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SUMMARY

I. Title
Development of the Passive/Active New Nondestructive Testing Techniques

for Damage Monitoring and In-situ Measurement of Concrete Structures

II. Objectives and Necessity

Concrete is a structural material that is most widely used to civil structures
such as bridges. Concrete structures have possibility of sudden failure, since
concrete is non-homogeneous and brittle material. The development of
non-destructive techniques to evaluate deterioration of concrete structure is one
of the most important issues for an effective maintenance.

Acoustic emission is the process associated with the emission and propagation
of strain waves, resulting from localized modifications of materials. AE is a
powerful non-destructive testing technique capable of detecting damage that
occurs inside the material that may not be detectable on the surface.

The final goal of the project is to develop the passive/active new
nondestructive testing techniques for damage monitoring and In-situ
measurement of concrete structures. In order to accomplish this work, passive
techniques could be studied by KRISS members, whereas active technique could
be studied by KAIST members.

The objective of the study is to develop AE diagnosis system and algorithm
for assessing integrity of concrete bridge structures. For this, AE characteristics
of concrete beam under various cyclic loading was investigated by experiments,
and based on the experimental result, AE key parameters for evaluating damage
activity of concrete were suggested.

Active techniques, is used by elastic waves, would provide signal analysis
method for measuring crack depth, quantitative algorithm and Measuring
systems for real application. Objective of the year is to carry out AE evaluation
for passive techniques in indoor experiments, and is to study the behavior and

analysis for elastic wave of the concrete in active techniques.

_7_



II.

O o0 O O o O O

=

Contents and scopes

Acquisition of AE signals depending on the failure stages in the test.
Analysis of signal pattern between normal and abnormal signals
Development of AE algorithm for analyzing abnormal behavior
Acquisition of elastic waves depending on the crack depth in the test.
Characterization of the signals depending on the crack depth
Development of the diagnosis method to find the crack depth

Characterization of elastic waves depending on the crack depth in the RC

. Results

AE parameter and failure signals of concrete were acquired using AE test
and stepwise load method.

The patterns of normal and abnormal signals were classified after AE signal
analysis.

AE algorithm for evaluating abnormal signal was suggested. It will be used
to develope concrete AE system as the important materials.

Beam and slab-type concrete specimens with various crack depth were
prepared. Then crack depth of concrete was measured by the experiment.
The signal characteristics were analyzed using surface wave transmission
method. Spectrum energy transmission ratio, that related to crack depth, was
defined.

A evaluation technique of crack depth was developed and proved using
relationship between spectrum energy transmission ratio and crack depth.
Computer simulation for surface wave transmission ratio was performed. In
case of RC, surface wave transmission ratio was increased by elastic wave

propagated along rebar.

V. Applications

As a newly developed non-destructive technique, AE diagnosis system for

concrete structures can help more reliable maintenance by providing

_8_



additional information for safety evaluation. In addition, AE diagnosis system
can be applied to not only bridge structures but also other concrete
structures of industrial infrastructures and nuclear power plant etc.

For applying AE technique practically in real concrete structures, continuous
research for application with field experience is needed to increase the
reliability of this technique.

This work will be useful techniques to make a diagnosis of structure safety,

to make a monitor concrete against cracks and fracture, and to measure

quantitative crack depth.
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Fig. 2-11 Reinforced concrete beam specimen
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FHRASE 2R A5
P

Table 2-1 Loading scheme of experiment

loading |applied load k)a.d S
step | range (kN) ultimate Note
load (%)

pre—test| 0.36~3.6 1~-10 To determine no. of loading cycles

step 1 | 144~216 | 40~60 | Dead load considered, simulated small vehicles
step 2 | 144~288 | 40~80 | Dead load considered, simulated medium vehicles
step 3 | 144~36.0 | 40~100 | Dead load considered, simulated large vehicles

failure | displacement control
test | 0—6mm, 0.5mm step

Overload applied to failure

FO2 Table 2-13 22 sFAAE ALstd APE FIds ey, &4 527
05 Hz9 sine ¥ Fej2 1,0003] 9] wrE-A3}7t o] Fo} Mt AT W

Ao ez A7t HAE WrbA 05 mm HHE HEHoR W

Ao sd5ElA 300 29 FAVNE Fe AT E fFZ o7 skES R
500 kN ®#9] hydraulic actuator(MTS)ES A&3le] st5& 7M. Al gel

AHEE AEH ALK L Fig. 2-12¢, Al@7)d A" 245 Fig. 2-139 e

t}h. Table 2-2~4% 3708 A@A thste] 77k g AgE AF =208 e

H Aot
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Fig. 2-12 Test specimens

Table 2-2 Test conditions :

Fig. 2-13 .Four—point bending test setup

Reinforced concrete 1st specimen (RC1)

Applied Load : from-to (range)

Test ID przmit - kN unit - %g Al
RC1-01.dta 0.4-36 (3.2) 1-10 (9) pre-test, 1000 cycle, 0.5—1Hz
RC1-02.dta | 0.72-7.2 (6.48) 2-20 (18) |holding time 20 sec, 2Hz
RC1-03.dta 1.8-18 (16.2) 5-50 (45) |holding time 300 sec, 2Hz
RC1-1.dta 14.4-21.6 (7.2) 40-60 (20) |holding time 180 sec, 2Hz
RC1-2.dta | 14.4-28.8 (14.4) 40-80 (40) |holding time 180 sec, 2Hz
RC1-3.dta | 14.4-36.0 (21.6) 40-100 (60) |holding time 180 sec, 2Hz
RC1-4.dta 14.4-21.6 (7.2) 40-60 (20)

RC1-5.dta 0.72-7.2 (6.48) 2-20 (18)
RC1-6.dta failure test

Table 2-3 Test conditions : Reinforced concrete 2nd specimen (RC2)

Applied Load : from—-to (range)

H)

Test 1D anit © kN anit © % I
RC2-0A.dta pre-test, trapezoidal load, Scycle
RC2-0B.dta [1.44-14.4 (12.96)] 4-40 (36) [|pre—test, sine load, 1,000 cycle
RC2-0C.dta pre-test, trapezoidal load, Scycle
RC2-1B.dta | 14.4-21.6 (7.2) | 40-60 (20) |sine load, 1,000 cycle
RC2-2B.dta |14.4-28.8 (14.4)| 40-80 (40) |sine load, 1,000 cycle
RC2-3B.dta |14.4-36.0 (21.6) | 40-100 (60) |sine load, 1,000 cycle
RC2-4A.dta trapezoidal load, 5cycle
RC2-4Al.dta 144-288 (144)|  40-80 (40) trapezoidal load, Scycle, retest
RC2-5A.dta trapezoidal load, Scycle
RC2-5A1.dta 144-216 (72) 40-60 (20) trapezoidal load, bcycle, retest

RC2-FAIL.dta

failure test
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Table 2-4 Test conditions : Reinforced concrete 3rd specimen (RC3)

Test ID Applied Load : from-to (range)

. : 1
unit © kN unit : %
RC3-0A.dta pre—test, trapezoidal load, Scycle
RC3-0B.dta ) pre-test, sine load, 1,000 cycle
RC3-0C.dta 144-144 (1256))  4-40 (36) pre-test, trapezoidal load, bcycle
RC3-0C1.dta retest

. , . sine load, 1,000 cycle, Al Fuh
RC3-1B.dta | 144-216 (7.2) 40-60 (20) Ch. 4&5 572 #9 438 %

RC3-2B.dta | 14.4-28.8 (14.4) | 40-80 (40) |sine load, 1,000 cycle

- o g ~ sine load, 1,000 cycle, specimen
RC3-3B.dta | 14.4-36.0 (21.6) | 40-100 (60) failed during the test (Ch, 1&2)

ot Ag A

(1) A HA A1gH : RC1
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o3
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=
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Fig. 2-18 AE hit occurrence at crack developing stage under
low level cyclic loading for RC1 specimen @ RC1-1 test
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Fig. 2-20 AE hit occurrence at crack developing stage under
middle level cyclic loading for RC1 specimen @ RC1-2 test
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Fig. 2-21 AE hit occurrence at stabilized stage under middle
level cyclic loading for RC1 specimen @ RC1-2 test
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Fig. 2-22 AE hit occurrence at crack developing stage under
high level cyclic loading for RC1 specimen : RC1-3 test
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Fig. 2-23 AE hit occurrence at stabilized stage under high level
cyclic loading for RC1 specimen : RC1-3 test
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Fig. 2-25 AE source location during the low level cyclic
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Fig. 2-27 AE hit occurrence pattern under high level cyclic
loading for RC2 specimen : RC2-3 test
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Fig. 2-33 AE hit occurrence at crack developing stage under
high level cyclic loading for RC2 specimen : RC2-3 test
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loading for RC3 specimen : RC3-1 test

_61_



REPLEY BONE HISTRAS-2DGL DATH ACQUISITION TESY .
Seréd PICTOIBE. PLX @ P R e
HYTS THESHEL
81 )
s ) o
Rk
e
454
¥ b H 1 1]
& B
e
454
@
R 1668 2068 L] 450 k2 1380 1589 EL
@ ]
HETS wp T8 *
Charnedif
&80
405
&
B 1368 1808 2068
&} paod & &
B 1268 1546 25B
B
M 2430548 TEner: 2EGSTS Load 41 #.08¢

Fig. 2-36 AE hit occurrence pattern under middle level cyclic
loading for RC3 specimen : RC3-2 test
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- S%35F : Pn, Pu

_ AMw ~
Pu = (L—a) 6.1280 ton =~ 61.3 AN

Pn = Pu/0.85 = 7.2094 ton = 72.1 kN

- B9l x4 : HeightxWidthxLength = 300x200x3400 (mm)

- A HD10@100 with stirrup

- 2AUE BFE oo, = 230 kgflom?

30, = 400 kef/cm®
p» = 0.018695 (O.K)
- FAZ3 F EYE © Mn, Mu

Mn = A0 ,(d—a/2) = 188404 kef—cm
Mu = 0.85Mn = 160,1434 kgf— cm

Pu = 2.28 ton
Prn = 1.938 fon
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Fig. 2-45 Photographs of the concrete specimens

_69_



S3uA
s3e

[e)

T2 2 Table 2-59 &

E

Table 2-5 Loading scheme of whole experiment

applied load range |load vs.

(kN) ultimate
load

(%)

loading

Note
step

Type A | Type B

pre—test| 0.36~3.6| 0.6~6 1~10 |To determine no. of loading cycles

step 1

14.4~21.6

24.0~36.0

40~60

Dead load considered, simulated small vehicles

step 2

14.4~28.8

24.0~48.0

40~80

Dead load considered, simulated medium vehicles

step 3

144~36.0

24.0~60.0

40~100

Dead load considered, simulated large vehicles

failure

test

displacement control

0—6mm, 0.5mm step

Overload applied to failure

z+

Stz dAE R 1,0008] 9] wHE ARSI} o] Fo] HEd

=]

y - 7

39 AeH whA

2re] 5 cycle2 Fig. 2-469 (a)$t o] Hulslgo] 7talxl Fejelx AAZEHE
FA R e, Y= Fig. 2-469 (b))%} 2ol 05 Hze sine 38 & F713tArh

A5 vpA g 5 cycled] Wit HoistFol shajz

gejol ) AARNE FAS

olfr, WEStFol A% wATE Fgo] o]Fo|xr] A Fof Az diste] &

% F7A 24T AEeh 3F PaA BAT NEE TR Aol
SEWATE 20%9 FHE AFA} 2 2F AFL, HFUA} 40%9 AS
© 2¥EAY 2 33 AL, 9n, FFUN 60% ASE 4Y U




2o UE AFL BAG Ao, 42 dFUANA AE N5 F %%%}‘ﬂt‘r. =

loading test® $338 12 failure test® F335HA AE AZE F
B}E A8

300 22 2718 Fol Fig. 2-469] (o)t 2& #HFo= 32 7Hetdth. 539
Z ANz HE 2 AFES 959 Fig. 2-479 dJebd A3 2ol 6 channel AE
system (MISTRAS, PAC)°] Al&E o, 343 H5S #std 4 channel digital
oscilloscope (LeCroy)7} Ab& = At}

AVVVL MV VA

(a) ladder shaped wave, (b) 05 Hz, sine wave, (c) displacement control,
first & last 5 cycles repeated cyclic loading failure test

Fig. 2-46 Wave shapes of applied load

OSCILLOSCOPE
LeCroy 9354A

MONITOR

AE SYSTEM
__MISTRAS 2001

PRE-AMP,

Fig. 2-47 AE system

_.71_



A=, Al FFAAXE 7B Hor B FYRe oF il HfH g o]
TS AAMHNFEZEE d vF Hold A A AHEE AAsdod 4%
of weh F7b2<l Mg RAseh AdH FHEE 47 38 Al H et
of A& FAs}AEd, Type B A@HY A9 RI5 (150 kHz resonant
frequency) MAE 37) A€t 3L, Type CY A %ol Zldxrt iy g
ROIAA 3702 F-&ate] Atk 3/ME Agstdsd, 9 A Fdd 149
N J2e

AME BRASI, ol FACR 400 mm HFeE Fo 77t 1
HAh 500 kN &3

7}
AMZRE HS5H AF = pre-amplifiere] 93 40 dBE =Z

9] hydraulic actuator (MTS)E A}&3te] &5 < A7s4d)

(@) BAHA 10-7715152 AT &

U
o

PEL IR E R

Ao E 71EH 07 4-point bending testE A L3t Ed, AA 3 Ao
& T3 cyclic loading test® &3 Foll, WY A T3 FIA 714 5
A7betd A SgE NPS FFsAt Fig 2-48S 10-F7] 3% 9 load profile
W ZAYE (NG Fo dehd A dig 8% WEE m=Alg 2ol
Cyclic loading testol| A &t5 <17t £x9 &% A|A £5+ 10 kN/min ©] 13,

Holding time< 3 min®. & 34t}

60 50
Load :10 kN/min —
Unload : 10 kN/min | /ﬁ—’“ b
50 Holding Time: 3min 50 S
4
s
s
40 40 /”
o~ - "
Z /
Z g
N’ !
= 30 = 30 J
< = 4
= & Vi
— | /
20 20 V4
s
r‘/
/‘J‘J(
10 r 10 r A
r/l“
e
’/
0 L L L - + L 0 s " s L L -
0 1000 2000 3000 4000 5000 0 100 200 300 400 500 500
Time (sec) Time (sec)
(a) (b)

Fig. 2-48 Load profiles for (a) the cyclic load test and (b) failure test
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(a) sensor on the concrete (b) specially-designed jig

Fig. 2-49 Attached sensor and jig for 4-point bending test
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Fig. 2-51 AE data during step 1 cyclic loading, type B 1st specimen
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Fig. 2-53 AE data during step 3 cyclic loading, type B 1st specimen
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Fig. 2-54 AE data during step 1 cyclic loading, type B 2nd specimen
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Fig. 2-55 AE data during step 2 cyclic loading, type B 2nd specimen
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Fig. 2-56 AE data during step 3 cyclic loading, type B 2nd specimen
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Fig. 2-57 Initial AE data during cyclic loading

loading step 1, type B 3rd specimen
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Fig. 2-58 Stabilized AE data during cyclic loading : loading step 1, type B 3rd specimen
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Fig. 2-59 Initial AE data during cyclic loading : loading step 2, type B 3rd specimen
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Fig. 2-60 Stabilized AE data during cyclic loading : loading step 2, type B 3rd specimen
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Fig. 2-61 Initial AE data during cyclic loading : loading step 3, type B 3rd specimen
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Fig. 2-62 Stabilized AE data during cyclic loading : loading step 3, type B 3rd specimen
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Fig. 2-63 AE hit and load change during failure test
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Fig. 2-64 AE hit rate at the beam end (Ch. 1 sensor—fractured part) during

the fracture test
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Fig. 2-65 AE hit rate at the beam center (Ch. 2 sensor) during the fracture

test
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Fig. 2-68 Comparison of AE hit occurrence depending on sensor location

(at 9-stage)
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Fig. 2-74 AE energy vs amplitude at channel 2 (9 stage)
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Fig. 2-85 Sensor & magnetic holder
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Table 2-6 Loading scheme of experiment

o

1 30
2 20 60 60
3 30 90 90
4 40 120 120
5 50 150 150
6 60 180 180
7 70 210 210
3 100 300 300
9 110 330 330
10 30 240 240 80 kN reload
11 60 180 180 60 kN reload
12 40 120 120 40 kN reload
loading time : 30 sec / 10 kN
holding time : 1 min
unloading time : 30 sec / 10 kN
120
Load_ing : 30'_sec/ 10kN A
100 L Holdlng : 1!'n|n / 1
Unloading : 30sec/ 10kN | |
i |
£ eol ﬂ / \ \ /
3 x \ F z
S /’\ | \ / \ f \
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h ﬂ; I / | \
20 ;
W \/ \/ \ A |
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Fig. 2-87 Load profiles for the cyclic load test
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(a) before test (b) during test

Fig. 2-88 Photographs of concrete slab specimen
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Fig. 2-90 AE amplitude at the slab center (CH.2 sensor) during the fracture test
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Fig. 2-108 Cross plot of amplitude vs. AE energy (stage-12 / 40 kN)
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o2 TAUs 3= ol §UY Aoz AZAY. A AF dF AuE o
E5He goR B APdAE 9o 2 FAUsY ARE At na dok

o Load Ratio (8t%H)) : rp = AL _ Lia=L,

A71AA, L, . AT
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L, : BAF88E
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- 3}Fo| FAsE Tk RS AE hitY
° AE hit rate : HR = Zhits per loading cycle
- 139 stFol 3 MAER2 HEH AE hitd F
> AE hit rate at beam center : HR,
- 13]9] st5ol o3 B FYE AWM AS5HE AE hite +
° AE hit rate at beam edge @ HR,
- 139 8= 93 B @i MMM HEP AE hite
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ocAE

o AE hit rate considering load range : HRC = HR / LR
- 3FH]E 13 AE hit rate
o AE hit rate ratio of beam end to center : HRL = HR,/ HR,

- B FgRe g AE hit rated B &

count ¥4& $§ AE key parameter
° Primary AE count : C, = X AE counts during load increasing

- 8ol Ukske

of

oto] wrAI3E AE count®] F

° Secondary AE count : C, = X AE counts during load decreasing
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- 3F o] ZAastE et LA AE countd
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- 139 5ol o3 B R MMM HA5E AE hite]
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- BF7AA B count ol thEt 3FE7HA count F H)
> AE count rate considering load range : CRC = CR/ LR
- 358l & 3188 AE count rate
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- B Fotr ol B2l AE count rated] Y&
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o Total AE hit ratio during loading

" R, = HS,/HS,_, during load increasing
- 3o 7t E<9tdl 2AIgH AE hit ratio

> Total AE hit ratio during holding
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‘ Ry = HS,/HS,_, during holding
- &tFo] F7hste et 2A AE hit ratio
o Total AE hit ratio during unloading
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Fig. 2-118 Data open option for data match AE and LOAD data
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Fig. 2-119 Hit and load plot of all step
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Fig. 2-122 Sub-window for amplitude-duration plot of selected cycle
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=]
B
AEA o] BE3t Ag F2EY A S F7E7] A e &9 HA o

=

ol

2

$u otk 3% o8 g 8% FTan Auss

3
<
e
8
8
3
&
o
=
1o
)
il
FH
>

=

ol

bt

o

A7, F FATROR FEEA EASe] HolHY PRL B
]

35 773 AAstY AE AEZE FEE FH AE
9

- 132 -



AR oz AL EASe] Er.

g
=z
A
I
o
<

2-124 AE key parameter indicator
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7.4-9 $PRE A2 e9z2ad g Sedo] AL

MEstuzt e TAYEE % UE(AE, Acoustic Emission) Al&®E] &3

< ZAYE FZEBANAN B E 2% FE NI E AEF3A olE A3 22
YE F2E9 HHAAAE Hrtstnzl st Aot oE M e &% ¥ AEE
FRE £ Jd= dolg 3 FX(DAQ, Data Acquisition Board)$} 33 dlo]H

E AYste] 24T F dE AZEY o7t e

718 S WE A2HE olg e FHoR ofFoA Q7] wWEd olEs

ColEE EAE dZAs] Astel # FAME FAYE FEE Y B

ZAYELR 5F HE ANado] gudojet AZEYARE FAEH JJoernz d
T AL £ AA HEslolg 2TEgo] FRow TR WYYt o5
P HF 4 E9E otde 2

b st=4e

AHQ AS 5% WE AE A7) vMEy] i o]F aHE A%
g HolHE A & glrh. 2y 2R ol A 7ted iz FEIe T
defolz FAstolo shul, Faldtel 2T $F HE NEE UAY NEE W

Bote] B m2adoz Adsle: 7%k St=dolg FdsIlop 3l B mA
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oM NEeuA ste S LE A" dt=go] &F ARE Table 2-73% &
ow o] & V& Ty AT =l F9L2 Fig. 2-1259% 2t}

2 Med Z2EEY 4-CH AE System®& WERA 13 olw
FEBA gulel HAasE 9ste] HdiE portabledstA A4 £ UEE U

Table 2-7 Features of hardware

Channel No. | = 4 Channel (AE 3Ch, ®9] 414 1Ch) A/D #3 |
Sampling Rate | = 20MHz ©]%
dolg =9 |« 4 personal computeref A ADC BE= A&

A A7 9 |« BNC Cable o] &3lo] A xA &2

Trigger Signal

Data .
;;;;; - fcquisttion
Card '

Disceiminator

(CH, 202D

Fig. 2-126 4-CH AE System
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& st 3] Roth £4% &% 4E oWE HolHt g¥ BaJe

st 53 AR 2ZEYY Fa AF e i 2o
ole] FA& Fig. 2-127% 2o},

oy A5, &9 AZEOZ T4

DAQ Board A}

- Raw DataZ AE Event Data® ® 3t

- AE Event Datag ©|-&3% AE Parameter 4]

AlE HOE zEd GUI 7lvte) &9 374 78

AE Raw data, AE Parameter A% 2 3%

Software
AE Signal Data — Threshold [t Peak Detection
Discriminator

Waveform Display

Rise Time AE Raw Data Save

Duration
Amplitude
Counts o Peak

Energy

Frequency elo.. AE Parameter Data

t
3
£
£
t
3
t
: H
H
: i
i §
H t
i AE Parameter 34 :
! {
§
£
§
¥
¥
H
{
{
{
: Save

Fig. 2-127 Structure of the software
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. HolE H5e A% Heae] L £ZE e
(1) /M8
Fig. 2-128¢ $3 & A% dold A52 A% H=dole FHEE dehyu
St LT AE A£9E §E PCol DAQ REE FRstel TG

- DAQ
(2) Board -
= (1
i

AE Pre-Amp AL Sensor
3 4

PC LR Y E HE
Fig. 2-128 Block diagram of the system

st=dols FAsE 845S Uy 2o
DAQ Board(1) : AE A3 & A4 deo|Hz Wiste] F=183% F PCl W28 F
8 PC2 A%
+9 PC(2) : AR Ao, Holg HE 9 %A 7]%E& F3T. DAQ Board®l
g dlolg] HES A% T2 a2 LabVIEWE, 53 dolE A, &4, #
g 2 g EAE ¢ T2 3L Delphis AHESH AAHATT
AE Pre-Amp(3) : AE Sensor2 -8 Qx| 7] A5 Ago] wj¢ v efan
dlolg Ao e ANF YEz ol E FE3Jid
AE Sensor(4) : 333 A2 g 150 kHz F39 A5 E FA3H
HA o AF 2UE THIY AdAE d5F Fu R JfEde Aol B uhy
Aot} o] B st=dlo] 74, Az Alo], AHg&A dFHA R AR B F
of B2 A4S Feow 2R W #HAo| oyt ¥t HE PCE AHEstd A
A9 Az FAdE @A dov PCY B2 =l 3 2ZEH F
AE EHA AHEE F Jonz o] ol AHol Ut
St AFde £9 ZEaRF doly HEE ZEadol 8. PC
ol sgE. dolg #H

__'l_

urE Al

[e] L

Jn
o
oft

£ Z23WL AE SensorZHE A1
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o] Alojet tEe] DAQ RECA HAE

PC W WiRgx Eesolx 1 2%E 3

tod ALEAMA Al 8o

[

=
=

HE 235 dely

)

Al

A

]

FA el A A

2

7] (pre-amplifier), 4 71 old=Z 1

%o
%0
op

T
<
h
W
ol
)
B

—

(Data Acquisition Board), ¢l 2%8 3

DAQ X =

1
.

ag

Bl
Hy
A o

21

AN A RAFE & zzadloz

8l LabVIEW &

Eg #3

ol =l

=
=

t}. Fig. 2-129+

o]
P

4

)

—
"o

0

el
TH

Table 2-83} 72t}

o
.

o 54

Ak

AL Sensor
AE Sensor

@)
@

AE

DAQ Board

fod  PrE-AMI

Fig. 2-129 Components of the system and connection
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Table 2-8 Features of the components

A NEE LabVIEW Version 82

A = | s 1 LabVIEW+ Graphic #73& Azste LZEY
R TR
/ duzE ?&101] ]9 2&HQd $HE AFTHAT
o A= =g Aol FEotddlA ®ol AEF]
I U=
2 DELPHI. 2o =209 gy 5
EEZ%‘ ey Foenmaresess's Trmdee ot - Lo iilm 7HE EDELPHI
» GAGE (C58244
* Input Channel : 4 CH.
- External Trigger 1
DAQHE. T - Clock Port 1
A& © Master/Slave #2402 B2 AZ6)
oM AR Vs
* Sampling Rate : 50 MS/s
+ A/D Resolution @ 12 bit
r Tl%
AE Sensordl A FA1g A7) 257F 7] wiEd
AE AE Pre-amplifiers Al&3te A3 & FE35tA
Pre-Amp DAQ=Z #A4g
« B4 40/60 dB A¥ 715 (Single/Difference ¢
g HAYs 7t
AE AXZFRF 0 TAE A
Sensor - EFFIF 1507200 kHz H 9]

(3) Holg #H5& £ZES
h 7%
- AE dl°|H 5
- dlolE &4

h Z2ag 74 2 £NE
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F 2A8H DAQ Boardol A 4,096 71 dlolHZ HE5% &
Peak Search #4& %3 &% Peak A% dolEl9} 4096 7l Raw HoJE &
Ui 52 XEE B8 £9 Zzadoz A4 Fig. 2-130& AE ©|HE o
olHE A= AL Uz Ao Fig. 2-1312 o]& A% HF A AA
o] A Eott,

AE AN 257

AE HER M s ZE

ﬁ HE 4096 M8 HE AE Raw Data . S EE I
‘J‘j iﬂﬂfv r_—_:f> (12 SMHZICH) [::Jl> Paak Searching Dala ’—__.—';_\> g EE I

Fig. 2-130 Process for AE event aquisition

~AZ=del 540 A=A DAQS

(7 o ) 27)87} o) o] Y.
} - 287 7] AHrt Hof 7 e
Q9 ol v 4AY = Fuy
2 o] AEHEx gt
e |- EYA RO 2 o] JEHT ¢
\l/f/ #2te PCI QAHH~E F3 PCE

o2 FAZ)

DETA H 5

] - PCZ2e ZaradoME £a% 4
o8] & Peak Searchd #2418 %3
Pk Searoh AE 928 do]E 9 Peak AEL =&

.

AEREWD ita Feakqea oh Dats

R - £%9 Peak 4% AE 93 do|
= 1=
= _

l g

o

AE JeA 289 dioly 5 HgHEs $4Z2a9e Fig 2-1329 22 A
& TEE 7ML U olE2 DAQ REE Aolde dolre, 3% WE A%
€ AAs] s Bag Aol folBE LINK st Al&3e= &9 29

99 T2 IASS AANA £938E B 2EE FAH )



() £%9 34
ASE Z2ade s 742 2A a9 %
T H AAR, Aad R ZAR, W 42

Lhunfels

aHE FAF-OH
DAQE 33l 35% AE Signal dlo]H & o]&3le] AE EventZ
AT} F JEE Yz F
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Held 3 A3 AL vehlFE #Eez AAFE 715 Table 2-99% 2t}

Table 2-9 State of the data acquisition progress

» Waiting/Triggered/Transfer
- Waiting : AE A135& #AA87] g di7|dE #A

Progress - Triggered : AE 2137} Trigger Level o]Ato g &
HAS A AZE dolgHE Wi

- Transfer : H3-F HolHE PCE A%

STOP » Z2YWe] START/STOP AHE AH

DAQ RE ¥A%: ¢9Zzadoz dolg 43 229 DAQE Aojd +

» Aquisition F7] ’éxé (5, 10, 25, 50MHz=Z A #]
Input Range s Az JHEHHYS AA [ £1 1 2000, £5V : 10000 ]
Trigger Slope » Positive/Negative Slope Trigger

Trigger Level | = Trigger Level& dWolA & 4% thdle] AE Event A&
Trigger Source | = G Z A A 7 1A sl EFA 7]& A=

Segment Size « Sample 7|15& A9 [1024, 2048, 4094, 8192, 16384]

Mode » F&stnA = Ad 2= A E[Single, Dual, Quad]

Sample Rate

(BH) Al&e B



o S S AS HYE AT 2=EH
(D 7%
- AE Parameter ¥4 9 23X £
- DataBase +% (TXT A%, 5%)

- AE tlo]H Y A

2) Z2a9 74 % <AL
S WE Azde o A4 aA delgs Fxste AR FHT HelH
g BAste Bgoz gEd £ U AW AR s=deld AT Aol F5

o|%H ANIFe T o|FolHol Bry. W Fut HHe AW AFAA R Hlo]

THOIFS 315 BE IR D EHORE e . | AE Parameter T Dy
A 7

(S

\\//‘

Everrs Raw Daw B
=0 DR B

Fig. 2-134 Block diagram of AE signal processor software
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( — L) - #HE ZRaddA Wy 92 ¥EZ
I F29 dolgrt FAHEA R A2
—» st - dlo]E7} 215 AE Parameter &=
o & B35 Table} GraphZ EE
\\\l/Y// - Raw Data FHZ F4A¥E HolHE
R DB A%
IR - BA9d AE Parameters TXT %4
e gz q7
| _ - AXRH E]]O]'H%% DB FEjet TXT
e Hejz oA Belsel g9l s

Fig. 2-135 Flowchart of process for AE signal processing

(3) AE Parameter 94t
AE AAZREEH HE5E NE 5 999 Threshold® dol7te A3 thsle] &
= EventE FE3H Hed, oA €o1x e AE Eventd] Wiste th&
7 22 AE Parameterg& FZ38to] A5 gt H7p7} o] Fojzid)
@D AE Event @ atvhe] %3 2135 9usy A eventd wA count”} 2
e o]F wig A& AZHHit Definition Time : HDT)REth 71 A|7+E<E count

FRARA 42 A9 shtel 2R Ass) B Ao BFekd sl event

il

@ Counts : % W& 237 F = Threshold levelS %33 3¢5 23l

@ Duration : 3t1}+¢] AE Event?] X4:A]7¢
Duration = (Peak Stop Point — Peak Start Point) / (1/Sampling Rate)

@ Rise Time @ A WA count®] WA 7O Z2E] Peak Amplitude’} A 3}7]
7kA 8] Al ZE
Rise Time = (Peak Amplitude Point - Peak Start Point) / (1/Sampling
Rate)

® Peak Amplitude : 3l1}¢] AE Eventd] Al @A count 5 FHuo A=

® Counts To Peak : 3}1}2] AE Eventoll Al Peak Amplitude7}*] 2] count
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Counts To Peak = (Counts - Peak Amplitude Point7}# ¢ Count %)
@ Energy : ((Peak Stop Point-Peak Start Point) * Peak Amplitude) / 2
Average Frequency : (AE Counts) / (Duration)
® Reverberation Frequency : (AE counts - Counts to peak) / (Duration -
Rise Time)

10 Initiation Frequency : (AE Counts to peak) / (Rise Time)

(4) 34d 74
(7} =il 34
Wl W dw vlE 7AW A9 W+ File, Setup, Acquire, Search® T4
3ttt File "lwolAl= AE Parameterd] A%, 3% 59 71%5& 383} Setup
Wl s AREA7E Bl s dde) A 2 AA fAL FE3 Acquire
Haroll A s AlE"e] $2/84 59 71%E £33 5 vk 183 Search ™ ¥
A= dolguolze] A4 AE dolHE thA 2159 Replaysts o Had

HolBl g Aqats 75e +AU Fig 2-136& ol 74 Eolt.

7}
e 24 HdeElo] slEsith. Acquire

. dlelg 3 Aol & Start, Stop 715
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o2 DB Holg 3% AlolE Resume, Pause 7] 522 2% 3t} Fig. 2-1372

ol Wl¥e 2E AHES FAS sdolm Fig. 2-138< waveform 3AE A8 &
Holt},

Fig. 2-137 Screen capture of main menu

(\}) Waveform 3Hd

- DAQ BoardZ%€E AE Datag&

Al BE Ve E

Open®} & A9l DAQ Board9 %713 24
- START HEE Click3l® dlol€

tlo

o)

é

_(!){-0'
P

2221 8

FHE Az
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- 7419 Raw H°]¥ &= Chartel Display®th.
- HolHE A7 FAo AE Parameter 94t 2 Hit 2 47, Database A
T T8 FY3

[e]
- dlolg e L M9 Thread® E34 433},

offt

— Acquisition Thread - AE Parameter Thread- DataBase Thread, Hit Graph,
Amplitude & Duration, Activity Screen, Channel FFT 3h'd Tabo 2 FAs+4
- AE Parameter AR 0|29 dHolgE=

STOP B&ES w9 dHely #3& £8% ¥

|
&,
=
[\]
L
[O%]
O
rr
=
a
<
@
O
oz 5
b
)
s
o2l
flo
)
o

Fig. 2-139 Setup for waveform

(t}) Parameter % 3}4
DAQE %3] # 5% AE Signal Ho|EHE o]&3t9 AE Event® Parameterzt<
BEAste Azt EAHE W8S WAAAE, Counts, Rise Time, Duration,
Amplitude, Counts To peak, Energy, Average Frequency, Reverberation
Frequency, Initial Frequency, Threshold % ©]t}. Fig. 2-1402 w&tng & A3
£ EAISHE 3hWold Fig. 2-1418 AFE hit AR E Uehye do)t)

L T

T os ‘955, 805.37500
a4 RTAOS.S000 65 H.30000 ©.0000
3.5 0% 2 2 LpszASSIN L G.000W
35 fervn 16 1495,596. 75000 596,595,062
s 158552 17 4,198, 477,000 | 77, 250.05005
3.5 212564 13 L645,156. 42500 | 656,293, 5575
.5 E26.15593 197 C £.00008
o4 260.92723 193 62043594 £,0000€
.55 358.7759% 149 257067 13,478, 16816 ©.00006
55 16,1570 e 245361 | 10,993.38086 000000
3.4 60.32799 47 196285 B,002. 73469 ©.0600C
355 35077598 243 TERST 10037186 LOSSSIS M 600098 cotm -
o5 20,2600 26 ToeaTE | RAIS | 868,280.60000 00000 ©.00000
a3 26,6560 B2 1E7sR | SETLASMA  h8,305.00000 ©.00000 o.00000
355 27,350 Y LI 2N LOSEARENG) 0000 c.o000
CHY > 20080813 1% 3:13. 734 . 5 38.28 S0 118652 1,457.64404 366,6.25.09000 C.00000 £.060%}
2 20060813 112615934 % I 78t e nowm | 1186093 77570.80000 £.000% Gomm

Fig. 2-140 Screen for AE parameter table
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(2} Hit Graph 3}4

Fig. 2-141 Screen for AE hit diagram

- 3% AE dl°]lg2 Hit 4 BE Displayst= 3ot}

- 4% Chart 1, 2, 391 AE 413 3 dolgo o Hit Y2 E Displaysta
Chart 49 ¥ EEAY F0]& Displayst=E FA At

- 82 Gride Hit X9 ¥ HEE 44 282 Displaydt Ro|t}

Hd

- Fig. 2-142%& Hit Graph 31 23S 93 Hit G
ZoZ Hit Chart?] X, Y = HYE HAF
4. X & gEF2 Hit ZRE FPse A
GeE AAstH o9 JE @ E g Y

o
o
Jd
flo
s}
3

=
ofl
off
o
4
]
L
o
Y
oE
A
(ot

3o WES *=w WA AF gto] Wy |
o] ML AFA B}, Fig. 2-142 Setup for hit graph
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(v}) Amplitude & Duration 39

13 136 12 18 15 i

Fig. 2-143 Screen for graph of amplitude vs. duration

- Y % Duratione YeRAT}H

- X & AmplitudeE e

Fig. 2-144= Hit Graph 34 A4S 93k
Fo 2 Amplitude & Duration 3ol A <
Chartd] ¥$1E HA4%. X =& Amplitude
o H9E dA4¢H Y 52 Duration?] ¥

o A HMES F2d WA Algol

- LI

o

i
i

7

Hgdrt.

o
d
r
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Amplitude ¢ Duration®] #AE Yell= 319 (Fig. 2-143)0] o}

Fig. 2-144 Setup for graph of

amplitude vs. duration



(v}) Activity Screen

Sy v T

Fig.

- Activity Screen®. 2 2z} zjd¥d

(Fig. 2-145)
- Ad #% Charte AdE=
D Hit
4 % Chartes AdEz A% Hito

HQ e EASY.- X5 : Channel- Y&

ol Hit ¢

- &9 Gride Hit Graph 3%W¢  Grids}
U3 &S Display 3ttt

- Fig. 2-146< Activity 38 AR & 93 #

© 2 Activity Screen®] Chartd ¥3d HYES

AR 8 HES FEW ¥A Atgo] A

48

- 150 -

2-145 Screen for activity

A2 #5738t Display ¥,

WA S Hit4 & Display$tth.- X3 : Channel- Y&

. 2-146 Setup for activity



(A}) Search 39

“ thzass@g{:sz ti; 13:18:28 |

AAE 2 B9 7k 49 ¢ g
- @AE wEA ddajol e FRolu diE dEEA] dotk V& HoE &

317F 7bestet

2}. DataBase

AE N 2" 98] AE3F bo)EHo] A= SQLIStructured Query Languagel?d
2N AbgAte} BAAY HolE Mol A5 AAAA FE EF HA dolelth. Hel
Elgo] 2o A 2ol Ao} FellA g de deA L we] AHEHI Jlow v
s ZERF ALgo] 7HEsta Ad threadE ©]-&3Fe] Multi thread& A €3t of
£ DBE Fdsl=d £o]3tt). dolEwolA~ Wi+ Physical Database9t
Logical Database ¥%#02 1} 4 glon 71 T4 Y&y 2o

(1) Physical

AE_DATA AE_PARAMETER
&, channet: integer &, channel: integer
&, rmsm_date: varchar(25) &, msm_date: varchar{25}
rawil; varchar{8000} prak_tnt: integer
raw2: varchar{8000} duration: numeric{8,4)
raw3: varchar(8000} threshold: numenic(8,4}
rawed: varchar{ 8000} rise_time: numeric{84}
rawS: varchar(Bnoo} ont_peak: integer
rawb: varchar{8000} amplitude; numenc{8,4}
raw?: varchar{8000} enargy: numeric{8.4}
raw8: varchar(8000} avg_freq: numeric(8.4}
rfreq: numenc(8,4}
init_freq: numeric{8,4}

Fig. 2-148 Physical structure of database
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(2) Logical

AE 2 AILI0IE AF PARAMETER
&, channel: INTEGER & channel BITEGER
€, ATUTL: VARCHAR(2S) & AT YR VARCHAR(2S)
HEHDIE_1: VARCHAR(BOOO) I F 4: MTEGER
HEQIOIE_2: VARCHAR(BOOO} DURATION: NUMBER{8,4)
HE0I0IE]_3: VARCHAR{8000} THRES HOLD: NUMBER(8,4}
H &0 0IE_4: VARCHAR(8G0N) RISING TIME: NUMERIC(B,4)
HE00JE_5: VARCHAR(800) count Max Peak: INTEGER
HEMOIE_6: VARCHAR(8000) AMPLITUDE: NUMBER(8,4}
HEMOIE_7: VARCHAR{B000) ENERGY: NUMBER(S,4}
A &£I0IE1_8: VARCHAR{B00O) Average Frequency: NUMBER{8,4]
Reverberation Freguency: NUMBER{E,4
Infiation Frequency: NUMBER(8,4}

Fig. 2-149 Logical structure of database

(3) Data Table 7
= AE Data Table
Table 2-11 Fields of database for AE data table

dioiel Type Description

= AE Parameter Table
Table 2-12 Fields of database for AE parameter table

H0IE Type iength  Description

Numaric

 Init ke Numeric . Counts 1o Peak/ Hise Time
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Location A B C D

l H, H,2! H,2 H l

1

Point load Sensors Point load
(Impact) J (Impact)
Fa
Tl
Inmdent ’
surface wave / Scattered waves
surface-breaking crack S
Structure

Fig. 3-1 Self-compensating surface wave measurement

BAe EHel F Ale A7} Fig. 3-13 2ol #dL FHo2 9 A

HE dolA ARG e AeE Az 2a ANEY FUdAN fAXF Ad &

Yp(f) =S, (T (IR (S) (3-1)

A714, Ye(e B Axs dxdzre 59 339 Fod wHow,

SiDe Add 9% AdAe 25 g7 F50lz, R(Ne BEE AU}

I
i
ol
mlo

Bl $1x1% AM2 =435S e A Fa5 $wtoln, Tu(f)
= 452 AR BH AtolelM e F3 &4 (transmission function, TRF)o|t}. 3}
7t AYE W AUA Y dFIE harEe] Bo] AEFL gaEA Hu, 53 FFe

olgl 3 wo] ylatety 74 EAL zstn ot wiAxE, SN 95t A
Y FFL CHY 94T ANZ 2Fsge P g A (3-2)9 go] m@L
% ok,
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Ve (N =S, (N ()T (NR(S) (3-2)

4714, (N e Tu()g G wst S2o] BEA CH Aol HEe %3

ggol, vhatxe R(Ne 2o Haeoz Aoue chd g A9 F

g8, 4 G-DF A @-20M9 S o R 71zt 24 409 ux dEd o
2 37 AAM 54 2 Zagde Rioe HyEAdY W gHE Tsm g

ou, 53 4 329 L) g a7 Aaxe S o & 2o oyz Tu()
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(a) data acquisition system (b) steel ball for impact

Fig. 3-3 Experimental apparatus
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Table 3-2 Finite element simulation of surface waves

material properties contact time

density  Young’s modulus Poisson’s ratio 100 us 60 pus 40 pus 20 ps

2400 kg/m? 30 GPa 0.3 A B C D)
2400 kg/m? 30 GPa 0.2 I J K L
2400 kg/m? 30 GPa 0.1 P Q L S

0.052 i T 0.15
""" ch-X :Il
% 0026 " chY X % 0075
£ ' ] £
: T ll . =
§ 0 W \ _S 0
E: i 5
% : ! [T 5
: 1 [
§ -0.026} e |l: Q -0.075}
1] ©
: " v
-0.052 : : : -0.15 : : :
0 125 250 375 500 0 125 250 375 500
time [us] time [us]

(a) Case A! the contact time of 100 ps (b) Case B: the contact time of 60 us

Fig. 3-22 Simulated surface waveform by finite element analysis
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Fig. 3-23 Developing model regression considering the properties of concrete
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Fig. 3-24 Schematic of surface wave transmission measurement
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Fig. 3-25 Device-under-test for surface wave transmission measurement
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XE(f)=U(f)4(f)+M(f) (3-12)
Y*(£)=v(f)B(f)+N(f) (3-13)

HA HI-FA%S AR5 9al. z7] 29 Ed 9% (auto-spectral density) £}

4% 29 E"Y A% (cross-spectral density)E tha3 2o AT 4 Ut

Ghe = (X7 ) X7 =|Ul|4f +U"4'M + M'UA +|Mf (3-14)

G, :(XF)*YF =UAVB+U AN+MVB+M'N (3-15)

> Gh = (U1 + M (3-16)

Z Gf'y =Gy G 4 3-17

olo whel Axt® AWF mHst F4 Aol o HI-FAFE o A7 #ol
ALt

F
Z G GU 4 GAB — 1

X G W T M 519
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go) AN BAY 5 dEol, HI-2ABANA F& MDE oFd AARNA 2x
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99, Hog-F3%< Agstel T 43 go] Z4NE A7 sy ¢
g2 ANsY ted New mEEY. PR BT 2agg wHsE
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F_ Y _VB+N _V1+N/VHA
X Ud+M U 1+M/UA (3-19)

F
10g ZIOgH = log(H ) (3-20)

T b gHe 2HBe FE A5E o= A% AAT & AW, AAY &
d5 UMD Ve A48 AARR fed olg AAs 94, dug A5

WM E HI-24 25} Hog-24FS $539 the7 zoh
X2(f)=u(f)D(f)+ N(f) (3-21)
Y2(f)=v(f)c(f)+M(f) (3-22)

ZG — GVUGCD :HG 1
> Gh WACE+INE R+ |cT (3-23)
5 _ U |
k,g ZIOgH log(H Vj (3-24)
wpA ek 2 .

H, =H, +H, =2logH (3-25)
S - N i i
(U147 +|Mf [T (cf +|NT (3-26)

Fo4 9 @5 g3t AT 4 gk, A=
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o2x Aol A4e ARANG. e dse A4e Feol SUAA HI-
FAFE olgstel WAT & Yok ARHo FAs $H 5 AT AL
thgel $aoz Asadg
|
ay(f) exp(ERe{Hlog(f )}j (3-27)
1 Im{H (1)}
Oy (f)=—tan" ——1r s
(f)=~ tan Re{H (1)) (3-28)

AF FEE 1 mm FAL F8 &AE o]&ste] Bl ZFAHoEN TYAZ
O 22 ZAENA FAE dde ¥E 2 o 1.2 mm SHHUG

Fig. 3-262 EP213% ER20 <2 E A|HOE, #E€2FH 100 mm "ozl $3
o AME HX3H L, AMEZREE 100 mm B3 $xlo T2 712 sto xH I}
€ TAANAT F 20 39 F4 Uk mUBE FAs vdaAd S5 AAsS
S

(a) plain concrete (EP21) (b) reinforced concrete (ER20)

Fig. 3-26 Plain and reinforced concrete specimens with a notch
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Table 3-3 Specification of concrete specimens with a notch

Lable Plain concrete Concrete with a re-bar
EPO0 EP21 EP44 ERO0 ER20 ER40
Notch depth [mm)] - 21 44 - 20 40
Mix-proportion 0.38:1:1.55:2.11 0.54:1:2.13:2.96
Age [months] 34 4
Rayleigh wave velocity [m/s] 2250 2300
Ultrasonic pulse velocity [m/s] 3940 4100

' The mix-proportionis expressed with the weight ratio of water, cement, sand, and

gravel in sequence (W:C:S:G) and the maximum size of aggregates is 19 mm.

(1) 2 23 EqAe w43 7

8.3

3 g4F setg ¢ Ak 2o ged A7) 29EY YR )
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Fig. 3-27 Surface wave transmission on the plain concrete specimen of EP00
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Fig. 3-28 Surface wave transmission on the plain concrete specimen of EPZ21
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Fig. 3-29 Surface wave transmission on the plain concrete specimen of EP44
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Fig. 3-31 Surface wave transmission on the reinforced concrete specimens
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Fig. 3-33 Comparative evaluation for the reinforced concrete specimen of ER20
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Fig. 3-34 Comparative evaluation for the reinforced concrete specimen of ER40
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Fig. 3-4 Specification of the reinforced concrete beam for mock-up test

Concrete Reinforced bars
Properties Value Properties Value
Mix-proportiont  0.55:1:3.17:3.51 Yield strength 400 MPa
Curing age 33 days Tensile re-bar area 13.94 cm?
Compressive strength 25.2 MPa Compressive re-bar area  13.94 cm?
Rayleigh wave velocity 2199 nv's Total re-bar ratio 1.74%

' The mix-proportion is expressed with the weight ratio of water, cement, sand, and
gravel in sequence (W:C:S:G). The maximum size of aggregates is 25 mm and the

mixed AE water reducer is 1.18% of the cement weight.
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(a) re-bar arrangement (b) overview of the sample configuration

(c) making real cracks by three—points loading

Fig. 3-35 Mock-up test for evaluation real flexural cracks
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(a) W2A for 56 mm-crack (b) W2B for 115 mm-crack

(c) W2C for 71 mm-crack (b) W2D for 157 mm-crack

Fig. 3-36 Crack shape on the reinforced concrete beam

Table 3-5 Apparent crack depth on the reinforced concrete beam

Crack depth W2A W2B w2C W2D
Measured on the left side [mm] 54 116 65 119
Measured on the right side [mm] 58 113 76 107
Apparent depth — average [mm] 56 115 71 113
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(a) Apparatus and measuring the basis transmission

500 mm 500 mm 500 mm | 500 mm

UV Y

(b) Measuring position for 4 investigated cracks

Fig. 3-38 Surface wave measurement on the reinforced concrete beam
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Fig. 3-40 Evaluation of opened cracks
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Fig. 3-40 Evaluation of opened cracks (continued)
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Fig. 3-41 Evaluation of closed cracks
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Fig. 3-41 Evaluation of closed cracks (continued)
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Fig. 3-42 Sum-of-squared-error for evaluating crack depths

Table 3-5 Determined crack depths by the surface wave transmission

Label (opened/closed) W2A'W2I  W2B/'W2]  W2C/'W2K  W2D/W2L

Apparent depth [mm] 56 115 71 113
Opened cracks [mm] 62 31 62 97
Closed cracks [mm] 54 22 46 40
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Fig. 3-44 Pictures of the developed prototype system
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Fig. 3-45 Front pannel of the developed prototype system
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(a) front view of Ssanggye bridge

(b) side view of Ssanggyve bridge

Fig. 4-1 Overview of Ssanggye bridge
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Fig. 4-7 Bridge inspection vehicle Fig. 4-8 Sensor attaching work
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Fig. 4-11 Span-1 / step-1(9L) Fig. 4-12 Span-4 / step-4(24L9R)
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Table 4-2 Loading scheme of experiment

e ANEA

1 9L 9L
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Fig. 4-40 Determination of the crack depth
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Table 4-4 Loading scheme of whole experiment
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