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ABSTRACT: Chloride attack is the main cause for deterioration of subway tunnels. Tokyo Metro
studied on the potential area of chloride induce deterioration in the box type tunnel with investigating
positional relations between tidal rivers and saltwater leakage parts. As the results, it is found that the
influenced areas are within the range of 50 m from edge of the tidal river. And we confirmed generality
of the result by a ground water density flow analysis. Moreover, it is also found that the area of chloride
ion attack is limited on area of leakage and trace part of it on the lining. For chloride penetration route,
it is cleared that chloride ion in the tidal river move into underground, enter into subway tunnel through
clacks or joints of tunnel lining and penetrate into lining from inside surface of the tunnel. The report
describes procedure and results of the study.
1

INTRODUCTION

Tokyo Metro Co., Ltd. (hereinafter called “Tokyo
Metro”) presently comprises nine lines operating over 196.1 km of track, and is used by over
7.07 million passengers per day. Tunnels comprise
166.8 km, or 85%, of Tokyo Metro lines, and we
provide safe, consistent transportation through
appropriate maintenance of these tunnels. Tunnels
are more difficult to upgrade than above-ground
structures; thus it is important to perform preventive maintenance to prevent deterioration due to
aging.
The main deterioration factor of subway tunnel
lining is injury by chloride attack and carbonation.
Tokyo Metro has been studying on the two causes
with investigation of tunnel bodies and countermeasure methods (Teito Rapid Transit Authority
2005). As far injury from chloride attack, in some
box tunnels, material deterioration of some parts
due to leakage with chloride were found and countermeasure works were carried out (Sezutsu &
Yamamoto). Because the injury by chloride attack
advances rapidly and is easy to lead a serious damage, it is well known in Japan that there are many
cases which need early countermeasures (Ushida
et al. 2013).
For this reason, Tokyo Metro has been making
full-scale survey of the injury due to chloride attack
in detail and plan of countermeasure since 2008.

In all Tokyo Metro lines, a serious injury part due
to chloride attack isn’t found without sections carried out countermeasures. However, some sections
with high chloride ion concentration, corrosions
of reinforced bar and delamination of cover concrete were found. Then local repair works for them
were carried out. The damages don’t require large
scale repairing. However, there is some possibility
that major repair will be needed due to progress
of material deterioration, if adverse conditions
overlap such as leakage with high chloride ion concentration and lack of cover concrete thickness.
For this reason, countermeasures against damaged
parts were investigated and planned.
This report describes results of study on potential areas of chloride attack for subway box type
tunnels.

2

FIELD SURVEYS FOR SPECIFYING
POTENTIAL AREA OF CHLORIDE
ATTACK

2.1 Survey of chloride ion concentration in
leakage water
Figure 1 shows Tokyo Metro tunnels that pass
beneath rivers (rivers, canals, reclaimed land,
etc.). There are 75 river-crossing tunnel sections
across the Tokyo Metro network; 49 comprise box
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Figure 1.

Intersection of subway lines and rivers.

I. Under the tidal river;
II. Under the reclaimed land after the Meiji era;
III. Under the normal rivers without tidal rivers;
IV. Under the moats; and
V. Lower part and reclaimed land after the Meiji
era where used to be rivers.
To put it concretely, the areas under rivers and
range within 500 m from the edges of the river were
subject of the survey. Leakage water was taken as
samples in range within 200 mm from the point at
which leakage flowed out.
Figure 2.

Scope of study of salt content in leakage.

2.2 Results of survey

tunnels and 29 comprise shield tunnels (three comprise a mixture of the two). We set these sections as
our target and conducted field surveys of salt content in the concrete, degree of rebar corrosion and
salt content of leakage (Yamamoto et al. 2011).
Figure 2 shows the scope of the study of salt
content in leakage. Because 49 sections in which
box-type tunnels cross to rivers were supposed
the potential areas with injury by chloride attack,
5 classes of environmental conditions, which are
given bellow, were set and measurements of chloride ion concentration in leakage water of 20 sections in the 49 intersections were carried out.

Figure 3 shows the investigation results of chloride
ion concentration by the environmental conditions.
The blue color shows the place where the largest
leakage water has as a typical place. The maximum
values of chloride ion concentration in the each
investigation section are shown by the light blue
color.
The place of high chloride ion concentration
has few leakages in comparison with the typical
places. The possibility is considered that chloride
was concentrated in the path of leakage through
from behind of lining to surface or leakage was
mixed with accumulated chloride ion on the surface of lining due to repetition of wet and dry.
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Figure 3.

Survey results of chloride ion concentration per each environmental condition.

Table 1. Standard for judgment of reinforced bar
corrosion by chloride ion concentration (Germany
Industrial Standard).
Chloride ion concentration Judgment
(mg/L)
0∼200
200∼500
500∼1000
More than 1000

A small impact on
corrosion
A medium impact on
corrosion
A large impact on
corrosion
An extremely high impact
on corrosion

Figure 4.

Influenced area of under tidal river (I).

Deutsche Industrie Normen (DIN) establishes
a standard of a water—quality standard for reinforcing bar and concrete is shown in the Table 1.
From the results of the investigation, sections
where chloride ion concentration is over 500 mg/L
are found in the environmental class I, II, IV and
V of a part in the suburban Tokyo Bay. Moreover,
Figures 4, 5, 6, 7 and 8 show the sections where the
relationships between distance from the rivers and
chloride ion concentration of leakage in the investigated 20 sections were cleared.
Summary of the results are shown in follows.
i. The high chloride ion concentration of tunnel
leakage present tidal river are found in the sections of environmental classes I: Under the tidal
river and II: Under the reclaimed land after the
Meiji era, and concentrated in the suburban
Tokyo Bay (Figures 4 and 5).
ii. The chloride ion concentrations in the sections
of environmental classes, III: Under the normal
rivers without tidal rivers, IV: Under the moats

Figure 5. Influenced area of under reclaimed land after
the Meiji Era (II).
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and V: Under the reclaimed land since the Meiji
era in the low ground were very low. However,
there are some places where high chloride ion
concentrations were shown in the sections of
environmental classes, IV, V and the suburban
Tokyo Bay (Figures 6, 7 and 8).

iii. The high chloride ion concentration is in the
place where subway tunnels cross or are close
to the Kamejima River, Sumida River, Kanda
River and Nihonbashi River. And the chloride
ion concentration shows a tendency to be the
highest at the suburban Tokyo Bay and decrease
in proportion to upstream (Figure 8).
iv. Even if the chloride ion concentration is high
under the river, it become extremely low in a
place at a distance of 50 m or more from an
edge of the river (Figure 4).

Figure 6. Influenced area of under the normal rivers
without tidal rivers (III).

3

EFFECTED AREAS OF CHLORIDE
ION ATTACK ON CONCRETE LINING
SURFACE

Figure 9 shows a photograph of the chloride
content survey. The scope of this survey was set
within 1 m or less from the sides of damp areas
due to leakage in an effort to study the relationship
between chloride attack and leakage water containing chlorides. Four core samples were picked
at 200–300 mm intervals for measuring chloride
content and visual survey of rebar chipping and
corrosion with chipping concrete.
Table 2 shows an example of the field survey results. Chloride contents on the surface and
at rebar depth of the core A, which was taken

Figure 7.

Influenced area of under the moats (IV).

Figure 9.
Table 2.

Figure 8. Influenced area of under the lower part and
reclaimed land after the Meiji Era where used to be rivers (V).

Survey of salt content at leakage locations.
Salt content measurement results.

Core

A

B

C

D

Surface concentration
(kg/m3)
Concentration at rebar
depth (kg/m3)
Notes

11.1

3.6

0.3

0.1

6.9

0.0

0.0

0.0

Within
leakage
range

Outside
leakage
range
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directly below the leakage area, showed high value.
The concentration at rebar depth exceeded the
limit for initiation of corrosion (Railway Technical Research Institute 2007). Chloride concentrations at rebar depth of other three core samples,
which were taken from outside of leakage range,
were 0.0 kg/m3, while the chloride concentration
on the surface of the core B, which was taken near
the leakage area, showed 3.6 kg/m3.
Due to visual survey of reinforcing bars, which
were chipped out, defect on cross-section of reinforcing bars within leakage area and under wet environment were found. However, in the surrounding
areas, only partial and minor rust had occurred.
From the results, it is cleared that chloride
induces deterioration of subway box-type tunnels occurs in the limited part of leakage area with
chloride and neighboring the leakage area, unlike
case of superstructures on which floating salinity
act, as a coastal structure.
4

Route of chloride ion penetration.

moves into underground, enters into subway tunnel through clacks or joints of tunnel lining and
penetrates into lining from tunnel inner surface
(Figure 11).

AFFECTED AREAS OF CHLORIDE ION
ATTACK IN CONCRETE LINING

Next, 103 specimens from concrete of tunnel linings under tidal rivers were collected and chloride
content of them were measured. Figure 10 shows
the results.
It was cleared that there are many places of high
chloride ion concentration on concrete surface and
near reinforcing bar under the tidal rivers. In the
places, the chloride ion concentration on concrete
surface is the highest. And the chloride ion concentration decreases as the position is going to the
inside. From the results, it is cleared that chloride
ion doesn’t penetrate from behind of concrete lining and chloride attack due to penetration of chloride ion occurs from tunnel inner surface.
Namely, the route of chloride ion penetration
is considered that chloride ion in the tidal river

Figure 10.
concrete.

Figure 11.

Distribution of chloride content in lining

5

ANALYTICAL STUDY ON AREAS OF
CAUTION DAMAGED BY CHLORIDE
ATTACK

5.1 Outline of study
From the field survey for specifying potential area
of injury due to chloride ion attack, it was cleared
that the area is limited under the tidal river and
within 50 m from edge of the river. Then, to confirm that the result can be applied to under several
conditions, such as different topography or overburden of tunnels, analytical verification by underground density current analyses was carried out.
In the underground density current analysis,
advection of salt water movement is expressed by
advection occurred by movement of underground
water and deferential density between fresh water
and salt water, and by diffusion of salt to fresh water.
In the conventional studies, there is a lot of studies on the problems of intrusion of salt water into
underground fresh water in sea shore area, is called
the phenomenon of a salt water wedge phenomenon (Takayama & Saito 2009, Figure 12 a). The
finite element calculation method is established
by coupling analysis between advection-diffusion
equation and Darcy’s law with considering the
density-gradient (Kohno et al. 1983).
However, there is no study case on simulation of
chloride penetration from tidal rivers and distribution of chloride ion concentration with results of
survey in-site (Figure 12b).
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5.2

Table 3.

Method of analyses

The subject of the analyses is the environmental
condition class of high chloride ion concentration;
I: Under the present tidal river. Figure 13 shows a
model of the simulation.
The modeled ground is 450 m in width and 20 m
deep with an impermeable layer at the bottom
(Ochiai, 1968). The tidal river with 40 m in width
which is a resource of salt water was modelled at
center on the upper surface. At fixed boundary
condition of which concentration is 0 was given on
the place of the tidal river. Chloride ion concentration of each place was calculated by multiplying it
of sea water, 19000 mg/L after analysis. Because
chloride ion concentration is on the surface without tidal river is supposed to thin by rain, two
cases with different boundary conditions shown in
Table 3 were set.
According to observational data at Ootemachi
in Chiyoda Ward of Tokyo for 30 years, from 1981
to 2010, annual precipitation is 15288 mm/year.
The analysis cord: the Dtransu-2D•EL, which has
been released by Prof. Nishigaki from Okayama
Univ. and uses Eulerian-Lagrangian Method
(Hishiya et al. 1996 and Nishigaki et al. 2001), was
used for the analyses.
Table 4 shows the ground physical properties for
the numerical analyses. The ground physical properties were collected by the literature which describes
the results of investigation into the whole Kanto area
of sandy ground (Kohashi et al., 2004). The vertical/
lateral dispersion length of advective diffusion analy-

Analyses cases.

Case 1

If the salinity of the ground
surface outside of the tidal
river is 0, then we do not
consider rainwater
penetration from the ground
surface to the soil.

Case 2

If the salinity of the ground
surface outside of the tidal
river is 0, then we consider
rainwater penetration from
the ground surface to the
soil based on the discharge
coefficient of Tokyo’s
yearly rainfall and the road
surface (pavement).

Table 4. Physical properties of ground for numerical
analyses.
Seepage

Flow
1.0 × 10–5 (Ochiai, 1968)
permeability
k (m/sec)
Specific storage 1.0 × 10–3 (Ijiri et al.,
2003)
coefficient
Ss (m–1)
Effective
0.25
porosity θ

Advective Specific gravity 1.025
diffusion
of salt water
Length of
3.0
vertical
dispersion
αL (m)
Length of
horizontal
dispersion
αR (m)

Figure 12. Image view of salt water invasion into underground water.

1.0

The value of
observation
size 100 m of
Beims (Elder,
1967)
αR/αL = 1/3
(Elder, 1967)

sis means the proportion invariable between the diffusion coefficient and underground water flow. It is
known that the length is about few cm by the laboratory tests, while it needs to set rather large value
according to scale of observation due to problems
of observational accuracy and a uniform of ground
property (Ijiri et al., 2003). For this reason, vertical
dispersion length, which was set lateral dispersion
length, was set one third of vertical dispersion length.
5.3 Results of the analyses

Figure 13.

Image view of analysis model.

Figure 14 shows distribution change of chloride
ion concentration with time in whole analysis
model about Case 1. Figure 15 shows distribution
change of underground water flow direction with
time at center of the model.
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At first, because down flow occurs at both edges
of the tidal river and upward flow occurs at center
of the river, just like in an Elder Problem (Elder,
1967). And chloride ion concentration at the both
edges of the tidal river rise. However, in the shallow
place, horizontal dispersion length of the chloride
ion concentration is almost constant. But, on the
boundary with the first impermeable layer, dispersion of chloride ion concentration spread. From
the result, it is cleared that an occurring area of
leakage with chloride is influenced on the positional relationship of the first impermeable layer
and the area spreads with time when the position
near the first impermeable layer.
Figures 16 and 17 show change of chloride ion
concentration with time at 3 m in depth. From the
data, we can see that advective diffusion tendency
to be constant state. The state at 1 m in depth shows
same tendency (Figures 18 and 19). At the section

Figure 14. Change of chloride ion concentration over
time (Case 1: without considering the penetration of rain
water from the ground surface). Horizontal scale is 1/2.

Figure 16. Change of chloride ion concentration over
time at 3 m in depth (Case 1: without considering the
penetration of rain water from surface).

Figure 15. Change of the flow distribution of groundwater over time (Case 1: without considering the penetration of rain water from the ground surface).

Figure 17. Change of chloride ion concentration over
time at 3 m in depth (Case 2: when considering the penetration of rain water from surface).
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Figure 20. Relationship between depth and chloride
ion concentration (Case 1: without considering the penetration of rain water from surface).
Figure 18. Comparison with the results of the survey
and analysis (Case 1: without considering the penetration
of rain water from surface).

Figure 19. Comparison with the results of the survey
and analysis (Case 2: when considering the penetration
of rain water from surface).

of the targeted in this time, we can compare investigation results with results of 100 years in analyses.
And it was cleared that chloride ion concentration
of Case 2 is smaller than it of Case 1.
The results suggest that smaller the calculated
chloride ion concentration became small, as the
penetration volume of rain water from surface
into ground is large. From this, for investigation
the potential area of chloride attack, it is considered that the conditions of the analysis, which were
set volume of penetration water on minimum, are
in safe side.

5.4 Comparison with results of investigations and
analyses
Figures 18 and 19 show results of investigation
and analysis at 1 m and 3 m in depth on 100 years
later when change of chloride ion concentration
distribution will converges.
It can be seen that results of the chloride ion
concentration on analysis about Case 1, Ginza line
at 1 m depth on Case 1 and Hanzomon line at 3 m
in depth correspond with results of investigation.
From the results of analysis, it can be cleared that
chloride ion concentration decrease as the position become farther from the edge of river. For
this reason, it is considered that setting method of
potential area of chloride attack from results of
investigation is reasonable.
Moreover, it is cleared that rain water penetration
from surface influence in the area from the results
of analysis. Because it is difficult to grasp a correct
volume of penetration rain water into ground due
to drains in urban area, safe side can be kept by setting smaller volume of penetration rain water.
Figure 20 shows the relationship between distribution of chloride ion concentration and depth in
Case 1, discount rain water penetration. Also from
the figure, it is cleared that influenced area enlarges
as the depth increase.
Because the conditions are set in safe side, it is
assumed that area by analysis is wider than real
area. But, it becomes reference for grasp of the state.
6

CONCLUSION

Knowledge’s by the studies are shown below:
1. The area that requires monitoring of chloride
attack on box type tunnels is directly beneath tidal
rivers and within 50 m from edges of tidal rivers;
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2. It is cleared that chloride induces deterioration of subway box-type tunnels occurs in the
limited part of leakage area with chloride and
neighboring the leakage area;
3. It is cleared that the route of chloride ion penetration is that chloride ion in the tidal river
moves into underground, enters into subway tunnel through clacks or joints of tunnel lining and
penetrates into lining from tunnel inner surface;
4. The groundwater density flow analysis in tidal
river areas showed that the water table has little
impact on the results, but rain water penetration
from surface has a big influence on the results;
5. Results of the groundwater density flow analysis show that a potential area of chloride attack
to be between 50 m and 100 m from edges of
tidal river at 100 years later, although a condition is set strictly in safe side. From the results, it
is considered that the potential area of chloride
attack, which was decided by the surveys in the
field, is relevant.
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