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PREFACE

One of the original objectives of the NDT-CE (Non-Destructive Testing in Civil Engineering)
symposium is to provide an opportunity for discussing current issues and future perspectives of
NDT and for promoting mutual understanding among engineers and researchers. This
symposium is organized as SEIKEN SYMPOSIUM No. 26, sponsored by Institute of Industrial
Science, University of Tokyo.

The idea of holding a symposium for exchanging information and views on NDT was realized
in 1991, and the first international symposium on NDT-CE was held in Berlin, Germany in
1991. With that as a start, four symposiums were organized; the second in Liverpool, UK in
1993, the third in Berlin, Germany in 1995 and the fourth in Liverpool, UK in 1997. Following
these symposiums hosted by European countries, the fifth symposium will be held in Tokyo,
Japan.

Asia is one of the key regions for further developments of NDT. The symposium in Japan will
be a good opportunity not only to exchange technical information on NDT, but to promote
worldwide friendship between engineers in the Asian countries and other nations of the world.

This volume contains 70 papers including 5 keynote papers from the worldwide range of 20
countries. They provide the most recent research results and findings. The papers are grouped
under the following areas: 1) keynote papers, 2) magnetic/electric, 3) steel structures, 4)
integrated test, 5) moisture, 6) strength, 7) acoustic emission, 8) various tests, 9) ultrasonic, 10)
impact echo, 11) radar, 12) quality and 13) corrosion/cover. The writing format of the paper
varies from author to author, because the proceedings were produced by offset printing from the
manuscripts provided by the authors. However we believe that the authors are able to get their
message across to the readers.

We would like to express our gratitude to all the key note speakers, International Scientific
Committee members, Organizing Committee members, Executive Committee members, co-
sponsoring organizations and financial supporters for their efforts and commitments. I would
like to send my sincere thanks especially to Dr. K. Tateishi, the chairman of the executive
committee, and Mr. M. Yoshizawa for arranging the symposium in details.

Taketo UOMOTO
Chairman, Organizing Committee
Professor of University of Tokyo
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MAINTENANCE OF CONCRETE STRUCTURES
AND
APPLICATION OF NON-DESTRUCTIVE INSPECTION IN JAPAN

Taketo Uomoto
Professor,
Center for Collaborative Research, University of Tokyo
7-22-1, Roppongi, Minato-Ku, Tokyo, 106-8558, Japan

ABSTRACT

Japan has been producing a large amount of concrete structures throughout our country since 1950’s.
The important structures such as Shinkansen, Highways etc. have been used for more than 35 years,
and it is now becoming an important problem to maintain the existing concrete structures. The
normal maintenance methods is to inspect the structures periodically, and when the degree of

deterioration exceeds certain limit, repair or strengthening of the structures is performed.

To inspect existing concrete structures, visual inspection is the easiest and the most
fundamental method. But this method may not be applicable for inspecting defects
which does not appear on the surface of concrete. For such defects, non-destructive
inspection is the only method which can be applied. This paper explains briefly the
background of the problem, how the maintenance of concrete structures are being done,

and introduces some new applications of NDI techniques in Japan.

Keywords: maintenance, non-destructive inspection, civil structures, concrete, evaluation

INTRODUCTION

A large amount of concrete structures have been made in Japan since 1950°s. Especially, just
before 1964, when Olympic game was held in Tokyo, not only the facilities for the Olympic games
but also traffic facilities such as “Shinkansen” (rapid train railways), “Shutokousoku-doro”
(metropolitan express way), and “Toumei kousoku-doro”(high way connecting Tokyo and Nagoya)
had been made. Many projects has been proposed and numerous facilities has been constructed

since then, using concrete. Recently, three huge bridges connecting Honshu island and Shikoku



island (Honshu-Shikoku Renraku-kyo) have been made and people can travel to 4 main islands
(Hokkaidou, Honshu, Shikoku and Kyusyu) by land.

Although there are still many structures to be made, one of the most important works to be done by
the civil engineers today is to maintain these structures to be used. Such as Shinkansen and
Shutokousoku-doro have been in use for more than 35 years and without these important facilities,

the economy of Japan can not be maintained.

Recently, spaliing of concrete from concrete structures, such as bridges, tunnels, etc., has become a
big problem in the field of mass media. Although the spalling of concrete may not be a big
problem considering the load carrying capacity of the structure, they may cause traffic accident when
cars or trains run underneath at a high speed, such as in the case of Shinkansen which runs at the
speed above 210km/hr.  In 1999, a block of concrete hit Shinkansen in Fukuoka tunnel, and the top
of several cars were damaged partly. The ministry of transportation and port and harbor organized
a special committee to investigate the causes, and concluded that a part of the concrete lining spalled
off due to insufficient consolidation at the time of construction and formation of inner cracks from
the early age. Since then, many engineers and researchers brought a keen interest on non-

destructive inspection of existing structures.
1. Change of Durability Problems

Before 1970’s, concrete structures are believed to possess high durability compared to steel
structures. The main durability items considered in design and construction at that time were:
fatigue, freeze-thaw deterioration, abrasion, permeability and chemical attack. As can be easily
estimated from these items, the concrete engineers were proud of using concrete as construction
material compared to steel. They did not have to consider about corrosion of reinforcing steel bars,
which was a big problem in case of steel structures. The steel structure engineers have to consider

the rate of corrosion in different environment even at the stage of design.

From 1965 to 1974, due to rapid growth of economy, tremendous amount of structures has been
constructed. The construction engineers were too busy to check the quality of materials to be used,
design methods, construction procedures, etc., and also due to the lack of river sand and gravel, large
amount of sea sand and crushed stone were used as aggregates. Although there were regulations on
chloride content, people did not realize the importance of the limitation. To facilitate the casting of
concrete and to increase the strength of concrete, not only water content but also cement content was

increased. At that time there were no special regulations on reactive aggregates and amount of



alkali content in cements. As a result, many newly constructed concrete structures deteriorated

abruptly within 35 to 10 years which was unusual up till then.

After the investigations of these deteriorated concrete structures, the following items were
considered important from the durability point of view. Additionally to fatigue, freeze-thaw
deterioration, abrasion, permeability and chemical attack, corrosion of reinforcing steel, alkali
aggregate reaction, acidic rain, biological attack, etc., were decided important to increase the
durability of structures. Not only JSCE (Japan Society of Civil Engineers), AlJ (Architectural
Institute of Japan), and JCI (Japan Concrete Institute) recommended many important aspects of the
problems but also the Ministries related took prompt counter measures to cope with the situation. A
large amount of researches has been done related to the durability of concrete structures. Recently,
the concrete committee of JSCE, etc. have been working hard to propose new standards considering

the performance based design, construction and maintenance.
2. Methods for Inspection and Evaluation of Concrete Structures in General

The maintenance of concrete structures are done by the owners of the structures. In case of public
structures, the ministries, etc. maintain the structure as soon as they are completed. For the time
being, the methods for the maintenance differ according to the owners of the structures. Although

there are some differences, the main concept of the maintenance can be summarized as in Figure 1.
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Periodic Insp.
Cause & <
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Detailed Insp.
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Figure1  Flow chart for maintenance of concrete structures



2.1 Periodic inspection

Periodic inspection is essential in most cases. The inspectors inspects the structures visually,
sometimes with the help of binoculars, once a year or once in several years according to the
importance and the time after the structure is completed. In some cases, sonic inspection is carried

out along with hammers. The inspectors are mostly trained engineers with experiences.

The periodic inspection covers not only the degree of deterioration but also the estimated main cause
of the deterioration. For example, when a crack was found at the corner of openings and increased,
the inspector may estimate the main cause as drying shrinkage with restraint. As shown in Tablel,
in most cases, the appearance and crack formation may offer good data for the inspector. In our
laboratory, we developed a system using handy type computers estimating the possible causes and
degree of deterioration|1]. The system is composed of sample photographs and questionnaire to be
answered by the inspectors by looking at the inspecting concrete structures, and the answers are
stocked as individual data to be transported to the main computer from any place within Japan. This

system runs with expert system eliminating the personal errors of the inspectors.

In some cases, visual inspection is also used to decide whether further inspection is needed or not. In

Tables 1 and 2, an example of the actual visual evaluation making criteria is briefly shown. From

Table 1 Evaluation of deterioration degree by periodic inspection (example)

Degree of deterioration  Steel bar corrosion Cracks Spalling
0 none none none
1 Some stains on partial none
concrete surface cracks
2 Stains are observed Some Partial rise
Partially cracks at surface
3 Fair amount of Fair amount Partial spalling
Stains observed of cracks(width:  observed
Several mm)
4 Fair amount of Large amount Fair amount
Rusts observed of cracks (width:  of rise and
several mm) spalling
5 Large amount of Large amount

Rusts observed

of rise and

spalling




Table 2  Evaluation for detailed inspection and need for repair(example)

Deterioration degree Detailed inspection Need of repair
0 no no
1 no no
2 yes no (may need)
3 yes yes
4 yes yes
5 yes yes(may strengthen)

these evaluations, when the structure is ranked equal or above 2, careful inspection or detailed
inspection of the structure is performed. According to the table, for the sake of simplicity, the items

to be inspected are limited to cracks, stains and spallings.

2.2 Detailed inspection

The detailed inspection is done when the estimated degree of deterioration exceeds certain limit, or
when some new phenomenon is found during the periodic inspection. The inspection is done
normally by using non-destructive tests or taking core samples out from the inspected structure.
The purpose of the inspection is to decide the cause of the deterioration and also to evaluate whether
repair and/or strengthening is needed or not. In Table 3, the available non-destructive inspection

methods being used are listed with some comments of the individual methods.

In case of large concrete structures, such as bridges, tunnels, dams, buildings, etc., the structures are
too large to be inspected in details. To overcome the problem, the following methods are being
used. 1) Overall inspection techniques, such as using digital still camera, thermography, radar,
sonic and laser technique are often used to sweep the whole area to be inspected and find out the
distribution of defects within the structure. Then, 2) other techniques, such as X-ray, ultra-sonic,

natural potential, acoustic emission, etc. can be applied to get more detailed information.

Some movable inspection cars and trains have been developed for the overall inspection 1). In case
of tunnel linings, an inspection train mounting both heating facility and thermograph has been
developed to obtain the crack distribution and spalling portions for the subways. To inspect the
voids at the back of tunnel linings or pavements, radar mounted cars have been developed for
railways, waterways and highways. To digitize the surface cracks of reinforced concrete slabs,
laser mounted car has been developed by the Technology Center of Metropolitan Expressway.
These techniques are important for obtaining inspected data without any personal errors and can be

used to check whether the deterioration advanced since the previous inspection.



Table 3 Application of NDI for existing concrete structures [4]

Time Items Measurement Methods Comments
Dimension M 4 When the structure is
Cross sectional in the open air
dimension When a part of the
Just after structure is embedded
construction| Arrangement |Concrete cover Surface bars only
of steel Bar spacing Surface bars only
reinforcement |Bar diameter Surface bars only
Structure Overall stiffness Amplitude, frequency
Appearance |Deterioration Stain, cracks,
Defects y {Including honeycomb,
(Surface) cold joints
Defects |Voids inside and at the
(Inside) L back of the structure
Stress & Deformation(Macro) [M
Strain Deformation(Micro) |B
Vibration
After Stress Mold gauge, Optical se
several Strength & [Concrete strength |Core sample test General method
years of Stiffness Re‘h g mme Problem of accuracy
usage Modulus of Core sample test
Elasticity ]
Cracks & Distribution
Spalling Crack width ~ |Digital still camera, Therm Direct measurement
possible
Crack depth Effect of bars
Cracking Continuous
measurement
required
Carbonation Core sample test
Diffusion Chlorides Core sample test Analysis by core
Depth Acids Core sample test samples
Other substances |[Mu Limited to concrete
surface
Permeability |Permeability
Steel Location Location at that time
Corrosion Corrosion degree \ periodic measurement
E ectric required
Note: - indicates application of NDL

For detailed inspection, many new techniques have been developed. Photographs 1,2 and 3 are the

examples being developed using radar, X-ray and natural potentials. The details of the technique can
be found in the references [5],[6], and [7].
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Photograph 1 Estimated voids and reinforcements by radar technique[5]

Photograph 2 Three dimensional image of reinforcements in concrete by X-ray CT/DR[6]
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Photograph 3  Estimated corroded amount from natural potential measurement|7]



2.3 Prediction and Evaluation of Deterioration

The evaluation is one of the most difficult thing to be done. The engineer must predict the
remaining life time of the structure if the structure is kept un-repaired. To predict the life time, not
only the mechanism of the deterioration must be clarified but also accurate calculation and enough
data is needed.  Although the data is limited, JSCE and JCI committees have been trying to propose

an accurate and practical prediction method to avoid big mistakes in the prediction[2].

The decision, whether the structure can be used as it is or whether repair/strengthening is needed,
can be done by the engineers with above mentioned prediction method. But whether to demolish
and construct a new structure, must be done considering engineering, social and economical views.
Up till now, none of the important structures, such as Shinkansen, highways, Honshu-Shikoku
Bridges, etc., deteriorated to a dangerous level but sooner or later we may encounter such a problem
in the 21* century. It will become especially important in Japan how to decide such a problem

obtaining consensus of the public.

3. Repair and Strengthen of Deteriorated Structures

3.1 Repair of concrete structures

To repair or strengthen the existing structures, design and selection of sufficient materials are
important. The design and the selection are different according to the cause and the degree of
deterioration. For an example, if the cause is alkali-aggregate reaction and the amount of reactive
aggregate is large, the only method to be applied is to reduce the rate of reaction. The most
practical method is to apply coatings on the surfaces of concrete to avoid water getting into concrete.
In the future, better methods may be developed, but for the time being this method is the only
method to reduce the reaction rate. If the concrete contains a large amount of alkali and could not
stop the reaction, the structure may be deteriorated in the near future. The structure must be

demolished and a new structure must be constructed.

The most popular repair method against corrosion of steel bars due to carbonation is as shown in
Figure 2. If the cracked portion of steel bar is not corroded to large extent and the depth of
carbonation is less than the cover to reinforcing steel bars, application of coating to the surface of
concrete is valid to avoid carbon dioxide penetrating into concrete and to prevent corrosion of the
bars. If the carbonation depth at the crack is larger than concrete cover, injection of epoxy resin in
the crack is needed. But in case of steel corrosion due to chlorides from the surrounding
environment, the highly concentrated portion of concrete must be taken out, anti-corrosive treatment

is to be applied to the surface of the bar, and polymer cement mortar is generally used to repair the



concrete before coating the concrete surface.

Coating\

Carbonated

Surface
treatment

Epoxy resin

portion

Figure 2 Repair of concrete by applying coating on the surface of concrete

(Corrosion of steel bars due to carbonation of concrete cover)

3.2 Strengthening of concrete structures

Strengthening of concrete structures is needed when the load bearing capacity of the structure
become lower than the designed value, or when larger loads are going to be applied. Recently in
Japan, due to the change of the live loads (cars) from 20tons to 25tons, many beams, slabs and

columns were strengthened. The cause was not the deterioration but social need.

After the Great Hanshin-Awaji Earthquake, it was clarified that the shear strength of the columns
designed before 1980°s were not enough.  As can be seen in Figure 3, the allowable shear stress of
concrete was reduced tremendously in the standard specification of JSCE in 1980 and 1984{3]. As
a result, the existing structures do not possess enough shear strength according to the specification
today. Considering the evidence, many bridge piers etc. were strengthened by external
reinforcement as shown in Figure 4. The concrete committee of JSCE has published the
recommendations for designing of concrete structures for strengthening in general [8] and by using
FRP sheets [9].

Reinforced concrete piers for important highways and railways which were constructed using the
design standards before 1984 were all strengthened by using either steel plates or FRP sheets after
the earthquake. For buildings, some of them are still existing as it was, without any special
repair/strengthening.  This is mainly due to the problem of owners who can not deal with the fee for

repair/strengthening,
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Figure 3 Change of allowable shear stress for concrete by JSCE[3]

Steel plate
(Note)FRP sheets
are also being used

Gout
(Resin, mortar)

Existing column

Figure 4 [External reinforcement for concrete columns

Concluding Remarks

Engineering is not always complete, and further research works are nceded. To set up a good
system for maintenance of existing concrete structures, there are still many things to be done: not
only researches but also education to the students and engineers about durability and maintenance of

concrete structures. I hope this paper may become a help to the concrete engineers and NDI
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engineers who are involved in maintaming the existing concrete structures.
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ABSTRACT

Nondestructive testing plays an important role for quality evaluation. Among nondestructive testing methods,
automatic ultrasonic testing is focused in this paper. A brief history of automatic ultrasonic testing systems
will be described. Application for evaluation of blow holes in the corner joints of truss chords, detection of
fatigue crack from the blow holes will be introduced. Some studies on applicability of automatic ultrasonic
testing systems by comparing between radiographic testing and automatic ultrasonic testing will be introduced.
Recent collaborative researches on autornatic ultrasonic systems aiming to performance and quality based design
will be mentioned.

KEYWORDS

nondestructive testing, automatic ultrasonic testing system, weld, detectability, performance based design

INTRODUCTION

The application of thicker plates has been increasing in the bridge construction in Japan. Sometimes plates of
up to 100 mm thick are used as the flange plate of bridge girder. Welded joints are more suitable remarkably
than bolted joints as field joints. However, radiographic testing (RT) cannot be applicable for the welded joints
of thick plates. In addition, the application of RT is unfavorable in site. Instead, automatic ultrasonic testing
(AUT) will be applied for inspection.

AUT systems were developed and started to apply to the inspection of bridge members in the 1980s. AUT
systems were applied for evaluation of blow holes in the corner joints of truss chord members of Seto Ohashi.
It was the first time of application of AUT systems. Since then, AUT systems have been applied for not only
corner joints but other types of joints such as field welded joints of orthotropic bridge deck and field welded
joints of steel bridge piers. The history of development and application of nondestructive testing, particularly
AUT, is reviewed.

REVIEW OF AUTOMATIC ULTRASONIC TESTING SYSTEM UNDER THE HONSHU-SHIKOKU
BRIDGE PROJECT
Quality evaluation of corner joint of truss chord members of Seto QOhashi

The construction work of Seto Ohashi was completed in 1988. The concept of permissible sizes of weld defects
had been introduced in the quality control program of weld coupling with fatigue design. A large number of full
scale and large size fatigue tests were conducted. It turned out that blow holes in corner joints of truss chord
members might affect the fatigue performance [1]. Fig.-1 shows a blow hole and fatigue crack in a corner joint.
The permissible size of blow holes was determined for 100 year service.

The members were categorized three types such as AA, A and B based on required fatigue performance.
Permissible size of blow holes in each category is shown in Fig.-2. Therefore, nondestructive testing systems
were required to detect defects of sizes shown in Fig.-2. Since those members had closed section, RT could not
be applied. Instead, AUT would be applied. It was the first time that AUT systems were developed [2].
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Detection and characterization of fatigue crack in the corner joint of truss chord member

Fatigue cracks would be initiated from blow holes in the corner joint of truss chord. Applicability of AUT
systems was investigated to detect fatigue cracks from blow holes. AUT systemns were the same as those used
for evaluation of blow holes.

Fig.-3 shows a test specimen used in that investigation. This specimen simulates corner joint of truss chord.
The specimen was V-groove partial penetration weld. This specimen contained 11 artificial defects modeling
blow holes. As shown in Fig.-3, holes were made by a drill. Diameters of artificial blow holes were 1.5, 2.5 and
3.5mm. During fatigue tests, ultrasonic tests were conducted.

The tip echo method was applied in ultrasonic testing. 19 fatigue cracks could be detected out of 44 fatigue
cracks by tip echo method. Fig.-4 shows a tip echo on cathode ray tube (CRT). Tip echo is indicated by arrow.
Fig.-4 also shows an illustration of a crack initiated from a blow hole. In such case, reflecting points are (A)tip
of the crack, (B)blow hole and (D)corner of crack and blow hole. In that study, the minimum size of detection
of fatigue cracks by tip echo method was about 8mm, while it depends on the width of incident ultrasonic beam.

Application of Automatic ultrasonic test for steel deck plates

Quality evaluation of field welded joints of steel deck plates had been carried out by RT. AUT systems for truss
chord members were applied to steel deck plates of 3 bridges of Seto Ohashi in mid 1980s.

Thickness of deck plates are usually 12mm to 14mm. One side submerged arc weld is applied for field weld
of steel deck plates. Fig.-5 shows weld defects which can be seen in steel deck plates [3]. Among those weld
defects, hot cracks often can be included. In case of one side weld, cracks caused by the constraint at the end
also can be included.

Comparison of testing results between RT and AUT was made. RT was carried out where an unacceptable weld
defect was found. The result of comparison is shown in Tab.-1. From Tab.-1, difference of length of defects
between radiographic testing and ultrasonic testing was calculated. Fig.-6 shows over- and under-estimation of
defect size of AUT judging from RT. The difference of estimation of defect size is & 2mm.
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Tab. 1: comparison between automatic ultrasonic testing and radiographic testing

result of radiographic testing result of ultrasonic testing | difference
type - length class || class | echo height - length | (RT-UT)
crack-- 24mm 4 4 50% - 25mm -lmm
incomplete penetration --5mm | 4 4 30% - 10mm -5mm
blow hole -- 14mm 4 4 85% - 13mm +1mm
blow hole -- 90mm 4 4 95% - 85mrn +5mm
blow hole -- 12mm 4 4 75% - 10mm -+2mm
blow hole —- 31mm 4 4 100% - 25mm +6mm
blow hole -- 28mm 4 4 75% - 25mm +3mm
blow hole -- 67mm 4 4 100% - 65mm +2mm
blow hole -- 72mm 4 4 100% - 60mm +12mm
blow hole - 8mm 4 3 50% - 5mm +3mm
not detected 1 4 55% - 20mm -20mm
blow hole -- 17mm- 4 4 100% - 21mm -3mm
blow hole -- 13mm 4 4 100% - 15mm -2mm
blow hole -- 2mm 1 1 35% - 3mm -Imm

APPLICATION OF AUTOMATIC ULTRASONIC TESTING SYSTEMS TO BUTT WELDED SPLICE
JOINTS

In 1990, specifications for highway bridges in Japan were revised {4]. It was described that ultrasonic testing
could be applied for quality evaluation of welded joints instead of RT. RT takes time to expose the films. On
the other hand, testing results can be obtained instantaneously by ultrasonic testing.

In the early 1990s, applicability of AUT for butt welded joints was investigated {5]. As the first step, survey
of defects formed in butt welded joints was carried out. Fig.-7 shows results of RT of butt welded joint in a
certain shop. Type 1 is volumetric defects such as blow holes. Type 2 is cylindrical defects such as pipe and
slag inclusion. Total number of pieces of film recorded from 1985 to 1992 was about 48000. No defect could be
detected from 97.9% of 48000. Type 1 defects were detected from 1.45%. Type 2 defects were from 0.24%. Most
of those type 1 and 2 defects were classified in class 1 and 2. If welding condition is controled sufficiently, few
type 1 defects of class 3 or 4 can be formed. Defects of class 4 are larger and may cause damage to the structure.
Incomplete penetration and crack are classified as class 4. Although the number of incomplete penetration and
crack is small, these defects can be formed. Therefore, it is necessary that incomplete penetrasion and crack
should be detected by nondestructive testing.

As the second step, comparisons between RT and AUT for some types of welded joints were made. Tab.-2 shows
one of the results. Defects of classes of 3 and 4 are unacceptable. The total number of defects detected either
AUT or RT was 403. Agreement between AUT and RT could be seen 66% out of those 403 defects. There were
66 defects (16%) which were judged unacceptable by AUT and acceptable by RT. On the other hand, there were
76 defects (18%) which were judged acceptable by AUT and unacceptable by RT. Most of the defects disagreed
were planar defects such as crack and lack of fusion. It was also pointed out that detectability of planar defects
were different from each of the AUT systems. Detectability of planar defects by AUT needs to be investigated.

AUTOMATIC ULTRASONIC TESTING SYSTEMS TO FIELD WELDED BUTT JOINTS

In recent years, for economical reason, simplified girder bridges have been constructed in Japan [6]. The number
of main girders are decreased two or three. Thickness of flange plate is sometimes more than 80mm. Welding
joints of main girders are adopted in order to reduce dead weight of the girder. Weld of main girders would
be conducted in site. Fig.-8 shows details of one of the site welding joints. In this type, both upper and lower
flanges are welded by flat position.
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Tab. 2: comparison between ultrasonic testing and radiographic testing
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Tab. 3: type of defect in site welded joint

MUT Real type of defect and number | Correctness
Type | Number | BH | SI | C | IP | LF | Unclear %
BH 32 24 1041010 5 3 82.8
SI 100 4 |65(11 0119 11 73
C 3 0 01310 0 0 100
1P 21 1 1}10]12 3 4 70.6
LF 329 0 [13]0} 0 |284 32 95.9

Correctness of volumetric defect = (20+4+39)/(214+58) = 70.5 %
Correctness of planar defect = (14+12+34-17)/(1+21+135) = 85.6 %

BH: blow hole IP:  incomplete penetration
SI:  slag inclusion LF: lack of fusion
C: crack
‘mm
I 254 (mm) ) 500 (mm)
- ‘ i
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Fig. 10: tandem array transducer Fig. 11: test specimen

Site welding joints of thick steel plates have never been applied before. Details of welding are different from that
of in the past. It is possible that different types of defects would be formed in site welded joints. It is necessary
to investigate type of defects, distribution of defects in welded section and distribution of defects along seam
line. Fig.-9 shows distribution of defects in welded section. Most of the defects can be found in the first welding
layer. Tab.-3 shows type of defect. Tab.-3 is comparison between presumed defect type by manual ultrasonic
testing and real defect type. Lack of fusions were found most of all the types of defects. Slag inclusion is the
next.

Nondestructive testing also has to be conducted in the field. AUT will be applied because RT may do harm to
the surroundings. AUT systems should have performance which is never required before.

NEW TANDEM ARRAY AUTOMATIC ULTRASNIC TESTING SYSTEM

Detection of planar defects such as lack of fusion and crack is important. At planar defects, incident waves
will be reflected specularly. Reflected waves sometimes cannot be received by a probe, when one probe is used.
Only tip diffracted echoes can be received by the probe because tip diffracted echoes have no directivity {7, 8].

Planar defects can be detected, if reflected waves with strong directivity can be received. It is made to be
possible if more than one probes are used. Tandem probe technique is effective to detect planar defects [9]. In
tandem probe technique, two probes are mounted in the same direction. Comparing with one probe technique,
tandem probe technique needs more calibration and skill of scanning. The system have to be more complicated.
In order to avoid complicated scanning process, tandem array transducer was developed. Fig.-10 shows tandem
array transducer. The transducer consists of 10 probes aligned. As total, 100 patterns of combination of
transmitter and receiver are possible, 10 as the transmitter and 10 as the receiver.

Experiments were carried out with the transducer. The specimen is shown in Fig.-11. The specimen contains
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(a) lack of fusion (b)
weld weld
lack of fusion simulated one probe technique tandem technique

Fig. 12: B-scope displays of lack of fusion by tandem array transducer (a)simulated one probe technique,
(b)tandem probe technique

a lack of fusion. Fig.-12 is B-scope displays of the lack of fusion. In 10 out of 100 patterns of combination
of transmitter and receiver, the transmitter and the receiver is the same probe. One probe scanning can be
simulated by those 10 patterns. Fig.-12(a) means simulated one probe scanning. Comparing with Fig.~-12(a) and
(b}, more echoes are plotted in Fig-12(b). This means that tandem probe technique has higher detectability
than one probe technique.

FATIGUE PERFORMANCE-BASED QUALITY CONTROL DESIGN

Fatigue tests of butt welded joint containing various embedded defects

A feasible quality control program should be established due to recent changes in steel bridge construction such
as field welded joints of thicker plates. Butt welded joints has to satisfy Class D JSSC specifications. The degree
of significance of weld defects may vary with the type, size, shape, location of defect and joint geometry. The
fatigue performance of butt welded joints containing various embedded defects was examined experimentally.
Based on these test results, permissible limits of defects would be determined. In this section, some of the test
results are described.

Fig.-13 shows the shapes and sizes of test specimens. The specimens simulate field welded joint of main girder.
The thickness of the specimens was 25mm, 50mm and 75mm. The steel of the specimens was JIS SM490.
The specimens were fabricated by a CO, gas shielded arc welding process. The shape of the groove is a single
V-groove. A pair of wide plates was welded together. The condition of welding was changed intentionally. Weld
defects were made. The locations and sizes of defects in the weld were examined by RT after welding. Based
on the results of RT, specimens were cut out from the welded plates such that each defect was located at the
center zone.
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Fig. 13: test specimen of fatigue tests
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Fig. 15: test specimen of round robin test

Fig.-14 shows the fatigue test results as an S-N diagram. Typical failure surfaces are shown in Fig.-14. The
number beside each plot in Fig.-14 indicates the length of defect in the specimen measured along the failure
surface. Some of the fatigue cracks initiated from the surface of the weld toe. Some of the fatigue cracks
penetrated through the entire section of plate, regardless of the existence of weld defects. The open symbol
indicates that the specimen has failed by growth of a fatigue crack that initiated from the weld toe. In such
cases, the number beside plot is the maximum size of defect in that specimen. Some fatigue tests are still
on-going. The acceptable size of weld defects will be discussed and determined after the fatigue tests.

Round robin test for automatic ultrasonic test

Requirement for AUT systems may change according as the acceptable size of weld defects. Round robin test is
conducted as part of a collaborative research project. One of the purposes of the round robin test is to examine
the performance of newly developed and existing AUT systems. Sixteen companies are involved in this test
program. Specimens used in this program are shown in Fig.-15. Those test specimens simulate field welded
joint of main girder. The specimens contains artificial and natural weld defects. The thicknesses of those plates
are 40mm, 60mm, 80mm and 100mm. Fig.-16 shows the round robin test.

Another purpose of the test is to establish a manual for nondestructive examination techniques for welded
joints. The manual will include methods for approving ultrasonic automatic examination systems and methods
for confirming the performance of on-site ultrasonic automatic examination systems. Differences in existing
ultrasonic automatic examination systems are transducer characteristics such as frequency, angle and size of
crystal, the number of transducers, scanning systems, echo data recording system, imaging system such as A,
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Fig. 16: round robin test of automatic ultrasonic test

B, C scope and synthetic aperture method. The round robin test is conducted at the laboratory of the Public
Works Research Institute and still under way.

CONCLUSION

In this paper, historical review of automatic ultrasonic testing systems was described. Some studies on ap-
plicability of automatic ultrasonic testing in shop and site were introduced. Recent trend of steel bridge was
mentioned. Round robin test and fatigue test for performance based design were introduced.
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RESEARCH IN NON-DESTRUCTIVE TESTING IN
CIVIL ENGINEERING AT BAM

HERBERT WIGGENHAUSER
Bundesanstalt fiir Materialforschung und -priiffung
Unter den Eichen 87, D-12205 Berlin, Germany
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Figure 1: Aerial view of BAM headquarters in Berlin-Lichterfelde

ABSTRACT

A special group for non-destructive testing in civil engineering was established at BAM in 1990.
The tasks od this group, the background for the research and the links between the different dis-
ciplines are outlined. The main areas of research, the activities in standardisation, information
and confernces are outlined. Examples of recent research results are presented and discussed.

KEYWORDS

Ultrasound, radar, impact-echo, LIBS, compendium

BAM: Federal Institute for Materials Research and Testing

BAM is an institute of the Ministry of Economics and Technology with 150 year tradition in ma-
terials testing and research. The staff is approx. 1200, with more than 800 scientists working in
all areas of materials research. The profile of BAM is described by:

The mission to promote the development of German economy

the function as materials-technological and chemical-technological national institute

the guideline safety and reliability in chemical and materials technologies

the activities research and development, testing, analysis, approvals, consultation and informa-
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tion
the tasks in the interacting fields of materials - chemistry - environment - safety

BAM has 10 departments

I Analytical Chemistry; Reference Materials
II Chemical Safety Engineering

I Containment Systems for Dangerous Goods
v Environmental Compatibility of Materials
v Materials Engineering

VI Performance of Polymeric Materials

VI Safety of Structures

VI Materials Protection; Non-Destructive Testing

S Interdisciplinary Scientific and Technological Operations
zZ Administration and Internal Services

The Department VII - Safety of Structures - consists of 4 Divisions:

VII.1  Building Materials

VIL.2  Building and Structures

VIL.3 Building Diagnosis; Non-Destructive Testing in Civil Engineering
VIL.4  Corrosion and Corrosion Protection

The Division VIL.3 Building Diagnosis; Non-destructive Testing in Civil Engineering was estab-
lished as a link between civil engineering and the NDT laboratories in the department VIII. The
main research areas presently are:

¢ Ultrasound (Pulse Echo)

¢ Impact-Echo

* Radar

* LIBS (Laser Induced Breakdown Spectroscopy)
* Thermography

* Moisture Measurements

ULTRASONIC
PULSE ECHO

The research in Ultrasonic
Pulse Echo has the goal to
determine the inner geomet-
rical structure of concrete

specimens. As opposed to
the transmission velocity Figure 2: Ultrasound techniques: Transmission (left), Bistatic pulse echo (mid-
dle), pulse echo array (right)

measurements, this method
can be used with one sided
access. The method measures the transit time and intensity of ultrasound reflections at inner scat-
ter centres.

US-PE: Principle
¢ Transmission (velocity measurement)

¢ Pulse Echo (mono- and bistatic)
¢ Pulse Echo (array)
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In medical applications, ultrasound is a very powerful imaging tool with resolution in the milli-
metre range. This technique is based on arrays of high frequency focusing transducers and cannot
be easily applied to concrete. The problems are:

¢ High frequencies -> short wavelengths
Af=v)

* The transducer diameter must be much larger than the wavelength to focus the ultrasound,
e.g. at 100 KHz and a velocity of vi =4 km/s the wavelength is A =4 cm, resulting in a
transducer diameter of more than d > 15 cm!

* Large diameter transducers cannot be used in practical applications (coupling to surface)

A-Scan

In A-scans (intensi- 4500 [ ' ' ]
ty vs. time) the sig- ) ]
nal is hidden in the 2000 B
surface waves

which arrive at the
receiving  trans-
ceiver earlier than
waves reflected in- —2000
ternally (see figure [
3). Coupling of the _anaol iy R . .
transducers to the —500 a 500 1003 1500 200¢ 2500
concrete surface is
difficult and highly
influences the in-
tensity of the sig-
nal.

G

TR

Figure 3: Typical ultrasound A-scan from concrete specimen

Phase Corrected Superposition
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fore multiple meas-

Figure 4: Principle of phase corrected superposition of ultrasound pulse echo experiments
on concrete specimen.
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urements are required for this technique.

Figure 5: Result of synthesis of
phase corrected signal for a range
of thicknesses. At the true thick-
ness of the specimen (50 cm), an
amplification of the backplane re-
flection takes place.

An example of a phase cor-
rected superposition of
measured signals for dif-
ferent thicknesses is shown
in figure 5: the absolute
values of calculated syn-
thetic curves are shown as
a function of the corre-
sponding slab thickness for
which the calculation was
performed. At the true
thickness of the specimen,
an amplification of the sig-
nal is observed.

Intensity [a...]

Figure 6: Photograph of the BAM ultrasound
array of 10 transducers

The experiment can be time con-
suming when many readings must
be taken in sequence. The position
of the transducers must be recorded
and the waveforms stored for post-
processing. To overcome these
problems, a transducer array is used
and the transducers employed in
both transmitting and receiving
mode. In this way, the measurement
time can be reduced to less than 5
minutes. The coupling of the trans-
ducers is done once and must not be
repeated for each single measure-
ment. An array of 10 transducers
collects 90 readings which are
enough for most applications.

Applications

The thickness measurement with phase corrected superposition has been used in a number of ap-
plications on site. It was found that the reinforcement influences the test. For this reason, rein-
forcement localisation is typically done before, to position the transducers between the
reinforcing bars and to minimize interference.
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Figure 7:
Thickness measurement of a highly reinforced concrete foundation (left: reinforcement position, right: amplitude of
phase-corrected reflection signal over thickness).

Figure 8: Localisation of an empty pipe in a highly reinforced
concrete tunnel wall. The transducers of the array have been
positioned between the reinforcement positions to obtain bet-
ter signal.
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3D-SAFT Reconstruction and automized measurements with a laser vibrometer

One step further goes the 3D-SAFT (Synthetic Aperture Focusing Technique) reconstruction of
a volume under the surface. For this analysis, that part of each A-scan which may originate from
a given voxel is calculated and averaged into the voxel. The result is a three dimensional data
array, where the values represent the intensity of the reflected ultrasound at this voxel.
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Figure 9: Photograph of Laboratory
setup for automized ultrasound tests
with 2D aperture and scanning Laser
vibrometer

A large number of measure-
ments must be taken for such
investigations, typically more
than 1000. Such measure-
ments are best automized with
a laser vibrometer. This very
sensitive device measures the
vibrations of a surface in the
direction of the laser beam,
which is pointing onto the sur-
face.

i
er

3D-SAFT Reconstruction to locate voids in duct

Figure 10: Localization of two ducts in a concrete
beam. H1 - H8 indicate the position of intentional
and unintentional voids. (R ruction by FhG-
IZFP, Saarbriicken, specimen: BASt).

The localization of voids in and around
the duct is possible with this time con-
suming technique which requires many
measurements to be taken. Nevertheless
it is the only one known which is able to
detect voids in metal ducts having a con-
crete cover of more than 10 cm.
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IMPACT-ECHO 1z

Typical tasks for Impact Echo measurements are the same
as for ultrasonic echo measurements:

» Thickness measurements of concrete elements with
one sided access

* Localization of voids

¢ Localization of delaminations

« Investigation of ducts

The Impact-Echo principle is based upon the measurement
of multiple reflections between the surface and an inner re-
flector. The sound impulse is generated by a mechanical
impact whilst the acoustical intensity is measured with an
accelerometer/displacement transducer.

From the measured signal (intensity over time) the fre-
quency components are calculated by a Fast Fourier Trans-
formation. The depth of a reflector is then given by the

formula d = Z_Vf v: Velocity of sound in the specimen, f:

Figure 11: Impact-Echo principle
measured frequency)

To exactly determine the depth of an object, the velocity of
sound must be known. This is typically obtained by calibrations measurements on a core.

Impact Echo research at BAM was triggered by the fact that three research groups could not cor-
rectly measure the position of a duct in a concrete specimen during a round robin test in Germany.

The size of the specimen was 2000 x 1500 x 500 mm>, the duct being covered by one layer of
reinforcement and having a concrete cover of 10-12 cm on the near side. The diameter of the duct
was 12 cm.

Figure 12: Example of an Impact-Echo B-scan on a concrete Position/a.u.
plate with a large delamination

The BAM research proposed and established an au-
tomized Impact-Echo with a scanning system to
avoid any influence from the operator and to get re-
producible results. The advantage of the scanning
IE becomes immediately apparent when the data is
plotted in a B-scan image, where the amplitude of
the frequency function is displayed color coded
over position and depth (frequency).

Depth/ecm

It becomes then very obvious that geometrical ef-
fects play an important role at specimens of limited
size. Surface waves can mask signals from the inte-
rior of the specimen. In single point measurements,
there is no possibility to visually distinguish be-
tween true reflections signals from the specimen and signals caused by the geometry of the sur-
face. Therefore, scanning IE has several advantages but is more time consuming. It also requires
other software for data acquisition and analysis.
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Applications of Impact Echo Testing Position/a.u.

The length of a prism (10 x 10 x 40 cm?) can
be measured very easily with IE as shown in
figure 11. From a clear signal when the wave
velocity is known, the length is determined
with high accuracy. Such clear signals are not
typical for IE testing in concrete structure ap-
plications.

—h
= D

Frequency/kHz
> b &

Figure 13: Measurement of the bonding between sleeper
and substructure. Geometry effect can be identified in
scan mode.

The localization of a duct which has a concrete cover of more than a few centimetres was one
task which proved to be more difficult than reports in the literature have indicated. It was not pos-
sible to unambiguously identify direct reflections from the duct (10 cm diameter, 12 cm concrete
cover) in point measurements. Therefore automatic measurement with a planar aperture (27 x 90
points, 3 measurements averaged at each position, 1 cm distance between points in Y-direction,
5 cm in X-direction) were carried out.

The individual B-scans have been combined in a 3D-data array for data visualisation. No direct
signal from the duct was identified, but an indirect indication of the presence of the duct can be
seen: the signal from the backside of the wall shows an apparent greater thickness at the position
of the duct. By visualizing the signal amplitude in the plane of the wall backside, the duct shows
up as an area of smaller amplitude.

‘igure 14: Visualisation of duct as a C-scan type im-
. age (intensity in frequency range vs. X and Y-posi-
back side tion)

i Right: Sketch of the specimen with meaurement ar-
duct ea.
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LIBS LASER INDUCED BREAKDOWN
SPECTROSCOPY

LIBS is a technique for the determination of the ele-
ment content in solid (building) materials. It is based
on the fluorescence spectroscopy from laser-vapor-
ized material: a laser pulse is focused onto the surface
of the target where the energy density becomes so
high that a plasma is formed. The molecular bonds
are broken and the atoms are highly excited. When
the plasma is cooling, the atoms relax into their
ground state and emit their energy as fluorescence.
The wavelength of the spectral lines are characteris-
tic for the element, the intensity is proportional to the
abundance of the element.

Figure 15: The focused laser beam hits a concrete specimen

Figure 16: LIBS-

Setup in the labora- Absaugung

tory *
Optical Muitichannel Analyzer (OMA)

The LIBS set-up e z

consists of a o - p

NdYAG infra-

red laser and a
fibre optic to
collect the emit-

ted fluores-
cence into a
monochroma-

tor. The light at
the exit slit of
the monochro-

. oE r ﬂ E n o B
mator is detect- spectral resolution 0,1nm (FWHM)
ed with a multi W at 200nm with 2400L/mm grid
channel optical P ||— <<
analysc.:r and 1 PC for control
stored in a com- mmum = § and

data aquisition
puter for post
processing. The sample is positioned on a table which can be moved in the plane perpendicular

to the laser beam.

A typical spectrum measured on a concrete sample shows of course the strong lines of the main
elements (Si and Ca, O, cannot be detected in this spectral region) as demonstrated in figure 17.

With the equipment at BAM, four measurement types can be performed:

* Point measurements
¢ Line scans

¢ Area scans

* Depth profiles
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Figure 17: Typical spectrum of a 30— |
concrete sample. The spectral lines
of characteristic elements are la-

belled. The inset shows the interest- 25 sil |A Mgl
ing UV-region around 200 nm with
lines of the elements C and Al. 00

Intensity/a.u.

I I | |Ca
| Na
W
Al Mg  Cal

190 185 200 205 210 215

Point Measurement

For point measurements a spectrum is collected at one point
on the sample.The wavelength range depends on the meas-
urement task. An example is shown in figure 18, where the
presence of Lead was detected in a sample.

Figure 18: Example: Proof of the presence of Lead in concrete (A = 405,78
nm)

Line Scan

193.5336:F' Ol .. ISR
193.037 Al . . : - . %
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0 20 40 60 B0 100
Position / mm
| O T

Figure 19: Example for a line scan: the intensities are visualized color coded as a function of position and wavelength
(left). The intensity of selected wavelengths are plotted as a function of position (right)

By moving the sample during the measurements, spectra can be collected point by point along a
line. Taking the intensity of a selected line (actually the intensity is processed to be corrected for
several effects), a concentration profile can be plotted along the measured line (see figure 19).
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Area Scan

An area scan is done line by line, taking a spectrum at each point. It can be used to visualize the
spacial distribution of a selected element over an area.

Ca Si

o NEEECTTLEEER

Intensity / a.u.

Figure 20: Example for an area scan. The image shows the distribution of Ca (left) and Si (middle) of a broken concrete
sample. The picture on the right is a photograph of the specimen.

Depth Profile S — e

A depth profile is collected by shooting with the laser on
one point continuously and acquiring data. The intensity of
a selected spectral line is then plotted against the depth
(number of laser shots)

Na-content /a.u.
T
i

Figure 21: Example of a depth profile: Sodium concentration profile in -
brick F 1
1 | L

.05 0.1 0.15 02
Depth / mm

Metal

The concentration of Lead in mortar was measured with LIBS and the standard laboratory meth-
od AAS (Atomic Absorption Spectroscopy). The result gives a calibration curve for the determi-
nation of Lead in concrete by LIBS.
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Figure 22: Plot of the relative

amount of Lead found by LIBS vs. Fb-Ronzeniralion J=406,4 nm
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LIBS can be used to char-
acterize concrete by iden-
tifying the composition
of the material and visu-
alizing the result in a
Rankin diagram. In this
diagram, the different
types of cement can be
distinguished by their po-
sition as shown in figure
23 (top left). If cement
paste only is measured,
the result is visualized in
figure 23 (top right). The
bottom side of figure 23

shows the result from two ‘,AVIVXVIVAVAV
concrete samples. Natu- AVAVAVAVAVAVAVAVA
rally, in concrete the ag- NN

gregates are composed of o0 Co°/~,o. 122 AL.O,

Si0, causing the results r\’

to be distributed along a

line from the Si-comerto o .
the cement point. Differ- Figure 23: Rankin diagram for cementous materials (top left). LIBS results on

p ) R cement paste samples (top right). LIBS result from two concrete samples (bot-
ent concrete COMPOSI-  tom). Thered values are collected on the smooth side of the samples, the blue ones
tions result in different on the broken surface.
slopes of the line. The red
values are collected on
the smooth side of the concrete, where mainly cement paste covers the surface and only few ag-
gregates can be hit directly by the laser.
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RADAR

BAM participated in an European Radar Project with eight partners from four countries: Eng-
land, Italy, Norway and Germany. In this project, dealing with radar applications for the building
industries the dielectric properties of building materials were measured for a large variety of con-
ditions. Also, a high frequency antenna was developed, which proved to give very good results
when compared to the ones which are commercially available.

Figure 24: Comparison of GSSI antenna
(1.5 GHz) to BAM antenna (1.8 GHz) in
two polarization directions.The speci-
men (HochTief) is shown in the photo-
graph.

In figure 24, a comparison be-
tween the GSSI 1.5 GHz antenna
(top right) and the BAM antenna
(top left) is shown for both po-
larisation directions. The speci-
men (from HochTief) was used
for comparison of radar systems
in their ability to detect ducts be-
low rebars. This specimen is
shown in the photograph.

Most radar applications at BAM

deal with the location of ducts, voids or other structural elements in concrete. It is one of the most
often used tool for non-destructive testing of concrete and masonry structures. It also proved to
be valuable in determining the moisture content in historic buildings.

COMPENDIUM ON NDT-CE METHODS

In 1991 BAM published a compendium on NDT-CE methods, describing more than 80 different
methods and techniques. The compendium was designed for easy update and expandability: key-
words, classifications and a scheme for the description was used for all methods. The content and
the links were stored in a database, allowing to produce the compendium through a set of data-
base queries and formatting programs.

The original compendium was soon sold out and in 1998 the compendium was put onto the in-
ternet for worldwide free access (www.bam.de/a_vii/vii_3/kompendium/welcome.thml).

Presently, the compendium is under revision and many new method descriptions will be includ-
ed. A translation into English is planned in cooperation with the FHWA.

The figures show some pages of the NDT-CE compendium on the internet, using Impact-Echo
as an example.
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Figure 25: Introductory page of
the NDT-CE Compendium with
table of content.

Figure 26: NDT-CE Compendi-
um: page 1 of Impact-Echo de-
scription with keywords, short
description and classifications
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PUBLICATIONS
Some selected publications of the NDT-CE group in BAM from recent years;
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Krause, M., Maierhofer, C. und H. Wiggenhauser:
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in: Forde, M. C. (Ed.); Proceedings of the 6th International Conference on Structural Faults and Repairs,
London, July 1995, Engineering Technics Press, Vol. 2 (1995) pp.17-24

Krause, M., Birmann, R., Frielinghaus, R., Kretzschmar, F., Kroggel, O., Langenberg, K., Maierhofer,
C., Miiller, W., Neisecke, J., Schickert, M., Schmitz, V., Wiggenhauser, H. und F. Wollbold:
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in: Schickert, G. and H. Wiggenhauser (Eds.); Proceedings of the International Symposium "Non-Destruc-
tive Testing in Civil Engineering (NDT-CE)" in Berlin, 26.-28. September 95, Berlin: DGZ{P, 48.1 (1995)
pp- 281-296
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ABSTRACT

A large range of non-destructive testing techniques are employed for a wide variety of
applications within Civil Engineering. Whilst the majority of these applications may be regarded
as structural, they also include site surveying and highways problems. Testing may be used
during planning and construction phases, but the majority of applications are concerned with
troubleshooting, maintenance and repair. The current situation in the United Kingdom is
reviewed with reference to some recent developments and research programmes.
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INTRODUCTION

Specialist high risk areas such as nuclear and offshore structures, and gas and oil pipelines, make
extensive use of Non-Destructive Testing of metallic components during manufacture and
construction as part of quality assurance procedures as well as during routine maintenance
inspections to detect cracking and corrosion. Radiography and ultrasonics are most widely used
for checking of welds, although eddy current and magnetic methods are also available.
Alternating current field measurement techniques permit non-contacting crack detection and
sizing in welded joints both in air and underwater.

The focus of this paper concentrates on mainstream civil engineering activities, where the extent
of N.D.T. usage varies considerably. Examples include assessment of ground conditions and
piled foundations, location of buried or hidden features, and appraisal of highway or airfield
pavements, sewers, and structures of steel, timber, masonry or concrete. Recent developments
and the broad scope of current usage in these areas will be outlined, together with relevant
research known to be recently completed or in progress. Insitu testing of masonry and concrete
structures are particular areas of interest within the U.K. at the current time, together with
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pipeline detection and assessment of filled, derelict or contaminated land.

ASSESSMENT OF GROUND CONDITIONS AND LOCATION OF BURIED FEATURES

Sub-surface radar has been used for many years in geophysical surveying along with sonic pulse
testing, to detect buried changes in rock strata. There has recently been a surge of interest in
the use of scanning pulsed radar systems with frequencies up to 500MHz applied to a much
wider range of circumstances. These include the location of:

- variations in thickness of compacted soil layers
- contaminated land, including pipeline leakage

- poor compaction or voids below ground slabs
- buried water courses or wet zones

- buried caverns, tunnels, tanks or foundations

- buried pipelines, ducts or services

At least two major British organisations have developed their own specialised radar equipment,
in competition with that already commercially available from the U.S.A. and elsewhere.
Computerised signal processing and enhancement techniques have been developed with colour
displays which can be filtered and amplified to assist interpretation of results and identification
of features of interest. Such packages are readily available commercially, whilst some
companies have developed their own software to meet their particular requirements.

Infra-red thermography is another valuable and widely used technique, frequently using
helicopter surveys for investigation of landfill sites, tips and contaminated land [1]. Particular
features which can be identified include methane generation and/or escape, leachate escape, sub-
surface fires and pollution of watercourses. Surveying from the air enables significant areas to
be covered cost-effectively, and permits the development of integrated monitoring programmes.
The technique can also locate gas leaking from pipework or shallow land drains.

Other insitu tests which are in routine use for assessment of localised soils parameters are
radiometric measurement of density, and measurement of moisture content by microwave
absorption techniques. These are both used during highway and dam construction, for testing
soils and rolled concrete. Combined equipment is available permitting either surface zone
backscatter measurements or direct readings with the aid of a drilled hole up to 300mm deep.
Three recent developments include:

1. A self-driving pressuremeter which will measure existing horizontal stress, shear
modulus, and strength of soils and weak rock in relatively undisturbed situations since no
predrilled hole is required.

2. A swinging hammer impact apparatus for testing subgrades and pavement foundations.
Analysis of the signal from an accelerometer in the hammer head can yield an apparent
modulus of the material. When fully developed it is hoped that this will be an alternative
to more tedious soils testing methods which often require sample extraction.

3. A hand-held portable impact tester (working on similar principles) to monitor
compaction performance in trench reinstatement after pipe or cable laying,
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TESTING OF HIGHWAY AND AIRFIELD PAVEMENTS

A wide range of dynamic tests have been in use for many years to assist condition assessment of
bituminous pavements. These include vehicle towed bump integrators, beam deflectographs and
deflectometers which measure elastic surface response to a known load [2]. There are also
localised tests for surface regularity, texture and skid resistance. Of particular interest is a high
speed laser based non-contacting system for measuring longitudinal surface roughness, with
computer based data storage.

Surface scanning radar is being increasingly used for condition surveys of highway pavements,
and considerable success is being reported from comparative applications to both bituminous
and concrete pavements when used in conjunction with a limited number of trial boreholes or
excavations. Data storage and handling is a major problem, and computerised systems are
essential in conjunction with vehicle mounted operation which may be at speeds up to 70km/h
and involve multiple antenna arrays. Applications include detection of variations in thickness of
pavement slab and surfacing layers, as well as underslab voids or deterioration of foundation
layers. This has also been extended to location of cracks in concrete pavements [3].

Dynamic response systems have also been developed for testing pavement slabs in which an
accelerometer is used to obtain a frequency response function resulting from impact with an
instrumented hammer at a grid of predetermined test points. Results are processed to develop
mode shapes and natural frequencies for concrete slabs, which can be used to locate cracking
and non-uniform support conditions {4]. Practical application has been limited, but research in
this, and other non-destructive approaches to assessment of structural maintenance requirements
of pavements continues.

TESTING STRUCTURES

It is in this area that many recent developments have been concentrated, largely resulting from
an increased need to examine modern concrete structures which are experiencing deterioration
and older masonry structures which are still in service. The latter range from historic buildings
to bridges carrying loads far in excess of those anticipated in design. Maintenance inspection of
the structural condition of masonry and concrete lined sewers and tunnels is included in this
category of testing.

OVERALL STRUCTURAL INTEGRITY

Dynamic response testing, involving either cyclic vibration or single impulse loading, has grown
in popularity and reported applications range from steel and masonry bridges to precast concrete
large panel multi-storey buildings. For masonry bridges, single impact loading may be used to
assess arch integrity, spandrel wall condition and backfill stiffaess [5]. The approach has also
been applied to masonry sewers. Response is measured by accelerometers located at key
positions and signal processing permits modal analysis and development of a dynamic signature
for a structure. This may be related on a comparative basis to structural integrity and
performance, and may be particularly useful for monitoring changes with time or following
repairs. A range of similar methods are also commercially available for testing piles which are
widely used and well established for routine use during construction.
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Long term monitoring of structures, including glued segmentally constructed prestressed
concrete bridges, by means of strain gauges has been performed in some instances both to assess
performance and enhance design data conceming secondary effects. Optical fibres are
increasingly being used for this purpose and there is interest in the development of ‘smart
structures’. Laser interferometry techniques for remote monitoring of dynamic performance of
structures and elements have also been developed at the Building Research Establishment.

The identification of river bed scour around bridge piers is another area in which radar has been
successfully used [6] offering advantages over sonar which cannot detect backfilled holes. The
nuclear industry has specific problems associated with the inspection of thick concrete elements,
often heavily reinforced with a steel liner, and accessible from one face only. These present
particular challenges which are currently being addressed, with considerable interest in the use
of tomographic methods.

Interest in structural integrity in the UK is considerable, and a major national Structural Integrity
and Damage Assessment (SIDA) network has recently been established to bring together
engineers from a range of different disciplines.

LOCALISED INTEGRITY

Localised cracking, delamination, or voids are identified by a range of established techniques
which includes ultrasonics, pulse-echo, thermography and radar. The use of Acoustic Emission
methods for masonry and concrete is also under investigation and these are being actively
pursued for steel bridges {7]. Most practical ultrasonic applications are based on through
transmission, although a ‘thickness gauge’ for concrete has been developed requiring access to
only surface. Several theoretical and experimental studies of ultrasonic wave propagation in
concrete, timber and masonry have been undertaken as well as the development of improved
transducers for reflected wave studies on concrete. Multiple transducer equipment for
tomographic studies is now available. Research to improve transducer design for ultrasonic
weld testing, has also been undertaken whilst laser coupled ultrasonic wave generation, and
signal processing of pulse attenuation measurements in concrete has been investigated but not
yet developed beyond the laboratory [8].

The need to identify inadequate grouting of post-tensioned construction, and consequent
corrosion of steel tendons, has led to work on guided wave ultrasonics seeking to direct a signal
along the length of a tendon as well as the establishment of a ‘Spongeometer’ pressure test for
use during construction. This latter test now forms part of routine acceptance testing and will
identify the presence of voids in freshly grouted ducts.

Simple, hand-held equipment to quantify pulse echo results associated with surface tapping has
not been widely accepted but may nevertheless be useful in a comparative role. Commercially
available Impact Echo techniques have similarly not, as yet, become widely used. Portable
impact equipment has however been developed for the commonly recurring problem of
soundness assessment of sand/cement floor screeds, and this is in widespread use. Infra-red
thermography has continued to grow in popularity for a wide range of applications, including
location of voids, dampness and poor thermal insulation as well as confirming integrity of
finishes and location of services within a variety of structures [9]. The application of thermal
pulse video systems to concrete has also been examined. Radiography, which is well-established
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in testing metallic structures, is used for checking the standard of grouting in prestressing ducts,
but is slow in operation and suffers from practical difficulties including the need for extensive
safety precautions. Recently available equipment however has reduced exposure times and
safety distances with real time imaging capacity.

Radar has attracted considerable interest for its ability to locate and comparatively assess
construction features ranging from poor compaction, voids, reinforcing bars, and cracking.
Resolution is improved as the frequency increases and 1GHz is typically used for concrete or
masonry elements up to about 400mm thickness. Applications also include identification of
unknown construction features (e.g. nature of bridge beams, masonry piers, masonry/concrete
wall thicknesses), and location of hidden leakage zones (e.g. in bridge decks). Whilst the
potential of this technique is recognised as being considerable it does have limitations, especially
where small or complex features located close to the surface are being examined. Major
research programmes have been undertaken to study applications to both masonry and concrete,
much of this work being under the auspices of a recently completed BRITE-EURAM European
Project [10].

Work has included a study of basic materials dielectric properties to aid interpretation, coupled
with physical testing of laboratory specimens and on-site testing, Partners from Germany, Italy
and Norway have been involved with UK organisations in this project which has also
incorporated studies of antenna characteristics and development of a specialised high frequency
radar system, numerical modelling, and neural networks. Results have been published in a
number of technical papers and research is continuing at present in many of these areas.

Electromagnetic covermeters are widely used to locate the position and depth of embedded
reinforcing steel in concrete and there have been significant improvements in equipment in
recent years, whilst non-calibrated eddy-current devices are used to locate wall-ties in masonry
construction. Some apparatus may be used to estimate bar size, and automatic logging facilities
are available. An approach for accurately locating and assessing the structural condition of
embedded dowels or reinforcing bars has also been examined based on measurement with flux
gate magnetometers of the residual magnetic field of the bars.

MATERIALS PROPERTIES

Developments of insitu testing techniques for this purpose have largely been confined to
structural concrete. Three main areas may be identified:

Strength

Ultrasonic pulse velocity and rebound hammer measurements are well established techniques for
comparative strength assessment. Partially destructive surface zone strength measurement
techniques have recently become more firmly established, especially pull-out and pull-off
methods for which considerable research and development has been undertaken. Pull-out
testing can be used on concrete with cube strengths up to about 140N/mm’ both during and
after construction. Interest in this technique for early age testing and later age strength
prediction has been stimulated by work on the ‘Furopean Concrete Building Project’ at
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Cardington in the U.K. related to fast-track construction methods. Pull-off testing with partial
coring is increasingly used for checking bond integrity of patch repairs.

Monitoring strength development during construction by maturity measurements or temperature
matched curing has also been the subject of research, but industrial usage has generally been
limited to a few specialised circumstances (e.g. cooling towers).

Permeability

Permeability is recognised as being the principal factor influencing durability and much attention
has recently been concentrated in this area. The only British Standard test for use on in-place
concrete is the long established Initial Surface Absorption Test (ISAT) which was revised in
1997 as BS 1881 Part 208. This is sometimes used as part of specifications for ‘prestige’
structures when high durability is required. A range of other methods are available, some of
which are essentially pressurised versions of the ISAT, such as the commercially available
‘CLAM’ and ‘AUTOCLAM’. Other methods involve testing within a small surface drilled hole,
such as the ‘Figg’ air and water tests which have been combined in the form of the commercially
available ‘Poroscope’. Recent research has focused on member conditioning and the effects of
insitu moisture content upon interpretation of such tests.

All the insitu permeability tests suffer from the problem of dependency upon the (unknown)
insitu moisture content existing in the concrete. This limits quality classification to very broad
bands. The moisture content is not easy to assess accurately, and development of a reliable and
simple quantitative method of surface zone moisture measurement must be considered a high
priority. Currently available methods require a drilled hole and are relatively slow, although a
chilled-mirror Relative Humidity meter is particularly useful. Laboratory work on Nuclear
Magnetic Resonance (NMR) testing [11] has not yet extended to site.

Abrasion Resistance

A simple, mechanical accelerated wear rotating plate apparatus has been developed which is
particularly valuable for assessing the quality of floors to industrial warehouses. Tt has also been
shown that the Initial Surface Absorption Test is sensitive to abrasion resistance and may
provide a useful basis of classification.

Materials Condition

Whilst not strictly assessing materials properties, it may be of interest to note that a method
(based on localised strain-gauging and coring) has been developed to permit the situ
measurement of stress within existing concrete structures. A ‘stiffness damage’ test has also
been developed for use on cores to asses the condition of concrete which, for example, has been
subject to extreme temperature cycling.
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Causes and Extent of Deterioration

Causes of deterioration of a concrete matrix can only be fully identified by a combination of
chemical and microscopic analysis. Nevertheless, there is scope for comparative testing by
ultrasonic methods to assess the extent and degree of deterioration insitu. This has been applied
extensively to High Alumina Cement Concrete and also to Alkali-Silica reaction damage.

The principal cause of deterioration of structural concrete is that resulting from reinforcing steel
corrosion. Major developments have taken place in the use of both half-cell potential and
resistivity methods. In both cases extensive research has examined theoretical and practical
factors (including carbonation layering, element dimensions, reinforcing steel, temperature and
moisture conditions) which affect measurements. Portable non-damaging equipment has been
developed, incorporating computerised data storage and processing facilities. These methods,
especially hall-cell potential, are widely used on site to locate zones of high corrosion risk with
great success. Recent research has focused on linear polarisation techniques in the effort to
accurately measure insitu corrosion rates. Further techniques to detect localised corrosion in
reinforcing bars based on a magnetic flux exclusion approach and high frequency ultrasonics are
also being studied.

DOCUMENTATION

Most techniques identified in this paper are described in detail elsewhere by the Author [12],
whilst the principal established methods are covered by British Standards. Standards relevant to
concrete were updated some years ago and extended to take account of developments in
equipment and improved understanding of interpretative procedures. BS 1881 part 201 “Guide
to the use of NDT for hardened concrete’ was first published in 1986 and outlines a total of 23
different methods, as well as giving guidance on test selection and planning. BS 1881 part 207
‘Near-to-surface strength tests for concrete’ was published in 1992 and BS 1881 part 130 on
Temperature Matched Curving in 1996. A wide range of European Standards are also at
various stages of development. The Concrete Society has published authoritative reports on
core and permeability testing as well as analysis of hardened concrete and use of Radar [3]. A
major programme to update the core testing report is nearing completion. C.LR.I.A. has also
published substantial documents on Pull-Off testing [13] and on Testing Concrete in Structures
[14] which reviews available equipment and suppliers.

PHILLOSOPHY OF TESTING

With the exception of specialised situations identified previously, routine use of non-destructive
testing during construction is limited by the reluctance of industrial companies to accept the
additional costs and time involved, despite potential long term performance benefits. Efforts are
in hand, especially in the concrete industry, to move towards performance based specifications,
but progress is slow. The majority of current applications and developments of non-destructive
testing within civil engineering are thus directed towards on-site trouble-shooting related to
appraisal, maintenance and repair, or the development of marginal sites.

Testing is frequently only used following observation of faults or deterioration, although
incorporation into routine maintenance inspections of major structures and highways is
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increasing. Many engineers are increasingly interested in lifetime prediction, based upon the
results of insitu testing and monitoring [15] and this provides the justification for current
research programmes.

CONCLUSIONS

Use of N.D.T. for quality control during construction is not extensive, apart from a limited
number of specialist areas. Principal applications are thus primarily of a trouble-shooting
nature. Recent developments have tended to concentrate principally on aspects of integrity and
durability rather than materials properties, and it is in these areas that research continues. More
extensive usage of many test approaches is hampered by the difficulties of correlation between
measured value and desired property or feature, which has led to scepticism amongst some
engineers. Nevertheless, there has been significant growth of awareness of the potential scope
and capabilities of N.D.T. within the civil engineering industry, and usage of some methods has
expanded rapidly. The principal scope for significant future expansion lies during construction,
although research into the use of knowledge based systems in conjunction with non-destructive
maintenance testing is underway. Education and training, supported by authoritative
documentation, hold the key to a successful future for N.D.T. [11]
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ABSTRACT

In Japan, geophysical methods have been mainly employed for civil engineering applications. In
civil engineering applications, exploration targets vary in a wide range and very high resolution in
exploration is required. To meet these requirements, various high-resolution geophysical methods
have been developed in this decade. In the seismic method, tomographic analysis is applied to
seismic refraction data to obtain higher resolution and more reliable subsurface image. High
frequency portable vibrator source has been developed for shallow to very shallow high-resolution
seismic reflection. In the electrical method, measurement and analysis using high dense electrode
configuration has been employed for obtaining detailed subsurface resistivity image. An electrical
measurement system using non contact type electrodes has been developed for a more cost-
effective survey. GPR (Ground Penetrating Radar) is one of the most commonly used geophysical
methods. Because of very high-resolution (less than several tens of cm) and very easy-to-use
method, GPR has been used very frequently for detection of near surface cavities, buried pipes
and unexploded objects and defects in a concrete. Micro-gravity survey which can delineate very
shallow density anomaly has been developed very recently and applied to detection of shallow
subsurface cavities and to characterization of an active fault. In the future, geological and
geotechnical interpretation techniques of geophysical exploration results are necessary to be
developed for making geophysical methods much more practically useful.

KEYWORDS
Geophysical method, civil engineering applications, shallow subsurface, high-resolution.

INTRODUCTION

In site characterization for civil engineering applications in Japan, drilling at a specific location is
first conducted for obtaining geological information of the site and then laboratory tests using
drilling cores and in situ mechanical and/or hydrogeological tests are conducted in case that
physical and/or hydrogeological properties of the ground are required. However such information
obtained at a drilling location is only the information at a specific point in the site. If more areal
geological and structural information of the site is required, much more drillings in the site must
be conducted, which results in much more cost. In that case, geophysical exploration can be used
to interpolate and extrapolate geological and structural information obtained at the drilling points
between and/or around boreholes. In addition, geophysical exploration should be used to
determine the optimum locations of drilling points for making the investigation more cost-
effective.

Figures 1 and 2 show the present status of utilization of geophysical methods in Japan [1]. Figure
1 shows the objectives of geophysical exploration which was used in one year of 1994 in Japan.
Main feature of the statistics is that 70% of the total objectives are occupied by those for civil
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engineering applications. In Japan, exploration for natural resources such as oil, gas and minerals
occupies only a very small portion. Figure 2 is the statistics of geophysical methods which were
employed in one year of 1994 in Japan. This diagram shows that the seismic method occupies
around a half of the total numbers. The electrical and electromagnetic method is the second. In
Japan, magnetic method is mostly employed for detection of buried metal pipes and unexploded
objectives like bombs. Velocity logging, especially S-wave logging is almost always conducted in
the investigation for an earthquake resistant design of a high-rise building. Therefore these
methods occupy a relatively large portion.

Conventionally geophysical exploration has been mainly used for site characterization before the
construction of tunnels, dams and large plants like nuclear power plants. However recently
utilization of geophysical methods for diagnostics of existing constructions, environmental
assessment and solutions and disaster prevention has been rapidly increasing.

In the civil engineering applications, exploration target depth is usually very shallow, which is at
most 100m. However the resolution for the exploration target required is very severe, which is
often less than 1m. Therefore high-resolution geophysical methods are required in civil
engineering applications. On the other hand, the method used should be cost effective, because
the budget of the investigation for the project is usually limited. The author’s group has therefore
tried to develop high-resolution and cost-effective geophysical methods for civil engineering
applications in this decade. This paper introduces these newly developed high-resolution methods
together with several field examples which can demonstrate the usefulness of these methods.

SEISMIC METHOD
The seismic method is the exploration method which uses various attributes such as traveltime

and amplitude of seismic waves artificially generated to estimate elastic properties of the ground.
Through the estimated elastic property distribution, subsurface geological structure can be
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inferred. The seismic method can be classified into several methods based on the wave type and
observation geometry used in the measurement. The seismic refraction and reflection methods are
most commonly used methods. The seismic refraction method makes use of the seismic wave, so
called the refracted wave, which is artificially generated on the ground surface and refracts back
to receivers on the surface, in order to determine seismic velocity structure of the ground. The
seismic reflection method uses the seismic wave, so called the reflected wave, due to the surface
seismic source which reflects back to surface receivers from subsurface layer boundaries, in order
to determine subsurface geological layering and seismic velocity structure. In the following
sections, newly developed seismic refraction and reflection methods are described.

High-resolution Seismic Refraction Method

In the conventional seismic refraction method, seismic refraction data have been acquired and
analyzed assuming that the underground consists of almost horizontal layers. Therefore the
method can not be applied to the site which has complicated subsurface structure. The newly
developed seismic refraction method, called as the high-resolution seismic refraction method, can
exclude this horizontal layering assumption by modeling the ground as a grid-based velocity
model through which tomographic inversion algorithm can be applied {2]. The main features of
the method are as follows; 1) the earth is modeled as a grid-based velocity model, that means this
method allows vertical and lateral heterogeneity, 2) the final velocity model is obtained by using
tomographic inversion with a ray-tracing method, 3) completely automatic analysis can be done,
4) quality check of the data and the final result can be done by using a quick ray-tracing method.

Figure 3 demonstrates the performance of the new method as compared to the conventional
method. In this example, the seismic refraction method is applied to tunnel route investigation. In
Japan, P-wave velocities obtained with the seismic refraction method are used for design of the
support of the tunnel. During excavation, at two locations indicated in the figure, tunnel faces
were collapsed. The velocity profile obtained with the conventional method (upper figure) does
not clearly show indications for the collapses. On the other hand, the velocity profile obtained
with the new method (lower figure) clearly shows the indications for collapses as low velocity
zones on the tunnel formation. The new method can employ the data acquired in a borehole as
well as on the ground surface to determine more accurate velocity profile in a complex subsurface
structure. Figure 4 shows the comparison of velocity profiles for conventional and new methods.
Including the borehole data, high velocity thin lava layer is delineated in the velocity profile
obtained with the new method.
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Fig.4 Comparison of seismic refraction images (a) without and (b) with borehole data.

High-resolution Shallow Seismic Reflection Method

For obtaining high-resolution seismic reflection image, high frequency seismic source is required.
We have therefore developed portable P-wave and S-wave electromagnetic vibrators which can
generate seismic energy with the frequency of higher than 1 KHz on the surface [3,4]. These
vibrators can compensate high frequency energy loss of the seismic waves during propagating in
the earth by enhancing high frequency energy in generation.

Figure 5 shows an example of the seismic reflection profile using P-wave portable vibrator on a
reclaimed ground near the seashore. The exploration objective in this survey was to delineate
subsurface lithological features. The profile clearly shows lithological boundaries between fill,
alluvial silty clay, diluvial clayey silt and a bed rock, which are indicated with symbols A, B and
C, respectively.
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Fig.5 Shallow seismic reflection image using a P-wave portable vibrator.
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An example of S-wave portable vibrator reflection profile is shown in Figure 6. The purpose of
this survey was to locate the active fault and to describe the deformation of sediments around the
fault due to faulting. In this figure, geological interpretation of the profile is also presented. This
very high-resolution seismic profile whose resolution is less than SOcm clearly shows the fault
location and deformation of the Quaternary sediments in both sides of the fault.
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Fig.6 Shallow seismic reflection image using a S-wave portable vibrator.

ELECTRICAL METHOD

There are many kinds of electrical methods. Among them, the direct current (DC) electrical
method has long been used mainly for exploration of mineral resources and ground water. In this
decade, the method has been aggressively used for civil engineering applications in Japan. In this
method, electrical potential data generated with artificial current through electrodes on the ground
surface are analyzed to obtain subsurface resistivity distribution. Resistivity is related to various
parameters of the ground such as water content, porosity, mineral composition and grain size.
Therefore resistivity distribution obtained with the electrical survey allows us to estimate these
subsurface parameters which can be used for civil engineering purposes.

Resistivity Image Profiling

The Resistivity Image Profiling [5] is one of the DC electrical exploration methods. In this method,
many electrodes are laid out along a measurement line on the ground surface to generate current
and measure electrical potential data with any combination of electrodes. The observed electrical
potential data are analyzed to obtain subsurface resistivity model using many kinds of inversion
techniques.

Figure 7 shows an example of a resistivity image profile which was conducted for tunnel route
investigation [6]. Along this tunnel route, there were many fracture zones due to faulting. These
fracture zone might cause ground water eruption during excavation. In the investigation before
excavation, electrical exploration was conducted to define the location of fracture zones and
ground water. In the resistivity profile, low resistivity zone can be interpreted as water saturated
fractured and/or altered zones which are potential zones of groundwater eruption,
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Fig.7 Resistivity image profile for a tunnel route investigation,
(a) resistivity image profile, (b) geological interpretation of the profile.

IP (Induced Polarization) Image Profiling

The resistivity image profiling can provide only resistivity of the ground. Induced polarization
method, another electrical exploration method, can provide another physical property,
chargeability, in addition to resistivity. In this method, not only the electrical potential but also the
decay response of the potential after shutting off the current are measured for obtaining two
properties above. Chargeability is a property of the material such as an electrical capacitance,
which is known to vary with mineral composition, clay content of the soil and so on. Figure 8
shows an example of the resistivity and chageability distribution obtained with the IP image
profiling, which was applied to characterization of an active fault [7]. At the fault plane, there was

fault gauge (clay) which was detected as a low resistivity and high chargeability zone in the
profiles.
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Fig.8 IP image profile at an active fault, (a) resistivity image, (b) chargeability image.
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Rapid resistivity image profiling system using multi-channel capacitive electrodes

In civil engineering applications, quick and cost-effective survey is ofien required. In the usual
electrical exploration method as mentioned above, many electrodes should be set up on the
ground surface. This time consuming procedure prevents a rapid survey. The author’s group has
developed a new electrode which does not need direct contact with the ground. The principle of
the new electrode called as a capacitive electrode is shown in Figure 9 [8]. Using the system with
multi-channel capacitive electrodes, very shallow (up to 6m) resistivity image profile can be
obtained within a reasonable time even for a very long profile such as a profile for investigation of
a river embankment. The profile as shown in Figure 10 is such an example.
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Fig.10 Resistivity image obtained with the rapid resistivity image profiling.

GROUND PENETRATING RADAR

Ground penetrating radar (GPR) is one of the electromagnetic methods which makes use of
propagation of the electromagnetic (EM) wave to probe the ground. In a GPR survey, EM
reflected waves are used to delineate a geological boundary and buried materials in the ground.
As the wave length of the electromagnetic wave is very short (usually several tens of cm)in the
ground, very high resolution exploration can be conducted. Penetration of the EM wave into the
earth, on the other hand, is very limited. Therefore GPR is usually employed for very shallow

exploration (up to around 3m) for detecting buried pipes, cavities in the ground and/or for
detecting defects in the concrete.

Figure 11 shows an example of GPR survey for detection of buried pipes under the road. There are
three pipes detected in this example. GPR has been widely used for detection of defects in the
concrete and cavities behind the concrete on the tunnel wall. Figure 12 shows an example of
detection of a cavity behind the lining concrete of a road tunnel. A cavity as well as many steel
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supports behind the concrete are detected as diffractions of EM waves. GPR surveys are also
widely used in archeological applications mainly for detecting ancient residential traces. Such an
example is shown in Figure 13. In this case, GPR profile shows several clear reflections which
correspond to a trace of an ancient house and soil boundaries [9].
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i i i Fig.12 An exam f GPR profile in which
Fig.11 An example of GPR profile in which ig.1 e ple o p
three buried pi re detected cavity and steel supports behind the
© e pipes a ctected. concrete are detected.

Trace of ancient house

| depth (m)

Fig.13 An example of GPR profile applied to archeological deposit detection.
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GRAVITY METHOD

Gravity method is a passive survey method unlike the methods mentioned above, which means
that no artificial source is used in exploration. Gravity method has been conventionally used for
delineating large scale subsurface structure like a several tens to hundreds of km wide
sedimentary basin. However recently very easy-to-use and very accurate gravimeter has been
developed. The new gravimeter makes gravity exploration much easier than before and provides
us with enough accuracy for shallow exploration. Using the new generation gravimeter, the
author’s group has tried to develop so called micro-gravity exploration technique for civil
engineering applications. In civil engineering applications, gravity method has been mainly
employed for detection of various scale of cavities or voids in the ground, for characterization of
an active fault and for delineation of a bed rock for earthquake resistant design. Figure 14 shows
an example of gravity survey for characterization of an active fault [10]. The Nojima earthquake
fault which caused the Hyogo-ken Nanbu earthquake in 1995 was clearly detected in both shallow
and very shallow explorations.
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CONCLUSIONS

In civil engineering applications in Japan, geophysical exploration methods, especially seismic
refraction and electrical methods have long been used for design for various kinds of
constructions and for ground water investigations. Recently demand for geophysical methods as
non destructive testing methods for the ground has been rapidly increasing in applications for
diagnostics of existing constructions, environmental assessment and solutions and disaster
prevention. In civil engineering applications, there are many kinds of exploration targets and very
high resolution is required in exploration. To meet these requirements, we have developed many
kinds of geophysical methods which can provide high-resolution subsurface images. Field
examples shown in this paper demonstrate that newly developed high-resolution geophysical
methods can be feasible for civil engineering applications. In the future, geological and
geotechnical interpretation techniques of the results of geophysical exploration should be
developed for making geophysical methods more practically useful in civil engineering
applications.
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ABSTRACT

Estimates of the stress level in the loaded condition are valuable for the safety assessment of
steel bridges. We developed a unique instrument that can measure the stress using a magnetic
anisotropy sensor and applied this method to a steel bridge. In this paper, we introduce this
new systemn, which can easily measure the dead load stress of the steel bridge without contact
or destructive measures. The experimental results verified close agreement between the
results of this system and strain gauges and demonstrated the usefulness of this system for

safety assessments of steel bridges.
KEYWORDS

Stress measurement, safety assessment, magnetic anisotropy, magneto-strictive effect

INTRODUCTION

Estimates of the stress level in the loaded condition are valuable for the safety assessment of
steel bridges. The strain gauge method is the most popular stress measurement technique.
However this method requires destructive measures to relieve stress, so it is undesirable for
steel structures that are in service. Thus, we have been interested in a unique stress measuring
method based on the magneto-strictive effect and developed instruments and application
systems[1].

In this paper, we introduce the result of a model experiment to examine the possibility of
applying this method to steel structures. We then introduce the newly-developed "Magnetic
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Stress Measuring System for Steel Bridges" and present the results of on-site experiments
g o). g p p

using this system for a steel bridge under construction.

PRINCIPLE OF MAGNETIC STRESS MEASURMENT

When stress exists in a ferromagnetic material, the magnetic permeability changes. This
phenomenon is called the magneto-strictive effect [2]. Figurel shows the principle of stress
measurement by the magnetic method. In this case, the magnetic permeability in the direction
of tensile stress, " u x", is slightly increased compared to " 1 y" in the orthogonal direction,
which causes an anisotropic magnetic field.

In the magnetic method, the stress level and stress direction are measured using a magnetic
anisotropy sensor {3]. The sensor is assembled with two cores, an excitation core and a
detector core. Each core is a wound coil. The excitation coil is connected to a power supply
that supplies alternating current. The detection coil is connected to a specialized voltmeter.
When the sensor is placed over the object to be measured, most of the magnetic flux emitted
from E1 of the sensor travels directly to E2. However, some travels along the path indicated
by the arrows because the magnetic permeability between E1 and D1 is larger than between
E1 and D2. Thus, magnetic flux is induced in the detection core, resulting in a current and
voltage.

The voltage V is expressed by the following equation (1)

V=M, * (px—uy) M
Where:
M,: Constant determined by excitation condition, magnetic
characteristics, etc.
1 x : Magnetic permeability in the direction of X-axis
1y : Magnetic permeability in the direction of Y-axis

Anisotropy " u x— 1y " of the magnetic permeability is proportional to the stress difference
"o x— 0y", so equation (1) can be written as equation (2).

V=M, * (cx—oy) ¥
Where:
M,: Constant determined by excitation condition, magnetic
characteristics, etc.
0 X : Stress in the direction of X-axis

o'y : Stress in the direction of Y-axis
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Accordingly, once the proportionality constant "M, "(magnetic sensitivity) is calibrated, the
stress difference can be estimated by the output voltage of the sensor. Moreover, the direction
of principal stress can be determined from the output voltage by rotating the sensor on the
surface of the object because the direction of maximum output voltage is the direction of
maximum principal stress " ¢ 1", and the direction of minimum output voltage is the direction
of minimum principal stress " ¢ 2".

Advantages of this method include:

(1) Measurements can be made without contacting or damaging the object.
(2) Measurements are possible over anti-corrosion coatings.

(3) Operation is quick and easy.

(4) Equipment is small and lightweight.

Magnetic per meability
M X > uy Detection coil

Amount of magnetic flux
(Et »D1 —-D2 —E2) > ( E1 —»D2 —-D1 —E2)

Fig.1. Principle of magnetic stress measurement using magnetic anisotropy sensor

MODEL EXPERIMENT

Experimental method

The magnetic method has several advantages, although some problems were anticipated in its
application to steel bridges because of their complexity. So, we conducted a model experiment
to confirm the applicability of this method. The model simulates a twin plate girder bridge
that is built up by welding. The model was loaded under three point bending, and the stress on
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the surface of the web and flange were measured at several locations by the magnetic and
strain gauge methods. Figure2 shows an illustration of the experiment, and Fig.3 shows an
example of the stress measurement points.
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Fig.3 Ilustration of stress measuring points: (a) for web plate; (b) for flange plate

Experimental Results
Figure4 shows an example of the experimental results. These are plotted by the principal
stress difference "o 1— 02" in the direction of maximum principal stress "o 1". The

measured data from the magnetic method was converted using magnetic sensitivity calibrated
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in another test. The magnetic results show a stress level of nearly 100MPa even in the no-
loaded condition because of the residual stress of welding. The stress difference and the
direction of the maximum principal stress changes with increasing load, although this is not
clear from Fig.4. Figure5 shows the results of subtracting the loaded condition from the not-
loaded condition (subtracting Fig.4 (b) from Fig.4 (a)). The close relationship between the
results of the magnetic method and those of the strain gauge method are very clear from the

result.
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