The Excavation of the 34th Street Statio_n
for the No.7 Line Extension and Grand
Central Terminal Rock Caverns beneath
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Introduction
Two recent Rock Cavern Case Studies from New York
will be discussed
No. 7 Line Project (34t Street Station)
East Side Access Project (Grand Central Station)
The presentation will focus on the site investigation,
design and construction of the caverns on these projects
Geological Interpretation
Empirical / Numerical Design

Construction observations (movement, vibration etc)
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1st Design / Build
Underground Project in NYC

1st Cavern excavated in NYC
in 40 years — cavern
complete on time

6+ months ahead of
schedule (after 18 months)

Arup scope:
* Initial support design for
station caverns and 26™ Street
TBM Launch cavern

« Site Presence, providing
technical support and redesign
work as required during
construction

ARUP



Project Team
Owner: New York City Transit ez @ New York City Transit
T 4

Capital Construction

Contractor: S3ll Tunnel Constructors . SHEA

SKANSKA

9 SCHIAVONE

(‘Q TUNNEL q-@

Srguct

Owner’s Engineer: Parsons Brinkerhoff

Construction Manager: Hill Intl/Liro/Lemley/HDR

Contractor’s Designer: Arup ARUP ’w

» Subconsultants: GZA, Snee Geoconsult
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Anticipated Construction Sequence
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34th Street Cavern
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Sources of Information

* Geotechnical Baseline Report

* Geotechnical Data Report
« Subsurface Investigation

 Soil and rock core logging, oriented core
» Acoustic Televiewer corehole logging
e Observation wells
* Hydraulic fracturing tests
* Rock core photographs
» Laboratory testing of rock core
» Geologic mapping

ARUP



Subsurface Investigation

164 geotechnical borings, 5 oriented,
several phases

22 observation wells

228 packer tests in 89 boreholes

60 acoustic/optical televiewer logs

7 hydraulic fracture tests in 2 boreholes

Extensive laboratory testing
« UCS, triaxial
* Tensile strength
 Elastic constants
» Petrography etc.




Subsurface Investigation
34t Street Cavern

« 49 existing boreholes

- 26 additional borings
planned by Arup/GZA

* Surface mapping of outcrops
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Correlation of ATV and Core

Core
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Geologic Interpretation
Geologic Interpretation — 34" Street Cavern area
Z _

- — — — _—

Gneissic schist with subordinate pegmatite, highly convoluted foliation

Gneissic to amphibolitic schist

Granofels with subordinate pegmatite

Intercalated schist, pegmatite and granofels




Geological Interpretation

* Geotechnical interpretations on plan / section

* Three rock classes:
« A—Q >3.5 RMR > 55
« B—-Qrange 1.51t0 3.5; RMR range 45 to 55
*cC-0Q<1.5;RMR <45

* Particular concern with character of rock mass in north
end of 34th Street Cavern

 Contact zones

ARUP



Schist / Granite
Contact

_2008 08:53

Contact at Site A

Contact at 34t Street Cavern
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Design Philosophy

* Shallow Cavern, in hard competent rock

« Cavern / Tunnel Stability is controlled by structural
discontinuities within a competent rock (i.e. problem
is not one of stress, but stabilizing wedges)

* Provide support to ensure interlocking of these
blocks and limit block movement along joints

ARUP
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Rock Mass Classification - Q System

e Joint number (Jn)

ATV data along cavern
alignment;

Consistent joint orientations
(3 sets) for Jn=9 rating

(exception is tail/starter
tunnels and Shaft/Adit A
where Jn=6)

« RQD, Jr, Ja

Obtained directly from boring
logs, verified by field logging
and additional boreholes

ARUP



(A) Empirical Design \

Q-system Barton (1993)
- Rock bolt length / spacing
- Shotcrete type and thickness

A

R/B length check
-Empirical Recommendations

(USACE)
A
Input Increase
- @ peak B) Verification wedge Rock Bolt Length / Support
- Joint > stability check pressure
Orientation UNWEDGE \
l

- Is bolt length sufficient for wedge
size?

- Is sufficient supporting pressure to
satisfy SF > 2.0?

\[e}

R

Input C) Verification through
-Rock mass parameters numerical modelin
A numerical modeling
-Construction sequence (le UDEC)
-Material properties —check bolt forces
-check M-N diagram
f Revise
ok?

A

Accept
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Key Block Analysis

* Use of UNWEDGE software at sections through
cavern and adits where ATV data was available (17+
sections completed to date)

* Support input was that determined by empirical
method (Q, USACOE)

 Accounted for overbreak
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Numerical Model Verification

« UDEC for discontinuum, FLAC for continuum

* Distinguished by ratio of cavern span/estimated
block diameter (continuity factor); i.e. no. of blocks
occurring along cavern roof (Palmstrom 2005,2008)

CF CF<6 6<CF<30 CF>30

< [
N} »

cavern

INTACT OR MASSIVE - intact BLOCKY - well interlocked un-

G d rock specimens or massive in disturbed rock mass consisting
ro u n situ rock with few widely spaced of cubical blocks formed by three

discontinuities intersecting discontinuity sets

Behavior
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UDEC Input Properties

NO. 7 LINE PROJECT

A

NUMERICAL MODELING PARAMETERS A RU P G&

SHEET:
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JOB TITLE: NUMERICAL MODELING SECTION - 34th STREET CAVERN - STA CC2 22400 TO 28425
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Typical UDEC Modeling Construction Sequence




UDEC Results - Type B Support Rock Bolts
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UDEC Results - Type B Support Shotcrete

Factored I and M (FS=1.4) Factored N and M (F5=1.4) Factored N and M (FS=1.4) - Factored I and M (FS=1.4)
(a008) (e+005) (e005) (24005)
140 140 1.40 140
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(e4005)
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Support Type 1
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Support Types

Support Dywidag Bolt Pattern Shotcrete
Class Length (Crown & Arch) (inches)
1 15 5x5 4
2 15 5x5 6
3 18 5x5 6
Support Swellex Bolt Pattern Shotcrete
Class Length (Bench) (inches)
1 12 6x6 4
2 12 6x6 6
3 12 6x6 6
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Shotcrete Junction Analysis - Axial Stress
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* Typical interaction
diagram at junction

* Points represent forces
in FE plate elements in
both directions (3D)

* All points within elastic
capacity curve ok

=)
&
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w
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=
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Q
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Interaction Diagram for SFRS (8" thick, fc = 6000 psi)

20 25

——ELASTIC CAPACITY
« DEMAND X
« DEMAND Y

— ULTIMATE CAPACITY

Bending Moment [ft-kips/ff]
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Junction Design
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Construction Photos

Shaft A — Shaft P —
TBM Assembly Cavern 34" St. Station Cavern
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TBM Assembly Chamber / Starter Tunnels






http://weblogs.amny.com/entertainment/urbanite/blog/7Line_3308.jpg
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Bolt testing & probing

3% of all installed bolts tested

ARUP  azv)

Jate: rifsjotg { Sheel Ho: }

Tests to 1.3P for Dywidag bars
to verify the design capacity
achieved

Swellex tested to 74kips failure
deamed as 12" displacement.

Pobing always maintained a
minimum of 30ft (9.1m) ahead of
tunnel face at all times, to verify
cover and competent ground as
construction advanced

ARUP
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Cavern Top Heading Excavation




Cavern / Ancillary Tunnel Junction




Staggered Headings
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Ramp Down to Start Benching




Complex Geometries
bl
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Benching







Developed Cavern Excavation




Blast Vibration Monitoring & Analysis

35

3.0

25

2.0 A

15

PPV [in/sec]

1.0 4

0.5

1

0.0

2 2 1 1

—— K=160 (Generally used K)
— K=135 (Manhattan Typ. K)
K=107 (Site Spec. K)

Controls:

Amtrack Vibration sensitive
tunnels (stations 17+50 &
17+25)

Controlled limit of PPV=2"/sec

Live monitoring system with
trigger values

0 0 9 9 9

1 0 9 8 7

3 3 3 3 3
CC2 Location

1
9 9
6 5
3 3

2
0
2
3

Back analysis:

AMTRAK NORTH RIVER TUNMEL———
SOUTH TUBE

LIRR WEST SIDE STORAGE YARD

~=——— 4WTRAK NORTH RIVER TURNEL
i NORTH TURE

From Monitoring data established site specific K

(ground constant value) of 107.

AT £aT el

.@ja

Compared data with respect to distance from

source and Maximum Instaneous Charge (MIC)
for SS K value and referenced data in Schist.

Used to predict vibrations and control shot
lengths during construction using the lifetime

- -
GAT-MRT South GAT-MRT Morth GAT-North Access
0,005 inch/sec 0.005 inchfsec |-.__.{0.195 inch/sec

0,005 inch/sec 0.01inchjsec | .-:{0.12inchfsec
0,01 inchfsec 0.01inch/sec 0.1inchfsec

monitoring (right).

/
//)\‘

AMTRAK NORTH AGCESS TUNNEL — e
/

yd

/| LIRR WEST SIDE STORAGE YARD

g




Instrumentation data - settlements

* All movements were less than predicted

» Typically around 25% of that predicted by UDEC
« Why ? —
 Joint Persistence
 Joint Waviness
 Joint Condition

ARUP



Grand Central Caverns — East Side Access

* MTA Contract CM-019 Arup Scope
e Initial Ground Support Design
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East Side Access - Grand Central Terminal
Caverns
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East Side Access - Grand Central Caverns
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Grand Central Caverns - Project Team

* Owner: Long Island Rail Road

 Owner’s Engineer: GEC (Parsons Brinkerhoff/ STV /PTG)
» Construction Manager: URS/ Hatch Mott MacDonald

» Contractor: Dragados Judlau JV

« Contractor’s Designer: Arup
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Grand Central Caverns

Station
Caverns

Manhattan Tunnels & Structures

Crus*.iﬂver
_ Caverns

Wye Caverns

TBM Single

Track
] i }

TBM Single
Track




Grand Central Caverns




Grand Central Caverns

| Mezzanine

Wanderhilt Park |Avenue
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Scope of Work - East Side Access Project

* Following completion and logging of the initial
running tunnels, design of the cavern initial support.

e Initial work included geological mapping
* Design of Initial Ground Support

* Design completed, cavern construction has recently
started.
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Rock Mass Zones
ARUP 207975

MemberLocation
Jab Title CMO0139 - Grand Central Caverns Drg. Ret.

Sheet No.

Caleulation  Figure B.1 Geological Interpretation - Ground Type |, Package Ill, Central Cavern, Station 20400 to 24450, Mad by ACL March 2009

. Geological Section looking North along the cavern axis C. Structural Geology

Zone of historic blast damage (increase in fracturing to approximately 15 below top of rock)

Cavern Face
(looking North)

Mote. In this context the Standard deviation and Variance refer to the +- range from the mean valus
1 (Foliation) 2 (Cross - Foliation) 3 conjugate to J1)__——
407 40 6 65 50/ 45

True! Apparent Dip
S.0. 20 20 35
Dip Direction (S.0.) 270 (30) 150 (40) an (30)

Basaline Dip (GIR) 35 85 35
TEM Mapping used for orizntations: TBM Mapping T304 16480 to 28+60 (24th July to 22nd August 2008) and TBM Mapping T30117-+20 to 28+40 (27th May to ath July 2008) |Base|ine DD (GIR) 250 180 75
B. Geological Zone Description (from GIR June 2008 Section 50 and Figuras 5 sheats 1 - 4) D. Joint Properties G. Structures/ Shear Zones
Refers to GIR Gealogical Zone reference T402 18+50 to 51+00 St No. 1 (Foliation) 2 (Cross-Foliation) 3 (Conjugata to J1)
Dominant geology: Gametiferous Schistose Gneiss and Gneiss a0 I_m pre I’MQF 50" (Mean)
50% of rock mass moderately to widely spaced foliation fractures, 509 closely to moderately spaced Joint Trace (ft) 20 (Variance) 10 (Variance) 200 r\-'.m'ianc.e'n
503 of mck mass widely spaced joints, 50% closely to moderately spaced =t = = = =
Few infilled joints, Quartz, Feldspar and Pegmatite veins in clusters 20" (Mean) 10" {Mean) 30" (Mean)
Joint sat 1 - typically planar to undulating and rough 15" (Variance) 5 Mariance) 15" (Variance)
Joint s2t2 - undulating rough tovery rough with occasional infill of sand and clay and surface staining with iron cxide, particulary
near shear zones and in areas of intense Pagmatite formation. [Joint Seperation (f)
Joint sat 3 - fresh, closed set, typically undulating and rough to very rough with no infill
ROD 75-00% Q1.5-10/ RMRA 53-79 Friction Angle (%) eb 30-40 (35) 30-40(35) 40-50 (45) Motes:
Groundwater anticipated 5 below GCT track level Range of Coeff. of Permeahility 10° to 107 emisec Dilation Angle (%joi 3-10(5) a-10(5) 310(5) The rock properties in the blast damaged zone (15" below top of rock) are
Mote groundwater is cumently pumped. The water level at the invert of GCT suburban level is EL 310, the water level at the East = — 1ty being reviewed and revised rock properties may be provided for the
River is at EL a00. Cohesion (bt 0 ° Ll final calculation submission.
Stream Channels (zones of anficipated weakness/shear zones and higher hydraulic conductivity in rock mass) from Viele 1874: Aleration (J,) 1 1 1
approximate stations where streams are anficipated to intersect with cavem, trending SE to NW  East Cavem 18+00 to 19400 and Fouah ] 5 T s
26+50 and 27+80; West Cavern 19425 to 20400, oougness E .
[JRC Ave (Range) 10- 12 (2-20) 14 - 16 (12-18) 12-14(2-20)

Joint Gap (ft)

10 (Mean) 20" (Mean) 10 (Mean)
2.5" (Variance) 5 (Variance) 2.5 (Variance)




Rock Mass Zones - Ildealised Models

Zone of historic blast damage fincraase in fracturing 1o approximately 15' below top of rock)

AR j&m\\
~.gpacing
N

Typ 1: Typicl, 3 Joint sets J1 parIII to Foliation,

tical set, J3 conjugate to J1

Zone of historic blast damage (increase in fracturing to approximately 15 below top of rogk)
\)<A v EHEAR 1 \/ J3: SHEAR # j
-~ 5
S Pl T e S
s 3

Type 3 Variation in spacmg and perS|stence
modeling presence of 2 shear zones on J1 and J3

Zone of historic blast damage (increase in fracturing to approximataly 15° below top of rock)

".‘C\Iusle\ed Jointg/ Shear Zone
. ?

C lusterad Joints/

Type 2: Anticipated, as for type 1 with inclusion of
zone of very closely jointed rock

Zane of historic blast damage (increase in fracturing to approxim ately 15 below top

anticipated




Key Joint Sets

ARUP

ARUP

Geological Interpretation Cavern Structures Package 3

Figure  Figure C.1 - Typical joint orientations from GIR

Jeb Tile - Geological Interpretation Cavern Structures Package 6
Figure C.15 - Joint orientation comparison for GIR, Main Cavern average and west wall mapping

Figura

Tunnel onientation

[Typical orientations:
Joint Set
{plot colour) Direct

GIR (18+50 to 31+00)

| Janigh | 320

whers J1 i3 the dominant Foliation joint set and J3 i the orosa-fliation joint s=t

[Source References:

[GIR CMDO01%, Book 5of 5 (June 2008) T402 to 31+00, Ref. (Table

DIPS Major Plane Stereoplot (Major planes line colour is represaentative of the joint sef)

P8 Rocscience s Vi1

rienta

ated approximarely NE fo SW

HCAV-[W

G
!

i
S3W

Typical orientations:

ip Direstion

Dip Direction

260 (200-200)

250

80

14 High

where
Source References:
M0019, Book 5 of 5 {June
CMO019, Book 5 of 5 (June 20
R (date) Volume 6

Appendix E - Manhattan Segment Field expl

8) T402 18+30 to 31+00, Ref_ (T 5-1)
ation program phase 1 & 1

A {August 20

Rock Wall Mapping aleng the West Wall of GCT




TBM Stereoplots with station T301

Job Mo.

207975

Job Title

Geological Interpretation Cavern Structures Package 3

Figure

Figure C.5 - TBM Mapping Stereographic Projections - Tunnel T301 and Tunnel T304

T304 16+70 10 20

T301 24+00 to 28+70

T301 17+20 to 20+

T301 20+00 to 24+00

T301 24+00 to 28+40

ALL TEM MAPPING DATA
T301 & T304




Emperical & Kinematic Assessment

ARUP

Shaet Ma,

Member/Location

Job Tl CMOLS - Grand Central Caverns

Caleufatizn

Empirical Support - Localion GCT Cavern 19400 ta 26400 (East and Wesl)

D, Rl

Mad by

Design Section - GCT Cavern 19+00 to 26+00

Rock Mass Classification

Empirical Rock Bolt Length

-
15.90m -

BT CATRN 19400 TO 3000
SEL DRI Mt D 2l GOT CAMDRN B400 TO 80400

Based on boraholes:

MG 9 MD 18w MG202 MD10 MG 120

MG 203 Mo 11 ME31Z

upt

Joint Set Numiber (Jn)
Joint Roughness (Jr)
Joint Alteration (Ja)

Jodnt Waler Reductan {Mw)

SRi
RGO
ESR

Q Value

RMR Walus
[RME=6 BlnG=43)
Maximum span

Crawn defarmalion

Malue  Assumolions
Tweo to three joints sels
Rough and iragular, planar
Prodominatly unallered joint walls, some thin clay coat
1 Dry excavabon ar mnaer inflow

256 Low stress. less than one span rock cover
90%-100% Excellent

1 Undergraund rail stalion - lemp. supparn

2-50 Average: 8 a

47 -58 Average: 57 57

62

01in

From empirical data includng 7 Line Extension cavern

Altev Bartan ef &, 1974, Bleniawski, 1989, ;

Cirar { eabie |
-

Cobaal L w 04 % BRAN

» ImesenT{cetimn i
= Mongna (zabies )

® Mingion finbies — foult sl

» Mingtad [sables — bedded sandsione |

 Feagipe boin |

- Poetage Mosmga { boeiET
o Tholin )

.
& PR et W
"__i —— 7 Li%e Extansion s bobs
Peckbosin: [ = &+ il x SPAN

i 1
23 30
Roof span Im )

fackibalt or cable wrgth (m)

Recammended Boll Length 18 ft of 2 % Spacing
{After Barfon, 1983) [Afier USACGE, 1981)

Empirical Design Charts for Support and Stand-up Time

Proposed Initial Ground Support

(=] *

Excaptonally Extramely

() i

Span or height in m

1

cued 1

0004 0.01 0.04 o

Rock mass cqualty o =

Immediate |
Collapsae <
F ﬂ}{@!-’

Roof Spam, m

o Support

equired

TS

Stand-up Time, hrs

Eecommended Support

Arch reck belt type: Fesa grevted #10 bar
ArchiSidewall rock bolt spacing: 6 fix G f2
Arch rock bolt |ength: 1611

Sidowall rock bolt type: Swellex PMZ4
Sidewal|| rock bolt [ength: 12 ft

Shoterete: 2 in stesl fiber reinfarced (genesal)
4 in stee| fiber reinforced 10 ft sround penelrations

Consiruction Consideratons

Top heading 1o be excavated split headings with span no greater than
31 fi. Full suppart fo be installed in drft prior to breaking out cavern
to full span. Thickend shoterete around penatrations to be in placs
priar ta break oulfin,

Meximum advance fength [imited 2o 12 ft before support installation.
Bolts to be installed within 48 hrs of excavation.
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Cakulaton

CRAD1S - Grand Ceniral Caverns

Main Cavern STA 1700 te 28+75 UNWEDGE Summary - Crown Crilical ©

(input & resulls) Rock Mass Typ

Do, R,

Made by

Dt g3i02/2009

Dazign Socticn modal sehematic includeg all kadings

"

W 1//(/

fadges Scaled

Ferspestive - All Wedges Scaked

UNWEDGE Imput Proparties

Tunne| Axis Orientation: 025 0° plunga

Unit Weight of Reck: 175 pef

Selsmic Force: Mol considered

Ir-gitu Stress: Using the measured in-sily sfress values of
about 2 will only lead to less conservative results, as such,
they ara not sonsidered in the kinematic analysis.

o)

Shear Strength Mode]|: Moh-Coulomb

Phi: 35" (Jaint Sels 1 & 4} , 45" {Joint Seis 2 & 3)
Tensile Strength: O ksl

Cohesion: 0 ksf

‘Water Pressure: D ksf

Structure ! Waviness: 0% (seumes pline, cosera

Wedges Scaled to: 35,70, 50 fi trace langth {respactive k)

Frant - Al Wiedges Scaied

Side - All Werdges Scaled

.

Jwint Onisntatians:

Ground Support Prapariies: Giownd SUuppoit Patler.

Arch:

Rock Balts: Dywidag £10

Tensile Capacily: 72 kips (80% GUTS)
Plate Capacity: 14 Kips (washer circumference x plale thickness x fu = 58 ksi)
Bond Strength: 32 kips (1t

15t long, 5 x 5t stagger  FS = 157

Wall:

Friction Bola: Swelex PM24
Tensile Capacily: 45 kips
Plalis Capacity: 20 kips
Bond Strength: B kips | 1

12-1t lang, 541 » 51 stagper

Shear Strength: Mot considened
Bolt Orientation Eficiency: Cosine lension/shear

1 {Feliation) 2 (Gross - Follatan)

3 | conjgana) 4 [High)
] 70

40 ag

70 150 7 320 305

38 HE : 7o

250 150 75 a0 305

Wedgs Scalng: Crown wedges ssaled (o spprocimately 23 maximum sxcavabion beight, or 40 fast




Grand Central Caverns




Selection of Rock parameters

* GDR/GBR baseline properties; used for continuum
and discontinuum models

Notes

e Factor (D)

Intact R

Failure Env

Intact Rock F

on Modulus

In situ




SURCHARGE LOADING B

Jab Na. Shest Ha. Rew.
A RU l’) 207975
MemberLocation
Job Title CMA01S - Grand Central Caverns Drg. Ret. hd.
Made by
Caloation UDEC Summary (input & results) Rock Mass Type Il {South and North Cavern) - Model B.O e PIH Dtz PIH
DESIGN SECTION UDEC INPUT PROPERTIES

1
)
1N
|
]
|
|
J.
]
!

P- P@- @R - RS - aT- uT - u-
1E5E kps ] 2437 Wps 2452 Wps 2430 kips 1592 kips: 1171 ks
8. w B.E 8.8 s 3.5 5
¥ ¥ e + ¥ ' v

< 40deg 30" Rock Cover
30 Rock Cover
40 dey

Densty - 5.4330 (slg)

Poissons Ratio = 2.5000e-001

Yaungs Modutus - 8.64002+D06 (IBUTE)

INTACT ROCK PROPERTIES [Mohr-Coulmb Modal):
Cohesion -2.08502+00S (1N

Angle of friction - 55°

Tensle Strength =1 462e+005 (b1

Dilation Angie = 0%

Young's Moulus = 3.02+00E (IDNT2)
Cohesion = 5.0e+003 (IbAM2)
Angle of friction = 50°

Tenshe Strengin =5.032+003 (DM2)
Polssons Rati = 2.5000e-00H

SHEAR ZONE PROPERTIES (Mohr-Coulmb Mooel):

IN-SITU STRESS
Ko=2

Surcharge = See Column Leads on Design Section

GROUNDWATER
Mo water |0ads considerad

JOINT PROPERTIERS (Mohr-Coulomb Model): Joint Pattern A

ROCKEOLT SUMMARY - Final Siage West Cavarn (ib)

MOVEMENT SUMMARY - Top of Rock Subsidence st Final Excavatlon Stags [ff)

JOETIILE - Ex co. ot 12 o 133 =
L {Varsion 408

FDOUT_ % BCH 4 A4 e

i Canies | Sian
Lo

Factored palie | orce (F3si BT

ey
14 -
1. o
m -
104 -
[T
[T e
o - -
om x
e
ooe - it
om - . . . .
om s oW oe om

OB TTTLE : Exvew atmge 12 (0f 1;

o o, DS B0 ol (TR

LADE & (Wiarsion 4.08)

oo

ThMer1a TEn

ook 1225600

BTE = JABE-A 20
i )

G Cardead Shaion

[
om0 -

NB. Top heading excavafion in West Cavem fo be kept 607
Cavern top heading excavation

Joind Set 1 (Foliation) 2 (CrosE - Foliation) 4 [Random Low) AHigh
Truel Apparent Dip (5.0} A0/ 20 [5) BV & MA NA
Dip Direction (5.0.) 150 {5) NA NA
Basaline Dip (GIR) BS NA NA
Basaline DD (G} 130 NA NA
Mean Angle (2.0.) degrees
Mean Trace (S.D.) feet 50 (5) 25 (5) NA NA
Mean Gap (5.0.) feet 3015 10 (25) NA NA
Mean Spacing (5.0.) fest 10 {2.5) 20 (2.5) MNA NA
Marmal Safiness (IGTREM) 160000000 160000000 160000000 NA NA
Shaar Shmness (ILOTEM) 5300000 8300000 E300000 NA NA
Tensle Strength (IbAF) o 1] 0 A A
Friclion Angle [degreas) @, 35 35 45 NA NA
Clation Angle (degrees) o 5 5 5 NA NA
Caheslon (It o [ o A A
CONSTRUCTION SEQUENCE : 3 TOP HEADINGS
Sta Description
LSS EAST CAVERN pei TEM -Lpnnmsema-.-anen unGer coniract CMDOS
2 Excavale West Cavem top heading - Install bois
2 3 5 ] 3 weavate West Cavem top heading - Install bolis
7 4 weavaie West Cavemn plllar - Install bolis
1 7 1 1 1 1 1 5 weavate East Cavemn fop heading - Install balls
B ncavate East Cavemn fop heading - Install bolts
g io 7 scavaie East Cavem pilar - Install boits
B Excavale final iwe TBM tunnels
L) Excavaie o bench [evels - Instal bolis
L ! B 2 f 0 ¥GavalE o bench levels - Insta
af vels - Install baits
i1 Excavaie lower bench - Install bolis
12 Excavaie lower bench - Install bolis

ahead of East

SUPPORT PROPERTIES

Balt Type
Boit Lengn (&)

Spacing (1) Radial § Lengtudinal

Cross sact. area [f2)

Diamieter (fty

Fre-tenslon Torce (Ibf)

Density (Slugi3)

Crown/ Arch Skiewall
RE-GRTS ND.10 SIN-PHI-24
15 15
5x8 5x8
B.E2E-D3 5.13E-03
11E-H BAE-D2
3.00E+04 0
1.51E401 1.51E401

Max COmpressie farce (1M
Max t=nsle farce (1or)
YOUngs modulus (Ibnez)
Grout Siffness (IbM2)
Grouth Band sirength(I:T)

Crown! Arch

Shdewall

4 S0E+04
4 S0E+04
4 18E+02
1.60E+0%
T.00E+D3




Excavation Sequence &
challenges

- Excavation seq| ';
headers iaye be








Questions ?

ARUP



	The Excavation of the 34th Street Station for the No.7 Line Extension and Grand Central Terminal Rock Caverns beneath New York
	Introduction
	Manhattan Projects
	No. 7 Line Project Overview
	Project Team
	Project Alignment
	Anticipated Construction Sequence
	34th Street Cavern
	Sources of Information
	Subsurface Investigation �
	Subsurface Investigation�34th Street Cavern �
	Acoustic televiewer
	Correlation of ATV and Core
	Vertical walls in rock
	MOMA
	Surface Mapping
	Geologic Interpretation
	Geological Interpretation
	Schist / Granite Contact
	Design Philosophy
	Rock Mass Classes
	Rock Mass Classification – Q System
	Simplified Cavern Design Methodology
	Summary Sheet
	Key Block Analysis
	Numerical Model Verification
	UDEC Input Properties
	Typical UDEC Modeling Construction Sequence
	UDEC Results – Type B Support Rock Bolts
	UDEC Results – Type B Support Shotcrete
	Support Type 1
	Proposed Construction Sequence
	Support Types 
	Shotcrete Junction Analysis – Axial Stress
	Junction Design
	Construction Photos
	TBM Assembly Chamber / Starter Tunnels
	Bolt testing & probing
	34th St Station Cavern Break-in
	Cavern Top Heading Excavation
	Cavern / Ancillary Tunnel Junction
	Staggered Headings
	Ramp Down to Start Benching
	Benching
	Fully Developed Cavern Excavation
	Blast Vibration Monitoring & Analysis
	Instrumentation data - settlements
	Grand Central Caverns – East Side Access
	East Side Access – Grand Central Terminal Caverns 
	Grand Central Terminal
	East Side Access - Grand Central Caverns
	Grand Central Caverns - Project Team
	Grand Central Caverns
	Grand Central Caverns
	Grand Central Caverns
	Scope of Work – East Side Access Project
	GCT – TBM Drive 
	Rock Mass Zones 
	Rock Mass Zones – Idealised Models
	Key Joint Sets 
	TBM Stereoplots with station T301
	Emperical & Kinematic Assessment
	Grand Central Caverns 
	Selection of Rock parameters

