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INTRODUCTION

Thus far, mountain tunnels constructed in bedrock generally have not suffered severe damage
during earthquakes, excluding tunnels in sections with extremely poor ground, such as fault fracture
zones and tunnel portals. Consequently, it was thought experience proved that tunnels were highly
earthquake-resistant structures. However, during the Mid Niigata Prefecture Earthquake in 2004 in
Japan, relative large damage, which was in a limited number of locations, occurred in areas that
were thought to be resistant to seismic damage. Such damage included collapses of tunnel linings. It
is important to elucidate the mechanism of seismic damage and to establish rational earthquake-
resistant measures in order to minimize this kind of damage, because Japan is a country with
numerous tunnels and earthquakes.

In this study, as a first step to clarify the mechanism of seismic damage, we have conducted
numerical analyses to simulate actual damages suffered by the earthquake in 2004. In addition, we
have conducted shaking table test to investigate basic behavior of tunnel in soft ground.

SEISMIC BEHAVIOR IN NUMERICAL ANALYSES

Seismic damage mode of mountain tunnel (e.g. JSCE, 1999) could be classified roughly into five
types shown in Fig. 1. During the earthquake in 2004, several tunnels suffered severe damages
including collapse of lining, though the tunnels are located in soft rock with relative deep
overburden where the apparent fault fracture zone have not been observed. The tunnels, Wanazu
tunnel and Kizawa tunnel, seemingly indicated damage mode like type-11 and type-1ll, respectively
(Mashimo, 2005). This chapter shows results of examination from numerical analyses focusing on
seismic damages of these two tunnels.

Static approach
(1) Outline of the seismic damage considered

In this section, Kizawa tunnel was considered
to be examined, seemingly indicating type-111
damage mode. The tunnel is two-lane road

tunnel with a width of about 9 m and was

Type-I Type-ll
constructed by the New Austrian Tunneling i "
Method (NATM). Invert was installed. It
suffered serious cracks, shown in Fig. 2,
around 30-80 m distance from the north portal

during the earthquake. The cracks were e ey e
observed from sidewall to near crown, and the Figure 1 — Seismic damage modes
section above the cracks was moved to valley



Table 1 — Physical properties of Kizawa tunnel

Elastic modulus | Poisson's [ Unit weight
(kN/m?) ratio (kN/m®)
Colluvial soil,
Highly-weathered rock 14,0001 035 18.0
Fresh bedrock 900,000 0.30 18.8
Lining 20,000,000 ( 0.20 -

Inertia force

Highly-weathered rock

Colluvial soll
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Figure 3 — Analytical model of Kizawa tunnel Figure 4 — Deformation at 75-folt magnification

side. In this study, the cross-section at 50 m from the north portal was examined with numerical
analysis. In this cross-section, visual observation and uniaxial compression test of bedrock core
sample were conducted when the bedrock were exposed during rebuilding. As a result, it was
proved the tunnel was located on the stratum boundary where the stiffness varies drastically, and the
cracks were parallel to the boundary, inclining toward south side (front side in Fig. 2).

(2) Analytical conditions

Main purposes of this analysis are to replicate the seismic damage of Kizawa tunnel and to clarify
the mechanism of the damage.

In this study, pseudo-static analysis, where the inertia is applied as seismic load, was performed
under plane strain condition with linear elastic materials. Physical properties for ground and lining
are shown in Table 1. The ground properties were determined on the basis of uniaxial compression
test of cores which were collected at site. As can be seen in Fig. 3, stratum boundary around the
tunnel was modeled in FEM mesh. The inertia force corresponding to seismic acceleration was 600
gal in horizontal direction to the valley side. The force was calculated with one dimensional
response analysis using actually observed wave pattern, and maximum acceleration around the
tunnel was adopted. Boundary conditions were introduced to the edges of the mesh as shown in Fig.
3.

(3) Results and discussion for Kizawa tunnel

Figs. 4 and 5 show displacement of the ground and principal stress vector of the lining respectively.
The ground was deformed toward the valley side by the inertia force, and large stress over 18
N/mm?, which is general compressive strength of lining concrete, occurred from the side wall to the
crown. Also, stress at the point around the stratum boundary was particularly large. These results
suggested substantial change of stratum condition in tunnel cross-section was a factor causing
seismic damage.
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Figure 6 — Seismic damage of Wanazu tunnel
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Besides, following analyses were also i
conducted: 1) locating whole tunnel in highly- Figure 7 — Analytical model of Wanazu tunnel
weathered rock or fresh bedrock, 2) adopting
vertical inertia force, assuming upthrust of the Table 2 — Physical properties of Wanazu tunnel
ground like type-1l1l. However, stress Elastic modulus | Shear wave | Poisson's | Unit weight
concentration of the lining around the stratum (kN/m?) | velocity (m/s)) ratio | kN/m’®
boundary, such as Fig. 5, was not replicated. T 65,000 430] 040 22.0
From these results, we can conclude that [ 86,000 491 040 22.0
tunnel located in stratum boundary where the [ 100000 >0 949 20

y Lining 22,000,000 2,000 0.20 23.0

stratum stiffness is greatly changing is highly
likely to be damaged during a powerful
earthquake.

Dynamic approach

(1) Outline of the seismic damage considered

In this section, Wanazu tunnel was considered to be examined, seemingly indicating type-11 damage
mode. Since this damage mode has not been replicated by such pseudo-static analysis as mentioned
above, dynamic analysis was conducted to examine mechanism of the damage.

The tunnel is also two-lane road tunnel with a width of about 9 m and was constructed by the steel
rib and lagging method. It is located in homogeneous siltstone which is relative soft. Invert was not
installed. One of the major damage of the earthquake was that longitudinal cracks assumed to be
caused by compressive stress occurred around 20-110 m distance from Nagaoka portal. Especially
in 90-107 m distance, where the overburden was 40 m, lining concrete with a width of 2-6 m
collapsed (Fig. 6).

(2) Analytical conditions

Fig. 7 and Table 2 show the FEM mesh and physical properties adopted here. The ground was
modeled with non-linear material, Ramberg-Osgood model (Jennings, 1964), assuming stress
dependent characteristics of shear modulus. The lining was modeled with elastic linear material for
limitation of analytical code. Analytical step is illustrated in Fig. 8: 1) static calculation of initial
stress, 2) excavation, 3) installation of lining, 4) dynamic calculation. Fig. 9 shows the input wave
pattern which was calculated with one dimensional analysis from observed wave pattern on the
surface nearby the ground.



1) Initial stress 2) Excavation 3) Installation 4) Dynamic
calculation without support of lining analysis
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Figure 8 — Analytical steps
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(3) Results and discussion for Wanazu tunnel

Figs. 10-12 show time histories of relative displaent of the lining and deformation mode at the
peak of the displacement. The peaks of these veldisplacements were almost simultaneously.
Wholly shear deformation of the tunnel occurrediryithe earthquake. Figs. 11 and 12 indicate
that residual displacement was accumulated inarglsiThe tunnel was conclusively reduced in
size of 4.6 mm in horizontal direction and 5.3 nmmvertical direction. The residual deformation
was caused by non-linear behavior ground by shaking

Fig. 13 shows time histories in circumferentiales at inside and outside of the lining. These
histories indicate that opposite stress occurrégden inside and outside, which means occurrence
of bending moment on the lining. Maximum compressitress at crown was 15 N/@mwhich is
nearly compressive strength of the lining, whemagimum stress of both compression and tension

occurred at shoulder. Also, residual stress assuméeé caused by residual deformation was also
observed.



