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ENR rankings: Top 250 International Contractors

Sk 44

Rank Firm 2016 Revenue (US $ m) | New Contracts in
2017 | 2016 Int’l Total 2016 (US $ m)
1 1 Grupo ACS, Madrid, Spaint 32,698.2 37,333.9 32,598.2
3 3 China Communications Constr. Group Ltd., Beijing, China® 21,201.0 70,780.0 36,784.0
4 4 Vinci, Rueil-Malmaison, Francet 17,367.3 42,667.9 16,269.6
5 5 Bechtel, San Francisco, Calif., U.S.A. T 16,408.0 24,251.0 4,437.0
6 9 Bouygues SA, Paris, Francet 12,257.0 26,354.0 13,107.0
7 7 Technip, Paris, France' 12,113.0 12,230.0 5,484.0
8 10 | Skanska AB, Stockholm, Sweden’ 12,110.0 15,414.0 15,680.0
9 8 Strabag SE, Vienna, Austrial 12,008.7 14,220.9 13,202.0
10 11 Power Construction Corp. of China, Beijing, Chinat 11,685.9 43,324.7 27,751.8
11 14 China State Construction Eng’g Corp. Ltd., Beijing, China 10,358.8 | 124,656.7 17,163.5
12 12 Saipem, San Donato Milanese, Italyt 8,949.0 9,121.0 324.0
13 16 Ferrovial, Madrid, Spain® 8,943.0 11,834.9 14,939. 1
14 13 Hyundai Engineering & Constr. Co. Ltd., Seoul, S. Korea 8,664.0 17,694.5 7,307.4
15 19 Petrofac Ltd., Jersey, Channel Islands, U.K.T 7,070.0 7,070.0 1,265.0
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As per the contract, the tunnel sections were required to be excavated by face
pressurized shielded TBMs.

A regular EPB cannot withstand a potential water pressure of 9 bar

With an EPB, excavated material conditioning is more difficult when the fine content
happens to be very low (e.g. in crushed rock mass with low fine content).

Hence, a slurry TBM was chosen as the TBM for this tunnel project.
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Working pre/design pre/capacity: 3.0 bar/3.75 bar/2 persons

No. of disc cutters: 27
Size: 12”7 - 14” - 15”

Face cutter spacing: 80 mm

Tip width: 19 mm
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«  Tail seal system . (WIRE BRUSH TYPE)
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—> Protection frame for the cutters
[ Hard facing

mmp Protection bar for the periphery
> Grill bars to control max block size

TA0 8R0 Fi0nzRes

55

+ Stone crusher used on the
sixth truck of the back-up

| No.6 TRUCK!

R T A




Item
F1

F2
F3
F4
F5

Explanation Ton
Friction Resistance btw the ground shield skin 144
Friction Resistance btw segments and shield skin 8
Pulling Force of trailing gear 3
Slurry Pressure on the face @ 8.655 bar 832

Force of excavation tools =27 * (17.5 ton/cutter) 473

f*(F1+F2+F3+F4 + F5) where fis a safety

factor >1460

e

if the ground is abutting against the shield

LI T T T

. Fmu: force of jack i
Fm 'llf-'F"'"' N :number of jacks
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—— Border Line of RQD<10%

Border Line of TCR<50%
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. Crushed rock:

This factor is important to identify potential water inflow pass ways which may cause heavy water inflow and
max water pressure in TBM cutter head intervention.

. Low stand-up time:
This factor is important to identify potential unstable tunnel face for TBM cutter head intervention.

. High permeability:

This factor is important to identify potential high water inflow from the face in TBM cutter head intervention.
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«  Water inflow from the tunnel face/walls is directly related to the permealbility.
# In this regard we need to consider:

*

*

100

10

0.1

Water inflow (lit/sec)

0.01

0.001

Water level at the tunnel axis, HO (m)

Water inflow l

= ‘1

T

' /

[

.l

Chamber volume and the pumping capacity
Water inflow into the tunnel using for example Goodman formula
E Need active face pressure
k=1x105m/s
I
] Critical points F I
- ——
—— | k=1x10%m/s
— .

_; water * . |
E > 4 k=1x10"7 m/s ]
|| ground Ho
g H * k=1x108 m/s 3
- ‘7 y : Estimated total water inflow ||
|l I for a section of the tunnel | |
0 40 80 100 120

Watertlght
tunnel

Cutter head
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NBH No.

|11]12]13 14| 15| 16|17 | 18] 20|21 |23 | 26| 28|30 |32 34| 35|36 |38 |41]43|a4|as|46]47]a9 |48 |50]51]52 |53 5556|5758 ]59]60]61]
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s 14 olols aa[52]27 73] 6 48] 60]18[93[77 40 92]100] 3189 [a5[o0[1a]a7] 0 [0 |00 21] 0 0]70]as
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10 195157 68 [100] 99 | 90 |100] 56 [100]100]100] 27 100]100] 97 [ 94 | 99 [100]100[100]100]100]100] o4 [100]100]100] 50 100[ 59 [100[100] 38 [100f 12 f100]100]
21 99 [100] 95 [100 [100[100] |100] 92 |94 [100 100, [100[97 [100] [97]71]100 35 100
.5 2002171 100 99 |100{100|100]100]100] 100]100| 100|100 100] 100|100 &1 100|100]100]100| 100] 57 [ 100[ 100 100] 55 |100|100]100[100f 91 | &6 | 13 [100]100],
100] 23 | 64 95 100/100| 12 {100]100 100|100| 100 100 100{100]100] 100|100/100] 61 | 100} 100|100
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MR S 34 38] 26 34]35]46 [ 65] 8744 60]36]39[16]15 18 3116 87]73
34 3 53 37 4634 624046 | 75823960 35]61]16]15 18 3119 87173
FE 13 15 5343 [21 6414 | 41] 64 626646828239 5643|6416 45 19 15119 328049
47 13[17]15]63 27 6060 [19]50 64|60 31]49 756548 87804436 48|63 16| 72 19 15119 328058
o 783 [ar s Te7]s2 [29 70 54 [12] 6864604849 |41[72 65|72 8787 (39|31 43[63[21]75]16(52[16]13]16 17| 8727
552513 1915|7116 54| 14|70 62 [48| 701933 [46] 52 | 4162 |58 |79 79|87 [21|39 4861|2168 |16(52[16/13]16] [43]87]46
s |19[1s 1332|1573 5167|5773 62 |8 (613224 605025 624687 |79 ] 92| 36|54 48|66 1672363730 [16 18] [24[02[20
1915|1320 27|73 |63 |52 14|63 | 41 |63 | 61|32 | 24 |57 10|47 |62 | 46|87 |79 |82 | 31|49 |48 |66 |16] 7222|5227 |16]18 67 7558
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K 21 14
wemsee | X 12| [ [ [ 06 14 a3
12 0.6 48
N ] 0.4 7al M 19 22 o3l [
S - 01 [04] 74 - 19 [42] loa] |
09 - 1.1 0.1 0.1 0.1 3.4 - |19 3.5 45 - 18
.5 09 9.1 - 1.1 0.1 0.1 2 9.3 8.9 0.1 34 - (19 3.5 45 18
0.7 9.1 18 0.5 0.1 0.1 45 89 0.1 26 - (46 0.6 48 19
0 0.7 0.6 18| - |0.5] 0.1 0.1]13]45 43 0.1 26 - |46 0.6 i 71— |19 |
0.5 0.6 35| - 0.1 0.1]13]2.2 4.3 0.1 - (41 47 -

RQD< 10%
- Crushed rock, potential water inflow pass
way

TCR< 50%
->Crushed rock, potential water inflow pass
way

RMR< 22
—>very low stand-up time, need for active face
pressure in intervention

k>104 cm/sec
—>high water inflow,, need for active face
pressure in intervention
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Stroke Length (mm)

170
168
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164
162
160
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156
154
152
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Angle (deg )

O Constant Penetation Mode
O Constant Normal Force Mode

Dz RPM Change Mode
p

p: Cutter penetration

S: Cut spacing

Cuts starts and ends

from the same radial |

Cutl

End IStart
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UCS = 50-200 MPa

NBH 1, 11, 59, 60, 61:
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Normal Force (kN)
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@ RCM Test results-17" cutter
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y = 1.01050x021476
R? = 0.92884

Fr: rolling force when RPM=1
Frm: modified rolling force when RPM is not 1

Fnm/Fn

14

1.2

o
o0

o
<)

y = 0.99173x0.07978
R?=0.71729

Fn: normal force when RPM=1
Fnm: modified normal force when RPM is not 1




p: Cutter penetration S: Cut spacing

Cutting tracks

Start

Cutting tracks with the disc cutter

el, el": Distance measured by a micrometer

h: Frame height

d1: After test disc cutter diameter

do: Initial disc cutter diameter

Wear = (d1-d0)/2

Cutting path for one of the tracks

dO: initial disc cutter diameter
d0=h-(el+e2)
do=h - (gap)

d1: disc cutter diameter after a test
dl=h-(el'+e2')
dl=h-(gap’)

Wear = (d0-d1)/2 = (gap'-gap)/2
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—o—Direction 1

[0}
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== Direction 2
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—#—Direction 3

o2}
o
I

Frame gap reading(micron)
w
o
1

Normal force: 40-50 kN
1: 43 microns/km ==> 3.6 mg/m
2: 23 microns/km ==> 2 mg/m

3: 29 microns/km ==> 2.4 mg/m
1,2,3:32 micons /km==> 3 mg/m

T T
0 0.2 0.4

T T T
0.6 0.8 1
Rolling length (km)

1.2

110

100 A

[Ys]
o

Frame gap reading ( micron)

50

40

80

70

60

—4—Direction 1
—-Direction 2
~—Direction 3

Normal force: 200 kN

1: 77 microns/km ==> 6.4 mg/m

2: 88 microns /km==> 7.3 mg/m

3: 96 microns/km ==> 8.1 mg/m
1,2,3:87 micons/km ==> 7.3 mg/m

0.0

0.1

T
0.2 03 0.4
Rolling length (km)

* Using 2 mm/rev for the TBM penetration and 10 mm permissible tip loss
* Fn:200 =» 87 micron/km =» 229 km/gage cutter =» Max interval length 42 m =

actual interval length was around 35 m

0.5
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% Diameter: 6.6 m

X3

%

Tunnel Length: 927 m

B3

» Subway tunnel (2 lines)

e

» Overburden: ~22 m

*,

03

TBM Inside

TBM Type: EPB (Herrenknecht)

» Geology: very dense silty or clayey sand

Assembly of Segment

D73 Ca01 EXPO BOUND TUNNEL

'BREAKTHROUGH CEREMONY

A HYUNDA'

b

» HERRENKNECHT

"=
L

20/ 08720741916

201
4 &

}

February 2014

Tunnel Breakthrough — Bukit Panjang Bound

March 2014
Expo Line Launching
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Soll size distribution:

Permeability coefficient: Max 1x107
m/s, fits well within the application
area of EPB

Water pressure: The maximum pore
water pressure at the tunnel axis in
this project is less than 3 bar and it

was suitable for the EPB application.

DTL3 C931
Soil

Percent Passing [%]
w H» OO o N

o

n
o

=
o

o

0,002 0,006 0,02 3 E 0,6 2 6

Particle Size [mm]

Chart from Thewes (2009)
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saturated Median=31 coarse
6 hard clay alluvium
and hlghly and
e} .
< A |abrasive gypsum
S sand with clay

10-15 20-25 30-35 40-45 50-55 60-65
Penetration (mm/min)

EPB machines of diameter of 5-8 m

Count

B

12
Median=14.5 28 tunnels of different
stages of Circle Line
g I nnnnnnnn g le of
|Jl UJCLL [<1 RIS} CI LUUPIC Ul
other tunnels in Deep
6 Tunnel Sewerage System
| _] I I I
0 T T T I T I T ._

12 15 18-21 24-27
Penetration (mm/min)

Singapore EPB machines of diameter of 6.6 m



Initial TBM penetration rate

Target speed (14.5 mm/min

Advance Speed (mm/min)

Actual speed (6~¥9mm/min)

[ [ [ [ [ [ [ | | | | | ! I I ! I I I I
0138 0216 0254 0332 0410 0440 0527 0805 06:45 0721 05:00 0838 09116 09:54 10:32 1111 1148 1227 1305 1343
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Consistency Index I [-]

*

TBM clogging assessment (according to Thewes and Burger, 2005, 2010)
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DTL3 C931 Soil
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Need 10-30%
additional liquid
injection

According to Stefan
Hollmann, 2014

Liquid Limit - Water Content (LL - w)
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« According to Ic: 10-30% additional liquid injection
« Lab trial tests: 7.5-10% additional liquid injection

Injection Properties Shear Strength
(kPa)
FER FIR Con. WIR Max  Before Aftertest LIR
(%) (%) (%)  FIR(%) test

10 35 1 5 50 6.14 2.05 7.5

5 25 0.5 5 50 6.14 1.71 10
FER: Foam expansion ratio
FIR: Foam injection ratio
Con.: Concentration
WIR: Water injection ratio
LIR: Liquid injection ratio
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*

Ring 260: on the muck from muck car
*  Very clumpy and sticky

*  Anti-clay injection: 40 lit/min

* 5.cm slump

Ring 261: on the muck from discharge point
*  Sticky

*  Anti-clay injection: 40 lit/min

* 11 cm slump

Ring 269: on the muck from discharge point
*  Low stickiness

*  Anti-clay injection: 70 lit/min
* 16.5 cm slump

Homogeneous mud

ey !




. 11.02.2014 08:07
fﬁnm 5-737  Singapore DTL3 C931 PERIOD OF EVALUATION  FROM : 07.022014 1224

AL/l TO 07022004 1723

CURRENT DATA RINGNUMBER FROM :268 TO : 269

|increased Up to 27 mm/min|

Pqﬂ
» / 120 mm/min|

5 ll] i
" W 16.5 mm/min |

|15 mm/min

Advance Speed (mm/min)

Ring: 268

TIME
ADVANCE SPEED [mmimin

Advance Speed (mm/min)
Increasing anti-clay injection caused an increase in
penetration

\

Screw Torque (kNm)
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TIME

TORQUE SCAEW CONVEYCR il

Screw Conv. Torgue (KNm)
Increasing anti-clay injection caused a decrease in torque




Advance Speed (mm/min)

0 ( ! Picks of over 30 mm/min !
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m-
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12 - = 8 - >
Min [¢]
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i ! i I E 2
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2
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Ring No.

1. Increasing anti-clay injection caused an increase in penetration
2. There is a harmonic correlation between general trends of anti-clay injection rate and volume and penetration rate



* Comparing TBM operational parameters for the
same area of line 1 and 2

* NTNU SAT: “very high abrasive, SPT = 100

High abrasion on
the ripper

First Cutter head /
Intervention at Ring 101 ,\ /%

ﬁf\ ol s
Line 2: Expo Line + Insufficient conditioning
Ring number 1 to 101 ° Abrasive soil

* penetration per revolution
220 » Higher rotation speed

Line 1: Bukit Panjang Line o Low quality of cutting tools
Ring number 244 to 344

Broken bucket lip

Broken wear
detection sensor




+ Tool Wear depends on Tool Travel Length
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50 A
f;l&zinil:g ::pth ofthe _Ih“_”‘fi’. :\.’ea{ Wear limit: 45 mm
45 - Permissible Limit: 40 mm >
hsr Ripper height ~ \eeeey ] -
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€ 0/6

Ripper Wear Rate (m
o
=

o
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o
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0/0

Average

e Ring 8-110
B Ring 110-250
A Ring 250-334

From Past Experience (HR)

—— Average Trend

y= [V YAox Ve
R2= «/90Y0

1. Wear coef. Seems to be higher than
what was predicted

2. The wear coef. is changing

1 1/5

Ripper Radial Position (m)
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Liquid Injection (m3)
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30% lower Liquid injection
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Injection Nozzles

Cutterhead

Not used
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Line 1
Line 2

Main Drive
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>

Main Drive

Initial Drive
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Screw Conveyor Torque (kNm)

Main Drive
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A

Main Drive Line 1
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_ Initial Drive > Main Drive > Line2
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According to Stefan
Hollmann, 2014 —
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