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Abstract:
The Hida Tunnel is a 10.7km long expressway located between the Hida Kiyomi IC and
the Shirakawa-go IC on the Tokai-Hokuriku Expressway. Both the main tunnel and the evacuation tunnel
are more than 10km long, but the construction period was shortened by simultaneous construction of
facilities such as the widened part at the emergency parking areas, paving, etc. Therefore the lining
concrete, which has a large effect on the overall construction period, was constructed in part by
multi-layered sprayed lining to achieve a reduction in the construction period. This paper reports on the
construction of the multi-layer sprayed lining at the emergency parking areas of the main tunnel, the results
of measurements of the movements of the lining, etc.
1. Introduction
The Hida Tunnel is a 10.7km long expressway
located between the Hida Kiyomi IC and the
Shirakawa-go IC on the Tokai-Hokuriku
Expressway. Construction commenced in 1996,
but because of the complexity of the geological
conditions and the effect of faults, the anticipated
poor rock areas and hydrothermally altered areas
were encountered everywhere, so excavation of the
tunnel was extremely difficult. In March 2006 the
advanced tunnel penetrated, in January 2007 the
main tunnel penetrated, so more than 10 years were
required from the start of construction. The tunnel
opened in spring 2008, more than one year after
penetration, so even though this was a long tunnel in
excess of 10km, a shortening of the construction
period was achieved by the method of
simultaneously constructing the widened parts for
the emergency car parking areas, the paving,
construction of the various facilities, etc., and
partially making the lining concrete, which has a
large effect on the overall construction period, single
shell lining.
In this paper, details of the design carried out in
advance for the adoption of multi-layer sprayed
lining at the emergency car parking areas of the
main tunnel to shorten the construction period,
details of tests on the steel fiber sprayed concrete
secondary layer, and the results of quality control,
etc., are discussed.
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2. Investigation into Multi-layer Sprayed Lining at the
Emergency Car Parking Areas

2.1 Investigations of multi-layer sprayed linings
The support function and the lining function of
linings with the multi-layer lining structure using
sprayed concrete cannot necessarily be clearly
separated. Members such as a sheet that hinder the
transmission of shear forces between the in-situ rock
and the sprayed concrete or between sprayed
concrete and sprayed concrete as used in
conventional construction were not used, so there
was a high probability that cracks will occur in the
internal sprayed concrete layer. Therefore, to
prevent harmful cracks, increase the overall safety
and water tightness of the tunnel structure, and
improve the durability, fiber reinforced sprayed
concrete was used, with which there is a lot of
experience in Europe in single shell linings, which is
a structure close to that of the present multi-layer
sprayed lining structure.
The sprayed concrete used in the multi-layer lining
structure was developed and improved in large
cross-section tunnels in the Second Tokyo-Nagoya
Expressway (Daini Tomei Expressway) and the
Nagoya-Kobe Expressway (Meishin Expressway),
there is much experience in its use, including in
evacuation tunnels, and there have been no quality
problems. By using high strength fiber reinforced
sprayed concrete, functionality and durability equal

J

to or better than conventional tunnel linings can be
obtained.
2.2 Outline of the multi-layer sprayed lining structure

Figures 1 and 2 show outline diagrams of the
sprayed multi-layer lining structure. It was decided
to provide a 50mm margin from the construction
limit in the area with the multi-layer sprayed lining
structure to allow for future repair thickness, so in
areas where the conventional lining thickness would
be 300mm, the 300mm of the current draft
specification was reduced by 50mm, and a thickness
of 250mm was investigated.
After excavation of the tunnel, and after the
supporting structures and water seepage was
processed, the secondary layer of steel fiber
reinforced sprayed concrete was constructed, and the
tertiary layer1) of high toughness mortar was
applied with a trowel finish as a surface coating.
The main functions required of each layer were as
follows.
The structure consisted of the conventional primary
layer as the primary support, the sprayed lining
secondary layer, and the tertiary layer as the
protective layer.
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2.2.1 Primary layer performance requirements
It is necessary that the sprayed concrete of the
primary layer functions as both the primary support
construction and as lining, so the following
performance was required.
ԘThe sprayed concrete must have sufficient axial
compressive strength.

= − D ( h , T ) ∇h
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explicitly accounts for the evolution of hydration
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Fig. 5 Tunnel plan and location of measurement cross-sections
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intersection with a lateral tunnel, so these are
conditions in which loose rocks or uneven soil
pressure can occur.
As a result of the above it was decided to carry out
long term measurements of the variations in strains
generated in the multi-layer lining accompanying
variations in the external air temperature and soil
pressure at two cross-sections, with the objective of
confirming the integrity of the multi-layer lining
during construction and after commencement of
service.

&+

&+

governing equation (Equation 3) must be

Figure 8 shows bya appropriate
schematic boundary
diagram and
of initial
the conditi
measuring system. All
optical fiber
sensors
Thetherelation
between
the (40
amount of e
No.) were arranged
into and
threerelative
systemshumidity
to suit the
water
is called ‘‘
spraying operations,
system 1: if10 measured
sensors, system
isotherm”
with 2:increasing
10 sensors, and system
3: 20 and
sensors.
humidity
‘‘desorption isotherm” in th

case. Neglecting their difference (Xi et al.

5. Measurement Results
and Discussion
the following,
‘‘sorption isotherm” will be

reference to both sorption and desorption c
way, if the hysteresis of the
isotherm would be taken into account, two
relation, evaporable water vs謂relative humi
be used according to the sign of the varia
relativity humidity. The shape of the
isotherm for HPC is influenced by many p
especially those that influence extent and
chemical reactions and, in turn, determ
structure and pore size distribution (waterratio, cement chemical composition, SF
curing time and method, temperature, mix
etc.). In the literature various formulatio
found to describe the sorption isotherm
蠾
concrete (Xi et al. 1994). However,
in th
paper the semi-empirical expression pro
Norling Mjornell (1997) is 4adopted b

5.1 Measurement Results
By the
Cross-section
ᢿ舩1 1

Cross-section
ᢿ舩2

Left

Left
謂

System
緊
赥1 1

Measurement
緍賥
box
Ⴈႏၻႅ

T1-1
S1-1
S1-2
S1-3

FBG point sensor
عଝFBG
ଝ
䱸䲉䱜䲇䱮䱨䲇䱥
FBG
temperature
٨
ଝଝ
FBG
᷷ 聏 䱨䲇䱥
sensor block
ଝ
ଝ 䱶䲈䲅䱙䱢

S1-4
S1-5
S1-6
S1-7
S1-8
S1-9

System
緊
赥2 䋲

緊System
赥3 䋳

T3-1

S2-1

S3-1

S4-1

S2-2

S3-2

S4-2

S2-3

S3-3

S4-3

S2-4

S3-4

S4-4

S2-5

S3-5

S4-5

S2-6

S3-6

S4-6

S2-7

S3-7

S4-7

S2-8

S3-8

S4-8

S2-9

S3-9

S4-9

T2-1

Right

蠾

Primary1评
spray
surface 2评 賔 莚 ဟ舩
賔 莚ဟ舩

紼 纁賡

4.2 Measurement positions and measurement details
Figure 6 shows the FBG sensor layout, and Fig. 7
shows the sequence of multi-layer lining
construction and sensor installation.
Of the multi-layer lining formed in a 3-layer
structure as shown in Fig. 4, the strains generated in
the secondary layer were measured using the FBG
optical fiber sensors at the secondary layer primary
spray surface and the secondary layer secondary
spray surface. From their variation with time, it is
possible to carry out long term monitoring of (1)
daily and annual variations, (2) ground pressure, and
whether uneven soil pressure has occurred or not,
and (3) whether cracking has occurred or not, etc.
The FBG point sensors used for measuring the
construction strain were strip shaped sensors (length
250mm, width 25mm, thickness 4.5mm) that
measure the surface strain of the concrete. These
were fixed to the secondary layer primary spray
surface and the secondary layer secondary spray
surface at 2.5m intervals in the tunnel
circumferential direction. Also, FBG temperature

secondary layer and 10mm in the tertiary layer.
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2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
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 عSecondary layer secondary spray

 عSecondary layer primary spray
 عSecondary layer secondary spray

 عSecondary layer primary spray
 عSecondary layer secondary spray
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 عSecondary layer primary spray
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where q is the heat flux, T is the absolute
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Fig. 11
secondary spray on measurement cross-section 2

greater than that for the primary spray, so it is
considered that the variation in strain that occurred
at the secondary spray had propagated from the
primary spray.
This variation in strain at measurement point Ԛ is
believed to have been caused by the effect of a crack
that occurred near measurement point Ԛ , as
determined by subsequent visual inspection. It has
been confirmed that using TDM FBG optical fiber
sensing technology, it is possible to stably measure
strains in the multi-layer lining, as stated above.
Further, it has been found that it is possible to detect
the effect of variations in the environment within the
tunnel and the occurrence of cracking.
5.2 Discussion of the measurement results
Figure 10 shows the strain distribution relative to the
strains of February 6, 2008 as the initial values, in
the primary spray and the secondary spray at
measurement cross-section 2 on August 13, October
13, December 1, and February 1, 2009.
Looking at the strain distribution up to October 13
and the strain distribution after October 13 in this
figure, it can be seen that the variation in strain for
measurement points Ԛ and Ԟ is different from
other measurement points.
Namely, from
December 1 onwards the strain at measurement
points Ԛ and Ԟ increased on the tension side.
This was most prominent on the secondary spray at
measurement point Ԛ, and the amount of variation
reached about 700µ in February 2009. As stated
previously, this is believed to be due to the effect of
a crack that occurred near measurement point Ԛ.
Figure 11 shows the scatter diagrams for the sprayed
concrete internal temperature and the strain for
measurement points ԙ , Ԛ , and ԛ on the
secondary spray at measurement cross-section 2.
This figure shows a positive correlation between the
internal temperature of the spray and the strain at
measurement point ԙ. Also, looking at the strain
at 5°C, it can be seen that in one year the strain
varies by about 150µ on the compression side. On
the other hand, looking at measurement point ԛ, it
can be seen that it is not as sensitive to temperature
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