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A Study of Evaluation System of NATM Tunnel using Delphi and AHP

Kwang-Rim Park'™, Jee-Seung Chung’

Abstract: Since the 30-year-old facility is expected to surge from 10.5% to 23.9% in 10 years, the new evaluation system is needed to establish efficient
maintenance system for securing the safety and extending the life span of existing facilities. In this study, Delphi and AHP(Analytic Hierarchy Process)
was conducted to provide a systematic new evaluation system for the NATM tunnel, which is the most frequently constructed structure of the existing
tunnel. Since the existing assessment systems are limited in scope of evlauatuon criteria, the survey was conducted in conjunction with closed
questionnaires on existing items and open questionnaires for eliciting new items. In results, suitable evaluation factors were derived for the NATM
tunnel through the validation of the survey results. Also after calculating weighted value of the derived assessment item using AHP technique, a new
evaluation system is proposed to meet the characteristics of the NATM tunnel, so that they can be used as reference materials for revising and
supplementing detatiled guidelines in the future.
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Table 1 National arrangement of valuation items

Division Common items Certain items

Four e Dage S CPosed
countries Desauamation Thl.ckness an(li inverted
Common quar ’ sinkhole existence,

Exfoliation, etc. Excitation and Dropout,

Three Material deterioration, Lining stress,
countries Ground conditions, Building limits,
Common  Drainage condition, etc. Water quality,

Joint, White coating, Vegetation,

Two Imersecton, et
countries Tun.nel gate state, Mgaintenance Inte tg,
Common Displacement, Lineart g,

Lining strength, inearity f)f tunnels,
Subsidiary facilities Illuminance
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Team || Tunnels and evaluation systems
composition a high-level expert
\
Delphi 1st Survey [— Open and closed conduct surveys
\
ity B Validity Eyalulation(CVR) afld Deriving
: evaluation item (plan) using open
analysis . .
questionnaire result
\
Delphi 2nd Survey |— Open and closed conduct surveys
\
lysis, F
Secondary || Colntent analysis, requ?n.cy
. analysis(Evaluate expert opinion on
analysis .
importance)
\
Delphi third survey|— Questionnaire on important .1tems. derived
from the second questionnaire
\
Thaify Content Valid.ity a{ld Reliability
e verification,
Deriving final evaluation items
\
Inducement of Final confirmation of evaluation Item
agreement

Fig. 1 Delphi Method

Table 2 Experts distribution

Field ' Re'sea1jch Management Academia Belatlon
institutions body industry
Number 15 10 2 3
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Table 3 Professional experience and expertise

Career 10 years~15years Over 15 years

Person 5 25

Table 4 Minimum value of content validity ratio(CVR) by number

of respondents

Number of CVR Number of CVR
respondents Minimum value respondents  Minimum value

10 0.62 20 0.42

11 0.59 25 0.37

12 0.56 30 0.33

13 0.54 35 0.31

14 0.51 40 0.29

15 0.49 - -
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Table 5 1st Delphi survey result

| Enclosed survey | |

Open survey |

| Forty Items evaluation | |

Thirteen items additional |

- Condition safety
-Invert existence
-Geological
characteristics
-Drainage condition, etc.
- Durability
-Rebar cover

Content validity
Satisfaction

(Thirty-one items)

-Lining thickness, etc

A7) Z2 Table 49 2J8] CVR > 0.37= 3} Th Table 59+
o] EHATE T3l =28 B7FHE(F 407H) 0l thste] W
SEIGE=E AES A3 317 50| Bl EE s A
o7

1}, dlsjo] 22} =A} B4 Ax)
221 dto] ZAbe] S M E7R= 25 oW, W8 Bl =
‘f"i“}x}?éj”]' 447H 30]—_2- = 357H 30]—‘51-0] Z—']';f—;x]_‘:'_]_— 7;1_9__%_

Table 6 NATM Tunnel(None rebar concrete lining)
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Evaluation item

Division Large

category Middle category Small category CVR Convergence Agreement C.O.V
(1) Location 0.86 0.50 0.83 0.14
(2) Width 1.00 0.65 0.86 0.10
Cracks (3) Length 1.00 0.50 0.85 0.13
(4) Progressive 1.00 0.38 0.89 0.12
(5) Pattern 0.86 0.75 0.75 0.16
(6) Location 0.71 1.00 0.67 0.19
Leakage .
o (7) Leakage quantity 1.00 0.50 0.86 0.12
Lining (8) White coating 043 088 071 027
condtion
Safety Condition (9) Desquamation 0.57 0.88 0.71 0.30
safety Material (10) Layer separation and Exfoliation 0.86 0.88 0.71 0.16
deterioration. etc  (11) Material separation 086  0.88 0.71 0.27
(12) Breakage and Damage 1.00 0.50 0.85 0.12
(13) Thickness and inverted sinkhole existence  1.00 0.88 0.73 0.14
Tunnel (14) Whether or not the inner section is reduced  0.86 0.50 0.83 0.15
measurement (15) Cross section measurement 0.71 0.50 0.83 0.17
(16) RMR 0.71 0.50 0.83 0.18
Surr(?qnd Ground conditions (17) Geological characteristics 0.71 0.50 0.83 0.14
condition
(18) Belt of fault breccia 0.86 0.50 0.86 0.18
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Table 6 NATM Tunnel(None rebar concrete lining) (Continue)

Evaluation item

Division Large -
i FHE o= .0.
category Middle category Small category CVR 3 c1ge) C.oOvV
. (19) Tunnel gate state slope 0.71 0.50 0.83 0.21
Ground conditions .
. (20) Road bed swell existence 0.71 0.50 0.83 0.24
Condition Surround
safety  condition Drainage - (21) Drainage condition 1.00 0.88 0.71 0.14
pipe utility conduit (22) Sediment condition 071  0.50 0.82 0.19
investigation  (23) Drainage ditch condition 057 050 0.86 0.19
safety (24) Safety factor 0.86 0.50 0.86 0.16
Ordinary (25) Displacement 0.86 0.88 0.75 0.17
Structure Degree of (26) Stress 1.00 0.50 0.83 0.12
safety risk (27) Safety factor 086  0.88 0.75 0.17
Earthquake time  (28) Displacement 1.00 0.50 0.85 0.13
(29) Stress 1.00 0.50 0.85 0.13
Durability Concrete lining (30) Concrete estimation strength 0.86 0.50 0.83 0.15
Table 7 NATM Tunnel(Rebar concrete lining))
Evaluation item
Division _
Large Middle category Small category CVR %= 3= COoVv
category
(1) Location 0.86 0.50 0.83 0.14
(2) Width 1.00 0.65 0.86 0.10
Cracks (3) Length 1.00 0.50 0.85 0.13
(4) Progressive 1.00 0.38 0.89 0.12
(5) Pattern 0.86 0.75 0.75 0.16
(6) Location 0.71 1.00 0.67 0.19
Leakage .
(7) Leakage quantity 1.00 0.50 0.86 0.12
Lining (8) White coating 0.43 0.88 0.71 0.27
condtion (9) Desquamation 0.57 0.88 071 030
(10) Layer separation and Exfoliation 0.86 0.88 0.71 0.16
Material
.. (11) Rebar exposed 1.00 0.50 0.86 0.12
deterioration. etc ] ]
- Condition (12) Material separation 0.86 0.88 0.71 0.27
AL afety (13) Breakage and Damage 100 0.50 085  0.12
(14) Thickness and inverted sinkhole existence 1.00 0.88 0.73 0.14
Tunnel (15) Whether or not the inner section is reduced 0.86 0.50 0.83 0.15
measurement  (16) Cross section measurement 0.71 0.50 0.83 0.17
(17) RMR 0.71 0.50 0.83 0.18
(18) Geological characteristics 0.71 0.50 0.83 0.14
Ground conditions (19) Belt of fault breccia 0.86 0.50 0.86 0.18
Surround (20) Tunnel gate state slope 0.71 0.50 0.83 0.21
condition (21) Road bed swell existence 0.71 0.50 0.83 0.24
. . (22) Drainage condition 1.00 0.88 0.71 0.14
Drainage - pipe ] .
utility conduit (23) Sediment condition 0.71 0.50 0.82 0.19
investigation (34 Drainage ditch condition 057 050 086  0.19
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Table 7 NATM Tunnel(Rebar concrete lining)) (Continue)

Evaluation item

Division C;ngiﬁ;y Middle category Small category CVR ™% 3= Cov
(25) Safety factor 0.86 0.50 0.86 0.16
Ordinary (26) Displacement 0.86 0.88 0.75 0.17
Safety Structure Deg.ree of (27) Stress 1.00 0.50 0.83 0.12
safety risk (28) Safety factor 0.86 0.88 075  0.17
Earthquake time (29) Displacement 1.00 0.50 0.85 0.13
(30) Stress 1.00 0.50 0.85 0.13
(31) Concrete estimation strength 0.86 0.50 0.83 0.15
(32) Carbonation depth 0.57 0.50 0.83 0.20
Durability Concrete lining (33) Chloride penetration 0.59 1.00 0.60 0.23
(34) Covering bar 1.00 0.50 0.83 0.13
(35) Rebar corrosion 1.00 0.50 0.83 0.12
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Table 8 Random index(RI)

Matrix size RI Matrix size RI
1 0.00 9 1.45
2 0.00 10 1.49
3 0.58 11 1.51
4 0.90 12 1.48
5 1.12 13 1.56
6 1.24 14 1.57
7 1.32 15 1.59
8 1.41 - -
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Table 9 Weight Calculation resultstNATM Tunnel-None rebar

Table 10 Weight Calculation results(NATM Tunnel-Rebar concrete

concrete lining) lining)
Evaluation item Weight(%) Evaluation item Weight(%)
Cracks 15 Cracks 16
Leakage 12.5 Leakage 12
White coating 2 White coating 2.5
Breakage and Damage 8 Breakage and Damage 7
Lining Desquamation 2 Lining Rebar exposed 8
Layer separation and Exfoliation 6 Desquamation 3
. . Layer separation and Exfoliation 5
Material separation 3 ) )
. . Material separation 3
Whether or not the inner section . .
. 16.5 Whether or not the inner section
is reduced . 13
: - is reduced
Drainage condition Drainage condition 7
Tunnels Ground condition 9 Tunnels Ground condition 8
around Drainage ditch condition 2 around Drainage ditch condition 2
Rear face sinkhole existence 10 Rear face sinkhole existence 8
Special condition 6 Special condition 5.5
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Table 11 Damaged by Influence coefficient(Critical flaws)

2) W7V 9 B
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H7HAIAE T83tod FolA 2o 7HA & A e 5 7] 24

s Evaluation Influence Evaluation Evaluation
Division Flaws and damage .
Type coefticient standard score
- Significant flaws 1.0 a 0
- Lining part severe leakage and deformation
+ Structural cracks
- Progressive cracks(Condition assessment “d” below) 1.1 b 1
Lining - Fixed crack(Area ratio more than 20% “d” below)
- Insufficient lining thickness(Design thickness, Overall)
- Breakage and damage Critical flaws 1.3 c 2
-Area ratio more than 20% “d” below
-If there is a risk of falling(Large-scale)
- Rebar exposed and corrosion(e Grade) 1.7 d 3
Tumnels Drainage confi.ition(P.oor drai.nage and clogging)
around Ground conditions(Differential settlement of ground) 3.0 e 4

- Special condition(Risk of freezing train line)
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Table 12 Damaged by Influence coefficient(Local flaws)

Division Flaws and damage Evaluation Influence Evaluation Evaluation
Type coefficient standard score
- Longitudinal direction(Diagonal) crack(Member length more than
2/3) 1.0 a 0
- Breakage and deterioration(Member thickness more than 2/3)
- Delusion crack(Area ratio more than 20% to more than “c”)
- Insufficient lining thickness(Design thickness, Overall) L1 b !
L - Leakage
Lining _1¢it interferes with the passage of trains
- Leak with a soil particle(more than “c” Grade) Local flaws 1.2 ¢ 2
- Breakage and Damage
- Area ratio more than 20% to more than “c”
- If there is a risk of falling(Small-scale) 1.4 d 3
- Rebar exposed and corrosion(c ~d Grade)
Tunnels Drainage con‘d‘ition(Poor drainage ?nd clogging)
around Ground conditions(Small and medium scale fault) 2.0 e 4
- Special condition(Tunnel with electric line-freezing risk)
Table 13 Damaged by Influence coefficient(General flaws)
Division Flaws and damage Evaluation Influence Evaluation Evaluation
Type coefficient standard score
Longitudinal direction(Diagonal) crack, drying shrinkage crack, a 0
Lining transverse crack, delusion crack, leakage(White coating), b 1
rebar exposed, material separation General flaws 10 . )
Tunnels Drainage condition, ground conditions, d 3
around drainage ditch condition, special condition e 4

Table 14 Evaluation standard and Evaluation score

Table 15 Structural safety evaluation items and evaluation criteria

Evaluation
standard b ¢ d ¢
Evaluation 0 | ) 3 4
score
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Division Evaluation item Evaluation criteria
Ordinary Safety factor
Structure  Earthquake . Apply current
safety time Displacement o, 1yation system
(Necessary) Stress
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Table 16 Weights for Detail member

Table 19 Estimation criteria for comprehensive evaluation of tunnels

Division Each member Each member Weight(%)
Lining 60 70
Tunnels Tunnel gate 30 30
Vent 10 -

Evaluation item
Safety Durability
Weight 0.70 0.30

Division

Table 17 Durability evaluation items and evaluation criteria

Safety evaluation | | Durability evaluation

.. Structure .. .
Division Evaluation item Evaluation criteria Condition safety safety Durability evaluation
Concrete strength Comparison with Design Defect index Numerical
estimation standard strength analysis Determined as a result of
The time required for all ‘—’—‘ the lowest grade of the
Carbonation depth  remaining coating thickness to Safety evaluation results evaluation indicators
Cli)irrlfiil:e carbonize calculation Results
. . Chloride content in Minimum grade
Chloride penetration . .
reinforcing bars \ \
. Durability evaluation
. The presence and degree of
Rebar corrosion p ' g Safety evaluation results results
rebar corrosion
Evaluation Index Evaluation index
Table 18 Defect index | ‘ |
Evaluation grade a b c d e Overall evaluation results

Defect index 0.10 0.20 0.40 0.70 1.00
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Fig. 2 The results of comprehensive evaluation procedure of the
tunnel

7} = AHP7 S &-85fe] AR5l om, B o FofA]
= UAA H]Eo] 1.07]59] A EXE &85l AtAQl 7}

Bde] FUB7HAP)

=>(FEE HIA 7 x G531 7EA]) (10)

3.8 E

B AFoM s 7IEE LY oY F2¥4] F 7P o] Al
5 NATM E|dol| tjste] dato]7|y 2 AHP7|H-S &-§
sled AAZR A2 B7HAAE =E3IAUTE 7|E H7H
A 2 @71 E HEAY E&27Fse 3] kAl
Ao 2 s o] 71Ee HEEH I = GOl tigh H A
A AFEY M2 o5 =& A ML 7S Begste]

J. Korea Inst. Struct. Maint. Insp. 33



HEEALE ST, A HEANE NS A S
2 AA NATM H9] A3 FIRIAE w255 on,
AHPYM & B §510] 528 B7KgSol o3 7H5A & 414
% F FEE| S0 B BIHAIAS FH 0= A
ek, AEA AN BIHAAE NATM Bde] 727 54
S £ WSS ARl S5 g ARen, Wi
ol HrgE)A) Rohs @A 2
5% Arhe vgstel NATM Ede] Q1143
THL DY 5 UF shlvh vebd W0 E B85
of FxES| 540 P AA KoL HEHL AU
27180, £ AL DS £ 2
dlolEl} ghol F5 ole] B4L Fatol A=t =
AP WA} B 5 Q=S F7429 A7 2 Dol 741
%202 W asich

References

KISTEC (2011), Detailed Instructions of Safety Inspection and
Precision Safety Diagnosis, Tunnel, 1-171 (in Korean).

KISTEC (2001), Establishment of criteria for condition evaluation of
structures (tunnel).

Molit (2007), Tunnel design standards.

Molit (2012), Concrete Structural Standard.

KISTEC (2002), Tunnel Maintenance Manual.

Saaty, T. L. (1980), The Analytic Hierarchy Process, Mc Graw-Hill,
New York.

Saaty, T. L. (1990), Multicriteria Decision Marking: The Analytic
Hierarchy Process, AHP series I, RWS Publication.

Saaty, T. L. (2008), Decision marking with the analytic hierarchy
Process, Int. J. Services Sciences, 1(1), 83- 98.

Lawshe, C. H. (1975), AUANTITATIVE APPROACH TO CONTENT
VALIDITY, Personnel Psychology, 28, 563-575.

Na, S. 1. (1999), A study on the contents of general agricultural education
for elementary-middle-high school students in the information
society, The Journal of Agricultural Education and Human Resource
Development, KSI KISS, 31(1), 21-42.

Adler, M. and Ziglio, E. (1996). Gazing into the Oracle: The Delphi
method and its application to social policy and public health. London:
Jessica Kingsley Publishers. 3-33.

Jerry, A. (2008). Effective Use of the Delphi Process in Research; Its
Characteristics, Strengths and Limitations, Unpublished doctoral
dissertation, Oregon State University, 1-8.

No, Y. S. (2006). Delphi Technique; Get predictive insights from
professional insights, KRIHS, 299, 53-62.

Received : 05/24/2017
Revised : 10/27/2017
Accepted : 10/30/2017

2 A A FoIH EF F308 ol B AREL A 105
¢Fﬂﬂ@a N RTHE )3 A B oAl St £ e As

ol A 10

].37_ ;@‘_gz-]o]

%

$23.9%% FFE Ao, Z7tF o AHES] F&4
FADANA FEE 28 N2 F7HA A B asi 7

ATollME 7= Bd e o) 72 B4 T 7P 8ol AlEE NATM B'dell thste] A|AI1 2] A 28 F7 A1 & rhdstarzt a4, o] 2ls)
=1 hyz

to] 7|3k AHP 7TH-E& 288151t 71 7117 5

55 Qs G Eol| e A2 BET N2 G E22 9T

Y% A5 A NATM B el 435 57101218 SEahel o, AH

FEARAY 5 2

4, Dol 71, AHP, 714, B7 1AL Al F-A13

o] B0l gh= HI7HAIAIE A Al SHA, &
#4801 - FI7HAZA, NATM E

=
\u7)
z
9&
o
r—{n
mlo

erlx:_% 53 HralEo] 3291 Ao 2 Tty o] 7] A&
gaste] RS AAST A A AN E S

P S B8 3t0] 2 B S LA R P

TARE HEY 5 =S 514 P,

=27 M213 M 6=(2017. 1)



