4.3.1.2 Ultrasonic Pulse Test

In the laboratory, the ultrasonic pulse test can be used to measure the wave propagation 

velocity through the soil sample. In this test, ultrasonic transmitters and receivers are 

placed at each end o f  a soil sample. The transmitters and receivers are made o f 

piezoelectric materials. The advantage o f piezoelectric materials is that when an electric 

pulse is applied to the transmitter, it causes it to deform rapidly and produce a stress wave 

that travels through the specimen toward the receiver. When the stress wave reaches the 

receiver, it generates a voltage pulse that is measured. The distance between the 

transmitter and receiver is divided by the time difference between the voltage pulses to 

obtain the wave propagation velocity (Woods, 1978, cited by Kramer, 1996).

4.3.1.3 Other small strain stiffness tests apparatus

Brignoli et al. (1996) focused on different types o f piezoelectric devices used to measure 

the small strain stiffness o f  soils and made a comparative study between them. The 

piezoelectric devices studied were a compression transducer, a bender transducer and a 

shear-plate transducer. The bender transducer is eventually bender element.

A compression transducer is used to generate compression waves and propagate then 

through a soil specimen. A compression transducer is placed like a bender element at one 

end o f  a specimen and the compression waves are received at the other end o f the soil 

specimen by another transducer. For the generation o f compression waves, ceramic 

elements are polarised in the direction o f the thickness o f the transducer, and electrodes 

are placed on the ceramic element faces normal to the polarization direction (Fig.4.7). 

The transducer is ceramic with a cylindrical shape and a thickness o f  2 mm and a 

diameter o f 8 mm. The element expands and contracts in the direction o f  the thickness is 

shown in Fig. 4.7. The distance between the two transducers, L, and the time required by 

the wave to cover this distance, t, are used to calculate the propagation velocity, v, 

defined by:
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v = L/t [4.9]

There are two types of compression waves for all materials. One type is constrained 

compression waves, which involve no lateral deformation perpendicular to the direction 

of the wave propagation. The constrained compression wave velocity, Vp, is related to the 

small-strain constrained modulus, Mmax, by equation:

The other type of compression wave is unconstrained compression waves where the 

unconstrained compression wave velocity, Vc is related to the small-strain Young’s 

modulus, Emax, of the material by equation:

Brignoli et al., (1996) also mentioned that Vaghela and Stokoe (1995) had shown using 

the arrangement of compression wave sources and receivers in the centre of each end of 

the specimen, that only constrained compression waves were measured. However, they 

also showed that this source-receiver arrangement could be used to measure 

unconstrained compression waves in the same specimen simply by exciting longitudinal 

resonance and accounting for added masses attached to the ends of the specimen.

The shear plate transducer is used to generate shear waves that propagate through a soil 

specimen. A shear plate transducer is placed on one end of the sample and the generated 

shear wave is received at the other end of the soil sample by another transducer. For the 

generation of shear waves, ceramic elements are polarised in the width direction and the 

electrodes are applied to two faces that are parallel to the polarization direction as shown 

in Fig. 4.8. The ceramic used for the shear-plate transducers is a lead zirconate titanate 

with the dimensions o f length 12.7 mm, width 12.7 mm and thickness 6.3 mm. Shear 

plate transducers distort in the direction of their width. The principles of shear plate 

transducers are similar to those o f bender element and compression transducers. The

M m ax [4.10]

Emax PVc [4.11]
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application of a sinusoidal signal to the transmitting transducer initiates a shear wave to 

propagate through the soil sample. The arrival of this shear wave then excites the 

receiving transducer and an output voltage is recorded. The Gmax can then be calculated in 

the same way as described in Section 2.6. The author found that Lawrence (1963, 1965) 

first described the use of a shear-plate transducer to measure the shear wave velocity 

through soil samples.

Shear plate transducers provide shear waveforms similar to those generated by the more 

widely used bender element transducers. The main advantages of shear plate transducers 

is that they are better suited than bender elements for testing undisturbed stiff soils with 

high aggregate contents since shear-plate transducers do not penetrate into the soil 

sample.

Direction of compression wave Direction of particle motion
propagation |

Electrode surface

Direction of 
polarisation

---------------------

■ w
r

+  t +  +
— -

Direction of transducer 
motion

■ Ceramic material 

Electrical charges

Fig. 4.7-Compression transducer (from Brignoli et al., (1996))
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Direction of polarization

Ceramic material

Electrode surface
Electrical charges

Fig. 4.8-Shear-plate transducer (from Brignoli et al., (1996))

4.4 Small Strain Stiffness (Gmaxi

Extensive research on bender elements test has been carried out by many researchers in 

last two decades however precise guidelines for the carrying out such tests have not been 

published so far. It is recommended that, when using a particular test for the first time on 

a particular soil to determine its small strain dynamic properties, several of the methods 

should be tried and the results compared, in order to improve confidence in the results 

obtained (Jovicic et. al., 1996 and Arulnathan et. al., 1998).

In the first part of this section, a description is presented of a series of dynamic finite 

element analyses were carried out to investigate the accuracy of the distorted sine wave 

signal, which is used in bender element tests in the laboratory to calculate the Gmax- The 

time gap between the transmitted and received signals from the analyses was used to back 

calculate the soil stiffness and this was compared with the known input stiffness which 

were calculated from the known input soil parameters used in finite element models. The 

error percentages were calculated and the different input signals were compared.

In the second section, the Gmax values obtained from bender element tests carried out by 

author were compared to the Gmax values obtained from bender element tests carried out
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by Lawler (2002) and London City University (1996) and also to the values obtained 

from using two semi-empirical Equations 2.14 & 2.15.

4.4.1 Dynamic Finite Element Analysis

4.4.1.1 Finite Element Model

Finite element model was developed to calculate the time gap between the transmitted 

wave and the received wave in the cylindrical triaxial cell sample. The problem is three- 

dimensional in nature but to make a simplified model, two-dimensional plane strain, 

linear-elastic finite element analyses were carried out using the commercially available 

general-purpose finite element package PLAXIS. The soil was replicated using a 15- 

noded plane strain triangular element. For a 15-node triangle the order o f interpolation for 

deflections is four and the integration involves 12 stress points. The dimensions o f the 

finite element mesh (Fig. 4.9) used to model the bender element were 225mm high and 

100mm wide. The behaviour o f the bender elements is retroflexed by use o f  a 5 noded 

beam element that represents real plates in the out-of-plane direction and the interface 

between the soil and the bender elements was characterized as an interface element. The 

beam elements are based on M indlin’s beam theory, which allows for beam deflections 

due to shearing as well as bending. The bender element top cap was modelled by use o f a 

15-noded triangular element and the interface between the soil and the top cap was 

characterized as an interface element.

The boundary conditions were applied by selecting the standard fixities, which were that 

the horizontal top and bottom boundaries (Fig. 4.9) were fully fixed and the side 

boundaries were kept stress free to replicate the actual test condition (Arulnathan et. a l ,  

1998).

In the analyses, the input voltage signal applied to the transmitting bender element was 

modelled by means o f  a transverse sinusoidal motion with an amplitude o f 1.0x10'^ mm, 

which acted at a point representing the tip o f the transmitter. The output voltage signal
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from the receiving bender element was taken from the tip of the receiver and the travel 

time of a shear wave between the transmitter and the receiver were taken as the time 

between characteristic points in the signals recorded at these two points, based on the 

assumption of plane wave fronts and the absence of any reflected or refracted waves. The 

most commonly used characteristic points are the first peak, first trough or zero crossing 

of the input and output signals. The travel time between two points can be taken as the 

time shift that produces the peak cross-correlation between signals recorded at these two 

points, again based on the above same assumption (Arulnathan et. al., 1998). The load 

and boundary conditions and triangular mesh are shown in Fig. 4.9.

Fixed Support

Transmitting 
bender element

Transverse load

Free side 
boundaries

Receiving bender 
element

4 Fixed support
< ►

100 mm 

Fig.4.9-Finite element mesh

4.4.1.2 Model Properties

The material properties used in the finite element analyses are summarised in Table 4.1. 

The Poisson’s ratio for the soil was assumed to be 0.495 to replicate the undrained
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condition of the soil. The shear wave velocity of soil was 386.2 m/s which was calculated 

using Equation 4.12. The bender elements and top cap were made of lead zirconate and 

aluminium respectively.

[4.12]
^2 p { \ + v)

where p is the soil density, Emax is the small strain Young’s modulus, v is the soil 

Poisson’s ratio and is the shear wave velocity.

Table-4.1 Material properties

Material Component Small strain 

Young’s 

modulus {E„,ax), 

GPa

Density 

ip), kg/m^

Poisson’s 

ratio (v)

GmaX)

MPa

Shear wave 

velocity 

(v,), m/s

Soil Specimen 1.0 2242 0.495 334.45 386.2

Aluminium Top cap 70 2700 0.33 -

Lead

Zirconate

Bender

element

65 7500 0.30

4.4.1.3 Comparative Study Between Plane Strain Elements and Axi-Symmetric Element

A comparative study was carried out between the results obtained using plane strain 

elements and axi-symmetric elements to determine which elements yielded better results 

as model neither purely plane strain problem nor an axi-symmetry problem. The studies 

were carried out using 2098 Hz and 10489 Hz single sine waves. The input Gmax was 

334.45 MPa. From the model the time gap between the transmitted wave and received 

wave were determined and using this time gap the shear wave velocity and Gmax were 

calculated. Percentages o f Gmax error were calculated with respect to the input Gmax value. 

The results are presented in Table 4.2. It can be seen from the Table 4.2 that the plane 

strain element yielded better results.
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Table 4.2- A Comparative Study Results

Frequency, Hz % Gmax error

Plane strain element Axi-symmetry element

2098 +4.57 -19.5

10489 + 1.32 -25.2

4.4.1.4 The Effects of Mesh Density

Initially a parametric study, to examine the sensitivity o f the calculated of Gmax to the 

mesh density, was performed. The response of both equivalent linear and non-linear 

finite-element models can be influenced by the mesh density. The mesh density in the 

wave propagation model is based on the wavelength o f the shear wave. A minimum 

number of elements per wavelength are needed to model the shear wave propagations; in 

particular, the use of too coarse a finite element mesh can result in the filtering of high 

frequency components whose short wavelengths cannot be modelled by widely spaced 

nodal points. The results o f the parametric study on the effects of the mesh density are 

presented in Fig. 4.10.

It is clearly evident from Fig. 4.10 that the mesh density has a significant effect on the 

propagation of waves in dynamic finite element analyses and the error in the predicted 

wave velocities increases exponentially with mesh density. The percentage of error due to 

very fine, fine, medium and coarse mesh are 0.55%, 0.97%, 2.7% and 5.5% respectively. 

Although the percentage errors due to the use of both very fine and fine meshes are both 

less than 1 %, for the subsequent finite element analyses, very fine mesh densities were 

selected to achieve the best performance.
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4.4.1.5 M easurem ent o f  Gmav U sing Single Sine W ave

In order to calculate Gmax from  the bender elem ent tests, a single sine w ave w as used in 

the transverse direction at the tip o f  the transm itter bender elem ent (Fig. 4.9) as an input 

signal to cause a deflection o f  the bender elem ents and to generate a wave, w hich went 

through the soil specim en to the receiving bender elem ent. The input single sine wave is 

shown in Fig. 4.11.

A series o f  finite elem ent analyses w ere carried out for different R j (= d / X  = d/7vs, where, d 

is the distance betw een the tip o f  the transm itter and the receiver, X, is the w a v e le n g th ,/is  

the frequency and Vg is the shear w ave velocity) values betw een 1 and 8 to exam ine the 

effect o f  w ave frequency on the output o f  the receiving bender elem ent. The frequency 

range w as 2.1 kH z to 16.78 kHz. The outputs o f  the receiving bender elem ent are 

presented in Figs. 4.12 to 4 .19 for different analyses and the percentages o f  Gmax error 

w ith different R<] values are show n in Figs. 4.20 to 4.22.

The distance betw een the tips o f  the transm itter and the receiver w as 0.184m  and the 

input shear w ave velocity  in Table 4.1 was 386.2 m/s, as show n in Table 4.1, the 

m easured shear w ave arrival tim e should be 4.76x10‘‘̂ s. The exact arrival tim e was not 

shown by the output from  the receiving bender elem ent because there w as initial 

downw ard deflection o f  the output signal due to the near field effect. The near field effect
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is caused by very rapid compression waves that mask the first arrivals o f  the, slower, 

shear waves.

From the numerical analyses, it has been found that the input frequency has a significant 

influence on the near field effect and this effect is not discernible when frequency is 

increased. Jovicic et al. (1996) has also found similar trends. The existence o f significant 

near field effects on the output signal can lead to errors in calculating the Gmax- These 

results demonstrate the need to carry out a series o f tests with different input frequencies 

in order to eliminate the near field effects.

The percentage errors in Gmax obtained by comparing the calculated Gmax values obtained 

from the calculated shear wave velocity values, Vs at the different R<j values with the 

theoretical Gmax value o f  334.45 MPa. The results o f the calculation o f the percentage 

errors in Gmax are presented in Table 4.3. Different interpretation methods, first inflexion 

of the output wave, first peak to peak input and output waves, and cross correlation 

method, were used to calculate the arrival time from the time history plots in Figs. 4.12 to 

4.19. The percentage o f Gmax error is shown in Figs. 4.20 to 4.22. Viggiani and Atkinson 

(1995) suggested that Gmax should be calculated using the first inflexion o f the output 

signal. The results shown in Figs. 4.20, 4.21 and 4.22 are the percentage errors in Gmax 

based on first inflexion interpretation method, first peak-to-peak input and output waves 

and the cross correlation method respectively. In Fig. 4.20, the percentage error in the 

calculated Gmax values obtained using the first inflexion method are 4.57%, 3.8% and 

2.6% for the Rd ratios o f  1, 2 and 3 respectively, while for the remaining Rd values the 

percentage errors are less than 2%. In Fig. 4.21, the percentage errors obtained using the 

first peak-to-peak input and output waves method are 6.2% and 3.89% for the Rd ratios o f 

1, and 2 respectively, while for remaining Rd values the percentage errors are less than or 

around 3%. In Fig. 4.22, the percentage errors obtained using the cross correlation 

method are 5% and 9% for the Rd ratios o f  1, and 2 respectively, while for the remaining 

Rd values the percentage errors are less than or around 2%. In summary, therefore. Figs. 

4.20 to 4.22 show that there is a significant similarity among the three interpretation 

methods and that when Rd values are 1 and 2 the percentage o f error is higher than 3.5%

149



while it is less than 3.5% for R<) values o f 3 to 8. These results suggest that the true shear 

wave arrival time is masked by errors due to near-field effects, as the measured arrival 

time and theoretical arrival time are not the same. It can also be seen from the following 

Figs. 4.12 to 4.19 that there is a clear initial downward deflection o f the output wave at 

the receiver bender element for low Rj values. This downward deflection decreases and 

hence the potential sources o f error reduce as the input frequency, i.e. Rj, increases.

3.E-07

S 2.E-07 c
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O.E+00 4.E-04 8.E-04

Time, s

Fig. 4 .11 - Input single sine signal
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Fig.4.12-Horizontal deflection at the tip o f the receiving bender element for Rd=l
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Table 4.3 -  % error in Gmax calculated from shear wave velocity, Vj.

Frequency,
kHz

R d Arrival time, 
s

Vs, m/s G m a x ,  MPa 
Measured

G m a x ,  MPa 
Tlieoretical

% error

2.1 1 0.000492 373.98 313.66 334.45 6.22
4.2 2 0.000486 378.60 321.45 334.45 3.89
6.3 3 0.00048 383.33 329.54 334.45 1.47
8.4 4 0.000483 380.95 325.46 334.45 2.69
10.5 5 0.000483 380.95 325.46 334.45 2.69
12.6 6 0.000484 380.17 324.11 334.45 3.09
14.7 7 0.00048 383.33 329.54 334.45 1.47
16.8 8 0.00047893 384.19 331.01 334.45 1.03

Fig.4.20-Percentage o f Gmax error with Rd (first inflexion)
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I I
Fig.4.2 1-Percentage of Gmax error with R<i (First peak to peak)

Fig.4.22-Percentage of Gmax error with Rd (cross correlation method)

4.4.1.5 Measurement o f Gmav Using a Continuous Sine Wave

The FE analyses were carried out to study the effect of continuous sine wave on bender 

element test. In this section, the use of a continuous sine wave instead of a single sine 

wave in the transverse direction at the tip of the transmitter bender element (Fig. 4.9) as 

the input signal to cause a deflection of the bender and to generate a wave, which goes 

through the soil sample to the receiver bender is presented. The input continuous sine 

wave is shown in Fig. 4.23.
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A similar series o f finite element analyses were carried out for different Rd values 

between 1 and 8 to examine the effect o f frequency on the output o f the receiving bender 

element. The mesh, boundary conditions and material properties are the same as those 

used for the single sine wave analyses. The outputs o f the receiving bender element are 

shown in Fig.4.24 to Fig.4.31 for the FE analysis with different Rj values and the 

percentage o f Gmax error with different R<] values are shown in Fig.4.32 to 4.33. It is also 

interesting to note that single sine and continuous sine signals behave very similarly with 

respect to the initial downward deflection.

The results shown in Fig.4.32 and 4.33 are based on the first inflexion interpretation 

method and the first peak-to-peak input and output wave method. In Fig.4.32, the 

percentage errors in the calculated Gmax values using the first inflexion interpretation 

method are 17.4%, 4.6%, 3.74% and 3.3% for the Rd ratios o f 1, 2, 3 and 4 respectively 

while for remaining Rj values the percentage errors are less than 2%. In Fig.4.33, the 

results o f the analyses using first peak-to-peak input and output wave method with an Rd 

ratio o f 1 give higher percentage errors while the remaining results give a reasonably 

consistent errors of between 1.37 and 2.6 percent for the calculated Gmax- As in the case of 

the results using the single sine wave, the results obtained using the continuous sine wave 

indicate that errors due to wave interference at the boundary, the near field effect and 

non-one-dimensional wave travel totally mask the true shear wave arrival. The second 

and third potential sources o f error reduce as the input frequency, i.e. Rd, increases.
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Fig. 4 .23- Input continuous sine signal
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Fig.4.26-Horizontal deflection at the tip o f the receiving bender element for R<i=3
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Fig.4.28-Horizontal deflection at the tip of the receiving bender element for R<i=5
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Fig.4.29-Horizontal deflection at the tip of the receiving bender element for Rd=6

157



3.E-07 
g 2.E-07 
c  l.E-07 
• |  O.E+00
tS -l.E-07 
Q -2.E-07

-3.E-07 -̂----------------------- -̂----------- r

O.E+00 2.E-04 4.E-04 6.E-04 8.E-04

Time, s

Fig.4.30-Horizontal deflection at the tip of the receiving bender element for R<i=7

3.E-07
c 2.E-07

c l.E-07
.o O.E+00
1)1+3 -l.E-07
1)
Q -2.E-07

-3.E-07
O.E+00 2.E-04 4.E-04 

Time, s

6.E-04 8.E-04

Fig.4.3 1-Horizontal deflection at the tip of the receiving bender element for R<)=8

Fig.4.32-Percentage of Gmax error with R<i (first inflexion)
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4.4.1.6 Measurement o f  Gmav Using a Distorted Sine Wave

In this section, the use o f  a distorted sine wave instead o f a single sine wave in the 

transverse direction at the tip o f  the transmitter bender element (Fig. 4.9) as an input 

signal to cause a deflection o f the bender element and to generate a wave, which goes 

through the soil sample to the receiver bender element, is presented. The input distorted 

sine wave is shown in Fig. 4.34. The result is strongly dependent on the amplitude ratio, 

which is the ratio between the amplitude o f the first upward cycle to the amplitude o f the 

second downward cycle. Jovicic et. al. (1996) recommended that the amplitude o f the 

first upward cycle o f the wave should be reduced so as to cancel out the near field effect. 

A parametric study, to examine the effect of this ratio on the initial deflection, was 

performed. The analyses were carried out using amplitude ratios o f 1/1.5 (0.66), 1/2 (0.5), 

1/3 (0.33), and 1/4 (0.25) and the initial deflection value were normalised with respect to 

the initial deflection value for an amplitude ratios o f 1/3. The outputs o f the receiving 

bender element are shown in Figs.4.35 to 4.38 and the normalised result is presented in 

Fig. 4.39.

The initial deflection o f the traces before the true shear waves arrive in Figs. 4.35 and 

4.36 show that the near field is clearly present. However, this near field effect reduces as 

the amplitude o f the first upward cycle o f the wave decreases and cancels out at the cycle 

ratio o f 1/3. Figs.4.39 compares the initial deflections for different amplitude ratios
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normalised with respect to the initial deflection for a cycle ratio o f 1/3. It can be seen that 

the normalised deflection decreases with reducing cycle ratio up to 0.33 and then it 

increases.

It is clearly evident from the graphs in Figs. 4.35 to 4.38 that the amplitude ratios o f first 

upward cycle to the first downward cycle o f the waves have significant effects in cancel 

out the near field effect. From these studies it can be concluded that the distorted sine 

wave is more favourable than single sine wave and continuous sine wave.
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4.4.2 Laboratory Tests

4.4.2.1 Introduction

The bender element tests were carried out to determine the small strain stiffness (Gmax) 

for undisturbed and disturbed Dublin boulder clay with specimen o f 200mm long and 

100mm in diameter. The sample was isotropically consolidated under an effective stress 

increasing from 100 kPa to 400 kPa and again unconsolidated down to the 100 kPa.

4.4.2.2 Laboratory Test Equipments

The following equipment was used with the Wykeham-Farrance 100 mm triaxial cell to 

carry out the bender element tests:

■ Bender elements in top and base pedestals.

■ A Thurlby Thander TO A 1240 function generator.

■ A Pico ADC-212 high-resolution oscilloscope.

■ Pico Scope software.

■ Shielded output cables.
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Bender elements are usually available in two versions that differ simply in the electrical 

connection to the two polarized plates, which is either a series or a parallel connection. 

The receiver bender element is normally connected in series as it gives a higher voltage 

output response for a given distortion. This response occurs because the voltage is equal 

to the sum of the potentials available to the electrodes o f each ceramic element. The 

transmitter bender element was connected in parallel as it gives the largest distortion for a 

given input. This performance is helpful in the case of a low intensity supply source. 

With this connection, the available voltage was applied to each ceramic plate and is not 

divided between the two plates as in the series connection (Brignoli et al., 1996). The 

transducers were coated with a waterproofing material and insulated. The electrical 

cables used for connections with external devices were coaxial.

Top cap with bender Base pedestal with
element transmitter bender element receiver

Fig.4.40-Bender elements

The excitation signal, produced by a function generator (Fig.4.41), was amplified and 

sent to the piezoelectric transmitter transducers in the top cap. Signals were generated by 

a function generator with maximum peak-to-peak amplitude o f 20 V. The function 

generator, a Thurlby Thander TGA 1240 arbitrary wave generator, allowed, in addition to 

the standard waveforms, user defined waves. This was necessary to allow the advanced 

analysis applied in the test series. Waves transmitted through the soil specimen were 

recorded at the other end by the receiver transducer. The excitation signal and amplified
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receiver signals were converted to a digital signal by an ADC and displayed on an 

oscilloscope. Since the times necessary for the waves to propagate through the specimen 

were very short and small magnitude deformation/voltage involved, the oscilloscope 

needed to be o f very high resolution.

Fig.4.41-Function generator

The important aspects o f an oscilloscope for the study o f shear waves through soils 

include the sampling rate, resolution, and storage capabilities. Brignoli et al. (1996) 

suggest that a minimum sampling rate o f 20 x 10* samples per second is necessary for 

accurate shear wave velocity measurements. Typical sampling rates for new digital 

oscilloscopes are 100 x 10* samples per second.

The resolution o f the oscilloscope, meaning the smallest voltage signal that can be 

accurately observed, is extremely important. The received signal o f  the shear wave 

velocity is very small, usually between 0.1 and 5 mV. Using an oscilloscope with good 

resolution can remove the need for complicated post-processing techniques such as 

stacking (adding signals to increase the voltage o f the received signal) or using amplifiers 

on the received signal.

The Pico ADC-212 computer based oscilloscope (Fig.4.42) was used for this study. The 

computer was a high speed Pentium 3 processor o f 750 MHz speed. The traces obtained
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were converted to spreadsheet cells to allow extensive analysis. The characteristics o f the 

Pico ADC-212 PC Oscilloscope are following:

• 12 bit resolution

• ±1% accuracy.

• 3 MS/s sampling rate

• 32k waveform buffer

• Simply plugs into any desktop or laptop PC.

The 3 MS/s sampling speed and 32 KB waveform buffer made the ADC-212 an ideal 

solution for high speed data acquisition. The 12-bit resolution in the Y-axis gives the 

ADC-212 the ability to detect changes as small as 0.024 per cent (Pico, 2001).
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Fig.4.42-ADC-212 Oscilloscope
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4.4,2.3 Preparation o f  Undisturbed Soil Sample

The undisturbed sample was not obtained from the same area as where the vibration 

studies were carried out; however it was black boulder clay from Dublin and its wet 

density was 2200kg/m^. Two holes, the size o f a bender element, were made in the top 

and bottom surfaces o f  the cylindrical soil specimen and filled with remoulded boulder 

clay, from which the coarse fraction had been removed. This allowed the bender elements 

to protrude into the soil and ensured that the elements were surrounded by the soil 

(Lawler, 2002).

4.4.2.4 Calibration

Calibration o f the complete system was necessary so that any delay time introduced in the 

measurements by the electronics, ceramics, and coating materials could be determined. 

Calibration was carried out by placing the two platens in direct contact and measuring the 

time interval between the initiation o f the electrical impulse sent to the transmitter and the 

initial arrival o f the waveform recorded at the receiver. The top platen was marked with 

respect to the base platen in order to avoid any ambiguity in test interpretation (Lawler, 

2002). The measured waveforms and calibration times for bender elements obtained are 

shown in Fig. 4.43 and show that there was not any time lag.

In the calibration process, the absence o f wave transmission paths other than through the 

soil specimen was checked. In this case, the calibration was carried out by placing the 

two platens without contact in the triaxial cell and then pulses were generated by the 

transmitter; no wave arrivals were recorded by the receiver. The only meaningful 

transmission path during the soil testing was, therefore, represented by the path through 

the specimen (Lawler, 2002).
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Fig.4.43-Bender element calibration results 

4.4.2.5 Measurement Method

Measurements were carried out by exciting the transmitter with a single pulse o f the 

standard or arbitrary waveform and detecting the first arrival o f the wave at the receiver. 

Signals were sent top down, from the top cap to the bottom base. Lings and Greening, 

(2001) found that there was no difference between when signals are sent top down or 

bottom up. The function generator was programmed with a manual trigger. Initially 

bender element tests were performed on homogeneous clay using a standard sine wave 

and arbitrary distorted sine waves. Input and output traces o f a standard sine wave are 

shown in Fig. 4.44. Fig. 4.44 shows the presence o f a near-field effect. Following the 

tests on homogeneous clay, tests were carried out on undisturbed Dublin boulder clay 

using only an arbitrary distorted sine wave and typical input and output traces are 

presented in Fig. 4.45 which show no near-field effect.
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4.4.2.6 Results and Discussions

The values o f  Gmax calculated from the bender element tests on the Dublin boulder clay 

are presented in Fig. 4.46. The tests were carried out using the distorted sine wave 

developed by Jovicic et al. (1996) at different confining pressures under isotropic 

compression and swelling conditions. The frequency o f the input signal was selected by
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manually varying it to visually optimise the strength and clarity o f  the output signal. The 

shear modulus interpreted from these tests represents the elastic modulus o f the soil at 

very small strains. Fig. 4.46 shows the shear modulus increasing as the confining pressure 

increases, therefore, the stiffness is positively related to the confining pressure. To assess 

the performance o f  the bender element tests, the Gmax results obtained from the bender 

element tests carried out by the author are compared with the bender element results 

obtained by Lawler (2002) and London City University (LCU) on boulder clay in Dublin 

Port Tunnel area. It can be seen from the Fig. 4.46 that a reasonably agreement was 

obtained between the author’s results and the Lawler’s (2002) results although the 

samples were not taken from the same location and LCU results are bit lower than the 

author’s results. The results confirm the remarkable consistency with location in the 

Dublin Port Tunnel area observed in terms o f small strain stiffness ( G m a x ) -  Although the 

soil samples were not taken from the vibration studies area, the Gmax values obtained by 

the author were relevant for use in the FE analyses. The boulder clay parameter values 

given by NCC are presented in Table 4.4. The Gmax value o f the Dublin boulder clay 

given by NCC was 330 MPa. It can be seen from the Fig. 4.46 that the average Gmax 

value obtained by LCU is around 350 MPa. It should be noted that Fig. 4.46 is drawn 

with increasing confining pressures plotted downwards. This is to reflect the fact that the 

confining pressure increases with depth in the ground and hence Gmax increases with 

increasing depth.

The Ultrasonic pulse velocity method was used to determine the dynamic elastic modulus 

(E) o f limestone. Two samples were obtained from County Meath and one sample was 

from Portlaoise in Ireland. The velocity o f an ultrasonic pulse travelling in a limestone 

depends on the density and elastic properties o f the limestone. The distance between the 

transmitter and the receiver is divided by the time difference between the voltage pulses 

to obtain the pulse wave propagation velocity. After getting the pulse wave velocity, V, 

the following equation can be used to determine the dynamic elastic modulus (E) o f 

limestone.
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E( \ - v )
/? ( l+ v )( l-2 v )

where p is the density and v is Poisson's ratio.

The experimental results are presented with NCC parameter values in Table 4.4. The 

values in Table 4.4 shows that the author’s stiffness values are a bit higher than the 

values given by NCC, however there is no significant difference between them.

The documentation o f  geotechnical parameters values o f Dublin boulder clay and rock 

were presented in Appendix A. Due to lack o f more details o f NCC data and 

documentation, these all documentation were obtained from Dr. Eric Ferrall, Senior 

Lecturer, Dept.of Civil Engineering, TCD.

Table 4.4- Values o f parameters for Dublin boulder clay and limestone

Parameter Dublin boulder clay 
(NCC)

Limestone
Author (3 samples) NCC

Density, kg/m"* 2240 2670, 2664 & 2686 2710

Y oung’s modulus, Emax, 

GPa

1.0 83.4, 73.9 & 82.6 60

Gmax? GPa 0.33 33.4, 29.6 & 33 24

Damping ratio, % 1.75 - 1
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4.5 Comparison between Gmav values obtained from Bender Element Tests & a Semi- 

Empirical method

A comparison study was carried out between Gmax values obtained from bender element 

tests and from two semi-empirical Equations 2.14 and 2.15. Two semi-empirical 

equations, which are taken from Hardin (1978) and Viggiani & Atkinson (1995), were 

discussed in Section 2.5.4 in Chapter 2. The Gmax values obtained from the bender 

element tests and the semi-empirical equations are shown in Fig. 4.47. Good agreement 

was found between the Gmax values obtained from the bender element tests carried out by 

London City University and the semi-empirical equations. While the Gmax values 

obtained from the bender element tests carried out by the Author’s and the Lawler (2002) 

were bit higher than those obtain from the semi-empirical equations, as shown by the 

values and graphs in Fig. 4.47. In the absence o f measured Gmax from laboratory or field 

tests, Viggiani & Atkinson (1995) semi-empirical equation can be used to obtain Gmax 

value for Dublin boulder clay.
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4.6 Determination o f Damping Ratio

The purpose o f this part o f the research was to determine the damping ratio from the 

bender element tests. Finite element analyses were carried out to estimate the natural 

frequency o f the soil. Based on this natural frequency, further experimental work was 

carried out to obtain response spectrum. The damping ratio is estimated using the half 

bandwidth method at points on the response spectrum curve around the natural 

frequency.

4.6.1 Finite Element Analyses

Three-dimensional finite element analyses were carried out using a commercially 

available general-purpose finite element package ABAQUS to extract the natural 

frequencies of the sample. The natural frequency was used to select the starting for the 

bender element tests which was chosen to be less than the natural frequency. The 5oil 

sample and top cap were cylindrical in shape and replicated by the use o f an 8-nodded 

linear brick element. The interface between the soil and the top cap was characterized as
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a rough contact element. All the nodes on the bottom surface o f the sample were fixed 

while the top and side surfaces o f the sample were free so that it acted as a cantilever 

beam as shown in Fig.4.48. The diameter o f  the top cap and soil sample was 100mm and 

heights o f the top cap and soil sample were 25mm and 200mm respectively, giving a 

length to diameter ratio o f  2.0. The modelling o f the bender elements themselves was not 

important and was neglected as the modelling focused on determining the natural 

frequencies and mode shapes o f  the soil sample.

The material properties o f  the top cap and soil sample were assumed to be linearly elastic 

and are shown in Table. 4.5.

Table 4.5-M aterial properties

Material Stiffness (E), GPa Density, kg/m Poisson’s ratio

Soil 1.36 2242 0.495

Top cap 70 2700 0.33

The FE analyses were performed at 100 kPa and 200 kPa confining stress and for length 

to diameter ratio o f 2.0. The results are presented in Table 4.6 and the mode shapes are 

shown in Fig. 4.49. Different mode shape and corresponding defonnation type and 

resonance frequency are shown in Table 4.7. From Fig. 4.49 it can be seen that the first 

mode is a flexural mode dominated by shear deformation. For long samples or very large 

top cap masses, the first mode o f  the cantilever beam will be predominately o f  flexure 

(Brocanelli & Rinaldi, 1998).

A parametric study was also carried out to examine the effect o f the water mass on the 

natural frequency o f the sample. In any types o f triaxial testing, the water is used to apply 

the confining pressure. The water is considered as an incompressible and inviscid fluid. 

In a bender element test, the effect o f the water on the natural frequency o f an elastic 

cylinder can be taken in to account by introducing an additional mass to the system. The 

additional mass per unit length is estimated using following equation (Wilson, 2003):
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f n a = C ^ p n ^  [4.15]
4

C a =  Cm-1 [4.16]

W here, ma is the added m ass per unit length, Ca is the non-dim ensional added m ass 

coefficient, p  is the w ater density, d is the diam eter o f  the cylinder and C m is the inertia 

coefficient. The value o f  C m is based on the cylinder length to diam eter ratio (W ilson, 

2003) as shown by  the Cm values in Table 4.8. Hence resonance frequency calculations, 

including the effects o f  the confining water, can be easily perform ed using a virtual m ass 

com posed o f  the actual body m ass and the added m ass given above.

4.6.2 Experim ental W ork

Bender elem ent tests w ere perform ed on Dublin boulder clay w ith different effective 

confining stresses. In these tests, the top bender elem ent was excited with a sine signal o f  

constant voltage and the am plitude was m easured at the receiver bender elem ent. This 

process was repeated at different frequencies until the w hole spectrum  o f  the sample 

response was defined. As noted in Section 4.6.1, the selection o f  frequency was based on 

the results o f  the finite elem ent analyses.

4.6.3 Results and D iscussions

Fig. 4.50 shows the frequency response obtained for the sam ple tested using confining

stresses o f  100 kPa and 200 kPa. The identified experim ented resonant frequencies are

indicated in Fig. 4.50. The experim ented dam ping ratios w ere calculated as 5.66%  and 

5.23%  for these confining stresses using the h a lf  pow er m ethod, described in section 2.6 

at the points on the curves around the resonant frequency. The finite elem ent calculated 

resonance frequency, the experim entally determ ined resonant frequencies and the 

estim ated dam ping ratio are presented in Table 4.6. The finite elem ent analyses for the 

resonant frequency o f  first m ode w ere carried out both w ithout added m ass (C a = 0) and 

w ith an added m ass coefficient o f  Ca -  0.76, which corresponds to a length to diam eter
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ratio o f 2.25, to allow comparisons. The resonant frequencies obtained with no added 

mass were found to be higher than those obtained with added additional mass.

The finite element and experimental results show that the resonant frequencies increase 

with increasing confining pressure. The graphs in Fig. 4.50 shows that the input and 

output waves amplitude ratios o f the observed peaks decrease with increasing stress level. 

In all cases the experimental resonance frequencies are larger than the predicted 

frequencies. The finite element analyses do not model the boundaries perfectly: i.e. the 

influences o f the rubber membrane and the not fully rigid mounting o f  the bottom cap are 

not taken in to account. Additionally the modelling o f the effects o f water in the cell by 

an additional mass might not be sufficiently correct. A more correct finite element 

analysis could help predict the resonant frequencies more accurately but the results from 

these finite element analyses are not important as they are only used to select the starting 

point for the frequencies in the bender element tests.

The damping ratio, values are presented in Table 4.9. In Table 4.9 it can be seen that 

the damping ratio obtained from the laboratory tests is higher than data given by NCC. A 

possible reason for this is the dependence o f the damping ratio on the frequency.

Lin et al. (1996) carried out cyclic torsional shear tests on Ottawa sand and I-lan River 

sand under different confining pressure and frequency and found that the damping ratio 

increased significantly with increasing excitation frequency. With a strain amplitude o f 4 

X 10'^, the damping ratio was about 2.5% when cycled under a frequency o f 0.1 Hz. 

When the frequency increased to 20Hz, the damping ratio became about 6%, which is 2.4 

times the damping ratio at the frequency o f 0.1 Hz. This phenomenon was for Ottawa 

sand but a similar trend was also found for the I-lan river sand. Lin et al. concluded that 

the damping ratios for both sands increased with increasing shear strain and frequency 

and with decreasing confining pressure.
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Fig.4.48-Three-dimensional finite element model

(D) (E)

Fig.4.49-Different mode shapes for undisturbed boulder clay, cell pressure 100 kPa and 

Ca = 0; (A) first (B) second (C) third (D) fourth and (E) fifth mode.
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Fig.4.50-Experimental frequency response spectra

Table 4.6-Results

Effective 

confining 

stress, kPa

Resonant frequency, Hz Experimental 

Damping ratio, 

%

Calculated Finite element method Determined 

from laboratory 

tests

oII<O
C a = 0.76

100 197.19 170.57 285 5.66

200 222.26 192.26 355 5.23

Table 4.7-Different mode shapes and corresponding deformation types and resonant 

frequency

Mode shape Deformation type Resonance frequency, Hz

1 Flexural 197.2

2 Torsional 486.2

3 Longitudinal 833.0

4 Flexural 1472.0

5 Torsional 1798.5
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Table 4.8-C m value

Length/Diameter C m

1.2 1.62

2.5 1.78

5 1.90

9 1.96

00 2

Table 4.9-Dam ping ratio, values for Dublin boulder clay

Material Parameter NCC results Laboratory results al 
100 kPa

Laboratory results 
at 200 kPa

1.75 5.66 5.23

4.7 Summary

The analytical results suggest that the choice o f input signal is important when carrying 

out bender element tests to determine the Gmax values. It is found from the FE analyses 

that a distorted sine wave is most favourable than single sine wave or a continuous sine 

wave, as also experimentally observed by Jovicic et al., (1996). The distorted sine wave 

is better at cancelling out the near field effect than a single sine wave or a continuous sine 

wave. However, this result is strongly dependent on the ratio between the amplitudes o f 

the first upward wave to the first downward wave o f the input signal.

The Gmax values obtained from single sine and continuous sine waves presented in this 

study suggest that i f  the ratio Rd is three or above, the near field effect does not 

significantly affect the measured travel time. The value o f Rd represents the number o f 

wave lengths that occur between the bender element transmitter and the receiver, and 

which controls the shape o f  the received signal through the degree o f attenuation o f each 

term of Equation 4.17 that occurs as the wave travels through the sample. The Equation 

4.17 was described in Section 2.62 in Chapter 2. For low values o f R<i there is an initial
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downward deflection o f the trace before the shear wave arrives, representing the near 

field effect given by the third component o f Equation 4.17. For high values o f Rj the last 

two terms o f Equation 4.17 are not significant and initial downward deflection o f the 

trace before the shear wave arrives are almost absent.

+  (-
1 1

-)e ) [4.17]

A reasonably agreement was found between the Gmax values obtained from the author’s 

bender element tests and the Lawler’s (2002) bender element tests. Good agreement was 

found between the Gmax values obtained from the London City University bender element 

tests and the semi-empirical equations. While the Gmax values obtained from the Author’s 

and the Lawler’s (2002) bender element tests were bit higher than those obtain from the 

semi-empirical equations. In the absence o f measured Gmax from laboratory or field tests, 

Viggiani & Atkinson (1995) semi-empirical equation can be used to obtain Gmax value for 

Dublin boulder clay. Bender element test results are important for theoretical studies. The 

small strain stiffness is dependent on confining pressure and it increases with increasing 

the confining pressure. From bender element tests it is able to measure the small strain 

stiffness with different confining pressure and can use for theoretical studies.

A bender element resonant test was used to measure the damping ratio o f Dublin boulder 

clay. First a finite element analysis was carried out to determine the resonant frequency 

o f  first mode to be used in the laboratory tests. The influence o f the confining water was 

modelled by adding an extra mass to the total mass. In the laboratory, the tests were 

carried out at different frequencies to obtain the response spectra and a half power 

method was used to calculate the damping ratio from the vibration amplitudes at the 

resonant frequency.

The damping ratio values determined from the laboratory tests were found to be higher 

than those supplied by the Nishimatshu Construction Company Ltd. The reason for
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obtaining higher damping ratios from the laboratory bender element tests could be the 

frequency dependency o f the damping ratio. The tests were carried out under a range o f 

frequencies to obtain the response spectrum and the damping ratio was determined from 

the vibration amplitudes at the resonant frequency. It can be concluded that the bender 

element tests give different range o f damping ratio due to the frequency dependence of 

the damping ratio.
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CHAPTER 5

FIELD MEASUREMENT AND ANALYSIS OF VIBRATIONS

5.1 General

In this chapter the results o f the TBM excitation and ground vibration measurements are 

presented and discussed. The objective o f the TBM programme was to monitor the TBM 

excitation for use as an input in the finite element analyses. The monitored vibration levels at 

the surface area were compared with finite element results and their magnitude was examined 

to assess if  structural damage would be caused by the TBM. O f secondary concern was the 

annoyance that could be caused if  the TBM vibrations were perceptible to humans and 

animals residing above the tunnel alignment.

The measurement o f ground vibrations induced by any natural or man-made sources is 

difficult as a very large amount o f data can be obtained from a small number of 

measurements. The processing o f all these data has formally been a difficult task. However, 

due to the availability o f improved computer capacity and software, the processing o f data 

and the acquisition, analysis and storage stages has been improved (Hall, 2000).

The three components representing vibration characteristics that are commonly measured are 

the displacement amplitude, the particle velocity and the particle acceleration. Each o f these is 

measured as peak values in three orthogonal directions to produce the resultant vector sum. 

Conversions between the three parameters may be made by electronic instruments using an 

integration or differentiation process (Head & Jardine, 1992).

5.2 Vibration Parameters

A comprehensive description o f vibrations requires details o f the amplitude and frequency of 

the vibration, together with an indication of how these parameters change with time (Kramer, 

1996). Vibrations o f physical systems can be decomposed by means o f Fourier analysis into 

harmonic components (Hillar & Crabb, 2000).
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5.2.1 Amplitude Parameters

The most common way o f describing a ground vibration is with a time-history graph. The 

vibrations parameters that may be used are the acceleration, velocity and displacement time- 

history graphs are shown in Fig. 5.1. Typically, only one o f these parameters is measured 

directly, with the others computed from it by integration and/or differentiation. The 

acceleration time-history graph shows a significant proportion o f relatively high frequencies 

and the velocity time-history shows substantially less high-frequency motion than the 

acceleration time-history graph. The displacement time-history graph, obtained by another 

round of integration, is dominated by relatively low frequency motion (Kramer, 1996).
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Ground vibrations can be described, analysed and reported using a variety o f harmonic 

vibration parameters such as: peak particle displacement, peak particle velocity, peak particle 

acceleration and frequency (Flanagan, 1993). The peak particle parameters are the maximum 

values associated with the motion o f a particle at the point in the ground being considered.

For analysing the lower frequency components o f earthquake motion, the peak particle 

displacements are generally used. These are, however, often difficult to determine accurately 

in the case o f the higher frequency vibrations due to construction activities, such as those 

produced by a TBM, due to signal processing errors in the filtering and integration o f the 

measured accelerations or velocities. As a result, peak particle displacement is less commonly 

used as a measure o f ground motion than peak particle velocity or acceleration (Kramer, 

1996) in construction projects.

In the context o f structural damage, ground vibrations are commonly described in terms of 

peak particle velocity (PPV) and frequency. The reason for this choice is the well-established 

correlation between peak particle velocity and observed cosmetic damage which is explained 

theoretically by the fact that the strain induced in the ground during vibration is proportional 

to the peak particle velocity (New, 1990a and Athanasopoulos & Pelekis, 2000). The PPV is 

also easy to measure, using a geophone, which has an output proportional to the particle 

velocity (Hillar & Crabb, 2000).

The particle velocity at a point o f interest is usually measured in three mutually perpendicular 

directions, one o f  them always coinciding with the vertical direction (V-direction). The 

resultant intensity o f vibrations is expressed either as the maximum single value o f the three 

directional components (peak component) or by the true vector sum (TVS) o f the three 

components. In some circumstances the vibration intensity is simply described by the peak 

vertical component o f particle velocity. The square root o f the sum of the squares (SRSS) o f 

maximum values o f the three components (irrespective o f the time o f occurrence) has also 

been used in the past. This latter approach is now considered as conservative. The SRSS 

could theoretically exceed the true resultant by a factor o f Vs , but is typically 20% higher 

than the true resultant, although this depends on the characteristics o f the wave form 

(Dowding, 1996; New, 1990a, Hillar & Crabb, 2000, Hillar & Hope, 1998 and 

Athanasopoulos & Pelekis, 2000).
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The peak particle horizontal acceleration (PHA) is more commonly used in earthquake 

engineering as a measure o f the amplitude o f the vibration in a particular direction. The PHA 

in a particular direction is simply the largest value o f the horizontal acceleration obtained 

from the accelerogram in that direction. By taking the vector sum of two orthogonal 

horizontal components, the maximum resultant PHA can be obtained. Vertical particle 

accelerations have received less attention in earthquake engineering than horizontal 

accelerations, primarily because the margin o f safety against gravity-induced static vertical 

forces in structures usually provides adequate resistance to dynamic forces induced by vertical 

accelerations during earthquakes (Kramer, 1996).

5.2.2 Frequency Content Parameters

The frequency content describes how the amplitude o f a ground motion is distributed among 

different frequencies. Since the frequency content o f an earthquake motion or any other 

vibration will strongly influence the effects o f that motion, characterization o f the motion can 

not be complete without consideration o f its frequency content.

5.2.2.1 Fourier Series

Any periodic function that repeats itself at constant intervals can be expressed using Fourier 

analysis as the sum o f a series o f simple harmonic terms o f different frequency, amplitude and 

phase. Since a Fourier series is simply a summation o f simple harmonic functions, it can be 

expressed using either trigonometric function or exponential fiinction (Kramer, 1996):

00

[5.1]

where the Fourier coefficients are
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0

0

and

Co =  ao

c„= yla„^+b/  

0n= t a n ' \ a j b j

c„ and 0„ are the amplitude and phase respectively. A plot of Fourier amplitude versus 

frequency is known as a Fourier amplitude spcctrum; a plot of Fourier phase angle gives the 

Fourier phase spectrum. The Fourier amplitude spectrum of ground motion shows how the 

amplitude of the motion is distributed with respect to frequency. It expresses the frequency 

content of a motion very clearly. The Fourier amplitude spectrum may be narrow or broad. A 

narrow spectrum implies that the motion has a dominant frequency, which can produce a 

smooth, almost sinusoidal time history. A broad spectrum corresponds to a motion that 

contains a variety of frequencies that produce a jagged, irregular time history.

5.2.2.2 Discrete Fourier Transform (DFT) and Fast Fourier Transform (FFT)

In geotechnical engineering applications, loading or motion parameters are described by a 

finite number of data points. In such cases the Fourier coefficients are obtained by summation 

rather than integration and can be determined either by the discrete Fourier transform (DFT) 

or the fast Fourier transforms (FFT). For a variable x(tk), where k = I, N, and 4 =kAt, the 

DFT is given by:

N

[5.2]
*= i

where, = nAw = 27tn/N At.Using Euler’s law, the DFT can also be written as
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N

[5.3]

The DFT was developed long before computers were available, and its use, for even modest 

values of N, was extremely labour intensive. As early as 1805, the beginning of a more 

efficient approach to the DFT was described (Brigham 1974 cited by Kramer, 1996). As 

digital computers were developed in the 1960s, a computational algorithm, for the case where 

N is a power of 2, was also developed. This algorithm decreased the computing time 

tremendously and has become known as the fast Fourier transform (FFT). By performing 

repeated operations on groups that start with a single number and increase in size by a factor 

of 2 at each stage, the time required to complete a transform with the FFT is proportional to 

Nlog2(N) and the time required for computation of a DFT is proportional to N .̂ The 

disadvantage with the FFT is that the sampled signal must have a power of 2, while the DFT 

is independent of the number of samples. So, for example, a transform on 1024 points using 

the FFT is 10 times quicker than using the DFT, a significant speed increase (Hall, 2000, 

Kramer, 1996 and Newland, 1993).

5.2.2.3 Power Spectra

The Fourier amplitude spectrum illustrates how the strength of a quantity varies with the 

frequency. This information can also be expressed in terms of power. The power spectrum, 

also called the power spectral density function (PSD), (Kramer, 1996 and Hall, 2000) is 

defined as:

where, X*(fe)„) is the complex conjugate of X(a>„).

5.3 Measuring Devices

In the broad field of ground vibrations, it is common to use transducers that measure the 

ground motion. Transducers convert physical motion into electrical energy. Accelerometers, 

which produce a voltage output that is proportional to the acceleration, are the most common 

transducers to measure the ground vibrations. For general use they are smaller than velocity

Pxx (C 0 „ ) = X*(ft)„). X (c o „ ) [5.4]
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transducers (geophones), and their frequency and dynamic ranges are wider. However, in the 

range o f frequencies normally under consideration for piling (Head & Jardine, 1992) and 

tunnelling, geophones give more consistent direct results; and velocity measurements provide 

the best single-parameter that reflects response o f both people and structures. Geophones give 

a voltage output that is proportional to the velocity (Hall, 2003), which is the most appropriate 

vibration parameter for the evaluating the impact o f environmental vibration (Hillar & Grab, 

2000).

5.3.1 Accelerometers

Acceleration may be derived by time-differentiating velocity or by doubly differentiating 

displacement, either electronically on the signals or numerically on the recorded data. 

Obtaining reliable acceleration data from displacement or velocity readings is hardly feasible. 

A large number o f accelerometers are available such as resistance strain gauges, 

piezoresistive and piezoelectric accelerometers, the most common being the piezoelectric type 

(Gatti & Ferrari, 1999).

A resistance strain gauge consists o f fine wire, which exhibits a change in resistance 

proportional to any mechanical strain imposed on it. It is not self-generating and requires 

external DC power and is suitable for low frequency vibrations.

A piezoresistive accelerometer consists of semiconductor material and is also not self- 

generating and needs an external DC power source. It is suitable for low frequency, steady 

state vibrations or motions o f long duration (Gatti & Ferrari, 1999).

A piezoelectric accelerometer utilizes a piezoelectric element, which generates an electrical 

charge when compressive (or tensile), shear, or flexural forces are applied to the element. 

Typically quartz and polycrystalline ceramics are used in piezoelectric accelerometers, with 

quartz being the more desirable choice because o f its stability over time. Traditionally, 

piezoelectric accelerometers are a poor choice for testing o f low frequencies because they do 

not respond well at low frequencies. However, newer designs have been developed to take 

advantage o f the quartz stability and durability while providing low frequency capabilities.
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All accelerometers have a sensitivity' associated with them. The sensitivity is defined as the 

ratio o f electrical output to mechanical input. Accelerometer sensitivities are typically 

expressed in terms o f voltage (mV) per unit o f  acceleration (g).

5.3.2 Geophones

Functionally a geophone is a coil o f wire suspended around a magnet as shown in Fig.5.2. 

The magnet is free to move in a field o f magnetic flux lines. By Lenz’s law, induced voltage 

due to ground motion is proportional to the speed at which flux lines are traversed. Induced 

coil voltage is therefore proportional to the relative velocity o f the coil to the magnet. In 

practice, it does not matter whether the coil or the magnet moves. Only the motion and speed 

relative to each other are important.

The sensor responds well to the geophone’s case velocity when the frequency of the ground 

vibration is higher than the geophone coil resonance frequency, typically 4 Hz for large and 

30 Hz for small geophones. When the ground vibration frequency is lower than the coil’s 

resonance frequency the vibrations are depressed. Normally traffic induced ground vibrations 

contain low frequencies and 1-2 Hz geophones may be necessary which are more expensive 

than above geophones.

Geophones are widely used in the oil and gas exploration industry and are considered as being 

very reliable. The measurements o f TBM excitation and ground vibrations throughout the 

construction o f the Dublin port tunnel were carried out using Geophones.
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Fig.5.2-Geophone sensor operation

5.4 Test Set-up and Methodology for Field Measurement of Vibration in Dublin Port 

Tunnel

Three orthogonal components o f the TBM excitation and the ground surface vibration at 

measurement Sections 1, 2, 3 and 4 were recorded during the construction o f northbound 

Dublin Port Tunnel and at measurement Section 5 during the construction o f south bound 

Dublin Port Tunnel using Geophones. The vibrations measurement area indicates in Fig.5.3 

and the geotechnical properties are presented in Table 5.1.

The TBM excitation and ground surface vibration measurements reported in this study were 

conducted using vertical and horizontal geophones. The measurements at each measuring 

point were conducted using o f a set o f three geophones positioned in such a way as to 

measure particle velocities in the transverse, longitudinal and vertical directions. The 

geophones were connected to a laptop computer equipped with data acquisition software. A 

photograph o f the system and the author is shown in Fig. 5.4. The Geophone arrangements for 

the different measuring points on ground surface along the northbound tunnel and the 

southbound tunnel are shown in Fig. 5.5 and an overview of the locations o f the measurement 

points at the test site is given in Table 5.2. The ground surface vibration measurements at 

Section 1 are presented and discussed in section 5.5.
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Fig.5.4-M easuring ground vibrations
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Fig.5.5 (a)-Geophone arrangements; Sections 1& 2

Geophones

Fig.5.5 (b)-G eophone arrangements; Sections 3& 4
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Geophones

Compleied 
northbound tunnel

Southbound tunnel

Fig.5.5 (c)-G eophone arrangements; Section 5

Table 5.1: Characteristics o f  m aterials at measurement area

Parameter Top layer, 

(brown clay)

Dublin 

boulder clay

Lim estone

Density, kg/m'’ 2000 2240 2710

Y oung’s modulus, 

Emixt GPa

0.2 1.0 60

Gmix, G Pa 0.067 0.33 24

Poisson’s ratio 0.495 0.495 0.25

Darming, % 2.85 1.75 1.0

Table 5 .2-O verv iew  cf the m easurem ent points

Section M easurem ent Point Distance from TBM  

along tunnel axis (m)

Cross distance (m)

1 1 0 0

2 1 0 0

2 0 12

3 0 25

4 0 50

3 1 0 0

2 50 0

4 1 0 0

2 30 10

5 1 0 0
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5.5 Results and Analysis o f Test Data

5.5 .1 TBM Excitation

Geophones were used to record hard rock TBM excitation. The cutter head rotation speed was 

4 revolutions per minutes and the cutting rate of the hard rock TBM was lOm/day. The 

cutting wheel was fitted with hard rock discs which rotated on the working face and notched 

into it. The notching effect caused large sections o f rock to break off and was the main 

sources o f the vibrations in the ground. Buckets located behind the discs transported the rock 

behind the cutting wheel. Conveyor equipment then transported the excavated material out of 

the tunnel. Another source o f ground vibrations were when the jacks were pushing the TBM 

forward. The TBM exciting vibrations presented in this section were obtained when the TBM 

was at measuring Section 1 in Dublin Port Tunnel. The measured TBM vibrations at Section 

1, plotted as particle velocity versus time, are presented in Fig. 5.6 to Fig. 5.8. The remaining 

vibration measurements, when the TBM was at other sections, are presented in Appendix B. 

The presentation of the vibration records as a function o f time is known as a time history plot. 

By comparing the peak component particle velocities in the three orthogonal directions it is 

found that the maximum TBM velocity did not exceed 15 mm/s at Section 1.

Matlab was used to calculate the frequencies of the measured vibrations from the time history 

plot. In Matlab, the Fast Fourier Transform (FFT) algorithm was applied to convert the time 

history signal to the frequency domain. The FFT analysis was carried out using the particle 

velocity data recorded on the TBM frame. Fig. 5.9 to Fig. 5.11 show the vibrations o f the 

TBM in the frequency domain. The main purpose of the FFT analysis was to determine at 

which frequency the TBM was delivering most energy. According to the frequency analysis 

o f the TBM vibrations, it is observed from Fig. Fig. 5.9 to Fig. 5.11 that the energy is mainly 

in the frequency range 4 - 26 Hz with a peak near 14 Hz in transverse direction. The 

frequency ranges and peaks for the vertical and longitudinal TBM vibration velocities are 7 - 

48 Hz and 1- 42 Hz, and 18 Hz and 12 Hz respectively.

193



5.5.2 Ground Surface Vibrations

In this section, the results o f the ground surface vibrations obtained at Measuring Point 1 with 

the TBM at Section 1 in the Dublin Port Tunnel are presented. The installation o f the 

geophones to measure the ground vibrations and the recording o f the vibrations during 

construction o f the Dublin Port Tunnel were carried out by the contractor Nishimatsu 

Construction Company’s engineers. During the construction o f Dublin Port Tunnel project 

there were a number o f significant complaints from house owner in the area o f limestone 

boring. The maximum capacity o f the geophone used by NCC for recording the surface 

vibrations in time history mode was 10 second. As a result, the vibrations at the surface were 

monitored continuously in a histogram mode rather than in a time history mode. The 

histogram record mode is often used for recording long-term vibrations, such as ground 

vibrations due to pile driving or a TBM. The monitor samples the vibration data continuously 

at the chosen sample rate but only stores the relevant peaks for the interval. This reduces the 

data recorded and greatly increases the m onitor’s recording time. For each interval, it 

calculates the maximum peak particle velocity rather than RSM value. As NCC controlled all 

the field tests some information was not obtained such as the frequency range o f the 

geophones and the filtering method. Histograms were prepared o f the recorded peak particle 

velocities and examples o f these are shown in Fig. 5.12 to Fig. 5.14.

Fig. 5.12, Fig. 5.13 and Fig. 5.14 show the measured maximum ground surface vibrations at, 

Measurement Point 1, Section 1 in transverse, vertical and longitudinal directions 

respectively. The results show the ground surface vibrations due to two different TBM 

activities which were: a) the TBM installing segments and b) boring. From 0 to 17 minutes 

and 50 to 64 minutes, the TBM is installing segments and vibration level is very low. 

Between 17 and 50 minutes, there is a higher almost constant vibration level. The period with 

a constant higher level o f the vibration is when the TBM is actually boring and the jacks are 

pushing the TBM forward. The measured vibrations at, Measurement Point 1, Section 1 

during this period in Figs. 5.12 to 5.14 show that the vibrations in the transverse direction, 

with an average velocity o f 1.04mm/s, are higher than those in the longitudinal direction, with 

an average velocity o f 0.77mm/s, and that these are higher than those in the vertical direction, 

with an average velocity o f 0.70mm/s. However, at measuring points at other measuring 

sections, it was found that the measured vibration velocities in the longitudinal direction were
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higher than those in the transverse direction and those in the transverse direction are higher 

than those in the vertical direction as shown in Table 5.3.

The maximum measured ground surface vibrations in transverse, vertical and longitudinal 

directions at measuring point 1 are 1.21, 0.84 and 0.91 mm/s and the averages are 1.04, 0.70 

and 0.77mm/s respectively. BS 7385 recommends that the peak particle velocity is used to 

assess vibrations and specifies damage criteria for frequencies between IHz to 1 kHz. In 

terms of avoiding cosmetic damage, at a frequency o f 4Hz, the recommended maximum value 

is 15mm/s peak particle velocity, increasing to 20mm/s at 15Hz and 50mm/s at 40 Hz and 

above.

BS 6472 states that the threshold levels at which vertical vibrations become perceptible to 

humans are 0.141mm/s for frequencies between 8Hz and 80Hz for vertical vibrations and is 

greater at lower frequencies, for example increasing to 2.25mm/s at IHz. Multiplication 

factors of 2 and 4 (for residential and day time) may be applied to the threshold levels giving 

increased threshold limits o f 0.282mm/s and 0.564mm/s for frequencies between 8Hz and 

80Hz. For longitudinal or transverse vibrations, the threshold level is 0.402mm/s between 

2Hz and 80 Hz, rising to 0.804mm/s at IHz.

It can be seen from Table 5.3 that the maximum resultant PPV 2.10 mm/s was obtained at 

Section 3 and minimum resultant PPV 1.73 mm/s was obtained at Section 1. Points were 

considered just above TBM. It is possible to make correlation with resonance frequency of 

TBM and ground deposits; it is also one o f the main reasons for higher PPV. The resonance 

frequency o f the TBM was 14 Hz however, the resonance frequency o f the ground deposits at 

Section 1 is 18 Hz and at Section 3 is 15 Hz which are shown in Chapter 6. The resonance 

frequencies o f the TBM and ground deposit at Section 3 are very close and yielded higher 

PPV. Because when the resonance frequency o f the ground deposit and the TBM excitation 

coincide or are very close, this results in a maximum PPV. On the basis o f the maximum peak 

particle velocity it is concluded that the measured values were high enough to be noticeable to 

humans.
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Table 5.3-Measured PPV Values

Section Measurement Points 
on Surface

Direction Measured PPV 
values, mm/s

1 Just above the TBM Transverse 1.21
axis Vertical 0.84

Longitudinal 0.91
Resultant 1.73

2 Just above the TBM Transverse 1.24
axis Vertical 0.51

Longitudinal 1.58
Resultant 2.07

12 m away from Transverse 0.71
TBM in transverse Vertical 0.33

direction Longitudinal 1.02
Resultant 1.29

25 m away from Transverse 0.52
TBM in transverse Vertical 0.24

direction Longitudinal 0.67
Resultant 0.88

50 m away from Transverse 0.29
TBM in transverse Vertical 0.17

direction Longitudinal 0.35
Resultant 0.49

3 Just above TBM Transverse 0.91
Vertical 0.42

Longitudinal 1.84
Resultant 2.10

50 m away from Transverse 0.43
TBM face in tunnel Vertical 0.22

direction Longitudinal 0.84

Resultant 0.96

4 Just above TBM Transverse 0.82
Vertical 0.30

Longitudinal 1.68
Resultant 1.89

30 m in tunnel Transverse 0.36
direction & 20 m in Vertical 0.16
transverse direction Longitudinal 0.79

Resultant 0.88
5 Just above TBM Transverse 1.0

Vertical 0.38
Longitudinal 1.5

Resultant 1.84
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5.6 Summary

Vibration-induced damage thresholds are usually expressed in terms o f peak particle 

displacement, velocity or acceleration and sometimes include a frequency dependent factor. It 

is most usual to use the peak particle velocity (PPV) in the case o f man-made ground 

vibration studies and geophones are normally used to measure the ground vibrations. In this 

project the vibration are expressed in terms o f PPV.

Field measurements o f the TBM excitation vibrations and the ground surface vibrations 

produced by the TBM were made in an urban environment and provided values of the TBM 

vibrations velocities and the PPV o f the soil particles at the ground surface at varying 

distances (up to 50 m) from the source o f the vibrations, in a variety o f ground conditions. 

The cutting rate o f the TBM was 1.7m/hour.

The intensities o f the ground surface vibrations were measured in this study and found that it 

was high enough to be noticeable to humans. As a result complaints about vibrations were 

reported during the construction o f limestone boring Dublin Port Tunnel, apparently due to 

the steady state nature o f the vibrations. TBM vibrations may be uncomfortable to humans 

when the tunnel boring is relatively close, for example 25m as in the case o f Sections 1 and 2 

for the Dublin Port Tunnel.
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CHAPTER 6

NUMERICAL ANALYSES

6.1 General

In this chapter the use o f a three-dimensional finite element model to investigate the ground 

vibrations at the surface level in terms o f the peak particle velocity (PPV) due to the 

construction o f the Dublin Port tunnel is discussed. This situation is analysed using a 

commercially available general-purpose finite element package ABAQUS and a 

comparative study is carried out between the three-dimensional finite element results, the 

empirical results and the measured results. A series of parametric studies to examine the 

sensitivity of the predicted vibrations to variations in various input parameters required by 

finite element method, including the stiffness and the damping o f the soil, is carried out.

During the construction o f Dublin Port Tunnel project, there were a number o f complaints 

from house owners in the area when the boring was through limestone whereas there were 

no complaints in the area where the boring was through boulder clay and hence boring 

through limestone was important with regard to this research. How ground parameters 

obtained were discussed in Chapters 1 and 4.

6.2 Finite Element (FE) Model

The FE analyses were carried out to evaluate the levels o f the ground vibrations at the 

surface level. Three-dimensional finite element models allow the analyst to account 

accurately for the extent and geometry o f each of these constituents in constructing a 

representative numerical model of ground vibrations due to a tunnel boring machine (TBM). 

The ABAQUS V6.4 finite element software was used to construct the model and three- 

dimensional eight-noded linear brick and reduced integration elements, C3D8R, were 

employed for the ground and the tunnel lining. Reduced-integration elements use fewer 

integration points in each direction than the fully integrated elements. They reduce running 

time, especially in the analysis o f a three-dimensional finite element model. To prevent 

movement or sliding o f the tunnel lining relative to the ground, three-dimensional rough
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contact surface elements were included at the interface between the soil and the tunnel 

lining. In the model, the top layer was brown clay, the middle layer was Dublin boulder clay 

and the bottom layer was limestone.

The dimensions o f  the finite element model at measuring Sections 1 and 2 were 132m in 

transverse direction, 50m in vertical direction and 40m in along the tunnel direction. The 

thickness o f  the top layer was 2.5m, the middle layer was 11m and the bottom layer was 

36.5m. The diameter o f  the tunnel was 12m. The finite element model geometry and mesh 

are shown in Figs. 6.1, 6.2 and 6.3.

At measuring Section 3 and 4, the dimensions o f  the finite element model were 52m in 

transverse direction, 56m in vertical direction and 85m in along the tunnel direction. The 

thickness o f  the top layer was 2m, the middle layer was 15m and the bottom layer was 39m. 

The diameter o f  the tunnel was 12m. The geometry o f  finite element model is shown in Fig. 

6.4.

The dimensions o f  the finite element model at measuring Section 5 were 122m in transverse 

direction, 55.4m in vertical direction and 40m in along the tunnel direction. The thickness o f  

the top layer was 2.5m, the middle layer was 12.7m and the bottom layer was 40.2m. The 

diameter o f  the tunnel was 12m. The geometry o f  finite element model is shown in Fig. 6.5.

Tunnel direction2.5m

m

12m- 
Diameter 
o f  tunnel

36.5m
132m

40m

Fig.6.1-Finite element model geometry at measuring Sections 1 and 2
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Fig.6 .4-F inite elem ent model geom etry at m easuring Sections 3 and 4
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Fig.6 .5-F inite elem ent model geom etry at m easuring Section 5 

6.3 M aterials Properties

There were three different layers o f  soil strata and the material properties for the each layer 

were based on the results o f  ground investigations. A linear elastic m aterial law was used to 

define the material properties for the ground, the tunnel concrete lining and the TBM  steel 

frame. Linear elasticity was assum ed to be valid because the displacem ents and strain due to 

vibrations are very small. The values used for these param eters in the finite elem ent
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analyses are given in Table 6.1. The relationship between Gmax, Emax and the shear wave 

velocity, are as follows:

max
max

max

Where u  is the Poisson’s ratio and p is the density.

Although the linear elastic material law requires only density, stiffness, Poisson’s ratio and 

damping ratio, it is also important to discuss some other parameters o f soil and limestone.

Skipper et al. (2005) distinguished four sub-division o f the Dublin boulder clay: an upper 

brown boulder clay, an upper black boulder clay, a lower brown boulder clay and a lower 

black boulder clay. Farrell et al. (1995) made the distinction between the brown and the 

black boulder clay. In each sub-division overall density values are uniform with depth 

(Skipper et al., 2005). Skipper et al. (2005) found that the densities o f the upper brown 

boulder clay, upper black boulder clay, lower brown boulder clay and lower black boulder 

clay are 2228 kg/m^, 2337 kg/m^, 2283 kg/m^ and 2284 kg/m^ respectively. Farrell et al. 

(1995) found the density o f the brown boulder clay is 2240 kg/m^ and 2280 kg/m^ and for 

black boulder clay is 2290 kg/m^ and 2350kg/m^ Lawler (2002) found that the density o f 

brown boulder clay is 2150 kg/m^ and the density of the black boulder clay is 2250 kg/m^

Lawler (2002) carried out seismic refraction tests and laboratory dynamic tests to determine 

the stiffness o f Dublin boulder clay and the results are presented in Fig. 1.18 in Chapter 1. 

The parameters obtained from the NCC study and those obtained from the author’s bender 

element test are presented in Table 6.1 and Table 6.2 respectively.

Lawler (2002) carried out a large number o f triaxial, drained and undrained, compression 

tests on a variety of soil samples with very high deviator stresses associated with failure to 

determine the strength parameter o f black boulder clay and interpreted the results from all
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the tests. The results are (p’ = 40'  ̂and c ’ = 0 kN/m^. Farrell et al. (1995) also found cp’ = 35^ 

and c ’ = 0 kN/m^.

Skipper et al. (2005) found that, in each soil type, the moisture content are uniform with 

depth and it was 13.1% for upper brown boulder clay, 9.7% for upper black boulder clay, 

11.5% for lower brown boulder clay and 11.3% for lower black boulder clay. This measured 

values fall within the overall range o f 11 ±3% for Dublin boulder clay as suggested by 

Farrell & Wall (1990) and Lehane & Simpson (2000). The plasticity index and liquid limit 

are 11 ±2% and 25 ±4% respectively (Farrell & Wall, 1990; Lehane & Simpson, 2000 and 

Skipper et al. 2005).

Few o f studies have been carried out by different authors to investigate the properties of 

limestone. To investigate the dynamic properties o f limestone ultrasonic pulse tests were 

carried out by the author and the results are presented in Table 6.2. The NCC supplied data 

are presented in Table 6.1. Farrell & Wall (1990) found that the unconfmed compressive 

strength o f Calp limestone was 80 MPa to 161 MPa and O ’Donoghue & W hite (1975 cited 

by Farrell & Wall 1990) found that it was 58 MPa to 220 MPa. The results o f Geotechnical 

laboratory tests (density, water content, UCS, porosity. Void ratio, Young’s modulus, 

Poisson’s ratio) for limestone in the Dublin Port Tunnel area were presented in Appendix A. 

The results were taken from the Dublin Port Tunnel site investigation reports which were 

organised by the consulting engineering companies Geoconsult and Arup.

If the dynamic properties (stiffness and damping), density and Poisson’s ratio o f the boulder 

clay and if the measured TBM excitations are available, the 3D FE model is developed for 

modelling the vibrations due to boring in limestone can be used to predict the TBM induced 

ground surface vibrations when boring in boulder clay.
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Table 6.1: Properties o f materials (NCC data)

Parameter Top layer, 
(brown clay)

Dublin 
boulder clay

Limestone Concrete Steel

Density, kg/m^ 2000 2240 2710 2400 7800

Young’s modulus, 

E m a x ,  GPa

0.2 1.0 60 40 200

G m a x ,  GPa 0.067 0.33 24 16.67 76.92

Poisson’s ratio 0.495 0.495 0.25 0.2 0.3

Damping, % 2.85 1.75 1.0 1.0 0.5

Table 6.2: Properties o f materials (Author’s data)

Cell pressure 
(kPa)

G m a x ,  GPa Density,
kg/m

Damping ratio

Dublin boulder clay 80.0 0.42 2200 5.65 (100 kPa

136.4 0.51 cell pressure)

194.3 0.59 5.23 (200 kPa)

248.0 0.66

Limestone (sample 1) 33.4 2670
Limestone (sample 2) 33.0 2686
Limestone (sample 3) 29.6 2660

6.4 Boundary Conditions

Infinite boundary conditions were specified at the four sides of the vertical section and on 

the bottom to account for the fact that in reality the soil is a semi-infinite medium (Fig. 6.2). 

These boundary conditions allow the wave to disappear from the model without reflections, 

so that the model behaves like an infinite layered half space. Without these infinite 

boundary conditions, the waves would be reflected on the model boundaries, returning into 

the model and disturbing the results. The elementary boundary conditions are applied on the 

four sides o f the vertical section to obtain horizontal fixities, which allow only vertical 

movement, and these boundaries are also applied on the bottom to obtain a full fixity.
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6.5 Loading

By advancing in the ground, the tunnel-boring machine is a vibrating source from which 

vibrations are transmitted into the ground. Therefore, the impacts o f the TBM on the ground 

during boring have been modelled by a dynamic loading system. The finite elements 

representing the TBM cutter have been loaded by a short triangular pulse. Loads were 

applied directly on limestone just in front o f TBM. Due to this pulse, waves propagated 

through the soil and the response at the surface was determined. The analyses were carried 

out in the time domain and models o f a dynamic loading in the time domain and in the 

frequency domain are shown in Figs.6.6 and 6.7 respectively. The main reason for using an 

input pulse in the FE model rather than a direct application o f the actual TBM excitation is 

because it ensures parsimonious handling o f the FE model. Due to use o f an input pulse, it 

saved the FE modelling time of couple of days for one model run while for the entire 

project, it saved a couple o f months which is very significant. A short triangular pulse has a 

wide power spectrum (Fig.6.7) and it is able to analyse waves ranging from low to high 

frequency. In FEM analyses, the pulse is applied at the beginning o f the calculation, and the 

vibration energy is damped out during the rest o f the calculation. As a result, there is no 

possibility of reflection o f waves in the model due to this short triangular pulse. Due to the 

short input pulse, it is able to calculate the transfer function. The transfer function is the 

ratio between the output wave and the input wave (Equation 6.3) and hence the magnitude 

of the input wave is not an important factor. The input wave has a larger high frequency 

component than the measured signal. High frequencies are filtered out in the soil of the 

model.

= [6.3]
X( m)

where N(o7) is a transfer function in the frequency domain, F (cr)is  an output wave in a 

frequency domain and X ( m )  is an input wave in a frequency domain.
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6.6 N um erical Results

Finite elem ent models were constructed o f  the ground, tunnel lining and the TBM  frame at 

different sections along the tunnel bore. Consistent m odelling techniques w ere used for each 

section points with material properties for the ground at these sections based on ground 

investigations.

The choice o f  elem ent to be used for the ground, the tunnel lining and the TBM  fram e was 

limited in ABAQUS V6.4 because the three-dim ensional eight-noded linear brick and 

reduced integration elem ent, C3D8R, was the only elem ent available both in the continuum
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solid element and the infinite element family. Eight-noded linear brick elements with a 

linear material model have been used to define the ground, the tunnel lining and the TBM 

shutter ft-ame.

In each case, the thicknesses o f the different layers o f ground were selected from the ground 

investigation information and extended in the tunnel direction to generate the solid model. 

For simplification, the material properties in each layer were assumed to be constant in the 

tunnel direction and in the transverse direction in the three-dimensional finite element 

model.

The boundary conditions applied to the finite element mesh were the same for each o f the 

models. The ABAQUS/Explicit dynamics method was used to carry out the analyses of 

ground vibrations due to tunnelling. This method was originally developed to analyse high

speed dynamic events that can be extremely costly to analyse using implicit programs, such 

as ABAQUS/Standard. The ABAQUS/Explicit method is suitable for wave propagation 

problems or short-duration blast loading, etc. Contact conditions (between soil and 

structure) are formulated more easily using an explicit dynamics method than using an 

implicit method. An implicit method has difficulty converging because o f the contact 

element, resulting in a large number of iterations. Such analyses are expensive in 

ABAQUS/Standard (implicit method) because each iteration requires a large set o f linear 

equations to be solved. Contact conditions are readily formulated in the explicit method and 

can be enforced on a node-by-node basis without iteration. Another advantage of 

ABAQUS/Explicit is that it requires much less disk space and memory than 

ABAQUS/Standard for the same simulation.

6.6.1 Results and Discussions o f Measuring Sections 1 and 2

The dimensions o f the different layers o f ground at Measurement Sections 1 and 2 are same 

and the same 3-Dimensional finite element model, which is shown in Fig.6.1, was used for 

both sections. The total length o f the model was 132m and the depth was 40m. The 

thickness o f the model was 20m and the length o f the infinite element in each side o f the 

model was 10m.
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The vibrations w ere generated in the finite elem ent model by applying a unit triangular 

pulse (Fig.6.6) to the ground in front o f  TBM  frame. The duration o f  the analyses was 

48hours. The output results presented in Figs.6.8 and 6.9 are the ground response in the 

transverse direction on the surface ju st above the TBM  in the tim e dom ain and the 

frequency dom ain respectively at M easurem ent Section 1 due to the unit triangular pulse. In 

Figure 6.8, it can be seen that the finite elem ent predicted ground vibrations are free from 

any reflections and this indicates that the infinite elem ents in ABAQ U S are working 

effectively. In Fig. 6.9 it can be seen that the frequency band o f  greatest vibration 

am plitudes is in the range o f  8 to 30Hz and the peak am phtude occurs at 18Hz. Fig.6.10 

shows the m easured TBM  excitation in the transverse direction at M easurem ent Section 1 in 

the tim e dom ain and Fig. 6.11 is the Fast Fourier Transform  (FFT) o f  F ig.6.10 and shows 

that m ost o f  the energy is concentrated in the frequency range o f  3 to 30Hz; these are also 

called the source function.

Fig.6.12 shows the predicted vibration velocity F(co) in the transverse direction due to 

transverse input load plotted against frequency, which is derived from the following 

equation:

where F(co) is vibration velocity at the surface and F(co) is the source function, i.e. the TBM  

excitation.

Fig. 6.13, Fig. 6.14 and Fig.6.15 show  the predicted vibration velocity in the tim e dom ain at 

the surface level ju s t above TBM  at m easuring Section 1 in the three orthogonal directions 

(x, y and z respectively) due to the transverse TBM  input load. The peak particle velocity 

due to a transverse load and the resultant peak particle velocity are calculated using 

Equations 6.5 and 6.6 respectively (Head and Jardine, 1992).

Output{tu)  

Input {m)
[6.4]

Peak Particle V elocity (PPV) due to a transverse load {Tppv) [6.5]

Resultant PPV = ^jTppy^ + Vppy^  + Lppy^ [6 .6]
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w here Tx = V ibra tion  velocity  in the x d irection  (transverse) due  to  a tran sv erse  input load 

Ty = V ib ra tion  velocity  in the y d irection  (vertical) due to  a tran sv erse  input load 

Tz = V ib ration  velocity  in the z d irection  (long itud inal) due to  a transverse  input load 

Tppv=  Peak  Particle V elocity  (PPV ) due to  a transverse  input load 

Vppy= Peak Partic le  V elocity  (PPV ) due to  a vertical input load 

Lpp y=  Peak Particle V elocity  (PPV ) due to  a long itud inal input load

T he pred ic ted  transverse  peak particle velocity  w ith  tim e at Section  1 is show n in F ig .6 .16. 

T he PE p red ic ted  peak particle velocity  values are tabu la ted  in T ab le  6.3 to g e th e r w ith the 

m easured  va lu es at d ifferen t po in ts at S ections 1 and 2 and the  p red ic ted  values norm alised  

w ith respect to  the m easured  values. T he p red icted  vertical and long itud inal peak  particle 

velocity  w ith  tim e at Sections la n d  2 are show n in A ppend ix  C.
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Table 6 .3 -  Predicted and Measured PPV Values at Section 1 and 2

Measurement

Section
Measuring 

Points on 

Surface

Direction FE

Predicted

PPV

values,

mm/s

Measured

PPV

values,

mm/s

FE 

Predicted 

results 

normalised 

with respect 

to the 

measured 

values

% o f
Difference

1 D irectly  
above TBM  

axis

T ransverse L 02 1.21 0 .84 -16

V ertical 0.45 0 .84 0.54 -46

Longitudinal 1.29 0.91 1.42 +42

R esultant 1.69 1.73 0.98 -2

2 D irectly  
above TB M  

axis

T ransverse 0.76 1,24 0.61 -39

V ertical 0.33 0.51 0.65 -35

L ongitudinal 1.82 1.58 1.15 + 15

R esultant 2.00 2.07 0.97 -3

2 + 12 m aw ay 
from  TBM  

axis in 
transverse  
d irection

T ransverse 0.56 0.71 0.79 -21

V ertical 0.21 0.33 0.64 -36

L ongitudinal 1.50 1.02 1.47 +47

R esu ltan t 1.61 1.29 1.25 +25

2 +  25 m aw ay 
from  TBM  

axis in 
transverse  
d irection

T ransverse 0.4 0.52 0.77 -23

V ertical 0.17 0.24 0.71 -29

L ongitudinal 0.80 0.67 1.19 + 19

R esultant 0.90 0.88 1.02 +2

2 +  50 m aw ay 
from  TB M  

axis in 
transverse  
d irection

T ransverse 0.23 0.29 0.79 -21

V ertical 0.16 0.17 0.94 -6

L ongitudinal 0.42 0.35 1.2 +20

R esultant 0.50 0.49 1.02 +2
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The percentage differences between the predicted and measured PPV values at Section 1 of 

the transverse, vertical and longitudinal vibrations at a point just above TBM on the surface 

are given in Table 6.3 with the FE values normalised with respect to the measured values 

which are found to be -16%, -46% and +42% respectively. Although the percentage 

differences between the FE predicted and the measured PPV values in the vertical and 

longitudinal directions are high but there is not a great difference between the FE predicted 

and measured vertical velocities which are 0.45 mm/s and 0.84 mm/s and the FE predicted 

and measured longitudinal velocities which are 0.91 mm/s and 1.29 mm/s. The percentage 

difference between the predicted and the measured resultant PPV is very small, being 2%.

At Section 2, the vibration velocities at the surface were measured and predicted at four 

different points: the first point directly above the TBM, the second 12m, the third 25m and 

the forth 50m in transverse directions from the tunnel centre line. The percentage 

differences between the predicted and the measured PPV values in the transverse, vertical 

and longitudinal directions, normalised with respect to the measured values, are -39%, -35% 

and +15% respectively, and given in Table 6.3. At the second point, the normalised 

differences between the predicted and measured PPV values in the transverse, vertical and 

longitudinal directions are -21%, -36% and +47% respectively. At the third point, the 

normalised differences between the predicted and measured PPV values in the transverse, 

vertical and longitudinal directions are -23%, -29% and +19% respectively. Finally at the 

forth point, the normalised differences between the predicted and measured PPV values in 

the transverse, vertical and longitudinal directions are -21%), -6%> and +20%> respectively. 

The percentage differences between the predicted and the measured resultant PPV values 

are small at the third and fourth points and which is 2%. The maximum percentage 

difference is 25% at the second point.

One o f the reasons for the differences between the predicted and measured PPV values is 

because o f the simplification of the ground profile, which has been modelled as three 

horizontal layers, and the assumption that the soil is a homogeneous and elastic material 

throughout the section.
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6.6.2 Results and Discussions o f Measuring Sections 3 and 4

The dimensions o f the different layers o f ground at Sections 3 and 4 are similar and the 

same 3-Dimensional finite element model, which is shown in Fig.6.4, was used. The total 

length o f the model is 65m and the depth is 46m. The width o f the model is 32m and the 

length o f the infinite element in each side of the model is 10m.

The vibrations are generated in the finite element model by applying the unit triangular 

pulse (Fig.6.6) on the ground in front of the TBM frame and the analyses time was 46 

hours. The results presented in Fig. 6.17 and Fig.6.18 are the output o f the ground response 

at the surface just above TBM in the time domain and frequency domain respectively at 

Section 3 due to the unit triangular pulse. In Fig.6.17, it can be seen that there are no 

reflected vibrations, which indicates that the infinite elements in ABAQUS are working 

effectively. In Fig.6.18 it can be seen that the frequency band is 7-48 Hz. with a peak at 15 

Hz. Fig.6.19 shows the measured transverse TBM excitation at Section 3 in the time domain 

and Fig.6.20 shows the FFT of the TBM excitation with a frequency band o f 8-20Hz and a 

peak at MHz; this is called also source function.

Fig.6.21 shows the horizontal vibration velocity in the frequency domain in the transverse 

direction o f the surface, which is derived from the Equation 6.4. Fig.6.22 shows the 

horizontal transverse vibration velocity at the surface level just above the TBM at Section 3 

in time domain due to the transverse input load. The horizontal peak particle velocity and 

resultant horizontal peak particle velocity in transverse direction are calculated using 

Equation 6.5 and Equation 6.6 respectively. The FE predicted peak particle velocity values 

are tabulated in Table 6.4 together with the measured values at different points at Section 3 

and 4 and the predicted values normalised with respect to the measured values. The 

predicted transverse, vertical and longitudinal peak particle velocity with time at Sections 3 

and 4 are shown in Appendix C.
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Table 6 .4- Predicted and Measured PPV Values at Sections 3 and 4

Measuring

Section
Measuring 

Points on 

Surface

Direction FE

Predicted

PPV

values,

mm/s

Measured

PPV

values,

mm/s

FE Predicted 

results 

normalised 

with respect 

to the 

measured 

values

% o f
Difference

3 Directly 
above 

TBM axis

Transverse 0.84 0.91 0.92 -8

Vertical 0.52 0.42 1.24 +24

Longitudinal 1.69 1.84 0.92 -8

Resultant 1.96 2.10 0.93 -7

3 50m away 
from TBM 

axis in 
tunnel 

direction

Transverse 0.2 0.43 0.47 -53

Vertical 0.15 0.22 0.68 -32

Longitudinal 0.62 0.84 0.74 -26

Resultant 0.67 0.96 0.70 -30

4 Directly 
above 

TBM axis

Transverse 0.64 0.82 0.78 -22

Vertical 0.23 0.30 0.77 -23

Longitudinal 1.38 1.68 0.82 -18

Resultant 1.54 1.89 0.81 -19

4 30m in 
tunnel 

direction 
& 10m in 
transverse 
direction

Transverse 0.25 0.36 0.69 -31

Vertical 0.091 0.16 0.57 -43

Longitudinal 1.23 0.79 1.56 +56

Resultant 1.26 0.88 1.43 +43
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The percentage differences between the predicted and measured PPV values at Section 3 of 

the transverse, vertical and longitudinal vibrations at a point just above TBM on the surface 

are given in Table 6.4 with the FE values normalised with respect to the measured values 

and are -8%, +24% and -8% respectively. Although the percentage differences between the 

predicted and the measured PPV values in the vertical direction at 23% is higher than in the 

other directions, there is not a great difference between the FE predicted and measured 

vertical velocities which are 0.52 mm/s and 0.42 mm/s. The percentage differences between 

the predicted and the measured resultant PPV is small, being -7%. The percentage 

differences between the predicted and the measured PPV values in the transverse, vertical 

and longitudinal directions for the point on the surface 50m away from the TBM are -53%, 

-32% and -26% respectively. The percentage differences between the predicted and the 

measured resultant PPV values is -30%. Thus the percentage o f difference between the 

predicted and measured PPV values at a point just above TBM is smaller than at the point 

50m away from the TBM.

At Section 4, the vibration velocities at the surface were measured and predicted at 2 

different points: the first point directly above the TBM and the second 30m in advance of 

TBM face and 20m in the transverse direction. The percentage differences between the 

measured and predicted PPV values in the transverse, vertical and longitudinal directions, 

normalised with respect to the measured values, are -22%, -23% and -18%> respectively, and 

are given in Table 6.4. At the second point, the normalised differences between the 

measured and predicted PPV values in the transverse, vertical and longitudinal directions, 

are -31%), -43%> and +56% respectively. The percentage differences between the predicted 

and the measured resultant PPV values at the 2 points at Section 4 are -19%> and +43% 

respectively. This is due to the simplification o f ground profile, which has been modelled as 

three horizontal layers, and assumption that the soil is a homogeneous and elastic material 

throughout the section.

It can be seen from the Table 6.4 that the predicted and measured velocities at Section 3 are 

greater than the corresponding predicted and measured values at Section 4 due to the 

difference o f TBM excitation which are presented in Appendix B.
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6.6.3 Results and Discussions o f Measuring Section 5

The geometry o f the 3-D finite element model at Section 5 is shown in Fig.6.5. The total 

length o f the model is 122m and the depth is 45.4m. The centre-to-centre distance between 

the two tunnels is 40m. The 3-D finite element mesh is shown in Fig. 6.23.

The vibrations are generated in the finite element model by applying the unit triangular 

pulse (Fig.6.6) to the ground in front o f the TBM frame. The analyses time was 7 days. The 

results presented in Fig. 6.24 and Fig.6.25 are the output o f the ground response at the 

surface just above TBM in the time domain and frequency domain respectively at Section 5 

due to the unit triangular pulse. In Fig.6.24, it can be seen that there are no reflected 

vibrations, which indicates that the infinite elements in ABAQUS are working effectively. 

In Fig.6.25 it can be seen that the frequency band is 6-38 Hz. with the peak vibration 

amplitude at 17 Hz. Fig.6.26 shows the measured transverse TBM excitation at Section 5 in 

the time domain and Fig.6.27 shows the FFT of TBM excitation and the frequency band 1- 

30Hz and peak vibration amplitude at 12Hz; this is called also source function.

Fig.6.28 shows the transverse surface vibration velocity in frequency domain directly above 

the TBM at Section 5, which is derived from the Equation 6.4. Fig.6.29 shows the predicted 

vibration velocity at the surface level just above TBM at Section 5 in time domain due to 

the transverse input load. The peak particle velocity in transverse direction and the resultant 

peak particle velocity are calculated using Equation 6.5 and Equation 6.6 respectively. The 

FE predicted peak particle velocity values at Section 5 are tabulated in Table 6.5 together 

with the measured values and the predicted values are normalised with respect to the 

measured values. The predicted transverse, vertical and longitudinal peak particle velocity 

with time at Section 5 are shown in Appendix C.
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Table 6 .5 - Predicted and Measured PPV Values

Measuring

Section
Measuring 

Points on 

Surface

Direction FE

Predicted

PPV

values,

mm/s

Measured

PPV

values,

mm/s

FE Predicted 

results 

normalised 

with respect 

to the 

measured 

values

% o f
Difference

5 Directly 
above 

TBM axis

Transverse 0.81 1.0 0.81 -19

Vertical 0.48 0.38 1.26 +26

Longitudinal 1.27 1.5 0.85 -15

Resultant 1.58 1.84 0.86 -14

The percentage differences between the FE predicted and the measured PPV values in the 

transverse, vertical and longitudinal directions at a point on the surface just above the TBM 

are -19% , + 26% and -15%  respectively, as shown in Table 6.5. The percentage difference 

between the predicted and the measured resultant PPV is also close, being equal to -14% .

One of the reasons for the differences between the predicted and measured PPV values is 

because o f the simplification o f the ground profile, which has been modelled as three 

horizontal layers, and the assumption that the soil is a homogeneous and elastic material 

throughout the section. Since the predicted resultant PPV value is within 14% of the 

measured value it is concluded that the model is good enough to predict the surface 

vibrations due to TBM.

6.6.3.1 The Effects of Existing Tunnel on Surface Vibrations

A study has also been carried out to investigate how the surface vibrations are affected by 

the presence o f an existing tunnel during the construction o f a second tunnel. The 

separation, i.e. the clear distance between the tunnel, S = 28.2m so that S/D = 2.39, where
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D =11.8m is the tunnel diam eter, and the cover, i.e. thickness o f  ground above the tunnels, C 

= 18m, so that C /D  = 1.53. The 3-D finite elem ent model is presented in Fig.6.23 and the 

results o f  the resultant PPVs that includes the existing tunnel are presented in Fig. 6.30 as 

the resultant PPV on the surface plotted against the direct distance from the centre o f  the 

TBM. It can be seen from Fig. 6.30 that the resultant PPV on the surface in the direction o f  

the existing tunnel, at distances between about around 30m to 40m , is slightly higher than 

the resultant PPV at the same distance but is in the opposite direction away from the 

existing tunnel. A possible reason for this is the reflection o f  vibrations from the existing 

tunnel. However, the differences between these two results are very small indicating that, 

for the separation and depth o f  the particular diam eter tunnels in this study, the effect o f  the 

existing tunnel on the surface vibrations is insignificant.

4.0

Towards existing tunnel 

Away from existing tunnel
E 3.0 
E

& 2.0 
O h

0.0
20 28.5 37 45.5 54

Direct distance, m 

Fig. 6 .3 0 - The effects o f  existing tunnel on surface vibration

6.7 Parametric Studv

The level o f  vibration observed at any point depends on the energy transm itted into the 

ground at the source and its subsequent attenuation w ithin the ground. In this section, the 

results o f  a series o f  param etric studies to examine the sensitivity o f  the vibration 

predictions to variations in the various input param eters, which include the stiffness and the 

dam ping properties o f  the soil, are discussed.

The N ishim atsu C onstruction C om pany supplied the values o f  the m aterial param eters used 

for the finite elem ent m odelling o f  the strata. The sam ples o f  soil were collected at different
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locations and different depths along the tunnel line for testing in the laboratory.

6.7.1 The Effects of Varying the Stiffness o f the Soil

A reference model o f the ground was selected in which the soil parameter values were based 

on the results of the soil tests. The parameters required for the dynamic analyses were the 

weight density, dynamic Young’s modulus, Poisson’s ratio and the damping ratio and the 

values o f these parameters are given in Table 6.1.

In order to investigate the effect o f variations in the material parameters on the produced 

vibrations, the stiffness o f the upper soil layer of the reference model was changed. The 

values used in this parametric study for the soil parameters in the upper soil layer are 

summarised in Table 6.6.

Table 6.6: Characteristics of materials

Parameter Upper layer, 

(brown clay)

Dublin 

boulder clay

Limestone Concrete Steel

Density, kg/m^ 2000 2240 2710 2400 7800

Young’s modulus, GPa 0. 10, 0. 15, 

0.20 &  0.25

1.0 60 40 200

Poisson’s ratio [v] 0.495 0.495 0.25 0.2 0.3

Damping, % 2.85 1.75 1.0 1.0 0.5

The results o f the parametric study into the effects o f variation in the upper layer’s modulus 

o f elasticity are presented in Fig. 6.31, Fig. 6.32 and Table 6.7. These are normalised with 

respect to the reference model (stiffness 0.2 GPa) results in Table 6.8.

As can be seen in Fig. 6.31, the resonance frequency increases with increasing stiffness of 

the upper soil layer. The resonance frequency is dependent on the stiffness o f the soil layer. 

When the resonance frequency o f the soil layer and the TBM excitation coincide or are very 

close, this results in a maximum vibration velocity. In Fig. 6.31, it can be seen that the 

resonance frequency o f  the soil layer at stiffnesses o f upper soil layer o f 0.1 GPa, O.lSGPa, 

0.20GPa and 0.25GPa are 15Hz, 17Hz, 18Hz and 19Hz respectively and in Fig.6.32 the
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resonance frequency o f the TBM excitation is 14Hz. Since the resonance frequency o f 15Hz 

of the soil layers at stiffness 0.1 GPa of upper soil layer is very close to the resonance 

frequency o f 14Hz of the TBM excitation, the maximum vibration velocity at the surface is 

obtained at this stiffness as is shown by the graph in Fig. 6.33. The minimum vibration 

velocity is obtained at stiffness o f upper soil layer of 0.25 GPa, since at this stiffness there is 

the greatest difference between the resonance frequency of the soil layers and the resonance 

frequency o f the TBM excitation. Tables 6.7 and 6.8 show the dependence o f the resultant 

PPV values on the upper soil layer parameters. The vibrations at points on the ground 

surface directly above the tunnel axis and up to 50m an either side are most sensitive to 

variations in the stiffness o f the upper soil layer. After 50m from the tunnel axis the 

influence o f the material parameters on the surface vibrations is relatively small.

N 0.50 1------------ 0.1 GPa
0.2 GPa

C/l 0.40
0.15 GPA

0.30 : A^  0.25 GPa
<lT

TD 0.20 ; \
3 I  J V
Q . 0.10 __________
B v \  I

< 0.00 ! N i i i ------- -̂--------------------- -----  1
1 10 100 1000 

Frequency, Hz

Fig.6.31-O utput response (frequency domain) at the surface due to short triangular pulse

2000
N

I
iT-aI
Cl

B
<

1500

1000

500

0
10 100 1000

Frequency, Hz

Fig.6.32-FFT o f measured TBM excitation at Section 1
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Table 6 .7-PPV  values for reference model and models with varied upper soil layer stiffness

Location from 

the TBM  face

PPV values (mm/s)

Reference model Varied upper soil layer stiffness

0.20 GPa 0.10 GPa 0.15 GF’a 0.25 GPa

0 m 1.02 1.32 1.15 0.93

12 m 0.62 0.88 0.74 0.60

25 m 0.34 0.49 0.39 0.32

50 m 0.14 0.15 0.14 0.16

Table 6 .8-N orm alised PPV values with reference model results

Location from 

the TBM  face

PPV values (mm/s)

Reference model Varied upper soil layer stiffness

0.20 GPa 0.10 GPa 0.15 GPa 0.25 GPa

0 m 1.00 1.29 1.13 0.91

12 m 1.00 1.42 1.19 0.97

25 m 1.00 1.44 1.15 0.94

50 m 1.00 1.07 1.00 1.14
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6.7.2 The Effects o f  Varying the Damping o f  the Soil

Damping is the property o f  m aterial to absorb vibration energy. The ratio between the 

dam ping o f  the material to the critical dam ping is called dam ping ratio. C ritical dam ping is 

the sm allest am ount o f  dam ping for which no oscillation occurs in the vibration system. The 

dam ping ratio o f  the soil is a param eter that is difficult to determ ine. Often the damping 

ratio is assum ed to be 1-6% o f  the critical damping. In the ABA Q U S finite elem ent 

program , the dam ping matrix, C is defined as a having tw o com ponents, one proportional to 

the mass and the other proportional to the stiffness (ABAQUS, 2004):

[C] = a[M]  + p[K] [6.7]

where [K] is the stiffness matrix, [M] is the mass matrix, [C] is the dam ping matrix, a  is the 

coefficient o f  m ass dam ping and p is the coefficient o f  stiffness damping.

.o'
to
BOc

'5 .
£
<rSa

1
6
5
4
3
2
1
0

8 Hz and 3 5 Hz 
1 Hz and 60Hz 
Damping ratio 1%

8 Hz 35Hz

1008020 40 600
Frequency, Hz

Reference
model

Fig.6 .34-D am ping  ratio o f  1% dependent on frequency

in this form ulation o f  the dam ping, two frequencies can be chosen at which a given 

proportional dam ping applies. At other frequencies, the dam ping ratio will be different. Fig. 

6.34 shows two cases. In the reference model, the frequency is chosen so that it is exactly 

1.0% at 8 and 35 Hz. In that case, the dam ping ratio is close to 1.0% betw een 8 and 35 Hz. 

However, at lower and larger frequencies, the dam ping ratio is considerably larger. The two 

frequencies values at which the dam ping ratio m atches should not be far aw ay from each 

other. In Fig. 6.34, it can be seen that the damping ratio will drop to 0.28%  if  the lower and
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upper bounds are 1 and 60 Hz; i.e. if  the chosen frequency range is wide, the damping will 

be small between the lower and upper bound frequencies.

In order to investigate the effect o f the material parameters on the results, the frequency 

range to calculate the a  and p values for the reference model have been changed. The data 

used in this study are summarised in Table 6.9.

Table 6.9: Characteristics of materials

Parameter Top layer, 

(brown clay)

Dublin 

boulder clay

Limestone Concrete Steel

Density, kg/m^ 2000 2240 2710 2400 7800

Young’s modulus, GPa 0.2 1.0 60 40 200

Poisson’s ratio [v] 0.495 0.495 0.25 0.2 0.3

Damping, % 2.85 1.75 1.0 1.0 0.5

Frequencies ranges 8 and 35 Hz 8 and 35 Hz 8 and 35 Hz 8 and 35 Hz 8 and 35 Hz

1 and 60 Hz I and 60 Hz I and 60 Hz I and 60 Hz 1 and 60 Hz

Over the whole frequency range, the response function, which is the vibration amplitude at 

the surface level due to input load in front o f the TBM face, will increase if  the chosen 

frequency range is wide. It can be seen from Figs. 6.35 and 6.36 that the response function 

increased with increase in the chosen frequency range. With increase in the chosen 

frequency range, the damping ratio values decrease (Fig.6.34) and yield larger response 

function. The results of the parametric study on the effects o f the damping are presented in 

Table 6.10. These are normalised with respect to the reference model results in Table 6.11. 

In Table 6.10, it can be seen that the vibration velocity increases with increasing frequency 

range i.e. with decreasing damping value. However, the increase in the vibration velocity is 

the highest on the surface directly above the TBM and decreases with distance from the 

tunnel face (Table 6.11).
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Table 6.10: PPV (m m /s) at measuring points for reference m odel and m odels with adopted 

relative dam ping

Frequency

ranges

PPV at measuring points on surface

-10 m from TBM  face 0 m from TBM  face + 50  m from TBM  face

8 and 35 Hz 

[Reference]

0.50 0.84 0.20

1 and 60 Hz 0.55 0.99 0.21

0.80
N5
c/) 0 .60

0.40
iT-o
B 0.20
a .
E
< 0.00
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Table 6 .11-Normalised PPV with respect to reference model results

Frequency ranges PPV at measuring points on surface

-10 m from TBM 

face

0 m from TBM face +50 m from TBM face

8 to 35 Hz 

[Reference]

1.00 1.00 1.00

1 to 60 Hz 1.10 1.18 1.05

6.8 Modified 3-D Modelling

In this section, the results o f analyses using a modified 3D finite element program are 

presented. The ABAQUS V6.5 finite element software was used to construct the model and 

three-dimensional eight-noded linear brick and reduced integration elements, C3D8R, were 

employed for the ground and the tunnel lining. In this model the middle layer, the Dublin 

black boulder clay, was divided in to four layers instead o f one layer as in the previous 

analyses.

The dimensions o f the finite element model were 132m in transverse direction, 50m in 

vertical direction and 40m in along the tunnel direction. The thickness o f the top layer was 

2.5m, the middle layer was 11m and the bottom layer was 36.5m. The diameter o f the 

tunnel was 12m. The finite element model geometry is shown in Fig. 6.37. The material 

properties for the four layers o f Dublin boulder clay were based on the results of the 

author’s laboratory bender element tests. The values of the ground parameters used in these 

finite element analyses are given in Table 6.12. It can be seen by comparing Tables 6.1 and 

6.12 that the stiffness and damping parameters for the mid layer (Dublin boulder clay) are 

higher for the second study (new) than for the first (old).

Another study was carried out in which the limestone properties were varied. The limestone 

properties were determined by ultrasonic pulse velocity tests. In this study the bolder clay 

properties were kept constant and number o f layer was one. The main purpose o f this study 

was to determine the effect on the surface vibrations o f varying only the limestone 

properties. The material properties o f the limestone samples are presented in Table 6.13.
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Fig.6 .37- Finite element model geometry

Table 6.12- Values o f ground parameters used in ABAQUS analyses

Layer/Parameter Density,

kg/m^

G tnax,

GPa

Efnax,

GPa

Damping 

ratio, %

Poisson’s 

ratio [v]

Top layer, (brown clay) 2000 0.067 0.2 2.85 0.495

Layer 1 2200 0.42 1.26 5.65 0.495

Dublin boulder Layer 2 2200 0.51 1.52 5.65 0.495

clay Layer 3 2200 0.59 1.76 5.23 0.495

Layer 4 2200 0.66 1.97 5.23 0.495

Limestone 2710 24 60 1 0.25

Table 6.13- Values o f ground parameters used in ABAQUS analyses

Layer/Parameter Density, Gmax, Emax, Damping Poisson’s

kg/m^ GPa GPa ratio, % ratio [v]

Top layer, (brown clay) 2000 0.067 0.2 2.85 0.495

Dublin boulder clay 2240 0.33 1.0 1.75 0.495

Limestone 2673 32 80 1.0 0.25

6.8.1 Results and Discussions

The vibrations were generated in the finite element model by applying a unit triangular 

pulse (Fig.6.6) to the ground in front o f TBM frame. The analysis time for the original one 

layer o f Dublin boulder clay model was 2 days while the analyses time for second modified 

model (new) was 8 days due to increase in the number o f layers for the Dublin boulder clay 

and stiffness which increase the global matrix size. The results o f the new analyses using
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the au thor’s bender elem ent data are presented in Figs. 6.38 and 6.39 w here they are 

com pared with the results o f  the first study.

The results o f  the second m odified model (new) are presented in Figs.6.40 and 6.41. In this 

model the material properties were based on Table 6.13. The average shear m odulus o f  the 

three limestone sam ples was 32 GPa (Table 6.13) whereas in the original old model it was 

24 GPa (Table 6.1).

Figs. 6.38 to 6.41 show that the second study (new), using the au thor’s data, gives higher 

vibration velocities at the surface than first study while there is no significant difference 

between the two studies. It can be concluded that the NCC stiffness and dam ping data and 

author’s stiffness data are relevant whereas the author’s dam ping data is bit higher for like 

stiff Dublin boulder clay. However, it was found from the param etric studies that the effects 

o f  the dam ping on the surface vibrations are insignificant com pared to the effect o f  

variations in the stiffness o f  the material, which was modelled as being linear elastic.
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6.9 2-D Axi-sym m etry Model

An Axi-sym m etry elem ent type can be used to model a solid o f  revolution but this can only 

be used when the geom etry, material properties, constraints, and loads are all axisym m etric. 

In this section, two ways that were used to try to develop an axi-sym m etry finite elem ent 

model are described and the geom etry o f  these m odels is shown in Figs. 6.42 and 6.43. 

Fig.6.42 shows the first way with a vertical a^is o f  sym m etry where the geom etry and soil 

layers are sym m etrical while vibration from the TBM  in the direction o f  the tunnel axis is 

not sym m etrical because it is not in the direction o f  the vertical axis o f  sym m etry. Fig.6.43 

shows the second way, with a horizontal axis of sym m etry along the tunnel axis. In this case 

the soil layers are not sym m etrical although it is possible to apply vibration in the direction 

o f  tunnel axis. From this discussion it can be concluded that axi-sym m etry analyses can not 

be used to predict o f  TBM  induced ground vibrations.

Axis o f sym m etry 

Fig.6 .4 2 - Axi-symmetry model (1)

A xis o f  symmetry

F ig .6 .43 - Axi-symmetry model (2)
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6.10 Conclusion

3D finite element analyses o f TBM induced ground vibrations have been used to model the 

ground response at the surface and it has been found that it is possible to simulate and 

analyse the ground vibrations. The finite element method is a numerical method for 

obtaining approximate solutions to engineering problems. Good agreement, in terms of 

PPV, has been found between the measured PPV values and the values calculated using 3-D 

finite element analyses. Although good agreement has been found and the FE method 

widely applicable, there are some limitations for practical applications regarding the time 

for the analyses and the input data required. The minimum analyses time was 48 hours 

which is very time consuming for practical applications. In order to carry out 3D FE 

analyses, the dynamic soil parameters, such as small strain stiffness, the damping ratio, 

Poisson’s ratio, density and TBM excitation are required. Although it is possible to obtain 

the soil parameters before the start o f tunnel construction, however it is not possible to 

obtain the TBM excitation before the start o f tunnel construction and analyses will not be 

carried out. An axi-symmetry model cannot be used for FE analyses as there is no axis 

about which both the soil layers and the TBM vibrations are symmetrical.

The stiffness o f the ground was found to be the most important parameter affecting the 

resonance frequency o f the ground. If the resonance frequency o f the ground coincides with 

the resonance frequency o f the TBM excitation or is very close to it, it will lead to larger 

vibration levels and vice versa. Variations in the stiffness o f the ground close to the tunnel 

have a significant influence on the magnitude o f the vibrations at the surface while 

variations in the stiffness o f the ground at distances 50m from the tunnel have little 

influence on the surface vibrations. The effects o f the damping ratio on the surface 

vibrations are insignificant compared to the effect o f the stiffness on the vibrations.
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CHAPTER 7

EMPIRICAL MODEL

7.1 Introduction

In this chapter the use o f  empirical models to predict the ground vibrations at the surface 

due to construction o f the Dublin Port Tunnel, which are based on experience and a 

limited number o f case studies, are discussed. The prediction o f  the vibrations at the 

ground surface due to a TBM is complex as the vibrations are a function o f the 

vibrational excitation provided by the TBM, the ground properties and the distance 

between the vibration source and the points o f interest. As so many variables are involved 

in the determination o f  the vibration levels in the ground due to tunnelling, no explicit 

relationships exist which allow accurate predictions o f the vibration magnitudes to be 

made for any given source and ground conditions. Approximate empirical relations have 

been developed based on experience and a limited number o f case studies, relating the 

resultant peak particle velocity at the ground surface to the distance from the TBM for 

different ground conditions.

7.2 Ground Vibrations Predictions

Any method for predicting ground vibrations should be appropriate for both the activity 

and the site. Although mechanised tunnelling generates groundbome levels vibration that 

are unlikely to cause damage to most structures, these vibration levels may cause 

disturbance to people at quite considerable distances from the works. While many 

published relationships can be found for predicting the vibrations due to piling and 

blasting, there are few published reports that provide relationships for predicting the 

vibrations due to tunnelling.
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7.3 Empirical Model 1

Godio et al. (1992 cited by Hillar and Crabb, 2000) proposed an equation for predicting 

the ground vibrations at the surface due to tunnelling, in the form o f an equation for the 

peak particle velocity. This is a useful first estimate for predicting the vibration levels 

likely to be generated by mechanised bored tunnelling works and is given by the 

exponential equation:

V =A r'-^ [7.1]

Where,

V is the predicted resultant peak particle velocity (mm/s).

A is a constant whose value depends on the ground condition; for hard ground 

A=180.

r is the direct distance from the vibration source to the measurement 

point (m).

Equation 7.1 is suitable for values o f r ranging from 10 to 100m.

The direct distance r, (Fig. 7.1) from the source o f the vibrations to the point o f interest is 

an important param eter when predicting the vibration level at the surface due to 

tunnelling. This direct distance may be calculated from the horizontal and vertical 

distances between the TBM as the source and the measurement locations. For tunnelling 

works, it is clearly important that the TBM depth as well as the lateral distance are 

recorded in order to calculate the direct distance from the source o f  the vibrations to the 

point o f interest.
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■Point o f interest

Tunne r =

Fig. 7 .1 - Definition o f the parameters for the empirical equation

Using Godio et al.’s equation, several cross sections along the line o f the bored tunnel 

have been studied in order to determine the influence o f the TBM  operation on the 

surface vibrations at these cross sections. The cross sections chosen along the tunnel 

alignment are at every 200m between the sections at chainage 2000m and 4500m. For 

each cross section, the depth to the tunnel axis, d, is determined. The calculations have 

been carried out for the vibrations on the surface at each cross section directly above the 

centreline of the tunnel and at different distances, y, o f 15, 30, 45, 60, 75 and 90m from 

this centreline. The results o f the calculations for the vibrations at the surface along the 

centre line o f the tunnel are presented in the Fig. 7.2.
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Fig.7.2-Predicted PPV values using the Godio et al. equation for hard ground
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For a 90m wide corridor along the bored tunnel between chainages 2000m and 4500m, 

the maximum estimated peak particle velocities using the Godio et al. equation for hard 

ground with A = 180, are between 0.49mm/s and 5.62mm/s. BS 7385 recommends that 

the peak particle velocity is used to assess the impact o f  the vibrations and specifies 

damage criteria for frequencies between IHz to 1 kHz. In terms o f  avoiding cosmetic 

damage, at a frequency o f 4Hz, the recommended maximum value is 15mm/s peak 

particle velocity, increasing to 20mm/s at 15Hz and 50mm/s at 40 Hz and above. 

However, these maximum PPV values are much higher than the published acceptable 

limits o f 0.28mm/s to 0.56mm/s for avoiding disturbance & humans. The maximum 

predicted PPV value is at chainage 2000, at the start o f the bored tunnel, where the tunnel 

is at depth o f 14.4m and hence closest to the ground level. The minimum predicted PPV 

value is at chainages 2800m and 3200m where the depth o f the tunnel is 29.9m. It is 

concluded that the estimated values were high enough to be noticeable to humans.

7.4 Empirical Model 2

Nishimatsu Construction Co. (NCC) Ltd. has also developed an equation for predicting 

the vibrations due to tunnelling from PPV values monitored on other construction sites. 

Correlations between the peak particle velocity, V and the distance from the point source 

to the point o f interest, r o f the form V = Nr'"’ but it was found that the coefficients N and 

m change with the ground conditions, the diameter o f the tunnel boring machine and the 

thrust force o f the machine. The equations obtained from a number o f different tunnelling 

works, are presented in Table 7.1.
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Table 7 .1 -Summary o f  tunnel vibration data sites compared to predictions

Project

No

Project Geology TBM

type

Tunnel

diameter

(m)

Tunnel 

cover (m)

NCC 

Equation 

V = Nr-'"

No. 1 Rail (JLE) Sands and 

clays

Mix

shield

5.13 21.2 V = 0 .1 5 f ''‘’‘’

No 2 Rail

(Channel

Tunnel)

Clay/ Chalk Full

face

TBM

8.72 22.6-55 V = 3.4r'” "

No.3 Cable

Tunnel

Mudstone Full

face

TBM

2.44 11 V =  133 f‘ ''''

No. 4 Emergency

Tunnel

Nohi

rhyolites

Open

shield

4.5 100 V = 0.6^""^'

No.5 Road (Pilot 

Tunnel)

Sandstone Open

shield

5.0 70

No. 6 No Information V = 4 8 r '' '' '

No. 7 Dublin Port 

Tunnel

Limestone Open

shield

11.8 14.4-29.9 Upper bound 

V =  176r''-'*

No. 8 Lower bound 

V = 7 .4 f '° ’

From the equations for the PPV values in Table 7.1 obtained from previous tunnelling 

projects, the following upper- and lower bound equations were obtained to predict the 

peak particle velocity in the case o f  Dublin Port tunnel:

V = 176r’' '* upper bound [7.2]

V = 7.4r‘’''̂  ̂ lower bound [7.3]
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Using the N C C  upper and low er bound equations, several cross sections along the line o f 

the bored tunnel have been studied in order to predict the vibrations at the surface due to 

the TBM . The cross sections chosen along the tunnel alignm ent are the same as those 

chosen for the Godio et al. equation, i.e. every 200m  along the tunnel, betw een chainages 

2000m  and 4500m . The calculations have been carried out for the vibrations on the 

surface at each cross section at a point directly above the tunnel centreline and at 

distances, y, o f  15, 30, 45, 60, 75 and 90m  from  this centreline. The results o f  the 

calculations o f  upper and low er bounds for the vibrations at the surface along the centre 

line o f  the tunnel are presented in the Fig. 7.3 and 7.4.

For a 90m  w ide corridor along the bored tunnel, the m axim um  predicted  upper bound 

peak particle velocities using the NCC Equation are betw een 0.84m m /s and 7.56m m/s, 

while the m inim um  predicted low er bound PPV values are betw een 0.058m m /s and 

0.426m m /s. The highest value is again predicted at the start o f  the bored tunnel, where 

the tunnel is the closest to the ground level.

In every case the ground surface vibrations predicted using the N CC equation are 

different at the different chainage points up to horizontal distances o f  50-60m  from 

directly above the tunnel centreline while after 50-60m  the values are alm ost same. This 

is because the equations are function o f  only the direct distance betw een the sources o f  

vibration to the point o f  interest and the direct distance is a com bination o f  the depth o f  

tunnel and the horizontal distance from the tunnel centre to the point o f  interest r =

+  y ^ ) . C lose to the tunnel centreline the depth o f  tunnel, d, is greater than the 

horizontal distance, y, and d is different for each chainage section and hence different 

PPV values are predicted for each point using N CC equation. W ith increasing transverse 

distance from  the tunnel centreline the value o f  y is increasing and d is constant, y is 

same for every chainage point and hence PPV values are alm ost sam e for every chainage 

point w hich is show n in Table 7.2.
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2000 - - -  2200 2400 2600 2800 3000 3200
3400 — 3600 3800 w 4 0 0 0  4200 4500

Chainage No

0  ^ ^ ^ -------------------------------

0 20 40 60 80 100

Horizontal distance from tunnel centre, m

Fig.7.3-Predicted upper-bound vibration levels using NCC equation

2000 2200 
3400 —  3600 4000 4200 45003800 4400
0.5

0.4 Chainage No
0.3

0.2

100

Horizontal distance from tunnel centre, m

Fig.7.4-Predicted lower-bound vibration levels using NCC equation

Table 7.2-A comparison study
Depth Location d(m ) y (m) r (m) 176r'"*

Shallow
depth

Above tunnel centre line 14.4 0 14.40 7.56
90m from tunnel centre 

line
14.4 90 91.14 0.86

Deep depth Above tunnel centre line 29.9 0 29.90 3.19
90m from tunnel centre 

line
29.9 90 94.84 0.82
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7.5 Empirical Model 3: The Rahman-Orr Model

The author has developed a more general equation than the Godio et al and Nishimatsu 

equations for predicting the surface vibrations due to tunnelling. This equation referred to 

as the Rahman-Orr semi-empirical model, take account of the magnitude of the source 

vibrations at TBM and also the effects of both material and geometric damping on the 

ground vibrations. The Rahman-Orr model is based on following Mintrop (1911, cited by 

Hillar & Crabb, 2000) attenuation equation:

A ,= A o [ro /r ,] 'e -“^ V  [7.4]

where Ai is the amplitude at distance ri from the source; Aq is the amplitude at distance ro 

from the source which is known; a is the absorption coefficient; and 6 is the geometric 

spreading term. The most frequently mentioned limitation o f using the Equation 7.4 is the 

fact that, in order to predict the vibration intensity at a given distance from the source, the 

intensity of vibrations at a distance close to the source must be known (Athanasopoulos et 

al., 2000).

In Equation 7.4, the term (ro/ri)'^ represents the geometrical damping and the power, 6, is 

a function of the wave type, with B = 1 for body waves in the ground that spread 

spherically, except at the surface where 13 = 2, and B = 0.5 for Rayleigh waves (Dowding, 

1996).

In Equation 7.4, the term a(ri-ro) represent the material damping. The a coefficient 

increases with dominant frequency, as a higher frequency wave will pass through more 

motion cycles than a lower frequency wave when travelling the same distance. For 

material damping, decay is a function of energy loss per cycle of deformation, not 

distance travelled per second. Lower frequency components experience fewer 

deformational cycles and hence lose proportionally less energy than higher frequency 

components. The coefficient a  can be calculated using following Equation (Massarsch, 

1992):
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a  = —
V

InDf
[7.5]

where D is material dam ping,/is the predominant vibration frequency and is the shear 

wave velocity. The absorption coefficient a is calculated using Equation 7.5 and 

presented in Fig.7.5. a decreases with increasing wave velocity and with decreasing 

vibration frequency.

At small strain levels the shear modulus, which is a function of shear wave velocity, is 

the key parameter for modelling the soil behaviour. The relative vibration amplitude 

(Ai/Ao) is calculated using Equation 7.4 with different absorption coefficient a and 

presented in Fig. 7.6. The most satisfactory and most manageable relation that was found 

is presented in Equation 7.6, based on Figs. 7.5 and 7.6.

where, RPPVs = Resultant Peak Particle Velocity at surface 

RPPVo = Resultant Peak Particle Velocity at source 

r is the direct distance between the source to the measurement point (m)

A and n (A and n are a function of a  and a is a function of shear wave velocity 

and vibration frequency and hence A and n are a function o f shear wave velocity 

and vibration frequency) are the coefficient. A and n are calculated using different 

shear wave velocity and vibration frequency and presented in Table 7.3 and 7.4.

For Dublin condition,

The average shear wave velocity, Vs = 1566m/s (from Table 7.5).

The average vibration frequency/ =  15 Hz

RPPVo = 29.60mm/s [from Figs. 7.7 to 7.9].

The coefficient A and n are 1.1853 and 1.0578 from Table 7.3 and 7.4 respectively. The

Equations become as follows:

RPPVs = RPPVo*Ar" [7.6]

RPPVs = 29.60*1.1853 
RPPVs = 35.087 [7.7]
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RPPVs = 35r‘' [more simplified] [7.8]

If the source vibration velocities are known the Equation 7.6 and Table 7.3 and 7.4 can be 

used for any types o f soil and rock. However if  the source vibration velocities are 

unknown, then Equation 7.8 can be used as a generalised equation for boring in 

limestone. The flow diagram indicating how to calculate the PPV at the surface is shown 

in Fig. 7.10.
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Fig.7 .5 - Absorption coefficient at small strain levels

y = 5 .9 0 3 ^ ' 

R^= 0 .9 9 5 3 ^ ^0.1

0.01 Absorption coefficient a, 1/m

0.0165
0.02475
0.033

0.011
0.02035
0.0275

0.01375
0.022
0.03025

0.001

0.0001 It- r '7

100
Relative Distance, rj/ro

■A

Fig.7.6-Relative vibration amplitude with different absorption coefficient
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RPPVs = RPPVo*Ar

Output

Find coefficient A & n 

[using Vs &-f  values 

from Table 7.3 & 7.4]

Vs -  Shear wave velocity o f soil 

RPPVo = Resultant Peak Particle Velocity at source 

/ =  Vibration frequency

Input

Fig. 7.10 -  The flow diagram
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Table 7.3 -  Coefficient “A” based on shear wave velocity Vs in m/s and frequency/ Hz.

V s//' 1 0 .0 12.5 15.0 18.5 2 0 . 0 22.5 25.0 27.5 30.0
1 0 0 5.903 9.202 14.34 26.7 34.85 54.32 84.7 132 205.72

130 3.918 5.514 7.758 12.5 15.36 21.61 30.4 42.77 60.179

160 3.033 4.003 5.283 7.79 9.202 12.14 16 21.15 27.91

2 0 0 2.43 3.033 3.787 5.17 5.9 7.367 9.2 11.49 14.343

250 2.034 2.43 2.901 3.72 4.139 4.943 5.9 7.05 8.42

300 1.807 2.096 2.43 2.99 3.266 3.787 4.39 5.091 5.9033

400 1.559 1.742 1.946 2.27 2.43 2.715 3.3 3.389 3.787

500 1.426 1.559 1.703 1.93 2.034 2.223 2.43 2.655 2.9017

600 1.344 1.448 1.559 1.73 1.807 1.946 2.1 2.256 2.4297

700 1.289 1.373 1.463 1.6 1.661 1.77 1.89 2.009 2.1403

800 1.249 1.32 1.395 1.51 1.559 1.648 1.74 1.841 1.9461

900 1.218 1.28 1.344 1.44 1.484 1.559 1.64 1.72 1.8073

1 0 0 0 1.194 1.249 1.305 1.39 1.426 1.491 1.56 1.63 1.7034

1 1 0 0 1.175 1.224 1.274 1.35 1.381 1.438 1.5 1.559 1.6229

1 2 0 0 1.16 1.203 1.249 1.31 1.344 1.395 1.45 1.502 1.5587

1300 1.146 1.186 1.227 1.29 1.314 1.36 1.41 1.456 1.5064

1400 1.135 1.171 1.21 1.26 1.289 1.33 1.37 1.417 1.463

1500 1.126 1.16 1.194 1.24 1.267 1.305 1.34 1.385 1.4263

1600 1.117 1.149 1.181 1.23 1.249 1.284 1.32 1.357 1.395

1700 1.11 1.14 1.17 1.21 1.232 1.265 1.3 1.333 1.368

1800 1.104 1.131 1.16 1.2 1.218 1.249 1.28 1.311 1.3444

1900 1.098 1.124 1.151 1.19 1.206 1.234 1.26 1.293 1.3236

2 0 0 0 1.093 1.117 1.142 1.18 1.194 1.221 1.25 1.277 1.3052

Table 7 .4 - Coefficient “n” basec on shear wave velocity Vs in m/s and frequency f  Hz
V s//' 10.0 12.5 15.0 18.5 20.0 22.5 25.0 27.5 30.0
100 1.604 1.754 1.905 2.12 2.207 2.358 2.51 2.66 2.8106

130 1.464 1.58 1.696 1.86 1.929 2.045 2.16 2.277 2.3928

160 1.377 1.472 1.566 1.7 1.754 1.849 1.94 2.037 2.1316

200 1.302 1.377 1.453 1.56 1.604 1.679 1.75 1.83 1.9053

250 1.241 1.302 1.362 1.45 1.483 1.543 1.6 1.664 1.7242

300 1.201 1.252 1.302 1.37 1.402 1.453 1.5 1.553 1.6035

400 1.151 1.189 1.226 1.28 1.302 1.34 1.38 1.415 1.4526

500 1.121 1.151 1.181 1.22 1.241 1.272 1.3 1.332 1.3621

600 1.101 1.126 1.151 1.19 1.201 1.226 1.25 1.277 1.3018

700 1.086 1.108 1.129 1.16 1.172 1.194 1.22 1.237 1.2587

800 1.075 1.094 1.113 1.14 1.151 1.17 1.19 1.208 1.2263

900 1.067 1.084 1.101 1.12 1.134 1.151 1.17 1.184 1.2012

1000 1.06 1.075 1.091 1.11 1.121 1.136 1.15 1.166 1.1811

1100 1.05 1.069 1.082 1.1 1.11 1.123 1.14 1.151 1.1646

1200 1.05 1.063 1.075 1.09 1.101 1.113 1.13 1.138 1.1509

1300 1.046 1.058 1.07 1.09 1.093 1.105 1.12 1.128 1.1393

1400 1.043 1.054 1.065 1.08 1.086 1.097 1.11 1.119 1.1293
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1500 1.04 1.05 1.06 1.07 1.081 1.091 1.1 l.lll 1.1207

1600 1.038 1.047 1.057 1.07 1.075 1.085 1.09 1.104 1.1132

1700 1.036 1.044 1.053 1.07 1.071 1.08 1.09 1.098 1.1065

1800 1.034 1.042 1.05 1.06 1.067 1.075 1.08 1.092 1.1006

1900 1.032 1.04 1.048 1.06 1.064 1.072 1.08 1.087 1.0953

2000 1.03 1.038 1.045 1.06 1.06 1.068 1.08 1.083 1.0905

Table?.5 Shear wave velocity

Thickness, m Shear wave velocity, Vs, m/s

Top layer 2.5 183.00

Dublin boulder clay 2.75 438.61

2.75 481.82

2.75 519.46

2.75 549.00

11 (total)

Limestone 2.63 2981.00

2.63 2981.00

2.63 2981.00

2.63 2981.00

10.5 (total) Average 1566

7.6 Comparison Between Model Predictions and Measured PPP Values

To assess suitability o f  the 3D- FE model and the Rahman-Orr semi-empirical model for 

predicting PPV values, the PPV values at measuring Sections 1, 2, 3 and 5 are plotted in 

Figs. 7.11 to 7.14 together with the PPV values predicted using the Godio, Nishimatsu 

(NCC) upper and lower bound model and the measured PPV values at these section. The 

PPV values plotted in Figs. 7.11 to 7.14 show that there is reasonably good agreement 

between the 3D-FE predicted values, the Rahman-Orr semi-empirical model and the 

measured values. It can be seen from the results plotted for each section that the FE, the 

Rahman-Orr semi-empirical model and measured values all lie between the Nishimatsu 

upper and lower bounds models. However, the results in Fig. 7.13 show that at Section 3, 

the measured values lie on the Godio model line while at every other section the PPV
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values predicted by the Godio model are closer to the measured values than the values 

predicted by the Nishimatsu upper model. It can also be seen from Figs. 7.11 to 7.14 that 

all the models have similar attenuation characteristics. Although good agreement is found 

between the resultant PPV values predicted by the 3D-FE analyses, the Rahman-Orr 

semi-empirical model and the measured values, there is a large difference between the 

measured values and the NCC and Godio empirical model results. The NCC and Godio 

empirical models are crude at best, as they are functions o f only the direct distance 

between the source and the point o f interest, while the groundborne vibrations also 

depend on the soil properties, particularly on the stiffness and the resonance frequency of 

the soil layer, and on the tunnel boring machine excitation.
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Fig.7 .11-Comparison between Model Predictions and Measured PPP Values; Section 1
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Fig.7.12-Comparison between Model Predictions and Measured PPP Values; Section 2
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7.7 Vibration Amplification

Vibration amplification due to resonance depends on the dominating fi-equency o f the 

TBM excitation wave that propagate through the soil deposit and the natural frequencies 

o f the soil deposit. The natural frequencies o f the soil deposit are a function o f geometry 

(thickness) and material properties (s-wave velocity/stiffness) o f the soil deposit. When 

the natural frequency o f the soil deposit and the dominant frequency o f the vibration 

source wave (TBM excitation) coincide or are very close, this results in a vibration 

amplification (Massarsch, 1992 & Kramer, 1996).
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Another soil parameter that influences the vibration am phfication is damping. The 

amplification by a damped soil layer also varies with frequency. The frequencies that 

correspond to the local maxima are the natural frequencies o f  the soil deposit. The 

variation o f the amplification factor with frequency is shown for different levels o f 

damping in Fig. 7.15. This amplification factor is equal to the ratio o f  the free surface 

motion amplitude to the bedrock motion amplitude. The n'*’ natural frequency o f  the soil 

deposit is given by:

a ) „ = ^ ( ^  + n;c) n = 0, 1 ,2 ,.......... , 00  [7.9]
n  2

Fig.7.15 shows that the peak amplification factor decreases with increasing natural 

frequency, the greatest amplification factor will occur approximately at the lowest natural 

frequency, also known as the fundamental frequency:

co„=—  [7.10]
" 2H

The period o f vibration amplification corresponding to the fundamental frequency is 

called the characteristic site period.

T^= —  = —  [7.11]
0 s

The characteristic site period, which depends only on the thickness and shear wave 

velocity o f the soil, provides a very useful indication o f the period o f  vibration at which 

the most significant amplification can be expected (Kramer, 1996).
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Fig. 7.15 -  Influence o f frequency on steady-state response o f a damped, linear elastic

layer (From Kramer, 1996)

7.8 Summary

The Rahman-Orr model is based on the wave attenuation equation, which considered the 

combined effects o f material and geometric damping. The model takes account the TBM 

excitation, the ground dynamic properties and the direct distance between the source and 

the point o f interest. If the source vibration velocities are known, the Equation 7.6 and 

Tables 7.3 and 7.4 can be used to provide a generalised Equation for any types o f soil and 

rock. However if  source vibration velocities are unknown, then Equation 7.8 can be used 

to predict the surface vibrations due to tunnel boring in limestone.

Good agreement is found between the resultant peak particle velocity values predicted by 

the 3D FE analyses, the Rahman-Orr model and the measured results. The NCC and 

Godio et al. empirical models are crude at best for predicting these, as they are a function 

o f only the direct distance between the source o f the vibrations and the point o f interest, 

while the groundbome vibrations depend also on the soil properties and the tunnel boring 

machine excitation energy.
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CHAPTER 8

CONCLUSIONS

8.1 Introduction

This thesis has described the measuring, analysing and control o f ground vibrations 

caused by tunnelling construction. The research carried out has involved investigating the 

published research on ground vibrations due to tunnelling. This investigation has found 

that previous research into the vibrations due to tunnelling has been largely empirical and 

has resulted in upper and low^er bound equations being proposed for predicting the range 

o f magnitude o f the expected vibrations at the surface. The author has not been able to 

find any report o f  previous research where a more theoretical approach, based on the 

properties o f the ground between a TBM and the surface, has been used to relate the 

vibrations at the ground surface to the actual vibrations produced by a TBM.

8.2 Conclusions

Tunnel construction is a highly complex operation involving many different events. The 

impact o f tunnel construction on the environment and people can take many forms, such 

as ground vibrations, ground deformation, airborne noise, visual intrusion, dust and 

smoke etc. The highest levels o f vibrations and noise generated from mechanised 

tunnelling methods have resulted due to the use o f plants that dissipate large amounts of 

energy, in the form o f ground vibrations and noise, into the environment.

Vibrations from tunnelling activities are generally o f  a temporary nature, but the 

disturbance caused may result in permanent damage to property and substantial nuisance 

to the neighbouring population. The need to avoid vibrations causing either permanent 

damage to property or substantial nuisance to people may lead to restraints on the 

worcing method that result in additional costs or even, in extreme circumstances, 

curtailment o f the activity.
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Vibrations due to construction activities travel in the ground in different forms, as body 

waves and surface waves, with their wave propagation velocities dependent upon the 

ground characteristics. These waves shake the ground particles, causing vibrations; this is 

the mechanism o f the ground vibrations. The vibrations move upwards until the ground 

surface is reached and may induce vibrations in structures at the surface. The elements o f 

these structures re-radiate these vibrations, and these re-radiated vibrations in the air are 

groundbome noise.

Vibration-induced damage thresholds are usually expressed in terms o f  peak particle 

displacement, velocity or acceleration but it is most usual to use peak particle velocity 

(PPV) in the field o f  man-made ground vibration studies as the strain induced in the 

ground is proportional to the particle velocity and geophones, are normally used to 

measure the ground vibrations.

Standards have been reviewed which cover the criteria against which assessment o f 

ground vibrations prediction can be made. These criteria are for the structural damage 

and for perceptible intrusion.

The British Standard BS 7385 (1993) defines three damage categories: cosmetic, minor 

and major, and relates vibration levels to these. Cosmetic or threshold damage is the 

formation o f hairline cracks or the growth o f existing cracks in plaster, drywall surfaces 

or mortar joints. M inor damage is the formation o f large cracks or loosening and falling 

o f plaster on drywall surfaces, or cracks through bricks/concrete blocks. Major or 

structural damage is damage to the structural elements o f  a building.

The British Standard BS 6472 (1992) gives detailed guidance on the evaluation o f the 

effects o f vibration exposure on humans in the frequency range o f  1 Hz to 80 Hz. It gives 

guidance on the threshold values for human perception and the higher levels above which 

complaints become more likely in a variety o f environments.
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The environmental effects o f vibrations have received considerable attention in recent 

years owing to the use o f more powerful construction equipments, such as pile drives and 

TBMs, in urban areas that cause ground vibrations and can cause damage to buildings 

and disturbance to people. These consequences o f tunnelling activities have prompted 

recent research into improved methods for predicting the ground vibrations induced by 

tunnelling.

M any site investigations have been carried out and some reports about previous studies in 

Dublin have been collected to determine the characteristics o f the Dublin Brown Boulder 

clay, the Dublin Black Boulder clay and the limestone bedrock. These soils and this rock 

form the ground conditions along the line o f the Dublin Port Tunnel. Hence, the values o f 

the parameters for these materials are necessary for all the calculations and modelling o f 

the ground vibrations.

The finite element analyses require the ground properties and TBM excitation. The 

relevant ground properties are its stiffness, damping, bulk density and Poisson’s ratio. 

The stiffness and damping can be determined from seismic geophysical tests and 

represent an important class o f field tests for the determination o f dynamic soil 

properties. The seismic geophysical tests are: the down-hole test, the cross-hole test and 

the surface refraction test. Laboratory tests are also available to measure the dynamic 

properties o f the ground (stiffness, damping) at small strain levels. The resonant column 

test, ultrasonic pulse test, and bender element test are the commonly employed techniques 

to measure the small strain dynamic properties. The TBM excitation can be measured 

using geophones and the geophone data should be recorded in time history mode in order 

to carry on vibrations analyses.

The types o f waves are P-, SV-, and SH-waves. Since incident P-and SV-waves involve 

particle motion perpendicular to the plane of interface, they will each produce both 

reflected and refracted P-, and SV-waves. An incident SH-waves does not involve 

particle motion perpendicular to the interface; consequently, only SH-waves are reflected 

and refracted. The directions and relative amplitudes o f the waves produced at the
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interface depend on both the direction and amplitude o f the incident wave to the interface 

and the propagation velocities and densities o f the two materials. Using Snell’s law the 

angles o f reflection and refraction directions can be determined. There is also a critical 

angle o f incidence, ic, where the refracted waves travel parallel to the interface.

Laboratory triaxial tests with bender elements were carried out to determine the dynamic 

stiffness o f the soil. Initially numerical analyses were carried out to determine the most 

favourable input signal to be used for the bender elements in the laboratory tests. It was 

found that the distorted sine wave was most favourable input signal, as experimentally 

observed by Jovicic et al., (1996). However, this result was strongly dependent on the 

ratio between the first upward amplitude to the first downward amplitude o f  the input 

signal. Using a distorted sine wave as the input signal, a reasonably agreement was found 

between the Gmax values obtained from the author’s bender element tests and the Lawler’s 

(2002) bender element tests. Good agreement was found between the Gmax values 

obtained from the London City University bender element tests and the semi-empirical 

equations. While the Gmax values obtained from the Author’s and the Lawler’s (2002) 

bender element tests were bit higher than those obtain from the semi-empirical equations. 

In the absence of measured Gmax fi'om laboratory or field tests, Viggiani & Atkinson 

(1995) semi-empirical equation can be used to obtain Gmax value for Dublin boulder clay.

The Bender element resonant method was also used for measuring the damping ratio o f 

undisturbed Dublin boulder clay. First, a finite element analysis was carried out to 

determine the resonant frequency o f first mode to be used in the laboratory tests. The 

influences o f the confining water were accounted for by adding an extra mass to the total 

mass o f the test specimen. In the laboratory, the tests were carried out with different 

frequencies to obtain the response spectra and a half power method was used to calculate 

the damping ratio.

Field measurements are important in order to validate numerical models and semi- 

empirical models. Peak particle velocity, frequency and/or time history should be 

recorded by a geophone during the field measurement. The data from the field
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measurements can be recorded in histogram mode and time history mode. In histogram 

mode, the geophone monitor samples data continuously at the chosen sample rate but 

only stores the relevant peaks for the interval. For each interval, the geophone calculates 

the maximum positive and negative peaks and the frequency o f  the largest peak. In time 

history mode, the geophone records the vibration data continuously at the chosen sample 

rate and it is possible to convert the data into frequency domain using the Fast Fourier 

Transform algorithm. From frequency domain, the vibrations frequency range and the 

resonance frequency can be found which are important parameters for vibrations studies. 

Measurements should be made o f the vibration which affects people and these should be 

made inside and outside o f buildings. Vibration should usually be measured in three 

perpendicular directions, so that the results can be combined and compared to the criteria. 

The resultant PPV at the source due to a TBM is around 30mm/s and frequencies range at 

around 1 to 1 OOHz with resonance frequency at around 15 Hz.

The finite element method (FEM) is a suitable tool for predicting the vibrations generated 

by a tunnel boring machine (TBM) during the construction o f a tunnel. Vibrations 

generated by a TBM are a truly 3-D phenomenon, therefore 3-D finite element analyses 

o f TBM induced ground vibrations have been used to model the ground response at the 

surface. A good agreement was found, in terms o f PPV, between the measured PPV 

values and the values calculated using 3-D finite element analyses. Although good 

agreement is found and the FEM is widely applicable, there are some limitations for 

practical applications regarding to the analyses time and input data. The minimum 

analyses time was 48 hours, which is very time consuming for practical applications. To 

carry out 3-D FE analyses, the dynamic soil parameters like the small strain stiffness, 

damping, Poisson’s ratio and density and TBM excitation are very important. Although it 

is possible to get the soil parameters before the start o f tunnel construction, it is not 

possible to get the TBM excitation before the start o f tunnel construction and analyses 

will not be carried out. Axi-symmetry analyses can only be carried out when the 

geometry and loading are both symmetrical about an axis. However, a simple 2-D axi- 

symmetry model cannot be used in place o f 3-D FE analyses, in the case o f a TBM
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excavating a tunnel as neither the loading nor the geometry are symmetrical about the 

tunnel axis.

More sophisticated numerical model should be used to solve problems that have no 

analytic solution, or for w'hich the analytic solution is prohibitively difficult to find. From 

field measurement or empirical model it is not possible to carry out parametric studies 

however, from numerical model it is possible to carry out several parametric studies to 

examine the sensitivity o f  vibration predictions to the values o f various parameters input 

data.

Parametric studies were performed and some important information was obtained about 

the prediction o f ground vibrations. The stiffness o f the ground was found to be the most 

important parameter, because changing its value has a significant effect on the vibrations 

at the surface level and affects the resonance frequency o f the ground. The resonance 

frequency o f the ground was found to increase with increasing stiffness o f  the ground. If 

the resonance frequency o f  the ground coincides with the resonance frequency o f  the 

TBM excitation or is very close to it, then large vibration levels occur and vice versa.

In the finite element formulation, the damping ratio is defined as a combination o f mass 

proportional and stiffness proportional. It was found that the frequency at which the 

damping ratio applies needs to be chosen with care. I f  the chosen frequency range is 

wide, it was found that the damping ratio was small between the lower and upper bound 

frequencies and this results in a high vibration level at the surface.

The author has examined the use o f  and limitations o f  the existing empirical models for 

the vibrations due to tunnelling, which are functions o f  the distance from the source and 

an empirical parameter to represent all the other factors, such as the properties o f the 

ground and the TBM excitation, affecting the vibration levels. As part o f  this research, an 

empirical model, the Rahman-Orr model, that takes account o f both the ground properties 

and TBM excitation has been developed to predict the vibrations due to TBM. This 

model, given by the semi-empirical Equations 7.6 and 7.8, is based on the wave
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attenuation equation, which considered the combined effects o f  materia! and geometric 

damping. If  the source vibration velocities are known, then Equation 7.6 and Table 7.3 

and 7.4 can be used as a generalised equation to predict the ground vibrations for boring 

in any types o f  soil or rock. However if  source vibration velocities are unknown, then 

Equation 7.8 can be used for boring in limestone.

A comparative study o f  the vibrations predicted using three empirical methods, and the 3- 

D FE method with the measured vibrations was carried out and the following important 

findings were made concerning the prediction o f ground vibrations. It was found that all 

the methods predict similar attenuation o f the vibrations. The NCC and the Godio et al. 

equations overpredict the magnitude o f the PPV values with large differences between 

the predicted and measured values. However, good agreement was found between the 

resultant PPV values predicted by the 3-D FEM analyses, the Rahman-Orr model and the 

measured PPV values. The NCC and the Godio et al. empirical models are crude at best, 

as they are functions o f only the direct distance between the source and the point o f 

interest, while the groundbome vibrations depend also on the soil properties and the 

tunnel boring machine excitation, which are taken into account in the 3D-FEM analyses 

and in the Rahman-Orr model. The results o f this study have been applied to predict the 

surface vibrations in the case o f  the Dublin Port Tunnel and to develop a semi-empirical 

equation. The results o f  study can also be applied in other projects, like proposed metro 

tunnel in Dublin, by means o f  3-D FE model and the Rahman-Orr semi-empirical model. 

The proposed metro turmel is an example o f a practical application o f these methods to 

predict TBM induced ground vibrations.

Finally, it can be concluded that the 3-D FE analyses and the Rahm an-Orr semi-empirical 

model provide satisfactory predictions o f the surface vibrations due to a TBM.
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8.3 Recommendations for Further Research

Some suggestions for further research in this area are as follows:

■ Although Ireland/Dublin is an area o f very low seismic activity so that there is little 

risk o f ground vibrations due to earthquakes, plenty o f different types o f construction 

activity is in progress or is being planned (i.e. a metro tunnel in Dublin) that could 

produce ground vibrations which could cause public annoyance. In order to predict the 

likely level o f vibrations due to these activities, extensive field and laboratory research 

works should be carried out throughout Dublin to determine the dynamic properties o f 

the soil and rock; especially its stiffness and damping ratio.

■ Numerical analyses should be carried out to determine the effects o f vibrations on 

different types and heights o f building and to investigate the effectiveness o f open 

trenches and filled trenches in reducing the impacts o f the vibrations.

■ Extensive research works should be carried out to predict, using field measurement 

and 3-D finite element modelling, the vibrations at the ground surface as well as in the 

buildings due to traffic flow through the Dublin Port Tunnel and due to the proposed 

metro tunnel in Dublin.
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Appendix A2-Geotechnical test results for soil
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' Borehole Depth Type Ltthology Denelt\ Water Particle elze distribution (mm) Attert>erg lim its Shear strength CBR Permea Cons Sstr Bend
or pit o f sample of T T* c o n t w 75 1  20 1 2 1 0.0«3 ( 0.002 LL j  PU 1 c ' •P’ top base b ility

no. (m) sample Mg/m* (% passed) (%) (kt>aj (") k (m/a)

5.70 B 3 83 22 a 5
8.00 B 8 13.31 100 51 26 13 3
12.80 B 6 100 77 50 25 5

BH-115 12.30 B 4 36.20 100 100 89 49
16.00 B 4 9.26 100 100 100 92 23 27 20 7
17.50 B 4 100 83 66 57 21
18.00 B 3 87 30 2 1
21.00 B 8 100 60 41 23 7

BH-117 12.00 B 4 12.88 100 100 99 71 14 30 19 11
18.70 B a 9.35 100 97 68 39 15 28 21 7
21.00 B 5 100 43 14 2

BH-118 10.00 B 3 100 43 4 1
14.50 8 4 22.15 100 80 78 62 10 25 16 7
23,00 B 8 8.86 100 94 76 57 31 28 20 8

BH-120 13.00 B 4 22.14 100 100 97 92 24 28 17 11
16.00 B 8 10.70 100 54 41 24 7 24 14 10
19.50 B 8 100 92 80 50 10 i

DPT Site investigation (February to  May 1096) 1

TP-202 0.70 B 6a 2.23 14.00 6.5 21.0
0.70 SB 6a 2.23 15.00 6.5 21.0

TP-203 0.50 B 1.62 36.00 8.5 17.0
0.50 SB 1 1.62 35.00 9.4 17.0

TP-208 0.60 B 1 2.09 13.00 23.0 39.0
0.60 SB 1 2.06 16.00 13.0 33.0

TP-209 0.60 B 1 1.92 23.00 1.7 2.8
0.60 SB 1 1.93 23.00 2.1 2.6

TP-210 0.50 B 1 1.76 27.00 8,3 14.0
0.50 SB 1.73 30.00 8.0 12.0

TP-211 0.50 B 1.99 18.00 8.9 17.0
0.50 SB 1.98 20.00 12.0 14.0

TP-212 0.80 B 1 1.70 28.00 4.9 14.0
0.80 SB 1 1.68 29.00 8.6 13.0

TP-213 0.50 B 1 1.38 20.00 23.0 50.0
0.50 SB 1 1.39 33.00 18.0 39.0

TP-214 0.70 B 1 1.40 22.00 24.0 49.0
0.70 SB 1 1.39 31.00 20.0 45.0

TP-215 0.50 B 1 1.46 21.00 24.0 42.0
0.50 SB 1 1.43 33.00 22.0 44.0

TP-216 0.50 6 1 1.71 20.00 34.0 44.0
0.50 SB 1 1.71 25.00 28.0 42.0

1 TP-217 0,90 B 1 1.50 19.00 15.0 39.0



Borehole Depth Type LIthoiogy Density Water Particle tize  d istribution (mm) Atterberg lim its Shear strength CBR Permea Cons Sstr Bend
or pit of sample of 7^ T T* conL w 75 20 2 0.063 0.002 LL PL IP c ’ top base b ility

no. (m) aampie Mg/m* (%) (% pasted) {%) .. (“) k (m/«) ___
i

0.90 SB 1 1.47 30.00 12.0 29.0
i TP-218 0.50 B 1 1.72 34.00 2.1 2.6

0.50 SB 1.73 35.00 0.7 1.4
TT-204 1.00 B 1 2.46 25.00 1.4 1.5

1.00 SB 1.86 27.00 0.7 1.4
BH-201 6.50-7.50 CS 6b 2.11 2.34 2.67 11.00 100 93 73 42 15 27 14 13

10.50-11.50 cs 6b 2.21 2.40 2.67 8.80 100 92 69 40 16 26 12 14
10.50-11.50" CS 6b 2.20 2.40 9.30 7 36.0

•• cs 6b 2.10 2.28 8.60
*• cs 6b 2.15 2.33 8.40

16.50-17.00 cs 7 1.73 2.07 2.65 20.00 100 100 95 64 18 30 15 15
cs 7 1.83 2.15 2.65 17.26 /

17.60-18.50 cs 7 1.98 2.22 2.69 12.00 100 99 89 58 26
17.60-17.90" cs 7 2.00 2.22 11.00 39 26.0

*• cs 7 2.04 2.26 11.00
•* cs 7 1.99 2.25 13.00

BH-202 5.00-6.00 cs 6b 1.95 2.30 2.66 18.00 100 79 59 33 28 15 13
9.50 cs 7 2.09 2.31 10.00 2.48E-1 1

9.50-11.50 cs 7 2.10 2.31 2.68 10.00 100 99 94 66 25 ''(2 ) ✓
9.50-10.50** cs 7 2.10 2.33 11.00 19 35.0

•• cs 7 2.15 2.38 11.00
•* cs 7 2.10 2.32 10.00

10.50-11.50 cs 7 2.36
15.50-16.50 cs 6b 2.12 2.29 2.68 8.00 100 82 59 35 13 29 15 14
18.00-19.00 cs 6b 2.15 2.36 2.55 9.80 100 96 66 45 19 30 16 14 ✓

BH-203 0.50 B 1 36.00
BH-204 5.40-6.40 cs 6b 2.10 2.33 (2.40) 11.00 100 82 60 34 14 28 15 13

9.00-10.00 cs 7 2.31 /• V
10.00-11.00 cs 7 2.15 2.36 2.67 10.00 100 100 86 47 15 25 12 13

10.00-10.30'* cs 7 2.02 2.26 12.00 5 31.5
*• cs 7 1.94 2.19 13.00
•• cs 7 2.05 2.25 10.00

11.00-12.00 cs 7 2.62 12.00 100 97 88 60 26 26 12 14
11.00-12.00** cs 7 1.89 2.11 12.00 13 33.5

•• cs 7 1.96 2.21 13.00
cs 7 1.88 2.16 15.00

19.00-19.40 cs 7 1.97 2.26 2.64 15.00 27 14 13
• cs 7 1.94 2.20 2.64 13.17 ✓

21.00-22.00 cs 8 2.63 8.00 100 89 43 20 9 30 16 14
22.50-24.00 cs 8 2.04 2.19 2.69 7.40 100 98 72 54 22 ✓

23.00-23.50" cs 8 1.96 2.19 12.00 0 33.0
23.00 cs 8 2.31

BH-205 6.10-7.00 cs 6b 2.19 2.36 2.69 8.00 100 86 68 38 14 27 15 12
9.05-10.05 cs 7 2.19 2.41 2.73 10.00 100 91 73 46 19 27 16 11

9.05-10.05" cs 7 2.19 2.41 10.00 0 32.5



0«pth Typ« Uthoiogy Density Water Partlcie size distribution (mm) Atterberg Hmlta 1 Shear strength CBR P«rmea- Cona Sstr Bend
or pit of sampla of Y T» co n t w 75 20 2 0.063 0.002 LL PL »=• c ’ 9 ' top base bHity i j

no. (m) •am pie (%) (% passed) (kPa) n k (m/s) ..1 . . .
1

** CS 7 2.23 2.41 8.20 '
** CS 7 2.24 2.46 10.00

11.60*11.90 CS 7 2.31
12.00-12.95 CS 7 2.05 2.32 2.69 13.00 100 99 90 62 23 31 14 17

12.00-12.75” CS 7 2.05 2.32 13.00 0 31.5
*■* CS 7 2.08 2.35 13.00
•• CS 7 2.13 2.38 12.00

16.00*16.60 CS 7 1.95 2.22 2.70 14.00 100 100 91 60 20 30 15 15
BH-206 s m s r7 8 2.10 18.00 100 100 48 12 3 31 14 17 0 33.5

s.00 H . . . ?.7P 2.11 18.00 100 wo 48 11 3 31 14 17 0 32.5
10.00-10.50 B 6b 16.00 100 80 62 38 13 29 15 14
14.00-14.50 U 7 1.92 2.19 2.74 14.00 100 100 94 65 15 28 14 14 ^
21.00-21.50 u 7 1.90 2.19 2.68 15.00 100 99 91 69 20 28 15 13

BH-207 4.50-5.50 CS 6b 2.15 2.31 2.70 7.60 100 100 66 40 16 29 15 14
4.50-4.80" CS 6b 2.13 2.31 8.30 62.5 26.0

CS 6b 2.18 2.32 6.50
** CS 6b 2.09 2.26 8.10

5.50-6.50 CS 6b 2.10 2.31 2.67 10.00 100 88 66 40 15 28 15 13
11.50-12.50 CS 6b 2.05 2.26 2.68 10.00 100 81 64 41 16 27 14 13
13.50-14.50 CS 7 2.05 2.28 2.68 11.00 100 100 93 63 18 27 13 14

13.50-14.50** CS 7 2.04 2.28 12.00 0 31.0
•• CS 7 2.04 2.31 13.00
•• CS 7 2.04 2.26 11.00

14.60-15.50 CS 7 2.04 2.29 2.69 12.00 100 100 94 59 17 26 13 13 ✓ ^ ( 2)
16.90-17.50 CS 7 1.52 1.98 2.69 30.00 100 99 95 70 30 57 25 32

• CS 7 1.53 1.97 2.69 28.64 ✓
17.50-18.50 CS 7 1.96 2.23 2.70 14.00 100 100 90 52 21 28 14 14
20.50-21.50 CS 7 1.96 2.22 2.69 13.00 100 95 88 59 16 28 13 15

20.50-21.50“ CS 7 1.96 2.22 13.00 0 30.5
** CS 7 2.01 2.25 12.00

CS 7 2.00 2.26 13.00
23.00-23.50 CS 7 2.04 2.28 2.70 12.00 100 99 93 70 19 27 15 12

CS 7 1.86 2.16 2.70 15,89 V'

23.50-24.50 CS 7 1.78 2.06 2.67 16.00 100 100 92 68 15 30 14 16
23.50-23.80" CS 7 1.76 2.06 17.00 0 30.5

•* CS 7 1.8B 2.16 15.00
•• CS 7 1.90 2.20 16.00

26.20-26.80 CS 8 2.13 2.32 2.68 9.00 100 62 44 30 12 31 16 15
BH-208 11.50-12.50 CS 6b 2.06 2.27 2.63 10.00 100 80 59 35 11 28 15 13

14.00-15.00 CS 6b 2.11 2.32 2.67 9.80 100 93 71 44 19 27 14 13
14.00-14.35*’ CS 6b 2.11 2.32 9.80 0 33.5
16.85-17.85 CS 7 2.09 2.32 2.70 11.00 100 96 89 59 21 26 13 13 / ^ { 2 }

18.00-18.85 CS 7 2.09 2.32 2.67 11.00 100 99 93 63 17 28 13 15
18.00-18.35** L  CS 7 2.09 2.32 11.00 0 34.0

** CS 7 2.13 2.36 11.00 1



Bor«ho(« D«pth Type Lithotogy D«n«tt) Water Particta elza dlatrlbutlon (mm) Atlarbarg iimlte Shear atrength j CBR Permea- Con* Sstr Bend
or pit o f sample of rd 1 T* cont. w 75 1 20 j 2 1 0.063 | 0.002 LL ! PL 1 IP c * ’ i top base blMty
no. (m) sample MgJm* (%) paaaad) (%) (kP«) h k (nVa)

11.00
12.70

*• CS 7 2.05 2.28 -----
• CS 7 1.96 2.20 2.67

19.90-20.50 CS 7 2.03 2.27 2.69 12.00 100 100 93 61 19 26 14 12
• CS 7 1.94 2.18 2.69 12.50

14.0021.50-22.50 CS 7 1.99 2.27 2.68 100 100 93 66 23 25 14 11
21.50-22.20” CS 7 2.01 2.27 13.00 0 33.5

CS 7 1.99 2.25 13.00
CS 7 1.91 2.22 16.00

24.00-24.90 CS 8 2.10 2.29 2.69 9.00 100 74 55 38 15 32 17 15 j i
25.40-26.40 CS 6 2.03 2.25 2.69 11.00 33 17 16

BH-209 6.80-7.50 CS 6b 2.19 2.37 2.65 8.00 100 83 59 33 11 27 14 13 ---- -----
12.80-13.60 CS 7 2.02 2.30 2.69 14.00 100 99 88 55 19 26 15 11

1 BH-210 0.50 B 27.00
1 BH-211 9.10-10.00 CS 6b 2.34

10.00-10.50 CS 6b
12.50-13.50 CS 7 2.16 2.36 2.67 j 9.10 100 78 63 30 12 29 13 16

12.50-13.50" CS 7 2.17 2.36 8.80 12.5 31.0
*• CS 7 2.17 2.35 8.50
•• CS 7 2.01 2.21 10.00

13.50-14.50 CS 7 2.05 2.30 2.63 12.00 100 100 93 64 24 30 15 15 ✓
14.50-15.50 CS 7 2.15 2.37 2.64 10.00 100 90 70 44 17 19 12 7

14.50-14.95*2 CS 7 2.15 2.37 10.00 0 30.5
•• CS 7 2.08 2.29 10.00
•• CS 7 2.03 2.25 11.00

BH-212 4.00 8 . . . 2.21 2.10 17.00 JOO 100 93 53 9 27 14 13 0 34.0
9.00-9.50 BD 6b 15.00 100 B8 68 40 14 29 15 14

12.00-12.45 U 7 14.00 100 98 89 60 20 28 14 14
15.00-15.50 BD a 11.00 100 78 57 33 12 29 15 14
17.00-17.50 BD 8 16.00 38 21 17

BH-213 17.80-18.20 CS 8 2.70 10.00 32 18 14
BH-213/2 10.50-10.80 CS 7 8.00 100 95 77 47 18 27 15 12

11.00 CS 7 2.34
11.30-12.30 CS 7 ✓
17.80-16.20* CS 6 1.94 2.19 2.70 12.57

BH-214 e.oo-e.so u 6b 9.00
9.00-9.50 B 6b 10.00 100 66 46 21 7 33 16 17

12.00-12.50 B 7 19.00 100 92 78 52 18 26 14 12
13.00-13.30 B 8 8.00 100 79 30 7 non plastic

BH-215 5.82 8 8 9.00 100 73 48 29 10 26 15 11
6.90 B a L 7.00 100 68 52 30 10 26 15 11
7.70 B 8 12.00 100 85 62 33 12 29 16 13

BH-218 3.00 B 1.74 2.09 20.00 100 100 94 50 9 27 13 T4 0 31.5
8.00-9.50 B 5 100 49 16 2 non plastic

10.00-10.90 BD 5 5.00 100 67 35 7 non plastic
BH-220 4.00-4.50 B 5 100 82 50 5 non plastic



pTH cl<r>!2 » diatVtbutrpn (Wm) Perm ea- j Cons j Sstr j B»nd;A t ta rb rg  MmUa Shear atrangth C8RBofehoia
bintybaaa76 20 0.063 I 0 .002 topcont. wor pit

6.00*6.60 100 7914.00
7.00 8.00 100 74 50

BH-222 6.00-6.50 BD 12.00 100 26
7.00-7.50 BO 4.00 100 63 33 non plastto

BH-223 3.50-4.50 BO 14.00 100 14
5.50-6.00 80 14.00 100
7.50-8.00 BD 13.00 100 48

BH-224 8.B0-9.50 CS 2.14 2.33 2,67 9.00 100 84
1.50-10.00 CS 2.64 9.50 100 AS

CS 1.86 2.12 2.64 13.74
BH-225 2.00-2.50 i.OO 100

4.00-4.SO 100
5.00-5.50 1006.00 40

6.00 100
1.00 BD 8.50 67100 u

9.00 100 85 66
9.50 1.85 2.17 17.00 25 34.0

13.50-14.00 10.00 100 88 66 39
BH-226 100

5.00-6.45 1.94 2.682.23 15.00 100 100 100 30
i.00-6.45‘ 1.94 2 .23 15.00 33.0

1.93 2.22 15.00
1.97 2 .25 14.00

7.00-7.50 100 23
9.00-9.50 100 45 non plastic

13.00-13.50 100 68 35
BH-227 4.00 100

9.00-9.50 22.00 100 29
10.00-10.50 100 57 non plastic 

non plastic14.00-14.50 100
BH-229 9.00-9.50 100 non plastic
BH-230 2.12 10016.00 100 47 26 34.0

19.00-19.50 9.00 100 non plastic
21.00-21.50 1.00 100 non plastic

BH-232 1.00-9.50 100 79
10.00-10.50 100
12.00-12.50 21.00

BH-235 1.00-9.50 100
100
100 fK>n plastic 

non ptast.15.00-15.45 1.66 2.02 2.66 22.00 100 100 100
15.00-15.45^ 1.58 2.02 28.00 33.081.5

1.39 1.84 32.00
1.48 26.00

BDBH-238 100 34



Borehole Depth Type L itho logy Density W ater Particle size d is tribu tion  (mm) Atterberg lim its Sheer strength CBR Permea- Cona Sstr Bend
or pit of sample of T cont. w 75 20 2 0.063 0.002 LL PL 5> c ’ 9 ' top base b iiliy

1 no. <m) sam ple N (%  passed) (%) (kPa) (•) j k {m/a)

14.00*14.45 U 4 1.89 2.19 2.66 16.00 100 100 100 40 11 26 ncm Dlast.
14.00-14.45” U 4 1.86 2.18 17.00 75 35.5

•• u 4 1.81 2.14 18.00
•• u 4 1.84 2.15 17.00

16.00-16.45 u 4 1.61 1.97 2.68 22.00 100 100 100 8 26 non >iast.
16.00-16.45" u 4 1.43 1.87 31.00 0 41.0

•• u 4 1.56 2.00 28.00
•• u 4 1.52 2.02 33.00

18.00-18.45 u 4 1.60 1.95 2.69 22.00 100 100 100 99 30 34 17 17
u L  ^ 1.73 2.12 2.69 22.79

20.00-20.50 BD 5 100 58 16 7 non plastic
BH-239 8.00-8.2Q B 3 100 46 16 f

11.00-11.30 B 4 18.00 24 17 7
13.10-13.40 B 4 100 100 95 67

8H-240 3.20-3.40 B 3 100 83 41 1
7.00-7.20 B 4 25.00 100 100 100 86 29 17 12
9.30-9.50 B 5 100 70 31 2

12.80 B 5 100 82 39 2
8H-241 0.90-1.10 B 3 100 76 39 4

4.70-4.90 B 3 100 74 36 1
6.90-7. ro B 4 20.00 22 14 8

i BH-244 2.00-2.45 B 2 26.00 100 83 56 23 58 34 24
6.00-6.45 B 3 100 48 17 4

12.00-12.45 U 4 1.86 2.19 2.65 18.00 100 100 100 69 17 25 non plast.
• U 4 1.89 2.22 2.65 17.72 ✓

13.00 U 4 1.82 2.11 16.00 6.70E-10
14.00-14.45 U 4 1.71 2.07 21.00 4.07E-10
14.00-14.45 U 4 1.66 2.07 2.67 25.00 100 100 100 64 17 22 non piast.
15.00-15.45 U 4 22.00

17.00 u 4 100 100 100 99 34 34 17 17
17.50-17.85 u 4 1.68 2.07 2.67 23.00

♦ u 4 1.68 2.20 2.67 16.83 ✓

18.50-18.85 u 4 1.75 2.15 2.68 23.00 100 100 100 97 38 37 17 20
18.50-18.95" u 4 1.72 2.15 25.00 26.5 27.0

** u 4 1.60 2.00 25.00
u 4 1.58 1.97 25.00

19.50-19.95** u 4 1.58 1.98 25.00 1 31.0
•- u 4 1.57 1.96 24.00
•• u 4 1.58 1,96 24.00

BH-245/B 10.00-10.45 u 4 1.90 2.18 2.66 15.00 100 98 95 40 11 24 non c^ast.
10.00-10.45 u 4 1.89 2.18 16.00 1 5.68E-09
12.00-12.45 u 4 1.72 2.06 2.68 20.00 100 100 100 65 23 26 non piast.

12.00-12.45" u 4 1.69 2.06 22.00 0 38.5
- u 4 1.69 2.06 22.00
•• u 4 1.71 2.05 20.00



Bor*hol« 0 *p th Typ* tlth o io g y Oanait^ Watar Particia alza dlatribution (mm) Attarbarg timtta CBfl Parmea- Con« Satr Bend i
or pit of •ampla of Td y T* co n t w 75 1 20 1 2 j  0.063 j 0.002 LL 1 PL 1 c ' top base bilKy ----- ;

no. (m) •ampie MgAr^ (%) (% paaaad) W (kPa) R (m/a)
1 1

15.00-15.45 U 4 1.62 2.01 2.66 24.00 100 100 100 19 6 non plasfic
15.00-15.50 U 4 1.59 2.01 26.00 1.84E-10
17.00-17.45 e 4 100 100 100 31
18.00-18.45 u 4 2.69 20.00 100 100 100 97 33 31 16 15

18.00-18.50" u 4 1.76 2.13 21.00 31 25.0
* • u 4 1.73 2.11 22.00
•• u 4 1.79 2.16 21.00

19.50-19.95 u 4 2.66 20.00 100 100 100 94 31 30 16 14
19.50-19.95 u 4 1.64 2.03 24.00 3.96E-10

BH-246 1.00 D 1 9.00
2.00 D 1 18.00

2.00-2.45 8 1 100 92 74 3
3.00 D 1 18.00

BH-247/A 1.00 D . 1 50.00
3.00 D 1 47.00

4.50-4.95 U 41.00 53 27 26
BH-248 1.00-1.45 B 1 23.00

2.00-2.50 B 1 100 52 13 1 non plastic
3.00-3.45 B 1 35.00

4.00-4.45 0 B 2 49.00
5.00-5.45 U 2 19.00 33 non plastic
8.00-8.45 B 3 100 34 10 0

10.00-10.50 B 3 100 64 19 1 non plashc
BH-249 1.00-1.45 B 1 42.00

3.00-3.45 # B 68.00
4.00-4.45 B 38.00
8.00-8.50 8 3 100 43 14 0 non p^asllc

BH-250 1.50-1.60 a 24.00
2.35-2.65 a 100 81 54 15
4.40-4.65 B 57.00
7.70-8.00 B 3 100 78 44 2

BH-251 1.10-1.30* B 1 25.00
1.70-2.00 B 1 37.00
4.40-4.60 B 2 33.00 100 92 61 12
7.60-7.90 B 3 100 81 45 2

BH-252 1.10-1.40 B 1 26.00
2.30-2.50 # B 1 100 78 54 16
7.80-6.00 B 3 100 99 66 5
7.82-8.88 B 3 100 90 39 3 non plastic

11.58*12.85 B 3 100 75 37 2 non plastic
14.68-14.80 B 4 10.00 100 99 97 61 19 23 15 8

BH-253 1.15-1.30 0 a 1 100 94 63 18
2.05-2.30 3 1 44.00
e.30'8.50 B 3 100 99 81 7
8.80-9.20 B 3 100 63 33 1 non plastic



0*ptti Typ* LHhoiogy ....... Wat«r Partici* aiz* distribution <mm) Atterb«rg I Shear «tr*ngth CE3R Permea Con« Setr Bend

of Bsmp}* of T ' f com. w 76 i 20 j 2 1 0.0«3 1 0.002 LL 1 PL 1 IP ( c • «P* top base bility ___
no. (m) •ampi0 i%) n k (rn/s)

■-------------^ ....... i 1
11.70-12.93 B 3 100 90 39 1 non piastic ‘

BH-254 1.20-1.40 3 1 100 89 61 21 i —

2.15-2.35* d 1 43.00
7.50-7.80 8 3 100 98 79 16

9.60-10.78 B 3 100 69 30 1 nc^ plastic
13.55-15.00 B 3 100 60 18 non plastic

BH-250 6.00-6.50 BD 6b 10.00 100 90 72 44 18 29 15 14
13.00-13.50 BD 6b 13.00 100 94 76 46 16 28 14 14

BH-257 4.50-5.50 CS 6b 2.02 2.20 2.65 9.00 100 96 71 44 IB 34 16 18
4.50-5.50“ cs 6b 2.01 2.20 9.30 4.5 31.5

CS 6b 1.95 2.13 9.10
cs eb 2.07 2.25 8.70

6.50 cs 6b 2.03 2.24 9.90 1.07E-10
------------------------ 6.50-7.50 cs 6b 2.00 2.15 2.68 7.70 100 69 65 41 17 31 14 17

13.00-13.30 cs 7 1.80 2.00 2.63 11.00 100 98 84 61 12 24 non plast.
7 1.75 2.11 2.62 20.57 1

14.50-15.30 cs 7 2.05 2.28 2.61 11.00 100 99 91 55 20 26 non plast.
• cs 7 1.96 2.20 2.61 12.06

BH-258 2.00*2.50 BD 6a 12.00 100 98 55 20 7 26 14 12
6.00-6.50 BD 6b 9.0 100 92 69 40 15 29 15 U

BH-259 3.00-3.15 U 6a 1.91 2.18 2.69 14.0 100 93 70 41 14 35 19 16
5.00-5.45 U 6a 1.94 2.11 2.69 9.0

13.00-13-50 BD 7 18.0 100 100 97 65 20 36 18 IB
BH-260 7.00-7.50 BD 6b 18.0 100 95 82 44 17 27 13 14

11.50-12.00 BD 6b 17.0 100 98 74 44 17 28 15 13
BH-261 6.00-6.50 BD 6b 9.0 100 90 70 41 16 28 16 12

10,00-10.50 BD 6b 9.0 100 97 72 42 17 29 16 13
19.00-19.50 BD 7 15.0 100 99 93 56 19 29 14 15

BH-262 5.20-6.50 cs 6b [_2.06 2.23 2.72 8.0 100 86 64 39 32 15 17
5.20-5.60'* cs 6b 2.06 2.23 8.0 10 32.5

cs 6b 2.04 2.21 8.3
cs 6b 2,16 2.32 7.4

15.50 cs 7 2.24
19.20-20.20 cs 8 2.13 2.32 2.59 9.0 100 84 54 38 15 33 15 18

19.20-20.20’ * cs 8 2.16 2.32 7.7 100 28.0
*• cs 8 2.07 2.24 8.2
•• cs 8 ^2.06 2.24 8.4

22.20-23.65 cs 8 2.13 2.34 2.70 10.0 83 69 49 34 15 33 14 19
22.20-23.25’ * cs 8 2.20 2.34 6.3 76 26.0

** cs 8 2.08 a.27 9.1
•* cs 8 1.95 2.13 9.2

1 BH-263 15.00-15.45 u 4
18.00-18.50 BD 6 10.0 100 94 77 49 9 21 13 8
20.50-21.00 BD 8 13.0 22 14 8

i 21.40-22.50 BD 5 5.0 100 60 ; 29 5 1 non plastic |



: BofVhol* b«pth Typ« Lithology D«n«Hy W «t*r Partiel* s Im  diatributton (mm) Atterb*rg limits Sh««r atrengtK CBR Permea- Cons Sstr Bend

or pit of ftsmple of rd Y y cont. w 75 20 2 0.063 0.002 LL PL c * 1 top b»»e biilty
!— rS— (m) •am ple Mfl/m* » (% paaMd) (%) (kp«) h k (m/e)

i BH-265 6.00-6.50 BD a 11.0 100 89 68 32 9 21 13 e 1
8.00-8.50 BD 8 12.0 100 83 58 28 9 22 13 9 1

11.00-11.50 B 5 16.0 100 80 47 12 rK)n plastic

1 I"'... 1
Koy:
Type of sample CS...core sample, U...undisturt>ed s ^ p le ,  D...cfi8tufbed|ar sample. Lithology

B...disturbed bulk sample, SB...soaked buR( sample, BO...B and 0 1 made ground
Density •)ti,..dry density. y...bulk density. 7S...partide density 2 estuarlr^e/ailuvlal silts & sands
Attert>erg limits LL...liquid limit, PL...piastk: limit, IP...j^astldty Index 3 estuanne/alluvtal gravels
Cons consolidatkx) te s t tor results reler to r ^ v a n t  report sheets 4 gladomarine days & silts & sands
Sstr small strain triaxlal test, for results refer to relevant report sheets 5 gladal gravels & sands
Bend bender element test, for results refer to relevstfit report sheets 6a weathered brown boulder day
/ performed: lor results refer to relevant report sheets 6b upper black botJder clay
(...) values excluded from statistical evaluatkxi 7 sarvjy brown boulder day

8 lower black boulder day
• from consolkJation test
•• from CU test
***

reconstituted sample
# organic content and/or loss on Ignition tested (ref. Contractor's summary sheets)

Note«:
1. samples and values in italic  not induded in over^ l statistical analysis {report rK>. 4-09-R-002) because of lato submission by Contractcr



Summary Sheet on Geotechnicai Laboratory Test Results for Rock

»narg7 ‘" ^ ^ ^ t r o -  Ci«y i Vitftn'fte 
♦p»c>flc :

W a ^ ^ 'T 'L c S  ' 'T»ntM»Void
No. minatal : ■

w f I analyiU  j y t y s t *W f

9.0 1.36
*4.30 2C0.3 1.67
:8.80 T5J10.4
20 .30 127.0 $.7 1 67
10.20

161.1 6.6

22.70
BH-207 28.CO-28.30 267 2.67 031 03 0 0.1

2 70 0.04 0.04 01 1«2 229 424 0.232
3* 70

BH-207
1110
24,10

2.69 an 02 161 314 0.23S
2.67 0.2 121 0.189
2.71 004 0.17 87 8 tO.< 0.258

I  BH-211

25,70
FG

f. BH-211
8H-212 19.10-19,50

BH-212 2.42 2.40 1.38
EH-212 0.19

2.6S 0.1
0.18

BH-212 27.5027.80 2.71 035 0,16 122 C344
3000
3060
2670

8H-213.T2 21.50-22.00 0.2 210 29 5
BH-2132  ̂ 21.50-22 00 (1611 0.1524

1 8H-213^ 2330-23 70 2.66 0C5 0.3 161 11.6 0236
6 t - 2 l3 ^  26.20-?6.60 r .» 8 0.12 0.17 0.3 25.1 34.6 0277

B-1'214 19.90-20.10 2.66 0.34

A
ppendix 

A
3-G

eotechnical test results 
for 

rock



BulK Dry P ofo trty Void W «t*r UC5 T«ntil» Young’t P o ltto n Slaka Fractur •  anargy Patro- Clay Vltrin lta \

1 No. of density density lnd«x content strangth modulus ratio durability apeclfic grapMc mlnarat raflact.

Y n tv w (Brsziilan) E V indax Wf w f ana lyalt analysis anaiysla |

(m) (Mg/m*) w <%) {^ •) ^MP.J (MWi'i ■ (GP.) (%) (0.1mm) (Nm) (Nm/MPa)

BH.214 21.70 B 99.4
BH-214 25.00 FG ✓

BH-214 25.20 A/B ✓

BH-214 27.ec 6 99.3
BH-214 29 30-29.60 B 2.64 2.63 0.18 0.25 0.3 65.4 0.5 16.3 0.136
BH-214 31.10-31.30 A 2.70 (238) (79,3) 0.61 45.7 0.19
BH'216 17.30 C 1

BH-218 18.00-18.20 A 2.71 2-61 0.30 0.50 0.7 129 15.1 0.227
BH.218 18.60-18.80 A 2.6fi 2.58 0.39 0.1 122 •1) 26.0 0.178

' BH-218 19.00 A /B ✓
BH-218 20.90 A 99.1
BH-218 22.10-22.e0 A 2.66 2.81 0.45 0.S1 0.4 154 7.2 20.1 0.149 0.16
BH-218 23.85-24.00 A 2.56 0.35 0.35 0.7 *1)
BH-218 25.10-25.40 A 2.71 2.65 0.05 0.12 0.1 189 37.3 0.181
BH-218 28.20-28.50 A 2.62 2.62 0.17 ■1) 0.1 130 •1) 26.5 0.0759
BH-218 28.80 C ■ /

BH-221 8.80-9.30 A 2.69 2-75 0.05 0.15 0.1 87.5 33.1 0.164
0H-221 12.20 C
BH-221 15.00-15.60 A 2.6B 2.67 0.13 0.22 0.3 183 •1) 35.8 0.200
BH-221 15.00-15.60 A 2.69 (206) (74.7) 1.36 36.4 0.18
BH-221 17.00-18.00 A ■1) '1) 0.32 0.3 117 22.6 0.148
BH-221 18.00-18.40 A 2.72 2.69 0.07 0.16 0.1 106 9.6 36.9 0.179
BH-221 18.70-18.95 A 2.68 2.68 0.09 0.24 0.1 169 35.5 0.204
BH-221 18.95-19.30 A 2.62 0.34 0.17 0.4 *1) 13.5
BH-221 18.95-19.10 A 2.67 (150) (34.5) 0.45 36.0 0.24
BH-221 21.20 ✓
BH-221 21.90-22.15 A 2.70 2.70 0.05 0.27 0.1 146 34.5 0.124
BH-221 22.70 A 99.6
BH-221 23.55-23.90 A 2.68 2.68 0.04 0.16 0.1 224 35.0 0.129 1.61
BH-221 26.40 C 99.2 ■/

BH-221 26.50-26.70 B *1) •1) 0.20 0.2 139 21J2 0.151
! BH-222 9.30 A/B

BH-222 9.40 A/B ✓

BH-222 10.80-11.10 B 2.65 2.64 0.09 0.16 0.2 209 30.6 0.143
BH-222 12.80-13.20 8 2.68 2.68 0.19 0.29 0.1 175 18.3 38.1 0.155 1.96
BH-222 15.50 C ✓

BH-222 16.00 A ✓

BH-222 16.30-16.80 B *1) *1) *1) 0.61 0.5
BH-222 19.10-19.30 B 2.69 2.72 0.03 0.20 0.1 134 32.1 0.216
BH-222 19.30-19.50 B 2.64 2.63 0.16 0.19 0.2 133 23.5 0.149
BH-222 20.90-21.20 A 2.68 2.67 0.14 0.22 0.3 59.1 14.3 15.4 0.145 0.82
BH-222 22.55-22.80 B 2.63 2.61 0.34 0.22 0.6 52.9 11.4 0.199
BH-222 23.10-23.30 B 2.62 2.60 0.23 0.15 0.6 12.6
BH-222 24.80 A/B/C ✓

BH-222 25.00 C ✓

BH-222 25.10 c 96.9
II BH-222 20.30 c ✓



D ry

density mineralNo.
a n a lys ts

(VQ
‘5.00

29.30BH-222
0.1329.20-30.00 i 598H -222

BH-222
0.632.72 2.n 0.19 12.9 39.230.70-31.10BH-222

1.50
1.000H -223

2.65 0.10 0 .19BH-223
2.71BH-223 0.22
2.72 i m 0.2 0222BH-223
2.71 2.70 0.05 0.26 0->1BH-223

(3H))17.20-17.60BH-223
BH-223 20.00

21.00Bl ̂ *2^  
OH-223 0 .292 60 O.S 0.2002.63

2 6119.10*19 30 2.62BH-225
DH-225

21.20
2 67 0.02 13.2DH-225

(52 3)23.20-23.45BH-225
2.58 0.19 o.r>BH-225

27.50BH-228
30.00
25,70BH-257
26.50
25.50

2.67 2 6 7 0.04 26.0

90,(2 63 0.U9ITTT 28.027.40-27.70

K ey.
L ilho iogy A-calcisHtilo, O*srg(|iaceous o ic is lt it© , C-colcar«eu«i sha lfl, FG -fau it poupo materloi

U CS U C S ...un iaxla l cornpressive s tfong lh
schedu iftd  les t no t porform od, bacsuse sam ple to  w ^ak , ijn su ffic ie n t or b fokan during p fppw ation  

^  peffo tm ed, fp i rasuUs refor to tast »epor( sheals

N o t« * ;
1 N cn-bo ld  dens ity  va lues are ca lcu latod fron i d ry  d^nslh^ and po fos ily
2. Bold dens ity  va lu fis  w«re de icrm ined »s pa>t c f  UC S  tes ls

3 . (U C S) and (G) da larm lned f.'oiri sampfes w ith  diarpete»-^»oigfit"1
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F ig .B .l-M easured  TBM  excitation at m easuring Section 1; transverse direction
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Time,s

Fig.B .2-M easured TBM  excitation at m easuring Section 1; vertical direction
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0.2 0.4 0.6

Time, s

Fig.B .3-M easured TBM  excitation at m easuring Section 1; longitudinal direction.
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0 0.2 0.4 0.6 0.8 1
Time, s

F ig.B .4-M easured TBM  excitation at m easuring Section 2; transverse direction
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10

0

-10

-20
0 0.2 0.4 0.6 0.8

Tune, s

F ig.B .5-M easured TBM  excitation at measuring Section 2; vertical direction

- 10
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0.60.2 0.4 0.8
Time, s

Fig.B .6-M easured TBM  excitation at m easuring Section 2; longitudinal direction.
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Fig.B.V-M easured TBM  excitation at m easuring Section 3; transverse direction
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Time, s

Fig.B .S-M easured TBM  excitation at m easuring Section 3; vertical direction
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-20

0.60.2 0.4

Time, s

F ig.B .9-M easured TBM  excitation at m easuring Section 3; longitudinal direction
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Time, s

Fig.B.lO-Measured TBM excitation at measuring Section 4; transverse direction
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0.80.2 0.4 0.6

Tune, s

Fig.B.l 1-Measured TBM excitation at measuring Section 4; vertical direction

-10

-20

0.60.2 0.4

Time, s

Fig.B.12-Measured TBM excitation at measuring Section 4; longitudinal direction.
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Time, s

Fig.B.13-Measured TBM excitation at measuring Section 5; transverse direction
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Time, s

Fig.B.H-Measured TBM excitation at measuring Section 5; vertical direction
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Time, s

Fig.B.15-Measured TBM excitation at measuring Section 5; longitudinal direction.
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Fig.B.16-FFT o f time history plot o f transverse TBM vibrations at Section 2; peak frequency
at 13Hz
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1000100
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Fig.B.17- FFT o f time history plot o f vertical TBM vibrations at Section 2; peak frequency at
16Hz
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Fig.B.18- FFT o f time history plot o f longitudinal TBM vibrations at Section 2; peak
frequency at 11 Hz
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Fig.B.19-FFT o f time history plot o f transverse TBM vibrations at Section 3; peak frequency
at MHz
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Fig.B.20- FFT o f time history plot o f vertical TBM vibrations at Section 3; peak frequency at
16Hz
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Fig.B.21- FFT o f time history plot o f longitudinal TBM vibrations at Section 3; peak
frequency at 8Hz
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Fig.B .22-FFT o f  time history plot o f  transverse TBM  vibrations at Section 4; peak frequency
at 9Hz
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F ig .B .23- FFT o f  time history plot o f  vertical TBM  vibrations at Section 4; peak frequency at
18Hz
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Fig.B .24- FFT o f  time history plot o f  longitudinal TBM  vibrations at Section 4; peak
frequency at 2 & lOHz
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F ig.B .25-FFT o f  tim e history plot o f  transverse TBM  vibrations at Section 5; peak frequency
at 12Hz
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Fig.B.2 6 -  FFT o f  time history plot o f  vertical TBM  vibrations at Section 5; peak frequency at
17Hz
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F ig .B .27- FFT o f  time history plot o f  longitudinal TBM  vibrations at Section 5; peak
frequency at 13Hz
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Results of Bender Element Tests
Client
Operator
Dates
Apparatus
Sampio

Exptoiation Associates Limited 
Laurentiu .lianu 
22,03 ,96 - 11 04,98 
2

City University 
Geotechnlcal Engineering Resoarch Centro

Soil tjoulder c!ay
Type cote
Size Dia: lOOmtt). L; 'JOOmin

I Drains allround

Stage t1 {mins)
2 120

Tost Spacltnen 
Initial

rinal

Dia (inrn) 105.93
1. (turn) 20687
Dia (mm) 110,98
L (mm) 189,46

Weight (g) 4225,8 jMass density (Mg/m*) 1 2,318l
MC of trimmings {%) 10.66|
Weigfit (g) 4237.3 (Mass density (Mg/m^) 2,312
MC of split sample (%) 11,55!

T o s t  R g s u Us

S tresses (t'.Pa) P' q' >'v V Go’
Stage Oa Of u (kPa) (kP a) (% ) (M P a )

1 23G 236 184 52 0 0,00 1.314 153
1 23S 235 132 103 0 0,00 1.314 267
2 235 235 95 140 0 0,00 1.314 267
2 237 237 95 142 0 0,18 1.290 292
3 237 237 95 142 0 0.10 1,290 292
3 265 205 95 170 0 0.24 1.283 323
3 294 29d 96 108 0 0,34 t.270 405
4 294 294 96 198 0 0.34 1.270 405
4 2(36 260 95 171 0 0.33 1.272 332

A 237 237 95 142 0 0.30 1.275 302

4 211 211 95 116 0 0,25 1.282 291
4 183 tfi3 95 88 0 0.21 1,287 263
A H 4 144 95 49 0 0 0 2 1 312 215
5 145 1-15 «5 49 0 undr undr 202

5 105 145 99 49 10 undr WKir 196
5 427 145 88 151 282 undr undr 313
5 505 145 68 198 360 undr uridt 314

5 534 145 54 220 389 undr undr 329



City University 
Geotechnical Engineering Resesrcf: Centro

Rosulls of Bender Element Tests
Client Exptoralion Associates Limited
Operator Laurentiu Jianu Drains ail round
Dates 12.0'),96-22.04,86
Apparatus 2 Stage t1 (mins)
SampIo 2 120

Soil tx3i(lder day
Type core
Size Dia: 100mm, L' 400mm

Tost Spoclinon
Initial

final

Dia (mm) 100 97
L (mm) 203.56
Dia {mtvi) 
L (nitn)

102.52
197.47

Test Results

Mass (g) 3767.25 Mass density (Mg/m^) 2.324
MC of trimmings (%) 11.66|
Mass (g) 1 3789.4 Mass density 2.325
MC of split sample (%) 11.331

Stresses (kPa) P' q ' r-. V Go"
Stage u (kPa) (kPa) /%) (f^Pa)

1 350 350 285 65 0 S1.00 1,369 172
1 350 350 293 57 -1 0.00 1,369 164
2 350 360 150 200 -1 'i.OO 1,369 360
2 350 350 150 200 0 0.63 1,287 360
2 350 350 150 200 0 0 75 1.272 362
3 350 350 150 200 0 0.75 1,272 3G2
3 412 412 152 260 0 0S6 1.257 405
3 450 450 150 300 -1 0,98 1.242 434
4 450 450 150 300 -1 0.98 1.242 434
4 357 357 149 208 0 0.92 1.250 407
4 336 336 148 188 0 0,90 1.253 308
4 240 240 150 90 0 C.73 1.275 304
4 198 199 150 49—! ---- 1 . 0 PM9 1,306 -rM-J



City University  
Geotechnicai Enginoering Researc!? Centre

Results o f Bonder Element Tosts
Clienl Exploration Associates Limited

Soil boulder day
Type core
Size Dia: lOOmrn, L: 400mm

Operator Laurentiij Jianu Drains ail round]
Dates 07.05.96 - 13,05.96
Apparatus 2 Stage t1 (mins)
Sampla 2 60

Test Speclnion 
Initial

final

Dia (nin>) 101.12
L (mm) 188.55
Dia (mm) 102 53
1, (mm) 181.21

Mass (g) 3546.38
MC of trimmings (%) 12.69
Mass(g) 1 3525.48
MC of split sample (%) 9.71

Tost Rosults

Stage
Stresses (kPa) P'

(kPa)
q'

(kPa)
Go’

(MPa)Oa Of U

1 320 320 283 37 0 100
1 320 320 267 33 0 151
2 320 320 287 33 0 151
2 320 320 201 119 0 307
3 320 320 201 119 0 367
3 409 409 202 207 •1 422
3 420 420 200 220 i 0 462
4 420 420 200 220 0 462
4 405 405 200 205 0 44C
4 335 335 204 131 0 402
4 317 317 202 115 r 384
4 302 302 203 99 : .) 352
4 250 200 202 40 j 0 308
5 250 250 202 48 0 308
5 336 200 217 62 86 328
5 436 250 217 95 186 386

(Mass density (Mg/ni’ ) 2,342

|lVlass density (Mg/m^) 2.356



Results of Bender Element Tests

City University 
Qeotochnlcal Englnooring Research Centro

Client
Operator
Dates
A()pBn0lus
Sample

fixplorptlon AsROOiales Limited 
Laurentiu Jianu 
03.06.96 - 20 06.96 
2

Drains [allfound|

Soil iKXjIder clay
Type core
Size Dia: 100mm, L: 400nim

Stage (1 (mins)
2 330

Tost Specimen
[IKTass density (Mg/r'i?) |~ ~2.54?.]

|M'-ss density (MQ/m3)   |

Stresses (kPs) l>' q' ....... v " " ” Go
Siagc 0. II (kPa) (kPa) (%) (MPft)

i 3^9 ..^36 ■ 3l4 io ■ IV "3.5CI (.518
2 220 330 io l 15!) 0 (.6S .... ?«1 .....
i •*17 MS m ~ ..... 181 S3 t.64' 1.292 ■" JM

45/ JdO ■ ■JO? J04 77 1.94 L ~ T .i> 0 SSS-....
3 45? 3116 » 3 i i f <00 204 n :5 M 441
4 49ft NW 229 100 207 , , g j — ■ ■ ":543------
4 •125 36i 202 >6^ 67 ■ ib 6 i;2S4 416
4 330 3&0 M2 m ■ " 'O ’ ' 1 99 ■ ■ I.JiSJ ..... 37S ''“
S 3m 336 M US 0 -1.94 T 2 IP i“ ... 58 T "'
5 377 377 J02 1/5 0 ■ 2.81" ■ ■'T .58ff .......4 f l
6 3& g ' '• !i&9 201 ■' m -  ■ 0 2 OS ■ ~ T 5 « .... 424
5 430 202 21s 0 210 1.248 44$
S 4,10 430 200 230 0 — '2 13 1.245 ' 4iO

412 4 i i 200 212 0 J 1247 r j? 5 ~ 4^3
383 200 .....~ ~ w

--------
0 2.110^ 1.J47 .....“448'

6 ^63 200 0 2,0878 1.250 440
6 3M  ■ ...."33?" " 199 ' f55  ' ' 0 2.0GO9 ' TSCT ■■■■ “415
6 314 31<* 199 ■ '1T4 ■ 0 l O M 1.257 364

284 296 tM K 0 (.911 • 1.284 306
c 265 00 b 1 9216 "T .2 7 1 ......3J5 ''
6 2 if l ■ <M 51 ......0 ■ 1,8685 ■i;27B • "278......

- ' - y -  " 324 250 303 72 75 undr uiutr 313
7 ^86 ' 175 ----------W .... !zoo undr iindt 367
7 477 250 175” ^55 227 uiKJr u iifir 408-  . J- ■ 53P— JSb m ..... .. --------- IS ).... ... 7«8‘ ........ »»TK}r un'ir ■ '421

lr>itial

final

Dia (mm) — T orns
1. {ini'i) 192.06
Dia (rnrn) 
I, (mfti)

“ to 2 :M

^.iass (9) 1 355105®
M C o l lriinriiir')gs ( % ) I t . 161
Mass (g ) ( 3S 19 .42
IwtC of split sarriple (% ) ........10.311

Test Results



Appendix C2-Geoteclinical test results for soil
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Borehole Depth Type Lithoiogy D*nait){ Water Particle aize diatrtbutlon (mm) Atterberg Hmita Shear atrength CBR Permea- Cons Bend
or pit of aampte of r 7« cont. w 75 1 20 1 2 j 0.063 | 0.002 LL j PL 1 c ' top base biflty

no. (m) •aE•

Mfl/m’ N (% paaaad) (%) (k(ia ) h k (m/s)

5.70 B 3 83 22 8 5
8.00 B 8 13.31 100 51 26 13 3
12.80 B ^ 8 100 77 50 25 5

BH-115 12.30 B 4 36.20 100 100 89 49
16.00 B 4 9.26 100 100 100 92 23 27 20 7
17.50 B 4 100 83 66 57 21
1S.OO B 3 87 30 2 1

...... ...... 21.00 B 8 100 60 41 23 7
BH-117 12.00 B 4 12.88 100 100 99 71 14 30 19 11

18.70 B 8 9.35 100 97 68 39 15 28 21 7
21.00 B 5 100 43 14 2

BH-118 10.00 B 3 100 43 4 1
14.50 B 4 22.15 100 80 78 62 10 25 18 7
23.00 B 8 8.86 100 94 76 57 31 28 20 8

BH-120 13.00 B 4 22.14 100 100 97 92 24 28 17 11
16.00 B 6 10.70 100 54 41 24 7 24 14 10
19.50 8 8 100 92 80 50 10

DPT S Itt investigation (February to May 1996)

TP-202 0.70 B ^ 68 2.23 14.00 6.5 21.0
0.70 SB 6a 2.23 15.00 6.5 21.0

TP-203 0.50 B 1.62 36.00 8.5 17.0
0.50 SB 1.62 35.00 9.4 17.0

TP'208 0.60 B 2.09 13.00 23.0 39.0
0.60 SB 2.06 16.00 13.0 33.0

TP-209 0.60 6 1.92 23.00 1.7 2.8
.....— -----

0.60 SB 1 1.93 23.00 2.1 2.6
TP-210 0.50 B 1 1.76 27.00 8,3 14.0 t !

0.50 SB 1 1.73 30.00 8.0 12.0
TP-211 0.50 B 1 1.99 18.00 8.9 17.0

0.50 SB 1 1.98 20.00 12.0 14.0
! TP-212 0.80 B 1 1.70 28.00 4.9 14.0

0.80 SB 1 1.68 29.00 8.6 13.0
TP-213 0.50 B 1 1.38 20.00 23.0 50.0

0.50 SB 1 1.39 33.00 18.0 39.0
TP-214 0.70 B 1 1.40 22.00 24.0 49.0

0.70 SB 1 1.39 31.00 20.0 45.0
TP-215 0.50 B 1.46 21.00 24.0 42.0

0.50 SB 1 1.43 33.00 22.0 44.0
TP-216 0.50 B 1 1.71 20.00 34.0 44.0

0.50 SB 1 1.71 25.00 28.0 42.0
1 TP-217 0.90 B 1.50 19.00 15.0 39.0



Borehole Depth Type LIthotogy Density Water Panicle alze distribution (mm) Atterberg limits Shear strength CBR Permea Cons Sstr Bend
or pit of sample of Y T» cont. w 75 20 2 0.063 0.002 LL PL c ’ f ' top base bility

no. (m) •ample Mg/m^ N (% psseed) (̂ > (kPa) h k (m/s)

0.90 SB 1 1.47 30.00 12.0 29.0
TP-218 0.50 B 1 1.72 34.00 2.1 2.6

0.50 se 1 1.73 35.00 0.7 1.4
TT-204 1.00 8 1 2.46 25.00 1.4 1.5

1.00 SB 1 1.86 27.00 0.7 1.4
BH-201 6.50-7.50 CS 6b 2.11 2.34 2.67 11.00 100 93 73 42 15 27 14 13

10.50-11.50 CS 6b 2.21 2.40 2.67 8.80 100 92 69 40 16 26 12 14
10.50-11.50** CS 6b 2.20 2.40 9.30 7 36.0

• • CS 6b 2.10 2.28 8.60
• • CS 6b 2.15 2.33 8.40

16.50-17.00 CS 7 1.73 2.07 2.65 20.00 100 100 95 64 18 30 15 15
♦ CS 7 1.83 2.15 2.65 17.26 ✓

17.60-18.50 CS 7 1.98 2.22 2.69 12.00 100 99 89 58 26
17.60-17.90" CS 7 2.00 2.22 11.00 39 26.0

** CS 7 2.04 2.26 11.00
•• CS 7 1.99 2.25 13.00

BH-202 5.00-6.00 CS 6b 1.95 2.30 2.66 18.00 100 79 59 33 28 15 13
9.50 CS 7 2.09 2.31 10.00 2.48E-11

9.50-11.50 CS 7 2.10 2.31 2.68 10.00 100 99 94 66 25 /(2 ) ✓

9.50-10.50” CS 7 2.10 2.33 11.00 19 35.0
- CS 7 2.15 2.38 11.00
• • CS 7 2.10 2.32 10.00

10.50-11.50 CS 7 2.36
15.50-16.50 CS 6b 2.12 2.29 2.68 8.00 100 82 59 35 13 29 15 14
18.00-19.00 CS 6b 2.15 2.36 2.55 9.80 100 96 66 45 19 30 16 14 ✓ ✓

BH-203 0.50 B 1 36.00
BH-204 5.40-6.40 CS 6b 2.10 2.33 (2.40) 11.00 100 82 60 34 14 28 15 13

9.00-10.00 CS 7 2.31 ✓ ✓
10.00-11.00 CS 7 2.15 2.36 2.67 10.00 100 100 86 47 15 25 12 13

10.00-10.30” CS 7 2.02 2.26 12.00 5 31.5
CS 7 1.94 2.19 13.00

- CS 7 2.05 2.25 10.00
11.00-12.00 CS 7 2.62 12.00 100 97 88 60 26 26 12 14

11.00-12.00" CS 7 1.89 2.11 12.00 13 33.5
•• CS 7 1.96 2.21 13.00
•* CS 7 1.88 2.16 15.00

19.00-19.40 CS 7 1.97 2.26 2.64 15.00 27 14 13
CS 7 1.94 2.20 2.64 13.17 /■

21.00-22.00 CS 8 2.63 8.00 100 89 43 20 9 30 16 14
22.50-24,00 CS 8 2.04 2.19 2.69 7.40 too 98 72 54 22 ✓

23.00-23.50” CS 8 1.96 2.19 12.00 0 33.0
23.00 CS 8 2.31

8H-205 6.10-7.00 CS 6b 2.19 2.36 2.69 8.00 100 86 68 38 14 27 15 12
9.05-10-05 CS 7 2.19 2.41 2.73 10.00 100 91 73 46 19 27 11

9.05-10.05’ * CS 7 2.19 2.41 10.00 0 32.5



1 Type Uthology D«n«lt^f Water Partlcta atza dlatributlon (mm) Atterbarg llmlta Shaar atrangth c s n Permea- Con* r Sstr Bend
or pit of •am ple of .. X cont. w 75 1 20 1 2 1 0.063 1 0.002 LL } PL 1 IP c ' lop baae blilty

no. (m) •am pie Mg/m* (%) (% paaaed) <%) (kPa) ( ')
.... I" '.. CS 7 2.23 2.41 8.20

CS 7 2.24 2.46 10.00
11.60-11.90 CS 7 2.31 v'
12.00-12.95 CS 7 2.05 2.32 2.69 13.00 100 99 90 62 23 31 14 17

12.00-12.75’ * CS 7 2.05 2.32 13.00 0 31.5
CS 7 2.08 2.35 13.00

*• CS 7 2.13 2.38 12.00
16.00-16.60 CS 7 1.95 2.22 2.70 14.00 100 100 91 60 20 30 15 15

BH-206 5.00 8 . . . /.75 2.10 18.00 100 100 48 12 3 31 14 17 0 33.5
5.00 B 1.79 2.11 1B.00 100 100 48 11 3 31 14 17 a 32.5

10.00-10.50 B 6b 16.00 100 80 62 38 13 29 15 14
14.00-14.50 U 7 1.92 2.19 2.74 14.00 100 100 94 65 15 28 14 14
21.00-21.50 U 7 1.90 2.19 2.68 15.00 100 99 91 69 20 28 15 13

BH-207 4.50-5-50 CS 6b 2.15 2.31 2.70 7.60 100 100 66 40 16 29 15 14
4.50-4.80” CS 6b 2.13 2.31 8.30 62.5 26.0

•• CS 6b 2.18 2.32 6.50
•• CS 6b 2.09 2.26 8.10

5.50-6.50 CS 6b 2.10 2.31 2.67 10.00 100 88 66 40 15 28 15 13
11.50-12.50 CS 6b 2.05 2.26 2.68 10.00 100 81 64 41 16 27 14 13
13.50-14.50 CS 7 2.05 2.28 2.68 11.00 100 100 93 63 18 27 13 14

13.50-14.50*’ CS 7 2.04 2.28 12.00 0 31.0
*• CS 7 2.04 2.31 13.00

CS 7 2.04 2.26 11.00
14.60-15.50 CS 7 2.04 2.29 2.69 12.00 100 100 94 59 17 26 13 13
16.90-17.50 CS 7 1.52 1.98 2.69 30.00 100 99 95 70 30 57 25 32

• CS 7 1.53 1.97 2.69 28.64 ✓

17.50-18.50 CS 7 1.96 2.23 2.70 14.00 100 100 90 52 21 28 14 14
20.50-21.50 CS 7 1.96 2.22 2.69 13.00 100 95 88 59 16 28 13 15

20.50-21-50“ CS 7 1.96 2.22 13.00 0 30.5
•• CS 7 2.01 2.25 12.00
•* CS 7 2.00 2.26 13.00

23.00-23.50 CS 7 2.04 2.28 2.70 12.00 100 99 93 70 19 27 15 12
• CS 7 r.S6 2.16 2.70 15.89 y

23.50-24.50 CS 7 1.78 2.06 2.67 16.00 100 100 92 68 15 30 14 16
23.50-23.80" CS 7 1.76 2.06 17.00 0 30.5 —

*♦ CS 7 1.88 2,16 15.00
•* CS 7 1.90 2.20 16.00

26.20-26.80 CS 8 2.13 2.32 2.68 9.00 100 62 44 30 12 31 16 15
BH-208 11.50-12.50 CS 6b 2.06 2.27 2.63 10.00 100 80 59 35 11 28 15 13

14.00-15.00 CS 6b 2.11 2.32 2.67 9.80 100 93 71 44 19 27 14 13
14.00-14.35’ - CS 6b 2.11 2.32 9.80 0 33.5
16.85-17.85 CS 7 2.09 2.32 2.70 11.00 100 96 89 59 21_| 26 13 13 ✓ •'{2)
18.00-18.85 CS 7 2.09 2.32 2.67 11.00 100 99 93 63 17 28 13 15

18.00-18.35" CS 7 2.09 2.32 11.00 0 34.0
•* CS 7 2.13 2.36 11.00



1 Borehole Depth Type Llthotogy Oenelty Wstsr Particle size distribution <mm) Atterberg limits Shear strength CSR Permea- Cons Sstr Bend
or pit of sample of TTd 1 1 cont, w 75 20 2 0.063 0.002 LL PL. IP c * 9 ’ top base bMlty
no. (m) sample (%) (% passed) (%) (kPa) n k (nVe)

• • CS 7 2.05 2.28 11.00
• cs 7 f.96 2.20 2.67 12.70

19.90-20.50 CS 7 2.03 2.27 2.69 12,00 100 100 93 61 19 26 14 12
• c s 7 1.94 2.18 2.69 12.50

21.50-22.50 c s 7 1.99 2.27 2.66 14.00 100 100 93 66 23 25 14 11
21.SO-22.20" c s 7 2.01 2.27 13.00 0 33.5

- OS 7 1.99 2.25 13.00
• * c s 7 1.91 2.22 16.00

24.00-24.90 c s 8 2.10 2.29 2.69 9.00 100 74 55 38 15 32 17 15
25.40-26.40 c s 8 2.03 2.25 2.69 11.00 33 17 16

BH-209 6.80-7.50 c s 6b 2.19 2.37 2,65 B.OO 100 83 59 33 11 27 14 13
12.80-13.60 c s 7 2.02 2.30 2.69 14.00 100 99 88 55 19 26 15 11

I BH-210 0.50 B 1 27.00
j BH-211 9.10-10.00 c s 6b 2.34

10.00-10.60 c s 6b ✓

12.50-13.50 c s 7 2.16 2.36 2.67 9.10 100 78 63 30 12 29 13 16
12.50-13.50" c s 7 2.17 2.36 8.80 12.5 31.0.. c s 7 2.17 2.35 8.50

• • c s 7 2.01 2.21 10.00
13.50-14.50 c s 7 2.05 2.30 2.63 12.00 100 100 93 64 24 30 15
14.50-15.50 c s 7 2.15 2.37 2.64 10.00 100 90 70 44 17 19 12 7

14.50-14.95*2 c s 7 2.15 2.37 10.00 0 30.5
• • c s 7 2.06 2.29 10.00 I ;

c s 7 2-03 2.25 11.00
BH-212 4.00 B 2.21 2.W 17.00 100 100 93 53 9 27 14 13 0 34.0 i

9.00-9.50 BO 6b 15.00 100 88 68 40 14 29 15 14
12.00-12.45 u 7 14.00 100 98 89 60 20 28 14 14
15.00-15.50 BD a 11.00 100 78 57 33 12 29 15 14
17.00-17.50 BO a 16.00 38 21 17

BH-213 17.80-18.20 c s 8 2.70 10.00 32 18 14
BH-213/2 10.50-10.80 c s 7 8.00 100 95 77 47 18 27 15 12

11.00 c s 7 2.34--------- 11.30-12.30 c s 7 /

17M -1B.20' cs B r.94 2 .n 2.70 12,57
BH-214 6.00-6.50 u 6b 9.00 ......

9.00-9.50 B 6b 10.00 100 66 46 21 7 33 16 17
12.00-12.50 B 7 19.00 100 92 78 52 18 26 14 12
13.00-13.30 B 8 8.00 100 79 30 7 ncm plastic

BH-215 5.82 8 8 9.00 100 73 48 29 10 26 15 11
6.90 B 8 7.00 100 88 52 30 10 26 15 11
7.70 B 8 12.00 100 85 62 33 12 29 16 13

BH-218 3.00 B M A 2.09 20.00 100 100 94 50 9 27 13 14 0 31.5
8.00-9.50 B 5 100 49 16 2 non plastic

10.00-10.90 BD 5 5.00 100 67 35 7 non plastic
BH-220 4.00-4.50 B 5 100 82 50 5 non plastic 1
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Partlcte dU trlbu tten (mm) Permea- , Cona j Sstr j BendjjCBRLItho logyBofehola
topLL75 20 0.083} 0 . 0 ^c o n t  wor pH

100 79 586.00-6.50 14.00
1007.00 8.00 50

BDBH-222 i.00-6.50 12.00 100 28
BD7.00-7.50 4.00 100 non plastic

BH-223 3.50-4.50 BD 10014.00
5.50-6.00 BD 14.00 100

BD7.50-8.00 13.00 100 27
BH-224 CS 2.33 2,672.14 KOO 100 84

9.50-10.00 CS 2.64 9.50 100 68
CS 13.741.86 2.12

BH-225 2.00-2.50 6.00 100
4.00-4.50 100
5.00-5.50 6.00 100 40

6.00 100 78
1.00 8 0 i.5Q 100 85 25

9.00 100 85
9.50 1.85 34.017.00 25

10.00 100 88 66 26
BH-226 5.00-5.50 100

6.00-6.45 1.94 2.23 2.68 15.00 100 100 100 82 30 26
6.00-6.45' 33.01.94 2.23 15.00

1.93 2.22 15.00
1.97 14.002.25

7.00-7.50 100
9.00-9.50 100 82 45 non plastic

13.00-13.50 non plastic100 35
BH-227 8.00-8.50 4.00 100

9.00-9.50 22.00 100
10.00-10.50 100 57

non piastic14.00-14.50 100
BH-229 non piastic9.00-9.50 100

34.0100 261.83 2.12 16.00 100 47
non ptastic19.00-19.50 9.00 100
non plastic21.00-21.50 1008.00
non plasticBH-232 1.00-9.50 100

10.00-10.50 100
12.00-12.50 21.00

BH-235 1.00-9.50 100
11.00-11.50 non piastic100

non piasttcBH-236 12.00-12.50 100 28
1.66 2.02 100 100 23 non ptast.22.00 100

33.015.00-15.45’ 1.58 2.02 81.528.00
1.39 1.84 32.00
1.48 1.86 26.00

12.00-12.50 j BO non plastic100BH-238



Borehole Depth Type Lithology Density Water Particle size distribution (mm) . Atterberg limits Shear strength CBR Permea Cons Sstr Bend
or pit of sample of T y cont. w 75 20 2 0.063 0.002 LL PL ^  i c ' ‘ top base bility
no. <m) sample N (% passed) (%) (kPa) {') k (m/s)

14.00-14.45 U 4 1.89 2.19 2.66 16.00 100 100 100 40 11 26 non Diast.
14.00-14.45" U 4 1.86 2.18 17.00 75 35.5

•• u 4 1.81 2.14 18.00
u 4 1.84 2.15 17.00

16.00-16.45 u 4 1.61 1.97 2.68 22.00 100 100 100 8 26 non >last.
16.00-16.45** u 4 1.43 1.87 31.00 0 41.0

u 4 1.56 2.00 28.00
•• u 4 1,52 2.02 33.00

18.00-18.45 u 4 1.60 1.95 2.69 22.00 100 100 100 99 30 34 17 17
• u 4 1.73 2.12 2.69 22.79 ✓

20.00-20.50 BD 5 100 58 16 7 non plastic
BH'239 8.00^.20 B 3 100 46 16 1

11.00-11.30 B 4 18.00 24 17 7
13.10-13.40 8 4 100 100 95 67

BH-240 3.20-3.40 B 3 100 83 41 1
7.00-7.20 B 4 25.00 100 100 100 86 29 17 12
9.30-9,50 B 5 100 70 31 2

12.60 B 5 100 82 39 2
BH-241 0.90-1.10 B 3 100 76 39 4

4.70-4.90 8 3 100 74 36 1
6.80-7.10 B 4 20.00 22 14 8

BH-244 2.00-2.45 8 2 26.00 100 83 56 23 58 34 24
6.00-6.45 B 3 100 48 17 4

12.00-12.45 U 4 1.86 2.19 2.65 18.00 100 100 100 69 17 26 plast.
* U 4 1.89 2.22 2.65 17.72 ✓

13.00 U 4 1.82 2.11 16.00 6.70E-10
14.00-14.45 U 4 1.71 2.07 21.00 4.07E-10
14,00-14.45 U 4 1.66 2.07 2.67 25.00 100 100 100 64 17 22 non piast.
15.00-15.45 U 4 22.00

17.00 U 4 100 100 100 99 34 34 17 17
17.50-17.85 U 4 1.68 2.07 2.67 23.00

U 4 1.88 2.20 2.67 16.83 ✓
18.50-18.85 U 4 1.75 2.15 2.68 23.00 100 100 100 97 38 37 17 20

18.50-18.95** U 4 1.72 2.15 25.00 26.5 27.0
•* U 4 1.60 2.00 25.00

U 4 1.58 1.97 25.00
19.50-19.95“ U 4 1.58 1.98 25.00 1 31.0

U 4 1.57 1.96 24.00
u 4 1.58 1.96 24.00

BH-245/B 10.00-10.45 u 4 1.90 2.18 2.66 15.00 100 98 , 95 40 11 24 non plast.
10.00-10.45 u 4 1.89 2.18 16.00 1 5.68E-C9

j 12.00-12.45 u 4 1.72 2.06 2.68 20.00 100 100 100 65 23 26 non plast.
1 12.00-12.45'* u 4 1.69 2.06 22.00 0 36.5
I u 4 1.69 2.06 22.00
1 •• u 4 1.71 2.05 20.00



Partlcie «}z» dU tflbutlon (mm) Atterberg ilm}t> Shear gtrength CBR Permea- Con« S ’a t f Bend
Of pit c o n t w 75 LL PL top

aampte k (m/s)

15.00-15.45 2.011.62 24.00 too 100 100
15.00-15.50 1.59 2.01 1.84E-1026.00
17.00-17.45 100 100 100
18.00-18.45 2.69 20.00 100 100 100 97 33 16

18.00-18.50' 1.76 2.13 21.00 25.0
1.73 22.00
1.79 2.16 21.00

19.50-19.95 2.66 20.00 100 100 100
1.64 2.03 24.00 3.96E-10

BH-246 1-00 9,00
2.00 1B.00

2.00-2.45 100 92
3.00 18.00

BH-247/A 1.00 50.00
3.00 47.00

^.50-4.95 41.00 53 27 26
BH-248 1.00-1.45 23.00

2.00-2.50 100 52 n<y> plastic
3.00-3.45 35.00

4.00-4.45 Hf 49.00
5.00-5.45 19.00 33 non plastic
100-8.45 100

10.00-10.50 100 n<yi piashc
BH-249 42.00

3.00-3.45 # 68.00
4.00-4.45 38.00
8.00-6.50 100 non plastic43

BH-250 1.50-1.80 24.00
100 54

4.40-4.65 57.00
7.70-8.00 100 78

BH-251 25.00
1.70-2.00
4.40-4.60 33.00 100 92
7.60-7.90 100 45

BH-252 1.10-1.40 26.00
100

7.80-8.00 100 99 66
7.82-8.88 100 90 39 non plastic

11.58-12.85 100 75 37
14.68-14.80 10.00 100 99 97 23

BH-253 100 94 63
44.00

100 99
8.80-9.20 100 non



If Borehole Depth Type Litho iogy >enett^ Water Particle size d ie trlbu tlon  (mm) Atterberg itmlte Shear atrength CBR Perm ea C ons Satr Bend

o r p it o f eemple of Yd T 7* com . w 76 20 2 0.063 0.002 LL PL c ' 9 ' top base b ility
no. (m) aampte Mg/m* r - ) pasted) (kF>«) V) k (m/a)

; ! !
11.70-12.93 B 3 100 90 39 1 non plastic

BH-254 1.20-1.40 B 1 100 89 61 21
2.15-2.35 it B 1 43.00

7.50-7.80 B 3 100 98 79 16
9.60-10.78 B 3 100 69 30 non (Mastic
13.55-15.00 B 3 100 60 18 non plastic

BH-256 8.00-6.50 BD 6b 10.00 100 90 72 44 18 29 15 14
13.00-13.50 BD 6b 13.00 100 94 76 46 16 28 14 14

BH-257 4.50-5.50 CS 6b 2.02 2.20 2.65 9.00 100 96 71 44 18 34 16 18
4.50-5.50” CS 6b 2.01 2.20 9.30 4.5 31.5

** CS 6b 1.95 2.13 9.10
*• CS 6b 2.07 2.25 8.70

6.50 CS 6b 2.03 2.24 9.90 1.07E-10
6.50-7.50 CS 6b 2.00 2.15 2.68 7.70 100 89 65 41 17 31 14 17

13.00-13.30 CS 7 1.80 2.00 2.63 11.00 100 98 84 61 12 24 non Erfaat.
7 1.75 2.11 2.62 20.57

_  . _
✓

14.50-15.30 ^  CS 7 2.05 2.28 2.61 11.00 100 99 91 55 20 26 non plast.
CS 7 f-96 2.20 2.61 12.06

BH-2S8 2.00-2.50 BD 6a 12.00 100 98 55 20 7 26 14 12
6.00-6.50 BD 6b 9.0 100 92 69 40 15 29 15 14

BH-259 3.00-3.15 U 6a 1.91 2.18 2.69 14.0 100 93 70 41 14 35 19 16
5.00-5.45 U 6a 1.94 2.11 2.69 9.0

13.00-13.50 BD 7 18.0 100 100 97 65 20 36 18 18
BH-260 7.00-7.50 8 0 6b 18.0 100 95 82 44 17 27 13 14

11.50-12.00 BD 6b 17.0 100 98 74 44 17 28 15 13
BH-261 6.00-6.50 BD 6b 9.0 100 90 70 41 16 28 16 12

10.00-10.50 8 0 6b 9.0 100 97 72 42 17 29 16 13
19.00-19.50 BD 7 15.0 100 99 93 56 19 29 14 15

BH-262 5.20-6.50 CS 6b [_2.06 2.23 2.72 8.0 100 86 64 39 32 15 17
5.20-5.60" CS 6b 2.06 2.23 8.0 10 32.5

•• CS 6b 2.04 2.21 8.3
•• CS 6b 2.16 2.32 7.4

15.50 CS 7 2.24
19.20-20.20 CS 8 2.13 2.32 2.59 9.0 100 84 54 38 15 33 15 18

19.20-20.20" CS 8 2.16 2.32 7.7 100 28.0
CS 8 2.07 2.24 8.2 i
CS 8 2.06 2.24 8.4

22.20-23.65 CS 8 2.13 2.34 2.70 10.0 83 69 49 34 15 33 14 19
22.20-23.25’ * CS 8 2.20 2.34 6.3 76 26.0

•• CS 8 2.08 2.27 9.1
*• CS 8 1.95 2.13 9.2

j BH-263 15.00-15.45 u 4I 18.00-18.50 BD 8 10.0 100 94 77 49 9 21 13 8
20.50-21.00 BD 8 13.0 22 14 8

1 21.40-22.50 BD 5 5.0 100 60 29 5 non plastic 1



Borehol* 0 *p th Typ« Lithology Density Water Particte alze distribution (mm) Atterberg limits Shear strength CBR \ Permea- Cons Sstr Bend
O f pit of u m p l« of 7 d T Y» cont. w 75 20 2 0.063 0.002 LL PL »=* c * top base i billty

i rK>. ( m ) •am ple M o ^ n * ) ( % ) ( %  passed) ( % ) ( 7
1 k (fn/®)

i *** ...... . J
1 0H-265 6.00-6.50 BD 8 11.0 100 89 68 32 9 21 13 8

8.00-B.50 BO 6 12.0 100 83 58 28 9 22 13 9 1

11.00-11.50 B 5 16.0 100 80 47 12 non r ^ t ic

1 . 1 1 , . . ----- 1--------
K«y:
Type of sample CS...C0T8  sample. U...undisturbed sample, D...disturbed jar sample. Li Biology

B...disturt)ed bulk sample. SB...soaked bulk sampte, BO...B and 0 1 made ground
Density ^...dry density, y...bulk derwlty, TS...pertide density 2 estu^ne/alluvlal silts & sands
Attert>erg limits LL...liquid limit, PL,..pIastfc lim it IP-.frfastldty index 3 estuarir>e/alluvial gravels
Cons consoiidatk>n test, for results refer to relevant report sheets 4 gladomarine days & »!ts & sands
Sstr small strain triaxial test, for results refer to relevant repcMl sheets 5 gladai gravels & sands
Bend bender element test, for results refer to relevant report sheets 6a weathered brown boulder day
/ performed: lor results refer to roiovant report sheets 6b upper black boi^der clay
(...) values exduded from statistical evaluation 7 sandy brown boulder day

8 lower black boulder day
• from consdldation test
•• from CU test

reconstituted sample
# organic content and/or loss on ignition tested (ref. Contractor's summary sheets)

Note«:
1. samples and values in italic not induded in overall statistical analysis (report rK>. 4-09-R-002) because of lato submission by Contractor
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Summary Sheet on Geotechnical Laboratory Test Results for Rock

i Borchol* 6«pth Lithology 8u lk Dry Poroalty Void W »1*r UCS T»ntll«  1 Young'i P o itto n S l*k« A brativ lty  : F ractur* anargy Patro* Clay Vltrlnitd 1

1 No. of d«nafty density ind*x content ■tr«ngth ! m oduiut ratio durability apeclflc graphilc mtnaral reflect.

■«Dp>e 7 n Iv w (Brczlllan) E V ind«x Wf w f anaiyais analysis anatyBts
(m) (Mg/m *) (Mg/m^) (%) (M P t) (M P -) (0P «) (0.1m m ) (Nm) (Nm /M Pa)

not known A 9.0 1.36 ✓

2 14.30 A 200.3 8.3 1.67 y

2 18.80 A 195.1 10 4 1.03 ✓

2 20.30 A 127.0 8.7 1.87 ✓

4 10.20 A 11.1 1.57 ✓

« not lowwn A 161.1 6.6 1.01

BH-207 22.70 A ✓

BH-207 28.00-28.30 B 2.67 2.67 0.31 0.30 0,1 *1) -------
8H -207 32.50-33,20 B 2,70 2.69 0 0 4 0.04 0.1 182 22.9 42,4 0 2 3 2
RH-207 34.70 A ✓

BH-207 36.00 A ✓

BH-209 19.10 A V'

8H -209 24.10 A/B
BH-20S 24.70«25.00 B 2.87 2.69 0.11 0.02 0 2 181 31.4 0,235
BH-209 27.70-28.05 B 2.66 2.67 0.19 0.34 0.2 121 28,6 0.189

1 BH-209 28-90-29.10 6 2.66 2.71 0.04 0.17 0 1 87.8 10.6 19.6 0.256
BH-209 29.80 C ✓

BH-211 24.00 A ✓

BH-211 25.50 C
1 BH-211 25.70 A ✓

1 BH-211 26,10 FG ✓

1 0H-211 29.30 A ✓

8H -212 19.10-19,50 C 1.7 *1 )
BH-212 21.10-21.30 c 1.9 •1)
BH-212 21.80 A ✓

BH-212 2 1 .80 -2250 C 2.42 2.40 1.38 0.8
BH-212 23.50-23.75 C 0.19
BH-212 26.40-26.55 A 2.65 2.65 0.04 0.1
8H -212 26.40-26.55 A 2.69 (229) *1) 42 0 1 8

BH-212 27.50-27.80 A 2.71 2.58 0.35 0 1 6 0.2 123 34.8 0 3 4 4
1 BH-212 30.00 C

BH-212 30 50 A ✓

BH-213 26.70 A ✓

BH-213/2 21.50-22.00 A 2.68 2.67 0.08 ‘ 11 0.2 210 29.5 0.155

BH -2 ia -2 21.50-22,00 A 2.59 (161) (51.4) 24 0.15

BH-213,'2 23.30-23,70 A 2.66 2.68 0.05 0 2 8 0 3 161 t1.6 36 5 0.236

,i BH-213/2 26.20-26.60 A 2.68 2.68 0.12 0.17 0.3 168 25.1 34.6 0  277
j BH-213<'2 28,80 A-B V

1 BH-214 19.90-20.10 8 2.66 0.19 0.34 *1)



8o r*ho l* 0 *p th Lrthology Bulk Dry Poro itty Void Watar ucs TantHa Young'a Poltaon Slaka Abraalvlty Fractura anargy Petro- Clay Vltrlnlta

No. of danslty dansity indax contant •trangth moduiua ratio durability •pac ific graphlc mlnaral reflect.

tam p i* •y n tv w (Braxiiian) E V indax Wf w f analysis analysis ona lysis

(m) (MflAn*) (%) (%) (M Pi) (MPa) (QPa) (N) (0.1mm) (Nm) (Nm/MPa)

BH-214 21.70 8 99.4
BH-214 25.00 FG ✓

BH-214 25.20 ✓

BH-214 27.60 8 99.3
BH-214 29.30-2t).60 B 2.64 2.63 0.18 0.25 0.3 65.4 9.5 16.3 0.136
BH-214 31.10-31.30 A 2.70 (238) (79.3) 0.61 45.7 0.19 J
BH-210 17.30 C ■/

! BH-218 18.00-18.20 A 2.71 2.61 0.30 0.50 0.7 129 15.1 0.227
; BH-218 1B.60-18.80 A 2.86 2.58 0.39 0.1 122 M) 26.0 0.178
j BH-218 19.00 A/B ✓

BH-218 20.90 A 99.1
BH-218 22.10-22.60 A 2.86 2.81 0.45 0.51 0.4 154 7.2 20.1 0.149 0,16
BH-218 23.85-24.00 A 2.56 0.35 0.35 0.7
BH-21S 25.10-25.40 A 2.71 2.65 0.05 0.12 0.1 189 37.3 0.181
BH-218 28.20-28.50 A 2.62 2.62 0.17 ■1) 0.1 130 'D 26.5 0.0759
BH-218 28.80 C ■/
BH-221 8.80-9.30 A 2.69 2.75 0.05 0.15 0.1 87.5 33.1 0.164
BH-221 12.20 C
BH-221 15.00-15.60 A 2.68 2.67 0.13 0.22 0.3 183 *1) 35.8 0.200
BH-221 15.00-15.60 A 2.69 (206) (74.7) 1.36 36,4 0,18
BH-221 17.80-18.00 A •1) •1) 0.32 0.3 117 22.6 0.148
BH-221 18.00-18.40 A 2.72 2.69 0.07 0.16 0.1 106 9.6 38.9 0.179
BH-221 18.70-18.95 A 2.68 2.68 0.09 0.24 0.1 169 35.5 0.204
8H-221 18.95-19.30 A 2.62 0.34 0.17 0.4 'V 13.5
BH-22t 1B.95-19.10 A 2.87 (150) (34.5) 0.45 36.0 0.24
BH-221 21.20 M 3 ✓
BH-221 21.90-22.15 A 2.70 2.70 0.05 0.27 0.1 146 34.5 0.124
BH-221 22.70 A 99.6
BH-221 23.55-23.90 A 2.66 2.68 0.04 0.16 0.1 224 35.0 0.129 1.61
BH-221 26.40 C S9.2 •/

BH-221 26.50-26.70 B ■1) *1) 0.20 0.2 139 21.2 0.151
8H-222 9.30 A.B ✓
BH-222 9.40 A/B V

BH-222 10.80-11.10 6 2,65 2.64 0.09 0.16 0.2 209 30.6 0.143
BH-222 12.80-13.20 B 2.68 2.68 0.19 0.29 0.1 175 18.3 38.1 0,155 1.96
0H-222 15.50 C ✓
BH-222 16.00 A V

BH-222 16.30-16.80 B *1} ■1) *1) 0.51 0.5 'D
BH-222 19.10-19.30 B 2.69 2.72 0.03 0.20 0.1 134 32.1 0.218
BH-222 19.30-19,50 B 2.64 2.63 0.16 0.19 0.2 133 23.5 0.149

1 BH-222 20.90-21.20 A 2.68 2.67 0.14 0.22 0.3 59.1 14.3 15.4 0.145 0.82
BH-222 22.55-22.80 a 2.63 2.61 0.34 0.22 0.6 52.9 11.4 0.199
BH-222 23.10-23.30 B 2.62 2.60 0.23 0.15 0.6 12.6
BH-222 24.80 A-'B'C V

BH-222 25.00 C y

BH-222 25.10 c 98.9
BH-222 29.30 c 1



Bf:=p‘ io le " ~ T ) ip U i k.lihi.iiipy)’ b u lk D ry PoJOSMy ■ \ u t r ■ r jT ^ r " "Te.nsi'a V ouna 's 7 '?»s5on Ais; .W iv ity ^ i . ic t u r e  *n « r3 y C la y V itf in i i*

No. o f d e n s ity d e n s ity )i>d«x cor»tQMt s tre n g th in c d 'j l i '5 ro tio d u ra b il ity s p s c il ic g rn p h ic m in e ra l reOect.
sa jp p lft r D Iv w (B ra iH ia n } c V w j a n a ly s is a n a ly s is a n a ly s is

1 (m ) (M g /tn ’ ) (V.) {% ) 1 (M P a) jM f-a j (( iP a ) t *1 (0.1n>n>) I If^n i) (Nm/NW’ a)

8H -222 25.0<J C 1 ■/

BH-222 2 5 1 0 C ------ 28 9 i
8H -222 29.30 c

~ 3 9 7 ~

✓

9H -222 2 9 .2 0 .3 0 0 0 B 2,71 2.71 0.13 0.09 0.1 1B6 0.154 1 5 9

811-222 29.70  30.00 B 0.14 -------
BH-222 30.70-31 .10 B 2.72 2.12 0 .63 0.19 0.1 132 12.9 36.2 0 1 4 5

BH-223 8.50 A /

BH-223 8.50 C 9 0 0

BH -223 13.35-13.50 A 2.65 0.10 0.19 0.1

BH -223 13.35*13.55 A 2,71 (207) (7b.O) 0 ,5 0 C 'i.5 0.22

BM-223 14.20-14.40 A 2,72 2 66 0 1 7 0.J3 0.2 211 3 8 ,: 0  222

BH -22? 17.20-17.60 A 2.71 2.70 0,05 0.26 0.4

OH-223 17.20-17.60 A 2.74 (3 *0 ) (66.6) t,02 S-t.-l 0.1 a

BH -223 20,00 A ✓

BM-223 21.00 A
~ 0 2 9 ’

9iK0

QH-223 22.90-23 30 A 2.63 2 60 0.23 04.1 14 3 22.5 0.250 -------
OH-225 19.10-19 30 B 2.62 2.61 0.11 O.'t 140 17.7 0.213

OH-225 20.10 A ------- -------- ✓

BJ «-225 21,20 8/C ✓

BH-225 23.20-23.45 A 2,69 2 67 0.02 •1) 0,9 13.2

BH-225 23.20-23,45 A 2.67 ( n S ) (52 31 5-1.3 _ 0.23
BH-225 24.70-24,95 B 2,60 2.55 0,19 0.6 *5)
BH-226 27.50 A ✓

BH-226 30.00 C --------- ------- y
BH-257 25 70 C ----- ✓
BH-257 26.50 A ✓
HH-262 25.50 C ✓

OH-262 25.70-26,05 A 2.G? 2 67 0.0-1 0  I 92.4 
'9 0  6 '

26.0 0.349 ------
8H -262 27.40-27.70 A 2 63 2.63 0.U9 0  1 28.0 0  259 --------
GH-262 29 30-29,40 A  1 2.62 2.61 0.13 0,4 •1)

Key;
L itho iogy A-cslcisi!|i1o. O-argllinceous c» lc ish iio . C-e«Jcar«ou^ s h a k . TG-^suit yoi>fl9

U CS UCS...uni«xial cornpfessive s tfong lh

* 1) jc lie d tile H  tesf no l potform ad, becsuso san’ p!«» to vv^ak. unsufTi'i=«nt c f t-tok©'? d in in g  pff»7?r»{i*>n
V  pe^orm ed, fc i rasuHs to  tfls i report 8he‘»l'5

N on-bo’d  density va lues are caJculalod fro n  dry d«*f^si^y and porosity 
Bold densitj* vakins '<iv«re de tcrrn inod «« o a it c f UCS tes 's  

(UCS) af^d (H) daleim Jned fro in  5ampf«» w fh



APPENDIX-D

ABACUS INPUT FILE

^Heading
** Job name: Job-1 Model name: Model-1
^Preprint, echo=NO, m odel=NO, history=NO, contact=NO

* *  PARTS

*Part, nam e=Part-l
*Node

1, 56., 8.5, 30.
2, 0., 8.5, 30.
3, 0., 8.5, 20.
4, 56., 8.5, 20.
5, 56., 0., 20.
6, 56., 0., 30.
7, 0., 0., 30.
8, 0., 0., 20.
9, 0., 8.5, 10.
10, 56., 8.5, 10.
11, 0., 0., 10.
12, 56., 0., 10.
13, -56., 8.5, 20.
14, -56., 8.5, 10.
15, -56., 0., 20.
16, -56., 0., 10.
17, -56., 8.5, 30.
18, -56., 0., 30.
19, -56., 8.5, 8.5
20, -56., 0., 0.
21, -56., 10., 0.
22, -56., 10., 8.5
23, 0., 8.5, 8.5
24, 0., 0., 0.
25, 0., 10., 0.
26, 0., 10., 8.5
27, 56., 8.5, 8.5
28, 56., 0., 0.
29, 56., 10., 8.5
30, 56., 10., 0.
31, 57.5, 10., 10.
32, 57.5, 10., 20.
33, 66., 10., 20.
34, 66., 10., 10.
35, 57.5, 8.5, 20.
36, 66., 0., 20.
37, 66., 0., 10.
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38 , 57 .5 , 8 .5 , 10.
39 , 66 ., 0 ., 30 .
40 , 57 .5 , 8 .5 , 30 .

41 , 57 .5 , 10 ., 30 .

42 , 66 ., 10 ., 30 .
43 , 56 ., 8 .5 , 31.5
44 , 56 ., 0 ., 4 0 .

45 , 56 ., 10 ., 4 0 .

46 , 56 ., 10 ., 31.5
47 , 0 ., 0 ., 4 0 .

48 , 0 ., 10., 4 0 .
49 , 0 ., 10., 31.5
50 , 0 ., 8 .5 , 31.5
51 , - 56 ., 0 ., 4 0 .

52 , - 56 ., 8 .5 , 31.5
53 , - 56 ., 10., 31.5
54 , - 56 ., 10., 40 .

55 , - 57 .5 , 10 ., 20 .

56 , - 57 .5 , 10 ., 10.

57 , - 66 ., 10., 10.

58 , - 66 ., 10., 20 .
59 , - 57 .5, 8 .5 , 10.

60 , - 66 ., 0 ., 10.

61 , - 66 ., 0 ., 20 .

62 , - 57 .5 , 8 .5 , 20 .

63 , - 57 .5 , 8 .5 , 30 .

64 , - 66 ., 0 ., 30 .

65 , - 66 ., 10., 30 .

66 , - 57 .5 , 10., 30 .

67 , 56 ., 10 ., 10.

68 , 57 .5 , 10., 8.5
69 , 57 .5 , 8 .5 , 8.5
70 , 56 ., 10 ., 20 .

71 , 56 ., 10., 30 .

72 , 57 .5 , 8 .5 , 31.5
73 , 57 .5 , 10., 31.5
74 , 0 ., 10., 30 .

75 , - 56 ., 10., 30 .

76 , - 57 .5 , 8 .5 , 31.5
77 , - 57 .5 , 10., 31.5
78 , - 57 .5 , 26 ., 31.5
79 , - 57 .5 , 26 ., 30 .

80 , - 56 ., 2 6 ., 31.5
81 , - 56 ., 2 6 ., 30 .

82 , - 57 .5, 26 ., 20 .

83 , - 56 ., 10., 20 .

84 , - 56 ., 26 ., 20 .

85 , -66 ., 10., 40 .

86 , - 66 ., 26 ., 4 0 .

87 , - 66 ., 26 ., 30 .
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88 , - 56 ., 26 ., 4 0 .

89 , - 56 ., 36 .5 , 31.5
90 , - 57 .5 , 36 .5 , 31.5
91 , - 57 .5 , 36 .5 , 30 .

92 , - 56 ., 36 .5 , 30 .

93 , - 66 ., 36 .5 , 4 0 .

94 , - 66 ., 36 .5 , 30 .

95 , - 56 ., 36 .5 , 4 0 .

96 , - 57 .5 , 36 .5 , 20 .

97 , - 56 ., 36 .5 , 20 .

98 , - 56 ., 10., 10.

99 , - 56 ., 26 ., 10.

100, - 57 .5 , 26 ., 10.

101, - 57 .5 , 36 .5 , 10.

102, - 56 ., 36 .5, 10.

103, - 6 ., 26 ., 30 .

104, 0 ., 20 ., 30 .

105, 0 ., 2 0 ., 20 .

106, - 6 ., 26 ., 20 .

107, 0 ., 10 ., 20 .

108, 0 ., 10 ., 10.

109, 56 ., 26 ., 30 .

110, 56 ., 26 ., 20 .

111, 6 ., 26 ., 20 .

112, 6 ., 26 ., 30 .

113, - 56 ., 4 7 .5, 31.5
114, - 57 .5, 4 7 .5 , 31.5
115, - 57 .5, 47 .5 , 30 .

116, - 56 ., 4 7 .5 , 30 .

117, 0 ., 4 7 .5 , 31.5
118, 0 ., 36 .5 , 31.5
119, 0 ., 36 .5 , 30 .

120 , 0 ., 4 7 .5 , 30 .

121 , - 57 .5 , 4 7 .5 , 20 .

122 , - 56 ., 4 7 .5 , 20 .

123 , - 66 ., 4 7 .5 , 40 .

124 , - 66 ., 4 7 .5 , 30 .

125 , - 56 ., 4 7 .5 , 40 .

126 , 0 ., 32 ., 30 .

127, 0 ., 36 .5 , 20 .

128, 0 ., 32 ., 20 .

129, - 57 .5 , 4 7 .5 , 10.

130, - 56 ., 4 7 .5, 10.

131, 56 ., 36 .5, 31.5
132, 56 ., 36 .5, 30 .

133, 56 ., 4 7 .5 , 30 .

134, 56 ., 4 7 .5 , 31.5
135, 56 ., 36 .5 , 20 .

136, - 56 ., 26 ., 8.5
137, - 57 . 5 , 10., 8.5
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138, - 57 .5 , 26 ., 8.5
139 , - 66 ., 10 ., 0 .

140 , - 66 ., 26 ., 10.

141 , - 66 ., 26 ., 0 .

142 , - 57 .5 , 36 .5, 8.5
143 , - 56 ., 36 .5 , 8.5
144 , - 66 ., 36 .5 , 0 .

145 , - 66 ., 36 .5 , 10.

146 , - 57 .5, 8 .5 , 8.5
147 , 57 .5, 26 ., 31.5
148 , 56 ., 26 ., 31.5
149 , 57 .5 , 26 ., 30 .

150 , 66 ., 10., 40 .

151 , 66 ., 26 ., 40 .

152 , 56 ., 26 ., 4 0 .

153 , 57 .5 , 26 ., 20 .

154 , 57 .5 , 26 ., 10 .

155 , 56 ., 26 ., 10.

156 , - 57 .5 , 50 ., 31.5
157 , - 56 ., 50 ., 31.5
158, - 56 ., 50 ., 30 .

159 , - 57 .5 , 50 ., 30 .

160, - 66 ., 50 ., 4 0 .

161 , - 56 ., 50 ., 4 0 .

162 , 0 ., 50 ., 31.5
163, 0 ., 50 ., 30 .

164, - 57 .5 , 50 ., 20 .

165 , - 56 ., 50 ., 20 .

166 , - 66 ., 50 ., 30 .

167, 0 ., 47 .5 , 20 .

168, 56 ., 50 ., 31.5
169 , 56 ., 50 ., 30 .

170 , 56 ., 4 7 .5 , 20 .

171 , 0 ., 36 .5 , 10 .

172 , 0 ., 4 7 .5 , 10 .

173 , - 57 .5 , 50 ., 10 .

174 , - 56 ., 50 ., 10.

175 , 56 ., 4 7 .5, 10.

176 , 56 ., 36 .5, 10.

177, - 57 .5 , 4 7 .5 , 8.5
178 , - 56 ., 4 7 .5, 8.5
179 , 0 ., 36 .5 , 8.5
180 , 0 ., 4 7 .5 , 8.5
181 , - 66 ., 4 7 .5 , 0 .

182 , - 66 ., 4 7 .5 , 10.

183 , 57 .5 , 36 .5 , 30 .

184 , 57 .5 , 36 .5 , 31.5
185 , 57 .5 , 4 7 .5 , 30 .

186 , 57 .5 , 4 7 .5 , 31.5
187 , 57 .5 , 36 .5 , 20 .
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188 , 57 .5 , 4 7 . 5 , 20 .

189 , 56 ., 36 .5 , 4 0 .

190 , 56 ., 4 7 .5 , 4 0 .

191 , 66 ., 36 .5 , 4 0 .

192 , 66 ., 4 7 .5 , 4 0 .

193 , 57 .5 , 36 .5 , 10 .

194 , - 56 ., 26 ., 0 .

195 , - 56 ., 36 . 5 , 0 .

196 , - 56 ., 4 7 .5 , 0 .

197 , 56 ., 4 7 .5 , 8.5
198 , 56 ., 36 .5 , 8.5
199 , 57 . 5 , 26 ., 8.5
200 , 56 ., 26 ., 8.5
201 , 66 ., 10., 0 .

202 , 66 ., 26 . , 0 ,

203 , 56 ., 26 ., 0 .

204 , 66 ., 26 ., 30 .

205 , 66 ., 36 .5 , 30 .

206 , 66 ., 26 ., 10.

207 , 0 ., 50 ., 20 .

208 , 56 ., 50 ., 20 .

209 , 0 ., 50 ., 10.

210 , 57 .5 , 50 ., 31.5
211 , 57 .5 , 50 ., 30 .

212 , 66 ., 50 ., 4 0 .

213 , 56 ., 50 ., 4 0 .

214 , 57 . 5 , 50 ., 20 .

215 , 56 ., 50 ., 10.

216 , 57 . 5 , 4 7 .5 , 10.

217 , - 56 . , 50 . , 8.5
218 , - 57 . 5 , 50 ., 8.5
219 , 0 . , 50 ., 8.5
220 , - 66 ., 50 ., 10 .

221 , - 66 ., 50 ., 0 .

222 , 57 .5 , 36 .5 , 8.5
223 , 66 ., 36 .5 , 0 .

224 , 56 ., 36 .5 , 0 .

225 , - 56 ., 50 ., 0 .

226 , 56 ., 50 ., 8.5
227 , 66 ., 4 7 .5 , 30 .

228 , 66 ., 50 ., 30 .

229 , 57 .5 , 50 ., 10.

230 , 66 ., 36 .5 , 10 .

231 , 57 . 5 , 4 7 .5 , 8.5
232 , 66 ., 4 7 .5 , 0 .

233 , 56 . , 4 7 .5 , 0 .

234 , 66 . , 4 7 .5 , 10 .

235 , 57 . 5 , 50 ., 8.5
236 , 56 ., 50 ., 0 .

237 , 66 ., 50 ., 0 .
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238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

66 ., 50 ., 10 .

- 6 ., 26 ., 31.5
0 ., 20 ., 31.5
0 ., 20 ., 4 0 .

- 6 . , 26 ., 40 .

- 66 ., 26 ., 20 .

0 ., 32 ., 31.5
0 ., 32 ., 4 0 .

0 ., 36 .5 , 40 .

0 ., 26 ., 20 .

0 ., 26 ., 10 .

0 ., 26 ., 8.5
0 ., 26 ., 0 .

- 66 ., 36 . 5 , 20
6 . , 26 ., 31.5
6 . , 26 ., 4 0 .

- 66 ., 47 .5 , 20 .

0 . , 47 .5 , 4 0 .

0 . , 36 .5 , 0 .

0 . , 50 ., 4 0 .

- 66 ., 50 ., 20 .

66 ., 26 ., 20 .

66 ., 36 .5 , 2 0 .

0 . , 47 . 5 , 0 .

66 ., 47 .5 , 20 .

66 ., 50 . , 20 .

0 ., 50 ., 0 .

1.51351357 , 8 .5 , 30 .

3 .02702713 , 8 .5 , 30 .

4 .5405407 , 8 .5 , 30 .

6 .05405426 , 8 . 5 , 30 .

7 .56756735 , 8 . 5 , 30 .

9 .08108139 , 8 .5 , 30 .

10.594595 , 8 .5 , 30 .

12. 1081085 , 8 .5 , 30 .

13 .6216221 , 8 .5 , 30 .

15 . 1351347 , 8 .5 , 30 .

16 .6486492 , 8 .5 , 30 .

18 . 1621628 , 8 .5 , 30 .

19 .6756763 , 8 .5 , 30 .

21 . 1891899 , 8 .5 , 30 .

22 .7027035 , 8 .5 , 30 .

24 .216217 , 8 .5 , 30 .

25 .7297306 , 8 .5 , 30 .

27 .2432442 , 8 .5 , 30 .

28 .7567558 , 8 .5 , 30 .

30 .2702694 , 8 .5 , 30 .

31 .783783 , 8 .5 , 30 .

33 .2972984 , 8 .5 , 30 .

34 .8108101 , 8 .5 , 30 .
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288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

36 .3243256 ,

37 . 8378372 ,

39 .3513527 ,

40 . 8648643 ,

42 .3783798 ,

43 . 8918915 ,

45 .405407 ,

46 .9189186 ,

48 .4324341 ,

49 .9459457 ,

51 .4594612 ,

52 .9729729 ,

54 .4864883 , 

0 .,
0 .,

0 .,

0 .,

0 .,
0 .,

54 .4864883 ,

52 .9729729 ,

51 .4594612 ,

49 .9459457 ,

48 .4324341 ,

46 .9189186 ,

45 .405407 ,

43 . 8918915 ,

42 .3783798 ,

40 . 8648643 ,

39 . 3513527 ,

37 . 8378372 ,

36 . 3243256 , 

34 .8108101 , 

33 .2972984 , 

31 . 783783 , 

30 .2702694 , 

28 .7567558 , 

27 .2432442 , 

25 .7297306 , 

24 .216217 , 

22 . 7027035 , 

21 . 1891899 , 

19 .6756763 , 

18 . 1621628 , 

16 .6486492 , 

15 . 1351347 , 

13 .6216221 , 

12 . 1081085 , 

10 .594595 , 

9 .08108139 ,

8 .5 , 30 .

8 .5 , 30 .

8 .5 , 30 .

8 . 5 , 30 .

8 . 5 , 30 .

8 . 5 , 30 .

8 .5 , 30 .

8 . 5 , 30 .

8 . 5 , 30 .

8 . 5 , 30 .

8 .5 , 30 .

8 .5 , 30 .

8 .5 , 30 .

8 .5 , 28.5714283
8 . 5 , 27.1428566
8 . 5 , 25.7142849
8 . 5 , 24.2857151
8 . 5 , 22.8571434
8 . 5 , 21.4285717

8 . 5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 .5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 . 5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 .5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 .5 , 20 .

8 . 5 , 20 .

8 . 5 , 20 .

8 .5 , 20 .

8 . 5 , 20 .
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338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

7 .56756735 , 8 . 5 , 20 .

6 .05405426 , 8 . 5 , 20 .

4 .5405407 , 8 .5 , 20 .

3 .02702713 , 8 .5 , 20 .

1.51351357 , 8 .5 , 20 .

56 ., 8 .5 , 21.4285717
56 ., 8 .5 , 22.8571434
56 ., 8 .5 , 24.2857151
56 ., 8 .5 , 25.7142849
56 ., 8 .5 , 27.1428566
56 ., 8 . 5 , 28.5714283
56 ., 0 ., 21.4285717
56 . , 0 . , 22.8571434
56 ., 0 ., 24.2857151
56 ., 0 ., 25.7142849
56 ., 0 ., 27.1428566
56 ., 0 ., 28.5714283

54 .4864883 , 0 ., 30 .

52 .9729729 , 0 ., 30 .

51 .4594612 , 0 ., 30 .

4 9 .9459457 , 0 ., 30 .

4 8 .4324341 , 0 . , 30 .

46 .9189186 , 0 ., 30 .

4 5 .405407 , 0 ., 30 .

43 . 8918915 , 0 ., 30 .

42 .3783798 , 0 ., 30 .

40 . 8648643 , 0 ., 30 .

39 .3513527 , 0 ., 30 .

37 .8378372 , 0 ., 30 .

36 .3243256 , 0 ., 30 .

34 .8108101 , 0 ., 30 .

33 .2972984 , 0 ., 30 .

31 .783783 , 0 ., 30 .

30 .2702694 , 0 ., 30 .

28 .7567558 , 0 ., 30 .

27 .2432442 , 0 ., 30 .

25 .7297306 , 0 ., 30 .

24 .216217 , 0 ., 30 .

22 .7027035 , 0 ., 30 .

21 . 1891899 , 0 ., 30 .

19 .6756763 , 0 ., 30 .

18 . 1621628 , 0 ., 30 .

16 .6486492 , 0 ., 30 .

15 . 1351347 , 0 ., 30 .

13 .6216221 , 0 ., 30 .

12 . 1081085 , 0 ., 30 .

10.594595 , 0 ., 30 .

9 .08108139 , 0 ., 30 .

7 . 56756735 , 0 ., 30 .

6 .05405426 , 0 ., 30 .
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388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

4 .5405407 ,
3 .02702713 ,
1.51351357 ,

0 .,
0 .,
0 .,

1.51351357 ,

3 .02702713 ,
4 .5405407 ,

6 .05405426 ,
7 .56756735 ,
9 .08108139 ,

10.594595 ,
12 . 1081085 ,

13.6216221 ,
15. 1351347 ,
16.6486492 ,
18 . 1621628 ,
19.6756763 ,
2 1 . 1891899 ,
22 .7027035 ,
24 .216217 ,

25 .7297306 ,
27 .2432442 ,
28 .7567558 ,
30 .2702694 ,

31 .783783 ,
33 .2972984 ,
34 .8108101 ,

36 .3243256 ,
37 .8378372 ,

39 .3513527 ,

4 0 .8648643 ,

4 2 .3783798 ,
4 3 .8918915 ,
4 5 .405407 ,

4 6 .9189186 ,
4 8 .4324341 ,

4 9 .9459457 ,
51 .4594612 ,

52 .9729729 ,

54 .4864883 ,

0 .,
0 .,
0 .,
0 .,
0 .,

0 ., 30 .

0 ., 30 .
0 ., 30 .

28 .5714283
27 . 1428566
25 .7142849
24 .2857151
2 2 .8571434
2 1 .4285717
0 . 20 .
0 . 20 .

0 ., 20 .
0 . 20 .
0 . 20 .
0 . 20 .

0 ., 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .

0 ., 20 .

0 . 20 .
0 . 20 .

0 . 20 .

0 . 20 .

0 ., 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .

0 . 20 .

0 . 20 .
0 . 20 .

0 . 20 .

0 ., 20 .
0 . 20 .
0 . 20 .
0 . 20 .
0 . 20 .

0 . 20 .

0 . 20 .

18 .5714283
17 .1428566
15 .7142859
14 .2857141
12 .8571424

0 .,

0.!
0 .,

8 .5 ,
8 .5 ,

8 .5 ,
8 .5 ,
8 .5 ,
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438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

0 . , 8 . 5 ,  11.4285717
1.51351357 , 8 .5 , 10 .

3 .02702713 , 8 . 5 , 10 .

4 .5405407 , 8 .5 , 10.

6 .05405426 , 8 . 5 , 10 .

7 .56756735 , 8 .5 , 10 .

9 .08108139 , 8 .5 , 10 .

10 . 594595 , 8 .5 , 10.

12 . 1081085 , 8 . 5 , 10 .

13 .6216221 , 8 . 5 , 10 .

15 . 1351347 , 8 . 5 , 10 .

16 .6486492 , 8 . 5 , 10.

18 . 1621628 , 8 . 5 , 10 .

19 .6756763 , 8 .5 , 10 .

21 . 1891899 , 8 .5 , 10 .

22 . 7027035 , 8 . 5 , 10 .

24 .216217 , 8 . 5 , 10 .

25 .7297306 , 8 .5 , 10 .

27 .2432442 , 8 .5 , 10 .

28 .7567558 , 8 . 5 , 10 .

30 .2702694 , 8 .5 , 10 .

31 .783783 , 8 .5 , 10 .

33 .2972984 , 8 . 5 , 10 .

34 . 8108101 , 8 . 5 , 10 .

36 .3243256 , 8 .5 , 10 .

37 . 8378372 , 8 . 5, 10.

39 .3513527 , 8 . 5 , 10 .

4 0 .8648643 , 8 . 5 , 10 .

4 2 .3783798 , 8 . 5 , 10 .

43 .8918915 , 8 . 5 , 10 .

45 .405407 , 8 .5 , 10 .

4 6 .9189186 , 8 .5 , 10 .

4 8 .4324341 , 8 .5 , 10 .

4 9 .9459457 , 8 .5 , 10 .

51 .4594612 , 8 .5 , 10 .

52 .9729729 , 8 . 5 , 10 .

54 .4864883 , 8 .5 , 10 .

56 ., 8 .5 , 11.4285717
56 . , 8 .5 , 12.8571424
56 . , 8 . 5 ,  14.2857141
56 . , 8 . 5 , 15.7142859
56 . , 8 . 5 , 17.1428566
56 . , 8 . 5 , 18.5714283

1. 51351357 , 0 . , 10 .

3 .02702713 , 0 . , 10.

4 .5405407 , 0 . , 10 .

6 .05405426 , 0 ., 10.

7 . 56756735 , 0 . , 10 .

9 .08108139 , 0 . , 10 .

10. 594595 , 0 ., 10 .
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488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

12. 1081085 , 0 ., 10.

13.6216221 , 0 ., 10.

15. 1351347 , 0 ., 10.

16.6486492 , 0 ., 10.

18. 1621628 , 0 ., 10 .

19.6756763 , 0 ., 10.

21 . 1891899 , 0 ., 10.

22 .7027035 , 0 ., 10.

24 .216217 , 0 ., 10 .

25 .7297306 , 0 ., 10.

27 .2432442 , 0 ., 10.

28 .7567558 , 0 ., 10.

30 .2702694 , 0 ., 10.

31 .783783 , 0 ., 10 .

33 .2972984 , 0 ., 10 .

34 .8108101 , 0 ., 10 .

36 .3243256 , 0 ., 10.

37 .8378372 , 0 . , 10.

39 .3513527 , 0 ., 10.

40 .8648643 , 0 ., 10.

42 .3783798 , 0 ., 10.

43 .8918915 , 0 ., 10 .

45 .405407 , 0 ., 10.

46 .9189186 , 0 ., 10 .

48 .4324341 , 0 ., 10.

49 .9459457 , 0 ., 10.

51 .4594612 , 0 ., 10 .

52 .9729729 , 0 ., 10 .

54 .4864883 , 0 ., 10.

56 ., 0 ., 11.4285717
56 ., 0 ., 12.8571424
56 ., 0 ., 14.2857141
56 ., 0 ., 15.7142859
56 ., 0 ., 17.1428566
56 ., 0 ., 18.5714283
0 . , 0 ., 18.5714283
0 ., 0 ., 17.1428566
0 ., 0 ., 15.7142859
0 ., 0 ., 14.2857141
0 ., 0 ., 12.8571424
0 ., 0 ., 11.4285717

- 1. 51351357 , 8.5 20 .

- 3 .02702713 , 8.5 20 .

- 4 .5405407 , 8 .5 , 20 .

- 6 .05405426 , 8.5 20 .

- 7 . 56756735 , 8.5 20 .

- 9 .08108139 , 8.5 20 .

- 10.594595 , 8 .5 , 20 .

- 12. 1081085 , 8.5 20 .

- 13.6216221 , 8.5 20 .
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538 , - 15. 1351347 , 8 .5 , 20 .

539 , - 16.6486492 , 8 .5, 20 .

540 , - 18. 1621628 , 8 .5 , 20 .

541 , - 19.6756763 , 8 .5 , 20 .

542 , - 21 . 1891899 , 8 .5 , 20 .

543 , - 22 .7027035 , 8 .5 , 20 .

544 , - 24 .216217 , 8 .5 , 20 .

545 , - 25 .7297306 , 8 .5, 20 .

546 , - 27 .2432442 , 8 .5 , 20 .

547 , - 28 .7567558 , 8 .5 , 20 .

548 , - 30 .2702694 , 8 .5 , 20 .

549 , - 31 .783783 , 8 .5 , 20 .

550 , -33 .2972984 , 8 .5 , 20 .

551 , - 34 .8108101 , 8 .5 , 20 .

552 , - 36 .3243256 , 8 .5 , 20 .

553 , - 37 .8378372 , 8 .5 , 20 .

554 , - 39 .3513527 , 8 .5, 20 .

555 , -40 .8648643 , 8 .5 , 20 .

556 , -42 .3783798 , 8 .5 , 20 .

557 , -43 .8918915 , 8 .5 , 20 .

558 , -45 .405407 , 8 .5 , 20 .

559 , -46 .9189186 , 8 .5 , 20 .

560 , -48 .4324341 , 8 .5 , 20 .

561 , -49 .9459457 , 8 .5 , 20 .

562 , - 51 .4594612 , 8 .5 , 20 .

563 , - 52 .9729729 , 8 .5 , 20 .

564 , - 54 .4864883 , 8 .5, 20 .

565 , - 56 ., 8 .5, 11.4285717
566 , - 56 ., 8 .5 , 12.8571424
567 , - 56 ., 8 .5 , 14.2857141
568 , - 56 ., 8 .5, 15.7142859
569 , - 56 ., 8 .5 , 17.1428566
570 , - 56 ., 8 .5 , 18.5714283
571 , - 54 .4864883 , 8 .5 , 10.

572 , - 52 .9729729 , 8 .5 , 10.

573 , - 51 .4594612 , 8 .5, 10.

574 , -49 .9459457 , 8 .5, 10.

575 , -48 .4324341 , 8 .5 , 10.

576 , -46 .9189186 , 8 .5 , 10.

577 , -45 .405407 , 8 .5 , 10.

578 , -43 .8918915 , 8 .5 , 10.

579 , -42 .3783798 , 8 .5 , 10.

580 , -40 .8648643 , 8 .5 , 10.

581 , - 39 .3513527 , 8 .5 , 10.

582 , - 37 .8378372 , 8 .5, 10.

583 , - 36 .3243256 , 8 .5 , 10.

584 , - 34 .8108101 , 8 .5 , 10.

585 , - 33 .2972984 , 8 .5 , 10.

586 , - 31 .783783 , 8 .5 , 10.

587 , - 30 .2702694 , 8 .5 , 10.
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588 , - 28 ,7567558 , 8 .5 , 10.

589 , - 27 .2432442 , 8 .5 , 10.

590 , - 25 .7297306 , 8 .5, 10.

591 , - 24 .216217 , 8 .5, 10.

592 , - 22 .7027035 , 8 .5 , 10.

593 , - 21 . 1891899 , 8 .5 , 10.

594 , - 19.6756763 , 8 .5 , 10.

595 , - 18. 1621628 , 8 .5 , 10 .

596 , - 16.6486492 , 8 .5 , 10 .

597 , - 15. 1351347 , 8 .5, 10 .

598 , - 13.6216221 , 8 .5, 10 .

599 , - 12. 1081085 , 8 .5 , 10 .

600 , - 10.594595 , 8 .5 , 10.

601 , - 9 .08108139 , 8 .5 , 10.

602 , - 7 .56756735 , 8 .5, 10.

603 , - 6 .05405426 , 8 .5 , 10.

604 , -4 .5405407 , 8 .5 , 10.

605 , - 3 .02702713 , 8 .5 , 10.

606 , - 1.51351357 , 8 .5 , 10.

607 , - 56 ., 0 ., 18.5714283
608 , - 56 ., 0 ., 17.1428566
609 , - 56 ., 0 ., 15.7142859
610 , - 56 ., 0 ., 14.2857141
611 , - 56 ., 0 ., 12.8571424
612 , - 56 ., 0 ., 11.4285717
613 , - 54 .4864883 , 0 ., 10.

614 , - 52 .9729729 , 0 ., 10.

615 , - 51 .4594612 , 0 ., 10.

616 , - 49 .9459457 , 0 ., 10.

617 , -48 .4324341 , 0 ., 10.

618 , -46 .9189186 , 0 ., 10.

619 , -45 .405407 , 0 ., 10 .

620 , -43 .8918915 , 0 ., 10 .

621 , -4 2 .3783798 , 0 ., 10.

622 , -40 .8648643 , 0 ., 10.

623 , - 39 .3513527 , 0 ., 10 .

624 , - 37 .8378372 , 0 ., 10.

625 , - 36 .3243256 , 0 ., 10.

626 , -34 .8108101 , 0 ., 10.

627 , - 33 .2972984 , 0 ., 10.

628 , - 31 .783783 , 0 ., 10.

629 , - 30 .2702694 , 0 ., 10.

630 , -28 .7567558 , 0 ., 10.

631 , -27 .2432442 , 0 ., 10 .

632 , - 25 .7297306 , 0 ., 10.

633 , -24 .216217 , 0 ., 10.

634 , - 22 .7027035 , 0 ., 10 .

635 , - 21 . 1891899 , 0 ., 10 .

636 , - 19.6756763 , 0 ., 10 .

637 , - 18. 1621628 , 0 ., 10.
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638 , - 16.6486492 , 0 ., 10.

639 , - 15. 1351347 , 0 ., 10.

640 , - 13.6216221 , 0 ., 10.

641 , - 12. 1081085 , 0 ., 10.

642 , - 10.594595 , 0 ., 10.

643 , - 9 .08108139 , 0 ., 10.

644 , - 7 .56756735 , 0 ., 10.

645 , - 6 .05405426 , 0 ., 10.

646 , - 4 .5405407 , 0 ., 10.

647 , -3 .02702713 , 0 ., 10.

648 , - 1.51351357 , 0 ., 10.

649 , - 1.51351357 , 0 ., 20 .

650 , -3 .02702713 , 0 ., 20 .

651 , - 4 .5405407 , 0 ., 20 .

652 , - 6 .05405426 , 0 ., 20 .

653 , - 7 .56756735 , 0 ., 20 .

654 , - 9 .08108139 , 0 ., 20 .

655 , - 10.594595 , 0 ., 20 .

656 , - 12. 1081085 , 0 ., 20 .

657 , - 13.6216221 , 0 ., 20 .

658 , - 15. 1351347 , 0 ., 20 .

659 , - 16.6486492 , 0 ., 20 .

660 , - 18. 1621628 , 0 ., 20 .

661 , - 19.6756763 , 0 ., 20 .

662 , - 21 . 1891899 , 0 ., 20 .

663 , - 22 .7027035 , 0 ., 20 .

664 , - 24 .216217 , 0 ., 20 .

665 , -25 .7297306 , 0 ., 20 .

666 , -27 .2432442 , 0 ., 20 .

667 , - 28 .7567558 , 0 ., 20 .

668 , - 30 .2702694 , 0 ., 20 .

669 , - 31 .783783 , 0 ., 20 .

670 , - 33 .2972984 , 0 ., 20 .

671 , - 34 .8108101 , 0 ., 20 .

672 , - 36 .3243256 , 0 ., 20 .

673 , - 37 .8378372 , 0 ., 20 .

674 , - 39 .3513527 , 0 ., 20 .

675 , -4 0 .8648643 , 0 ., 20 .

676 , -4 2 .3783798 , 0 ., 20 .

677 , -4 3 .8918915 , 0 ., 20 .

678 , -4 5 .405407 , 0 ., 20 .

679 , -4 6 .9189186 , 0 ., 20 .

680 , -4 8 .4324341 , 0 ., 20 .

681 , -4 9 .9459457 , 0 ., 20 .

682 , - 51 .4594612 , 0 ., 20 .

683 , - 52 .9729729 , 0 ., 20 .

684 , - 54 .4864883 , 0 ., 20 .

685 , - 54 .4864883 , 8 .5 , 30 .

686 , -52 .9729729 , 8 .5 , 30 .

687 , -51 .4594612 , 8 .5 , 30 .

335



688, -49.9459457, 8.5, 30.
689, -48.4324341, 8.5, 30.
690, -46.9189186, 8.5, 30.
691, -45.405407, 8.5, 30.
692, -43.8918915, 8.5, 30.
693, -42.3783798, 8.5, 30.
694, -40.8648643, 8.5, 30.
695, -39.3513527, 8.5, 30.
696, -37.8378372, 8.5, 30.
697, -36.3243256, 8.5, 30.
698, -34.8108101, 8.5, 30.
699, -33.2972984, 8.5, 30.
700, -31.783783, 8.5, 30.
701, -30.2702694, 8.5, 30.
702, -28.7567558, 8.5, 30.
703, -27.2432442, 8.5, 30.
704, -25.7297306, 8.5, 30.
705, -24.216217, 8.5, 30.
706, -22.7027035, 8.5, 30.
707, -21.1891899, 8.5, 30.
708, -19.6756763, 8.5, 30.
709, -18.1621628, 8.5, 30.
710, -16.6486492, 8.5, 30.
711, -15.1351347, 8.5, 30.
712, -13.6216221, 8.5, 30.
713, -12.1081085, 8.5, 30.
714, -10.594595, 8.5, 30.
715, -9.08108139, 8.5, 30.
716, -7.56756735, 8.5, 30.
717, -6.05405426, 8.5, 30.
718, -4.5405407, 8.5, 30.
719, -3.02702713, 8.5, 30.
720, -1.51351357, 8.5, 30.
721, -56., 8.5, 21.4285717
722, -56., 8.5, 22.8571434
723, -56., 8.5, 24.2857151
724, -56., 8.5, 25.7142849
725, -56., 8.5, 27.1428566
726, -56., 8.5, 28.5714283
727, -56., 0., 28.5714283
728, -56., 0., 27.1428566
729, -56., 0., 25.7142849

-0 0 1 CN 0., 24.2857151
731, -56., 0., 22.8571434
732, -56., 0., 21.4285717
733, -1.51351357, 0., 30.
734, -3.02702713, 0., 30.
735, -4.5405407, 0., 30.
736, -6.05405426, 0., 30.
737, -7.56756735, 0., 30.
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738 , - 9 .08108139 , 0 ., 30 .

739 , - 10.594595 , 0 ., 30 .

740 , - 12. 1081085 , 0 ., 30 .

741 , - 13.6216221 , 0 ., 30 .

742 , - 15. 1351347 , 0 ., 30 .

743 , - 16.6486492 , 0 ., 30 .

744 , - 18. 1621628 , 0 ., 30 .

745 , - 19.6756763 , 0 ., 30 .

746 , -21 . 1891899 , 0 ., 30 .

747 , -22 .7027035 , 0 ., 30 .

748 , - 24 .216217 , 0 ., 30 .

749 , - 25 .7297306 , 0 ., 30 .

750 , - 27 .2432442 , 0 ., 30 .

751 , - 28 .7567558 , 0 ., 30 .

752 , - 30 .2702694 , 0 ., 30 .

753 , - 31 .783783 , 0 ., 30 .

754 , - 33 .2972984 , 0 ., 30 .

755 , - 34 . 8108101 , 0 ., 30 .

756 , - 36 .3243256 , 0 ., 30 .

757 , - 37 .8378372 , 0 ., 30 .

758 , - 39 .3513527 , 0 ., 30 .

759 , -40 .8648643 , 0 ., 30 .

760 , -42 .3783798 , 0 ., 30 .

761 , -43 . 8918915 , 0 ., 30 .

762 , -4 5 .405407 , 0 ., 30 .

763 , -46 .9189186 , 0 ., 30 .

764 , -48 .4324341 , 0 ., 30 .

765 , -49 .9459457 , 0 ., 30 .

766 , - 51 .4594612 , 0 ., 30 .

767 , - 52 .9729729 , 0 ., 30 .

768 , - 54 .4864883 , 0 ., 30 .

769 , - 54 .4864883 , 10 ., 8.5
770 , - 52 .9729729 , 10., 8.5
771 , - 51 .4594612 , 10., 8.5
772 , -49 .9459457 , 10., 8.5
773 , -48 .4324341 , 10., 8.5
774 , -4 6 .9189186 , 10., 8.5
775 , -45 .405407 , 10., 8.5
776 , -4 3 ,8918915 , 10 ., 8.5
777 , -42 .3783798 , 10., 8.5
778 , -40 .8648643 , 10 ., 8.5
779 , - 39 .3513527 , 10 ., 8.5
780 , - 37 .8378372 , 10 ., 8.5
781 , - 36 .3243256 , 10., 8.5
782 , - 34 .8108101 , 10 ., 8.5
783 , - 33 .2972984 , 10., 8.5
784 , - 31 .783783 , 10., 8.5
785 , - 30 .2702694 , 10., 8.5
786 , -28 .7567558 , 10., 8.5
787 , -27 .2432442 , 10., 8.5
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788 , - 25 .7297306 , 10 ., 8.5
789 , - 24 .216217 , 10 ., 8.5
790 , - 22 .7027035 , 10 ., 8.5
791 , - 21 . 1891899 , 10., 8.5
792 , - 19.6756763 , 10., 8.5
793 , - 18. 1621628 , 10 ., 8.5
794 , - 16.6486492 , 10., 8.5
795 , - 15. 1351347 , 10., 8.5
796 , - 13.6216221 , 10 ., 8.5
797 , - 12. 1081085 , 10., 8.5
798 , - 10.594595 , 10., 8.5
799 , - 9 .08108139 , 10., 8.5
800 , - 7 .56756735 , 10., 8.5
801 , - 6 .05405426 , 10., 8.5
802 , -4 .5405407 , 10., 8.5
803 , - 3 .02702713 , 10., 8.5
804 , - 1.51351357 , 10 ., 8.5
805 , - 1.51351357 , 8 .5, 8.5
806 , - 3 .02702713 , 8 .5 , 8.5
807 , - 4 .5405407 , 8 .5 , 8.5
808 , - 6 .05405426 , 8 .5 , 8.5
809 , - 7 .56756735 , 8 .5 , 8.5
810 , - 9 .08108139 , 8 .5 , 8.5
811 , - 10.594595 , 8 .5 , 8.5
812 , - 12. 1081085 , 8 .5, 8.5
813 , - 13.6216221 , 8 .5 , 8.5
814 , - 15. 1351347 , 8 .5, 8.5
815 , - 16.6486492 , 8 .5, 8.5
816 , - 18. 1621628 , 8 .5, 8.5
817 , - 19.6756763 , 8 .5, 8.5
818 , - 21 . 1891899 , 8 .5 , 8.5
819 , - 22 .7027035 , 8 .5, 8.5
820 , - 24 .216217 , 8 .5 , 8.5
821 , - 25 .7297306 , 8 .5 , 8.5
822 , -27 .2432442 , 8 .5 , 8.5
823 , -28 .7567558 , 8 .5 , 8.5
824 , - 30 .2702694 , 8 .5, 8.5
825 , - 31 .783783 , 8 .5 , 8.5
826 , - 33 .2972984 , 8 .5, 8.5
827 , - 34 .8108101 , 8 .5, 8.5
828 , -36 .3243256 , 8 .5 , 8.5
829 , -37 .8378372 , 8 .5 , 8.5
830 , - 39 .3513527 , 8 .5 , 8.5
831 , -40 .8648643 , 8 .5 , 8.5
832 , -42 .3783798 , 8 .5 , 8.5
833 , -43 .8918915 , 8 .5 , 8.5
834 , - 45 .405407 , 8 .5 , 8.5
835 , -46 .9189186 , 8 .5 , 8.5
836 , -48 .4324341 , 8 .5 , 8.5
837 , -49 .9459457 , 8 .5 , 8.5
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838 , - 51 .4594612 , 8 .5, 8.5
839 , - 52 .9729729 , 8 .5 , 8.5
840 , - 54 .4864883 , 8 .5 , 8.5
841 , - 54 .4864883 , 10 ., 0 .

842 , - 52 .9729729 , 10 ., 0 .

843 , - 51 .4594612 , 10 ., 0 .

844 , -49 .9459457 , 10 ., 0 .

845 , -48 .4324341 , 10 ., 0 .

846 , -46 .9189186 , 10 ., 0 .

847 , -45 .405407 , 10., 0 .

848 , -43 .8918915 , 10 ., 0 .

849 , -42 .3783798 , 10., 0 .

850 , -40 .8648643 , 10., 0 .

851 , - 39 .3513527 , 10 ., 0 .

852 , - 37 .8378372 , 10 ., 0 .

853 , - 36 .3243256 , 10 ., 0 .

854 , - 34 .8108101 , 10 ., 0 .

855 , - 33 .2972984 , 10 ., 0 .

856 , - 31 .783783 , 10 ., 0 .

857 , - 30 .2702694 , 10., 0 .

858 , - 28 .7567558 , 10., 0 .

859 , -27 .2432442 , 10., 0 .

860 , -25 .7297306 , 10., 0 .

861 , - 24 .216217 , 10., 0 .

862 , -22 .7027035 , 10., 0 .

863 , -21 . 1891899 , 10., 0 .

864 , - 19.6756763 , 10., 0 .

865 , - 18. 1621628 , 10., 0 .

866 , - 16.6486492 , 10., 0 .

867 , - 15. 1351347 , 10., 0 .

868 , - 13.6216221 , 10., 0 .

869 , - 12. 1081085 , 10., 0 .

870 , - 10.594595 , 10., 0 .

871 , -9 .08108139 , 10., 0 .

872 , - 7 .56756735 , 10., 0 .

873 , - 6 .05405426 , 10., 0 .

874 , -4 .5405407 , 10., 0 .

875 , - 3 .02702713 , 10., 0 .

876 , - 1.51351357 , 10., 0 .

877 , - 1.51351357 , 0 ., 0 .

878 , - 3 .02702713 , 0 ., 0 .

879 , -4 .5405407 , 0 ., 0 .

880 , - 6 .05405426 , 0 ., 0 .

881 , - 7 .56756735 , 0 ., 0 .

882 , - 9 .08108139 , 0 ., 0 .

883 , - 10.594595 , 0 ., 0 .

884 , - 12. 1081085 , 0 ., 0 .

885 , - 13.6216221 , 0 ., 0 .

886 , - 15. 1351347 , 0 ., 0 .

887 , - 16.6486492 , 0 ., 0 .



888 , - 18. 1621628, 0 ., 0 .

889 , - 19.6756763 , 0 ., 0 .

890 , - 21 . 1891899, 0 ., 0 .

891 , - 22 . 7027035 , 0 ., 0 .

892 , - 24 .216217 , 0 ., 0 .

893 , - 25 .7297306 , 0 ., 0 .

894 , - 27 .2432442 , 0 ., 0 .

895 , - 28 .7567558 , 0 ., 0 .

896 , - 30 .2702694 , 0 ., 0 .

897, - 31 .783783 , 0 ., 0 .

898 , - 33 .2972984 , 0 ., 0 .

899 , - 34 . 8108101 , 0 ., 0 .

900 , - 36 . 3243256 , 0 ., 0 .

901 , - 37 . 8378372 , 0 ., 0 .

902 , - 39 . 3513527 , 0 ., 0 .

903 , - 40 . 8648643 , 0 ., 0 .

904 , - 42 .3783798 , 0 ., 0 .

905 , -43 . 8918915 , 0 ., 0 .

906 , - 45 .405407 , 0 ., 0 .

907 , -46 .9189186 , 0 ., 0 .

908 , -48 .4324341 , 0 ., 0 .

909 , -49 .9459457 , 0 ., 0 .

910 , - 51 .4594612 , 0 ., 0 .

911 , - 52 .9729729 , 0 ., 0 .

912 , - 54 .4864883 , 0 ., 0 .

913 , 54 .4864883 , 0 ., 0 .

914 , 52 .9729729 , 0 ., 0 .

915 , 51 .4594612 , 0 ., 0 .

916 , 49 .9459457 , 0 ., 0 .

917 , 48 .4324341 , 0 ., 0 .

918 , 46 .9189186 , 0 ., 0 .

919 , 45 .405407 , 0 ., 0 .

920 , 43 .8918915 , 0 ., 0 .

921 , 42 .3783798 , 0 ., 0 .

922 , 40 .8648643 , 0 ., 0 .

923 , 39 .3513527 , 0 ., 0 .

924 , 37 .8378372 , 0 ., 0 .

925 , 36 .3243256 , 0 . , 0 .

926 , 34 .8108101 , 0 ., 0 .

927 , 33 .2972984 , 0 ., 0 .

928 , 31 .783783 , 0 ., 0 .

929 , 30 .2702694 , 0 ., 0 .

930 , 28 .7567558 , 0 ., 0 .

931 , 27 .2432442 , 0 ., 0 .

932 , 25 .7297306 , 0 ., 0 .

933 , 24 .216217 , 0 ., 0 .

934 , 22 .7027035 , 0 ., 0 .

935 , 21 . 1891899, 0 ., 0 .

936 , 19.6756763 , 0 ., 0 .

937 , 18. 1621628, 0 ., 0 .



938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987

16.6486492 ,

15. 1351347 ,

13.6216221 ,

12. 1081085 ,

10.594595 ,

9 .08108139 ,

7 .56756735 ,

6 .05405426 ,

4 . 5405407 ,

3 .02702713 ,

1.51351357 ,

1.51351357 ,

3 .02702713 ,

4 .5405407 ,

6 .05405426 ,

7 .56756735 ,

9 .08108139 ,

10.594595 ,

12. 1081085 ,

13 .6216221 ,

15 . 1351347 ,

16 .6486492 , 

18 . 1621628 , 

19 .6756763 , 

21 . 1891899 , 

22 .7027035 , 

24 .216217 , 

25 .7297306 , 

27 .2432442 , 

28 .7567558 , 

30 .2702694 , 

31 .783783 , 

33 .2972984 , 

34 .8108101 , 

36 .3243256 , 

37 .8378372 , 

39 .3513527 , 

4 0 .8648643 , 

42 .3783798 , 

43 .8918915 , 

45 .405407 , 

4 6 .9189186 , 

4 8 .4324341 , 

4 9 .9459457 ,

51 .4594612 ,

52 .9729729 ,

54 .4864883 ,

54 .4864883 ,

52 .9729729 ,

51 .4594612 ,

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

0 ., 0 .

8 .5 , 8.5
8 .5 , 8.5

8 .5 , 8.5
8 .5 , 8.5
8 . 5 , 8.5
8 .5 , 8.5

8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 . 5 , 8.5
8 .5 , 8.5

8 .5 , 8.5
8 .5 , 8.5
8 . 5 , 8.5
8 .5 , 8.5
8 .5 , 8.5

8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 . 5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5

8 . 5 , 8.5
8 . 5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
8 .5 , 8.5
10 ., 0 .

10 ., 0 .

10 ., 0 .
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988 , 49 .9459457 , 10 ., 0 .

989 , 48 .4324341 , 10 ., 0 .

990 , 46 .9189186 , 10 ., 0 .

991 , 45 .405407 , 10 ., 0 .

992 , 43 .8918915 , 10 ., 0 .

993 , 42 .3783798 , 10 ., 0 .

994 , 40 .8648643 , 10 ., 0 .

995 , 39 .3513527 , 10 ., 0 .

996 , 37 .8378372 , 10 ., 0 .

997 , 36 .3243256 , 10 ., 0 .

998 , 34 .8108101 , 10 ., 0 .

999 , 33 .2972984 , 10 ., 0 .

1000 , 31 .783783 , 10 ., 0 .

1001 , 30 .2702694 , 10 ., 0 .

1002 , 28 .7567558 , 10 ., 0 .

1003 , 27 .2432442 , 10 ., 0 .

1004 , 25 .7297306 , 10., 0 .

1005 , 24 .216217 , 10 ., 0 .

1006 , 22 .7027035 , 10 ., 0 .

1007 , 21 . 1891899 , 10 ., 0 .

1008 , 19.6756763 , 10 ., 0 .

1009 , 18. 1621628 , 10 ., 0 .

1010 , 16.6486492 , 10., 0 .

1011 , 15. 1351347 , 10., 0 .

1012 , 13.6216221 , 10., 0 .

1013 , 12. 1081085 , 10., 0 .

1014 , 10.594595 , 10 ., 0 .

1015 , 9 .08108139 , 10 ., 0 .

1016 , 7 .56756735 , 10 ., 0 .

1017 , 6 .05405426 , 10 ., 0 .

1018 , 4 .5405407 , 10 ., 0 .

1019 , 3 .02702713 , 10., 0 .

1020 , 1.51351357 , 10., 0 .

1021 , 1.51351357 , 10., 8.5
1022 , 3 .02702713 , 10., 8.5
1023 , 4 .5405407 , 10 ., 8.5
1024 , 6 .05405426 , 10 ., 8.5
1025 , 7 .56756735 , 10 ., 8.5
1026 , 9 .08108139 , 10 ., 8.5
1027 , 10.594595 , 10 ., 8.5
1028 , 12. 1081085 , 10 ., 8.5
1029 , 13.6216221 , 10., 8.5
1030 , 15. 1351347 , 10., 8.5
1031 , 16.6486492 , 10., 8.5
1032 , 18. 1621628 , 10., 8.5
1033 , 19.6756763 , 10., 8.5
1034 , 21 . 1891899 , 10., 8.5
1035 , 22 .7027035 , 10., 8.5
1036 , 24 .216217 , 10 ., 8.5
1037 , 25 .7297306 , 10., 8.5
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1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085

27 .2432442 , 10 . ,  8.5
28 .7567558 , 10 .,  8.5
30 .2702694 , 10. ,  8.5
31 .783783 , 10 . ,  8.5

33 .2972984 , 10. ,  8.5
34 .8108101 , 10 .,  8.5
36 .3243256 , 10 .,  8.5
37 .8378372 , 10 . ,  8.5
39 .3513527 , 10 . ,  8.5
40 . 8648643 , 10. ,  8.5
42 .3783798 , 10. ,  8.5
43 . 8918915 , 10. ,  8.5
4 5 .405407 , 10 . ,  8.5

46 .9189186 , 10 .,  8.5
48 .4324341 , 10 .,  8.5
49 .9459457 , 10 . ,  8.5
51 .4594612 , 10 . ,  8.5
52 .9729729 , 10. ,  8.5
54 .4864883 , 10 .,  8.5

57 .5 , 10 ., 11.4285717
57 .5 , 10 ., 12.8571424
57 .5 , 10 ., 14.2857141
57 .5 , 10 ., 15.7142859
57 .5 , 10 ., 17.1428566
57 .5 , 10 ., 18.5714283
66 ., 10 ., 18.5714283
66 ., 10 ., 17.1428566
66 ., 10 ., 15.7142859
66 ., 10 ., 14.2857141
66 ., 10 ., 12.8571424
66 ., 10 ., 11.4285717

57 .5 , 8 .5 , 18.5714283
57 . 5 , 8 .5 , 17.1428566
57 .5 , 8 .5 , 15.7142859
57 .5 , 8 .5 , 14.2857141
57 .5 , 8 .5 , 12.8571424
57 .5 , 8 .5 , 11.4285717
66 ., 0 ., 11.4285717
66 ., 0 ., 12.8571424
66 ., 0 ., 14.2857141
66 ., 0 ., 15.7142859
66 ., 0 ., 17.1428566
66 ., 0 ., 18.5714283
66 ., 10 ., 21.4285717
66 ., 10 ., 22.8571434
66 ., 10 ., 24.2857151
66 ., 10 ., 25.7142849
66 ., 10 ., 27.1428566
66 ., 10 ., 28.5714283
66 ., 0 ., 28.5714283
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1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1 1 1 1
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137

66 ., 

66 .,

66 .,

66 .,

66 .,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 ,

57 .5 , 

54 .4864883 , 

52 .9729729 , 

51 .4594612 , 

49 .9459457 , 

48 .4324341 , 

46 .9189186 , 

45 .405407 , 

43 .8918915 , 

42 .3783798 , 

40 .8648643 , 

39 .3513527 , 

37 .8378372 , 

36 .3243256 , 

34 . 8108101 , 

33 .2972984 , 

31 .783783 , 

30 .2702694 , 

28 .7567558 , 

27 .2432442 , 

25 .7297306 , 

24 .216217 , 

22 .7027035 , 

21 . 1891899 , 

19.6756763 , 

18. 1621628 , 

16.6486492 , 

15. 1351347 , 

13.6216221 , 

12. 1081085 , 

10.594595 , 

9 .08108139 , 

7 .56756735 , 

6 .05405426 ,

0 ., 27.1428566 
0 ., 25.7142849 
0 ., 24.2857151 
0 ., 22.8571434 
0 ., 21.4285717

21.4285717
22.8571434
24.2857151
25.7142849
27.1428566
28.5714283
28.5714283
27.1428566
25.7142849
24.2857151
22.8571434
21.4285717

10 ., 31.5
10 ., 31.5
10 . , 31.5
10., 31.5
10. , 31.5
10. , 31.5

10 ., 31.5
10. , 31.5
10., 31.5
10 ., 31.5
10 ., 31.5
10 . , 31.5
10., 31.5
10., 31.5
10., 31.5

10 ., 31.5
10 ., 31.5
10., 31.5
10., 31.5
10., 31.5

10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5
10 ., 31.5

10 ., 31.5
10 ., 31.5
10 ., 31.5
10. , 31.5
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1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187

4 . 5405407 ,

3 .02702713 ,

1.51351357 ,

1.51351357 ,

3 .02702713 ,

4 . 5405407 , 

6 .05405426 , 

7 .56756735 , 

9 .08108139 , 

10 .594595 , 

12. 1081085 , 

13.6216221 , 

15. 1351347 , 

16.6486492 , 

18. 1621628 , 

19.6756763 , 

21 . 1891899 , 

22 . 7027035 , 

24 .216217 , 

25 .7297306 , 

27 .2432442 , 

28 .7567558 , 

30 .2702694 , 

31 .783783 , 

33 .2972984 , 

34 . 8108101 , 

36 .3243256 , 

37 . 8378372 ,

39 .3513527 ,

40 . 8648643 ,

42 .3783798 ,

43 . 8918915 ,

4 5 .405407 ,

46 .9189186 ,

48 .4324341 ,

49 .9459457 ,

51 .4594612 ,

52 .9729729 ,

54 .4864883 ,

54 .4864883 ,

52 .9729729 ,

51 .4594612 ,

49 .9459457 ,

48 .4324341 ,

46 .9189186 ,

4 5 .405407 ,

43 . 8918915 ,

42 .3783798 ,

40 . 8648643 ,

39 . 3513527 ,

10 ., 31.5
10 ., 31.5
10 ., 31.5
8 .5 , 31.5
8 .5 , 31.5

8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5

8 .5 , 31.5
8 . 5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5

8 . 5, 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5

8 .5 , 31.5
8 .5 , 31.5
8 . 5 , 31.5
8 . 5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 . 5 , 31.5
8 .5 , 31.5

8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
8 .5 , 31.5
10 ., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10., 40 .

10 ., 40 .

10., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10 ., 40 .
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1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235

37 .8378372 ,
36 .3243256 ,
34 .8108101 ,
33 .2972984 ,
31 .783783 ,

30 .2702694 ,
28 .7567558 ,
27 .2432442 ,
25 .7297306 ,
24 .216217 ,

22 .7027035 ,
21 . 1891899 ,
19.6756763 , 
18.1621628 ,
16.6486492 ,
15. 1351347 ,
13.6216221 ,
12. 1081085 ,
10.594595 ,

9 .08108139 ,
7 .56756735 ,
6 .05405426 ,
4 .5405407 ,

3 .02702713 ,
1.51351357 ,
1.51351357 ,
3 .02702713 ,
4 .5405407 ,

6 .05405426 ,
7 .56756735 ,
9 .08108139 ,
10.594595 ,

12. 1081085 ,
13.6216221 ,
15. 1351347 ,
16.6486492 , 
18. 1621628 ,
19.6756763 ,
21 .1891899 ,
22 .7027035 ,
24 .216217 ,

25 .7297306 ,
27 .2432442 ,
28 .7567558 ,
30 .2702694 ,
31 .783783 ,

33 .2972984 ,
34 .8108101 ,
36 .3243256 ,
37 .8378372 ,

10., 40 .
10., 40 .
10., 40 .
10., 40 .

10 ., 40 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .

10., 4 0 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .
10., 40 .

10., 4 0 .
10., 40 .
10., 40 .
10., 40 .

10., 4 0 .
10., 40 .
10., 40 .
0 ., 40 .
0 ., 40 .

0 ., 4 0 .
0 ., 4 0 .
0 ., 4 0 .
0 ., 4 0 .

0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .
0 ., 40 .

0 ., 4 0 .
0 ., 4 0 .
0 „ 4 0 .
0 „ 40 .
0 „ 4 0 .

0 ., 40 .
0 ., 4 0 .
0 ., 4 0 .
0 ., 4 0 .
0 ., 4 0 .
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1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287

39 .3513527 ,

40 .8648643 ,

42 .3783798 ,

43 .8918915 ,

4 5 .405407 ,

46 .9189186 ,

48 .4324341 ,

49 .9459457 ,

51 .4594612 ,

52 .9729729 ,

54 .4864883 ,

- 1.51351357 ,

- 3 .02702713 ,

-4 .5405407 ,

- 6 .05405426 ,

- 7 .56756735 ,

- 9 .08108139 ,

- 10.594595 ,

- 12 . 1081085 ,

- 13 .6216221 ,

- 15 . 1351347 ,

- 16 .6486492 ,

- 18 . 1621628 ,

- 19 .6756763 ,

- 21 . 1891899 ,

- 22 .7027035 ,

- 24 .216217 ,

- 25 .7297306 ,

- 27 .2432442 ,

- 28 .7567558 ,

- 30 .2702694 ,

- 31 .783783 ,

- 33 .2972984 ,

- 34 .8108101 ,

- 36 .3243256 ,

- 37 .8378372 ,

- 39 .3513527 ,

- 4 0 .8648643 ,

-4 2 .3783798 ,

-4 3 .8918915 ,

-45 .405407 ,

- 46 .9189186 ,

- 48 .4324341 ,

- 49 .9459457 ,

- 51 .4594612 ,

- 52 .9729729 ,

- 54 .4864883 ,

- 54 .4864883 ,

- 52 .9729729 ,

- 51 .4594612 ,

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 4 0 .

0 ., 40 .

0 ., 4 0 .

10., 4 0 .

10 ., 4 0 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10., 40 .

10., 40 .

10., 40 .

10., 40 .

10., 40 .

10., 40 .

10 ., 40 .

10., 40 .

10., 4 0 .

10., 4 0 .

10., 40 .

10., 40 .

10., 40 .

10., 40 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10 ., 40 .

10., 40 .

10., 40 .

0 ., 4 0 .

0 ., 40 .

0 ., 40 .
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1288 , - 4 9 .9459457 , 0 ., 40 .
1289 , - 48 .4324341 , 0 ., 40 .

1290 , - 4 6 .9189186 , 0 ., 40 .

1291 , -4 5 .405407 , 0 ., 40 .

1292 , - 4 3 .8918915 , 0 ., 40 .

1293 , - 4 2 .3783798 , 0 ., 40 .

1294 , - 4 0 .8648643 , 0 ., 4 0 .

1295 , - 39 .3513527 , 0 ., 4 0 .

1296 , - 37 .8378372 , 0 ., 40 .

1297 , - 36 .3243256 , 0 ., 4 0 .

1298 , - 34 .8108101 , 0 ., 40 .

1299 , - 33 .2972984 , 0 ., 40 .

1300 , - 31 .783783 , 0 ., 4 0 .

1301 , - 30 .2702694 , 0 ., 40 .

1302 , - 28 .7567558 , 0 ., 40 .

1303 , - 27 .2432442 , 0 ., 40 .

1304 , - 25 .7297306 , 0 ., 4 0 .

1305 , - 24 .216217 , 0„ 40 .

1306 , - 22 .7027035 , 0 ., 40 .

1307 , - 21 . 1891899 , 0 ., 40 .

1308 , - 19 .6756763 , 0 ., 40 .

1309 , - 18. 1621628 , 0 ., 40 .

1310 , - 16.6486492 , 0 ., 40 .

1311 , - 15. 1351347 , 0 ., 4 0 .

1312 , - 13.6216221 , 0 ., 40 .

1313 , - 12. 1081085 , 0 ., 40 .

1314 , - 10.594595 , 0 ., 40 .

1315 , - 9 .08108139 , 0 ., 40 .

1316 , - 7 .56756735 , 0 ., 40 .

1317 , - 6 .05405426 , 0 ., 40 .

1318 , -4 .5405407 , 0 ., 40 .

1319 , - 3 .02702713 , 0 ., 40 .

1320 , - 1.51351357 , 0 ., 40 .

1321 , - 1.51351357 , 10., 31.5
1322 , - 3 .02702713 , 10., 31.5
1323 , -4 .5405407 , 10 ., 31.5
1324 , - 6 .05405426 , 10., 31.5
1325 , - 7 .56756735 , 10 ., 31.5
1326 , - 9 .08108139 , 10 ., 31.5
1327 , - 10.594595 , 10., 31.5
1328 , - 12. 1081085 , 10 ., 31.5
1329 , - 13 .6216221 , 10 ., 31.5
1330 , - 15 . 1351347 , 10 ., 31.5
1331 , - 16 .6486492 , 10., 31.5
1332 , - 18. 1621628 , 10., 31.5
1333 , - 19.6756763 , 10., 31.5
1334 , - 21 . 1891899 , 10., 31.5
1335 , - 22 .7027035 , 10., 31.5
1336 , - 24 .216217 , 10., 31.5
1337 , - 25 .7297306 , 10., 31.5
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1338 , -27 .2432442 , 10., 31.5
1339 , -28 .7567558 , 10 ., 31.5
1340 , - 30 .2702694 , 10., 31.5
1341 , -31 .783783 , 10., 31.5
1342 , - 33 .2972984 , 10., 31.5
1343 , - 34 .8108101 , 10., 31.5
1344 , -36 .3243256 , 10., 31.5
1345, - 37 .8378372 , 10., 31.5
1346, - 39 .3513527 , 10., 31.5
1347, -40 .8648643 , 10., 31.5
1348, -42 .3783798 , 10., 31.5
1349, -43 .8918915 , 10., 31.5
1350, -45 .405407 , 10., 31.5
1351, -46 .9189186 , 10., 31.5
1352 , -48 .4324341 , 10., 31.5
1353 , -49 .9459457 , 10., 31.5
1354 , - 51 .4594612 , 10., 31.5
1355, - 52 .9729729 , 10., 31.5
1356 , - 54 .4864883 , 10., 31.5
1357 , - 54 .4864883 , 8 .5, 31.5
1358 , - 52 .9729729 , 8 .5, 31.5
1359 , - 51 .4594612 , 8 .5, 31.5
1360 , -49 .9459457 , 8 .5, 31.5
1361 , -4 8 .4324341 , 8 .5, 31.5
1362 , -4 6 .9189186 , 8 .5, 31.5
1363 , -45 .405407 , 8 .5, 31.5
1364 , -43 .8918915 , 8 .5, 31.5
1365, -42 .3783798 , 8 .5 , 31.5
1366, -40 .8648643 , 8 .5, 31.5
1367, - 39 .3513527 , 8 .5, 31.5
1368, - 37 .8378372 , 8 .5, 31.5
1369, - 36 .3243256 , 8 .5, 31.5
1370, -34 .8108101 , 8 .5, 31.5
1371, -33 .2972984 , 8 .5 , 31.5
1372, - 31 .783783 , 8 .5 , 31.5
1373 , -30 .2702694 , 8 .5, 31.5
1374 , - 28 .7567558 , 8 .5 , 31.5
1375 , -27 .2432442 , 8 .5, 31.5
1376 , -25 .7297306 , 8 .5, 31.5
1377 , -24 .216217 , 8 .5, 31.5
1378 , - 22 .7027035 , 8 .5 , 31.5
1379 , - 21 . 1891899 , 8 .5 , 31.5
1380 , - 19.6756763 , 8 .5 , 31.5
1381 , - 18. 1621628 , 8 .5 , 31.5
1382 , - 16.6486492 , 8 .5, 31.5
1383 , - 15. 1351347 , 8 .5, 31.5
1384 , - 13.6216221 , 8 .5, 31.5
1385 , - 12. 1081085 , 8 .5, 31.5
1386 , - 10.594595 , 8 .5 , 31.5
1387 , - 9 .08108139 , 8 .5, 31.5
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1388, - 7 .56756735 , 8 .5 , 31.5
1389, - 6 .05405426 , 8 .5 , 31.5
1390, -4 .5405407 , 8 .5, 31.5
1391, - 3 .02702713 , 8 .5 , 31.5
1392, - 1.51351357 , 8 .5 , 31.5
1393 , - 57 .5, 10., 18.5714283
1394 , - 57 .5 , 10 ., 17.1428566
1395 , - 57 .5 , 10 ., 15.7142859
1396 , - 57 .5 , 10 ., 14.2857141
1397 , - 57 .5 , 10 ., 12.8571424
1398 , - 57 .5 , 10 ., 11.4285717
1399 , - 66 ., 10., 11.4285717
1400 , - 66 ., 10., 12.8571424
1401 , - 66 ., 10., 14.2857141
1402 , - 66 ., 10 ., 15,7142859
1403 , - 66 ., 10., 17.1428566
1404 , - 66 ., 10., 18.5714283
1405 , - 57 .5 , 8 .5, 11.4285717
1406 , - 57 .5 , 8 .5, 12.8571424
1407 , - 57 .5 , 8.5 14.2857141
1408, - 57 .5 , 8.5 15.7142859
1409 , - 57 .5 , 8.5 17.1428566
1410 , - 57 .5 , 8.5 18.5714283
1411 , - 66 ., 0 ., 18.5714283
1412 , - 66 ., 0 ., 17.1428566
1413, - 66 ., 0 ., 15.7142859
1414 , - 66 ., 0 ., 14.2857141
1415 , - 66 ., 0 ., 12.8571424
1416 , - 66 ., 0 ., 11.4285717
1417 , - 57 .5 , 10 . 28.5714283
1418 , - 57 .5, 10 . 27.1428566
1419 , - 57 .5, 10 . 25.7142849
1420 , - 57 .5 , 10 . 24.2857151
1421 , - 57 .5 , 10 . 22.8571434
1422 , - 57 .5 , 10 . 21.4285717
1423 , - 57 .5 , 8.5 21.4285717
1424 , - 57 .5, 8.5 22.8571434
1425 , - 57 .5, 8.5 24.2857151
1426 , - 57 .5, 8.5 25.7142849
1427 , - 57 .5, 8.5 27.1428566
1428, - 57 .5, 8.5 28.5714283
1429, - 66 ., 10., 28.5714283
1430, - 66 ., 10., 27.1428566
1431, - 66 ., 10., 25.7142849
1432 , - 66 ., 10., 24.2857151
1433 , - 66 ., 10., 22.8571434
1434 , - 66 ., 10., 21.4285717
1435 , - 66 ., 0 ., 21.4285717
1436 , - 66 ., 0 ., 22.8571434
1437 , - 66 ., 0 ., 24.2857151
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1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487

- 66 ., 0 ., 25.7142849
- 66 ., 0 ., 27.1428566
- 66 ., 0 ., 28.5714283
56 ., 10 ., 11.4285717
56 ., 10 . 12.8571424
56 ., 10 . 14.2857141
56 ., 10. 15.7142859
56 ., 10. 17.1428566
56 ., 10 . 18.5714283
56 ., 10. 28.5714283
56 ., 10 . 27.1428566
56 ., 10 . 25.7142849
56 ., 10 . 24.2857151
56 ., 10 . 22.8571434
56 ., 10 . 21.4285717

54 .4864883 , 10., 30 .

52 .9729729 , 10. , 30 .

51 .4594612 , 10., 30 .

49 .9459457 , 10., 30 .

48 .4324341 , 10., 30 .

46 .9189186 , 10., 30 .

45 .405407 , 10 ., 30 .

43 .8918915 , 10., 30 .

42 .3783798 , 10., 30 .

40 .8648643 , 10., 30 .

39 .3513527 , 10., 30 .

37 . 8378372 , 10., 30 .

36 .3243256 , 10., 30 .

34 .8108101 , 10., 30 .

33 .2972984 , 10., 30 .

31 .783783 , 10 ., 30 .

30 .2702694 , 10. , 30 .

28 .7567558 , 10. , 30 .

27 .2432442 , 10 ., 30 .

25 .7297306 , 10 ., 30 .

24 .216217 , 10 . , 30 .

22 .7027035 , 10 ., 30 .

21 . 1891899 , 10 ., 30 .

19.6756763 , 10 ., 30 .

18. 1621628 , 10., 30 .

16.6486492 , 10., 30 .

15. 1351347 , 10., 30 .

13.6216221 , 10., 30 .

12. 1081085 , 10 ., 30 .

10 .594595 , 10., 30 .

9 .08108139 , 10., 30 .

7 .56756735 , 10., 30 .

6 .05405426 , 10., 30 .

4 .5405407 , 10., 30 .

3 .02702713 , 10., 30 .
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1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537

1.51351357 , 10 ., 30 .

- 1.51351357 , 10., 30 .

- 3 .02702713 , 10., 30 .

-4 .5405407 , 10., 30 .

- 6 .05405426 , 10., 30 .

- 7 .56756735 , 10., 30 .

- 9 .08108139 , 10., 30 .

- 10.594595 , 10., 30 .

- 12. 1081085 , 10., 30 .

- 13.6216221 , 10., 30 .

- 15. 1351347 , 10., 30 .

- 16.6486492 , 10., 30 .

- 18. 1621628 , 10 ., 30 .

- 19.6756763 , 10 ., 30 .

- 21 . 1891899 , 10., 30 .

- 22 .7027035 , 10., 30 .

- 24 .216217 , 10., 30 .

- 25 .7297306 , 10., 30 .

- 27 .2432442 , 10., 30 .

- 28 .7567558 , 10., 30 .

- 30 .2702694 , 10., 30 .

- 31 .783783 , 10 ., 30 .

- 33 .2972984 , 10., 30 .

- 34 .8108101 , 10., 30 .

- 36 .3243256 , 10., 30 .

- 37 .8378372 , 10., 30 .

- 39 .3513527 , 10., 30 .

- 40 .8648643 , 10., 30 .

- 42 .3783798 , 10., 30 .

- 43 .8918915 , 10., 30 .

-45 .405407 , 10., 30 .

- 46 .9189186 , 10., 30 .

- 48 .4324341 , 10., 30 .

- 49 .9459457 , 10., 30 .

- 51 .4594612 , 10., 30 .

- 52 .9729729 , 10., 30 .

- 54 .4864883 , 10., 30 .

- 57 .5 , 11.6000004 , 31.5
- 57 .5 , 13. 1999998 , 31.5
- 57 .5 , 14.8000002 , 31.5
- 57 .5, 16.3999996 , 31.5
- 57 .5, 18., 31.5
- 57 .5, 19.6000004 , 31.5
- 57 .5, 21 .2000008 , 31.5
- 57 .5 , 22 .7999992 , 31.5
- 57 .5 , 24 .3999996 , 31.5
- 57 .5 , 24 .3999996 , 30 .

- 57 .5 , 22 .7999992 , 30 .

- 57 .5, 21 .2000008 , 30 .

- 57 .5, 19.6000004 , 30 .
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1538, - 57 .5, 18 ., 30 .

1539, - 57 .5, 16.3999996 , 30 .

1540, - 57 .5, 14.8000002 , 30 .

1541 , - 57 .5, 13. 1999998 , 30 .

1542 , - 57 .5, 11.6000004 , 30 .

1543 , - 56 ., 24 .3999996 , 31.5
1544 , - 56 ., 22 .7999992 , 31.5
1545 , - 56 ., 21 .2000008 , 31.5
1546 , - 56 ., 19.6000004 , 31.5
1547 , - 56 ., 18 ., 31.5
1548 , - 56 ., 16.3999996 , 31.5
1549 , - 56 ., 14.8000002 , 31.5
1550, - 56 ., 13. 1999998 , 31.5
1551, - 56 ., 11.6000004 , 31.5
1552, - 56 ., 11.6000004 , 30 .

1553 , - 56 ., 13. 1999998 , 30 .

1554, - 56 ., 14.8000002 , 30 .

1555, - 56 ., 16.3999996 , 30 .

1556, - 56 ., 18., 30 .

1557, - 56 ., 19.6000004 , 30 .

1558 , - 56 ., 21 .2000008 , 30 .

1559 , - 56 ., 22 .7999992 , 30 .

1560, - 56 ., 24 .3999996 , 30 .

1561, - 57 .5, 11.6000004 , 20 .

1562, - 57 .5, 13. 1999998 , 20 .

1563, - 57 .5, 14.8000002 , 20 .

1564, - 57 .5, 16.3999996 , 20 .

1565 , - 57 .5 , 18 ., 20 .

1566 , - 57 .5, 19.6000004 , 20 .

1567 , - 57 .5, 21 .2000008 , 20 .

1568 , - 57 .5, 22 .7999992 , 20 .

1569, - 57 .5 , 24 .3999996 , 20 .

1570 , - 57 .5, 2 6 ., 21.4285717
1571 , - 57 .5, 2 6 ., 22.8571434
1572 , - 57 .5 , 2 6 ., 24.2857151
1573 , - 57 .5 , 2 6 ., 25.7142849
1574 , - 57 .5 , 2 6 ., 27.1428566
1575 , - 57 .5, 2 6 ., 28.5714283
1576 , - 56 ., 10. , 21.4285717
1577 , - 56 ., 10., 22.8571434
1578 , - 56 ., 10 ., 24.2857151
1579 , - 56 ., 10 ., 25.7142849
1580 , - 56 ., 10., 27.1428566
1581 , - 56 ., 10 . , 28 .5714283
1582 , - 56 ., 24 .3999996 , 20 .

1583 , - 56 ., 22 .7999992 , 20 .

1584, - 56 ., 21 .2000008 , 20 .

1585, - 56 ., 19 .6000004 , 20 .

1586 , - 56 ., 18 ., 20 .

1587 , - 56 ., 16.3999996 , 20 .
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1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635

- 56 ., 14 .8000002 , 20 .

- 56 ., 13. 1999998 , 20 .

- 56 ., 11.6000004 , 20 .

- 56 ., 26 ., 28.5714283
- 56 ., 26 ., 27.1428566
- 56 ., 26 ., 25.7142849
- 56 ., 2 6 ., 24.2857151
- 56 ., 2 6 ., 22.8571434
- 56 ., 26 ., 21.4285717
- 66 ., 11.6000004 , 40 .

- 66 ., 13. 1999998 , 40 .

- 66 ., 14.8000002 , 40 .

- 66 ., 16.3999996 , 40 .

- 66 ., 18., 4 0 .

- 66 ., 19.6000004 , 40 .

- 66 ., 21 .2000008 , 40 .

- 66 ., 22 .7999992 , 40 .

- 66 ., 24 .3999996 , 40 .

- 66 ., 24 .3999996 , 30 .

- 66 ., 22 .7999992 , 30 .

- 66 ., 21 .2000008 , 30 .

- 66 ., 19.6000004 , 30 .

- 66 ., 18., 30 .

- 66 ., 16.3999996 , 30 .

- 66 ., 14.8000002 , 30 .

- 66 ., 13. 1999998 , 30 .

- 66 ., 11.6000004 , 30 .

- 56 ., 24 .3999996 , 40 .

- 56 ., 22 .7999992 , 40 .

- 56 ., 21 .2000008 , 40 .

- 56 ., 19.6000004 , 40 .

- 56 ., 18 ., 4 0 .

- 56 ., 16.3999996 , 40 .

- 56 ., 14.8000002 , 40 .

- 56 ., 13. 1999998 , 40 .

- 56 ., 11.6000004 , 40 .

- 56 ., 27 .5 , 30 .

- 56 ., 29 ., 30 .

- 56 ., 30 .5 , 30 .

- 56 ., 32 ., 30 .

- 56 ., 33 .5 , 30 .

- 56 ., 35 ., 30 .

- 56 ., 35 ., 31.5
- 56 ., 33 .5 , 31.5
- 56 ., 32 ., 31.5
- 56 ., 30 .5, 31.5
- 56 ., 29 ., 31.5
- 56 ., 27 .5 , 31.5

- 57 .5, 35 ., 30 .

- 57 .5 , 33 .5 , 30 .
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1638 , - 57 .5,

1639 , - 57 .5,

1640 , - 57 .5,
1641 , - 57 .5,

1642 , - 57 .5,

1643 , - 57 .5,

1644 , - 57 .5,

1645 , - 57 .5,

1646, - 57 .5 ,

1647, - 57 .5,

1648, - 66 .,

1649 , - 66 .,

1650 , - 66 .,

1651 , - 66 .,

1652 , - 66 .,

1653 , - 66 .,

1654 , - 66 .,

1655, - 66 .,

1656 , -66 .,

1657 , - 66 .,

1658 , -66 .,

1659 , - 66 .,

1660 , - 56 .,

1661 , - 56 .,

1662 , - 56 .,

1663, - 56 .,

1664 , - 56 .,

1665 , - 56 .,

1666 , - 57 .5,
1667 , - 57 .5,

1668 , - 57 .5 ,

1669, - 57 .5,

1670, - 57 .5,

1671, - 57 .5,

1672 , - 56 .,

1673 , - 56 .,

1674, - 56 .,

1675, - 56 .,

1676, - 56 .,

1677 , - 56 .,

1678 , - 56 .,

1679 , - 56 .,

1680 , - 56 .,

1681, - 56 .,

1682 , - 56 .,

1683, - 56 .,

1684 , - 57 .5,

1685 , - 57 .5,

1686 , - 57 .5,

1687 , - 57 .5,

32 ., 30 .

30 .5 , 30 .

29 ., 30 .
27 .5, 30 .

27 .5, 31.5
29 ., 31.5

30 .5 , 31.5
32 ., 31.5

33 .5, 31.5
35 ., 31.5

35 ., 30 .

33 .5 , 30 .
32 ., 30 .

30 .5 , 30 .

29 ., 30 .

27 .5, 30 .

27 .5, 40 .

29 ., 40 .

30 .5 , 40 .

32 ., 40 .

33 .5 , 40 .

35 ., 40 .
27 .5, 40 .

29 ., 40 .

30 .5 , 40 .

32 ., 40 .

33 .5 , 40 .

35 ., 40 .

36 .5, 28.5714283
36 .5, 27.1428566
36 .5, 25.7142849
36 .5, 24.2857151
36 .5, 22.8571434
36 .5, 21.4285717

36 .5 , 21.4285717
36 .5 , 22.8571434
36 .5, 24.2857151
36 .5, 25.7142849
36 .5 , 27.1428566
36 .5 , 28.5714283
35 ., 20 .

33 .5 , 20 .

32 ., 20 .

30 .5 , 20 .

29 ., 20 .

27 .5 , 20 .

27 .5, 20 .

29 ., 20 .

30 .5, 20 .
32 ., 20 .
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1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737

- 57 .5,
-57 .5,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
- 56 .,

- 57 .5,
- 57 .5 ,
-57 .5 ,
-57 .5 ,
- 57 .5,
-57 .5,
-56 .,
-56 .,
-56 .,
-56 .,
- 56 .,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
- 56 .,
-56 .,

- 57 .5 ,
- 57 .5 ,
-57 .5,
-57 .5,
- 57 .5 ,
- 57 .5 ,
- 57 .5 ,
-57 .5,
- 57 .5,
- 57 .5 ,
- 57 .5 ,
- 57 .5 ,
-57 .5,
-57 .5,
- 57 .5,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,
-56 .,

33 .5 ,
35 .,
10.,
10.,
10.,
10.,
10.,
10.,
2 6 .,
2 6 .,
26 .,
26 .,
26 .,
2 6 .,

26 .,
26 .,
26 .,
26 .,
26 .,
26 .,

11.6000004 ,
13. 1999998 ,
14.8000002 ,
16.3999996 , 

18.,
19.6000004 , 
21 .2000008 ,
22 .7999992 ,
24 .3999996 ,
24 .3999996 ,
22 .7999992 , 
21 .2000008 ,
19.6000004 , 

18.,
16.3999996 ,
14.8000002 ,
13. 1999998 ,
11.6000004 ,

36 .5 ,
36 .5 ,
36 .5 ,
36 .5 ,
36 .5,
36 .5,

36 .5 ,
36 .5 ,
36 .5 ,
36 .5 ,
36 .5 ,
36 .5 ,

20 .

20 .

18.5714283
17.1428566
15.7142859
14.2857141
12.8571424
11.4285717
18.5714283
17.1428566
15.7142859
14.2857141
12.8571424
11.4285717

11.4285717
12.8571424
14.2857141
15.7142859
17.1428566
18.5714283 

10 . 

10 . 

10 . 

10 .

10.

10. 
10. 
10. 
10. 
10. 
10. 
10. 
10.

10. 
10. 
10. 
10.

18.5714283
17.1428566
15.7142859
14.2857141
12.8571424
11.4285717

11.4285717
12.8571424
14.2857141
15.7142859
17.1428566
18.5714283

10.

356



1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787

- 56 ., 27 .5, 10.

- 56 ., 29 ., 10.

- 56 ., 30 .5 , 10.

- 56 ., 32 ., 10.

- 56 ., 33 .5 , 10.

- 56 ., 35 ., 10.

- 57 .5 , 35 ., 10.

- 57 .5 , 33 .5 , 10.

- 57 .5, 32 ., 10.

- 57 .5, 30 .5 , 10.

- 57 .5, 29 ., 10.

- 57 .5 , 27 .5 , 10.

- 6 ., 26 ., 21.4285717
- 6 ., 26 ., 22.8571434
- 6 ., 26 ., 24.2857151
- 6 ., 26 ., 25.7142849
- 6 ., 26 ., 27.1428566
- 6 ., 26 ., 28.5714283

- 5 .79555511 , 24 .4470863 , 30 .

- 5 . 19615221 , 23 ., 30 .

-4 .2426405 , 21 .7573586 , 30 .

- 3 ., 20 .8038483 , 30 .

- 1.55291426 , 20 .2044449 , 30 .

- 7 .5151515 , 26 ., 30 .

- 9 .030303 , 26 ., 30 .

- 10.545455 , 26 ., 30 .

- 12.060606 , 26 ., 30 .

- 13.575758 , 26 ., 30 .

- 15.090909 , 26 ., 30 .

- 16.60606 , 26 ., 30 .

- 18. 121212 , 26 ., 30 .

- 19.636364 , 26 ., 30 .

- 21 . 151516 , 26 ., 30 .

-22 .666666 , 26 ., 30 .

- 24 . 181818 , 26 ., 30 .

- 25 .69697 , 26 ., 30 .

- 27 .212122 , 26 ., 30 .

- 28 .727272 , 2 6 ., 30 .

- 30 .242424 , 26 ., 30 .

- 31 .757576 , 26 ., 30 .

- 33 .272728 , 26 ., 30 .

- 34 .7878799 , 26 . , 30 .

- 36 .3030319 , 26 . , 30 .

- 37 .8181801 , 26 . , 30 .
- 39 .3333321 , 26 . , 30 .

-40 .848484 , 2 6 ., 30 .

-42 .363636 , 26 ., 30 .

-43 .878788 , 26 ., 30 .

-45 .39394 , 26 ., 30 .

- 46 .9090919 , 26 ., 30 .

357



1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837

- 4 8 .4242439 , 26 .,  30 .

- 4 9 .9393921 , 26 . ,  30 .

- 51 .4545441 , 26 .,  30 .

- 52 .969696 , 26 . ,  30 .

- 54 .484848 , 26 . ,  30 .

0 ., 20 . 28.5714283
0 ., 20 . 27.1428566
0 ., 2 0 . 25.7142849
0 ., 20 . 24.2857151
0 ., 20 . 22.8571434
0 ., 20 . 21.4285717
0 ., 19 . 30 .

0 ., 18 . 30 .

0 .,  . 17 . 30 .

0 ., 16 . 30 .

0 ., 15 . 30 .

0 ., 14 . 30 .

0 ., 13 . 30 .

0 ., 12 . 30 .

0 ., 11 . 30 .

- 1.56184399 , 20 .2068443 , 20 .

- 3 .00747848 , 2 0 .8081722 , 20 .

- 4 .24039602 , 2 1 .7551155 , 20 .

- 5 . 18896198 , 2 2 .9875793 , 20 .

- 5 .79228783 , 24 .4349442 , 20 .

0 ., 19 ., 20 .

0 ., 18 ., 20 .

0 ., 17 ., 20 .

0 ., 16 ., 20 .

0 ., 15 ., 20 .

0 ., 14 ., 20 .

0 ., 13 ., 20 .

0 ., 12 ., 20 .

0 ., 11 ., 20 .

- 54 .484848 , 26 . , 20 .

- 52 .969696 , 26 ., 20 .

- 51 .4545441 , 26 ., 20 .

- 49 .9393921 , 26 . , 20 .

- 48 .4242439 , 26 ., 20 .

- 46 .9090919 , 26 ., 20 .

- 45 .39394 , 26 . , 20 .

- 43 . 878788 , 26 ., 20 .

- 42 .363636 , 26 ., 20 .

-4 0 .848484 , 26 . , 20 .

- 39 .3333321 , 26 ., 20 .

- 37 .8181801 , 26 ., 20 .

- 36 .3030319 , 26 ., 20 .

- 34 .7878799 , 26 ., 20 .

- 33 .272728 , 26 ., 20 .

- 31 .757576 , 26 ., 20 .
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1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885

-30.242424,
-28.727272,
-27.212122,
-25.69697,

-24.181818,
-22 .666666,
-21.151516,
-19.636364,
-18.121212,
-16.60606,

-15.090909,
-13.575758,
-12.060606,
-10.545455,
-9.030303,

-7.5151515,
0 .,

0 .,

0 .,

0 .,

0 .,

0 .,
-1.51351357,
-3.02702713,
-4.5405407,

-6.05405426,
-7.56756735,
-9.08108139,
-10.594595,

-12.1081085,
-13.6216221,
-15.1351347,
-16.6486492,
-18.1621628,
-19.6756763,
-21.1891899,
-22.7027035,
-24.216217,

-25.7297306,
-27.2432442,
-28.7567558,
-30.2702694,
-31.783783,

-33.2972984,
-34.8108101,
-36.3243256,
-37.8378372,
-39.3513527,
-40.8648643,
-42.3783798,

26., 20.
26., 20.
26., 20.

26., 20.
26., 20.
26., 20.
26., 20.
26., 20.
26., 20.

26., 20.
26., 20.
26., 20.
26., 20.
26., 20.

26., 20.
26., 20.

10., 28.5714283
10., 27.1428566
10., 25.7142849
10., 24.2857151
10., 22.8571434
10., 21.4285717

10., 20.
10. 20.

10., 20.
10. 20.
10. 20.
10. 20.

10., 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.

10., 20.
10. 20.
10. 20.
10. 20.
10. 20.

10., 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.
10. 20.oo
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1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935

■4 3 .8918915 ,

-4 5 .405407 ,

•46 .9189186 ,

■4 8 .4324341 ,

■4 9 .9459457 ,

•51 .4594612 ,

■52 .9729729 ,

-54 .4864883 ,

0 .,
0 .,
0 .,

■1.51351357 ,

■3 .02702713 ,

-4 .5405407 ,

■6 .05405426 ,

■7 .56756735 ,

■9 .08108139 ,

- 10.594595 ,

■12. 1081085 ,

■13.6216221 ,

■15. 1351347 ,

■16.6486492 ,

■18. 1621628 ,

■19.6756763 ,

■21 . 1891899 ,

■22 .7027035 ,

- 24 .216217 ,

■25 .7297306 ,

■27 .2432442 ,

■28 .7567558 ,

-30 .2702694 ,

- 31 .783783 ,

■33 .2972984 ,

■34 .8108101 ,

■36 .3243256 ,

■37 .8378372 ,

■39 .3513527 ,

■40 .8648643 ,

■42 .3783798 ,

■43 .8918915 ,

-4 5 .405407 ,

■4 6 .9189186 ,

■4 8 .4324341 ,

■4 9 .9459457 ,

■51 .4594612 ,

■52 .9729729 ,

-54 .4864883 ,

10., 20 .
10., 20 .
10., 20 .
10., 20 .
10., 20 .
10., 20 .
10., 20 .

10., 10.

10., 10.

10., 10.

10., 10.

10., 10.

10 ., 10 .

10., 10.
10., 10.
10., 10.

10., 10. 
10., 10.

10., 10.

10., 10.

10 ., 10,

10., 10.
10., 10,

10., 10,

10., 10,

10., 10,

10., 10,

10., 10
10., 10,

10., 10
10., 10.

10., 10
10., 10
10 ., 10
10., 10
10., 10
10., 10

10 ., 20 .

10., 11.4285717
10., 12.8571424
10., 14.2857141
10., 15.7142859
10., 17.1428566
10., 18.5714283

10., 10.

10., 10.
10., 10.
10., 10.

10., 10.

10., 10.
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1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985

56 .,  24 .3999996 , 20 .

56 .,  22 .7999992 , 20 .

56 .,  21 .2000008 , 20 .

56 .,  19 .6000004 , 20 .

56 ., 18 ., 20 .

56 .,  16.3999996 , 20 .

56 .,  14 .8000002 , 20 .

56 .,  13. 1999998 , 20 .

56 . ,  11.6000004 , 20 .

54 .4864883 , 10 ., 20 .

52 .9729729 , 10 ., 20 .

51 .4594612 , 10 ., 20 .

49 .9459457 , 10 ., 20 .

48 .4324341 , 10., 20 .

46 .9189186 , 10., 20 .

45 .405407 , 10 ., 20 .

43 . 8918915 , 10., 20 .

42 .3783798 , 10., 20 .

40 . 8648643 , 10., 20 .

39 .3513527 , 10., 20 .

37 . 8378372 , 10., 20 .

36 .3243256 , 10., 20 .

34 .8108101 , 10., 20 .

33 .2972984 , 10., 20 .

31 .783783 , 10., 20 .

30 .2702694 , 10., 20 .

28 .7567558 , 10., 20 .

27 .2432442 , 10., 20 .

25 .7297306 , 10., 20 .

24 .216217 , 10., 20 .

22 .7027035 , 10., 20 .

21 . 1891899 , 10., 20 .

19.6756763 , 10., 20 .

18. 1621628 , 10., 20 .

16.6486492 , 10., 20 .

15. 1351347 , 10., 20 .

13.6216221 , 10., 20 .

12. 1081085 , 10. , 20 .

10 .594595 , 10 ., 20 .

9 .08108139 , 10 ., 20 .

7 .56756735 , 10., 20 .

6 .05405426 , 10 ., 20 .

4 .5405407 , 10., 20 .

3 .02702713 , 10 ., 20 .

1.51351357 , 10 ., 20 .

56 ., 11 .6000004 , 30 .

56 ., 13 . 1999998 , 30 .

56 ., 14 .8000002 , 30 .

56 ., 16 .3999996 , 30 .

56 ., 18., 30 .

361



1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033

56 ., 19.6000004 , 30 .
56 ., 21 .2000008 , 30 .
56 ., 22 .7999992 , 30 .
56 ., 24 .3999996 , 30 .
56 ., 26 ., 28.5714283
56 ., 26 ., 27.1428566
56 ., 26 ., 25.7142849
56 ., 26 ., 24.2857151
56 ., 26 ., 22.8571434
56 ., 26 ., 21.4285717

54 .484848 , 26 ., 30 .
52 .969696 , 26 ., 30 .

51 .4545441 , 26 ., 30 .
49 .9393921 , 26 ., 30 .
48 .4242439 , 26 ., 30 .
46 .9090919 , 26 ., 30 .

45 .39394 , 26 ., 30 .
4 3 .878788 , 26 ., 30 .
42 .363636 , 26 ., 30 .
40 .848484 , 26 ., 30 .

39 .3333321 , 26 ., 30 .
37 .8181801 , 26 ., 30 .
36 .3030319 , 26 ., 30 .
34 .7878799 , 26 ., 30 .
33 .272728 , 26 ., 30 .
31 .757576 , 26 ., 30 .
30 .242424 , 26 ., 30 .
28 .727272 , 26 ., 30 .
27 .212122 , 26 ., 30 .
25 .69697 , 26 ., 30 .

24 .181818 , 26 ., 30 .
22 .666666 , 26 ., 30 .
21 .151516 , 26 ., 30 .
19.636364 , 26 ., 30 .
18. 121212 , 26 ., 30 .
16.60606 , 26 ., 30 .

15.090909 , 26 ., 30 .
13.575758 , 26 ., 30 .
12.060606 , 26 ., 30 .
10.545455 , 26 ., 30 .
9 .030303 , 26 ., 30 .

7 .5151515 , 26 ., 30 .
7 .5151515 , 26 ., 20 .
9 .030303 , 26 ., 20 .
10.545455 , 26 ., 20 .
12.060606 , 26 ., 20 .
13.575758 , 26 ., 20 .
15.090909 , 26 ., 20 .
16.60606 , 26 ., 20 .

18. 121212 , 26 ., 20 .
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7588, -51.4545441,
7589, -52.969696,
7590, -54.484848,
7591, -9.030303,
7592, -10.545455,
7593, -12.060606,

26., 27.1428566
26., 27.1428566
26., 27.1428566

26., 25.7142849
26., 25.7142849
26., 25.7142849

19588, 25.5652523, 22.7341595, 31.5
19589, 27.0870094, 22.7374763, 31.5
19590, 28.6087685, 22.7407837, 31.5
19591, 30.1305275, 22.7440872, 31.5
19592, 31.6522865, 22.7473907, 31.5
19593, 33.1740456, 22.7506905, 31.5

10036,29901, 30379, 30030, 29809, 29896, 30364, 30027, 29810
10037, 30379, 30380, 30031, 30030, 30364, 30365, 30028,30027 17261, 17262,17263,
17264,17265, 17266, 17267, 17268, 17269, 17270, 17271
17272, 17273, 17274, 17275, 17276, 17277, 17278, 17279, 17280, 17281,17282, 17283, 

17284, 17285, 17286, 17287
17288,17289, 17290, 17291, 17292, 17293, 17294, 17295, 17296, 17297, 17298,17299, 

17300, 17301, 17302, 17303
17304, 17305, 17306, 17307, 17308, 17309, 17310, 17311, 17312, 17313, 17314,17315, 

17316,17317, 17318, 17319
17320,17321,17322, 17323, 17324, 17325, 17326, 17597, 17598, 17599, 17600, 17601, 

17602,17603, 17604, 17605
17606,17607,17608, 17609, 17610, 17611, 17612, 17613, 17614, 17615, 17616,17617, 

17618, 17619, 17620, 17621
17622, 17623, 17624, 17625, 17626, 17627, 17628, 17629, 17630, 17631, 17632, 17633, 

17634, 17635, 17636, 17637
17638, 17639, 17640, 17641, 17642, 17643, 17644, 17645, 17646, 17647, 17648, 17649, 

17650, 17651, 17652, 17653
17654,17655, 17656, 17657, 17658, 17659, 17660, 17661, 17662, 17663, 17664,17665, 

17666, 17667, 17668, 17669

17682, 17683, 17684, 176,0.97375
0.975 , 0 ,0.97625

> 0
0.98 , 0 ,0.98125

5 0
0.985 , 0 ,0.98625

0
0.99 , 0 ,0.99125

0
0.995 , 0 ,0.99625

0
1 0 ,1.00125
** STEP: Step-1

17676, 17677, 17678, 17679, 17680 
0

17681,

0 ,0.9775 0 ,0.97875

0 ,0.9825 0 ,0.98375

0 ,0.9875 0 ,0.98875

0 ,0.9925 0 ,0.99375

0 ,0.9975 0 ,0.99875

0 ,1.005 0 ,1.00625, 0

*Step, name=Step-l, nlgeom=NO 
*Dynamic, Explicit

*Bulk Viscosity
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0.06, 1.2

** BOUN D A RY CONDITIONS

** Name: BC-4 Type: V elocity/A ngular velocity 
*Boundary, type=V ELO CITY , am plitude=pulse 
_P ickedS etl85 , 3 ,3 ,-1 .

** INTERACTIONS

** Interaction: Int-1 
*Contact, op=NEW
*Contact Inclusions, ALL ELEM EN T BASED 
*Contact property assignm ent 
, , IntProp-1

** OUTPUT REQUESTS

^Restart, write, num ber in terva l= l, time m arks=N O 

** FIELD OUTPUT: F-Output-1
*=i<

*Output, field, num ber intervals=800 
*Node Output
V,

* *  HISTORY OUTPUT: H-Output-1

*Output, history, time interval=0.00125 
*Node Output, nset=topnode
V I, V2, V3 
*End Step
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Abstract
W ave barriers in the form  o f backfilled  trenches are often installed  in the ground to reduce 
the ground vibrations induced by m an-m ade sources, such as traffic and m achine foundations. 
This type o f  ground vibration and ground vibrations due to tunnel bo ring  m achines (TB M s) 
can be a m ajor problem  in densely populated urban areas and for structures housing sensitive 
equipm ent. No previously published research has been found in the literature on the use o f  
backfilled  trenches to provide a screen to the vibrations due to TBM s. In this paper the results 
o f  a num erical study, using a 3-D  finite elem ent m odel w ith infinite elem ents, to  investigate 
the effectiveness o f  backfilled  trenches in reducing the ground surface v ibration  due to 
tunnelling activities are presented. The ABAQUS V 6.4 finite elem ent softw are has been used 
to construct the m odel and three-dim ensional eight-noded linear brick  and reduced  integration 
elem ents are em ployed for the ground and the tunnel lining. The effects o f  variations in the 
geom etrical and m aterial properties o f  the backfilled trench on reducing  the ground vibrations 
have been studied. The findings o f  this study are that only a thin trench  is required  to provide 
an effective wave barrier giv ing a significant reduction in the v ibration  velocity , the 
percentage reduction in the v ibration  velocity increases w ith increasing depth  o f  the w ave 
barriers, and softer backfill m aterial yields a better screening effect than stiffer m aterial.

INTRODUCTION

Wave barriers in the form o f  backfilled trenches are often installed in the ground to 
reduce the ground vibrations induced by man-made sources such as traffic and 
machine foundations [1], Such ground vibrations and ground vibrations due to a 
tunnel-boring machines (TBMs) can be a major problem in densely populated urban 
areas and for structures which house sensitive equipment. The environmental effects 
o f  vibrations have received considerable attention in recent years owing to the 
damage they can cause both to buildings and people and in many countries new rules

Eds.: J. Eberhardsteiner,  H.A. Mang, H. W aubke
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and regulations have been introduced to control vibrations [2], Therefore, screening 
o f vibrations induced by traffic and construction activities has become an important 
issue in recent times and it has been shown that it is possible to reduce the ground 
vibration significantly by placing a suitable wave barrier in the ground [3],

The methods o f vibration isolation for soil-structure interaction systems may be 
classified into two families: active isolation and passive isolation. Active isolation, 
also known as source isolation, refers to the installation o f barriers so close to the 
wave source that energy transmitted from it can be directly cut off, or to the 
installation o f barriers surrounding the vibration source [4], Passive isolation, also 
known as receiver isolation, involves the placing o f suitable barriers in the ground 
before the structure or surrounding the structure [3], An active isolation barrier can 
effectively isolate stationary sources of vibration, whereas a passive isolation barrier 
is effective for a wide variety o f wave generating sources, including moving sources. 
Different kinds of wave barriers, among them open and backfilled trenches are the 
most common in practical applications as they are most effective and their installation 
cost is low [5], [6],

In the past few decades, the boundary element method (BEM) has emerged as a 
very efficient numerical technique for solving a wide class o f engineering problems. 
This method is especially well suited for wave propagation problems in soils 
involving a semi-infinite domain. A number o f researchers have carried out 2-D and 
3-D numerical analyses using the BEM to investigate the screening o f vibrations by 
means of open and backfilled trenches and the use o f different types o f foundations to 
screen the vibration due to machines [1], [3], [7], [8], [9]. However, the BEM is not 
well suited for the modelling o f irregular geometries. To overcome this problem, 
several procedures for coupling finite elements with boundary elements or finite 
elements with infinite elements have been proposed by a number o f researchers [6].

It can be observed from the above literature review that a number o f researchers 
have carried out a lot o f work on systems to provide isolation from machine 
foundation or high-speed train induced vibrations. To the best knowledge o f the 
author, no work has been reported in the published geotechnical literature on the 
screening by backfilled trenches o f the ground vibrations due to a TBM. Therefore, 
an investigation o f the performance o f backfilled trenches in reducing the ground 
vibrations due to a TBM is timely. In this paper, numerical studies, using 3-D finite 
element model coupling with infinite element, are presented which investigate the 
effectiveness of backfilled trenches, in reducing the ground surface vibrations due to 
tunnelling activities.

NUMERICAL MODELLING

Initially 3-D FE analyses were carried out to simulate the magnitudes o f the ground 
vibrations at the surface due to TBM. The accuracy o f the model was verified by 
comparing the measured and predicted vibrations and good agreement was found 
between these. In this paper, the effectiveness o f backfilled trenches as wave barriers 
for isolating TBM induced ground vibrations has been examined. The FE model is
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sh ow n  in Figure 1. T he geom etry  w as id ealised  by a fin ite  region  (Z o n e I) and b y  a 
sem i-in fin ite  far field  region (Z one II). T he A B A Q U S  V 6 .4  fin ite  e lem en t softw are  
w a s used to construct the m odel and three-d im en sional e igh t-n od ed  linear brick and 
reduced integration e lem en ts, C 3D 8R , w ere em p loyed  for the ground and the tunnel 
lin in g  in Z one I. R educed-integration  e lem en ts use few er integration  p o in ts in each  
direction  than the fu lly  integrated e lem en ts. T h ese  reduce the running tim e, esp e c ia lly  
in 3 -D  fin ite e lem en t m odel an a lyses. In Z on e II, the so ils  and tunnel lin in g  in the far 
field  that extend s to in fin ity , w ere m od elled  by the in fin ite  e lem en ts , C IN 3 D 8 . In the 
m od el, the top layer is brow n clay , the m idd le layer is D ublin  bou ld er c la y  and the  
bottom  layer is lim eston e. T he d im en sion s o f  the fin ite  e lem en t m od el are 132.0m  in 
the transverse d irection , 50 .0m  in the vertical d irection  and 40m  in the d irection  o f  the 
tunnel. The top layer is 2 .5m  thick, the m idd le layer is 11m  th ick  and the bottom  layer 
is 36 .5m  thick. The diam eter o f  the tunnel is 12.0m . T h e m aterial properties that w ere  
used for the d ifferent so il layer in the fin ite  e lem en t an a lyses are g iv en  in T ab le  1.

The geom etric d im en sion s o f  the trench barrier and the properties o f  the backfill 
m aterial are show n in T able 2 and T able 3, resp ective ly . A s  all the d im en sio n s are 
assum ed  and the properties o f  the b ack fill m aterial have been taken from  reference  
[6]. A  series o f  param etric stud ies to exam in e the sen sitiv ity  o f  the vibration  
pred ictions to variations in the input param eters o f  the trench d im e n sio n s  and the  
properties o f  the backfill m aterial h ave been carried out. N o te  that w h en  a certain  
param eter is in vestigated , the other param eters are kept constant.

B y  ad vancing in the ground, the tunnel-boring m ach ine is a v ib ratin g source  
from w hich  vibrations are transm itted into the ground. T h erefore, the vib ration s in the 
ground due to the T B M  during boring have been m od elled  by a d yn am ic  load ing  
system . The finite e lem en ts  representing the T B M  cutter h ave been  loaded  by a short 
triangular pulse. D ue to th is pulse, w a v es propagate through the so il and the resp onse  
at the surface has been predicted. T h e an a lyses have been  carried out in the tim e  
dom ain . T he iso lation  effec ts  h ave been  ca lcu lated  u sing  the p ercen tage v e lo c ity  
reduction defined  as,

vibration v e lo c ity  with barrier
Percentage v e lo c ity  reduction =  (1 ---------------------------------------------------------)  ̂ 100

vibration v e lo c ity  w ithout barrier / 1 n

Z on e I: F in ite  
elem en ts

Z one II: Infinite 
elem en ts

Figure 1 -  T hree-D im ensional F E  m od e l
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Table 1 -  Values o f  so il param eters used in models
Parameter Top layer, 

(brown clay)
Dublin boulder 

clay
Limestone Concrete Steel

Density, kg/m”* 2000 2300 2710 2400 7800

Young’s modulus, GPa 0.2 1 60 40 200

Poisson’s ratio 0.495 0.495 0.25 0.2 0.3

Damping, % 2.85 1.75 1 1 0.5

Table 2 -  Geom etric param eters o f  the trench barrier
Parameter Assumed values (m)

Depth of trench below ground surface (D) 2.5, 5.0, 10, 13.5, 18, 24 and 30
Location o f trench from the study zone (L) 0.0, 3.0, 6.0, 9.0, 12, and 15

Width o f the backfilled french (W) 1.5, 3.0 and 4.5

Table 3 -  M aterial properties o f  the bacl^ill_______________________________________________

Material Density, kg/m Shear wave velocity, m/s Poisson’s ratio

Backfill 1200, 1600 and 2000 30, 60, and 90 0.25, 0.33 and 0.45

Pa r a m e t r i c  s t u d i e s  o f  b a c k  f i l l e d  t r e n c h

In this study, the analyses have been performed assuming that the trench barrier is 
filled with a bentonite-soil mixture, which is softer than the natural soil. The 
advantage o f a backfilled trench is that one can achieve larger trench depths with no 
need for permanent lateral supports o f the vertical sides [6].

The analyses were carried out for trenches with different depths D and widths 
W, for different distances, L, o f the trenches from the study point and for different 
damping ratios (^), densities (p), Poisson’s ratios (d) and impedance ratios (IR) o f  the 
backfill material.

Effect of the Normalized Depth and Location of the Trench

The effects on the amplitude o f the vibration velocity o f the depth D o f the backfilled 
trench and the horizontal distance L o f the backfilled trench from study point have 
been invesdgated. Figures 2 and 3 show the influence o f D and L, normalised with 
respect to the maximum values o f 30m and 15m respectively, on the % reduction in 
vibration velocity in the case o f  a trench backfilled with a bentonite-soil mixture with 
a density, pb = 1200 kg/m^ and shear wave velocity, Vb = 30 m/s and in soil having ps 
= 2000 kg/m^ and Vg = 180 m/s. Using these values in Equation 2, the impedance ratio 
is calculated as IR = 0.1, which indicates a very soft backfill material.

Examining the graphs in Figures 2 and 3, it is evident that the depth o f the 
trench D and the distance o f the trench from the study point, L both have important
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effects on the reduction in vibration velocity. It can be observed that the achieved 
reduction in vibration velocity increases with increasing depth o f the trench D, while 
it decreases with increasing L.

Based on these findings, it can state that the depth o f the backfilled trench and 
the location o f backfilled trench with respect to the study zone are important 
parameters with regard to the reduction o f vibration velocity.

Effect of the Width of the Trench

For the purpose o f the investigation, it was assumed that the width o f the backfilled 
trench varies between 1.5m and 4.5m. In Figure 4, the reduction in the vibration 
velocity for different values o f the trench width, normalised with respect to the 4.5m, 
is shown. It can be observed that, for all vibration velocities, the width o f the trench 
has very little effect on the percentage reduction in the vibration velocity. The 
reductions o f the vibration velocity are 40%, 41% and 44.2% for trench widths of 
1.5m, 3.0m and 4.5m respectively. This implies that only a thin trench is required to 
provide a wave barrier giving a significant reduction in the vibration velocity.

Effect of the Poisson’s Ratio of the Backfill Material

The effect o f the values o f the Poisson’s ratio o f the backfill material in the trench on 
the reduction in vibration velocity has been examined using the same model. The 
depth o f the trench was 10.0m. The results obtained from numerical analyses when 
varying the Poisson’s ratio are shown in Figure 5. Reductions in the vibration velocity 
o f 40%, 40% and 39%> were obtained for Poisson’s ratios o f 0.25, 0.33 and 0.45 
respectively. It is concluded, therefore, that variations in Poisson’s ratio have virtually 
no influence on the vibrations.

Effect of the Damping Ratio of the Backfill Material

Damping is the property o f material to absorb vibration energy. The ratio between the 
damping o f the material to the critical damping is called damping ratio, where 
critical damping is the smallest amount of damping required to prevent any oscillation 
occurring in the vibration system. To investigate the effects o f the damping ratio of 
the backfill material on the effectiveness o f the backfilled trench for vibration 
screening, it has been assumed that the damping ratio varies between 2%> and 8%. The 
depth o f the trench was 5.0m. Figure 6 shows the computed vibration reduction at the 
study point when changing the damping ratio o f the backfill material. As can be seen, 
the percentage velocity reduction remains nearly constant at the measuring point as 
the damping ratio is changed. The reduction in the vibration velocity is 13.68%> for 
damping ratios o f 2%, 5% and 8%. Since the velocity reduction is unaffected by the 
damping ratio, the effect o f damping can be neglected.

Effect of the Density of the Backfill Material

The effect o f variations in the density o f the backfill material on the effectiveness of
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the backfilled trench on vibration screening has also been investigated. The effects o f  
changing the density o f  the backfill material, plotted as the ratio o f  the density o f  the 
backfill material, pb, to the top layer soil density, ps, are shown in Figure 7. W hile the 
density o f  the backfill can be adjusted by controlling the consistency o f  the bentonite- 
soil m ixture, the margin for varying the mass density is rather narrow  in practice; 
therefore, the value o f  ratio only ranges from 0.6 to 1.0 in the present analysis. The 
depth o f  the trench was 10.0m. As can be seen from the results plotted in Figure 7, 
variations in the density o f  the backfill material have very little effect on the vibration 
reduction, as the percentage velocity reduction is approxim ately constant with 
changes in the density ratio.

Effect of the Shear Modulus Ratio (Gb/Gs) of the Backfill Material

Gb and Gs are the shear moduli o f  the backfill material in the trench and the top layer 
soil, respectively. In order to relate the shear m odulus ratio Gb/Gs to a m ore practical 
parameter, the impedance ratio (IR), used by geotechnical engineers for determ ining 
whether a barrier is soft or hard has been adopted. The im pedance ratio is the ratio 
between the mass density times the shear wave velocity o f  the backfill material and 
the original soil [4], [6] and is expressed as follows:
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IR =  PbVb/ PsVs (2)

where pb and ps denote the mass densities o f  the bacicfill material and the soil, 
respectively and Vb and Vs are the shear w ave velocities o f  the tw o materials. Values 
o f  IR<1 mean that the trench barrier is softer than the surrounding soil and visa versa.

W hen investigating the effect o f  the shear modulus ratio, the Y ou n g’s modulus 
was used instead o f  the shear modulus. The Y oung’s m odulus o f  the backfill material 
was considered to be variable w hile the Y oung’s modulus o f  the different soil layers 
was kept constant o f  the values shown in Table 1. The density and shear w ave  
velocity values given in Table 3 were used to calculate the Y ou n g’s m odulus using 
Equation (3) and the IR values using Equation (2). The IR values w ere found to be 
between 0.1 and 0.3. The depth o f  the trench w as 10m. The percentage velocity  
reduction verses the impedance ratio IR is presented in Figure 8. It can be observed  
from Figure 8 that the percentage velocity  reduction decreased with increasing IR, 
indicating that the softer backfill material, which has a lower IR value, is more 
effective in reducing TBM  induced ground vibrations.

£ ’f t = 2 p b V b  ( 1 + V b ) (3)
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CONCLUSIONS

The screening o f  TBM induced ground vibrations by means o f  a backfilled trench in 
layered soil between the TBM and the point o f  interest has been studied using 3-D  
finite elements coupled with infinite elements. The influences o f  various parameters 
such as the trench depth, width, location, Poisson’s ratio, density, damping ratio and 
impedance ratio o f  the backfill material in the barrier have been investigated. The 
important observations may be summarized as follows:

■ TBM induced ground vibrations can be reduced significantly by means o f  even 
thin backfilled trenches.
■ Increasing the distance between a trench and the study point decreases its 
reduction effect due to the propagation o f  waves below the trench, making the 
screening effect less significant.
■ The width o f  the backfilled trench, and the damping ratio, density and Poisson’s 
ratio o f the backfill material has no any significant effects on the reduction o f  the 
ground vibrations.
■ Increasing the impedance ratio IR o f the backfill material decreases its reduction 
effects; i.e. a backfill material that is soft with respect to the surrounding soil, 
generally performs better than a stiffer material.
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Abstract
Ground-transmitted waves generated by machine foundation, traffic, or blasting may result in 
ground vibrations, causing distress to adjacent structures and disruption to the operation o f  
nearby sensitive machinery. Most o f  the vibratory energy affecting nearby structures is 
carried by surface waves that propagate in a zone close to the ground surface. Therefore, it is 
possible to reduce the ground vibration significantly by placing a suitable isolation system  
beneath the surface o f  the ground. This paper presents the findings o f  an investigation o f  
different vibration isolation system s including floating slab tracks (FST), wave impending 
barriers (WIB) and trenches, which have been used to reduce the effects o f  machine 
foundation and traffic induced vibrations on nearby structures.

INTRODUCTION

Railway trains have been a major form o f public transportation in the world for more 
than one and half centuries [1]. A wide variety o f railway systems exists in the world, 
ranging from traditional weight freight and express passenger lines to modem 
metropolitan subways and high-speed railways. Different types o f railway system 
should meet different safety and environmental requirements. Even though advanced 
transportation systems, such as airlines, have made rapid progress in the last half- 
century, the status o f railways as a key transportation vehicle remains the same [1].

Unbalanced forces developed in machinery may result in significant foundation 
vibrations. Waves generated by trains and machine foundations may cause distress to 
adjacent structures and sensitive machinery. The disturbance introduced into 
residential and sleeping accommodation by an underground railway. Trains can be 
more intolerable than that caused by others forms o f transport because it is often 
unexpected and has arisen from an unseen source [2]. One is prepared to tolerate
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some disturbance from road traffic as one has very likely travelled by road to the 
residential accommodation and this is remembered. The noise from aircraft is 
tolerated, except perhaps by those living close to a major airport, because there is 
something inevitable about it and the aircraft is rather remote. W hen an underground 
railway creates sufficient ground vibrations that the occupants in an adjacent building 
can hear the trains and possibly feel the vibrations, however short the duration may 
be, an element of the unexpected is introduced. The source o f such a disturbance is 
somewhere below the building, near its foundations and thus close by, not remote as 
with an aircraft. There is sometimes an element of fear involved in that it is thought 
the vibrations may cause structural damage. The trend towards lightweight and 
framed structures with continuous floor slabs means that buildings are becoming 
dynamically more “alive” and hence there is a greater possibility o f a resonant 
response.

Vibrations can be amplified by the passage o f trains due to the surface 
irregularities of wheels and rails, by the rise and fall o f axles on rails resting on 
sleepers and by the propagation of deformation patterns in the track and ground. Such 
vibrations are transmitted through the track structure, including the rails, sleepers, 
ballast and sub-layers, and propagate as wave through the soil medium, after which 
they can be sensed by the people living alongside the railway or over a tunnel through 
which a railway passes. Four phases in the process o f the transmission o f vibrations 
are: generation, transmission, reception and interception. During each phase, various 
factors can affect the final vibration levels to different degrees. The main factors 
involved include the train type, train speed, embankment design, ground condition, 
building foundation, building type, and the distance between the railway and 
buildings [1J.

ISOLATION OF VIBRATION

To isolate ground vibrations a number o f methods have been developed during the 
past few decades. The most common methods include floating slab tracks for railway 
vibrations, wave impeding barriers and the installation o f trenches. Other possible 
methods include in the case o f tunnels, increasing the tunnel depth and, in the case of 
railway, using ballast layers and resilient wheels.

Floating Slab Track

Floating slabs, which consist o f concrete slab tracks supported on resilient elements, 
have been widely used in modem rail transit systems [3]. It is well known that greater 
effectiveness can be achieved in reducing ground vibrations when the vibration 
frequency exceed 1.414 times the resonance frequency o f the floating slab system. 
Resilient pads support the floating slab system. However, when the fi'equency is equal 
or close to the resonant frequency, vibrations will be greatly amplified. Designs 
which employ floating slab tracks assume the existence o f a single-degree-of-freedom 
system, in which the lumped mass includes that of the floating slab and the unsprung
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mass o f the train, and in which the spring stiffness is determined by the supporting 
resilient pads. In order to increase the effectiveness o f the floating slab track, that is, 
to lower the resonant frequency, the mass o f the floating slab should be made as large 
as possible, as the resilient pads have to maintain a minimum level o f rigidity to 
ensure rail stability under full axle loads [1].

Many devices can be used as resilient elements. These can be: a rubber or steel 
spring under the rail, the ballast, a resilient element under the sleepers or the plates 
that support the rail, or a foam rubber under the ballast. The best results are obtained 
when the resilient elements are made as soft as safety considerations allow them to 
be, and when the mass between the rail and the resilient element is made as large as 
space [4].

In the high frequency range, a floating slab track system behaves as an effective 
vibration isolator [5]. A floating slab track system is also effective for cut-and-cover 
type o f construction. A design approach has also been proposed for a floating slab 
track inside a bored tunnel without the need to increase the tunnel diameter [2].

High vibration attenuation levels can be reliably achieved with well designed, 
low-tuned floating track beds, supported on steel springs. Long slabs or troughs 
provide advantages in terms o f construction, installation and performance. The 
springs are generally accessible. They allow fast and easy re-adjustment o f deviated 
track levels. Being fatigue-proof and provided with a durable anti-corrosion system, 
the springs are designed for a long lifetime [6].

Floating slabs were effective in isolating train induced ground vibrations in the 
frequency range above 20 Hz, although floating slabs can be designed to extend the 
effectiveness to lower frequencies [3].

Wave Isolation Using a Wave Impeding Block

A wave-impeding block (WIB) is an artificial stiff plate installed at a certain depth 
below a vibration source that acts as artificial bedrock. A WIB can effectively reduce 
ground vibrations due to trains but wave propagation into the surrounding area cannot 
be much impeded because the artificial bedrock also vibrates. The effectiveness o f the 
artificial bedrock can be improved by increasing its stiffness. Shielding a building 
from soil vibrations can also be achieved by installing artificial bedrock directly 
beneath the building [IJ, [7], [8].

Wave Isoiation by Trenches

Ground vibrations due to man-made sources, such as traffic and machine foundations, 
and ground vibrations due to TBMs can be a major problem in densely populated 
urban areas and for structures which are housing sensitive equipment. The 
environmental effects of vibrations have received considerable attention in recent 
years owing to the damage they can cause, both to buildings and people. In many 
countries new rules and regulations have been introduced to control vibrations [9] for 
example BS 7385 in the UK and DIN 4150 in Germany. Therefore, screening of 
vibrations induced by traffic and construction activities has become an important
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issue in recent times and it has been shown that it is possible to reduce the ground 
vibration significantly by placing a suitable wave barrier in the ground. Wave barriers 
are often installed in the ground to reduce ground vibrations induced by man-made 
sources such as traffic and machine foundations [10],

The methods of vibration isolation for soil-structure interaction systems may be 
classified into two families: active isolation and passive isolation. Active isolation, 
also known as source isolation, refers to the installation o f barriers at a distance so 
close to the wave source that energy transmitted from it can be directly cut off or to 
the installation of barriers surrounding the vibration source [11]. Passive isolation, 
also known as receiver isolation, involves placing suitable barriers in the ground 
between the source and the structure or surrounding the structure [12]. An active 
isolation barrier can effectively isolate stationary sources o f vibration, whereas a 
passive isolation barrier is effective for a wide variety o f wave generating sources, 
including moving sources. Different kinds o f wave barriers, among them open and 
backfilled trenches, are the most common in practical applications as they are most 
effective and their installation cost is low. The ratio o f the shear wave velocities of 
the barrier and the soil is one o f the important parameters that govern the screening 
efficiency o f a backfilled trench barrier and a backfill material that is soft with respect 
to the surrounding soil, generally performs better than a stiffer material [13], [14].

Much research, both experimental and numerical, has been carried out in the 
past few decades to study the effectiveness of wave barriers for reducing ground 
vibrations. An analytical approach has rarely been used because closed-form 
solutions are extremely difficult to obtain, except for very simple geometries and 
boundary conditions that rarely exist in practice. While full-scale experimentation is 
expensive to carry out, small-scale model test results can be difficult to extrapolate to 
prototype situations. An efficient numerical technique, on the other hand, can be an 
effective alternative method for conducting a thorough investigation into the vibration 
isolation phenomena [12], [15], [16].

Using field tests, Barkan [17] investigated the screening o f waves by means o f a 
trench and found that the amplitude of the waves decreased the depth o f the trench 
was increased. Woods [18] also carried out a series o f field test on vibration isolation 
by installing open trenches from very close to the wave source to the far field and 
found that reduction in the amplitude o f ground vibrations o f up to 75% could be 
achieved.

In the previous few decades, many researchers have used several numerical 
techniques to study the vibration isolation problem. Ju [19] used three-dimensional 
finite element analyses with absorbing boundary conditions to investigate the 
isolation o f structures from train-induced vibrations by means o f soil improvement 
and open and infilled trenches. As a result o f this research it was found that soil 
improvements near bridges did not significantly reduce low-frequency vibrations. 
Open and backfilled trenches could reduce vertical vibrations but their efficiency 
seemed disproportionate to their cost. Yang and Hung [11] carried out a parametric 
study o f the use of open and backfilled trenches and elastic foundations for the 
reduction of train-induced vibrations and found that all three-wave barriers are 
suitable for screening vibrations associated with waves o f higher frequencies. Segol et
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al. [20] used the FEM along with special non-reflecting boundaries to study vibration 
isolation by means o f open and backfilled trenches in layered soils. They concluded 
that the width o f the trench is insignificant. Lysmer and Wass [21] applied the lumped 
mass method to investigate layered soil systems as a means o f reducing vibrations. 
Aboudi [22] carried out a combined perturbation-finite difference method analysis of 
the screening effect due to a thin barrier in a half space and suggested that an open 
trench barrier will yield the best results for screening purposes. Ju [23] applied the 3- 
D finite element method to simulate soil vibrations due to a high-speed train moving 
across bridges and investigated the screening o f vibrations by means o f open and 
backfilled trenches. Ju found that these trenches could not provide a barrier against 
low-frequency waves. Yang and Hung [24] proposed a 2.5D finite/infinite element 
procedure to model ground vibrations induced by moving loads. Besides the two in
plane degrees o f freedom per node conventionally used for plane strain elements, an 
extra degree o f freedom is introduced to account for out-of-plane wave transmission. 
The profile of the half-space was divided into a near field and a semi-infinite far field. 
The near field, containing loads and irregular structures, was modelled by the finite 
elements, while the far field, covering the soils extending to infinity, was modelled by 
the infinite elements, with due account taken of the radiation effects produced by the 
moving loads.

In recent decades, the boundary element method (BEM) has emerged as a very 
efficient numerical technique for solving a wide class o f engineering problems. This 
method is especially well suited for wave propagation problems in soils involving a 
semi-infinite domain. A number o f researchers have carried out 2-D and 3-D 
numerical analyses using the BEM to investigate the screening o f vibrations by means 
o f open and backfilled trenches and the use of different types o f foundations to screen 
the vibration due to machines [12], [14], [15], [16], [25]. However, the BEM is not 
well suited for the modelling o f irregular geometries. To overcome this problem, 
several procedures for coupling finite elements with boundary elements or finite 
elements with infinite elements have been proposed by a number o f researchers [13].

CONCLUSIONS

A review has been carried out o f different techniques to impede the vibrations due to 
trains and machines. The disturbance due to vibrations caused by a railway running 
through a residential area can be eliminated by boxing the railway in and by 
providing a floating track slab. However, care has to be taken to avoid slab resonance.

An open trench or a backfilled trench barrier are most effective for providing 
active isolation from vibrations due to a machine foundation. The reduction in the 
amplitude of ground vibrations depends not only on the depth o f the trench, but also 
on the size of the foundation and the distance of the barrier from the source. The ratio 
o f the shear wave velocities of the barrier and the soil is one o f the important 
parameters that govern the screening efficiency o f a backfilled trench barrier. Softer 
backfill materials yield a better screening effect than stiffer materials.
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