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Introduction

Two recent Rock Cavern Case Studies from New York 
will be discussed

No. 7 Line Project (34th 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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No. 7 Line Project Overview
• 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 26th Street 
TBM Launch cavern

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



Project Team
Owner: New York City Transit 

Contractor: S3II Tunnel Constructors 

Owner’s Engineer: Parsons Brinkerhoff

Construction Manager: Hill Intl/Liro/Lemley/HDR

Contractor’s Designer: Arup 
• Subconsultants: GZA, Snee Geoconsult



TBM Launch Cavern

34th St. Station Cavern

Existing #7 Terminus

TBM Drives



Project Alignment



Anticipated Construction Sequence



34th Street Cavern

16.5m

21m



~30’

~26’

34th Street Station Cavern



34th Street Station Cavern



34th Street Station Cavern



Sources of Information

• Geotechnical Baseline Report

• Geotechnical Data Report
• Subsurface Investigation

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

• Information from TBM and Drill-and-Blast tunneling 
projects in NYC (historic, current i.e. THE Project)



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
34th Street Cavern 

• 49 existing boreholes

• 26 additional borings 
planned by Arup/GZA

• Surface mapping of outcrops



Acoustic televiewer



Correlation of ATV and Core
Core



Vertical walls in rock



MOMA



Decomposed 
foliation jointing

North

Surface Mapping



Geologic Interpretation
Geologic Interpretation – 34th Street Cavern area

Granofels



Geological Interpretation

• Geotechnical interpretations on plan / section

• Three rock classes:
• A – Q > 3.5; RMR > 55
• B – Q range 1.5 to 3.5; RMR range 45 to 55
• C – Q < 1.5; RMR < 45

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

• Contact zones



Schist / Granite 
Contact

Contact at Site A

Contact at 34th Street Cavern 



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



Rock Mass Classes



Rock Mass Classification – Q System

• 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



Simplified Cavern Design Methodology
UA) Empirical Design

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

R/B length check
-Empirical Recommendations 
(USACE)

UB) Verification wedge 
stability check 
(UNWEDGE)

- Is bolt length sufficient for wedge 
size? 
- Is sufficient supporting pressure to 
satisfy SF > 2.0?

Increase 
Rock Bolt Length / Support 
pressure

UC) Verification through 
numerical modeling

U(Ie UDEC)
-check bolt forces

-check M-N diagram

Input
- ∅ peak
- Joint 
Orientation

No

Input
-Rock mass parameters
-Construction sequence
-Material properties

Ok?

Accept

Revise



Summary Sheet

Joint Orientation

Joint PropertiesGeneral Info

Empirical Summary
Ground Support



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



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

Ground 
Behavior

CF<6 6<CF<30 CF>30

Cont Disc Cont

cavern



UDEC Input Properties



Typical UDEC Modeling Construction Sequence

Stage 1 Stage 2 Stage 3 Stage 4

Stage 5 Stage 6 Stage 7 Stage 8



UDEC Results – Type B Support Rock Bolts

Stage 1 Stage 2 Stage 3 Stage 4

Stage 5 Stage 6 Stage 7 Stage 8



UDEC Results – Type B Support Shotcrete

Stage 1 Stage 2 Stage 3 Stage 4

Stage 5 Stage 6 Stage 7 Stage 8



Support Type 1



Proposed Construction Sequence



Support Types 

Support 
Class

Dywidag Bolt 
Length

Pattern

(Crown & Arch)

Shotcrete 
(inches)

1 15 5 x 5 4
2 15 5 x 5 6
3 18 5 x 5 6

Support 
Class

Swellex Bolt 
Length

Pattern

(Bench)

Shotcrete 
(inches)

1 12 6 x 6 4
2 12 6 x 6 6
3 12 6 x 6 6



Shotcrete Junction Analysis – Axial Stress

Load 1X

Y

Z

SX (local)
kip/ ft2

<= -382
-357
-332
-307
-282
-256
-231
-206
-181
-156
-131
-106
-80.5
-55.3
-30.2
-5.03
>= 20.1



• Typical interaction 
diagram at junction

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

• All points within elastic 
capacity curve   √ ok



Junction Design



Construction Photos

Shaft A –

TBM Assembly Cavern

Shaft P –

34th St. Station Cavern 



TBM Assembly Chamber / Starter Tunnels



http://weblogs.amny.com/entertainment/urbanite/blog/7Line_3308.jpg




Bolt testing & probing

3% of all installed bolts tested 

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 the 
tunnel face at all times, to verify 
cover and competent ground as 
construction advanced



34th St Station Cavern Break-in



Cavern Top Heading Excavation



Cavern / Ancillary Tunnel Junction



Staggered Headings





Ramp Down to Start Benching



Complex Geometries







Benching





Fully Developed Cavern Excavation



Blast Vibration Monitoring & Analysis
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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

Back analysis:

From Monitoring data established site specific K 
(ground constant value) of 107.

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 
monitoring (right).



Instrumentation data - settlements

• All movements were less than predicted

• Typically around 25% of that predicted by UDEC
• Why ? –

• Joint Persistence
• Joint Waviness
• Joint Condition



Grand Central Caverns – East Side Access
• MTA Contract CM-019 Arup Scope

• Initial Ground Support Design 



East Side Access – Grand Central Terminal 
Caverns 



Grand Central Terminal



East Side Access - Grand Central Caverns



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



Grand Central Caverns



Grand Central Caverns



Grand Central Caverns



365m



21m

18m



Scope of Work – East Side Access Project

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

• Initial work included geological mapping

• Design of Initial Ground Support

• Design completed, cavern construction has recently 
started.



GCT – TBM Drive 





Rock Mass Zones 



Rock Mass Zones – Idealised Models

Type 1: Typical, 3 Joint sets J1 parallel to Foliation, 
J2 Sub-vertical set, J3 conjugate to J1

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

Type 3: Variation in spacing and persistence 
modeling presence of 2 shear zones on J1 and J3

Type 4: Worst case model, including a 4th Joint set, 
this is a modeled worst case condition NOT 
anticipated



Key Joint Sets 



TBM Stereoplots with station T301



Emperical & Kinematic Assessment





Grand Central Caverns 

68 ft ~ 
20.7m

59.5 ft ~ 18.1m



Selection of Rock parameters

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





• Excavation sequences for both drill &blast or Road 
headers have been developed 

• Running tunnels already excavated through 
Caverns by TBM for speed of initial phase of 
construction

• Now adds challenge for identifying best sequence 
as the bores create an unconventional geometry 
and at 22’ (6.7m) constrain the size of equipment.

Excavation Sequence & Constructability 
challenges






Questions ?
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