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Methodology to Quantify Rock Behavior in Shallow Rock Tunnels by Analytic
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Hierarchy Process and Rock Engineering Systems

Yoo, Young-ll, Kim, Man-Kwang, Song, Jae-Joon

Abstract For the quantitative identification of rock behavior in shallow tunnels, we recommend using the rock
behavior index (RBI) by the analytic hierarchy process (AHP) and the Rock Engineering Systems (RES). AHP
and RES can aid engineers in effectively determining complex and un-structured rock behavior utilizing a structured
pair-wise comparison matrix and an interaction matrix, respectively. Rock behavior types are categorized as rock
fall, cave-in, and plastic deformation. Seven parameters influencing rock behavior for shallow depth rock tunnel
are determined: uniaxial compressive strength, rock quality designation (RQD), joint surface condition, stress, ground
water, earthquake, and tunnel span. They are classified into rock mass intrinsic, rock mass extrinsic, and design
parameters. An advantage of this procedure is its ability to obtain each parameter’s weight. We applied the proposed
method to the basic design of Seoul Metro Line O and quantified the rock behavior into RBI on rock fall, cave-in,

and plastic deformation. The study results demonstrate that AHP and RES can give engineers quantitative information
on rock behavior.

Key words Rock behavior, Analytic hierarchy process (AHP), Rock Engineering Systerns (RES), Fuzzy Delphi method
(FDM), Cave-in, Rock fall, Plastic deformation, Rock behavior index (RBI)
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Table 1. Group of Parameters affecting rock behaviors (M. Cai, 2004)

Group of parameters

Individual parameters

Rock mass inherent parameters

Construction parameters
(excavation parameters)

2. Joint parameters

3 Weak zones or faulis

{. Intact rock parameters

Strength of intact rock

Rock modulus

Number of joint sets

Joint frequency

Joint condition (roughness, infilling)

Joint size/length, persistency

Joint orientation

Width
Orientation

Gouge m

ial dulus and strength)

Excavation size

Excavation shape

Construction

method

Blasting damage

Table 2. Comparison amongparameters of rock mass classificationsand parameterssuggested by Cai et. al (2004)

RMi
Cai et. al Cai et. al Cai et. al Cai et. al
RMR -syste 3¢ Imstrém,
(2004) Q-system (2004) GSI (2004) (Palmstrém (2004
1995)
. .. . Inherent /
RQD Inherent / joint RGD Inherent / joint| Block volume Inherent / joint ucs intact
Number of Joint roughness

Joint spacing Inherent / joint

Joint condition Inherent / joint

Ground water External
Inherent /
ucs .
intact
Joint L
. . Inherent / joint
orientation

joint sets (Jn)
Joint roughness
()
Joint alteration
(Ja)
Ground water
(Jw)
Strees
reduction
factor (SRF)

Inherent / joint

inherent / joint

Inherent / joint

External

External

Joint condition Inherent / joint

GR) Inherent / joint
Joint alteration
(4)
Joint size
factor (jL)
Block
Volume(Vb}

Inherent / joint

Inherent / joint

Inherent / joint
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Table 3. Comparison on main parameters on rock behaviors
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Researchers Main parameters Rock behavior type
RMR 10 types: stable, rock falls, cave-in, buckling, rupturing, spalling
Martin et al. (1999) ucs /slabbing, rockburst, plastic behavior, squeezing or swelling,
ing cla

GSI Stress-induced plastic yielding

Martin et al. (2003) ucs
Ground stress

Gravity-inducedcontrolied block movement
Stress-induced briitle spalling

Rock type
Ground water
Joint orientation
Ground stress
Tunnel size, shape

Palmstrom & Stille (2007)

Gravity-induced (4 types):
ground

Stress-induced (6 types): buckling, rupturing from stresses,
slabbing, rockburst, plastic behavior, squeezing

Groundwater influenced (4 types): raveling from slaking, swelling,
flowing ground, water ingress

table, block falls, cave-in, running
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Fig. 1. Rock behavior types in shallow depth rock tunnel.
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. Decision of goal

Composition of pairwise
comparision matiix
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!

Consistency check -

'

: Estiination of weighting factor

Fig. 3. Analytic hierarchy structure to decide the weighting
factor of parameters on rock behavior.

Fig. 2. Flow chart of AHP.

a. =2 L 194 97A]2) FQ % 7} (intensity of importance)
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Table 4. The fundamental scale of AHP (Saaty, 1980)

Intensity of

. Definition Explanation
importance
1 Equal importance Two activities contribute equally to the objective
2 Weak -
. E ience and judgment slightly favor one activi
3 Moderate importance Xpene Judgm ghtly ty
over another
4 Moderate plus -
. Expertence and judgment strongly favor one activi
5 Strong importance Xpene Judgm ey ty
over another
6 Strong plus -
. An activity is favored very strongly over another;its
7 Very strong or demonstrated importance 1 act vy o4 &y
dominance demonstrated in practice
8 Very, very strong -
. The evidence favoring one activity over another is
9 Extreme importance e v & &l

of the highest possible order of affirmation

If activity i has one of the above nonzero numbers
assigned to it when compared with activity j, then
jhas the reciprocal value when compared with i

Reciprocals of
above

If consistency were to be forced by obfaining #

Rationals Ratios arising from the scale . .
numerical values to span the matrix
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Table 5. The consistency indices of randomly generated reciprocal matrices

Order of the matrix

4 5 6 7

RI value 0 0 0.58

0.90 1.12 1.24 1.32
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Table 6. Weighing of the primary parameters according to rock behaviors

Primary Parameters Rock fall Cave-in Plastic deformation
a=0.0 a=0.5 a=1.0 0a=0.0 a=0.5 a=1.0 a=0.0 a=0.5 a=1.0
Rock mass intrinsic parameter  0.44 0.44 0.58 0.45 0.44 0.60 0.30 0.26 0.29
Rock mass extrinsic parameter  0.25 0.21 0.16 0.24 0.21 0.16 0.44 0.47 0.50
Excavation parameter 0.31 0.35 0.26 0.31 0.35 0.24 0.26 0.28 0.21
Table 7. Weighting of the secondary parameters according to rock behaviors
Secondary Parameters Rock fall Cave-in Plastic deformation
a=0.0 a=0.5 a=1.0 a=0.0 a=0.5 a=1.0 a=0.0 a=0.5 a=1.0
UcCs 0.08 0.05 0.06 0.08 0.05 0.06 0.05 0.03 0.03
RQD 0.16 0.16 0.23 0.16 0.16 0.23 0.11 0.09 0.11
Joint condition 0.20 0.23 0.29 0.20 0.23 0.30 0.14 0.14 0.15
Stress condition 0.08 0.06 0.05 0.08 0.06 0.05 0.15 0.13 0.17
Ground water condition 0.11 0.10 0.08 0.10 0.10 0.09 0.19 0.23 0.27
Earthquake 0.06 0.05 0.02 0.06 0.05 0.02 0.10 0.11 0.07
tunnel span 0.31 0.35 0.26 0.31 0.35 0.24 0.26 0.28 0.21
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through each parameter to establish the cause and effect
co-ordinates (modified from Hudson, 1992).

EFFECT)

Table 8. ESQ-coding of the parameters’ interaction intensity used in the model (Hudson, 1992)

Coding Description
0 No interaction
1 Weak interaction
2 Medium interaction
3 Strong interaction
4 Critical interaction
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Table 9. Interaction matrix coding for the study area

3 qhh B AlLElel 3t AME PitE Y] dubAS 49 YR PR

E1 Ez E3 E4 Es E(, E7 Rock behavior
C ues 1.4 11 1.5 0.5 0.4 2.0 0.9 1.2 2.6
GO
G 1.7 RQD 22 1.3 2.0 0.6 2.3 2.8 3.1 22
(P2)
JC
Cs 1.5 1.8 1.3 2.4 0.8 2.5 33 33 2.1
(P3)
G| 17 1.8 1.8 Stress g 13 2.5 1.7 18 33
(Ps)
N W 13 24 14  Grownd ¢ 23 23 27 1.7
water(Ps)
Earth
C 0.4 0.7 . 1. R . 1.8 1.1
6 0.9 6 0.8 Quake(Pe) 1.9
Tunnel
C; 0.9 0.9 1.0 23 1.9 0.5 2.8 2.5 25
Span(P7)
Rock Cave Plastic
fall -in Deformation
Table 10. Weighting of parameters according to rock behaviors
Secondary parameter Rock fall Cave-in Plastic deformation
UCS 0.08 0.09 0.13
RQD 0.16 0.17 0.14
Joint condition 0.20 0.20 0.16
Stress condition 0.14 0.14 0.19
Ground water condition 0.15 0.16 0.13
Earthquake 0.07 0.07 0.06
tunnel span 0.18 0.17 0.17
6T
5 3.3 etdt 7{Z X|£=(Rock behavior index) 2+H™
! A AF E wsAS) it 7HE Rl (W, =10 S
T r=2: WA, r=3: 249F)9} Table 120 A 2z} o
! = THe] sfigshe WiHP) £ AFEFOR 0jFo
%o X)u{(Table 11) n7}2] QIRFS9] E8ho @ AALSF 2 9]
1 - s o}, olefgt Yelo) HAS AAN By 23 A Ay
Ny = = QR A% 214 (RBDE 4Pgai) sev 4] (15)9
3
« 2.
. i .
6 L : | " P
o RBI, =100(1- "W, P—’) (15)
Fig. 6. Cause versus effect diagram on 7 parameters. = max
A7VA, Pra B2 2 A Hp7} HE 2 Qe
g 27, Ak 2A9) AHEAT 2A) e, 44 - o Al o
S A o At i e AOIEL 171z POl 019} 21 A2
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Table 11. Suggested rating of parameters affecting rock behavior in shallow tunnels

Factors Classes 1 2 3 4 5
UCS(MPa) P < 25 25-50 50-100 100-250 >250
RQD (%) P2 < 20 20-40 40-60 60-80 >80
Joint condition P; <3 3-8 8-12 12-15 >15
Overburden height/Tunnel Span Pq < 1.0 1.0-1.5 1.5-2.5 2.5-3.5 > 3.5
Earthquake intensity Ps > 025 ¢ 0.20-0.25 g 0.15-020 g 0.1-0.15 g <010 g
Joint spacing/Tunnel span Py < 1/200 1/200-1/100 1/100-1/50 1/50-1/5 >1/5

Table 12. Rock behavior index (RBI) categories

Linguistic values:

(s N .. -
Rock Behavior Index (RBI) 0-20 20-40 40-60 60~80 80~100
L v Very Low Low Moderately High Very High
Linguistic terms Probable Probable Probable Probable Probable

o} (Table 12). o}= 57| W2 22350 0~20, 20~40, A O3H OFeR 2 4% 1.77 km £ HE@3ne
40~60, 60~80, 127 80~1002] WIRE = 4= 9= 141 km= NATM Fgeog A7 Egch & 2719 7
o) 0~2077k0) 7% ot At AT ARsAdol e 2 wkRA} a3, wrigto] de) Rasln Y ol 47)
B2 7o) E A ¥ $9E etk & 4 gk b Qs HOR UeiiickFig 7). BY e B4 |
HYE QoY §2 oiise) et muluet 9w (PD setion)o] F5 0] R 913l (Fig. 8), H
el Zo) u], A3k ihfEse] Hpe XIGPTHQL g9 gAY A28 7S BE o (PW section)
g Hoky 2} 8§y F ayfiee Faee Zy 7rda) 3} 2-Arch THH(2-Arch section) 2. E o|2oA git}
B Eo| Wz Asislolsh Ao Y] At W EaL 1638 molT B FAFCE ditel
e AW, deld Bepgmel WeE BN Y omkem Hof gk

0] gto 2 AolslgitSonmez & Ulusay, 1999}, ﬂtj“ﬂ*ﬁ* Sl AA Wi bt AlAH"

it ASL sisiich A
n)ru} whak A4 g os ipg 59151, Rk AEo)

jaii}
ok
o g

4. Al e & d
QL OjAE 7R WSS ASUETE RQD,
B o e A8 2Tl SASKE A% Ash el 24, $eg, A5k 22, A4 2 e Hole

Fig. 7. Geology and tunnel longitudinal section (PD: double lane track section, PW: enlarged section).
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Fig. 8. Double-lane track section (PD section)
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Table 13. Suggested rating of parameters and rock behavior index (RBIs) according to support pattern of PD section

support
pattern

Site pos. P, P, P; Ps Ps Ps Py

AHP method RES method

RBI; RBIL RBI; RBI,; RBL RBI;

PD-4 28,170 2 0

[38)
(9]
[\
[\

PD-5A 28,200 3 2 2 3 3 2

PD-4 28,300 2 0 1 3 4 2
PD-5B 28,350 1 1 1 3 4 2
PD-5A 28,430 2 0 1 3 3 2

PD-4 28,500 2 2 2 3 4 2

PD-5A 28,550 1 1 2 2 3 2
PD-5A 29,000 2 0 1 2 3 2
PD-5A 29200 3 2 2 2 3 2
PD-3B 29,540 2 1 2 2 2 2

66.25 65.75 56.75 60.50 60.25 56.25

53.25 53.00 45.00 46.50 46.25 43.00
76.00 74.75 53.75 64.00 62.25 59.00
64.25 63.25 46.25 55.75 54.50 54.50

70.00 69.00 54.00 61.75 62.00 57.25

52.25 51.75 39.75 44.00 42.50 43.75

62.00 61.50 53.00 56.50 56.00 59.25

71.50 70.50 58.00 65.75 65.00 63.00

46.50 46.25 43.25 44.50 43.75 44.25

63.00 62.75 58.25 59.00 58.75 58.50
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Rack behavior index (RBI}
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Fig. 10. Comparison between weights of rock behaviors by AHP and by RES.
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