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Abstract

Rockbolts are the primary-supports in NATM tunnels and are widely used at tunnel
construction sites. Among the rockbolts methods applied in domestic tunnel design,
fully grouted rockbolts are the most representative and frequently used. Fully grouted
rockbolts exhibit relative behavior between the bolt and the ground due to the grout
material. However, during numerical analysis for tunnel design, fully grouted rock-
bolts are often modeled in a way that does not reflect their behavior characteristics.
This may result in underestimating or overestimating the force of the supports. Based
on a literature review, it was analyzed that fully grouted rockbolts are modeled using
truss element or cable element. To analyze the effect of grout properties of cable
elements on rockbolts behavior, this paper compared the behavior of rockbolts in
two models: one estimating grout properties based on rockbolt pull-out test data, and
another assuming complete adhesion between the rockbolts and the ground by appl-
ying large grout properties. Under identical tunnel conditions, the numerical analysis
was conducted by modeling the fully grouted rockbolts differently using truss and
cable elements, and the tunnel behavior was analyzed. The research results suggest
that modeling fully grouted rockbolts as a function of the interface effect between the
bolts and the ground, specifically considering grout, is desirable. The use of pull-out
test data to simulate the behavior of actual fully grouted rockbolts was considered as
a valid approach.
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Fig. 1. Distribution of axial and shear stresses along the bolt for two different condition (Hyett et al., 1996)
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Table 1. Support patterns

Support patterns
P3 P4 P5
Excavation method Full section Upper/Lower excavation Upper/Lower excavation
Length of upper excavation (m) 1.5 1.2 1.2
Thickness of shotcrete (m) 0.08 0.12 0.16
Length of rockbolt (m) 4.0 4.0 4.0
Longitudinal interval of rockbolt (m) 1.5 1.2 1.2
Transversal interval of rockbolt (m) 1.2 1.2 1.2
Steel composite - H-100 x 100 H-100 x 100
Table 2. Properties of support
Soft shotcrete Hard shotcrete Rockbolts
Unit weight (kN/m?) 24 24 78
P3 5,000 15,000
Elastic modulus (MPa) P4 8,071 17,921 210,000
P5 7,312 17,199
Poisson’s ratio 0.2 0.2 -
Specification - - SD400/D25
Table 3. Properties of rock mass
P3 P4 P5
Unit weight (kN/m®) 25 23 22
Deformation coefficient (MPa) 6,000 2,000 600
Cohesion (kPa) 100 40 10
Friction angle (°) 35.0 32.0 30.0
Poisson’s ratio 0.24 0.26 0.28
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_ Allowable pullout strength )
9 Displacement X Cable length

__ Allowable pullout strength
G = Cable length (6)

Table 4. Grout properties of cable element

Support patterns
P3 P4 P5
Grout shear stiffness (N/m/m) 6.751e6 4.133e6 3.515e6
Grout shear strength (N/m) 4.023¢4 3.592¢4 3.116¢4

3.4 5l Case
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Table 6. Analysis stage & load distribution factor

Support patterns Stage Process Load distribution factor (%)

0 Initial analysis 100

P3 1 Excavation 60

2 Soft shotcrete 30

3 Hard shotcrete 0

0 Initial analysis 100

1 Upper excavation 60

2 Upper soft shotcrete 30

P4 & P5 3 Upper hard shotcrete 0
4 Lower excavation 60

5 Lower soft shotcrete 30

6 Lower hard shotcrete 0

Table 7. Displacement and bending stress of shotcrete of Case 1

P3 P4 P5
Ko Case 1-A | Case 1-B | Case I-A | Case 1-B Case 1-A | Case 1-B
0.5 1.31 1.29 3.51 3.49 11.87 12.07
Crown settlement (mm) 1.0 1.10 1.08 2.93 2.90 8.74 8.66
1.5 0.89 0.88 2.34 2.33 6.29 6.01
0.5 0.04 0.05 0.15 0.16 2.44 247
Convergence (mm) 1.0 0.53 0.52 1.42 1.41 5.78 5.75
1.5 1.01 1.00 2.71 2.68 11.81 11.71

28 Journal of Korean Tunnelling and Underground Space Association



A study on a reasonable modeling method of fully grouted rockbolt

Table 7. Displacement and bending stress of shotcrete of Case 1 (continued)

P3 P4 P5
Ko
Case 1-A Case 1-B Case 1-A Case 1-B Case 1-A Case 1-B
0.5 1.82 1.73 2.56 2.57 4.38 438
Bending stress of shotcrete
& (MPa) 1.0 1.97 1.89 2.72 2.79 6.25 5.75
a
1.5 2.12 2.05 3.98 4.01 12.41 11.07
Table 8. Displacement of tunnel
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2 2
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Fig. 5. Bending stress of shotcrete
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1.0, 1.5 wii= /Rt 220l A S71steh7 | sht 22 o | -7 Bl = AAskeint P3| e 27| A4 xd

of| 4] X FL= Case l—AQ]- Case 1-B 25 SiAHA7F 88 o] whet S7tsloint. 24585 9= Case
1-A%} Case 1-B =5 P5, P4 2 K = 1.5 t= s @A g w950 2 A6, Ko = 0.5, 1.0
o= A %Z]%}’C FARIA #5502 WAstt | shikE: F3tehs BN = 9502 WAt P39
RE 7] AUz AoM H=HE HE = Case 1-A2} Case 1-B 25 s A7 Z1diEof ufet =0 2 HhAl
Sheick

Case 1-A%} Case 1-B2] Z|tff HQJaol=P5 WKy = 1.5 wf Hehie} M= oA 212} Case 1-B7} Case
1-AET}0.1 mm, 0.28 mm =LA et o, 1 i}O] =1t A 0 2wt o]2jd AFES 59l Case 1-A
@} Case 1-B2] 9 T ko] FAISHA Lrehd 21 0.2 wtheTh

Case 1-A%}Case 1-Bo] £ }15of| w2 =5 2] E -2 WA Agfo] A UeldS Fig. 55 &0l R1g
4= QIth P5 W K, = 1.59 | Case 1-A7} Case 1-BE T} 5252 %Eﬂ 0] 1.34 MPa 37| ¥Hs}e] 71 2 29
2Jol2 JERHOLE, Case 1-AS} Case 1-B BL5 Ahio] A= =3 2] Eof|A] 2A¥s}tsict.
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TN 20N BEES AA|okA] o2 BHEQ] Case 1-A2} Case 1-B2] B'd =A]of|A] Ax

1 ATo] AN A2 ThE SEE 2 0 bl e 1

i‘*r

4.2 Cable24°| J2IRE SA2|0)| (2 HHA2IY 2EE T BA

2 Hof|X= 57t 70004 Case 2-BL} Case-C 2] ZEE 7|52 H|w5Ho] Cable 24-2] “12R-E 429
w2 AU ZEE AFS B Cable 2.4:0] TEH-E BAA7H EBE AFo| H]3l= 93 HE
Sk Zlo] BAjo| B & Agtxio] 7 BRFR PS K, = 1.5 o 9h& Hlashsieh. of2igh 27104 F mdlo
SEEe AR e, SEES % 4 94, %8 2ues 1361 Table 9% F 2E] Cable 8.24:]
A5 2EE BAFoch

Table 9. Grout properties of cable element

Case 2-B Case 2-C
(cable element with stiff grouting properties) | (cable element with pull-out test)
Grout shear stiffness (N/m/m) 1.5e10 3.515e6
Grout shear strength (N/m) 8.0e6 3.116e4
Fig 62 RS FRES) SRl SRS FAUEL H U $5 Aplle] B GRES 120
Z}slo] 2= sl Ax)H B EES 152 B4ty Fig. 7(a)2}Fig. 7(b)= 212} Case 2-B2t Case 2-Co] SEE
O] A Q] BiLo] 7, Fig. 8(a)2} Fig. 8(b)b Z}Z} Case 2-B2} Case 2-C 9] S2E 9| =2 Rirolc},

Case 2-B&} Case 2-C2] 2EE tj] 8.2 13H 2EEA 212} 113.50 kN, 6.33 kNo| BHAUsH= 7S Fig. 6

=3 SFe1gt 4= Qlrt o]=Case 2-B7} Case 2-CEU} 2EE Z& o] oF 17.934] ©] 27| 445t Atoltt. Case

2- sz} Case 2-C9| S2EQ} 2|5t 7t A H = 131H SEE O] A 2|77of|A ZE2F0.015 mm, 2.11 mm7}

g5t= Zﬂ% Fig. 72 53] @218t 4= 9t} Case 2-B2] 2EE= A H Y] Hixv} 112 2] H51al 98 Hzlo|

7V7hE 7155 Sk R, Case 2-CO] SEE= /SRS _ggy} TE FHIE e oH S o] ==

5}-8st= 14~ UERHSITE E3 Case 2-B] EEE FHA2 Bl BH H221 0~1 moll 125131, Case
2-COl E2E SHA2 TUAIR H291 1~2 mof| S1x]sk3iH:

T R0 SEEEVFEHI G A7) AA AR o] 93-S Fig. 80l &l 4= Qlrt. o] Axfet ti&
o e 1S refelr] ghglon g EEE O 58 Bx=2 249 Fig. 1(a)2} Zol F4%= 2
St} 7 RHO R2E S8 Z S B wstylS off, AAA 02 Case 2-CO FEE 53 2327} Case 2-BS| 54
A ET o] F2 0 2 B ARt JHE LRt 2o & Tk

j;
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Plasticity Indicator

. S|

e o
1 0.010
2 0.013
3 0.015
4 0.011
5 0.006
6 0.007
7 0.007
8 0.006
9 0.007
10 0.007
11 0.007
12 0.011
13 0.015
14 0.013
15 0.010

Plasticity Indicator

elastic, at yield in past

at yield in shear or volume

at yield in shear or volume

Max.
Nomper  Adlalforce
1 7471
2 95.74
3 113.20
4 81.49
5 47.64
6 52.37
7 53.22
8 42.39
9 53.22
10 52.40
11 47.65
12 81.99
13 113.50
14 97.27
15 76.49

200
Case2-B, P5,K0=1.5 % %f 3
#-Casc2-C, P5,KO=1.5 5 1
E‘ 150
-
N’
o
£ 100
S .
.T.S )
>
< 5 .
0 —a——a N s A ——A A
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Element Number
Fig. 6. Axial force of rockboltin P5 & Ko = 1.5
sy S 24
15 1 iel ! s 15 1
\Cable i cement
I \ ' (mm)
1 | f r 1 1.36
| ‘ \ ’ 2 1.60 \ \ ‘ , /
3 2.10
t\\\)i‘z/, ) 4 1.49 \\ll‘ /
N N\ e, 5 0.86 \ 1 / /
4 N s ) 6 0.85 ’
~ > < ~ 7 0.2 (
( . 8 0.66
[ ~ 9 0.2 L st
e "’ 10 0.85 ‘ (
11 0.86
- y—— 2 150 | |
13 211
14 1.61
15 1.38

(a) Case 2-B

(b) Case 2-C

Fig. 7. Relative displacement between rockbolts and ground in P5 & Ko = 1.5

Q\\\I //4,,

L [T

(a) Case 2-B

Plasticity Indicator

atyield in shear or volume

elastic,

Cable
Number

at yield in past
Max.
Axial force
(kN)
4.11
436
6.32
4.35
2.57
224
2.04
1.66
204
224
2.56
4.35
6.33
4.37
4.13

§\\‘/

= e

A

(b) Case 2-C

Fig. 8. Axial force distribution of rockbolt in P5 & Ko = 1.5
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olefat ATES FFole] B 1), Case 2-CO) FBEL Case 2-B] ZBERTH AR S2E0] 7]
5 E430 o @ el 202 BoEt web Cable 842 WA SRES REE A 488 10}
o 1
T .

E 247 A82 Fat oz foEm, 715 S5 RHgol| dfsl SEE A dlolHE E-85h
H

43 MY SBE DU WHO| 12 £ HS 24

S

2 AoM=3.4d0 AFH 37 AU SEE Hde o e 9], £32E 8, SEE 54
BA5HL Table 102 A Eofjel @ 27|2]ZAHo] th2 Case 2-A, Case 2-B, Case 2-C2] H19], =32|E &
SEE S=o[th Table 11> AT RANGE £92|E 38 Z5E Z2jo|t}, 12 o] x =2 42|
= Pl 24 FA 25 Yepdich 23 2| E R o= e duH 953lHol|A] 12 AlZtste] H5s)o]
322 U, SE5E A o= Hadth 95 Foldo| A3H BEEES 1= AlAfsto] 215 Xfoitte] Ax]H
EEES 52 B4t

o
> % b

X

Table 10. Displacement and force of the supports of Case 1

P3 P4 P5

Ko |Case 2-A | Case 2-B | Case 2-C | Case 2-A | Case 2-B | Case 2-C | Case 2-A | Case 2-B | Case 2-C
(truss) | (cable) | (cable) | (truss) | (cable) | (cable) | (truss) | (cable) | (cable)

0.5 1.30 1.29 1.29 3.50 3.48 3.48 11.70 11.89 12.07

Crown settlement

10| 110 | 108 | 1.08 201 | 288 | 2.90 862 | 853 | 865

(mm) 15| 08 | 088 | 088 233 | 230 | 233 59 | 575 | 6.00

05| 004 | 005 | 005 015 | 016 | 0.16 207 | 222 | 246

Convergence |7 01053 | 052 | 052 1.41 141 | 141 552 | 548 | 574
(mm) 15| 1.0 099 | 099 270 | 267 | 268 1145 | 1137 | 1171

05| 18 | 173 | 173 255 | 256 | 257 398 | 387 | 435

Bending stress of |7 " o] 189 | 1.89 270 | 278 | 279 578 | 557 | 575

shotcrete (MPa)
1.5 2.11 2.05 2.05 3.96 4.01 4.01 10.24 10.77 11.07

0.5 5.61 5.57 0.59 16.84 18.38 1.03 87.16 87.10 3.87
1.0 8.06 7.70 0.61 23.90 25.85 1.57 95.34 95.34 4.47
15| 10.99 10.52 0.90 31.03 33.36 2.11 124.38 | 113.50 6.33

Axial force of
rockbolt (kN)
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Table 11. Force of the supports

Bending stress of shotcrete Axial force of rockbolt
20
4 SCase2-A, P3, K0-05 & Case2-A, P3,K0=0.5
> Case2-A, P3,KO0 = 1.0 Q\ Case2-A, P3,K0 = 1.0 _\&\
Case2-A. P3,K0=115 » " =15 i 1
= *Case2-B, P3 K0=0.5 , P3,K0=0.5
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E Case2-B, P3,K0=1.5 —~ =15
e +Case2-C, P3,K0=0.5 V4 —05
- Case2-C, P3,K0=1.0 = -10
] Case2-C, P3, K0 = 1.5 P -15
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5 1 < s
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0 i 0 e — e e S
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Element Number Element Number
8 70
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& 4 |*Case2-B,P4,K0O=10 Case2-B, P4, K0 = 1.0
= Casc2-B, P4, KO = 1.5 = 50 ||-~Case2-B, P4, KO=1.5
=) +Case2-C, P4, K0 = 0.5 z +Case2-C, P4, K0=0.5
@ Case2-C, P4, K0 =1.0 = Case2-C, P4, K0 = 1.0
g Case2-C.P4.KO=1.5 @ 40 ||--Case2-C,P4,KO=1.5
% 4 E
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g s
= =
g 2 <
)
0 L L L L L L Y (== > = ———==F
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Element Number Element Number
20 SCazA D5 KO=03 20 reaana P5,K0=0.5
< Case2-A, P5, K0 = 1.0 Q\ Case2-A, P5, K0 = 1.0 _\&\
Case2-A, PS K0=1.5 2 1 Case2-A, P5, K S 15 1
= *Case2-B, P5, K0 =0.5 200 |[>Case2-B, P5,K0=10.5
& 15 --Case2-B, P5, K0 = 1.0 --Case2-B, P5, K0 = 1.0
= Case2-B, P5, KO = 1.5 P Case2-B, P5, KO = 1.5
= +Case2-C, P5, K0 =05 z +Case2-C, P5, KO =0.5
2 -2-Case2-C, PS K0=1.0 é 150 Case2-C, P5, K0 = 1.0
I Case2-C, P5, K0 = 1.5 ) Case2-C,P5,K0=1.5
= 10 2
@n S
P5 o0 ha
g s
= =
g s <
)
0 L L 1 L 0 2t -
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Element Number Element Number

Case 2-AT} Case 2-B2] AT Ztf| HY=P5 WKy =0.5¢ ™ Z+2}+11.70 mm, 11.89 mm©] FAYSIATE. ©]
= Case 2-A} Case 2-Bo] SEE 2] A thH] Z+2+0.17 mm, 0.18 mmTEE-2] HPE AAsk= Ax}o]ct. Case
2-COJ A ol ¥91=12.07 mm O] HISPPHIAYSIG 0 W, o] = FEE 42| 2 tiH] |15 AA6kA] 25t 4
F}o[t}, Case 2-A, Case 2-B2] F=H 5 2o W= P5 YK, = 1.5 4914 242} 11.45 mm, 11.37 mm=z 24
SlL) o= ZEE A2 A tiH] 242} 0.36 mm, 0.34 mmTE-2] 1S ojAsk= Ao}, Case 2-C 2] F=4
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MPa, 10.77 MPa @A45}%tt, o] = SE&. 2l
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