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Analytical Evaluation of Tunnel Reinforcement Effect
by PCM Shotcrete Method using FRP Grid

Yukihiro HIGASHI™ Bo LI*and Yujing JIANG™ *

Degradation of lining concrete happens naturally in the tunnels that have been commissioned for several decades, which
require proper maintenance to ensure their safety and effective functions. The PCM shotcrete method by means of FRP grid, with
the characters of high strength, low weight, high workability, strong resistance to corrosion, and negligible influence on the existing
structures, has been used in tunnel maintenance to repair the damaged lining of some aged tunnels. Up to now, the construction
cases are still few, and the design routine of this method based on quantitative evaluation on the reinforcement effect has not been

established. In this study, the shear bond strength and the shear stiffness of typical FRP grids were estimated by conducting direct
shear tests on FRP-PCM specimens. Those parameters were input into a numerical model of tunnel to quantitatively estimate the
displacement control effect of the FRP-PCM method on tunnel lining. The experiment and numerical simulation results show that
the FRP-PCM method has good reinforcement effect on tunnel lining and has high potential to be applied extensively in the

maintenance of aged tunnels.
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Fig. 3 Overview of direct shear test machine

Table 1 Test cases
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Fig. 4 Results of direct shear test (CR6)
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Fig. 5 Calculated result of shear bond strength

Table 2 Shear bond stiffness
Cross-sectional ~ Shear stiffness

Grid area (mm?) (MPa/mm)
CR4 6.6 5.298
CR6 175 6.394
CR8 26.4 13.369
D10 (SD295)
1 D13 (SD345)
8 PCM
NS, FRP grid
= 200 -
(a) Cross-sectional view
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(b) Side view
Fig. 6 Schematic view of the specimen for bending test

Reinforcing bar
(Cable Element)
|

o
o
™

I 4\ |
T FRP-PCM 2000 o em
(Liner Element) e : loading point

e : measurement point

Fig. 7 Simulation model of bending test
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Table 3 Properties of concrete

Compressive Tensile Poisson’s Young’s
strength strength ratio module
oc (MPa) oc (MPa) v E (MPa)

20.8 2.12 0.20 27220

Table 4 Properties of reinforcement
Young’s  Tensile Friction
Material module strength angle
E(MPa) a(MPa) os(deg)

Cohesion Shear-stiffness
c(MPa) ks(MPa/mm)

CR4 5.298
CR6 100000 1400 6.394
CR8 17.7 2217

13.369
PCM 26000 4.6 -
*0s , Cs and k, are the parameters of bonding surface
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Loosening pressure

Table 5 Simulation cases

L)) L Lom]

Crown lining Grid Type Loosened Rock
thickness (cm) Height Class
None 3m cil
15.0 6m DI
CR6 1D DIl
CR8
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(a) Overview o
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Cavity range: Arc length of 90° behind lining

Reinforced range: Arc length of 120° on the surface of lining

(b) Enlarged view of tunnel
Fig. 14 Simulation model of a rock mass

containing a tunnel
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Table 6 Properties of materials

Rock  Rock  Rock  ;nins Back-fill

Property ciy (1) (Di)

y (KN/m®) 226 216 206 240 9.81
E(MPa) 980 490 147 24500 120

v 03 035 035 02 0.13
c(MPa) 098 049 020 521 05
o (deg) 40 35 30 35 10

o(MPa) 023 014 007 2.0 0.20

Table 7 Loosening pressure

Loosened height Cll DI DIl
3m 67.62 64.68 61.74
6m 135.24 129.36 123.48
1D 22540 215.60 205.80
Unit: kPa

S

W : Failure
_ [] : Elastic

(b) CR4

(c) CR6
Fig. 15 Failure of lining (DI class, 1D)

(b) CR8
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Fig. 16 Axial stress contour of lining

Table 8 Axial stress of lining (DI class, 1D)
Case None CR4 CR6 CRS8
inner  1.779 1471 1421 1411
outside 3.598 2.779 2450 2317
(MPa)
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Fig. 17 Shear stress contour of bonding surface

Table 9 Safety factor of bonding surface
Loosened height

3 6 1D
(m)
CR4 18.882 7.743 4.369
CR6 15.776 6.509 3.687
CR8 11.294 4.653 2.643
(DI class)
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