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Entire Tunnel Mapped at Scale 1 in —IOft (250MpSh ots)







Granulites have a subtle, distinctive color and appearance
familiar to field geologists who have mapped granulites in
Canada, Africa, Europe, and elsewhere.

According to Hyndman (1972): “Quartzofeldspathic
pyroxene-bearing gneisses are common in the granulite
facies, greasy to waxy looking and are medium grayish-
green to brown in color because of the color of the
plagioclase”.

Many Queens Tunnel rocks show this characteristic; it
reflects the substantial retention of their early granulite-
facies feldspar.



Gomparative Lithologic Analysis
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o Major elements, trace elements, rare earth elements (REE)

Fig. B5 - Contrasting Geochemical Traits:
i. Fordham vs "Hartland I" and Related Mafic to Mesocratic Rocks
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Density Queens Tunnel (Mean = 2.87 g/cm®)
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Density Analysis

Mean
Low Density

Granite 2.516 2.809 2.667
Diorite 2.721 2.960 2.839
Gabbro 2.850 3.120 2.976

QT Mean = 2.87 (Dioritic Rock Mass)
From: Clark (1966, p. 20)
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The boring logs cite the term
garnetiferous throughout. To
most geologists, “garnetiferous”
rocks contain a few % garnet.

Thirty two Queens Tunnel Garnet
Zones mapped. They underlie
2,663’ or 10.64% of as-huilt tunnel.

The Queens Tunnel rocks contain
up to 90% garnet.

The Queens Tunnel Garnet

Concentrations would be called
“ore deposits” in many parts of the
world.

Results in abrasivity to cutters
and production of excessive fines.




« Petrographic Analysis (92 Samples)

Number
Q109
Q109
Q110
Q111
Q112
Q114
Q115
Q117a
Q119
Q123
Q127
Q129
Q130
Q133
Q134
068+10
070+60
Q141

Texture
Mineralogy
Internal Structure
Metamorphism

Location  Color Densi
004+80

004+80 & 25 2.72
006+42 10| 2.66
009+25 | 25 2.79
011+60 & 35 3.05
015+90 | 45 3.03
017+70 10 2.71
022+25 15 2.72
026+65 | 45 2.93
032+15 = 60 3.11
042+67 | 60 3.09
049+95 = 25 2.71
051+83 15 2.76
059+95 | 55 3.26
062+45 | 60 3.17
068+10 ' 5:50
070+60 & 45
071+80 = 30 29
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Early M, Garnet

Produced during initial (M,) high-grade metamorphism
of Queens Tunnel Plutonic Complex

Coarse- grained and inclusion free with orangey cast
Intergrown with clino- and orthopyroxenes

Secondary M, Garnet

Finer- grained and pale-pink in color
Poikilohlastic habit with abundant inclusions
Forms symplectic rims around plagioclase and pyroxene
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The Queens Tunnel Complex

secondary (M,) Metamorphism

Reactions produce hydrated mineral assemblages
resulting in growth of hornblende, cummingtonite,
biotite, and recrystallized garnet

= hbl + garnet

= cummingtonite
= hibl + quartz

= hiotite + quartz






 Micaceous (+/- hornhiende) penetrative foliation
anticipated
~ Based on boring logs, pre-hid reports

» Weakly to non-foliated “granoblastic” rock mass found

R RN

ypical Hartland Typical Fordham



Orientation of Rock Layering

NE strike and moderate 37 degree dip anticipated
— [Based on horings, Ghesman, Tarkoyl

Highly variable trends found
- Extended reaches of tunnel exhibit gentle dips

Only one horing (QTL-12] exhibited gentle dips at tunnel
horizon

| | NE Leg NW Leg
Gentle Dips 17/93  18%  44/139  32%
Moderate Dips 34/93  37%  28/139  20%

Steep Dips 42/93 45%  67/139 48%




Fallout from Reclined Folds and FHat Layering
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Faults of the Queens Tunnel

Group A = NW strike and gentle SW dip
Group B = ENE strike and steep dips
Group C = Subhorizontal fractures, faults, and shears

Group D = NNE-trending fault system (hitherto
unknown)
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totaling 9,650 ft of as-huilt tunnel
* ~38% of Queens Tunnel



i

aw

' )

CONTRACT 5438 SHEET |

188

C L 198

NE

SHEETS IN SET, 19

fesrecy

l]

e

Ciry of New Yorr
DEPARTMENT OF ENVIROMMENTAL PROTECTION
BUREAU OF ENVIRONMENTAL ENGINEERING

CITY TUNNEL NO.3, STAGE 2
LOCALITY MAP - CONTRACT 5438

JERSEY Ly - e X 2000 40007

MIFTENRER S0, 1992



Stationing

Exposed Thick-

Orientation Length

NESS

Five Laterally Extensive Dikes

Brief Comments

109+20 - 109+52

117+58 - 118+24

128+70 - 129+21
129+53 - 130+41

131+70 - 132+42
132+40 - 132+56

132+58 - 133+62

149+93 - 151+36

151+45 - 152+40

N65°W, S7°NE  32'

? - RW Only 66'

? - LW Only 51°¢
N48°W, 78°SW  88'

? - LW Only 72°¢
? - RW Only 16¢

N61°W, 81°NE 104'

N52°W, 90° 143¢

N40°W, 83°SW  95°¢

12

o

7'
11"

6!
3'

5'-10'

16'

14'

cuts N58°E, 83°NW normal fault

cuts N52°E, 76°NW normal fault
and shear zone

cuts D, shear zone
cuts N20°E, 10°NW thrusts and
older F, fold

cuts N30°W, 23°SW thrust fault
thin selvage cuts thrust fault and
shear zone

cuts N44°E, 83°SE reverse shear
zone; fractured

cut by N20°E, 70°NW normal
fault; clay-rich gouge
cut by N18°E, 70°NW normal
fault; clay-rich gouge
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Reduced TBM Penetration Rate Investigation
(Queens Tunnel TBM)
Machine Diameter: 23°2”

Cutters: 50 cutters, 19” diameter,
70000 Ibs maximum load

Cutterhead Power: 4,220 hp
Cutterhead Torque: 2,669,000 ft-lb

Cutterhead Thrust: 3,500,000 lbs
(1,750 tons)

TBM Weight: 640 tons




Reduced TBM Penetration Rate Investigation
(Why lower ROP than anticipated?)

LOWER ROP

Optimistic Different Rock Machine Design and/or
Pre-bid and/or Geology Operational Problems

Rock is Different Design Operation
Harder Joints Problems A\
and/or and/or Reduced

Tougher Foliation Capacity



The Queens Tunnel TBM utilized a CIC-200 Data Recorder
capable of continuous data gathering.

TBM 235282 Queens

opened on Thu 4/1/1999  0:00:04
1 2 3 4 5 6 7 8 9 10 1" 12 13
DATE TIME SPARE |STROK |FT/HR  VOLTS |SPARE |AMPS | TONS BORNG |L.SID R.SID PGRIP  M1_M10S|

36.2 0 488 701 36 643 338
36.4 1.3 490 701 54 1026 338
36.5 1.3 488 698 85 1419

37 3.6 485
37.4 5.2 483
38.1 5.9 480 | | | | |
38.8 8.2 481 Ll o 3 R I
39.7 7.5 478 | W . 1 L
40.5 8.2 480 e A L Y L I { | N A A B

4/1/1999|  2:09:10
4/1/1999| 2:09:40
4/1/1999, 2:10:10
4/1/1999| 2:10:40
47171999,  2:11:10
4/1/1999| 2:11:40
4/1/1999, 2:12:10
47171999  2:12:40
4/1/1999| 2:13:10

1
coococooo oo !

___________________________________

$TROKE (in)

______________________________________________________

Data logger recorded the o T T e

_____________________________________________________________

TBM data every 30 ST . FRLE
seconds o Vi : e 0 il

STATION (/)



Reduced TBM Penetration Rate Investigation
(Cutterload Calculations from TBM Data Logger)

~ GT—(0.05GT)—15

CL ——  Method 1: 75,472 Ibs
N

GT —-120-15

CL = ——  Method 2: 74,146 Ibs
N

Cl GT

o - Method 3: 72,131 Ibs
Nt
CL = Cutter load N = Effective number of cutters

GT = Gross thrust N, = Total number of cutters



Reduced TBM Penetration Rate Investigation
(LCM Testing)

LCM cutter force measurement: 72,120 lbs

Field Cutterload from TBM data logger: 75,920 Ibs
(@Station 100+31 ft, Drift 18B)

These cutter load values are very close, within 5% of each other. Such
agreement gives further confirmation that the Queens TBM was operated at
cutterloads at or above the manufacturer recommended 70 kip loads



Reduced TBM Penetration Rate Investigation
(Rock Coring and Testing)

;#3
Owe 8 i?’ 14
:::ol('of( #5

Unconfined Compressive
Strength

PROJECT: ({cccrsfor o fornmell

Brazilian Tensile Strength

Punch Penetration Index Test




Reduced TBM Penetration Rate Investigation
(Harder/Tougher Rock Mass Conditions)

* The actual rock compressive strength was found to be
about 14% higher than what was reported pre-bid

®* The tensile strength across foliation, which
corresponds to machine operation when foliation is more
or less parallel to tunnel axis, was found to be about 38%
higher than along foliation

® The Punch Penetration Index (PPI) for the Queens
Tunnel was found to be about 30% higher than the
standard index for hard rocks



3ummary - QT Low Penetration
* (Queens Tunnel: Fordham, not Hartland

— Tougher, much older deep-seated granulite terrane

— More highly metamorphosed and structurally complex
than the anticipated Hartland

— Weakly foliated near-isotropic orthogneiss rock mass

— Decreased TBM penetration rate deemed the result of
tougher Fordham rock

— Broad zones of subhorizontal fabrics and shear zones
— Tunnel cut by >300 fractured (faulted) zones
— Rhyodacite cooling fracture pattern and contact effects



Geology

HERRENKNECHT TBM
ISEMENT

ADVERT
_Rock Does Not

Geology

Equal Rock

At Herrenknecht, maximum tunnelling performance and the

greatest possible safety are the ultimate goals for the

development of tunnelling machines. Expert analysis of the

geological conditions result in a “tailored hard rock machine”.

Whether it is solid rock, abrasive rock or rock
under high pressure, weathered transition
zones with high ground water pressure or ca-
verns, the variety of the geological conditions
in a planned tunnel route is virtually unlimi-

ted. At Herrenknecht, the geological analysis

All Experts On One Team

The excavation process in hard rock takes
place in the peak state of the shear and com-
pression resistance as well as tensile strengths
of the rock. At the same time, the best possi-

ble tunnelling performance has to be achieved.

of the ground conditions is always taken into
consideration in the machine design. Cutters
and cutterhead are ideally adapted to the va-
tying degrees of hardness and abrasion in se-

dimentary, metamorphic of igneous rock

At Herrenknecht, a team of internal specialists
from the disciplines of rock mechanics, me-
chanical engineering and process technology
find the optimum project solution for develo-

ping the machine design.

Mechanical rock excovation is con-
fronted by rock with vorying degrees
of hordness, e.9. with extremely hard
gneiss (top left] and gronite (top right),
medium hard mica schist (center left),
breccia (center right) and claystone
(bottom left] os W(:" as limestone
(bottom right).

The formation of each mountain range
s unique. Lotschberg in Switzeriand con-
sists of o wide variety of rock formations
along the tunnel route. Herrenknecht
supplied two single gripper machines

(0 9.43 m), which enable mechanicol
rock stabilization as close as 4.2 m
behind the cutterheod.
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For many free publications on the
Geology of New York City
Visit
www.dukelabs.com
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Anticipated vs. Actual Cost

$92 M Over
Budget

$250 -

R4l
N
(=3
o

$150 -

$100 -

$50 -

Cost without Overhead (millions)

$0

Budgeted Cost Actual Job Cost



The Queens Tunnel Complex

Younger (M;) Metamorphism

Late stage hiotite, chiorite, carbonate, and sericite,
particularly obvious near pegmatites and other granitoid
intrusives.

Sample Reaction
K-spar + opx = hiotite + quartz

The younger low-temperature retrogression involved introduction
of hydrous minerals into the gneisses, and took place at
significantly higher H,0 activity than did the previous
metamorphisms (M,+M,). Retrogression along shear zones.
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Reduced TBM Penetration Rate Investigation
(Queens Tunnel TBM)

Conveyor Capacity: 650 ft3/hr

Machine Diameter: 23°2”

Cutters: 50 cutters, 19” diameter, 70000 Ibs
maximum load

Cutterhead Power: 4,220 hp

Cutterhead Torque: 2,669,000 ft-lb
Cutterhead Thrust: 3,500,000 Ibs (1,750 tons)
TBM Weight: 640 tons




Reduced TBM Penetration Rate Investigation
(Why lower ROP than anticipated?)




Reduced TBM Penetration Rate Investigation
(TBM Data Logger)

The Queens TBM utilized a CIC-200 Data Recording system capable of continuous data

gathering and recording.

Robbins  TBM 235282 | Queens
File opened on Thu 4/1/1999  0:00:04
1 2 3 4 5 6 7 8 9 10 1" 12 13
DATE TIME SPARE |STROK |FT/HR  VOLTS |SPARE |AMPS | TONS BORNG |L.SID R.SID PGRIP  M1_M10S|
4/1/1999|  2:09:10 0 36.2 0 488 701 36 643 1 3.8 14 1 7
4/1/1999| 2:09:40 0 36.4 1.3 430 701 1026 1 3.8 14 1 7
4/1/1999, 2:10:10 0 36.5 1.3 488 698 1419 1 3.8 14 1 7
4/1/1999  2:10:40 0 37 3.6 485 695 1511 1 3.8 1.4 1 7
47171999,  2:11:10 0 374 5.2 483 L ATAE 5 = = = — S
4/1/1999| 2:11:40 0 3841 59 480 68 : ’ : :
47111999 2:12:10 0 38.9 8.2 481 64 I i P
47171999  2:12:40 0 39.7 7.5 478 6§ | : : A -
4/1/1999| 2:13:10 0 40.5 8.2 480 6§ T r [
| |
T I
|

Data logger recorded the data every
30 seconds.

STROKE (in)

T 1500

+ 1000

T 500

21792

STATION (ft)




Reduced TBM Penetration Rate Investigation
(Cutterload Calculations from TBM Data Logger)

 — Method 1: 75,472 lbs

- - Method 3: 72,131 Ibs

CL = Cutter load N i = Effective number of cutters
GT = Gross thrust N, = Total number of cutters




Reduced TBM Penetration Rate Investigation
(LCM Testing)

LCM cutter force measurement: 72,120 lbs

Field Cutterload from TBM data logger: 75,920 Ibs
(@Station 100+31 ft, Drift 18B)

These cutter load values are very close, within 5% of each other. This close
agreement gives further confirmation that the Queens TBM was operated at
cutterloads at or above the manufacturer recommended 70 kips loads.



Reduced TBM Penetration Rate Investigation
(Rock Coring and Testing)

Unconfined Compressive
Strength

I

o
Satiee - J.
c:ID(Of( #r

Punch Penetration Index Test




Reduced TBM Penetration Rate Investigation
(Harder/Tougher Rock Mass Conditions)

® The actual rock compressive strength was found to be about 14
percent higher than what was reported pre-bid.

® The tensile strength across foliation, which corresponds to
machine operation when foliation is more or less parallel to tunnel
axis, was found to be about 38 percent higher than along foliation.

® The Punch penetration index for the Queens tunnel was found to
be a bout 30 percent higher than the standard index for hard rocks.
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