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Abstract

With the concentration of the population in the city center and the saturation of the
structures on the ground, the development of the underground structures becomes
important and the construction of an adjoining tunnel that can reduce the overall
problems is respected. In addition, it is necessary to apply the reinforcement construc-
tion method for the pillar part of the adjacent tunnel that can secure stability, economy
and workability of the site. In this study, the tunnel pillar reinforcement method using
prestress and grouting was reviewed. There are various reinforcement methods that
can compensate for the problems of the side tunnel, but as the tunnel pillar construction
method using prestress and grouting is judged to be excellent in field applicability,
stability and economic feasibility, theoretical and numerical analysis of the actual
behavior mechanism are conducted. Numerical analysis is divided into PC stranded
wire + steel pipe reinforcement grouting + prestress (Case 1), pillar part tie bolt rein-
forcement (Case 2), pillar part non-reinforcement (Case 3) under the same ground
conditions, and the maximum value of the celling displacement, internal displacement,
and member force, the stability was confirmed. Through numerical analysis, it was
confirmed that Case 1 which reinforced the PC stranded wire, was the best construc-
tion method and if it is verified and supplemented through field experiments later, it
will be possible to derive superior results in terms of displacement control and member
force than the currently applied reinforcement method was judged.
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Table 1. The range of numerical analysis area

Road design Tunnel standard Working group on
. . Kulhawy g . . . .

Classification (1974) guidelines specification highway tunnel design
(KEC, 1992) (MOLIT, 1992) (KEC, 1995)

Analysis area * Upper: The ground | * Upper: The ground | * Upper: The ground | ¢ Upper: The ground

(D: diameter surface surface surface surface

I—i' height) > | + Side: 3.0D * Side: 1.5D * Side: 2.5D * Side: 4.0D or higher
Hete * Bottom: 3.0D * Bottom: 1.0D * Bottom: 1.5H * Bottom: 3.0H or higher

%%%ﬁ%%ﬂ#ﬂ%ﬁ%4$ﬂﬂ%6ﬁ%ﬁ%@%ﬂ%ﬁﬁ%hwﬂﬂéﬂﬁ%%

Table 2. Analysis area and boundary conditions

Classification Location Applied analysis area and boundary conditions
Top of the tunnel Applied more than 1.0D at the top of the tunnel
Analysis area Side of the tunnel Apply 4.0D or higher in tunnel sidewalls
Under the tunnel Apply 4.0D or higher in the tunnel floor
Roller conditions
Left and right bound . . . . .
et anc night boundary (horizontal displacement: constraint, vertical displacement: allowable)
Boundary iy
.. Roller conditions
condition Lower boundary . . . . .
(horizontal displacement: allowable, vertical displacement: constraint)
Lower both ends Hinge condition (horizontal and vertical displacement: constraint)
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Table 3. Characteristics of tunnel support material

. . Unit weight Modulus of elasticity . .
lassifi P ’
Classification (kN /m3) (MPa) o1sson’s ratio Note
Ductility 5,000 0.20 fck =10 MPa
Shotcrete 20.0
Hardness 15,000 0.20 fck =35 MPa
PC stranded wire D=152 mm
78.5 200,000 -
Rock bolt D25/SD350
B SPEA B Al A8 T 2]E 51832 Table 49 2k,
Table 4. Allowable stress for shotcrete
Classification Allowable stress Note
Shotcrete Allowable compressive stress 0.4*fck 14 MPa fck =35 MPa
Rock bolt Allowable axial force 0.5*fy*A 88.7kN fy =350 MPa
A el ] e AN S 5RO B BT A Rt 2 AT Fle] ofstel 270l 571
B APgA e 7t Jere ge A A BeAlol], Ak e Qasle] BaAEehs 497t 44
oJc}. Bz Table 5+= 18178 5421 LERH Zlolch

Table 5. Grouting characteristics

. . Unit weight Cohesion . Ir?ternal Modu.lu.s of Poisson’s
Classification (KN/m?) (KN/md) friction angle elasticity ratio
©) (MPa)
Reinforcement grouting at the 21 216.18 30 911.14 030
top of the tunnel
Pillar reinforcement grouting 21 126.30 30 437.44 0.30
E'd QFY/d AECIA = Table 61 2ol skgH-a-2 2853t
Table 6. Applied load distribution factors
o Load sharing ratio (%)
Classification -
Excavation stage (a ) Soft shotcrete (5) Hard shotcrete (v )
Upper 40 20 40
Bottom 40 20 40

Journal of Korean Tunnelling and Underground Space Association 47



Yeon-Deok Kim - Soo-Jin Lee - Pyung-Woo Lee - Hong-Su Yun - Sang-Hwan Kim

Aol 2-8-

AAARE

Table 7. Applied ground characteristics

4= oh& Table 737+ Zth

. . . Internal Modulus of .
Classification Unit we13gh t Cohesion friction angle elasticity P01ss9n’s
(kKN/m”) (kPa) ©) (MPa) ratio
Weathered rock 21.0 35.0 33.0 300 0.30
Class V 22.0 150.0 30.0 700 0.30

16m

Weathered
rock

70m
— == —

16.34m 8m

Soft rock

70m

Fig. 1. Modeling diagram

T ML S Table 83 201 PCUUL - G Tok49 ¢ el el o] Ffof ol
E + DRl AEd10) 79, F10740] 39 A 7HA10] B0 R SAsS Hskick 2} Case'd AFRTA of
Ao SlelEf S e el e 3 e el e ) ool Aok gele] 2l
w2 st 5-2 Btk

Table 8. Numerical analysis case

Classification Pillar reinforcement contents
Case 1 PC stranded wire + Steel pipe reinforcement grouting + Prestress
Case 2 Tie bolt + Prestress
Case 3 No reinforcement
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29x ] Hofje1-e ok Table 99 2t

Table 9. Support pattern

Applied support pattern
Excavation method Top and bottom division (ring cut if necessary)
Advance 0.8 m
Shotcrete High-strength steel fiber reinforcement (25 cm)
Rock bolt L =5m, 0.8 m (longitudinal) / 1.2 m (transverse)
oy e | 42t st sl 20

23EI Y EE

2.3.1 PCFAA + ZF K7} J2ked + T AEH A
t}S Fig. 2= PCZHQIA + 733 7} Jek9e + e A A(150 kN) B7 A 84 Rl ro]H Fig. 3-&
N8 ok
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Fig. 2. PC strand reinforcement analysis modeling diagram

Pillar

Tandion Steel Pipe

-« —

PC strand

Fig. 3. PC strand reinforcement schematic diagram
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A A= TFS Table 107} 2t

Table 10. Pillar part PC stranded wire reinforcement analysis sequence

Construction stage Construction details
Step 1 Original ground
Step 2 Displacement initialization
Step 3 Left tunnel upper excavation and steel pipe reinforcement
Step 4 Upper half soft shotcret.e + Upper half rock bo.lt c9nstmction + Upper half (steel pipe + PC steel
wire + grout) construction and temporary tensioning
Step 5 Upper hard shotcrete
Step 6 Left tunnel lower half excavation
Step 7 L<.)wer half soft shotcreFe + Lower half rock bo.lt c.onstruction + Lower half (steel pipe + PC steel
wire + grout) construction and temporary tensioning
Step 8 Lower half hard shotcrete
Step 9 Right tunnel upper half excavation and steel pipe reinforcement
Step 10 Upper half soft shotcrete + Upper half rock bolt construction + Upper half PC strand tension
Step 11 Upper hard shotcrete
Step 12 Right tunnel lower half excavation
Step 13 Lower half soft shotcrete + Lower half rock bolt construction + Lower half PC strand tension
Step 14 Lower half hard shotcrete
Wal s 7k + PO B o] 2.9 B We) AR, Ho) Aekdsls 212t -18.870 mm, -19.947
mm, Z o P 9= 7121 10.420 mm, 12.783 mm7 2381} TFS Table 11-2 7438+ PC7F9i4 B7) o=l
] §19] Axfolct.

Table 11. Pillar PC stranded wire reinforcement displacement result

) Crown settlement (mm) Internal displacement (mm)
Construction stage - -

Left Right Left Right
Stepl 0.000 0.000 0.000 0.000
Step 2 0.000 0.000 0.000 0.000
Step 3 -7.701 0.426 -1.305 0.452
Step 4 -11.881 0.286 -3.340 0.640
Step 5 -18.746 0.236 -5.918 1.522
Step 6 -18.870 0.557 0.846 1.418
Step 7 -18.641 0.635 2.405 1.244
Step 8 -17.900 0.871 8.368 1.075
Step 9 -17.956 -7.903 8.982 -0.315

50
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Table 11. Pillar PC stranded wire reinforcement displacement result (continued)

) Crown settlement (mm) Internal displacement (mm)
Construction stage - -

Left Right Left Right

Step 10 -18.165 -12.229 9.401 -1.990

Step 11 -18.374 -19.476 10.420 -4.235

Step 12 -18.385 -19.947 10.199 3.754

Step 13 -18.343 -19.693 10.021 6.330

Step 14 -18.212 -18.912 9.603 12.783
Maximum value -18.870 -19.947 10.420 12.783

Inward displacement is the displacement of the left and right horizontal displacement, and the sign is crown settlement: downward | (-),
and internal displacement: inward direction—(+)

£RS Fig. 4= ARoH Y 4, Fig. 5t Ul #9] 2P Tefmolek

5.00
—&—Left Tunnal
0.00 —% ht Tunnel
E -5.00 \
\.\
£ N
LT
¥ -10.00 \
&
- N\
g -15.00 \
=
-— —— 1
-20.00 e
-25.00
1 2 3 6 7 8 9 10 1 12 13 14

Fig.

construction stage(step)

4. Tendency of crown settlement of reinforcement PC stranded wire

25.00
—8— Left tunnel
20.00 || —&—Right tunnel
15.00
.

E 1000
£ —
=
c /‘
o
E 5.00 / —
g
= —
& 000 —
o
3 '\| L\‘
5 -5.00
2
£

-10.00

1 2 3 6 7 8 9 10 11 12 13 14

Construction stage (Step)

Fig. 5. Tendency of internal displacement of PC stranded wire reinforcement
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8.894 MPa (<14 MPa, O.K), SEE |t} 22 77}
9] ¢y do] SH == 7

B2+ PO By wiel o] 1.9 Bld Bl AEZA ), £330 E A gE-gEe

N

Table 12. Shotcrete compressive stress and rock bolt axial force results

© 717}9.769 MPa,
85.903 kN, 85.903 kN (<88.7 kN, 0.K)°| ZAgste] €]d
702 AEFQIL) TR Table 12+= FA2] AE Zijoltt,

—Eso]:

. Shotcrete compressive stress (MPa) Rock bolt axial force (kN)
Construction stage - -

Left Right Left Right

Step 1 - - - -

Step 2 - - - -

Step 3 - - - -

Step 4 2.295 - 38.480 -

Step 5 6.327 - 85.903 -

Step 6 6.170 - 85.903 -

Step 7 6.333 - 85.903 -

Step 8 9.028 - 85.903 -

Step 9 9.160 - 85.509 -
Step 10 9.235 2.017 85.274 41.681
Step 11 9.617 7.875 84.785 85.903
Step 12 9.765 7.495 84.743 85.903
Step 13 9.769 7.446 84.757 85.903
Step 14 9.752 8.984 84.807 85.903
Maximum value 9.769 8.984 85.903 85.903

Allowable value 14 88.7
Evaluation 0.K \ 0K 0K | 0K
£RS Figs. 6 and 78 7%+ POAAA B2 wgl0] 2] Q%58 SaoE Ankge] o 22E %2 4

Jejjzo]ct,

18.00

[
&
=]
=]

12.00

@
=]
=]

Shoterete warp compression stress (MPa)
w w0
o P
(=] (=]

0.00

—8—Left tunnel

owable strass
- —&—Right tunnel -

& & £
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Construction stage (Step)

Fig. 6. Tendency of bending and compressive stress in shotcrete reinforcement with PC stranded wire
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Allowable =88.7kN

100.00 J L
2000 —&—Left tunnel
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=
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E 60.00
=
x
©
S 40.00
-]
-
S
-]
o«
20.00
0.00
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Construction stage (Step)

Fig. 7. Tendency of occurrence of axial force in the reinforcement rock bolt of PC stranded wire
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Fig. 8. Tie bolt reinforcement analysis modeling diagram
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Fig. 9. Tie bolt reinforcement schematic diagram
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A A= TR Table 137} 2t

Table 13. Tie bolt reinforcement analysis sequence

Construction stage Construction details

Step 1 Original ground

Step 2 Displacement initialization

Step 3 Left tunnel upper excavation and steel pipe reinforcement

Step 4 Upper h?.lf §0ft shotcrete + Upper half rock bolt construction + Upper half tie bolt construction
and tensioning

Step 5 Upper hard shotcrete

Step 6 Left tunnel lower half excavation

Step 7 Lower h?llf §oﬂ shotcrete + Lower half rock bolt construction + Lower half'tie bolt construction
and tensioning

Step 8 Lower half hard shotcrete

Step 9 Right tunnel upper half excavation and steel pipe reinforcement

Step 10 Upper half soft shotcrete + Upper half rock bolt construction + Upper half tie bolt tension

Step 11 Upper hard shotcrete

Step 12 Right tunnel lower half excavation

Step 13 Lower half soft shotcrete + Lower half rock bolt construction + Lower half tie bolt tension

Step 14 Lower half hard shotcrete

SR Efol R E B2 ufglo] 9 5'd W] AR A, Hel ArkEsks 2220461 mm, -22.381 mm 2o
29k 717 16,112 mm, 20.858 mm?7}EP3RHE THS Table 145 el ol 2 w7 sjele] wg) A7

o]

L o nH

Table 14. Tie bolt reinforcement displacement results

. Sinking of heaven (mm) Internal displacement (mm)
Construction stage - -

Left Right Left Right
Step 1 0.000 0.000 0.000 0.000
Step 2 0.000 0.000 0.000 0.000
Step 3 -8.483 0.022 -1.280 0.518
Step 4 -12.633 -0.132 -3.053 0.815
Step 5 -19.707 -0.202 -5.729 1.574
Step 6 -20.461 -0.139 3.931 1.517
Step 7 -20.196 -0.047 6.619 1.420
Step 8 -19.359 0.204 13.838 1.208
Step 9 -19.858 -9.175 14.507 -0.299
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Table 14, Tie bolt reinforcement displacement results (continued)

) Sinking of heaven (mm) Internal displacement (mm)
Construction stage - -

Left Right Left Right

Step 10 -20.210 -13.733 14.953 -2.229

Step 11 -20.282 -21.479 16.112 -4.482

Step 12 -20.282 -22.381 15.948 8.841

Step 13 -20.231 -22.083 15.764 12.394

Step 14 -20.079 -21.157 15.345 20.858
Maximum value -20.461 -22.381 16.112 20.858

Inward displacement is the displacement of the left and right horizontal displacements, and the sign is crown settlement: downward | (-),
and internal displacement: inward direction—(+)

kS Fig. 102

A8 733k, Fig. 112 Uss9] 28 Z1efj ook,

5.00

0.00

-5.00

-10.00

-15.00

crown settlement{mm})

-20.00

-25.00

Fig.

25.00

20.00

15.00

10.00

5.00

0.00

Internal displacement{mm)

-5.00

-10.00

—&—Left Tunnzl
ht Tunnel
l\\ \\\
N\ \
_— \
— Y 3
e
1 2 3 4 5 [ 7 B 9 10 11 12 13 14

construction stage

10. Tendency of crown settlement of tie bolt reinforcement

=@ Left Tunnal
3
|| =d—Right Tunnel
/ ] (
/ '
P /
[ /
7
l\"/
1 2 3 4 5 & 7 B 9 10 11 12 13 14

construction stage

Fig. 11. Tendency of internal displacement of tie bolt reinforcement
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Zept Bol2E Bt uigl o] 21 vd HA1E HEAYL, 2232 E 2 45822 271 12.805 MPa, 11.127
MPa (<14 MPa, O.K), S2E 2|t} 32 Z}7}85.903 kN, 85.903 kN (<88.7 kN, 0.K)°] 25l Ef'd 2] ok
Ao] SRl 7 0 2 AEL] Tt ThS Table 155 A2 AE Axtolct

Table 15. Shotcrete compressive stress and rock bolt axial force results

. Shotcrete compressive stress (MPa) Rock bolt axial force (kN)
Construction stage - -

Left Right Left Right

Step 1 - - - -

Step 2 - - - -

Step 3 - - - -

Step 4 1.987 - 33.605 -

Step 5 6.695 - 85.903 -

Step 6 6.419 - 85.903 -

Step 7 6.556 - 85.903 -

Step 8 9.932 - 85.903 -

Step 9 11.018 - 85.413 -
Step 10 11.540 2.351 85.140 41.899
Step 11 12.595 8.818 84.518 85.903
Step 12 12.805 7.812 84.374 85.903
Step 13 12.785 7.452 84.392 85.903
Step 14 12.716 11.127 84.456 85.903
Maximum value 12.805 11.127 85.903 85.903

Allowable value 14 88.7
Evaluation 0.K \ 0K 0K | 0K

£hS Figs. 12 and 13 BlOIZE 17} 31o] 0] 91552, o] Ang e Ul SRE 22 45 1

gzt

18.00 - :
—B— Left tunnel

T 15.00 owable stress
§ . - —&—Right tunnel 14MPa
= S S I [ p— Y RS — ———— ————fF———————=A
H
s B— —=
@ 12.00 '//
§ "/—4
g
S 9.00
£
8 l—-—__‘
o
§ 600 —e
2
g
% 3.00
& {
w

0.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Construction stage (Step)

Fig. 12. Tie bolt reinforcement shotcrete bending and compressive stress generation tendency
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Fig. 13. Tie bolt reinforcement rock bolt axial force generation tendency
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Fig. 14. Unreinforced analysis modeling diagram

A4 <=4 ThS Table 167} 2T,

Table 16. Analysis sequence without reinforcement

Construction stage Construction details
Step 1 Original ground
Step 2 Displacement initialization
Step 3 Left tunnel upper excavation and steel pipe reinforcement
Step 4 Upper half soft shotcrete + Upper half rock bolt construction
Step 5 Upper hard shotcrete
Step 6 Left tunnel lower half excavation
Step 7 Lower half soft shotcrete + Lower half rock bolt construction
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Table 16. Analysis sequence without reinforcement (continued)

Construction stage Construction details
Step 8 Lower half hard shotcrete
Step 9 Right tunnel upper half excavation and steel pipe reinforcement
Step 10 Upper half soft shotcrete + Upper half rock bolt construction
Step 11 Upper hard shotcrete
Step 12 Right tunnel lower half excavation
Step 13 Lower half soft shotcrete + Lower half rock bolt construction
Step 14 Lower half hard shotcrete

ep 27 ajE o] 249 Bjd M AEAY F|of AeHshke 242 -20.428 mm, -22.710 mm 2|0 W3
2= 72} 16.939 mm, 22.039 mm” | EARIC}. TFS Table 17-2 F-H 74 o€l 2] H¢] Axfo]ct,

Table 17. Result of pillar unreinforced displacement

. Crown settlement (mm) Internal displacement (mm)
Construction stage - -

Left Right Left Right
Step 1 0.000 0.000 0.000 0.000
Step 2 0.000 0.000 0.000 0.000
Step 3 -8.483 0.022 -1.280 0.513
Step 4 -12.626 -0.134 -3.064 0.814
Step 5 -19.686 -0.210 -5.789 1.576
Step 6 -20.428 -0.153 4.261 1.542
Step 7 -20.160 -0.060 7.012 1.456
Step 8 -19.302 0.195 14.503 1.270
Step 9 -19.543 -9.322 15.262 -0.107
Step 10 -19.811 -13.863 15.712 -2.038
Step 11 -20.165 -21.740 16.939 -4.400
Step 12 -20.268 -22.710 16.846 10.321
Step 13 -20.228 -22.411 16.647 13.331
Step 14 -20.079 -21.452 16.227 22.039
Maximum value -20.428 -22.710 16.939 22.039

Inward displacement is the displacement of the left and right horizontal displacements, and the sign is crown settlement: downward | (-),
and internal displacement: inward direction—(+)

The Fig. 15 AeHds 34 73, Fig. 162 U39 248 1ok,
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Fig. 16. Tendency of non-reinforced internal displacement

14

5 R R o] 219 Bd FAE AEAT, 32 E At 45832 2171 13.159 MPa, 11.288 MPa
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Table 18. Shotcrete compressive stress and rock bolt axial force results

Classification Shotcrete compressive stress (MPa) Rock bolt axial force (kN)
Left Right Left Right
Step 1 - - - -
Step 2 - - - -
Step 3 - - - -
Step 4 1.931 - 38.644 -
Step 5 6.351 - 85.903 -
Step 6 6.059 - 85.903 -
Step 7 6.459 - 85.903 -
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Table 18. Shotcrete compressive stress and rock bolt axial force results (continued)

Classification Shotcrete compressive stress (MPa) Rock bolt axial force (kN)
Left Right Left Right

Step 8 10.144 - 85.903 -

Step 9 11.280 - 85.903 -
Step 10 11.806 2.226 85.903 50.061
Step 11 12.897 7.896 85.903 85.903
Step 12 13.159 6.895 85.903 85.903
Step 13 13.136 7.308 85.903 85.903
Step 14 13.067 11.288 85.903 85.903
Maximum value 13.159 11.288 85.903 85.903

Allowable value 14 88.7
Evaluation OK ‘ O.K OK OK
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Fig. 17. Trend of bending and compressive stress in unreinforced shotcrete
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Fig. 18. Tendency of rock bolts axial force of non-reinforcement case

60 Journal of Korean Tunnelling and Underground Space Association



Tunnel pillar reinforcement effect using PC stranded wire and groutings

T HAaT-538S REYsto] &2 /5 H= Tha Table 199 20 W, FHAY, Blo|2E, PC7
A B BT QPAE0] 1.0 o e WSSk A o8 UEhdth /8Bl tha A (1), ) ARgsto] At
sfaict.

o, =0, tkog 1)

egem - 2% 2)

01703

oy 1 75

Table 19. In the final stage, strength/stress ratio for each pillar position

Left side center Right side
Classifi-
cation o, o oy; |Strength/| oy o oy |Strength/| oy o oy | Strength/
(kPa) | (kPa) | (kPa) | Stress | (kPa) | (kPa) | (kPa) | Stress | (kPa) | (kPa) | (kPa) | Stress
Norein- 1, o168l 633.4 (22775 1389 [1.576.4] 6554 [23522] 1.842 |1.878.1] 592.1 |2.137.4| 1.202
forcement
Tie bolt |1,830.7] 609.0 |2,194.9]| 1298 |1,609.6| 657.9 [2.360.7| 1.789 |1,822.8| 645.8 [2.319.6] 1.422
PCstran- 1) o)1 5| 6180 [2225.4| 1233 [1.6169] 6652 |23853| 1.807 |1.993.9] 6262 |2.253.0| 1.189
ded wire
3. E %

mjolsty] flste] £A| o AS ettt S YRt At 215tef| PC7FAM BAY, EfolEE B, Tl%ii =l
& &5 AAsto] AolAlE gt

2] gepi 7 + pCAA B o] 249 Bl §i9] AE A}, 2o Hdd3lsh= 217} -18.870 mm,
-19.947 mm, o] W2 $1= 2121 10.420 mm, 12.783 mm7 A6, Deh 23+ PC k*d ARSI

[e)
< Bd B AE Ay}, £32]E )] 45282 71719.769 MPa, 8.894 MPa (<14 MPa, 0.K), 2EE |t
=22 717+ 85.903 kN, 85.903 kN (<88.7 kN, 0.K)o] 'WAYste] E'd 9] QPgAdo] StH e = A 0 2 HEL| It
ol ol ZE B2} wigl o 2k¢- vd W] AE Ao, o) HeHRIskH= 242} -20.461 mm, -22.381 mm |t
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