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Deteriorations have been observed in mountain tunnels in Japan. The deterioration due to external
forces may cause significant damage to unreinforced tunnel linings. The purpose of this study is to
investigate the effectiveness of the near-surface-mounted carbon fiber composite cable
(NSM-CFCC) method for tunnel linings. First, the effectiveness of the strengthening method is|
verified through laboratory experiments. The NSM-CFCC strengthened lining concrete models|
exhibited excellent ductility and load-bearing capacity. The experimental results were verified byj
numerical analysis to identify the input conditions. Subsequently, a full-scale numerical analysis|
model of the tunnel was developed using data from the analysis. The NSM-CFCC strengthened|
lining concrete was found to have effective load-bearing properties in the full-scale numerical
simulations.

The thesis consists of 6 chapters. The contents and summary of each chapter are as follows:

Chapter 1 summarized the social concerns in Japan, such as the present conditions of
infrastructures. The chapter presented the research background in maintenance of mountain tunnels,

and the research objectives.

Chapter 2 shows the review of previous studies dealing with investigations on NSM techniques

and strengthening of mountain tunnels.

Chapter 3 describes loading experiments conducted on arch-shaped concrete specimens simulating
the crown of a tunnel, aimed at evaluating the applicability of the NSM-CFCC method to tunnel
lining concrete. Ten specimens were prepared: unreinforced specimens and two specimens each
strengthened with CFCC embedded on the inner surface (7.2 mm, 9.7 mm, and 13.0 mm in
diameter). In the specimens with CFCC embedded in 20 mm-deep grooves, two CFCC strands (7.2
mm and 9.7 mm in diameter) were embedded at intervals of 250 mm. Moreover, one strand was|
embedded in the center of the specimens using the ¢13.0 mm CFCC. All specimens with two|
embedded CFCCs exhibited higher crack-initiation loads than the unreinforced specimens. However
the specimen embedded one 13.0 mm CFCC exhibited a lower cracking load of 44.5 kN compared
to the unreinforced specimen. The observations implied that the ¢13.0 mm CFCCs having adequate
bonding due to the strand configuration is more effective for the NSM-CFCC strengthening.
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Chapter 4 aimed to develop a numerical analysis model capable of accurately simulating the

loading test results obtained in Chapter 3. FLAC3D was used as the analysis software, and a|
strain-softening model was employed as the constitutive law to represent the nonlinear behavior of]
concrete following crack initiation. Input parameters for the simulation model were identified|
through an inverse analysis based on the loading test data, and a subsequent comparative
verification with the experimental results was performed. The analysis results demonstrated
excellent agreement with the experimental data, both concerning the crack initiation load and the|
load-strain responses up to concrete cracking. Furthermore, the tensile and compressive failure]
zones observed in the experiments were generally reproducible. However, it was also noted that]
continuum models possess limitations in fully replicating the nonlinear behavior after cracking,
such as the increasing crack width and crack propagation. This analysis provides a fundamentall
basis for analytically evaluating the structural behavior of NSM-CFCC strengthened lining concrete]

and highlights areas for future improvements in analysis models.

In Chapter 5, numerical simulations were performed by using a real-scale tunnel lining concrete
model, leveraging the insights gained from the loading experiments presented in Chapter 3 and the|
reproduction analysis discussed in Chapter 4. This analysis primarily aimed to evaluate the]
effectiveness of the NSM-CFCC strengthening technique under typical external force conditions
anticipated in actual tunnels.

To balance computational efficiency with accuracy in the real-scale model analysis, a 50mm mesh
was adopted following a mesh size sensitivity analysis. A numerical simulation on the case where
uniform plastic pressure acted around the entire tunnel circumference was performed. The result
indicated that the tensile cracks are improbable, thus limiting the reinforcing effect of NSM-CFCC.

The study performed a further numerical simulation of the tunnel crown subjected to the localized
vertical load from ground loosening. The result revealed a significant increase in ultimate]
load-bearing capacity of the NSM-CFCC strengthened tunnel. The simulation result confirmed that]
the NSM-CFCC sustains the arching-effect by bearing interior tensile stresses. The strengthening
effect for localized external forces was thus quantitatively confirmed. These findings suggest the|
INSM-CFCC method enhances the load-bearing performance of lining concrete, making it

particularly effective for areas prone to localized deformation.

Chapter 6 presents the remarkable conclusions of this study and presents further research for the

practical application of the NSM-CFCC strengthening technique.
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