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Concrete originated in ancient Greece and Rome.  In those days,

powdered volcanic ash and limestone were mixed and used as an

adhesive for the structures of stone arrangement such as aqueducts.

In the middle 18th century, John Smeaton of England found that

hydraulic cement could be obtained by mixing powdered limestone

with clay.  Later, in the 19th century, Joseph  Aspdin of England

obtained the first patent for Portland cement.  The name Portland is

derived from its similarity to the tone produced in the islands of

Portland.

In Japan, it was imported in the early years of Meiji era.  But

designing and working techniques were still immature.  It was first

used as an adhesive for tunnels of brick (Fig. 1), bridges of brick, and

abutment and bridge pier of masonry work.  At the time of

commercial opening of the railway, it was mainly used for the

structures of firebrick.  With the progress of concrete designing and

working techniques, concrete structures were constructed one after

another in various parts of Japan.

To give examples of the main existing ones, an earth retaining wall of

reinforced concrete was constructed for the first time in Yatsuyama,

Shinagawa in 1913.  This was followed by the construction of the first

concrete-lined tunnel at the site of the Nokogiriyama Tunnel on the

Uchibo line in 1915.  For bridges, an arched viaduct of reinforced

concrete was built between Tokyo and Ochanomizu in 1919, and a T-

formed girder bridge of reinforced concrete was built in Yamome

bridge on the Uchibo line in 1920; they were each constructed for the

first time.  Even after the lapse of about 90 years, these sound

structures are still being used for railway operation.

In addition, a T-formed girder bridge of PC (prestressed concrete) was

built for the first time in No.1 Otogawa bridge on the then Shigaraki

line in 1954.  After that, a great number of concrete structures such as

large-scale viaducts and long tunnels have been built for the

improvement of the transportation infrastructures resulting from post-

war high economic growth and construction of the Shinkansen.

Concrete is formed by mixing and agitating a small amount of

admixture such as foam-entraining agent into the major components
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Fig. 1: Shimizuyato tunnel (built in 1887) on the Tokaido line
Oldest tunnel of firebrick on the commercial railway line

Fig. 2: Yamome Bridge, Sotobo Line
Opened for commercial operation in 1924
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of gravel (coarse aggregate), sand (fine aggregate), cement and water,

as shown in Fig. 3.  The gaps formed by the gravel and sand is filled

with aggregates in conformity to the size of the gaps.  The remaining

small gaps are filled with mortar comprising cement, sand and water,

and are hardened.  This provides a function of a binder between

aggregates, and ensures the strength of concrete as a whole.

Such concrete has a greater strength against compression, but its

tensile strength is about one fifth to one tenth the stress against

compression.  In this case, the problem can be solved by building a

reinforced concrete structure.  Namely, the structure is designed in

such a way that the concrete will share the load on the portion where

force is applied to the compressed side, and reinforcing rods are

arranged in concrete on the portion where force is applied to the

tension side to ensure that these rods will share the load of the tensile

stress on this portion.  The prestressed concrete structure uses high

tension steel (PC steel wire) instead of reinforcing rods, and preloads

compressive force to the cross section of the member, thereby

ensuring that tensile stress does not occur to the entire cross section

of the member when a load is applied.  Thus, use of the reinforcing

rod or prestressed concrete structure makes up for the inherent

weakness of the concrete, and allows a more complicated concrete

structure of a larger scale to be constructed.

Major causes for deterioration and deformation of a concrete structure

include neutralization, salt damage and frost damage.  These

phenomena deteriorate concrete from the surface.   As deterioration

intensifies, reinforcing rods arranged inside are subjected to rusting

and corrosion.  In this case, cracks occur in the concrete due to the

increased volume of the reinforcing rod, with the result that concrete

separates and chunks falls off.  When the corrosion of reinforcing rod

intensifies over a wide range, the load bearing performance will also

be reduced.

Neutralization can be defined as a phenomenon where the inherent

alkalinity of concrete is changed to a neutral quality.  The alkalinity of

concrete protects the internal iron (reinforcing rod, PC steel wire)

against corrosion.  If it turns neutral, the film (passivation film)

protecting the iron against rust is damaged, with the result that rusting

occurs more easily.  The change from alkaline to neutral quality is

caused by carbon dioxide in the air or acidic compounds in

rainwater, and this change takes place gradually starting from the

surface.

Salt damage refers to the damage done to concrete by salt.  It is

caused by two factors:  One is the airborne salt that is deposited on

the surface of the concrete due to sea wind and waves in case of

environments close to a beach.  The other is the internal salt due to

the use of sea sand whose desalination was insufficient.   In either

case, the intrusion of rainwater and moisture or infiltration and

diffusion of salt causes the reinforcing rod to corrode. 

Frost damage is caused by gradually destruction of the boundary

surface between the gravel and mortar due to expansion pressure

caused by freezing, when moisture remaining in concrete is frozen

Fig. 3: Concrete matrix structure
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Fig. 5 Mechanism of neutralization
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Fig. 4: Principle of reinforced concrete
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and thawed repeatedly by the cold weather.  This phenomenon is

restricted to areas where the process of freezing and thawing is

repeated frequently.

The deterioration described above is not caused by one factor alone.

In most cases, such deterioration occurs when environmental

conditions such as flow of rainwater and infiltration of rainwater are

combined with the problems of construction management.

Concrete structures can be broadly classified into three types;

reinforced concrete, prestressed concrete, and plain concrete without

reinforcing rods.

The biggest problem with reinforced concrete is corrosion (rusting) of

the reinforcing rods arranged in the concrete.  Especially in bridges

and viaducts, a greater number of reinforcing rods must be arranged

in a complicated manner as the size is greater.  Rusting is likely to

occur to the place subjected to inflow and infiltration of rainwater.

However, the state of rusting of the reinforcing rods and its

progression cannot be observed from the surface.  In most cases, it

can be noticed when cracks have appeared on the surface or

infiltration of rust in liquid form has been observed.  If part of the

surface of the concrete has separated due to rusting of the reinforcing

rod, chunks are likely to fall suddenly.  To prevent this, it is important

to check the concrete surface for separation and falling.  In the case

of prestressed concrete, compressive stress is always applied inside

the concrete because of its structure.  This requires the strength to be

inspected.

Plain concrete is mainly used for tunnel lining.  The lining is a

structure arranged to protect the hollow portions of the tunnel against

falling or squeezing of rock from the excavated ground.  It is a

tubular structure having a U-shaped or near-circular section.  It is

designed to achieve stabilization by having uniform ground pressure

applied over the entire structure.  It is designed to ensure that

compressive force is always applied in the direction of the lining

section.

However, if the lining thickness is not uniform due to a problem at

the time of construction, or a big cavity is found between the

lining(???) and ground, compression is not applied uniformly over the

entire lining, and tension is applied locally, with the result that cracks

may occur.  To avoid this problem, it is necessary at the time of

tunnel inspection to inspect the thickness and strength of the lining,

and for cavities between the lining and ground.  Further, since trains

travel through the tunnel at high speed, it is important to check for

separation and falling of concrete fragments, similarly to the case of

viaducts.

Civil structures assume semi-permanent use.  Structure designing

method, construction method, and materials are selected to meet the

requirements for semi-permanent use.  So no serious breakdown or

damage occurs under normal usage.  The first problem is that

deformation or damage tends to occur gradually over a long period of

time.  This makes it difficult to predict the progress of deformation or

damage or to evaluate the degree of impact upon normal usage.  The

second problem is that there are a great number of big structures

having complicated profiles, and visual inspection from a remote

position is difficult.  Scaffolding at elevated positions or vehicle for

high lift work are essential for inspection at close range, and this

reduces work efficiency.  The third problem is that inspection from

Tension applies to lining andTension applies to lining and
tensile cracks occur on the rear surface.tensile cracks occur on the rear surface.

Ground pressure

Fig. 6: Dynamic behavior of tunnel lining

Fig. 7: Hammer test on viaduct

4 Inspection of concrete structures

5 Inspection problems
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inside the track must be carried out within a limited time range when

electricity running through the contact wire is turned off, after

termination of train operation.

Further, in the case of a tunnel, the invisible interior or rear surface of

the lined concrete must be inspected from the inner hollow position.

This requires destructive inspection to be made by boring core.  Much

time and cost are required to get data from one position.  These

problems must be solved.

Nondestructive inspection literally allows inspection to be made

without destroying the structure undergoing the test.  It enables more

inspection data to be collected in a shorter time than destructive

inspection.  By analyzing a great amount of data by computer, it is

possible to conduct detailed diagnosis based on quantitative

evaluation according to model analysis.  At the same time, efficient

maintenance and management of the structure can be ensured.  This

provides great advantages.

In the case of a viaduct, for example, when a thermal infrared ray

camera is used to check for separation of the surface of the concrete

hammered at close range, inspection can be made over a wider scope

in a shorter time from a remote place.  This method also eliminates

the need of using scaffolding at elevated positions or a vehicle for

high lift work.

In the case of a tunnel, the distribution of the concrete lining

thickness, distribution of ground cavities on the rear surface side and

average concrete strength are measured by an inspection technology

using elastic waves, and the tunnel lining structure model is subjected

to numerical analysis, thereby calculating the stress and displacement

of concrete close to the actual behavior.  Because of this procedure,

the tunnel inspection method that tended to bear the characteristics of

qualitative diagnosis including the rule of thumb has been changed

into an inspection and diagnosis method that is based on quantitative

evaluation supported by scientific evidence, when the current state of

the structure deformation is to be inspected.

7.1 Reinforcing rod corrosion diagnostic system (Reinforcing

rod inspection by spontaneous potential method)

The durability problem of the reinforced concrete structure is found

in corrosion of the reinforced concrete due to rusting.  If corrosion of

reinforcing rods develops inside the concrete, and the reinforcing rod

expansion due to rust has reached a point of causing the concrete to

separate, then the situation is clearly identified by visual observation

or hammering inspection.  However, the status and scope of

reinforcing rod corrosion prior to concrete separation cannot be

identified clearly.  Such deterioration occurs when the structure is

exposed for more than a few years to an environment that is likely to

cause rusting.  In this case, it is highly probable that rust is

developing in the surrounding area or rust easily occurs.  If left

unchecked, deterioration of the concrete due to rust will expand with

time.

Visual observation is not sufficient for this inspection.  According to

the conventional manner, the concrete surface was partially scraped

for inspection.  To solve this problem, we have developed a method

for ensuring easy and efficient inspection.

The principle is that, in order to specify the oxidation and ionization

causing corrosion of the reinforcing rod, weak current resulting from

oxidation and ionization is determined by measuring the potential

Fig. 8: Boring the concrete lining

Fig. 9: Principle of reinforcing rod corrosion diagnostic system

Effects of introducing
6 the nondestructive inspection

Nondestructive inspection technology
7 for concrete structures
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difference for each section of concrete.  A natural potential method is

used to measure the potential.  Two electrodes - a reference electrode

and a relative electrode - are installed on the surface of the concrete,

and potential difference between the two was measured, thereby

determining if the internal reinforcing rod is corroded or is exposed

to an environment likely to cause corrosion.

This  technique is intended to measure the relative potential

difference.  The numeral representing the potential difference does

not indicate the degree of rusting.  Accordingly, for the portion where

a high potential difference over a certain level has been measured, it

is necessary to partially check the status of the reinforcing rod.  Fig. 6

shows the method of inspection using a reinforcing rod corrosion

diagnostic system.

7.2 Tunnel lining surface photographing car

(Photographing of lining surface by laser scanning

The first step in tunnel inspection is to examine the concrete lining

surface by visual observation, to check for deformation and

deterioration such as conspicuous cracks and to record them on the

lining deformation expansion plan where the lining is opened in a

planar form.  This inspection procedure requires a record to be kept

while walking in the tunnel.  This has taken much time and labor,

and many of the data items such as the width, direction and length of

cracks have been recorded by visual observation.   So we have

adopted a tunnel lining surface photographing car in order to

automate this inspection.

The system comprises a photographic system, image processor and

analyzer.  The photographic system is an electrophotographic system

based on laser scanning, where a laser beam having a wavelength of

500 nm is employed.  It is capable of photographing cracks having a

width of 1 mm or more on the surface of the lining.  The car is a 8-

ton hi-rail car capable of traveling on both the tracks and roads.  It

meets the requirements of both the Shinkansen and narrow gauge

lines, and can take a photograph at a speed of 3.5 km per hour.  The

measurement data from the inspection is processed by computer to

create a lining deformation expansion plan.  The second system was

introduced in 2002.  Fig. 12 is a drawing representing how a

photograph is taken by a tunnel lining surface photographing car.

7.3 Tunnel lining nondestructive inspection equipment

(Concrete inspection by low frequency band elastic wave)

In tunnels constructed according to the conventional mountain

tunneling method that used to be in the mainstream up to about 1980,

continuous concrete working was not always possible due to

equipment trouble or the like at the time of concrete working, with

the result that the design lining thickness could not be ensured in

Fig. 11: Function of tunnel lining surface photographing car

Fig. 12: Tunnel lining surface photographing car

Fig. 10: Reinforcing rod corrosion diagnostic system
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some cases.  If a position having a partially thinner lining lines up

with a position with a big cavity on the lining rear surface, these

positions will become weak points.  Stress may be concentrated on

the weak point of the lined concrete due to the pressure applied from

the ground, and tensile cracks may occur in some cases.  To find the

cause, inspection is carried out to measure the strength and thickness

of the lined concrete and the cavity on the rear surface side in detail.

This inspection is performed by boring a core in the relevant portion,

so it takes about 30 to 40 minutes to inspect one position.  If the

point is deviated after boring a core at one position, it has been

necessary to repeat boring again.

To solve this problem, we have developed and introduced a system

that permits an efficient measurement of "lining thickness", "concrete

strength" and "cavity on the rear surface side of the lining" with a

certain accuracy.

The principle is that calculation is made by correlation analysis using

the  waveform analytic value of the surface wave of the elastic wave

produced by hammer impact and the reflected wave that returns after

transmission to the lining back surface, and the physical property

value of concrete such as elastic wave speed.  The frequency used for

the elastic wave was a low frequency band of 5 kHz or less in order

for it to pass through the lined concrete where the design thickness

exceeds 70 cm.  Inspection is made to measure the vibration on the

surface of the elastic wave input into the lined concrete and elastic

wave propagation time between two points on the surface, using an

acceleration sensor where the sensitivity characteristic in the low

frequency band of 5 kHz or less is flat.  Then calculation is made

from the surface propagation speed, reflection time from rear surface

and reflected waveform level analysis.  As shown in Fig. 13, the

frequency used is very low, so the inspection data approximately

exhibits the numeral representing the average property of the

cylindrical concrete lining where the lining thickness is used as the

diameter about the installed acceleration sensor.

Through the numerical analysis of the tunnel structure model, this

data clarifies the stress and displacement occurring to the lining, as

well as changes in the stress and displacement in conformity to the

shift of the load.

The physical property of concrete depends on differences in the

amount of moisture resulting from differences in aggregates such as

river gravel and crushed stone, differences in the dates of concrete

working, or differences in concrete working methods.  This requires

measurements to be corrected in concrete core sampling.  Fig. 13

shows the inspection performed by this system.

7.4 Tunnel lining inspection car

(Inspection of defects inside concrete by electromagnetic wave radar)

In a measure taken against the concrete drop accident having

occurred in the Shinkansen and other tunnels in 1999, visual

observation at close range was carried out on a periodic basis and

defects inside the lining were checked by hammering test.  In this

inspection, the inspector moves close to the concrete lining and hits

the concrete with a hammer continuously from the side, from an

upwardly inclined position or from immediately above.  This requires

an unnatural bodily posture, and imposes a heavy physical load on

the inspector; therefore, inspection efficiency is very low.  After

hammering test, inspection records must be collectively converted

into a lining deformation expansion plan.  To find out the causes for

dull or abnormal sounds, detailed inspection must be made again.

When this method is used, these problems must be solved.  To solve

the problems, we started development of a system for a test to detect

inside defects, to take the place of hammering test.

Fig. 13: Tunnel lining nondestructive inspection system

Fig. 14:  Visual observation at close range and hammer test
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The principle is based on the use of a multipath linear array radar in

conformity to the electromagnetic wave radar technology.  In the

multipath linear array radar, sixteen transmitting antennas and sixteen

receiving antennas are arranged in two rows at a width of about one

meter perpendicular to the scanning direction.  While moving on the

lining surface in the direction of the rail, this system sends 256 types

of radio waves.  Each one-meter wide strip is tested by receiving the

radio waves from the boundary between the concrete inside the

lining and the substance having different electric characteristics

(permittivity of the cavity, crack, reinforcing rod, etc.), thereby

determining the position of a defect along the depth, its range and

profile.  The frequencies used are 100 MHz to 35 GHz (center

frequency of 1.5 GHz) in order to capture even small defects inside

the concrete.  Whereas the conventional radar comprises one

transmitting antenna and one receiving antenna, the new system

captures 256 items of data at one time, thereby discovering a defect of

small and complicated profile.  Excellent S/N ratio is ensured by the

use of sixteen pairs of transmitting and receiving antennas, and 3D

representation of the defect data is provided by this system.  The

maximum inspection depth is about 40 cm, and the crack width

inspection performance varies according to the depth and angle.  In

the less deep portion, a minimum of 1 mm or more can be detected.

It should be noted that the defect data position accuracy is related to

electromagnetic wave propagation speed inside the concrete.  It

should also be noted that, since the wave is reflected from the portion

having the electric characteristics different from those of the concrete,

it is not possible to tell whether the defect is a cavity, a metal or a

foreign substance such as a chip of wood.

The railway infrastructure facilities comprise a great variety of

structures ranging from the very old to the very new.  Further,

subsequent to the period of high economic growth, there has been a

rapidly growing number of secular changes in the concrete structures.

Needless to say, there are the same number of secular changes as that

of the structures built at one time.

Visual observation, hammering test and evaluation based on

experience depend on a great amount of manpower.  However, this

type of inspection cannot be continued under the social circumstance

where the labor force is on the decrease.

Under these circumstances, future maintenance depends on how

accurately and effectively inspection can be made.  The first problem

to be solved in achieving this target is how to incorporate an

8 Conclusion

Fig. 15: Testing the prototype of a tunnel lining inspection system
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advanced nondestructive inspection technology into the inspection

framework effectively.  The second problem is how to ensure that an

effective method of use based on adequate understanding of the

characteristics of a new inspection technology take a root in the field. 

At least, the nondestructive inspection technology used in the field of

civil engineering fails to meet the requirements of users in both

performance and method of use.  However, it is necessary to take a

positive stance in making a continued effort for development and

introduction of the nondestructive inspection technology and

establishment of this technology in the field.  Through these efforts,

we will achieve the goal of railway safety and safe transportation.
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