ISSN (Print) 1226-5268  ISSNS (Online) 2287-7169
The Journal of Engineering Geology, Vol.25, No.4, December, 2015, pp. 459-472
http://dx.doi.org/10.9720/kseg.2015.4.459

uSHF 2EY EEEH S A[S7[=9] MY Eldd Y

—_— L 1

o5’ ST - MBS

etk AUBAT, WFAN/NEAT ANATL, SoYghta APAAT

1%

3}

Economic Feasibility Analysis of a Tunnel Section Enlargement Method That
Does Not Halt Traffic Flow

Seung Soo Lee!, Dong-Gyou Kim**, and Jong Won Seo

"Department of Civil and Environmental Engineering, HanYang University
2Geotechnical Englneerlng Research Division, Korea Institute of Civil Engineering and Building Technology
3Department of Civil and Environmental Engineering, HanYang University

Received 17 August 2015; received in revised form 9 November 2015; accepted 11 November 2015

2 el Z2EES AR-sto] E1 49 gf AP B V1€ AEEES AT F ' wEF BEY v
S Alg7lee] HEEA. of W WEe| EFe IR fAst] wEHAC wE FYAL A, vlgA &4
3 34 de 5o ARA Ede iﬂiﬂ & o glks Aol Aok whd] ZzHE 9 dA So7 AP ¢

Wéﬂwﬂ
o Okﬂ

I
1:1;1

oz FAp)

3 3 AGII T} I, & ke 25 wEY 69 4 03150 JYSAL 2 N o

$2 85 2Es] 248 e 2] & AN 2 St AR UgS Ao,

2AE 0 BN GO TRee] YU AR PHS ANSET T3 /12 ShEst AE
o AN sk st FASEEEE thoz ANE PR A8l Boe) nokt.

Fgo]: A B4 B4, Edan B 7%, A, 2

r
S|

A recently developed tunnel section enlargement method can maintain traffic flow during construction by using a
protector. By keeping traffic flowing, it can minimize the lost time and costs associated with diversions and also the
accompanying environmental pollution. On the other hand, installing the protector can lengthen the construction
period and increase the direct cost. This paper presents a method for analyzing the economic feasibility of tunnel
section enlargement methods considering the direct construction cost and the indirect social cost. The indirect costs
are divided into categories of: vehicle driving cost, travel time delay cost, and environmental pollution cost. The
economic efficiency of existing technology is compared with the new method in an case study of Namsan Tunnel 3.
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Systematization of cost breakdown structure |

[
i )

Direct cost (Construction cost) Indirect cost (Social cost)

i
| Calculation method at each cost item |

I Case-study (Namsan Tunnel 3) |
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Cost calculation

Direct cost

Economic feasibility analysis |

Fig. 1. Research scope and process.
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Fig. 2. Conceptual diagram of the protector (MOLIT, 2012).
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Table 1. Cost breakdown structure for economic feasibility analysis.

Direct cost

Indirect cost

* Vehicle driving cost for diversion route

ii;f;?dg Direct construction cost * Travel time delay cost considering value of travel time by vehicle class
* Environment cost for increasing distance by using diversion route
* Basic vehicle driving cost in tunnel
New -Direc.t cqnstruction cost * Vehicle driving cost for temporary vehicle control
method (considering construction delayed cost)

-Material & operation cost for protector | * Travel time delay cost for temporary vehicle control

* Environment cost for temporary vehicle control
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Table 2. Traffic congestion model (Cho et al., 2007).

L ET - A

Model

3 L Z Traffic volume;; x [Fuel expenses; x Distance; x (Fuel consumption g speea —
Fuel comumpttonmﬂmm speed) T Vehicle operation cost per hour; x (Driving time (altered);

Driving time (original);))

i=vehicle class, j=route, k=time, V=speed(km/hr), time=hour

Passenger car=0.02882+0.910/V+0.000003828xV?

Traffic congestion cost by

Mini bus=0.03336+1.153/V+0.000004312xV?

Fuel consumption

driving vehicle model

Large bus=0.02476+3.492/V+0.00001277xV?

Small truck=0.01695+1.292/V+0.00001647xV?>

Large truck=0.06639+4.158/V+0.00002525xV?>

17,061 won/I*hr Labor cost + Depreciation

17,329 won/1*hr Cost + Insurance cost + Tax &

) ) Car
Vehicle operation Bus

cost per hour
Truck

13.902 won/1 *hr the public utilities charge

Traffic congestion cost by
travel time delay

3 I, X Traffic volume;; x Fuel expenses; x Distance; x Average value cost per hour

J 7

(at each vehicle class); x (Driving time (altered); — Driving time (original);)]

Table 3. Average cost per hour (Seoul Development Institute, 2006).

Car Bus Truck
Work Non work Work Non work Work Non work

Auto occupancy 022 1.09 1.46 11.49 1.00 0.00
(man)
Time value 10,228 (1 man)
(won) 18,626 6,091 18,626 (0.466 man) 3,036 16,571 -
Time value (won/car*hr) 4,177 6,668 18,797 34,884 16,571
Average time value 10,844 53,681 16,571
(won/car)

37 o ulg AxRY VOPC (The Valuation of Pollution Costs)=
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1 k=1
Dy =The Number of car/km (at each vehicle class
and route
VT,= air pollution cost per km (at each vehicle class)
k=vehicle class (1: car, 2: bus, 3: truck)
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Table 4. Air pollution cost per vehicle class and speed in 2007 (KDI, 2008).

Class (E]lf/;‘j) co NOx HC PM Co, (WZ;’me)
40 6.65 3.52 0.77 0.00 7.39 18.32

50 5.11 2.94 0.55 0.00 6.52 15.11

Car 60 413 2.53 0.41 0.00 5.88 12.96
70 3.44 2.24 0.32 0.00 5.39 11.39

80 2.94 2.01 0.27 0.00 5.00 10.21

30 33.10 153.33 7.75 24.78 30.20 249.15

Bus 40 28.58 136.50 6.38 21.68 27.23 220.38
50 25.51 124.74 5.49 19.55 25.12 200.41

40 22.63 186.85 9.59 39.23 77.63 335.93

Truck 50 19.18 171.72 8.77 35.72 71.17 306.57
60 16.76 160.28 7.91 33.09 66.28 284.32

70 14.95 151.20 7.25 31.01 62.42 266.84

Table 5. Generation of diversion route distance for the Namsan tunnel 3.

Road class

Additional diversion route

length

Urban road 1.27 km

. National highway 322 km
Regular city

Local road 6.77 km

Average 3.75 km

Country road 3.87 km

. National highway 6.03 km

Province
Local road 9.45 km
Average 6.45 km

The standard for diversion route length estimation (MOLIT, 2006)
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Span length: 1 m

Lining: 1= 200mm
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Rock Dbolt: -
Steel rip: -
Reinforcement method: -
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Table 6. Preliminary cost estimation per 1 m span length.

L ET - A

No. Work Unit cost (won/m)
01 Excavation 1,260,458
02 Muck-hauling operations 161,425
03 Steel supports 661,162
04 Shotcrete 1,022,906 - Tunnel section enlargement for
05 Rock bolt 1,003,997 two -> three lane
- Blasting method
06 Lining concrete 3,176,121 -P-3 type design
07 Waterproofing 711,883 - Including material cost
08 Drainage 805,730
09 Existing wall removal 195,739
10 Subsidiary 1,349,913
Total unit cost (won/m) 10,349,334

Table 7. Construction period calculation.

. Existing method New method
Work Unit - — - - — -
Quantity Unit time Duration Quantity Unit time Duration

Tunnel length (m) 1,280 1,280
Advance per 1 cycle I m 1 m
The number of cycle per day 2 m/day 1 m/day
Protector installation - 15
Protector dismantlement - 15
1 Cycle (excavation+muck-haul-
ing+steel supports+rock bolt+ m 1,280 2 m/day 640 1,280 1 m/day 1,280
shotcrete)
Lining concrete m 1,280 10 m/4day 512 1,280 10 m/4day 512
Existing wall removal - - 30 - - -
Waterproofing m 1,280 10 m/day 128 1,280 10 m/day 128
Drainage Drainage work perform simultaneously with waterproofing work
Paving (lower part) m’ 32,000 | 500 m*/day 64 32,000 | 500 m*/day 64
Paving (upper part) m3 32,000 | 5000 m*/day 6 32,000 | 5000 m*/day 6
Subsidiary m - - 30 - - 30
Total (day) 1,410 2,050

The Table 62 FAABTEE] 2afzollA 3322 & o WIS 4 AT F o, AEe] ¢
o Algeles 7459l BE Im 28T 288E e e FAPIZE 716l e F7H83 e o)
TARE 2GS Ak 2ot 7t 35 el 71 g Blgo] TRtEojof gt meb FAPIZE STl w
At LSt @%OF’% oS AFgsiltE. 2 & F/MIES Ak, &5 14 1 o] Aol &8st
A B tigt Ao 8- Akl 8 & 7] $lste] Zh 7)) %*}711% Pgsl3itk(Table 7).
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Table 8. Calculated additional expense according to increased construction time.

Direct cost

Material unit cost

Material cost Labor + equipment cost

Work (won/1,280 m) | T0tal quantity (won) (won) (won)

fe’;%‘vf;% wall 250,546,176 ; ; ; 250,546,176
Excavation 1,613,386,010 ; ; ; 1,613,386,010
2/;‘:;;1;";‘;“““3 206,623,878 - - - 206,623,878
Steel supports 846,286,933 1,067 set 470,000 501,333,333 344,953,600
Shoterete 1309319910 | 6,705 (20 kg) 135,000 905,212,800 404,107,110
Rock bolt 1,285,115,775 20,267 ca 29,500 597,866,667 687,249,108
Total 5,260,732,505 2,004,412,800 3,506,865,881

Additional expense

3,506,865,881

3, ZEE A3 83712 308S ST & &
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e Aoz EAFEIICE FAIRS A5RERE ol
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E7do] R FRIEY, AEHE Tl ol £ A
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£ wd =) g 7)AAEe dldehe B8-S el
th 282 FAPIZe] 24 ek B ] 3 7
AZRHE F a) sl 7Rkl Utk Table 8 A7)
o] FAPIZF S7H
o]t}
Table 8ollX 712 WA A, 22+ 2 WEH]F-2 A
H7F B oL =719 Z1AEREE AQEEd
A AFAmzE =78 8 7)Au 9] Fo] Tk
Ry, A2 EY, FHEFS AFH7F LQFEZ
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Table 9. Protector (7 m x 46 m x 4.5 m) production cost.

Material Specification Unit quantity Unit cost Total quantity Mat(evr\:zll)cost
Vertical member 1 350*350*12/19 73 m 970,000
- 460ea*4.5 m 2,070m 275,054,795
Vertical menber 2 350*350*%12/19 7.3 m 970,000
Horizontal member 350*350*12/19 7.3 m 970,000 230ea*3 m 690m 91,684,932
Connection member 350*350*12/19 7.3 m 970,000 690ea*0.5 m 35m 4,584,247
Lateral plate 1 (left) 3’048_X6’096 mm 5m? 1,124,200 46 m*4.5 m 207 m? 46,541,880
=25 mm
Lateral plate 1 (right) 3,04t8:><265,(r)221mm 5m? 1,124,200 46 m*4.5 m 207 m? 46,541,880
Lateral plate 2 3’048:(6’096 mm 5m? 1,124,200 2ea*46 m*4.5 m 414 m? 93,083,760
=25 mm
Upper plate 3,048~6,096 mm 5m? 1,124,200 7 m*46 m 322 m? 72,398,480
=25 mm
Front/rear plate 3’048:<6’096 mm 5m? 1,124,200 2ea*350 mm*7 m 4.9 m? 1,101,716
t=25 mm
H-beam finishing 3,0486,096 mm 6.7 m? 1,110,000 | 4ea*350 mm*4.5m | 6.3 m>2 1,043,731
plane t=19 mm
Total Cost (won) 632,035,420

Table 10. Calculated direct cost of each technology.

Existing technology New technology

Tunnel length 1,280 m 1,280 m
Advance per 1 cycle 2 m/ day 1 m/ day
Construction period 1,410 day 2,050 day

Unit cost (won) Total cost (won) Unit cost (won) Total cost (won)
Protector cost - - - 884,849,588
Existing wall removal 195,739 250,546,176 391,478 501,092,352
Excavation 1,260,458 1,613,386,010 2,520,916 3,226,772,019
Muck-hauling operations 161,425 206,623,878 322,850 413,247,755
Steel supports 661,162 846,286,933 930,657 1,191,240,533
Shotcrete 1,022,906 1,309,319,910 1,338,615 1,713,427,020
Rock bolt 1,003,997 1,285,115,775 1,540,910 1,972,364,883
Lining concrete 3,176,121 4,065,434,982 3,176,121 4,065,434,982
Waterproofing 711,883 911,209,636 711,883 911,209,636
Drainage 805,730 1,031,334,865 805,730 1,031,334,865
Subsidiary 1,349,913 1,727,888,725 1,349,913 1,727,888,725
Direct construction cost 10,349,334 13,247,146,888 10,349,334 17,638,862,357
Indirect construction cost 5,298,858,755 7,055,544,943
Total direct cost 18,546,005,644 24,694,407,300
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Table 11. Calculated indirect cost for existing technology.

£4

Existing technology

Car Bus Truck
Tunnel length (km) 1.28
Diversion route length (km) 5.25
Percentage at each vehicle type in Seoul 82% 5.7% 12.3%
Fuel expenses (won/liter) 1,827.3 1,636.7 1,636.7
Reference speed (km/hr) 60
Driving speed (km/hr) 43
Vehicle operation cost per hour (won) 17,061 17,329 13,902
Average time value (won/car) 10,844 53,681 16,571
Traffic volume per day (ea) 44,996
Fuel consumption of reference speed (I/km) 0.0577674 0.128932 0.22659
Fuel consumption of driving speed (I/km) 0.0570607 0.1295810 0.2097749
Driving time (original) 0.0291 hr
Driving time (altered) 0.1221 hr
Air pollution cost (won/ea*km) 34.38 296.34 449.63
Traffic congestion cost| By driving vehicle 58,449,009 4,141,619 6,754,388
(per day) By travel time delay 37,219,352 12,807,398 8,531,380
VOPC (pollution cost) (per day) 5,074,037 3,040,178 9,953,923
Construction period (day) 1,410
T Lo 42,046,780,566 | 28,184,764,692 | 35,587,964,603
otal indirect cost (won)

205,819,509,861
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Table 12. Calculated indirect cost for new technology.

New technology

Car Bus Truck
Tunnel length (km) 1.28
Diversion route length (km) 5.25
Percentage at each vehicle type in Seoul 82% 5.7% 12.3%
Fuel expenses (won/liter) 1,827.3 1,636.7 1,636.7
Reference speed (km/hr) 60
Vehicle operation cost per hour 17,061 won 17,329 won 13,902 won
Average time value (won/car) 10,844 53,681 16,571
Fuel consumption of reference speed 0.0577674 (1/km) 0.128932 (I/km) 0.22659 (I/km)
Driving time (original) 0.0291 hr
1. 30 days (8 hrs/1 day) during protector installation/dismantlement
Traffic volume at night (23:00~07:00) 7,166 (ea)
Driving speed (km/hr) 53.9
Fuel consumption of driving speed (I/km) 0.056824261 0.126646174 | 0.21688941
Driving time (altered) 0.0974 hr
Traffic congestion cost| By driving vehicle 7,416,791 521,245 872,333
(per day) By travel time delay 4,728,805 1,627,210 1,083,932
VOPC (pollution cost) (per day) 808,084 484,175 1,585,248
Construction period (day) 30
. 388,610,402 78,978,860 | 106,245,368
Indirect cost (won)
573,834,630
2. 1,280 days (1 hrs/1 day) during cycle work construction
Traffic volume at night (04:00~05:00) 412 (ea)
Driving speed (km/hr) 539
Fuel consumption of driving speed 0.056824261 (I/km) | 0.126646174 (1/km) | 0.21688941 (I/km)
Driving time (altered) 0.0974 hr
Traffic congestion cost| By driving vehicle 422,227 29,625 48,696
(per day) By travel time delay 269,838 92,853 61,852
VOPC (pollution cost) (per day) 46,111 27,628 201,006
Construction period (day) 1,280
. 944,865,148 192,136,027 257,287,216
Indirect cost (won)
1,394,288,391
3. 2,050 days except case 1&2
Traffic volume per day (ea) 44,996
Driving speed (km/hr) 43
Fuel consumption of driving speed 0.057060763 (1/km) | 0.129581032 (I/km) | 0.209774924 (1/km)
Driving time (altered) 0.0298 hr
Traffic congestion cost| By driving vehicle 23,662,761 1,323,012 2,290,329
(per day) By travel time delay 11,910,193 4,098,367 2,730,042
VOPC (pollution cost) (per day) 258,587 154,936 507,279
Construction period (day) 2,050
. 73,454,658,828 11,431,445,978 11,331,681,587
Indirect cost (won)
96,217,786,393

Total indirect cost (won)

98,185,909,414
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