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1.0 INTRODUCTION

This technical note presents the results of the Phase 2a assessment of building damage that
could occur due to tunnelling-induced ground movements during the construction of the
Metrolink Tunnel under the Arthur Cox Building at 13-14 Earlsfort Terrace in Dublin City
Centre.

The assessment has been carried out in accordance with the criteria and methodology set out
for a refined Phase 2a assessment of subsidence damage in Section 4 of the Building Damage
Report (“the BDR”) produced by Jacobs/IDOM, which is included as Appendix A5.17 of the
Environmental Impact Assessment Report (“the EIAR”).

The analysis has been carried out to assess the potential tunnelling settlements and associated
building damage that could occur at the Arthur Cox building based on the specific ground
conditions, tunnel geometry and building characteristics at the site.

The tunnel rises slightly from north to south across the width of the building. Therefore,
analyses have been carried out at 3 No. locations across the width of the building - at the
building fagade on Hatch St. (Ch. 18+945), at the centre of the building (Ch.18+970), and at
the south fagade to the rear of the building (Ch. 18+995).

At Ch. 181945 the potential damage to the building fagade on Hatch St. has been assessed
based on the tunnelling settlements that could occur at the toe level of the perimeter secant
pile wall, which supports the fagade and internal structure.

At Ch. 18+970 and 18+995 the damage to the interior reinforced concrete structure of the
building and basement floor slab, respectively, have been assessed based on the settlements
that could occur at subgrade level for the slab. The tunnel is shallowest on the south side of
the structure.

Analyses have been carried out for the design tunnel profile shown on the drawings in the
EIAR, and for a raised and lowered profile within the proposed vertical Limits of Deviation,
which are up to 5.0m above and 10.0m below the design profile.
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2.0 STATEMENT OF EXPERTISE

Conor O’Donnell is the Senior Geotechnical Consultant and Managing Director of AGL
Consulting with more than 25 years’ experience as a Geotechnical Engineer in Ireland and
the United States. He is a Chartered Engineer with Bachelors Degree in Civil, Structural and
Environmental Engineering from Trinity College Dublin, and a Masters Degree in
Geotechnical Engineering and Structural Mechanics from Cornell University, Ithaca, NY.

Prior to 2001, Conor worked for Mueser Rutledge Consulting Engineers, a specialist
geotechnical engineering consulting firm in New York City. At MRCE, Conor specialised in
the geotechnical design of foundations, excavation support systems and ground improvement
schemes, including deep soil mixing, grouting and ground freezing for tunnelling projects.
He worked on a number of landmark tunneling and underground mass transit projects,
including the NATM tunnel for the MBTA South Boston Transitway under Russia Wharf,
and Contract C09A4 of the Boston Central Artery Project, which involved tunnel jacking
under the railway lines at the approach to South Station in Boston, Massachusetts.

At AGL Conor has been involved in a number of major civil, infrastructure and commercial
building projects across Ireland at planning, detailed design and construction stage. He was
the lead geotechnical consultant for the detailed ground investigation and preliminary design
of the basement excavation and perimeter secant piling works for the Dublin Central
development off O’Connell St. in Dublin City Centre. He prepared the hydrogeological
impact assessment for the project and a report on ground movements related to basement
excavation and dewatering. He was also the geotechnical specialist adviser to An Bord
Pleandla for the oral hearing into the planning application for the onshore Corrib Gas
Pipeline, which included a long microtunnel crossing of Sruwaddacon Bay in Co. Mayo.

Mr. O’Donnell has extensive experience in assessing ground movements related to
tunnelling, micro-tunnelling and underground excavation works. His postgraduate studies
and Masters thesis involved forensic analyses and numerical modelling of ground movements
adjacent to deep excavations for a cut and cover section of the Boston Central Artery tunnel
project. Related papers were subsequently published in the ASCE Journal of Geotechnical
and Geoenvironmental Engineering which were co-authored by Prof. Tom O’Rourke, who is
a leading international expert on ground movements and related building damage adjacent to
excavations. In Ireland Mr. O’Donnell was the geotechnical consultant for a large-diameter
micro-tunnelling section of the North Docklands Sewerage Scheme in Dublin Port. He also
advised on the specification and scope of work for the ground investigation for the
Blanchardstown Regional Drainage Scheme, which involved large diameter microtunnelling
and deep caissons. Mr. O’Donnell carried out numerical modelling to assess the impact of
microtunnelling behind the masonry abutments of Sarsfield Bridge for the Limerick Main
Drainage project.

AGL Consulting have been involved in most of the large tunnelling projects in Ireland. We
were geotechnical advisers to Dublin City Council on temporary works designs involving soil
nailing for the cut and cover section of the Dublin Port Tunnel along the M1 in Swords. We
have also developed a 3D model of ground and groundwater conditions along the alignment
of the tunnel in AutoCAD Civil 3D for Transport Infrastructure Ireland, which collates all the
available ground investigation information on the project. We recently used this ground
model to assess the impact of multi-story apartment buildings on the tunnel at Hartfield Place
in Swords by advanced 3D finite element modelling.
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AGL were also temporary works designers for the casting basin of the immersed tube
sections of the Limerick Tunnel, and for the launch shaft and reception pit for the Tunnel
Boring Machine (TBM) used on the 4.0m dia. Corrib Gas Pipeline tunnel in Co. Mayo.

3.0 ANALYSIS PROFILES FOR ARTHUR COX BUILDING

The proposed alignment and vertical profile of the tunnel are shown on the following
drawings in Book 2 of the Railway Order (RO) Alignment Details (Area ML304 to ML307 -
Balbutcher Lane to Ranelagh Road):

e MLI1-JAI-ARD-ROUT_XX-DR-Y-03095: Metrolink General Arrangement — Hatch
Street Lower to Grande Parade;

e MLI-JAI-ARD-ROUT_XX-DR-Y-01018: Metrolink Alignment — Long Section 18

Copies of the drawings are included in Appendix A. Figure 3-1 shows an excerpt from the
general arrangement alignment drawing with the location of the Arthur Cox building
highlighted. Figure 3-2 shows an excerpt from the long-section profile drawing which shows
the design tunnel profile and top of rail level under the building. The chainage of the tunnel
is not shown on the alignment drawings. Therefore, it has been determined from the long-
section drawings, which identify where the tunnel passes under Hatch St.

Based on these drawings, the tunnel crosses under the Arthur Cox Building for approximately
50m between Ch. 18+945 and 18+995, which is measured from north to south across the
width of the building. Ground level on Hatch St. is at +13.20mOD (Malin). To the south of
the street the top of rail level in the tunnel rises by 0.90m across the width of the Arthur Cox
Building from -11.05SmOD at Ch. 18+945 to -10.15mOD at Ch. 18+995.

Figure 3-3 shows the proposed tunnel alignment superimposed on a plan drawing of the
basement and perimeter secant pile wall of the building. The figure identifies where there are
load-bearing piles in the perimeter wall (shaded) which support concentrated loads from the
building fagade and internal reinforced concrete (RC) structure. It also shows where the
basement slab has been locally thickened to create integral pad foundations for the internal
columns of the building. A copy of the drawings is included in Appendix A.

The Building Damage Assessment has been carried out at 3 No. profiles across the width of
the building:

e Section 1 @ Ch. 18+945: Building north fagade on Hatch St.

e Section 2 @ Ch. 18+970: Center of building
e Section 3 @ Ch.18+995: South side of building

The locations of these sections is shown on Figure 3-3.

The Limits of Deviation (LoD) on the vertical profile that are proposed in the Railway Order
are 5.0m upwards and 10.0m downwards from the design profile shown on the drawings.
This could have a significant impact on the building and has therefore been considered in our
assessment. The LoD proposed for the horizontal alignment are +15.0m from the design
alignment. However, this has not been considered in our assessment.

Figure 3-4 shows a profile of the basement floor slab and perimeter secant pile wall on Hatch
St. The basement slab is 600mm thick and subgrade level is at +4.80mOD. The slab is
locally 150mm thicker at the integral pad foundations for the internal columns and basement
wall. Toe level for the secant piles on this side of the building is +0.65mOD.
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Figure 3-1 — Design tunnel alignment from RO Alignment Drawings
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Figure 3-2 Design tunnel profile (top of rail level) from RO Long-Section Drawings
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Figure 3-3 Tunnel alignment superimposed on plan of the basement and perimeter secant pile wall.
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Figure 3-5 — Typical profile of the tunnel

Figure 3-5 shows a typical profile of the tunnel. The following is a summary of relevant
information on the tunnel geometry from Section 2.1 of the BDR (copy in Appendix A):

Tunnel Diameter — Internal = 8.50m
Tunnel Diameter — External = 9.20m (350mm thick concrete lining segments)
Diameter of TBM Cutter Head = 9.53m (165mm annular clearance outside segments)

Height of tunnel axis above Top of Rail (ToR) level = 2.07m

The calculation of tunnelling settlements for the Building Damage Assessment is based on
the 9.53m outer diameter of the TBM cutter head.

The Building Damage Assessment has been carried out for 9 No. cases as follows:

Section 1 (Ch.18+945): Below the perimeter secant pile wall on Hatch St. to assess
the potential impact of tunnelling on the basement walls and building fagade based on
tunnelling settlements at pile toe level (+0.65mOD):

o Case 1A: for the design tunnel profile

o Case 1B: for a raised tunnel profile (+3.9m from design level — see Note 1)

o Case 1C: for the lowered tunnel profile (-5.0m from design level).

Section 2 (Ch.18+970): Below the centre of the building to assess the potential
impact of tunnelling on the internal reinforced concrete structure based on tunnelling
settlements at slab subgrade level (+4.80mOD):

o Case 2A: for the design tunnel profile

o Case 2B: for a raised tunnel profile (+5.0m from design level)

o Case 2C: for the lowered tunnel profile (-5.0m from design level).
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e Section 3 (Ch.18+995): Below the basement slab and side walls on the south side of
the building to assess the potential impact of tunnelling on the basement floor slab
based on tunnelling settlements at slab subgrade level (+4.80mOD):

o Case 3A: for the design tunnel profile
o Case 3B: for a raised tunnel profile (+5.0m from design level — see Note 2)
o Case 3C: for the lowered tunnel profile (-5.0m from design level).

The relevant levels for the calculation of the tunnelling settlements for the design level at
each section are presented in Table 3-1.

Notes:

1. At Ch.18+945, on the north side of the building, the clearance between the crown of the tunnel bore
(TBM Cutter Head) and the toe level of the secant pile wall at the design profile is 4.9m. If the tunnel
is raised by 5.0m, which is the maximum proposed Vertical Limit of Deviation (VLoD), then the TBM
will hit the toe of the piles. Therefore, for Case 1B, to illustrate the impact that raising the level of the
tunnel has on the building fagcade we have only raised the tunnel profile by 3.9m so that it is at least
1.0m below the toe of the piles.

2. At Ch.18+995, on the south side of the building, the clearance between the crown of the tunnel bore
(TBM Cutter Head) and the toe level of the secant pile wall at the design profile reduces to 4.0m. If the
tunnel is raised by 5.0m on this side the TBM will hit the bottom 1.0m of the piles. However, for Case
3B we have assessed the impact that raising the tunnel could have on the basement floor slab, which is
at a higher level (+4.80mOD). Therefore, to illustrate this we have raised the tunnel profile by the max
VLoD of 5.0m in our calculations. The impact of hitting the piles with the TBM is addressed separately
in the report.

Table 3-1 Profile geometry and levels at each analysis section for the design tunnel profile in the EIAR

Section 1 Section 2 Section 3

Ch. 18+945 Ch. 18+970 Ch. 18+995
Top of Rail (ToR) Level (mOD) -11.05mOD -10.60mOD -10.15mOD
Tunnel Axis Level (mOD) -8.98mOD -8.53mOD -8.08mOD

Foundation Level (mOD)

+0.65mOD (Pile

+4.80mOD (Slab

+4.80mOD (Slab

Toe Level) Subgrade Level) | Subgrade Level)
Depth to Tunnel Axis from
Foundation Lovel. z (@) 9.63m 13.33m 12.88m
Tunnel Crown Level (TBM
Cutter Head) (mOD) -4.22mOD -3.77mOD -3.32mOD
Clearance to Foundation
Subgrade from Tunnel Crown (m) ket i =
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4.0 GROUND CONDITIONS
4.1 Interpretation of Ground Conditions at the Arthur Cox Building in the EIAR

Figure 4-1shows the location of the boreholes that were used by Jacobs/IDOM to interpret the
ground conditions along the tunnel in the vicinity of the Arthur Cox Buildling. This is from
Figure 20.6 (Sheet 7 of 8) in Chapter 20 of the EIAR (Soils & Geology).

The corresponding interpreted geological cross-section at this location from Appendix A20.9
of the EIAR is shown in Figure 4-2. The outline of the Arthur Cox Building, basement and
perimeter secant pile wall has been added to the profile over the tunnel.

The following is a summary of the relevant information on the assessment of the ground and
groundwater conditions at the Arthur Cox Building in the EIAR:

e The most relevant boreholes used for the interpretation of the ground and groundwater
conditions in the area are NBH92, NBH221 and NBH93. Borehole NBH221 is
located at the building, as shown on Figure 4-1.

e None of these boreholes are identified on the geological cross section in Figure 4-2 .
All of the site investigation points that are shown on the profile were terminated
above the level of the tunnel and were located 115-165m to the right (west) of the
tunnel alignment.

e None of the logs for the investigation points shown on the location plans or geological
sections were included in the EIAR so it is not possible to verify the ground
conditions interpreted by Jacobs/IDOM.

e The interpreted geological section in Figure 4-2 would indicate that the subgrade for
the basement floor slab at +4.8mOD is in the glacial till deposits of Boulder Clay and
Sand & Gravel, possibly encountering the top of the Weathered Rock layer in the
centre of the building at about Ch. 18+975.

e The profile would also indicate that the toe of the perimeter secant pile wall, at
+0.65mOD, is embedded into the Weathered Rock or Sand & Gravel layer at the base
of the Glacial Till and does not penetrate into the underlying Limestone bedrock.

e The top of the Limestone Rock is shown to be undulating between +2.5mOD and -
2.5mOD, which is approximately 2.5 to 7.5m below the basement subgrade level.

e The tunnel profile is shown to be in the Limestone bedrock under the building.

e Based on the interpreted geological section in Figure 4-2 Jacobs/IDOM have assumed
the following ground loss parameters for the Building Damage Assessment along
section of the tunnel under the Arthur Cox Building:

o 0.75% between Ch. 18+960 and 18+980, where the tunnel is in rock and the
cover of rock over the tunnel is >0.5D, where D is the tunnel diameter (9.5m).

o 1.50% to the north (<Ch.18+960) and south (>Ch.18+980) of this zone, where
the cover of rock over the tunnel is <0.5D.

These parameters will be discussed in more detail in Section 5.2.

e A groundwater level of +11.0mOD (=2.5mBGL) is shown in BH-RCO1 at Ch.
18+800, approximately 150m north of the Arthur Cox Building.
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4.2 Site Specific Site Investigation (SI) Data

Figure 4-3 shows the location plan for the site investigation that was carried out at the site of
the Arthur Cox Building in 2008 for Michael Punch & Partners. The investigation was
comprised of 4 No. boreholes (BH-1 to BH-4) and 2 No. rotary coreholes, RC-1 and RC-4,
which were carried out adjacent to boreholes BH-1 and BH-4, respectively, as shown on
Figure 4-3. Copies of the logs are included in Appendix B.

The boreholes were advanced to refusal in very stiff Boulder Clay or very dense sandy
Gravel at depths of 5.6 to 8.2mBGL, which is within the depth of excavation for the
basement (i.e. above +4.8mOD).

The top of competent Limestone rock was encountered at +4.50mOD in RC-1 at the north
end of the building, and at the higher level of +5.90mOD in RC-2 at the south end.

A supplemental site investigation was carried out on the site by Punch Consulting in 2014
which included 3 No. additional rotary coreholes at the locations shown on Figure 4-4. The
corehole logs are in Appendix B. Table 4-1 gives a summary of the rock levels in the holes.

In the 2014 coreholes the top of competent Limestone rock was encountered at +4.1mOD in
RC-1 on the north side of the building and at the higher level of +7.35mOD in RC-3 on the
south side of the building. A layer of weathered rock 0.6 to 1.4m thick was encountered at
rockhead in RC-1 and RC-2.

Table 4-1 — Summary of rock levels in rotary coreholes

Ground Level Top of Wthd. Top of Competent End of Corehole
(Note D(mOD) Rock (mOD) Rock (mOD) (mOD)
RC-1 (2008) +13.30m +4.50m +1.50m
RC-4 (2008) +12.70m +5.90m +1.30m
RC-1 (2014) +13.20m +5.40m +4.10m -1.40m
RC-2 (2014) +12.60m +5.60m +5.00m -2.35m
RC-3 (2014) +12.35m : +7.35m -2.75m
Notes:
1. The ground levels are not report on the logs and have been determined from the ground levels shown

on Figure 4-3.
The rock encountered in the coreholes is classified as a strong to medium strong or very
strong, grey to dark grey, fine-grained, thinly to medium or thickly bedded argillaceous
LIMESTONE with dark grey/black thinly bedded to laminated Mudstone/Shale seams. This
is consistent with the typical characteristics of the Calp Limestone of the Lucan Formation.

The rock is described as fresh to slightly weathered, and locally moderately weathered in the
Mudstone/Shale seams. Total core recovery (TCR) in the competent rock was 100%. The
quality of the rock increased with depth with RQD (Rock Quality Designation) of 17-36% in
the more fractured rock at rockhead, increasing to 65-85% below this level.

The coreholes were terminated in competent rock at levels between +1.30mOD and -
2.75mOD, which is below the basement floor slab (+4.8mOD) and generally below the toe
level for the perimeter secant pile wall (+0.65mOD). However, they did not reach the design
level of the tunnel, which is below -3.3 to -4.2mOD.
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4.3 Ground Model for Refined Phase 2a Building Damage Asssessment

The site investigations carried out on the site of the Arthur Cox Building in 2008 & 2014
indicate that the top of rock is at a higher level than shown on the geological cross section
produced by Jacobs/IDOM for the EIAR (Figure 4-2) i.e.:

e 2008/2014 Ground Investigations: +4.5mOD to +7.35mOD
e Jacobs/IDOM Cross Section: +2.50mOD to -2.50mOD
Based on the 2008/2014 investigations:

e The basement floor slab and internal pad foundations are supported on weathered or
competent rock at +4.80mOD to +4.65mOD, respectively.

e The perimeter secant pile wall is embedded 3.5-4.0m into competent rock below the
basement to a toe level of +0.65mOD.

e At the design profile the top of the TBM tunnel bore rises from -4.2mOD on the north
side of the building to -3.3mOD on the south side. Therefore, the tunnel will be fully
in rock and there will be 8.1 to 8.3m cover of rock between the basement floor slab
and the top of the tunnel.

This is the ground, building and design tunnel profile that has been adopted for the Building
Damage Assessment in this report.

Note that, at the design profile there will be >0.5D cover of rock over the tunnel (i.e.
>4.75m), which would mean that the lower bound volume loss of 0.75% assumed by
Jacobs/IDOM for their Phase 2a BDA would apply across the full width of the building.

However, the Railway Order includes proposed Limits of Deviation (LoD) to allow changes
to be made to the vertical and horizontal alignment of the tunnel at detailed design stage to
accommodate engineering design and construction constraints. The following LoD are
proposed for the vertical alignment:

e +5.0m upwards
e -10.0m downwards.

An LoD of £15.0m is also proposed for the horizontal alignment.

If the tunnel is raised by 5.0m, which is the maximum proposed upward Limit of Deviation
(LoD), then the depth of rock cover under the basement reduces to 3.1-3.3m, which is
<0.5D, in which case the upper limit of ground loss should apply across the full width of the
building (1.50%).

This is not recognised in the Building Damage Report (BDR) by Jacobs/IDOM. 1t is also not
identified in the Wider Effects Report (WER) in Appendix 5.19 of the EIAR, which assesses
whether the power to deviate the tunnel alignment within the LoD would alter the predicted
significant impacts reported in the EIAR.

Furthermore, if the tunnel is raised by 5.0m, then the crown of the tunnel bore for the TBM
cutter head will be at +0.8mOD on the north side of the building and +1.7mOD on the south
side, which is above the toe level of the perimeter secant pile wall (+0.65mOD). This means
that the TBM will hit the base of the piles, which has also not been recognised in the BDR
or WER reports by Jacobs/IDOM.

These are notable omissions to the EIAR as they could have significant impacts on the
building damage assessment for the Arthur Cox Building.
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5.0 BUILDING DAMAGE ASSESSMENT METHODOLOGY
5.1  Building Risk Category and Damage Classification

The risk category and building damage for each building model and tunnel profile has been
classified using the criteria set out in Table 5-1, which is presented as Table 4-4 in Section 4
of the Building Damage Report by Jacobs/IDOM (EIAR Appendix A5.17).

Table 5-1 — Criteria for Building Risk Category and Damage Classification (Table 4-4 in Building Damage

Report by Jacobs/IDOM — Appendix A5.17 of the EIAR)

Building and Structure Damage Classification (after Burland et al (1977) and Boscarding and | APProximately Eaulvalent
Carding (1554)) Slopes (after Rankin 1988)
Description of Typical Damageand | APProx- | LIBIERG | gy | Maximul
o Risk DDeﬂm of Likely Forms of Repair for Typical Width Tensil Slope of Building
amage
ategory g Masonry Buildings (mm) Strain (%) Ground {mm)
0 Negligible Hairline cracks <0.1 e
Fine cracks easily treated during normal
1 ng redecoration. Perhaps isolated slight 0.1to 1 oy Les,s e Less than 10
Slight : i 0.075 1:500
fracture in building
Cracks in exterior brickwork visible upon
close inspection
Cracks easily filled. Redecoration probably
required. Several slight fractures inside
; building. Exterior cracks visible some re- 0.075 to 1:500 to
< Siight pointing may be required for weather GE0 0.15 1:200 101060
tightness. Doors and windows may stick
slightly
Cracks may require cutting out and
patching. Recurrent cracks can me masked
by suitable linings. 5to150r
s : a number
Re-pointing and possibly replacement of a 1:200 to
8 Modgrate small amount of extent brickwork may be of fer:tcekrs 0:35100:3 1:50 203075
required. Doors and windows sticking. Utility gthan 3
services may be interrupted.
Weather tightness often impaired
Extensive repair involving removal and 1510 25
replacement of sections of walls, especially bildlac
over doors and windows required. Windows :
4 Severe and frames distorted. Floor slopes de‘:ennds t(;;enaéeg Wf'oscoto Great7e5r than
noticeably. Walls lean or bulge noticeably, sRirbriot . i
some loss of bearing in beams. Utility o
: : cracks
services disrupted.
Major repair required involving partial or Greater
complete reconstruction. Beams lose than 25
bearing, walls lean badly and require
5 Very 9 shoring. ¢ 9 ::t :r:sdz Greater Greater Greater than
Severe 6 than 0.3 | than 1:50 75
Windows broken by distortion ntimBor of
Danger of instability cracks

For this assessment the Risk Category and potential Building Damage have been classified as
a function of the max. building settlement, ground slope and limiting maximum tensile strain
that could occur due to ground loss and settlement when tunnelling under the building.
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The maximum building settlement and ground slope have been calculated from the estimated
profile of vertical settlements over the tunnel. The limiting maximum tensile strain has been
calculated as a function of the corresponding horizontal, bending and diagonal strains that
could occur in the building.

The following sections give details of the calculations that were involved.
5.2 Settlements & Maximum Ground Slope
As described in Section 4.2.2 of the BDR, the shape of the settlement trough above the tunnel

has been assumed to follow a Gaussian distribution curve centred over the centreline of the
tunnel, as illustrated in Figure 5-1 and Figure 5-2.

Figure 5-1 Profile of settlements over an advancing tunnel (Mair et al, 1996)

harizontal movement towards
tunnel centre-line;
tensile strain_

b -

- seftlement
— - horizontal movement
horizontal strain

‘\—poinl of inflexion

' settlement;
compressive slrain

Figure 5-2 Profile of vertical and horizontal movements over the tunnel centreline and the corresponding
horizontal strains (Figure 4-3 of the BDR in Appendix 5.17 of the EIAR)
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The settlement (Sy) is defined as a function of the distance from the tunnel centreline, y, by
the equation:

Sv = Smaxexp('yzlziz)
Where:

¢ Smax = maximum settlement over the centreline of the tunnel
e y = horizontal distance from the tunnel centreline
e i = the horizontal distance to the point of inflection on the settlement trough, which is
defined as:
i=Kz,
Where:

e K = the trough width parameter
e 7, =depth to tunnel axis below ground level

The trough width parameter, K, is an empirical parameter that is defined by the ground
conditions along and above the tunnel horizon.

At the Arthur Cox building the tunnel will be wholly in rock with at least half a tunnel
diameter (>4.75m) of rock above the crown of the tunnel. Therefore, as described in Section
4.2.3 of the BDR, a value of K=0.4 has been adopted for this Phase 2a assessment.

The basement of the Arthur Cox Building is supported on the rock at +4.80mOD, which is
approximately 8.4m below ground level on Hatch Street (+13.2mOD). Also, the building
facade is supported on a 900mm diameter perimeter secant pile retaining wall which has a toe
level of +0.65mOD under the main fagade on Hatch St. Therefore, for this Phase 2a
assessment the depth to the tunnel axis, zo, has been calculated relative to the level at the
underside of the floor slab (Section 2 & 3) or to pile toe level (Section 1) rather than street
level to get a more representative assessment of the ground movements that could impact the
building.

The maximum settlement, Smax, iS calculated as a function of the volume of the settlement
trough per metre length of tunnel, Vs, using the equation:

Smax = V/(iN27)

The volume of the settlement trough is assumed to be equal to the total volume of ground loss
during tunnelling, i.e.:

Vs=VIA

Where:
e V= the ground loss due to tunnelling expressed as a percentage of the cross-sectional
area of the tunnel bore; and

e A = cross-sectional area of the tunnel = tD?/4, where D is the outer diameter of the
TBM tunnel bore.
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The following ground loss parameters were assumed for the refined Phase 2a assessment
methodology in Section 5.2.1 of the BDR:

o V;=0.5% where the tunnel is in rock and there is at least half a tunnel diameter (i.e.
>0.5D) of rock cover above the crown; and

e V| =1.0% in mixed soil/rock strata with <0.5D cover, or in superficial material
(clay/granular soil).

These are considered by Jacobs/IDOM to be compatible with the values experienced using
the modern tunnelling equipment and control systems that are expected to be used on the
Metrolink project. The value of 0.5% for ground loss related to tunnelling in rock is also
consistent with experience on the Dublin Port Tunnel (Gillarduzzi, 2014). Therefore, we
have adopted these values for the building damage assessment in this report rather than the
more conservative values of 0.75%/1.50% used by Jacobs/IDOM for the Phase 1 and Phase
2a assessments for the Arthur Cox Building in the BDR.

At the Arthur Cox building the tunnel will be in rock with at least half a tunnel diameter of
rock cover. Therefore, the lower bound value of 0.5% should apply for calculating ground
movements due to ground loss due to tunnelling.

However, these parameters are used to assess “greenfield” settlements that do not account for
concentrated building loads from the secant pile wall or interior pad foundations. Therefore,
we have also calculated settlements for a higher ground loss of 1.0% to calibrate the
sensitivity of the analysis. :

For this refined Phase 2a assessment, the tunnel diameter, D, has been taken as the diameter
of the TBM cutter head (9.53m — BDR Section 2.1).

The calculated settlement trough profiles are included in Appendix C. Table 5.2 gives a
summary of the upper and lower bound values of Smax for each analysis case.

The maximum ground slope across the settlement trough, mmax, has been calculated using the
following equation that was derived by differentiating the equation for Sv with respect to y at
the point of inflection of the settlement trough, i.e. @y=i.

®  Mmax = [dSV/dy @ y=i] = (-Sma/i).€*S

The corresponding values for each analysis case are also included in Table 5.2.
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Table 5-2 — Max settlement (Smax) and maximum ground slope (mmax) for each analysis

Depth Cover to Lower Bound Upper Bound
Analysis | Profile Details tu;‘; S SUFI;‘;';-GG (Vi = 0.5%) (Vi=1.0%)
axis, z, (m) Smax Mmax Smax Mmax

Ch.18+945 (Hatch St.)
Case 1A | Secant Pile Wall/Bldg. Fagade 9.6m 4.9m 37mm | 0.58% | 74mm | 1.16%
Design Vertical Alignment

Ch.18+945 (Hatch St.)
Case 1B | Secant Pile Wall/Bldg. Facade 5.7m 1.0m 62mm 1.63% | 124mm | 3.25%
Raised Vertical Alignment (+ 3.9m)

Ch.18+945 (Hatch St.)
Case 1C | Secant Pile Wall/Bldg. Facade 14.6m 9.9m 24mm | 0.25% | 49mm | 0.50%
Lowered Vertical Alignment (- 5.0m)

Ch.18+970 (Centre)
Case 2A | Internal Building RC Frame 13.3m 8.6m 27mm | 0.30% | 53mm | 0.61%
Design Vertical Alignment

Ch.18+970 (Centre)
Case 2B | Internal Building RC Frame 8.3m 3.6m 43mm | 0.78% | 85mm 1.55%
Raised Vertical Alignment (+ 5.0m)

Ch.18+970 (Centre)
Case 1C | Internal Building RC Frame 18.3m 13.6m 19mm | 0.16% | 39mm | 0.32%
Lowered Vertical Alignment (- 5.0m)

Ch.18+995 (South Side)
Case 3A | Basement Floor Slab 12.9m 8.1m 28mm 0.32% 55mm 0.65%
Design Vertical Alignment

Ch.18+995 (South Side
Case 3B | Basement Floor Slab 7.9m 3.1m 45mm 0.87% 90mm 1.74%
Raised Vertical Alignment (+ 5.0m)

Ch.18+995 (South Side
Case 3C | Basement Floor Slab 17.9 13.1m 20mm 0.04% | 40mm | 0.07%
Lowered Vertical Alignment (- 5.0m)
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5.3 Horizontal Movement (Sh) & Horizontal Ground & Building Strain (en)

The horizontal movement of the ground within the settlement trough, Sy, has been calculated
from the settlement profile using the following equation from Section 4.3.4 of the BDR:

Sh = (¥/20)Sv = (Y/Zo)Smax.exp(-y*/2i%)

Figure 5-2 shows a typical profile of horizontal movement across the settlement trough. The
resultant vectors of ground movement are directed towards the tunnel axis. The calculations
for each analysis case are presented in Appendix C.

The horizontal ground strains, en, were calculated using the following equation that was
derived by differentiating the equation for horizontal ground movements with respect to y:

en = dSn/dy = (Sman/z0)[1-(y¥/i%)].exp(-y?/2i2)

Figure 5-2 shows a typical profile of horizontal ground strains across the settlement trough.
The calculations for each analysis case are presented in Appendix C.

As described in Section 4.3.4 of the BDR, to assess the potential building damage it is
assumed that the building behaves as an ideal beam of height H that deforms to the profile of
the ground movements at the foundation level (i.e. at the tip of the secant pile wall or at
basement subgrade level). This creates sagging and hogging zones of building movements,
as illustrated in Figure 5-3, which are analysed separately to determine the maximum limiting
tensile strain on the building.

Where the Metrolink tunnel passes under the Arthur Cox building the basement and
perimeter walls extend across the full width of the settlement trough. Therefore, the building
response has been assessed over one half of the trough with the maximum settlement centred
over the centreline of the tunnel.

The extent of the hogging and sagging zones are as follows:

e Sagging Zone: y=0 (tunnel centreline) to y=i (point of inflection of settlement trough)

e Hogging Zone: y=i (point of inflection of settlement trough) to y = 2.5i (practical
limit of settlement trough)

Therefore:

e Length of sagging zone, Ls =i (i.e. from y=0 to y=i), and
e Length of hogging zone, Ly = 1.5i (i.e. from y=i to y=2.51).

The average horizontal strain in each zone has been calculated by subtracting the horizontal
movement at either end by the corresponding length of the zone.

The calculations for each analysis case are presented in Appendix C and summarised on
Table 5-3. Horizontal strain within the sagging zone is compressive (+ive), whereas
horizontal strain in the hogging zone is tensile (-ive). Calculations are included for lower and
upper bound displacements corresponding to the assumed volume loss parameters of 0.5%
and 1.0% of the tunnel volume.
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™~

Figure 5-3 — Theoretical profile of building deformation (Figure 4-5 in the BDR)

Table 5-3 Horizontal movements (Sy) & horizontal building strains (&)

Analysis

Details

Lower Bound (V; = 0.5%)

Upper Bound (V, = 1.0%)

5
@y=0

s,
@y

Sy Sagging

Hogging

@y=25i| L s

L

Enn

@y=0

Sy Sagging

Hogging

@y=25i| L, =

{mm)

(mm)

(mm) | (m) [%]

(m)

(%]

{(mm)

(mm)

(mm) | (m) %]

(m)

(%]

Case 1A

Ch. 18+945 (Hatch St.)

Design Vertical Alignment

Secant Pile Wall/Bldg. Fagade

20

186 385 | 0.23%

578

-0.13%

0.0

179

32 3.85 0.47%

578

-0.25%

Case 1B

Ch. 18+845 (Hatch St )

Raised Vertical Alignment
(+3.9m)

Secant Pile Wall/Bldg. Fagade

15.0

0.65%

3.46

-0.36%

0.0

300

54 230 1.30%

346

0.71%

Case 1C

Ch. 18+945 (Hatch St.)

Lowered Vertical Alignment
(-5.0m)

Secant Pile Wall/Bldg. Fagade

59

0.10%

8.78

-0.08%

0.0

11.8

21 | 585 0.20%

878

| -0.11%

Case 2A

Case 2B

Ch. 18+970 (Centre)
Internal Building RC Frame
Design Vertical Alignment
Ch. 18+870 (Centre)
Internal Building RC Frame
Raised Vertical Alignment
(+5.0m)

6.5

104

0.12%

0.31%

8.00

5.00

-0.07%

-0.17%

0.0

0.0

12.9

20.7

23 5.33 0.24%

A B

38 3.33

0.62% |

8.00

5.00

-0.13%

-0.34%

Case 2C

Ch. 18+870 (Centre)
Internal Building RC Frame
Lowered Vertical Alignment
(-5.0m)

47

0.06%

11.00

-0.04%

0.0

94

0.13%

11.00

-0.07%

Case 3A

Ch. 18+995 (South Side)
Basement Floor Siab
Design Vertical Alignment

6.7

515 | 0.13%

7.73

-0.07%

00

13.4

i
24 | 0.26%

7.73

| -0.14%

Case 3B

Ch. 18+995 (South Side)
Basement Floor Slab
Raised Vertical Alignment
(+5.0m)

109

0.35%

473

-0.19%

00

219

40 3.15 0.69%

473

-0.38%

Case 3C

Ch. 18+995 (South Side)
Basement Floor Slab
Lowered Vertical Alignment
(-5.0m)

48

0.07%

10.73

-0.04%

0.0

87

7.15 0.13%

10.73

-0.07%
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5.4 Bending Strain and Diagonal (Shear) Strains

As described in Section 4.3.4 of the BDR and as illustrated in Figure 5-3, by treating the
building as an idealised beam with span L and height H that deforms to the profile of the
settlement trough (as if deforming under a point load at the point of maximum settlement),
the maximum bending strain, €p, and diagonal (shear) strain, €4, in the sagging and hogging
zones of the building can be determined from the following equations:

A_{L+ 31E }e
. lize” 2am6)’P

A HL2G
Lol _}
L { + ToiE) &d

Where:

e A is the maximum vertical displacement relative to a linear profile across the sagging
(As) and hogging (As) zones (see Figure 5-3);

e L is the length of the building in the sagging (Ls = i) and hogging (Ln = 1.5i) zones of
the settlement trough;

e E and G = Young’s modulus and shear modulus of the building modelled as a beam
of height H;

e H is the height of the building — from basement subgrade level (or base of secant pile
wall) to roof level (Case 1/Case 3), or the thickness of the basement floor slab (Case
2);

e tis the furthest distance from the neutral axis to the edge of the beam; and

e I is the moment of inertia of the beam.

The strains were calculated using the following parameters for E & G that were used for the
design of the concrete in the building frame (E/G = 2.0):

e E=20x10°N/mm?
e G=10x10°N/mm?

In the sagging zone the neutral axis is assumed to be at the centre of the beam representing
the building. Therefore:

o ts=H/2
o Is=HY12
Bending in this zone will cause compressive (+ive) and tensile (-ive) bending and diagonal

strains (ebs & €ds).

In the hogging zone the neutral axis is assumed to be at the base of the beam representing the
building due to the restraining effect of the foundations. Therefore:

e th=H

e |h= H3/3

Bending in this zone will cause tensile (-ive) bending and diagonal strains (gvh & €dn).
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The calculations for each analysis case are presented in Appendix C and summarised on
Table 5-4 and Table 5-5 for the sections of the building in the sagging and hogging zones,
respectively.

Calculations are included for lower and upper bound displacements corresponding to the
assumed volume loss parameters of 0.5% and 1.0% of the tunnel volume (Vi = 0.5% &
1.0%).

Strains within the sagging zone are shown as compressive (+ive) but can also be tensile.
Strains in the hogging zone are tensile (-ive).

Table 5-4 — Bending strains (evs) and diagonal strains (&) in the sagging zone

Lower Bound (V, = 0.5%) Upper Bound (V, = 1.0%)
Anaiyass Details i Sagging Zone 5 Sagging Zone
i A, Eps E4 L A Eps E4s
(m) (m) (mm) |Bending|Diagonal] (m) {m) (mm) |Bending |Diagonal|

Ch. 18+945 (Hatch St.)
Case 1A |Secant Pile Wali/Bldg. Facade 34.80 3.85 3.0 0.02% | 0.08% | 34.80 3.85 59 0.03% | 0.15%
Design Vertical Alignment | |

Ch. 18+945 (Hatch St.)
Case 1B |Secant Pile Wall/BIdg. Facade 34.80 2.30 5.0 0.03% | 0.22% | 34.80 2.30 9.9 0.06% | 0.43%
Raised Vertical Alignment (+3.8m) |

Ch. 18+945 (Hatch St.)
Case 1C |Secant Pile Wall/Bldg. Fagade 34.80 5.85 2.0 0.01% | 0.03% | 34.80 5.85 3.9 0.02% | 0.07%
Lowered Vertical Alignment (-5.0m)

Ch. 18+970 (Centre) {
Case 2A |Internal Building RC Frame 34.62 533 254 0.01% | 0.04% | 34.62 533 43 0.02% | 0.08%
Design Vertical Alignment

Ch. 18+970 (Centre) |
Case 2B |internal Building RC Frame 34.62 3.33 34 0.02% | 0.10% | 34.62 3.33 6.9 0.04% | 0.21%
Raised Vertical Alignment (+5.0m) |

Ch. 18+970 (Centre) 3
Case 2C |Internal Building RC Frame 34.62 7.33 1.6 0.01% | 0.02% | 34.62 7.33 3.1 0.02% | 0.04%
Lowered Vertical Alignment (-5.0m)

Ch. 18+995 (South Side)
Case 3A |Basement Fioor Slab 0.60 5.15 22 0.03% | 0.00% 0.60 5.15 44 0.06% | 0.00%
Design Vertical Alignment

Ch. 18+995 (South Side)
Case 3B |Basement Floor Slab 0.60 3.15 36 0.12% | 0.01% 0.60 3.15 7:8 0.24% | 0.02%
Raised Vertical Alignment (+5.0m)

Ch. 18+995 (South Side) |
Case 3C |Basement Floor Slab 060 | 7.15 16 | 001% | 0.00% | 060 | 715 | 32 | 0.02% | 0.00%
Lowered Vertical Alignment (-5.0m)
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Table 5-5 — Bending strains (ew) and diagonal strains (&) in the hogging zone

Analysis

Details

Lower Bound (V, = 0.5%)

Upper Bound (V, = 1.0%)

Hogging Zone

Ly Ay €bh

Ean

Hogging Zone
Ly Ay Epn

Egn

(m)

{(mm) |Bending

Diagonal

(m)

(m) (mm) Bending

Diagonal|

Case 1A

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bldg. Fagcade
Design Vertical Alignment

348

40 |-0.01%

-0.07%

5.78 -80 | -0.02%

-0.14%

Case 1B

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bldg. Facade
Raised Vertical Alignment
(+3.9m)

34.8

3.46 6.7 | -0.02%

-0.19%

348

3.46 -13.4 | -0.04%

-0.39%

Case 1C

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bidg. Fagade
Lowered Vertical Alignment
(-5.0m)

348

-0.01%

-0.03%

348

8.78 -0.02%

-0.06%

Case 2A

Ch. 18+970 (Centre)
Internal Building RC Frame
Design Vertical Alignment

34.62

8.00 28 | -0.01%

-0.04%

34.62

8.00 -0.02%

-0.07%

Case 2B

Ch. 18+970 (Centre)
Internal Building RC Frame
Raised Vertical Alignment
(+5.0m)

34.62

5.00 46 | -0.01%

-0.09%

5.00 -0.03%

-0.18%

Case 2C

Ch. 18+970 (Centre)
Internal Building RC Frame
Lowered Vertical Alignment
(-5.0m)

34.62

11.00 -0.01%

-0.02%

3462

11.00 42 | -0.01%

-0.04%

Case 3A

Ch. 18+995 (South Side)
Basement Floor Slab
Design Vertical Alignment

0.60

-0.03%

0.00%

0.60

7.73 6.0 | -0.07%

-0.01%

Case 3B

Ch. 18+995 (South Side)
Basement Floor Slab
Raised Vertical Alignment
(+5.0m)

0.60

473 49 |-0.13%

-0.02%

0.60

473 | -0.26%

-0.03%

Case 3C

Ch. 18+985 (South Side)
Basement Floor Slab
Lowered Vertical Alignment
(-5.0m)

0.60

10.73 -0.01%

0.00%

0.60

10.73 -43 | -0.03%

0.00%
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5.5 Total Bending and Diagonal Strains & Maximum Combined Tensile Strain

As described in Section 4.3.4 of the BDR, the maximum combined tensile strain that is used
to assess the potential building damage with Table 5-1 is determined by combining the total
horizontal building strain (en) from Section 5.3 with the bending strains (ev) and diagonal
strains (q4) from Section 5.4 using the following equations:

St — En + Ep

% 0.5
eqr = 0.35g;, + [(0.65¢,)? + €3]

The maximum value of the combined tensile strain obtained from these equations is used in
the assessment of the potential building damage category in Table 5-1.

The calculations for each analysis case are presented in the appendices and summarised on
Table 5-6 and Table 5-7 for the sections of the building in the sagging and hogging zones,
respectively.  Calculations are included for lower and upper bound displacements
corresponding to the assumed volume loss parameters of 0.5% and 1.0% of the tunnel volume
(V1=0.5% & 1.0%). Compressive strains are shown as positive and tensile strains are shown
as negative.

In the sagging zone the horizontal strains are compressive (+ive) but the bending and
diagonal (shear) strains can be either compressive (+ive) or tensile (-ive) because the neutral
axis is assumed to be at the centre of the beam (H/2). The positive horizontal strains in the
sagging zone are significantly larger than the tensile bending and diagonal strains. Therefore:

e For the bending strains, the total bending strain (ebt) has been calculated as the sum of
the compressive (+ive) horizontal strain (en +ive) and bending strains (b +ive);

e However, for the diagonal strains we have calculated the maximum compressive
diagonal strain (edt +ive) using positive values for both the horizontal and bending
strains (€h +ive & €4 +ive).

In the hogging zone, where the building is more susceptible to damage, the horizontal strains,
bending strains and diagonal (shear) strains are tensile (-ive) because the neutral axis is
assumed to be at the base of the beam. Therefore:

e For the bending strains, the total bending strain (ebt) has been calculated as the sum of
the tensile (-ive) horizontal (€n-ive) and bending strains (gb -ive);

e For the diagonal strains a representative resultant total diagonal strain (gdt -ive), has
been calculated using the absolute values of the tensile horizontal and diagonal strains
(en -ive & €d -ive) because of the square functions in the equation. However, the
calculated resultant has been reported as a maximum fensile diagonal strain (&t -ive)
for consistency with the sign convention in this report.

Only negative tensile strains are considered in the building damage assessment.
The maximum tensile (-ive) bending or diagonal strain from the sagging or hogging zone

(typically hogging) is used in the building damage assessment. The relevant values are
summarised in Table 5-8.
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Table 5-6 — Total bending strains (gws) and diagonal strains (sas) in the sagging zone [Compressive]

Combined Strains (Sagging Zone)

Lower Bound (V; = 0.5%) Upper Bound (V, = 1.0%)

Combined ' Combined i Combined | Combined
Horizontal | Bending (Bending) | (Di ) Horizontal | Bending (Bending) | (Di i)
en (%) | en(%) | ent(%)  za(%) | en(%) | ep(%) | ewe(%) | sa(%)

~ Analysis Profile Details

Ch. 18+845 (Hatch St.) |
Case 1A |Secant Pile WallBldg. Fagade 0.23% 0.02% 025% | 025% 047% | 0.03% 0.50% 0.50%
Design Vertical Alignment |

Ch. 18+845 (Hatch St.)
Case 1B |Secant Pile Wall/Bldg. Facade 0.65% 0.03% 068% | 070% 1.30% 0.06% 1.36% 1.40%
Raised Vertical Alignment (+3.9m) |

Ch. 18+945 (Hatch St.)
Case 1C  Secant Pile Wall/Bldg. Fagade 0.10% 0.01% 0.11% 0.11% 0.20% 0.02% 0.22% 0.22%
|Lowered Vertical Alignment (-5.0m)

|Ch. 18+870 (Centre)
Case 2A |Internal Building RC Frame 0.12% 0.01% 0.13% 0.13% 0.24% 0.02% 0.27% 0.26%
Design Vertical Alignment

‘Ch 18+970 (Centre)
Case 2B | Internal Building RC Frame 0.31% 0.02% 0.33% 0.34% 0.82% 0.04% 0.66% 0.67%
Raised Vertical Alignment (+5.0m)

Ch. 18+970 (Centre)
Case 2C |Internal Building RC Frame 0.06% 0.01% 0.07% 0.07% 0.13% 0.02% 0.15% 0.14%
Lowered Vertical Alignment (-5.0m)

Ch. 18+995 (South Side)
Case 3A | Basement Floor Slab 0.13% 0.03% 0.16% | 0.13% 0.26%
]}Design Vertical Alignment

0.06% 0.32% 0.26%

T i

Ch. 18+995 (South Side) | |
Case 3B |Basement Floor Slab 0.35% 0.12% 047% | 035% 069% | 0.24% 0.93% 0.69%

|Raised Vertical Alignment (+5.0m) |

Ch. 18+985 (South Side)
Case 3C |Basement Floor Siab 0.07% 0.01% 0.08% 0.07% 0.13% | 0.02% 0.16% 0.13%
Lowered Vertical Alignment (-5.0m)

Table 5-7 — Total bending strains (&) and diagonal strains (&) in the hogging zone [Tensile]

Combined Strains (Hogging Zone)
Lower Bound (V, = 0.5% Ui Bound (V, = 1.0%)
Analysis Profile Details 5 ' g Al ;

Combined | Combined Combined | Combined
en(%) | ev(%) | soel%) | ca(%) | en(%) | oo (%) | ew(%) | sa(%)

Horizontal | Bending Horizontal | Bending

Ch. 18+945 (Hatch St.)
Case 1A [Secant Pile Wall/Bldg. Fagade -0.13% -0.01% -0.14% 0.15% -0.25% -0.02% -0.28% -0.30%
Design Vertical Alignment

Ch. 18+845 (Hatch St.)
Case 1B |Secant Pile Wall/Bldg. Fagade -0.36% -0.02% -0.37% -0.43% 0.71% -0.04% -0.75% -0.85%
Raised Vertical Alignment (+3.9m)

Ch. 18+945 (Hatch St.)
Case 1C |Secant Pile Wall/Bidg. Facade -0.06% -0.01% -0.06% 0.07% -0.11% -0.02% -0.13% 0.13%
Lowered Vertical Alignment (-5.0m)

Ch. 18+870 (Centre}
Case 2A |Internal Building RC Frame -0.07% -0.01% -0.07% -0.08% -0.13% -0.02% -0.15% 0.16%
Design Vertical Alignment

Ch. 18+970 (Centre)
Case 2B |Internal Building RC Frame 0.17% -0.01% -0.18% -0.20% -0.34% -0.03% -0.37% 0.41%
Raised Vertical Alignment (+5.0m)

Ch. 18+870 (Centre)
Case 2C |Internal Building RC Frame -0.04% -0.01% -0.04% -0.04% -0.07% -0.01% -0.08% -0.08%
Lowered Vertical Alignment (-5.0m)

Ch. 18+985 (South Side) |
Case 3A |Basement Floor Slab -0.07% -0.03% | -0.10% -0.07% -0.14% -0.07% 0.21% -0.14%
Design Vertical Alignment

Ch. 18+985 (South Side)
Case 3B [Basement Fiocor Slab -0.19% -0.13% 0.32% -0.19% -0.38% -0.26% -0.64% -0.38%
Raised Vertical Alignment (+5.0m)

Ch. 18+985 (South Side)
Case 3C |Basement Floor Slab -0.04% -0.01% -0.05% -0.04% -0.07% -0.03% -0.10% -0.07%
Lowered Vertical Alignment (-5.0m)

Managing Director: C O’Donnell, BA, BAI, MS, FGS, CEng, MIEI, FConsEI
Geotechnical Director: D.R Gill, BA, BAL PhD, CEng, MIEI; Advanced Geotechnics Ltd. CRO No. 333906



Project Metrolink — Building Damage Assessment

Refined Phase 2a BDA for Arthur Cox Building

Table 5-8 — Maximum tensile strain (&-max)

Analysis

Profile Details

Maximum Limiting Tensile Strains

Lower Bound (V, = 0.5%) Upper Bound (V, = 1.0%)

Stmax (%) Zone £t.max (%) Zone

Case 1A

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bldg. Fagade
Design Vertical Alignment

-0.15% Hogging -0.30% Hogging

Case 1B

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bldg. Fagade
Raised Vertical Alignment (+3.8m)

-0.43% Hogging -0.85% Hogging

Case 1C

Ch. 18+945 (Hatch St.)
Secant Pile Wall/Bldg. Fagade
Lowered Vertical Alignment (-5.0m)

-0.07% Hogging -0.13% Hogging

Case 2A

Ch. 18+970 (Centre)
Internal Building RC Frame
Design Vertical Alignment

-0.08% Hogging -0.16% Hogging

Case 2B

Ch. 18+970 (Centre)
Internal Building RC Frame
Raised Vertical Alignment (+5.0m)

-0.20% Hogging -0.41% Hogging

Case 2C

Ch. 18+970 (Centre)
Internal Building RC Frame
Lowered Vertical Alignment (-5.0m)

-0.04% Hogging -0.08% Hogging

Case 3A

Ch. 18+995 (South Side)
Basement Floor Slab
Design Vertical Alignment

-0.10% Hogging -0.21% Hogging

Case 3B

Ch. 18+995 (South Side)
Basement Floor Slab
Raised Vertical Alignment (+5.0m)

-0.32% Hogging -0.64% Hogging

Case 3C

Ch. 18+995 (South Side)
Basement Floor Slab
Lowered Vertical Alignment (-5.0m)

-0.05% Hogging -0.10% Hogging
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5.6

Building Damage Assessment (BDA)

The results of the building damage assessment calculations are summarised in Table 5-9.
The table gives the following values for each analysis case:

Max limiting tensile strain, €max (%)
Maximum ground slope on the settlement trough, mmax (%)

Max settlement over the tunnel centreline, Sy (mm)

The risk category and degree of damage have been determined from the criteria in Table 5-1.
The following is a summary of the analyses that were carried out:

The BDA has been carried out for a lower and upper bound tunnel volume loss (Vi) of
0.5% & 1.0%, respectively. This corresponds to the parameters for the Refined Phase
2a assessment in the EIAR.

At the Arthur Cox building the tunnel will be in rock with at least half a diameter
cover (>4.75m) of rock below the building basement. Therefore, the lower bound
estimates for a tunnel volume loss, Vi, of 0.5% should represent the conditions that
could be achieved for modern TBM tunnelling in rock.

The BDA methodology assumes that the building deforms and articulates to the
profile of the greenfield settlement trough at foundation subgrade level. This is
conservative as it does not account for re-distribution of stresses and ground
movements as a result of the stiffness of the building.

However, the methodology does not account for concentrated point loads such as
those from the integral pad foundations in the basement floor slab, which are
supporting the internal concrete building frame, or from the load-bearing piles in the
perimeter secant pile wall, which are supporting combined loads from the building
structure and external facade . Therefore, we have included calculations for an upper
bound volume loss, Vi, of 1.0% to represent conditions that could potentially occur
where there are concentrated loads over the tunnel and to calibrate the sensitivity of
the analysis.

The impact of concentrated loads from the building foundations in the basement floor
slab or from load bearing piles in the perimeter secant pile wall is most acute where
the level of the tunnel is high and close to the underside of the foundations. At deeper
levels the concentrated loads become more dispersed through the rock so that they
become less concentrated.

The design vertical profile for the tunnel rises by 0.90m from south to north across the
width of the building so that it is shallowest on the south side.

Case 1 models the impact of the tunnel on the perimeter secant pile wall and full
height building facade on the north side of the building (Ch. 18+945) based on the
settlement profile at the pile toe level on Hatch St. (+0.65mOD).

Case 2 models the impact of the tunnel on the internal RC structure at the centre of
the building (Ch. 18+945) based on the settlement profile at subgrade level for the
basement floor slab (+4.8mOD).

Case 3 models the impact of the tunnel on the 600mm thick RC basement floor slab at
the south end of the building (Ch. 18+945) based on the settlement profile at subgrade
level for the basement floor slab (+4.8mOD), where the tunnel is shallowest.
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e (Case 1A, Case 2A and Case 3A represent the analyses that have been carried out at
the design vertical profile for the tunnel.

e Case 1B, Case 2B and Case 3B represent the analyses that have been carried out for
a raised vertical profile of the tunnel within the upper Limit of Deviation proposed in
the Railway Order (+5.0m)

e Case 1C, Case 2C and Case 3C represent the analyses that have been carried out for
a lowered vertical profile of the tunnel at 5.0m below the design level, which is within
the upper limit of deviation proposed in the Railway Order (-10.0m)

e For Case 1 the pile toe level is only 4.9m above the crown of the tunnel at the design
profile. At the maximum proposed vertical LoD the TBM will hit the toe of the piles.
Therefore, for Case 1B we have only raised the tunnel profile by 3.9m so that the
crown of the tunnel bore is at least 1.0m below the toe of the piles.

Based on the results of the assessment in Table 5-9:
Results for Design Tunnel Profile (Case 1A, 2A & 3A):

e At the design tunnel profile, the lower bound estimates of ground movements for a
volume loss of 0.5% result in a Risk Category of 2 for the basement floor slab (Case
1A) and internal RC structure (Case 2A), which corresponds to Slight Damage.
However, this increases to a Risk Category of 2/3 for the perimeter secant pile wall
and building fagade (Case 3A), which is at the boundary of Slight to Moderate
Damage.

e For the upper bound estimates of ground movements corresponding to a volume loss
of 1.0% at the design tunnel profile, the Risk Category raises to 3 for the basement
floor slab (Case 1A) and internal RC structure (Case 2A), which corresponds to
Moderate Damage, and a Risk Category of 3/4 for the perimeter secant pile wall and
building fagade (Case 3A), which is at the boundary of Moderate to Severe Damage.

e There is 8.1-9.0m cover between the subgrade for the internal pad foundations and the
top of the TBM tunnel bore. The cover reduces to 4.0-4.9m at the toe level of the
secant pile wall, although these are embedded 3.5-4.0m into competent rock below
basement level. For these conditions the results for the BDA could represent an upper
and lower bound estimate of the damage that could occur, depending on how the
foundation loads are managed during construction.

Results for Raised Tunnel Profile (Case 1B, 2B & 3B):

o For the raised tunnel profile, there is a significant increase in concentrated
displacements and strains in the building so that the lower bound estimates of ground
movements for a volume loss of 0.5% result in the following Risk Categories:

o Case 1B (Perimeter Scant Pile Wall/Building Fagade):

= Risk Category = 4/3 (Severe to Moderate Damage)
o Case 2B (Internal RC Structure):

= Risk Category = 3/2 (Moderate to Slight Damage)
o Case 3B (RC Basement Floor Slab):

= Risk Category = 3 (Moderate Damage)
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At the upper bound estimates of ground movements corresponding to a volume loss of
1.0% the risk category and degree of damage increases across the building as follows:

o Case 1B (Perimeter Scant Pile Wall/Building Fagade):
= Risk Category = 4/5 (Severe to Very Severe Damage)
o Case 2B (Internal RC Structure):
= Risk Category = 4 (Severe Damage)
o Case 3B (RC Basement Floor Slab):
= Risk Category = 4 (Severe Damage)
At the raised level, the concentrated loads on the internal pad foundations and
perimeter secant pile wall will have a more significant impact on ground movements.
Therefore, for Case 1B, 2B and 3B the upper bound ground loss of 1.0% may
give a more representative assessment of the risk of building damage.
The severe to very severe risk for Case 1B (Risk Category 4/5) at a volume loss of
1.0% still only corresponds to tunnel profile that has been raised by 3.9m so that it is
min. 1.0m below the pile toe level. If the tunnel profile is raised to the maximum
proposed vertical LoD then the TBM will hit the toe of the piles. This would cause

a higher level of direct damage to the basement structure and building facade
which cannot be modelled with the methodology for the Phase 2 assessment.

Results for Lowered Tunnel Profile (Case 1C, 2C & 3C):

For the lowered tunnel profile, there is a significant reduction in concentrated
displacements and strains in the building so that the lower bound estimates of ground
movements for a volume loss of 0.5% result in the following Risk Categories:

o Case 1C (Perimeter Scant Pile Wall/Building Fagade):
= Risk Category = 1/2 (Very Slight to Slight)
o Case 2C (Internal RC Structure):
= Risk Category = 1 (Very Slight Damage)
o Case 3C (RC Basement Floor Slab):
= Risk Category =1 (Very Slight Damage)
At the upper bound estimates of ground movements corresponding to a volume loss of
1.0% the risk category and degree of damage increases across the building as follows:
o Case 1C (Perimeter Scant Pile Wall/Building Fagade):
= Risk Category = 2 (Slight)
o Case 2C (Internal RC Structure):
= Risk Category = 2 (Slight)
o Case 3C (RC Basement Floor Slab):
= Risk Category =2 (Slight)
At the raised level, the concentrated loads on the internal pad foundations and
perimeter secant pile wall will have a less significant impact on ground movements as
the loads will become more distributed through the rock with depth. Therefore, for

Case 1C, 2C and 3C the lower bound ground loss of 0.5% may give a more
representative assessment of the risk of building damage.
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Note that, as discussed previously, the refined Phase 2a building damage assessment is a
preliminary semi-empirical estimate of the potential damage that could occur to the building
due to tunnelling related ground movements. It does not account for the stiffness of the
building, which can reduce and redistribute settlements across the tunnel profile. At the same
time, it does not model the concentrated load from the building foundations which can have
the opposite effect. The more detailed Phase 3 analysis of the soil-structure response to
tunnelling referred to in the EIAR would be required to give a more comprehensive and
representative engineering assessment of the response of the building to tunnelling in the
underlying rock.

Consideration should also be given to what is an acceptable risk category and degree of
damage for the Arthur Cox building, particularly for the facade and for the basement
structure and waterproofing system, which would be more sensitive to damage than indicated
by the criteria and corresponding risk categories in Table 5-1.
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Table 5-9 — Summary of Building Damage Assessment

=0. Upper Bound (V, = 1.0%
Depth to Tunnel Lower Bound (V, = 0.5%) ppe \ )
Axis (z,)/ Lim. (Max) Max Max Lim.(Max) Max Max
i i i Gi Tensile G d
Aniss Hefts _CovJer:o .zrr':;:: S:l:):ned Settlement Risk Degree of ;t::m sr;:): Settlement Risk Degree of
slub arade (m) Category Damage Category Damage
Eunax (%) | Muax (%) | Spax (MM) Eumax (%) | Mpax (%) | Syax (MmM)
Design Tunnel Profile
Ch. 18+945 (Hatch St.) . :
Case 1A [Secant Pile Wall/Bidg. Facade i~ Dl 015% | 058% a7 23 hgntto | 030% | 1.16% 74 34 i
Design Vertical Alignment Cover=4.9m
Ch. 18+970 (Centre) =133
Case 2A |Internal Building RC Frame o = e n -0.08% 0.30% 27 2 Slight -0.16% 0.61% 53 3 Moderate
Design Vertical Alignment Cover=8.6m
Ch. 18+995 (South Side) =12.9m
Case 3A |Basement Floor Slab S = - -0.10% 0.32% 28 2 Slight -0.21% 0.65% 55 3 Moderate
Design Vertical Alignment Cover=8.1m
Raised Tunnel Profile (Max. Proposed Vertical Deviation = + 5.0m)
Ch. 18+945 (Hatch St ) 8 e Wi , s %
Case 1B |Secant Pile Wall/Bldg. Fagade gy i 043% | 163% 62 4/3 il L 124 445 SREYSiio Vary
Raised Vertical Alignment (+3.87m) Cover=1.0m Rrace Severe
Ch. 18+970 (Centre) i)
Case 2B |Internal Building RC Frame T =85m 0.20% | 0.78% 43 312 Moderaieto | a1% | 155% 85 4 Severe
Raised Vertical Alignment (+5.0m) Cover= 3.6m '
Ch. 18+995 (South Side) > 2700
Case 3B |Basement Floor Slab P aie - -0.32% 0.87% 45 3 Moderate -0.64% 1.74% 90 4 Severe
Raised Vertical Alignment (+5.0m) Cover=3.1m .
Lowered Tunnel Profile (Max. Proposed Vertical Deviation = - 5.0m)
Ch. 18+945 (Hatch St.) e ;
Case 1C |Secant Pile Wall/Bldg. Fagade . ol 0.07% | 0.25% 24 112 Ve’ysf"g:“ 1 013% | o0s0% 49 2 Slight
Lowered Vertical Alignment (-5.0m) Cover=9.9m 9
Ch. 18+970 (Centre) 2 % 48.3m
Case 2C |internal Building RC Frame 2 -0.04% 0.16% 19 1 Very Slight -0.08% 0.32% 39 2 Slight
Lowered Vertical Alignment (-5.0m) Cover= 13.6m
Ch. 18+995 (South Side) = ST O
Case 3C |Basement Floor Slab Sl -0.05% 0.17% 20 1 Very Slight -0.10% 0.34% 40 2 Slight
Lowered Vertical Alignment (-5.0m) Cover=13.1m
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5.7 Building Damage Assessment for Arthur Cox Building in the EIAR

The results of the building damage assessment calculations for the conditions assumed by
Jacobs/IDOM in the Building Damage Report (BDR) in Appendix A5.17 of the EIAR are
summarised in Table 4-10. The table gives the following values for each analysis case:

e Max limiting tensile strain, Emax (%)
e Maximum ground slope on the settlement trough, mmax (%)

e Max settlement over the tunnel centreline, Sy (mm)

The first row of Table 5-10 presents the results of calculations by AGL using the criteria for
ground loss, building height, basement depth, structural properties and foundation level that
were used by Jacobs/IDOM in their building damage assessment for the Arthur Cox Building
in the BDR.

The second row of Table 5-10 presents the results of the calculations by Jacobs/IDOM in
their building damage assessment for the Arthur Cox Building, which are presented in Table
5-2 and Table F1 of the BDR.

A copy of the AGL calculations and the relevant criteria for the Jacobs/IDOM assessment
from the BDR are included in Appendix D.

The risk category and degree of damage for the assessment in the BDR have been determined
from the criteria in Table 5-1. Based on their analysis the Risk Category for the Arthur Cox
building has been assessed by Jacobs/IDOM as 2, which corresponds to Slight Damage.

Note:

e The Arthur Cox Building has been identified in the BDR as a Case B “special”
building that requires special consideration due to its deep basement (>4m) (Building
B-238 @ Ch. 18+980 in Appendix B.1 of the BDR).

e The damage assessment for the building is based on the results of the Phase 2a
assessment where the lower and upper bound estimates for ground movements in the
BDR are based on tunnel volume loss of 0.75% and 1.50%, respectively. The BDR
does not state which value was used for the assessment for the Arthur Cox Building.
However, the results in Table 5-10 indicate that Jacobs/IDOM have only based their
assessment on the lower bound volume loss of 0.75% for tunnelling in rock.

e The assessment has been carried out for a 7-storey building with a total height of 40m
including a basement to a depth of 8.1m below ground level. It is implied that the
assessment has been carried out to assess the impact of tunnelling settlements at
basement subgrade level, although this is not specifically stated.

e The analysis does not consider the impact on the perimeter secant pile wall, which has
a foundation level over 4.0m lower than the basement.

e No consideration has been given to the potential for higher settlements due to
concentrated loads from the building foundations and load-bearing piles directly over
the tunnel.

e The BDR states that the engineering properties that were assumed for the building to
assess the structural response to tunnelling settlements [i.e. Young’s Modulus
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(E)/Shear Modulus (G)] are representative of a masonry structure. These would not
be representative of the reinforced concrete frame and basement walls of the Arthur
Cox Building, or for the specialist building facade.

o The level of damage that has been considered acceptable for the buildings in the
Phase 2a assessment by Jacobs/IDOM is Risk Category 2 (Slight), based on the
criteria in Table 5-1. However, this does not account for the sensitivity of the
building fagade or the basement structure and waterproofing system, which can
exhibit unacceptable levels of damage at even lower levels of stress and strain.

e The assessment does not consider the potential impact of a raised tunnel profile within
the proposed vertical Limits of Deviation, which has a significant adverse impact on
the building.

This is also not identified in the Wider Effects Report (WER) in Appendix 5.19 of the EIAR,
which assesses whether the power to deviate the tunnel alignment within the LoD would alter
the predicted significant impacts reported in the EIAR.

Furthermore, as discussed in Section 4.3 of this report, if the tunnel is raised by 5.0m, then
the crown of the tunnel bore for the TBM cutter head will will hit the base of the piles in the
perimeter secant pile wall, which has also not been recognised in the BDR or WER reports
by Jacobs/IDOM.

Under “Soils and Geology”, Table 1.2 of the WER concludes that raising the tunnel
alignment will have “No potential for significant additional impacts”.

This is a notable omission as raising the tunnel alignment could have significant additional
adverse impacts on the Arthur Cox Building which have not been adequately assessed in the
EIAR.
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Table 5-10 — Summary of Building Damage Assessment in the Jacobs/IDOM BDA Report in Appendix A5.17 of the EIAR

= Y = 9
Depth to Tunnal Lower Bound (V; = 0.76%) Upper Bound (V, = 1.5%)
Axis (z,)/ Lim. (Max) Max Max Lim.(Max) Max Max
Analysis Details Cover to Tensile Ground Tensile Ground 5
Foundation Strain Slope Settlernot| - Risk Degree of Strain Slope Setilsorent] - Risk Degree of
Subgrade (m) Category Damag Category Damage
Etmax (%) Mpax (%) | Smax (MM) Etmax (%) Mpax (%) | Smax (Mm)
EIAR Ch. 18+980 e

Conditions |Internal RC Structure (incl Basement) ot -0.12% 0.45% 40 2 Slight -0.23% 0.90% 79 3 Moderate
(AGL Calcs) |Design Vertical Alignment 3

EIAR Results|Ch, 18+980
(Jacobs/ |Internal RC Structure (incl Basement)
Idiom BDA) [Design Vertical Alignment

Z,=13.4m

-0.09% 0.35% 37 2 Slight
Cover= 8.7m
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6.0 SUMMARY

e The Phase 2a building damage assessment that was carried out for the Arthur Cox
Building by Jacobs/IDOM takes account of the basement and was carried out using
the conservative Phase 2a volume loss parameter for tunnelling in rock (0.75%),
which is representative of the actual ground profile at the building.

e Based on their analysis, the potential damage to the building falls into Risk Category
2 (Slight Damage), which corresponds to cracks up to 1-5mm wide and the following
damage criteria in Table 5-1:

Cracks easily filled. Redecoration probably
required. Several slight fractures inside
building. Exterior cracks visible some re-
pointing may be required for weather
tightness. Doors and windows may stick
slightly

e This is considered by Jacobs/IDOM to be an acceptable level of building damage
related to tunnelling induced ground movements without requiring any further
assessment for the EIAR.

e There are a number of significant limitations to this assessment i.e.:

o The level of “acceptable” building damage does not account for the sensitivity
of the fagade or the basement structure and waterproofing system of the Arthur
Cox Building, which can exhibit unacceptable levels of damage at even lower
levels of stress and strain;

o The engineering properties that were assumed to assess the structural response
of the building are for masonry structures, which would not be representative of
the reinforced concrete structure or glass fagade of the Arthur Cox Building;

o The analysis does not take into account the impact of settlements at the lower
foundation level of the perimeter secant pile wall, which supports the building
internal structure and fagade 4.2m below subgrade level for the basement floor
slab;

o No consideration has been given to the potential for higher settlements due to
concentrated loads from the building foundations and load-bearing piles directly
over the tunnel;

o The assessment does not consider the potential impact of a raised tunnel profile
within the proposed vertical Limits of Deviation, which has a significant
adverse impact on the building.

o The significant adverse impact of raising the tunnel alignment is also not identified in
the Wider Effects Report (WER) in Appendix 5.19 of the EIAR, which assesses
whether the power to deviate the tunnel alignment within the LoD would alter the
predicted significant impacts reported in the EIAR.

o [fthe tunnel is raised by 5.0m, then the TBM cutter head will hit the base of the piles
in the perimeter secant pile wall, which has also not been recognised in the BDR or
WER reports by Jacobs/IDOM.
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e Under “Soils and Geology”, Table 1.2 of the WER concludes that raising the tunnel
alignment will have “No potential for significant additional impacts™.

e This is a notable omission as raising the tunnel alignment could have significant
additional adverse impacts on the Arthur Cox Building which have not been
adequately assessed in the EIAR.

e The Building Damage Assessment presented in this report has been carried out using
the refined Phase 2a parameters for ground loss of 0.5% and 1.0% for tunnelling in
rock and soil, respectively. These are considered by Jacobs/IDOM to be compatible
with the values experienced using the modern tunnelling equipment and control
systems that are expected to be used on the Metrolink project. The value of 0.5% for
ground loss related to tunnelling in rock is also consistent with experience on the
Dublin Port Tunnel (Gillarduzzi, 2014).

e At the Arthur Cox building the tunnel will be in rock with more than 5m cover of rock
under the building at the design profile. Therefore, the lower bound value of 0.5%
should generally apply. However, the upper bound ground loss of 1.0% assesses the
sensitivity of the analysis and could potentially account for concentrated loads from
the building foundations, depending on the level of the tunnel.

e The tunnel rises by 0.9m from north to south. Therefore, we have carried out our
analyses at 3 No. representative profiles across the width of the building to assess the
impact of the tunnelling on the fagade, internal RC frame, and basement floor slab.

e We have accounted for the different foundation levels below the perimeter secant pile
wall and basement floor slab.

e  We have also assessed the impact of raising and lowering the level of the tunnel by up
to 5.0m, which is within the Limits of Deviation proposed in the Railway Order
(+5.0m upwards/-10m downwards).

e At the design profile, the potential damage to the building at the lower bound ground
loss of 0.5% has been assessed as Slight (Risk Category 2) for the building and
basement floor slab, and possibly Slight to Moderate (Risk Category 2/3) for the
fagade, which could still have unacceptable adverse impacts on the structure and
basement waterproofing.

e If the ground loss is increased to 1.0% to account for concentrated building
foundation loads directly over the tunnel then the damage level could potentially
increase to Moderate (Risk Category 3) for the building and basement floor slab,
and Moderate to Severe (Risk Category 3/4) under the fagade.

e Moderate damage corresponds to crack widths up to 5-15mm (or a number of cracks
greater than 3mm) and the following damage criteria in Table 5-1, which could have
significant unacceptable adverse impacts on the structure and basement
waterproofing:

Cracks may require cutting out and
patching. Recurrent cracks can me masked
by suitable linings.

Re-pointing and possibly replacement of a
small amount of extent brickwork may be
required. Doors and windows sticking. Utility
services may be interrupted.

Weather tightness often impaired
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If the tunnel is raised by up to 5.0m, there will be less than 3-4m of cover between
the tunnel and the basement floor slab and the TBM could hit the base of the secant
pile wall, which will significantly increase the potential level of building damage.

The concentrated loads from the building foundations will also have a greater impact
on settlements with the tunnel at this level. Therefore, the upper bound assessment
for a ground loss of 1.0% may give a more representative assessment of the risk of
building damage, which is Severe (Risk Category 4) for the building and basement
floor slab, and Severe to Very Severe (Risk Category 4/5) for the fagade.

The Severe and Very Severe damage categories correspond to the following criteria in
Table 5-1, which would cause significant unacceptable structural distress and damage

to the building: Crack
Width
(mm)
Extensive repair involving removal and 15 t0 25
replacement of sections of walls, especially but also
over doors and windows required. Windows depohds
4 Severe and frames distorted. Floor slopes ponn
noticeably. Walls lean or bulge noticeably, A ter ot
some loss of bearing in beams. Utility Aty
services disrupted.
Major repair required involving partial or Greater
complete reconstruction. Beams lose than 25
vty bearing, walls lean badly and require but also
A shoring.
5 e g depends
Windows broken by distortion ol
number of
Danger of instability cracks

If the tunnel is lowered by 5.0m, there will be a significant improvement in the
potential level of damage to the building.

The concentrated loads from the building foundations will also have less impact on
settlements as the loads become more uniformly distributed into the ground.
Therefore, the lower bound assessment for a ground loss of 0.5% may give a more
representative assessment of the risk of building damage, which is Very Slight (Risk
Category 1) for the building and basement floor slab, and Very Slight to Slight
(Risk Category 1/2) for the facade.

Risk Category 1 (Very Slight) corresponds to cracks up to 0.1-lmm wide and the
following damage criteria in Table 5-1:

Fine cracks easily treated during normal
redecoration. Perhaps isolated slight
fracture in building

Cracks in exterior brickwork visible upon
close inspection

The refined Phase 2a building damage assessment is a preliminary semi-empirical
estimate of the potential damage that could occur to the Arthur Cox building due to
tunnelling related ground movements. It does not account for the stiffness of the
building, which can reduce and redistribute settlements across the tunnel profile, and
it it does not model the impact of concentrated load from the building foundations.
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e The more detailed Phase 3 analytical analysis of the soil-structure response to
tunnelling referred to in the EIAR would be required to give a more comprehensive
and representative engineering assessment of the response of the building.

e Consideration should also be given to what is an acceptable risk category and degree
of damage for the Arthur Cox building, particularly for the facade and for the
basement structure and waterproofing system, which would be more sensitive to
damage than indicated by the criteria and corresponding risk categories in Table 5-1.
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7.0 RECOMMENDATIONS

Based on the results of the Refined Phase 2a BDA for the Arthur Cox Building we would
recommend that:

e The level of the tunnel should be lowered by at least 5.0m to reduce the impact of
tunnelling related ground movements on the Arthur Cox Building;

e The Wider Effects Report should be revised to include a constraint to on the
application of the Limits of Deviation for the tunnel under the Arthur Cox Building so
that there is no scope for upward vertical deviation of the lowered tunnel alignment
due to the potential for significant adverse impacts on the building;

e TII and Jacobs/IDOM should liaise with the structural designers of the building and
fagade to determine the acceptable threshold of building distortion, damage and
ground movements related to tunnelling;

¢ A more detailed Phase 3 analytic assessment should be carried out to confirm that the
building distortion due to tunnelling induced ground movements is within acceptable
limits taking account of concentrated foundation loads;

e The EIAR should properly assess the positive impact of lowering the tunnel alignment
and should also assess appropriate mitigation measures that are relevant to the Arthur
Cox Building. As the building is on rock, lowering the tunnel level will be the most
effective mitigation measures to reduce the impact of tunnelling induced ground
movements. There will be limited potential for compensation grouting or jacking.
Consideration should also be given to specify the type of TBM that will be used, or to
specify appropriate limits on building distortion or ground loss due to tunnelling.

e The EIAR should also include appropriate monitoring measures for the building to
ensure that settlements and the resulting stresses and strains in the structure are within
acceptable limits.

e The building structure and foundations have been designed to support two additional
floors at some stage in the future. This should be assessed in the EIAR and taken into
account in the design and construction of the tunnel so that there is adequate capacity
in place to support the additional loads;

REFERENCES:
Gillarduzzi, Andrea, “Investigating property damage along Dublin Port Tunnel alignment”,
Proc. of the ICE, Forensic Engineering, Vol. 167, Issue FE3, August 2014.

Mair, R.J, & Taylor, R.N., “Bored tunnelling in the urban environment”, Proc. of the 144
Intl. Conference on Soil Mechanics & Foundation Engineering, Hamburg, 1997.

Mair, R.J, Taylor, R.N., & Burland, J.B., “Prediction of ground movements and assessment of
risk of building damage due to bored tunnelling”, Geotechnical Aspects of Underground
Construction in Soft Ground, International Symposium, London, 1996.
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2. General Description of Underground Structures

2.1 TBM Tunnels

The MetroLink tunnel alignment will consist of a single bore bi-directional tunnel constructed by means of a
tunnel boring machine (TBM) that will be specified and designed to enable tunnelling generated ground
movements to be minimalised. The tunnels have been designed with an internal diameter of 8.5m, determined
by the rolling stock kinematic clearance, and railway services requirement (See Figure 2-1).

From a review of the expected geology and hydrogeology along the tunnel alignment, the construction and
logistics constraints, and the anticipated TBM operational procedures, it is considered likely that a variable density
(VD) TBM or a Mix Shield TBM will be selected. It therefore follows that the main characteristics of the TBM
required to meet the tunnel requirements will be as follows.

e Diameter of the cutter head: 9.53m

e Diameter of the frontal shield: 9.50m

e Diameter at the rear of the shield: 9.48m

e Shield length (approx.): 10.00m

e Diametrical gap (outer diameter of excavation): 0.33m

e  Minimum radius of curvature: 300m (Note: minimum alignment curve radius is 350m).

The tunnel lining itself has been assessed for all relevant ground loading conditions, manufacturing loads
(demoulding, storage, and transportation) and segment installation during ring-build. The main characteristics of
the segments are:

e Typology: Universal ring.

e Thickness: 35 cm.

e Concrete class: C40/50

¢ Reinforcement: Steel bars class C + steel fibres (Model Code FRC 4¢e)
e Fire protection: Polypropylene fibres

Figure 2-1: TBM Tunnel Geometry

2.2 Non-TBM Underground Structures

Five galleries, comprising two ventilation and three emergency galleries will be required, connected to the main
tunnels within the curtilage of Dublin Airport and at Albert College Park Intervention Shaft. These will enable
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Appendix B
SI Data for Arthur Cox Building
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REPORT NUMBER
GEOTECHNICAL BORING RECORD
13263
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IGSL BH LOG 13263 GPJ IGSL GDT 6/3/108

REPORT NUMBER
GEOTECHNICAL BORING RECORD
13263
CONTRACT  Earisfort Terrace,Dublin 2 BOREHOLE NO BH2
SHEET Sheet 1 of 1
CO-ORDINATES( _) GROUND LEVEL (m) DATESTARTED  21/01/2008
BOREHOLE DIAMETER (mm) 200 DATE COMPLETED 21/01/2008
CLIENT Clancourt Management Ltd BOREHOLE DEPTH (m) 5.60 BORED BY J.McDonnell
ENGINEER Michael Punch & Ptnrs CASING DEPTH (m) 5.60 PROCESSED BY F.Clancy
. o Samples
E sl E = 2
< infi ° 2 i | 2 Field Test =y
5 i 5| E| §|s5|Ea| 5. | rews |3
3 g o 8 | 22| 82 aE 58
c 9 | MADE GROUND (Comprised of tarmac over imported &
[ KNsonefil) =~ MUQUG
- | MADE GROUND (Comprised of red bricks and 030 X
- | siltclay) § &
= 7 ¢
= P N=8 o= &
; e S 9 ez E
- | Soft black peaty CLAY/SILT S 1.50 =
. < Rl
ce Sre 1821 8 2.00 N = 3/75 mm
r P g 3
E 70 ‘% )
C Jdo g
r Firm to stiff brown sandy gravelly CLAY el 2.70
Ca - —5 —] N=15
i e i D B it
: Ty
-4 ["Dense grey/brown sandy silty GRAVEL with lenses of ~°g o 4.00 N =350 =
- | gravelly clay 21404 et 410 | (6,9,11,15 14, [
- 0 10) ;
b 0o 0
r 0 bs) a v4) 5
E b 7o .
L's 0o 0d N = 50/150 mm
; e il e M e (@, 11, 30, 20)
3 9: ©
- NObstruction 4 5.50
E End of Borehole at 5.60 m 5.60 1825 8 5.60
s
T
Ca
HARD STRATA BORING/CHISELLING WATER STRIKE DETAILS
From (m)| To (m) T;'r:;e Comments g’:ﬁg %agsp;gjg Se:{ed Br'ze 2::318] Comments
0 0.3 2 4.00 4.00 No 2.70 5 Moderate
43 4.8 Q.75
55 56 2
GROUNDWATER DETAILS
Hole | Casing | Depth to
INSTALLATION DETAILS Date Depth | D @thg ater | Comments
Date [Tip Depthi RZ Top [RZ Base Type 21-01-08 | 5.60 Nil 250 |End of Boring
21-01-08 5.50 1.00 5.50 50mm SP
REMARKS Sample Legend
Pt il i U - Undisturbed 100mm Diameter
a%mm.m.rm P < Lndiskxbad Fiskn Sungle




IGSL BH LOG 13263.GPJ IGSL. GDT 6/3/08

REPORT NUMBER
GEOTECHNICAL BORING RECORD 13263
CONTRACT  Earisfort Terrace,Dublin 2 BOREHOLE NO. BH3
SHEET Sheet 1 of 1
CO-ORDINATES( ) GROUND LEVEL (m) DATE STARTED  16/01/2008
BOREHOLE DIAMETER (mm) 200 DATE COMPLETED 17/01/2008
CLIENT Clancourt Management Ltd BOREHOLE DEPTH (m) 6.50 BORED BY J.McDonnell
ENGINEER Michael Punch & Ptrrs CASING DEPTH (m) 6.50 PROCESSED BY F.Clancy
Samples
E sl 'E = g
= Description = £ = Ik = Field Test gu
g S| & £ |35|58| Be | P | 5%
a 2 wl a | ez| o & e
£ 0 NTarmac 0.10
r MADE GROUND (Comprised of imported stone fill 0'30
F MADE GROUND (Comprised of brown peaty CLAY * -
F with pottery and red brick)
:' 1 N=12
C o e b 2,3,3,33,3
- | Firm to stiff brown sandy gravelly CLAY with P 150
- | occasional cobbles g_.c'g_:
F2 _‘_a_ N=15
: e e = 200 | (3,3,3,4,4,4
7 Very stiff black sandy gravelly CLAY with occasional :%::_5 3.00 N =36
- | cobbles 5= 1 1810 B 3.10 4.8.9,9,9,9)
F - G
: .3:0:5
E e Wt N=34
: g_; - 1811 B 4.00 (5.8.8.8,9,9)
; S
=5 Fkel N =37
- g-____“c__ ) 8 500 15,899, 10,9
: 2
3 o J N = 30/75 mm
L6 — =5 -
g e 1813 B 6.00 (6. 10, 30)
- 6.30
- End of Borehole at 8.50 m
C7
Fa
HARD STRATA BORING/CHISELLING WATER STRIKE DETAILS )
Time Water | Casing | Sealed Rise Time
From (m)| To (m) () Comments Strike | Depth At To (min) Comments
594 gg 015 No water strike
8.3 8.5 2
GROUNDWATER DETAILS
Hole | Casing | Depth to
INSTALLATION DETAILS Date | perih | Depth | Waier | Comments
Date | Tip Depttl RZ Top |RZ Base Type
REMARKS Sample Legend
D - Soa Dishrbed () U - Undisturbed 100mm Diameter
ELB '}:_,?:,:‘;‘:'u"“";"’ s Vool P Undistrbed Piston Sample




IGSL BH LOG 13263.GPJ IGSL GOT 6/3/08

REPORT NUMBER

GEOTECHNICAL BORING RECORD

1GSL 13263
CONTRACT  Earlsfort Terrace,Dublin 2 BOREHOLE NO. BH4
SHEET Sheet 1 of 1
CO-ORDINATES( _) GROUND LEVEL (m) DATESTARTED  18/01/2008
BOREHOLE DIAMETER (mm) 200 DATE COMPLETED 18/01/2008
CLIENT Clancourt Management Ltd BOREHOLE DEPTH (m) 7.10 BORED BY J.McDonnell
ENGINEER Michael Punch & Pinrs CASING DEPTH (m) 7.10 PROCESSED BY F.Clancy
o Samples
£ el E = 2
= L = ol @ Field Test a
D ti = “
fé SRERYN g § - ‘g g 2 Results 2%
8 G a | 22| a2 AE 58
- 9 | MADE GROUND (Comprised of imported stone fill)
- | MADE GROUND (Comprised of brown sandy ciay 0.50 G
F with red brick and pottery )
E1 1 . N=15
‘ s "0 | 5,3,3,4,4,9
- | Firm brown sandy CLAY/SILT 170
F2 3 N=12
F 0 8] 1815 8 2.00 (3.4.4 2.3 3)
: 90,90
: o o
- | Stiff brown sandy gravelly CLAY with occasional ¥y pilingpdille 2.80
£3 | cobbles -] 1816 | B 3.00 bk
- & - - (4,4,4,86,8,6)
5 B
5‘4 T N =28
C — 1817 8 4.00 =
C o dls 4,6,6,7,7,8) |
i i (4,6,6 ) i
E Very stiff black sandy gravelly CLAY with occasional a‘—ﬁ 4.50
" cobbles and boulders L @
Fs ?b-‘u-- 1818 B 500 N=igf
: = ™ 1@.8,9,10,12, 16
r - 3 -
s ng_@_: 1819 8 6.00 N =52
- o= (6, 10, 12, 10, 12,
c PO 18)
" | End of Borehole at 7.10 m 7.00 o =(22§”2%)mm
Fs
:
Fe
HARD STRATA BORING/CHISELLING WATER STRIKE DETAILS -
Time Water | Casing | Sealed Rise Time
From (m)| To {m) ) Comments Strike Depth At To (min Comments
g g? 1'; > No water strike
GROUNDWATER DETAILS
Hole | Casing | Depth to
INSTALLATION DETAILS Date Depth | Depth ater | Comments
Date | Tip Deptl RZ Top [RZ Base Type
REMARKS Sample Legend
g:gﬂ@mm) U - Undisturded 100mm Diameter
LR L Pl oot P - Undistubed Piston Samplo




GEOTECHNICAL CORE LOG RECORD

REPORT NUMBER

13263
CONTRACT  Earlsfort Terrace, Dublin DRILLHOLE NO RC1
SHEET Sheet 1 0f2
CO-ORDINATES( _) GROUND LEVEL (m) DATE STARTED  10/02/2008
CORE DIAMETER (mm) 84 DATE COMPLETED  10/02/2008
CLIENT INCLINATION 80 DRILLED BY Creben
ENGINEER FLUSH Air/Mist LOGGED BY IGSL
EE
<= @
8E 2l =
8 = Fracture 2 2 =
o = Spacing 5 | Strata description = Discontinuities P s
RIS (mm) iy z AT
o 4 R Bl B g o = = z
g o|X|® g A £ L 5
3|0 | O ; 250 : <
B[3|P|a|ep X s | 8|5 2 @ |3 %
F O Bl SYMMETRIX OPEN
- b HOLE DRILLING:
C = —] Observed by driller as
3 _: — returns of clay.
T4 :_:T
E’z ioppdies.
=
a4
F's
['5
F 7.00
L SYMMETRIX OPEN
3 HOLE DRILLING:
o — Observed by driller as
g o] retums of gravelly clay.
'8 :__
? K
- — 8.80
E 880
1
100] 40 | 23 %
REMARKS INSTALLATION REMARKS

1 Core box. 1hr Move and set up.

IGSL RC NEWLOG 10M PER PG 13263 GPJ IGSL.GDT 21/2i08

GROUNDWATER DETAILS
Hole Casing th to
Date peph | Depth | D&}’m Comments
INSTALLATION DETAILS
Date | Tip Depthl RZ Top |RZ Base Type




IGSL RC NEWLOG 10M PER PG 13263.GPJ IGSL.GDT 21/2/08

GEOTECHNICAL CORE LOG RECORD

REPORT NUMBER

13263
CONTRACT  Earisfort Terrace, Dubiin DRILLHOLE NO RC1
SHEET Sheet20f2
CO-ORDINATES(_) GROUND LEVEL (m) DATESTARTED  10/02/2008
CORE DIAMETER (mm) 84 DATE COMPLETED 10/02/2008
CUENT INCLINATION -§0 DRILLED BY Creben
ENGINEER FLUSH AirMist LOGGED BY IGSL
ElE
< k @
g% H K —
al s Fracture 2 3 g
o & Spacing 5 Strata description - Discontinuities @ =
HEIEIGIES {mm) vl 5 E §1 & 2
HEIRIEIE! 21 g 315 5
QjOoi-iuv | A 2 a wia 7]
F 10 r{===| Strong to locally Discontinuities are smooth
[ [0 mod ly strong, thin and planar to unduiose.
- 1 to medium bedded, fine Apertures are tight to open
F I grained, grey to dark with very locally siightly iron
- -1 grey fo black, oxide stained surfaces and
X 100] 41 [ 41 ___| LIMESTONE, siicecus, locally ctay smeared and
F | angillaceous and infilled (11.21m-11.23m).
L ——| calc-shale (probable Dips are sub horizonta! with
3 dispersed pyrite). Fresh |11.80 local vertical fractures
[ 118 to slightly and locally (10.96m-11.21m,
BH moderately weathered. 11.23m-11.43m)
[ ntinued] ‘continued]
End of Corehole at 11.8
3 (m)
F 13
;u
b
;-
;—15
?16
EW
-
:;13
15
REMARKS INSTALLATION REMARKS
1 Core box. 1hr Move and set up.
GROUNDWATER DETAILS
Hole Casin Depth to
Date | perrn | deos | DWiamer | Comments
INSTALLATION DETAILS
Date | Tip Depthl RZ Top {RZ Base Type




GEOTECHNICAL CORE LOG RECORD

REPORT NUMBER

13263
CONTRACT  Earisfort Terrace, Dublin DRILLHOLE NO RC4
SHEET Sheet 1 of 2
CO-ORDINATES( _) GROUND LEVEL (m) DATE STARTED  09/02/2008
CORE DIAMETER (mm) 84 DATE COMPLETED 10/02/2008
CLIENT WCLINATION b DRILLED BY Creben
ENGINEER FLUSH Air/Mist LOGGED BY IGSL
EE
8| 5 %
g2 & s -
8 8 Fracture 2 8 g
ol = Spacing g Strata description = Discontinuities @ T
slZl=(=]8| (mm ol g £ 5|5 z
Slo|%|x g |z £ =2 oy
elélo 215
88| |a|al, B s |G| g s | & %
Lo - —] SYMMETRIX OPEN
r - —3 HOLE DRILLING: S §
" — ] Observed by drifier as Q Q
- — returns of clay. § %
% - § %
f § %
k
: NS
e § %
- 5.80 §
P |880 Strong to locally Discontinuities are smooth <
i moderately strong, thin and pianar to undulose. N N
F | to medium bedded, fine Apertures are tight to open % %
o 100 32 | 32 ——{ grained, grey fo dark with very focally slightly iron NN
- | grey to black, oxide stained surfaces >
- ~4 LIMESTONE, siliceous, (6.8m-7.93m). Dips are .<
-~ ; argillaceous and sub herizontal with local N
F a0 —=| calc-shale (probable vertical fractures NEN
- B dispersed pyrite). Fresh (7.43m-7.53m,
- to slightly and locally 7.81m-7.93m,
L — | moderately weathered. 8.2m-8.32m,
Cg 100} 69 | 59 — 9.34m-9.42m,
o ] 9.52m-8.73m)
C 280 J‘. e
REMARKS INSTALLATION REMARKS

2 Core boxes. 1hr Move and set up. Grout 0.0m-11.4m.

IGSL RC NEWLOG 10M PER PG 13283.GPJ) IGSLGOT 21/2/08

GROUNDWATER DETAILS
Date DHole“ CESD inlg Deattheﬁo Comments
INSTALLATION DETAILS
Date | Tip Depth| RZ Top |RZ Base Type
10-02-08 | 11.80 | 830 | 11.80 50mm SP
!




GEOTECHNICAL CORE LOG RECORD

REPORT NUMBER

13263
CONTRACT  Earisfort Terrace, Dublin DRILLHOLE KO RC4
SHEET Sheet 2 of 2
CO-ORDINATES( _) GROUND LEVEL (m) DATE STARTED  09/02/2008
CORE DIAMETER (mm) 84 DATE COMPLETED  10/02/2008
CLIENT INCLINATION -%0 DRILLED BY Creben
ENGINEER FLUSH AirfMist LOGGED BY IGSL
ElE
.- o
gl g 3 i
al & Fracture 2 & 3
o Spacing H Strata description = Discontinuities o =
5| Sie|2|= (mm) L E 5| & >
IR EE 8| s g S
4 250 =
8|S |r|a|ap 0 | @8 8 2|2 &
r 10 e : g
100 84 | 64 ]
1 ';: .
i 11.40 .
1. End of Corehole at 11.4 3
(m)
12
;-13
14
E1s
:-16
b 18
19
REMARKS INSTALLATION REMARKS

2 Core boxes. 1hr Move and set up. Grout: 0.0m-11.4m.

Rfater”

Comments

10-02-08

IGSL. RC NEWLOG 10M PER PG 13263.GPJ IGSL GDT 21/2/08

GROUNDWATER DETAILS
Hole Casing
e | Depth
INSTALLATION DETAILS
Date | Ti RZ Top |RZ Base Twoe

11.80

8.30 11.80 50mm SP




Core Photography — (13263 Earlsfort Terrace)
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Core Photography — (13263 Earlsfort Terrace)
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IGSL RC F1 10M 17833.GPJ IGSL.GDT 30/9/14

REPORT NUMBER
e
it Yo GEOTECHNICAL CORE LOG RECORD 17833
Jg3y
CONTRACT  ETHS Development, Hatch Lane, Dublin. DRILLHOLENO RCO01
SHEET Sheet 1 of 2
CO-ORDINATES - ' DATE DRILLED 23/09/2014
TYPE Knebel DATE LOGGED 23/09/2014
SOOMD LEVEL (et FLUSH AirMist
CLIENT Clancourt Magagement Ltd. INCLINATION (deg) -90 DRILLED BY Petersen
ENGINEER _ Punch Consulting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
EE
FHEIRIEIES o =
5E|z|=|5| G |8 8
ol 2lelo]o p':dcmg 3 Description — ® 8
ela|r |9 s El.5} & =
£ € ) [Z]E sl8|lgl| =z
3| 3 5|8 §|s|5| &
Q| o oy =1 3 o | w 7] @
prptentif et
=2 % SYMMETRIX DRILLING: No recovery, observed by drilleras [020 N N
- retums of made ground consisting of tarmacadam , 0.50 >
C SYMMETRIX DRILLING: No recovery, observed by driller as : <
b retums of made ground consisting of clayey cobbly gravel N N
-, (Clause 804 material). 1.00 % %
. SYMMETRIX DRILLING: No recovery, observed by driller as N
E retumns of made ground consisting of grey clay > %
" SYMMETRIX DRILLING: No recovery, abserved by driller as g N
r retumns of brown clay % %
E 2 N =24
§ \%\ (z.z,%e,s.
| MK
: R %
F? § %
5 SRS
-, X 4.10 % ’
. SYMMETRIX DRILLING: No recovery, observed by driler as N N
- returns of brown sandy gravelly clay with occasional cobbles
z D
:"s $ N :ﬁzss
E % (6,9, 13, 11,
r § N 16, 9)
E % % N= "5‘?:'145
b (7, 14,19, 31)
b7 '$ %
z N K
o 7.90 >’ %
Cg SYMMETRIX DRILLING: No recovery, observed by driller as g N
: 1 retums of black weathered rock %
T : e =
Eo L, 9.10 PEP
o I SYMMETRIX DRILLING: No recovery, observed by driller as =
e —L| retums of black rock 9.50 ° H°
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-9.50m. Water | Casing | Sealed Rise Time
Stike | Depth | At Ta | (ol [SOMNS
7.80 Moderate
GROUNDWATER DETAILS
INSTALLATION DETAILS - Date | MOE | G209 | ORPIC | Comments
Date | Tip Depthl RZ Top |RZ Base Type
23-09-14 | 11.50 8.50 11.50 50mm SP




IGSL RC FI Y0M 17833.GPJ IGSL.GDT 30/9/14

T REPORT NUMBER
g
) GEOTECHNICAL CORE LOG RECORD
oo 17833
~
CONTRACT  ETHS Development, Hatch Lane, Dublin. DRILLHOLENO RCO1
SHEET Sheet 2 of 2
CO-ORDINATES
RIG TYPE Knebel DATE DRILLED 23/09/2014
GROUND LEVEL (mOD) ELUSH AirMit DATE LOGGED 23/0972014
CLENT Clancourt Magagement Ltd. INCLINATION (deg) -90 DRILLED BY Petersen
ENGINEER Punch Consulting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
ElE
gl = @
Elsi]2|s 4
g8 %||a Fracture E | 3
HHEIHE R oesrp els |t
ol 3 @ (3 =1 Iy >
gl e mm) | E|® =|5|%8| 2
§l e S e 2l slel
3|8 250 s|s gl2lsi E
Illlllllll'”l“lll 1 - o w w ©
10 ST T 1" Very strong to moderalely strong, thickly to thinly bedded {to
L 1050 ] thinly laminated where mudstone/shale), grey/dark
ks ==L greymiack, fine-grained, LIMESTONE (predominantely
o | argillaceous limestone grading regularly into calci-siltite
- I} limestone, local stylolites, pyrite present), fresh to locally
- 11 g_l_r moderately weathered (at mudstone/shale layers at
: 100 (100 €5 =11 9.759.79m, 11.02-11.06m, 12.03-12.05m, 12.49-12.52m)
r i
- T Discontinuities are medium to.closely spaced, smooth,
200 [} planar. Apertures are tight to moderately open, locally
12 1} day-smeared, locally clay-smeared, locally calcite-filled
- T i {1-10mm thick). Dips are sub-horizontal & locally sub-vertical.
- 1] {continued)
F 100} 95 | 79 I
[ 1
;13 I T
1340 |
o 1
: L
o 100}100] 85 | |
; T
r 1460 L 14,60
[ End of Borehole at 14.60 m
:"15
;16
7
F 18
F 19
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-9.50m. Waler | Casing | Sealed | Rise Time
Stike | Depth | At To_ | (min) |Comments
7.90 Moderate
GROUNDWATER DETAILS
INSTALLATION DETAILS Date | Moo | asrd | Deplhlo | Comments
Date Tip Depth} RZ Top {RZ Base Type 230914 14.60 950 5.80 Water lovel recorded 5 mins afier end of
2309-14 | 1150 | 850 | 11.50 | 50mmSP dofing.




IGSL RC F1 10M 17833.GPJ IGSL.GDT 30/9/14

REPORT NUMBER
P B
x>
A GEOTECHNICAL CORE LOG RECORD
TEa : 17833
N
CONTRACT  ETHS Development, Hatch Lane, Dublin. DRILLHOLENO RC02
p SHEET Sheet 1 of 2
O-ORDINATES
- : DATE DRILLED 19/08/2014
TYPE Knebe DATE LOGGED 19/09/2014
GROUND LEVEL (mOD) FLUSH Air/Mist
CLIENT Clancourt Magagement Ltd. INCLINATION (deg) -90 DRILLED BY Petersen
ENGINEER Punch Consulting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
EE
HEAEIEAES o 2
EHEHER=RE i3
elSlajeig i 5 Description . = G
Sls|lr|o|e og F E|l5|le| 2
2l e (mm) |2 s/ 5|8 2
i i 5% Sl |5 &
@ -
S 9 i < o E i 9 9
T SYMMETRIX DRILLING: No recovery, observed by drilleras A0.10
- retums of made ground consisting of tarmacadam / 0.40
L . SYMMETRIX DRILLING: No recovery, observed by driller as
C retums of made ground consisting of clayey cobbly gravel
:_1 (Clause 804 matenial).
- SYMMETRIX DRILLING: No recovery, observed by driller as
- retums of made ground consisting of grey clay
:'2 N=7
- (L1201,
C °
- 3.10
C © - | SYMMETRIX DRILLING: No recovery, observed by driller as
- -~ Xl retuns of brown silty gravelly sand
- B .
= 0" X
= %" o
L* e
i 90" . ]
: - -
E e .0
E. o X =
3 LA
L - -9 jo o
. o
# - - x o o
: .x . 'Q
_"6 o M o o
: e
o ey 9 il o
. o . 6.80
E ——| SYMMETRIX DRILLING: No recovery, observed by drilleras |7.00
F7 | T returns of brown sandy gravelly clay with occasional cobbles
3 T SYMMETRIX DRILLING: No recovery, observed by driller as
o T] retums of posible highly weathered rock recovered as 7.60
E I T brown/grey sandy gravelly clay with occasional cobbles
r ]800 T SYA . Horas 8.00
° L T retums of black rock
F I
ﬁ 97 | 83 | 27
E‘g
t laso |
d |
r i
L | N
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-8.00m. Water | Casing | Sealed Rise Time
Stike | Depth | At To_ | migp |Sommens
3.10 Moderate
GROUNDWATER DETAILS
INSTALLATION DETAILS Date | po° | Zo09 | ORpR° | comments
Date | Tip Depthl RZ Top |RZ Base Type
19-08-14 | 6.80 4.80 6.80 50mm SP




IGSL RC FI 10M 17833.GPJ IGSL.GDT 30/9/14

ey

1G5

GEOTECHNICAL CORE LOG RECORD

REPORT NUMBER

17833

CONTRACT  ETHS Development, Hatch Lane, Dublin.

DRILLHOLENO RC02

SHEET Sheet 2 of 2
c
O-ORDINATES - 5 : DATE DRILLED 19/09/2014
TYPE ebel DATE LOGGED 19/09/2014
GROUND LEVEL (mOD) FLUSH Air/Mist
CLIENT Clancourt Magagement Ltd. INCLINATION (deg) -90 DRILLED BY Petersen
ENGINEER Punch Consuilting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
ElE
Sl =
§ 2 ,; ; a f;ractpre § § §
S R R pLaang - Description L ® 6
g5l og S El 6= 2
£l = 2 = = [=% z
= = i © © e’
K 5|8 HHEHE
=1 N3] b = 10 o| | ® 73
RRRRERN ERRRRRRRNN )
F 10 I T Very strong to moderately strong, thickly to thinly bedded (to
» thinly laminated where mudstone/shale), grey/dark
F 1059 =—Lr grey/black, fine-grained, LIMESTONE (predominantely
r T argillaceous limestone grading regularly into calci-siltite
E I ] limestone, local stylolites, pyrite present), fresh to locally
F 1 I moderately weathered (at mudstone/shale layers at
: 1 8.15-8.26m, 8.79-9.04m, 9.19-9.21m, 10.48-10.50m,
r 7] 10.53-10.55m, 11.76-11.79m, 12.99-13.03m,
1180 E_J_'_ 13.41-13.47m, 14.22-14.24m)
F 12 I | Discontinuities are medium to closely spaced, smooth,
H T I planar. Apertures are tight to moderately open, locally
o 7] clay-smeared, locally clay-smeared. Dips are sub-horizontal &
C 1 locally sub-vertical. (continued)
o |
E 13
13.30
o I
s l |
p 4 I
F haso I
t lags | 14.95
:'15 End of Borehole at 14.95 m
F 16
C 17
s
:'19
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-8.00m. Water | Casing | Sealed Rise Time
Stike | Depth | At Yo | fmkd |~
3.10 Moderate
GROUNDWATER DETAILS
Hole Casing | Depth to
INSTALLATION DETAILS Date Depth Depth V\Fater Comments
Date Tip Depth| RZ Top |RZ Base Type 18-08-14 14.95 8.00 3.00 Water level recorded 5 mins after end of
10-00-14 | 680 | 480 | 6.80 50mm SP o
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REPORT NUMBER
£ 3y A
(0 GEOTECHNICAL CORE LOG RECORD 17833
_J- SN »
CONTRACT  ETHS Development, Hatch Lane, Dublin. DRILLHOLENO RCO03
o SHEET Sheet 1 0of 2
NATER G I DATE DRILLED 22/09/2014
TYPE (nebel DATE LOGGED 22/09/2014
GROUND LEVEL (mOD) FLUSH Air/Mist
CLIENT Clancourt Magagement Ltd. INCLINATION (deg) . =90 DRILLED BY Petersen
ENGINEER Punch Consulting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
EE =
SRR o 5
8%|2i%lg S |4 El 3
gl 2o lolo g 5 Description 2 & s
HEA AR AR Log 8 EIEI'S >
£l & (mm) E|® 1218 >
2| L & 2 %_ g (-3 -
o
8|8 250 2|3 Sla|la| &
bl €@
o SYMMETRIX DRILLING: No recovery, observed by drilleras  A0.10 N N N
u retumns of made ground consisting of tarmacadam S E N
F SYMMETRIX DRILLING: No recovery, observed by driller as N N %
retums of made ground consisting of brown clay S § §
3 1.20 NN R
r SYMMETRIX DRILLING: No recovery, observed by driller as NN R
F retums of made ground consisting of grey clay % g %
. NN N
2 E‘ g g N=23
[ S NN (1.6,56,6.6.
. R
i NN N
b NN
3 N a a
F NN N
' Bk
r NNN N=18
s N NN 24,435,
3 sl AR
F4 SYMMETRIX DRILLING: No recovery, observed by driller as N Q N
r retums of grey/black sandy gravelly clay with occasional ¥ a a
- cobbles \ NN
; i
Fs \ NN N=50185
L N N mm
2 Y 2 2(7, 13, 15, 20,
: NNN
- N NN
b D
5 6.40
F 1670 SYMMETRIX DRILLING: No recovery, observed by driller as 6.70 E g %
F retums of black rock - S NN
- Very strong to moderately strong, thickly to thinly bedded (to :e...e ?
R 1 thinly laminated where mudstone/shale), grey/dark H 1
r 96 | 65|36 grey/black, fine-grained, LIMESTONE (predominantely
£ argillaceous limestone grading regularly into calci-siltite
L 1700 limestone, local stylolites, pyrite present), fresh to locally
= moderately weathered (at mudstone/shale layers at
e 6.98-7.14m, 7.53-7.55m, 7.85-7.91m, 9.30-9.32m,
o 9.86-9.88m, 11.04-11.06m, 12.76-12.79m 13.20-13.22m &
E 100 | 100 | 84 14.02-14.05m)
t_ Discontinuities are medium to closely spaced, smooth,
re 930 planar. Apertures are tight to moderately open, locally -
F ’ clay-smeared, locally clay-smeared, locally =l
7 calcite/dolomite-filled (1-100m thick). Dips are sub-horizontal Hahfh
t & locally sub-vertical. X E :
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-6.70m. Water | Casing | Sealed Rise Time
Stike | Depth | At To | (v |Comvers
No water strike recorded
GROUNDWATER DETAILS
INSTALLATION DETAILS Date | o8 | Gotd | DR | Comments
Date | Tip Depth| RZ Top |RZ Base Type
22-09-14 | 10.00 7.00 10.00 50mm SP
22-08-14 | 15.10 1450 | 15.10 19mm SP
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REPORT NUMBER
= GEOTECHNICAL CORE LOG RECORD
> 17833
JE354
CONTRACT  ETHS Development, Hatch Lane, Dublin. DRILLHOLENO RCO03
SHEET Sheet 2 of 2
CO-ORDINATES - b DATE DRILLED 22/08/2014
TYPE el
GROUND LEVEL (mOD) ool o o DATELOGGED  22/09/2014
CLIENT Clancourt Magagement Ltd INCLINATION (deg) -90 DRILLED BY Petersen
ENGINEER Punch Consulting Engineers CORE DIAMETER (mm) 80 LOGGED BY D.O'Shea
- w
£l o =
§ = ;: ; o l;ractpre é . § 5
sl 21008 pLacmg = Description e @ G
R A R4 0g o E s 2
2 e (mm) |2 s|s5| 8| 2
5l e £l g slale] kK
a| 8 h 20 g 2| 8 clu|>d| &
LR RN AR
b 10 B R I__1 Very strong to moderately strong, thickly to thinly bedded (to N
N T 1 thinly laminated where mudstone/shale), grey/dark
I [10.60 == T grey/lack, fine-grained, LIMESTONE (predominantely a
o 1 argillaceous limestone grading regularly into calci-siltite
o | limestone, local stylolites, pyrite present), fresh to locally a
E 1t 1__] moderately weathered (at mudstone/shale layers at N
o 100| 95 | 77 T Ll 6.98-7.14m, 7.53-7.55m, 7.85-7.91m, 9.30-9.32m, N
- 50 1] 9.86-9.88m, 11.04-11.06m, 12.76-12.79m 13.20-13.22m & a
. T 14.02-14.05m) ‘§
- 1
[ 12/12.10 || Discontinuities are medium to closely spaced, smooth, N
g T 11 planar. Apertures are tight to moderately open, locally N
C 7] clay-smeared, locally clay-smeared, locally a
L | calcite/dolomite-filled (1-100m thick). Dips are sub-horizontal N
s 100{ 99 | 85 1] & locally sub-vertical. (continued) a
L 13 I N
C l I §
L I ; N
14 3 g
. 100{ 93 | 78 I : ’ %
L |
a 1
-5 [15.10 L, 15.10 1
r End of Borehole at 15.10 m
:'16
F17
r
Fis
£
E' 19
REMARKS WATER STRIKE DETAILS
Hole cased 0.00-6.70m. Water | Casing | Sealed Rise Time
Stike | Depth | At To (min) | Comments
No water strike recorded
GROUNDWATER DETAILS
INSTALLATION DETAILS Date | [idle | Casihg | Depthio | comments
Date Tip Depth| RZ Top |RZ Base Type
22-09-14 | 10.00 7.00 10.00 50mm SP
22-09-14 15.10 14.50 15.10 19mm SP




17833 - ETHS Development, Hatch Street — Core Photography
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POINT LOAD STRENGTH INDEX TEST DATA
Contract: ETHS Development, Hatch Lane, [[Sampie Type: Core
Dublin. Contract no. 17833
Date ol test:6/10/14
RG No. Depth D (Diameter) P (failure load) F Is (index strength) 15{50) {index strength) *Ucs ]
m mm kN Mpa Mpa MPa Type Orienation
RCO1 101 78 3.0 1.222 0.49 .60 12 PL 90°
123 78 29.0 1.222 4.77 5.82 116 PL 90°
13 78 8.0 1.222 1.31 1.61 32 PL 90°
14.5 78 32.0 1.222 5.26 6.42 128 PL 90°
RCO2 8.9 78 4.0 1.222 0.66 0.80 16 PL 80°
9.90 78 28.0 1.222 4.60 5.62 112 PL 90°
13.40 78 2.0 1.222 0.33 0.40 8 PL 90°
14.30 78 6.0 1.222 0.99 1.20 24 PL 90°
RCO3 6.80 t 78 28.0 1.222 4.60 5.62. 112 PL 90°
9.20 78 6.0 1.222 0.99 1.20 24 PL 80°
12.30 78 2.0 1.222 0.33 0.40 8 PL 80°
13.50 78 . 31.0 1.222 5.10 6.22 *124 PL 90°
Statistical Summary Data 15(50) ucs* *UCS Normal Distribution Curve Abbreviations
Number of Samples Tested 12 12 0.1 T . i irregular
Minimum 0:40 8 ) ; a ' |axial
Average 299 60| 0.08 1 : b |block
Maximum 6.42 128 506 |- 2 d |diametral
Standard Dev. 263 §3] !
Upper 95% Confidence Limit 8.16 163.14] 0.04 o approx. orientation to
Lower 95% Confidence Limit -2.17 -43.35 ! planes of
0.02 : kn in
Comments: 0 I o U |unknown
UCS taken as k x Point Load 1s(50); k= 20 o 50 100 150 200 250 200 P |perpendicular

//  |parallel




Uniaxial Compression Test Report Sheet |1.G.S.L.

Sample Identification

Contract Name: ETHS Development, Hatch Lane, Dublin.
Job Number: . 17833

Hole No: RCO1

Depth (m): 10.6-10.9m

Sample Description

Colour: Grey

Grain size: Fine-grained
Weathering Grade: Fresh

Rock Type: LIMESTONE

Weathering Grade Criteria

I. Fresh: Unchanged from original state

Il. Slightly weathered: * Slight discolouration, slight weakening }

Ill. Moderately weathered: Considerable weakening, penetrative discolouration

IV. Highly weathered: Considerable weakening, penetrative discolouration, breaks in hand

Sample Measurements . Sketch of Failure Surfaces
Length 196

Diameter (@) : 78.1 mm

Testing

Load Rate 33 kN/min

Load at Failure (P) . 312 kN

Strength Calculations

Uniaxial Compressive Strength = 312000
4788.19385
- 1000 x P
TT x (8/2)2
E [ 65.13 | (Mpa)
Bulk Density - [ 2.66 | (Mg/m®)

Notes:




Uniaxial Compression Test Report Sheet [LG.S.L.

Sample Identification

Contract Name:

ETHS Development, Hatch Lane, Dublin.

Job Number: 17833

Hole No: RCO1

Depth (m): 10.6-10.9m

Sample Description

Colour: Grey

Grain size: Fine-grained

Weathering Grade: Fresh

Rock Type: LIMESTONE

w ing Grade Criteria

I. Fresh: Unchanged from original state
Ii. Slightly weathered: Slight discolouration, slight weakening

lil. Moderately weathered: Considerable weakening, penetrative discolouration

IV. Highly weathered:

Considerable weakening, penetrative discolouration, breaks in hand

Sample Measurements

Length
Diameter (@)

Testing

Load Rate
Load at Failure (P)

Sketch of Failure Surfaces

192
78 mm

33 kN/min *
283 kN

Strenagth Calculations

Uniaxial Compressive Strength = 283000

Bulk Density

477594

= 1000 x P
TT x (@/2)"2

= [ 59.23 | (Mpa)

= [ 2.67 . | (Mg/m?)

Notes:




Uniaxial Compression Test Report Sheet

[1.G.S.L

Sample Identification

Contract Name:

ETHS Development, Hatch Lane, Dublin.

Weathering Grade Criteria
I. Fresh:

Il. Slightly weathered:

Ill. Moderately weathered:
IV. Highly weathered:

Job Number: 17833

Hole No: RCO2

Depth (m): 11.1-11.4m

Sample Description

Colour: -|Grey

Grain size: Fine-grained
Weathering Grade: Fresh

Rock Type: LIMESTONE

Unchanged from original state
Slight discolouration, slight weakening
Considerable weakening, penetrative discolouration
Considerable weakening, penetrative discalouration, breaks in hand

Sample Measurements

Length
Diameter (@)

Testing

Load Rate
Load at Failure (P)

Sketch of Failure Surfaces

184
78.2 mm

33 kN/min
433 kN

Strength Calculations

Bulk Density

Uniaxial Compressive Strength =

433000
4800.4634

= 1000x P
T x (@/2)"2

= [ 90.15 | (Mpa)

2.68 | (mg/m?)

Notes:




Uniaxial Compression Test Report Sheet |L.G.S.L.

Sample Identification

Contract Name: ETHS Development, Hatch Lane, Dublin.
Job Number: . 17833

Hole No: RCO2

Depth (m): 11.8-12.3m

Sample Description

Colour: Grey
Grain size: Fine-grained
Weathering Grade: Fresh
Rock Type: . |LIMESTONE

Weathering Grade Criteria

I. Fresh: Unchanged from original state

II. Slightly weathered: Slight discolouration, slight weakening

11l. Moderately weathered: Considerable weakening, penetrative discolouration

IV. Highly weathered: s Considerable weakening, penetrative discolouration, breaks in hand

Sample Measurements Sketch of Failure Surfaces
Length 3 198

Diameter (@) 78.1 mm

Testing

Load Rate 33 kN/min

Load at Failure (P) 189 kN

Strength Calculations

Uniaxial Compressive Strength = . 189000
4788.19385
= 1000 x P
T x (§/2)~2
= [ 39.45 | (Mpa)
Bulk Density = | 2.66 | (mg/m?)

Notes:




Sample Identification

Contract Name:

Uniaxial Compression Test Report Sheet |LG.S.L

ETHS Development, Hatch Lane, Dublin.

Weathering Grade Criteria
I. Fresh:

II. Slightly weathered:

Ii. Moderately weathered:
IV. Highly weathered:

Job Number: 17833

Hole No: RCO3

Depth (m): 9.1-9.3m
_Sample Description

Colour: Grey

Grain size: Fine-grained

Weathering Grade: Fresh

Rock Type: LIMESTONE

Unchanged from original state
Slight discolouration, slight weakening
Considerable weakening, penetrative discolouration
Considerable weakening, penetrative discolouration, breaks in hand

Sample Measurements

Length
Diameter (@)

Testing

Load Rate
Load at Failure (P)

Sketch of Failure Surfaces

194
78 mm

33 kN/min
224 kN

Strength Calculations

Bulk Density

Uniaxial Compressive Strength = © 224000

"4775.94

B 1000 x P
[ x (@/2)"2

= [ 46.88 | (Mpa)

= [ 2.67 | (Mg/m°)

Notes:




Uniaxial Compression Test Report Sheet [.G.S.L.

Sample Identification

Contract Name:

ETHS Development, Hatch Lane, Dublin.

Job Number: 17833

Hole No: RCO3

Depth (m): 10.6-11.0m

Sample Description

Colour: Grey

Grain size: Fine-grained
Weathering Grade: Fresh

Rock Type: LIMESTONE

_Weathering Grade Criteria
I. Fresh:
1. Slightly weathered:
ll. Moderately weathered:
IV. Highly weathered:

Unchanged from original state

Slight discolouration, slight weakening |
Considerable weakening, penetrative discolourati_on
Considerable weakening, penetrative discolouration, breaks in hand

Sample Measurements

Length
Diameter (@)

Testing

Load Rate
Load at Failure (P)

Skelch of Failure Surfaces

195

78.1

33

kN/min

201

kN

Strength Calculations

Uniaxial Compressive Strength =

Bulk Density

201000
4788.19385

1000 x P
TT x (@/2)72

[ 41.96 | (Mpa)

[ "~ 267 | (mg/m?®)

Notes:




Project Metrolink — Building Damage Assessment Refined Phase 2a BDA for Arthur Cox Building

Appendix D

Building Damage Assessment
EIAR Phase 2a Assessment Calculations



Appendix B.1: Buildings Identified from Building Survey

B-238 " Arthur Cox Building

17.81

Table 5-1: Details of Ground Conditions, V. and K Values by Chainage

CLU (20%)

Qx (30%)

+ Phase 1 - the assessment of the greenfield settlement contours using generic ground parameters and
the identification of buildings that are

a) enclosed by the 10mm contour or with a ground settlement slope > 1:500 and

b) those buildings enclosed by the 1mm contour subject to ‘special’ considerations.

* Phase 2 - all the buildings identified in Phase 1 are assessed using the greenfield ground movement
profile making credible foundation assumptions and are classified into Damage Categories 0 - 5; those
buildings placed in Damage Category 3 or above, and those subject to ‘special’ considerations (see below)
are carried through to Phase 3.

« Phase 3 - each identified building is considered individually to determine its behaviour using detailed
information and assessment methods; this may inciude a refined ground model. detailed structural
surveys, refined construction methodology and use of sophisticated soil-structure interaction analysis
such as finite element analysis.

In the context of building damage assessment, ‘special’ considerations refer to buildings (hereafter referred as
‘special buildings) in proximity of the excavation, with deep basements, or those identified as designated
Protected Structures, or sensitive buildings as defined below:

e Case A: it is on shallow foundation and is within a distance from a retained cutting, shaft, or box equal to
the excavated depth of superficial deposits or 50% of the total excavation depth, whichever is the greater.
In this context, superficial deposits are taken to be soils above the rockhead level.

« Case B: it has a foundation level deeper than 4m, or (in the case of a bored tunnel) greater than 20% of
the depth to tunnel axis.

« Case C:itis a Protected Structure

» Case D: any ‘prominent’ or ‘sensitive’ buildings that might need further assessment to determine whether
any protective works required.




4.3 Phase 2 Assessment

4.31 General
The Phase 2 assessment is split into two sub-phases, namely Phase 2a and Phase 2b as follows:

a) Phase 2a is undertaken as part of the Preliminary Design. This sub-phase initially adopts the same
conservative assumptions used to predict the Phase 1 greenfield ground movements; refined assumptions
are sometimes made to assess the sensitivity of the initial assessment results.

b) Phase 2b is a confirmatory/refined analysis undertaken by the detailed designer of the D&B Contractor.
This sub-phase usually adopts tighter volume loss parameters and utilises a more refined construction
methodology since the D&B contractor will now be progressing the development of the detail design and
finalising his construction methodology and planning. .

4.5 Phase 3 Assessment

All buildings that have been classified at the end of the Phase 2b assessment as Damage Category 3 (Moderate)
or above (or where there exists any uncertainty after the Phase 2b assessment) will be the subject of a Phase 3
assessment by the D&B Contractor. Furthermore, all ‘special’ buildings (refer to Section 4.1), which have been
the subject of a Phase 2a/2b assessment, but which do not qualify for further assessment (Damage Category 2
or below) will also be the subject of a Phase 3 assessment.

For the Phase 3 assessment, each building will be subject to detailed assessment on an individual basis. Both the
strains developing within the building, and the applicability of the classification of risk categories will be reviewed
in terms of their relevance for the buildings undergoing Phase 3 assessment. The purpose of the Phase 3
assessment is to ensure that any uncertainty or risk that might lead to damage is minimised.

A detailed survey will be carried out as part of the Phase 3 assessment to provide the necessary additional
information to inform this detailed analysis of how the individual elements of the building would be affected by the
predicted ground movements. The method and extent of the detailed analysis will be determined on a case-by-
case basis and may include a more sophisticated semi-empirical or a detailed soil-structure interaction using finite
element modelling methods. As part of this analysis, the detailed design and construction methodology, including
the stiffness of the wall and propping system, together with the beneficial effects of the overall structural stiffness
of the building will be taken account of. The overall structural stiffness of the building will limit the deformation of
the building to the greenfield settlement profile and thus reduce the maximum tensile strains experienced by the
building. It is therefore likely that the Phase 3 assessment will yield further improvement to the damage category
determined by the Phase 2b assessment.

The ultimate output of the Phase 3 analysis will be to minimise risk and uncertainty and finalise any necessary
protection works required to mitigate the impact of construction generated ground movements. This may include
further refinement or modification by D&B Contractor of TBM drive parameters and control measures.

5.2 Phase 2a Building Assessment Results
521 Representative Buildings
Initial Phase 2a Assessment

The initial Phase 2a assessment results for the ‘representative’ buildings are given in Table 5-2 together with the
key relevant building information. The actual location of the building and the worst-case orientation line that passes
through the footprint of the buildings (i.e., close to being orthogonal to the settlement contour) have been
determined from the OS Map.

The initial Phase 2a assessment shows that the following nine buildings fall within Damage Category 3:
B39, B76, B77, B142, B175, B176, B177, B178 & B179.

Refined Phase 2a Assessment

Considering the nine buildings which fell within Damage Category 3 at the end of the initial Phase 2a assessment,
a refined Phase 2a assessment has been carried out with tighter volume loss values considering the advances in
tunnelling equipment and control due to the capability of the TBM that will be used, and the Damage Category of
all the buildings reassessed. In the refined Phase 2a assessment, the volume loss values have been taken as
two-thirds of the corresponding values adopted for the initial Phase 2a as follows:

¢ Superficial material (clay or granular material): Vi = 1.0%

¢ Rock strata: Vi=0.5%

In the case of a mixed strata:

* Ifthe tunnel is wholly in rock and there is at least half-a-tunnel diameter rock cover above the
crown, then Vi= 0.5%;
« Else Vi=1.0%.

These volume loss values are compatible with those experienced using modern tunnelling equipment and control
systems from variable density TBMs which it is anticipated will be employed for this project.

For the non-TBM construction, current methodologies with instrumentation and monitoring from the surface
providing information to inform the control at the face also improve the losses that can be anticipated and allows
the volume loss values to be taken as 50% more than that of the corresponding TBM volume loss values.

These values are moderatly conservate when comparing against the published data in CIRIA PR 30 for stiff
fissured clay and glacial deposits.

The refined Phase 2a assessment results show that all the representative’ buildings fall within Damage Category
2 or below.



Table 5-2: Result of Phase 2a Building Damage A - Rep ive Buildi

[ B-238 2 (Slight) 2 (Slight) Case B (refer to section 4.1)

Arthur Cox Building

Table F1: Building Damage Assessment Results for 'Representative' and 'Additional' Buildings - Critical Segments within Each Building (Rev 1)

| Min Radius of Min Radius of
Max Tensil D
Specific Building Parameter Cittice! Start [m] End [m] Curvature | Max Slope MaxsSattiement axTanslle Sl Curvature (Hogging) Curvature amage
Segment [mm] (%] < Category
[m] (Sagging) [m]
B-238 Max Slope 2 11.666 24.465 Sagging 0.0035255 37.127 0.084266 - 1106.5 2 (Slight)
Max Settlement 2 11.666 24.465 Sagging | 0.0035255 37.127 0.084266 - 1106.5 2 (Slight)
Max Tensile Strain 1 0 11.666 Hogging 0.003512 22.526 0.091991 2510.6 - 2 (Slight)
Min Radius of Curvature (Hogging) <) 24.465 39.758 Hogging 0.0035255 22.484 0.086642 2481.8 - 2 (Slight)
Min Radius of Curvature (Sagging) 2 11.666 24.465 Sagging 0.0035255 37.127: 0.084266 - 1106.5 2 (Slight)




