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Abstract .

quantitative evaluation framework and design methodology for FRP-PCM composite reinforcement in

In order to enhance the safety and operational maintenance capabilities of tunnels, a

diseased tunnels was established through cross-sectional ultimate bearing capacity analysis. Numerical tests
were conducted using the finite difference method to analyze the stability of FRP-PCM-reinforced diseased
tunnels. Tunnel safety assessment was performed based on the sectional ultimate bearing capacity curve,
commonly referred to as the M-N curve. A safety factor o of the M-N curve was proposed to enable a
quantitative evaluation of the reinforcement effect. Based on this framework , a design and selection scheme
for FRP was established, incorporating tunnel design specifications. The analysis reveals that when cavities
exist at the crown of the tunnel, both the crown and shoulders exhibit higher risk levels according to the M-
N curve. Furthermore, under conditions of poorer surrounding rock quality, greater lining concrete
deterioration, and increased loosening pressure height, the reinforcing effect of the FRP-PCM method
becomes more significant. For cases with an 80% degradation degree, Class V surrounding rock, and a
loosened pressure height of 2D, the application of different types of FRP reinforcement reduces the safety
factor of the M-N curve by 23%-32% , thereby significantly improving the structural safety of the lining. By

leveraging the M-N curve’s safety coefficient, an appropriate FRP type can be selected for defective lining

reinforcement based on factors such as rock quality, loose pressure height, and lining conditions.

diseased tunnel ;

M-N curve;
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lining diseases
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Table 1 Mechanical parameters for surrounding rock mass, lining and filling material
1 { HE 3 E,/GPa v @/(°) B o./MPa o /MPa
p/ (kg +m™) ¢/MPa
" 111 2% 2 400 13. 500 0. 275 44. 5 1. 10 3.28 0.33
22 IV 2% 2 150 4. 000 0.325 33 0. 45 1.22 0.12
V 2 1 900 1. 500 0. 400 23.5 0.16 0.39 0.04
o ) 2 400 24. 500 0. 200 40 6.99 30. 00 2.00
25 S T AR 980 0.012 0. 130 10 0.50 1.09 0.20
*2 SUEEHISH x4 HBEAREIT
Table 2 Mechanical parameters of lining after deterioration Table 4 Test design
gjjf‘ij( EO/GPa v go/( 0) c/MPa U[/MPa I‘ﬁ‘ﬁ.%% A 23] IYJ/E@:A =RiAl
/% RG] B 2SI A 2 IR
0 24.5 0.2 6.99 3 B+ 5 ERE/ % 0.33.80
33 16.3 0.2 40 4. 66 W BE 1/ m 3.6 .9.6(1D).19.2 (2D)
80 4.9 0.2 1.40 0.6 #5520 LIV, V
FRP %5 JC4biE CR4 .CR6 ,CR8

%3 FRP X PCM £
Table 3 Mechanical parameters of FRP and PCM

FhEE IR 2R
E,/ VAR / M S/
I N P I T i
P mm
a 4 | MPa (MPa-mm™")
CR4 1 400 5.298 2
CR6| 100 | 4.6 6. 394
— 2.217| 40
CRS 13. 369
PCM| 26 — 10
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