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C-scan and L-scan generated images of the concrele/GFRP composite
interface
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Ahstract

Class Fiber Rainforced Plastivs (GFRIP) are tast beomming noviable new consruetion material. They are beiny wied Tor rehabifitating sdd
concrede structures—uoolumins, beams, slales and walls—hy gluing the compesite plioe 1o conerete sorfuce. Proper stbiwhment batween
the CGIFRP plaie and the conerete surfoce s necessary tar eflicient use of GFRIP compisies Lo merease the strength of e rehaba it
structures, Delamination hetween the rehabilicswed structoee wid the GIRE plate signiticant]y reduges the strength ol the remtoreed structure.
Henee, delaminativn delects, it prosent an the imerlfice, stould be detested wsosoon as pessible, Inthis paper, twe ultrasonic echaigues (o
terest delaminaivn defects between the GEFRP plite and the congrete surfice are presented. One technigue uses longiimdingd wives or P-
witves and e sevond technigue vses Lamb waves. Tt is tuomd that both echineques candeteet the detect when used properly, However, Lanth

wives 2ive o hatter roage gualily of the defect thua longitudinal waves, &7 [958 Elsovier Science Lulo Al vights reserved.

i. Introduction:

In recent years, significint micntion bas been paid to the
mation’s dilapidated infrastructure, Examples of such struc-
lwres include buildings that need W be retrotitted 1o resist
seismic loads. bridges that must be strengthened 1o carry
beavier trafiic loads and conerete water and sewer pipes
that have detenorated due o corrosion. In most of these
cases, the capacity of these stroctures can be increased hy
the introduction of additional ensioo-carrying materials,
While stee! has been tradinonally used {or such applica-
tions. (iher reinfurced plastic (FEP) materials have been
inereasingly replacing stecl over the Jast decade. 'The high
wnsile strength and corrosion resistance of FEPs make them
an ideal substitute tor steel.

FRP plates cun be epoxy bonded 1o the tension Tace of
conerete beams, for example. to inerease the lexural capu-
city of these members signilicantly |1 Masonry and
comerete walls cun be similurly strengchened and there are
reporled Boeld applivations of these technigues W buildings
damnigred i reeent eurthyuakes [2. 3] The suecess of such
construction depends in lirge part on the bond between the
FRP plates and the conerete substrate, Thus, there isa greal
need Tor development of nondestructive testing methods
that vould easily idemify defects in the bond line.

FCmeresponnding mithor.

Ultrasonic techniques have become one of e muost popu-
lar nondestogctive lesting lechnigues because of their versa-
tility and ease of operation. They can casily deteet interngd
cricks and inclusion-type defeets in homogeneous  or
Livered malerials. However, they have their own shorteom-
ings. They canmt penctrate very deep inside o highly
attenuative material. Fibers in the FRP plale scatter avwuy
the ultrasonic cnerey and the epoxy resins used for the
matrix marerizal are very attenuative. Henee, these materials
are difficult to inspect by ullrasonie signals i the ransducers
are wsed o the conventonal frequency range (1 1 MHz).
Chly  relatively  low  Imequeticy  ultrasonic waves cin
propagate through these maerials,

In this rescarch, relatively low trequency thelow + MH2)
transducers are wsed Wwomspeat the delimination herween the
conerete and the composite plate. Both lomgiludinal and
Lamb woves are generiated and used in this myvestigation,
Although the use of tongilwdinal or P-waves for detecting
internal defects in o material s not new, it is gew for this
particnlar application. 1o, for detecting  delaminadion
belween concrete and FRP plates. A Lamb witve imaging
technmigue or L-scan {*L7 stands for Lamb) technigue s
comparatively new. Previous offorts it using Lamb waves
o inspeet defeets i cemposite and metal plates include the
works of Chimenti and Navleh [4]. Nagy et al. |51, Nayfeh
[, Bar-Cohen ond Chiments [ 7], Chiment and Bar-Cohen
[8]. Martin and Chimentt {2]. Mal and Bar-Cohen [ 10].
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Fig. ! Geometry of the spreiingsi—epoxy borded concrele—CiFRT plae.

Tang und Henneke [111. Bridge und KRamli 1 12]. Atalar et al.
[13. 14], Chiment and Martin [15]. Alleyne and Cowley
[16). Ruse et al. [L7]. Pilarski and Rose 18], Challis and
Bork | 19]. Tung et al. [20]. Corouble ot al. [21], Dim and
Rose |22}, wnong others. Most of these works involve relat-
ing the material defects such as porosity and delaminution 1o
the chunge in the Lamb wave propagation chitracweristics,
the dispersion curves, phase velocity and attemion.

Omly o fow investigalins have 8o tur attemplod o sean o
specimen using Larab waves to detect delects Inside o omale-
riah, Chimenti and Martin 115] atempred at and were
successtul W some extent in detecting internal defects 1 a
composite plate, The magor probleny of theic technigue is
(hat it is very sensitive to the plate thickness variation.
Henee. o small percentage change i the plate thickpess
alters the receiver voltage amplitude signiticantly, To
avoid this problem one newds to lilier the received signul
peak amplitude data through a special filter. valled the MEy
tilter [15]. This signal processing helps to minimize the
elfeet of the plate thickness vartation on the null xone bur
apparently retains the sensitivity of the reflected signal 1o
the intermal defeels.

Kundu et al, [23] have shown that the problem imposed
by the slight variauen in the plate thickness cun be avoided
by placing the receiver beyond the oull-zone s thap unly
propagating leaky Limb waves can be received by the reeci-
ver. The wave amplitude in this region is comparatively less
sensitive to the plate thickness varation und more sensitive
1o the detects inside the plate. Kundu and his coworkers
have wsed this transmitter—receiver amangement for study-
ing composites and interfaces 124 271 A similur arrange-
ment is used inthis study as well,

2. Experiment
2. Specimen preparation

A specimen containing & hidden antificial defeet s
fabricated and sesinned by different ulinsoniv waves 10
wee under what conditions the delamination defect can he
derected clearly. A small interfuce defect in o real structure

can et as the imitiation point for a Targe area of delaymmution
and can signilicantly reduce the load carrying capavity ol
the structure. That 1s why it is necessary o derecl detects
when they are small (2 few centimeters in dimension tor
civil engineering stractures). The specimen wis preprred
by gluing a glass fibey reinlurced plastic (CGFRPY plate W u
comerele block as shown in Fig. 1. The GFRP plite was
manulactured by pressing three layers of an E-gliss [abric
in u polyester resin matrix, The tabric weighed approxi-
mately 18 o per sguare yard (061 kg ot and had egual
atounts of fibers in the O and 907 directions, The uverage
thickness of the plate was 3.00 mm. A two-compenent
cpoxy was mixed 1o produce an adhesive with a consislency
of warm honey. The epoxy was applied o the surface al the
GFRP plate hefare it was placed on top ol the conerew
block, A small pressure |less than | pai (BRY0 Fay] was
applicd 10 the GFRT' plate af room lemperatine for about
2 days until the epoxy was cared, The average total thivk-
ness of elue and GFRP plaie was found to be 4530 mm.
While preparing the specimen an approximately circular
dolaminated srea of ahom SO mm diwneter was arfiticially
fabricated neat the center of the concrefefeomposite nter-
face. This was dune by applying no gpoxy o that segion.
The GFRP plate was then pasted o the concrete block using
cpoxy gloe, The average combined thickness of the GFRP
plate and cpoxy glue was found to be 4,56 mm. After the
specimen waos Tabricated one cauld not see o {eel the delect
from outside by touching the GFRP plate because the inter-
nul delaminated aren did net significantly change any
dimension, The abjective of the swdy was to detect this
delumination using uitrasonic signals,

2.2 Experimental setmp

A laboratory-made ultrasomic scanoer | 2302851 was sed
for generating the ultrasonic images. A broad kand Pana-
metrics transducer was excited using o Matee 310 gated
amplifier with tone-burst and short-pulse signals tfrom the
Wavelek function eenerator, The retlected  signal was
recelved by o Matee receiver and was diginized by a
GAGE 40 MH, data ucyuisiton board. and then the
received signal was analyzed. The computer program cither
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compted the peak-to-peak or the avergge amplitude of the
signal inog given time window and then ploted it in a pray
scale with respect to the horizontal (x) position of the
transducers. Vollage versus frequency or VO curves were
ahwined by changing the carricr frequency of 10 eyveles of
the tone-barst sigmal and synehranous detection ol 1he
amplitude value of the received signal,

2.3 Tone-Puese O-xean imaring

The first atternpt was 1o follow a conventional pulse-eche
ultrasonic Coscun imaging technigue using commonly used
commercially wvailuble ulirasonic trimsdocers W deteet the
delamination detect. A low requency the pulses rellected
from the top surface of the composite were not well sepa-
rated rom those reflected frome the interface. As the
frequency increases the attenuation ol the signal Turher

Invreases. henee a signal with o frequeney larver than
5 Mz attenuates very fast and cannot penctraie deep inside
the material, On the other hamd, ax the signal frequency
decreases its resolution becomes worse hecause then the
sienal wavelength incrcases, Moreover, at lower freguen
vics fhelow 1 MIEz) the altrasonic wavelength becomes
comparable with the thickness of the composite plate.
This led us w the iden of utilizing resonance features ol
the composite conerete structure to distinguish the good
homd from o delanination. The specimen was scanned
using tene-burst signads, gencrated at differem frequencics
by the Wavelek tunction pencrator. When the 300 kHz
transducer could not produce o good image showing the
delamination sone either, then the cxeitation freguency
wils Turther redueed.

At 400 EHe excitanion a faint bowndary of the delaming-
tion zone could be detected (see Fige 21 This houndary 1=
Faint and only shows about kall of the delapination bound
ary. Reducing the trequency Turther did not improve the
image quality significantly, However, as the frequency
wis moreased  from 0Kz, an improveinent in the
imge guality wos observed. A1 477 KHz the delanunation
zone. the brighter contral region m Fig, 2h, can b seen. It
was ubserved that a small sariation in the excitation
frequency ncar 470 kHz changes the image quality signifi-
cuntly. For example. the image venerated by the 474 Kz
excitation fregueney produced a much clearer image of (he
delamination some (see Fig, 2e). When the Trequency was
wcreased  Turther the image guality becanw worse, A
number ol ultrasonie scans hetween 0 Kz and | MH.
were carried vl and the best images were observed near
475 kl Iz frequency.

2.4, Imierpretation of the tose-burest Coscer restilis

To vnderstund why the Coxean image produced by the
473 kg signal was much superior than that produced by
the 300, 400 or 500 kHz frequeney signals, the reflected
amplitude voliage s plotted against tie signal freguency
Tamn 250 10 1000 kEHz. The three curves shown in Fig, 3
represent e reflected  voltaze  amplitude (V) versus
trequency (f) or Vi) corves over the pood bonded region
(salid linelh, delamimated region {dished line) and over the
fiher composite plaw anly fwithout the congrete substrale,
soehict line with dot markersy. It can he seen from this figure
that there is a sharp dip near the 475 kHe Dreguency for ihe
well-bonded  composite/concrete interface: no such dips
cxist Jor the other two cases, This sharp mindmum s due
e the destructive interference between the front surlice and
the back surfwee rellected signals front the composile
coating, Thus the composite plale aets in o similar manner
iy the guarter waveleneth antiveflection coatings of optical
elements, Composite plate immersed in waterand plate with
Iree hottomt surtace have  different (hall” wavelength)
resonance minima which eccue al dilicrent treguencies.
The destractive  imterference fregquency  (the Treguency



4 FoRKnweta ol S NETGE Internctioned 3200090 6 pi

dalaminaled
— good bondad
——- fibar mmpo_sia only

%m 300 400 500 600 700 00 200 1000

Frequency (KHz)

Fia. 30 ¥ carcesaner the well-bondued regivn Gl el delamdsaned aegin rdished liney and aver the fher conpusite plate only (solid line with duls

corresponding 1o the sharp minimonn varies Trom poin to
point because of the non-unitorm distribution of glass {ibers
and pemsibily due e the non unifor glue lover, As g result.
a false delanunation alarm can be geocrated.

Although the delaminated zone can be Cearly seenin g,
2b and ¢ near the contral region of the plae as o bright
approxinulely circulor region. there are many other brigi
spots i these images scuttered all over the image. Docs this
mein that there are many spol delaminations at the inter-
foce? That 1s very unlikely, Those bright spots may have
been created due o change in the commposite plate thick-
ness, plate propertics or gloe thickoess, The phase of the
retlected beam changes with the plate and glue porameters
as diseussed above, geacrating o False delamination alirm,
Sinee the dip is very shurp. w smadl change in the destruelive
interference trequency signtficantly allers reflected sipmal
amplitude, hence many dark and bright spots sre observed
along the entire interface. 1t is very difficull w distinguish
the bright spots caused by the delamination from (hose
causeed by the varving platefelue properiies.
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Figo 4 Prasinitter 0 and receiver (R armungerient o conventiaeal €=
sl lep dimare ol new Dol wiee scan or Laswcan imaping hotion
figsure ).

2.5 Lamd wave seanning

Kundu ct il [23-23] have shown that Lanth waves are
very effective in deteeting defects inside composite plates
and at the interfuce. To dnvedtigate the cupability of the
Lamh waves in detecting the conerele/compasite delamin-
tion zone. the specimen wus scammed by the propugiding
Lamb waves. In this case two identical  Panuctrics
M) kH« broad hand transducers. one acting s o transmitier
andd the second ane as o receiver, were used in the pirch
cateh arrangement as shown in Fig, 4, Both transducers and
the specimen were innmersed in witer, The transimitter was
exciled in the swept requency tone-burst mode. The signal
frequency continnously changed from 200 1o 800 MHz.
Trunsmitler and receiver were placed in the defocus posi-
tion, i this position the transonittor axis and the receiver
axis intersected ata point helow the reflecting surface, tor
this orientation of the reeeiver the peaks in the reflection
spectra were observed when leaky Lamb waves (o peneral-
1ized Rayleigh waves) were gencrated in the specimen. This
i% because at the defocused position the receiver could only
receive the leaky waves, Fig. 3 shows two penks in the
reflection spectrum (continuouws linc), one near 370 kHr
and the second one near 570 kHz when the transducers are
inclingd ot an angle of 25° If the angle of inclination were
varied the peak positions changed. 10 the ransducers were
brought closer to each other and placed in the focused
position (alse known as the specular reflection position)
then dips were observed (dashed line) approximalely
the frequency values where peaks were observed in the
defocused position and vice-versa, This is because when
the receiver was placed closer 10 the wansmiticr at the
focus position it received diteet {specular) reflected eovrpy
that was reduced when leaky waves were generated, These
curves yenerated over the well-bonded region (Fig, 33 and
the debonded region (Fig, 6) show o noticeable difference.
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This implies thal the Tamb wive s sensifive o the
delamination defeel.

Omne van obiain the Lamib-wave phase velocity from the
transducer melinaton angle using Soell’s baw, 11 the Lamb-
wave phase velocity s V) then the striking angle (1 that
would penerate the leaky Lamb mode ot the wiater—speci-
men interfuce is given by

. Vi

H. sin I( | {h
Y.

where Vo iv the lomgitudinal wave speed inowater (the

coupling Nuidy, af room temperafure ¥y in 149 ks
From Fe. (17 ome can see that a 2537 angle of inclination

&000

¥00Q

g

Amplitude
iy
=
L]

)
g
L=

ol the transducer corresponds o a phase velogity of
A53kms L Curves similar w Figs 3 and 6 were gener-
ated tor Jifterent inclinations of the transducers, varying
from 18 to 2757 In other words, Tomb waves ol differ-
ent phase velocinies varying Itom 838 km s (for the
10° tramsducer angled o 323 km s © (or the 27.57 wrans
ducer anele) were penerated in the plate, Frequencics
corresponding 1o different peaks of the received signal
spectrn were recorded  against the Lamb-wave  phase
velocity, Closed and open cireles in Fig. 7 show the
peak positions rhot owere experimentally obtamed  over
remons. I the

the  well-bomded  and  delannnated

frequency range of nlerest here {200-800 kHz) only

Qoo ap w0

a0 00 700 &0

Frequency {KHz]

Fig & Vi cmrves pencatesd by preogsagzaliog Lamh waves ot Pociascd cdetoed Tioe b and defocused csalid Ty positions eover the delunminmes egiom o e

caticrele GFREIF specimen.
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two strong peilks were ohserved, whose poxitions shilled
between 30 and 100 kHz as the transdocer inclination
angle changed fromm 1) Lo 2757

I summary. two prominent Laub modes were cxperi-
mentally detected i owr window of interest and both mode
mostbons shifted as the tansducers moved from the well
honded to the delaminated zone.

It is not gasy to obtain all elstic consiants of the
anisotropic composite Liver and compare the experimen-
el results with the theoretical dispersion curves ol the
specimen. Duoe Lo the random vanations o GFRP proper-
les i was treated as o homogencous mediom at Jow
frequencies. Ultrasomic longiludinal - wave  specd  in
GIFRP was measured using o technigue sunilar to that
wsed by Kinea and Iyer |28, 290 Density and  elastic
wive speeds in the GFRP composite layer and concrere
are given im Table 1.

Reflection coeliivient spectra ol the composite plite
(weith the above material properticsd sandwiched between
the water hall-space and the concrete half-space were
computed For diffecent ncident angles between 1 and
2757 SBharp dips of the reflection spectra correspond to
the leaky LambfRayleigh wove generalion leguency.
Theoretical  dispersion  curves were compuled in this
manner and are plotled 0 Fig. 7 by a continuows line. In

Tt 1
Compasite Lper wnd conceete properics

Mulerial Thivkness tmon Density e !

- Cieneralized LamtRavkeiph dispersivn corves thecretieal by obtained teentinoeas lined wod experimentadly btained voer the well-honsded sore nodid

spite of many approximations in the waterial modelinge, the
mutching between the theoretical curves and the exper
muenta] points uver the well-bonded region s guite good.
Debuonding shifts the dispersivm curves slightly towards the
risht, From Fig, 7 one can see that Tor the Tower freqoency
meode this <hift is comperatively lurger at lower phase velo-
city (5=323kms i or higher ransducer ansle (17,5
27.5%) Ax a resull the wansdocers imclined at an angle
hetween 17.5 and 27.3% should be mare effective in detect
ing the detumination. The 257 anple was selected for pener-
ating the L-scan Dimage of the interface. However, any other
angle between 175 and 27.5° would hive done this job
cqually well,

In Fig. 5 ome can clearly see that for the 25% angle of
mendence the Lamb waves {or gencrulized  Ravleigh
wavesh are pencrated near 3T and 3TkHz in the good
region. Chn the delwminated repion (g, 6) the strong
Lamb mode is gencrated near 423 K The specimen was
scanficd with this Lamb mode (incident angle — 257 and
sipnal frequency = 423 kHy) The [-sean image of the
interface is shown in Fig. § The delaminated vone can be
clearly sgen. The rest of the interfuce docs not sturw any
other bright spot. Clearly. the Lamb wave scanning teehni-
gue s less sensitive W the vurtations of e glue thickness
ard GFRP plate propertics.

Powave spesel (kny 5 §wave speed (km s

LR 456 1.4
Conerete 1MW) G2

1.7 112
A 7R 1.14

i
i
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2.0, Prdse-echo C-yean imaging

The specimen was also seanned by 500 kHz Panamictrics
transducers in the pulse-echo mode. The transducers were
tniggered by a ISR DPR33 | pulser. The time histovies over
the well-bonded and delaminated zomes are shown in Fig, 4.
[rom this figure onc can see that the reflected signals from
the top and bottom surtaces of the composite plate ure not
welt separared, If vne plots the peak-to-peak value or the
maximum signal amplitude value of this signal in a gray
scale against the oy position of the specimen then there ix
a pood chiamwe of completely missing the delamingted zone,
This 1s hecause the reflected signal From the interfice is not
woell separated trom the front face reflection. However. by
placing the receiving gate position slightly behind the [ront
surfice echo. such that it approximately coincided with the
arrival time of the interface echo, one could detect the dela-
minated xone {top image of Fig. 104 Increasing the signal

500 KHz transducer over good range

_____ﬂ

/ w/

J\ ! \J \//\/\/vw

. M

55 ]
Time (microsec)

200 KHz transducer over delaminated range

—

]

£ 65 m

Time {microsec}

Fig. . T Insorivs generated by w S0URHz ransducer over the well-bended gone top und delaminuted zome chovmo,
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senerated by SO0EH: (opn and | MHs (hottom tamsdueers.

froquency o 1 Mz did not improve the quality of the
image a8 can be seen from the bottom image of Higo 10
which was generiated by the 1 MHz irnsdocer. One can
clearly see that the gualities of both these Tmages are
wirse than the L-scan image shown in Figo 8. This s prob-
ably due 1o the Taet that Lamb waves propagate over o dinite
distance whong the interface betore reaching the receiver. As
i result, it gives the average property over that finite zone
and moises in the C-scan images coming rom the poini-to-
poim property virisions are eliminited o the T-sean
inmuges.

3. Concludiog remarks

In this paper 1t a5 shown that the delanination at the
conctete/GFRP composite inerlaee can he detected by
both Lamnby wave seannmg (Loscan) and longitudinal wave
seanning pulse echo and wne-huesr C-scant technigues.,
The tone-burst C-sean gechnigque works only sl certin
frequencies. corresponding 1o the destructive interference
freguencies of the well-bonded repion. The pulse-eche C-
sein techoigue Taces somwe dilficulty becuuse the front
surfice echo and the Interfuce coho are nol well sepuaruted
al Lo Tregquenoies and the signal wtenuates very fase inside
the covnpaosite layer at high frequencies. The C scan techni-
yue is very sensitive to the glue and GERP plate properry
variations, while the L-scan fechnigue is not thal sensifive to
these varimions. The C-scan image generned by P-wives
shows similar gray levels for both delamination and gloef
plate property  vanations. I 15 diflicult o distinguish
herween the two.

The L-scan inage. on the other hand. showes onidy the
delamination zonc as a bright spot. The Lamb mode used
tor pencrating the L-scan image is insensitive to the small

variations in the gloe and plate properties, and as o result the
image is not aitected hy the non-umform plate thickness and
s properties. Thos, for this application the Lamb waye
scanning lechnigue appears W be the superior echnigue,
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