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Internal Discontinuity Detection in Concrete
by Lamb Waves

by Y.C. Jung,” T. Kundu' and M. Ehsani?

ABSTRACT

The feasibility of detecting anowmalies or discontinuities in concrefe
beients wsimy heml womes & investipeted i this paper. The traditional wl-
Fraannin methods for nspecting discontimities i concrete use the reflee-
Firn, transmission aud scatfering of fongitudingl waves by inferael discon
fortibies, Shenad amplitude and thie of {J'fghi MERs eI provide
inforniation abouf fe fnternal anomealics in concrete, Hotwever, these
ol are tine comsuming and, as soill be shown in this poper, Hie trodi-
fowal techmigrios often fail to detect honmgcorbs, clnsed crecks it swlf
avamaties. fn this paper the patential of the femb waee teclinique (o defect
those anonalivs in large concrebe beams is inpestigafed. The kb wave
fechmigue s fotnd fo be relisble for detecting suclt anomalies.
Keymwaords: nondesiructive rwmq wltriesosie testing, concrete inspec-
Hom, Tifsliany infrastrniclure, lamd waoes.

INTRODUCTION

The cxistence of discontinuities in concrete structures is in-
evitabile due to the low tensile strength of conceste (Park and
Paulay, 1575). Invisible cracks in conerete create a major ditficulty
for monitoring these structures; that is, it is hard fo estimate the
proper time to repair, rehabilitate or strengthen the stroctures.
There is a growing newd, theretfore, for nondestructive testing
{NDT) techniques 1o assess the condition of concrete structures,
predict their future performance and manilor the repair provess.

[ spite of a number of NDT metheds with sophisticated tech-
nigues available today, very few techniques are applicable for in-
specting concrete structures efficiently. If applied properly, NDT
can make a significant contribution towards evaluating and moeni-
toring building safety as well as further developing construction
technulogy. In addition, the ability to determine the anomalies of
concrete structures i sify using NDT techniques is gaining popu-
larity. The technigues Lhal are currently used are primarily destrue-
tive and may require random coring, drilling or otherwise remosw-
ing part of the structure for testing. Some of the proposed NDT
teclmiques are also cumbersome and require sophisticated cyuip-
mertt. The technigue presented in this paper gives an eificient NDT
method to detecl inlernal damage in concrete structures,

NDT OF CONCRETE

[ spite of recent develnpiments in testing techniques and equip-
ment, the use of NDT for testing cancrete poses many difficulties.
Compared to NDT of metal and metal based materials, NDT of
concriete is a relatively immarure discipline. The heterogeneous na-
ture of conerete and the lack of a universally accepted technique for
the NLIT af conceete are two main reasons why concrele testing
technology lags behind that for structural metals,

Comerete is & multiphase material consisting of cnarse aggregate
comprising particles of more than 5 mm {0.2 in.} in diameter, fine
ageregate, sand and cement. The coarse granular structure, such as
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the relative concentration of the constituent particles, the degree of
compaction, the moisture content and the nature and amount of
anomalivs present, gives ose to o ligh degree of acoustic scattering
and, lherefore, attenuation. Tor this reason, testing s usually dong
at kilohertz frequency range. [n addition, the presence of steel rods
Eives rise to moere complications for testing of reinforeed concrete,

It is well knowen that there are existing codes or standards avail-
able te be used as guidelines for construction materials other than
cumerete, For instance, the American Socicty of Mechanica)l Engineers
(ASKME) code is commaondy used for construction of bolers and pres-
sune vessels, the American Petrolewnt Institute (AID code for con-
struction in e petroleum industry and the American Welding Sod-
ely (AWS) code for the construction of steel structures. In such cases,
the application of NLYL s well specified. Howewver, for civil eonstruc
tian involving concrete, there is no speeific code or standand current-
ly available that can be used as a guidelime for the selection and ap-
plication of suitable NI methods o for the acceptance and rejection
oriteria. Due to these facts, twe NDT communibe should have a wide
knowledge of NDT applications, so that the appropriate NIDT tech-
nique can be selected for use 0 a particular siluation.

Conerete experts have been interested in detecting intenal
anomalies and determining the properties of concrete by NEIT tech-
nigues for many decades and a number of NI techniques have
heen used for conerete testing, Flowever, the visual testing tech-
nique is still the most popular techiique. Kighty percent of anom-
alies in comerete are found by visual inspections (Bray and Stanley,
19971 Among mere advanced technigues, the ultrasonic pulse ve-
locity techiigque has beer standardized {(ASTM C397-83). Advan-
tagres and disadvantages of this technigue have been discussed by a
number of researchers (Schickert and Wiggenhauvser, 1993; Jons,
1962; Malhotra and Caring, 1991; Popovics, 1994). Impact echa is
alsa a popular ultrasonic technique for concrele Lesting (Krause et
al., 1995; Pessiki and Johnson, 1994; Sansalone and Strett, 1997),
Other NIDT techniques that have been used for concrsle testing in-
clude acoustic emission, thermographic imaging, ground penctrat-
ing radar, laser interferamutry, falling n—'uig]‘lt deflectometer and
laser profilomeler.

A BRIEF REVIEW OF LAMB WAVES

Lamb waves, also known as guided plate waves, are elastic siress
waves that are observed in plates. They are guided by the plate sur
face boundary, which acts as a waveguide. In other wonds, waves
that propagate in a plate and satisiy the plale boundary conditions at
both surfaces of the plate are knewn as lamb waves, There are an in-
finite number of lamb wave modes that could vibrate o plate, Differ-
ent lamb modes can be generaled by changing the signal {requency
ardd the incidena: angle of the transmitter. In a homogeneous plate
these modes can be classified into two main groups, sccording o the
direction of the particle displacement: symmelrical and antisymimet-
rical modes. The wave: velocity depends on the plabe thickness, the
frequency, the mode order and the material properticos.

Lamb waves propagate dispersively in the plane of the plake
through the entite cross section. Lamb waves can also be launched
in curved plates and pipes. Cylindrical lamb waves (or oylindrical-
ly guided waves) propagate along a pipe. This technology is being
exploited by investipators 1o detect anomalies in pipes (5ilk and
Bainton, 1979 Avioli, 1988; Rose of al., 1996 CGuo and Kundu, 1998;
Guo and Kundu, 20000
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Advantages of Using Lamb Waves

With the conventional ultrasonic methads mantioned above, the
area under interrogation at any instant is limited to the region covened
by the transducer. As a result, this method is very Hme corsuming be-
cause the ransducer must be placed over every point of the structure
thal is to be tusted. In contrast, the lamb wayve can be excited at one
point of the structure and can propagate over a wonsiderable distance
depuending on the wavelength, With the pitch calch arrangernent, a we-
ceiving transducer kept at a distance can pick up the propagating sig-
nals that contain informatdon about the integrity of the region between
the two transducers. Therefare, the lamb wave testing techmigue can
lest a comparatively large region in 3 short Gme.

‘I'he entire thickness of the plale can be inspected by different
lamb modis exciting different depths of the plate. From the mode
shapes (stress and displacement profiles across the plate thickness)
of individual lamb modes one can conclude which lamb mode
should be sensitive to what depth of the plate. This makes it possi-
ble 1o detect anomalics near the surface as well as those inside the
plate. Since each modve has its own mode shape, sensitivity of one
mode bo a specific anomaly at a depth will vary from that of anoth-
er mode that has a different mode shape,

Detection of anomalivs by conventional ultrasonic methods is
based on the principle of ultrasound being reflected or scattered by
the discontinuitics. Iherefore, the wavelength determines the
smallest size anomaly that can be detected by a certain signal. Small
anomalics are difficult to detect by signals of the low frequencics
used for concrote testing, The lamb wave methed is very promising
for detecting small anomalies because anomaly detection does not
depend unly on the refllection of the waves from discontinuities, but
on how the waves mitcract with them. This important interaction af-
fucts the vallage amplitude versus frequency Vi) curves in two

ways, The peak amplilude corresponding ko a particular mode may
change hecause of the presence of a discontinuity or there may be a
trequency shift of the peak amplitude. These were used by Mustafa
et al. {1996) to image dishonds in the tear strap in the pitch cateh
arrangement with the angle wedge transducers.

In summary, lamb wives ane used becavse they offer an im-
proved testing potential due 1o their multimode characteristics, sen-
sitivily to different types of discontinuilies, propagation over long
distances, guiding charscter that cnables them to tollow curvature
and reach hidden or buried parts and the capability of /1 site testing,

EXPERIMENTAL INVESTIGATION

Uncler this investigation: a number of specimens have been fab-
ricaled and tested by different lamb modes. The first step of lamb
wave testing is 10 produce lamb waves inside he specimen. To this
aim two transducers of 50 kHz resonance frequency are placed over
an anomaly free plate spedmen. The transmitter is excited by acon-
tinuous wave or tane burst signal. The generated signal s ampli-
fied and thenused for exciting the transmitter. The signal frequency
is continuously varied between 25 and 200 ki L, The receiving
transducer receives the signal after its propagation through the
specimen, The received signal amplitudye is then displayed on an
pscilloscope screen as a function of frequency. The gate position is
placed near the beginning of the received signal (the “gate”™ repre-
sents the fime window for the recsived sigmal used to generate the
Vifi curve). This is done to avold collecling signals after those are
reflected by other boundaries, Therefore, the carly part of the re-
ceived signal should be affected by the presence of the anomaly.
‘The experimental setup is similar to the one developed by Ghosh
and Kundu {1998} and Chosh et al. (1998} and is shown in Figure 1.

Kundu et al. {1996), Maslov and Kundu (1997} and Yang and
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Kurtdu (1995) investigated the neflected wave spectra for different
transmitter receiver specimen orientations, They have shown that
wher the transmitter and the recciver are positioned such that the
reflected energy is maximized or is very close to Lhe maximum,
then the reflected amplitude spectrum should have a shape similar
to that shown in Figure 2a or 2b. Signal amplitudes have been nor-
malized with respect to the maximum values. If no lamb waves are
gemerated in the specimen, the spectrum has no dips, as shown in
Figure 2a, However, dips are observed if lamb waves are generated,
as shown in Figure 2b. When the specimen is immersed in water,
the lamb wave energy is leaked inlo the water; (hat is why they are
also called Teaky lamb waves. When transducers are defocused, or
in other words, the transducers are moved closer to the specimen,
then the reflected amplitude spectrum changes its shape and mag-
nitude, Note that for the relative orientations of transducers and
plate shown in Figure 2b the teceiver reccives the direct ot spectral-
fy reflected signal; we call this position the focused pusition. 1f the
specimen moves closer to the transducers, as shown in Figare 2¢,
then the position is called defocused position. In this defocused po-
sition, peaks, instead of dips, are obscrved at the frequencies at
which lamb wavus are generated. Because of high defocusing, the
specularly refiected beam cannot reach the recelver but the leaky
lamb waves can. That is why we observe peaks in Figure 2c when
lamb waves are generated. The frequencies comresponding to the
lamb modes can be obtained from either the dips or peaks. The
larnb wave phase veloaty (Vonh can be obtained from Snell’s Law,

nh] ¥, =

whare
Voh = the lamb wave phase velocity
0w = the longitudinal wave speed in the couplant fluid (for
water it is equal to 149 km /s [08 mif sl
& = the angle of inclination of the ransducer, that is, the angle
between the vertical axis and the transducer axis.
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Different dips along the frequency axis are observed whoen the
transducer angle is changed because of the generation of different
larab modes. In this maner by monitoving the Lransducer angles
and dips of the reflected signal spoetriy, the lamib wave dispersion
curves can be experimentally gencrated. For testing a plate with
Jamb waves, the transducer angle (0 is sct by selecting a specific
lamb mode for testing, Then the transducer is placed and excited in
the tone burst mode

Finally, the signal fraquency is set at a valve corresponding to a
lamb mode of interest. The specimen is then inspected with this
transmitter receiver arrangement,

P- and 5-wave Speed Measurament in Concrete

Luring concrete testing, low trequency waves should be used o
decrease the attenuation of wave encrgy due (o scattering at the
mortar aggregate interfaces. I the wavelength of the propagating
wave is Jess than the maximum size of the agperegate, the aggregate
causes undesitable scattering of waves at mortar aggregate inter-
faces. As a result, a low frequency signal is needed for concretu test-
ing. For example, swlien the maximum aggregate sivze is 10 mim (.4
indip concrete and its P-wave speed is 4 kan fa (25l ) frequen-
cies Tower than 4/ 08 = 400 kHz should be nsed to reduce scatter-
ing and attenuation, The concrete appears homogeneous t the low
frequency waves [Sansalone and Carino, 1991).

The - and S-wave speeds in concrete can be measured vxperi-
mentally. The direct through fransmission muasurement was Lsesd
for determining the I-wave speed. The Swave speed was then ob-
tained using the expression of the S-wave speed in terms of the
["oisson's ralio and P-wave speed,

.
-2

a Vo=V =

@ i ! i 21—y

In our experiment the signal wavelengths for P-waves in the fre-
guency range between 53 and 116 kHz is belween 76 mm and 35
mnt (3 and 1.4 in.), that is, much larger than the aggregate sive of 10
mom ({4 1), For i lamb wave speed of 341 km /(3.4 mi/s), for the
transducer indination angle of 16 deyrees, the signal wavelength is
even larper, As a result, wave scattering at the interfaces between
the aggregate particles and martar is negligible. In addition. the
acoustic impedance of aggregate and that of the mortar ane very
close; this further reduces the scattering al the modar aggregale in-
terfiace.

Sample Prepardaticn

Two bypes of bearn specimens measuring 1 by (23 by 02 m {394
by 118 by 7.9 in.) with different types of anemalics in various loca-
tions were casl. Each type was cast in duplicate. Internal anomaly
geometry and location in the concrete beam are shown in Figure 3.
The specimens are denoted as specimens one and bwo. Specimen
one contained 1o anomaly on the left hand side. The signal from
this region is denated as the reference sigmal or anomaly free signal
On the right hand side, specimen one Included a honeyeomb
anomaly. Specimen two contains an acrylic inclusion and 4 crack on
the left and right hand sides, respectively. These conerete specimens
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Tabig 1 Progortions of concrete mix used to fabricate the bearms

Ingredient Amnunt [ngredient Deseripiion Mix Hatio
Cement 2953 ki (74 Thy) Levwe allali 11646
¥ater 0.5 kg (310 Tk 1075
Sand B245 kg (1377 1) Handard surface dry 0.348
ok TIHA kg (1606 1h) W) mm (0.4 in.} maximum size 0406
Water reducer 1.2 kgdm? (L7 b ) WRDA-64 .00
Total 179200 kg, (3951 Tb) Standard mix 1000
Table 2 Materiol properties of concrate cylinders

Material Properties Specimen 1 Specimen 2 Specimen 3

P-weave speed in km s (mi =) 4412 (2. 498) 406 {2523 403 {2504

Poission s ratio 02 n24 ns

S-wave speed In kmf= [(mi/ s} 240 (149 238 {1.48) 249155

Density in kyfm® (b i) 2195.0 (137) U601 (136] Z186.0 (136)

Young's twnlulus In kg Sme (o 77 250 = TOM 47T % 109

2.29 5 0% (4658w 10F) 245 107 (502 = 1079

did not have any reinforcernent. Proportions of mixes used o fabri-
cate the beams are surmmarized in lable 1. The maximum aggre-
gate size was 10 mm (04 in).

The concrefe beam specimens were cast in wood forms. Speci-
men one was filled in three layers, Each layer was vibrated with an
clectric vibrator, The simulated anomaly was placed on the right
hand side of the beam. When the first layer was vibrated, a plastic
cylinder 0,13 m (5 ind in diameter and .25 m (100} long was
placed and filled with only aggregates (same size apgrepates as the
concrete mix but without any mortar). Then the second layer of
comerete was placed and the plastic cylinder was removed after the
sccond layer hicd been vibrated. Tn this manner a honeycomb
anomaly zone was fabricated. Finally, the thied layer was cast and
vibrated,

Specimen two was cast in two layvers, The simulated cracks were
placed slightly above the midplane. Simulated anomaly positions
and types are summarized in Figure 3. The artificial crack was fab-
ricated by placing a watcr filted sealable bug measuring (.15 by 0.13
m {534 by 5.1 in ) inside the concrele. A (013 m by 0.25 m by 3 mm
{51 by 9.8 by 0.1 in) acrylic sheet was cast near the left end of the
gpecimen to represent an inclusion. After thi specimens were cast,
they were cured under plastic sheets 1o minimize moisture loss.
Twenty four hours after casting, the beams were stripped and wa-
tered at regular intervals for 28 days. While casting the two speci-
murts with internal anumalics, three more cvlinders were also east
In measure the concrels propertics, Concrete properties measured
from these three cvlinders by the standard 28 day compression tost
are showntin Tabie 2.

ViR Curve

Variation ol the received signal vollage as a function of the sig-
nal trequency is deneted as the ¥ curve, Changes in the Vi
curves are caused by the internal anomalivs, A number of Vif)
curves were generaled in the same region of the beams, keeping a
constant distance of (L2 m (7.9 1) between the transinitter and the
receiver to study the repratability of the eaperiment. When both the
trunsmitter and recelver anc located on the same surface of the con-
crete beamn (Figure 1), then generalized lamb waves propagate from
the transmitter to the reeciver. Vif) curves generated by the general-
ied lamb waves show good comsistency and sensitivity to disconti-
nutties. Similar Vif) curves generated by the conventional through
transmission lechnigue lack both consistency and sensitivity (o dis-
comtbinuities.

EXPERIMENTAL RESULTS

Through Transmission Technigque

Vi) curves generated by the conventional through transmission
technique are shown in Figure 4. These curves are gencrated by
placing the transmitter and the receiver on the top and botae sur-
faces of the specimens shown in Hgure 3. 1ence, the transducers
are placed 0.3 m (12 in.} apart facing cach other and the specimen is

(a} 2 60 100 140
200 e

150 -

i =100

b} 20 gy flkHz) 10 140

Figure 4 — Voltoge versns frequency curves geneeated by the
conventionad treugh transsission teelavigue for (a) specimen one and
(D} spweeimen tww. Signats froa the aiommaly free zone are shuron by thin
tings fr bofls, Sigrnls frovs the hosreyemnb 2one are shuwen by Brick fines
i1 (ark; signals frone the zone contiining the fclsion ave shot by fhe
costfimtions Hifck fines in (h) and the dotted Inies represent the sigrats
frant ihe cracked zone,

in between the two transducers, A thin film of petreleum jelly was
used over the conlact area between the transducers and the speci-
men, Figures 4a and 4b show some difference between the Vi)
curves generated by the defective and nondefective zones. Howev-
vg the curves are not consistent and the difference is not very clear
Omly the eracked zone gives a noticeably weaker signal than the
anomaly free zone {Figure 4b). Signals from the zones containing
the honeycomb and the inclusion anomalics are very close to those
from the anomaly free region.

Lomb Wave Technigque

The Vifi curves generated by the genetalized rayleigh-tamb
waves are shonn in Figures 5, 6 and 7 for both defective and non-
defective zones. {Ine can see the noticeable difference between the
Vi curves from the defective and defect free zones, unlike the Vi)
curves of Figure 4, obtained from the through transmission testing,

Expernmental Resulls for Specimen One

Vif} curves for both anomaly free and honeycombs regions of
specimen one are shown in Figure 5. The transducers were in-
clined at an angle of 16 degress. This inclination angle corre-
sponds ta 8 phase velocity of 541 km/s (3.4 mi/s [see Equation
11). The: ¥1f) curve for the 16 degree angle of incidence was gener-
ated several times to study the consistency of the wsults, Twa
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strong distinguishing peaks are observed, one near 33 kHz and the
one near 116 kI b The wavelengths corresponding to these two
lamb modes are (L1 m and 47 mm (3.2 and 1.9 in.) respectively.
Clearly the maximum aggregate size of 10 mm (1.4 in} is much
smnaller than the wavelength. More peaks near 79, 145, 160, 180, 200
and 28 kHz arc also observed in the Vif) plot, however, these peaks
arc much weaker than the peaks at 53 and 116 kHz.

Fower and wesker peaks are observed over the honeycomb re-
gion. rominent peaks are again noticed at 53 and 116 k112 Weaker
praks are observed near 80 and 160 kHz. This comparison of Vi
curves clearly shows that the amplitudes of the signal are signifi-
cantly reduced by the existenoe of the heneyeomb inside the speci-
men. However, the positions of the praminent peaks woere not
changed by the presence of the honeycomb, The reason behind the
amplitude reduction is that the penerated lamb waves cannod trav-
ol through the air gaps present in the honeycomb zone.

These results are similar to Jones's (1962) observation of longitu-
dinal wave propagation in conerete: that although quite large inter-
nal voids may produce relatively small decreases in the effective
pulse velocily, they obsiruct the direct enerey and cause a consider-
able reduction in the amplitude of the received palse. It is {or this
reason that even an approximate measure of the amplitude of the
received pulse s often of value in deteching the presence of voids.

Expeimental Resulls for Specimen Two

For specimen twa, lwo prominent peaks near 53 and 116 kT 1
are observed and shown in Figure 6. These peak positions are iden-
tical to those for specimen one. Weaker peaks are observed near 28,
79,96, 150 and 172 kHz. The positions ot the prominent peaks do
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Figiere & — Wiy vurves ooer the nomdefective zose (confingous): region
vontgimimg e gerglic incliesion (dotted), and the cracked region
fdazined).
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not change in the presence of discontinuities, but their amplitudes
do. Another signiticant observation in this figure 15 that the crack
gives w greater change in amplitude than the acrylic inclusion. The
crack also gave a larger change of Vif! in the through transmission
testing (Figure 4b).

Itis interesting to note Lhat the peak near 79 kHze is strongest for
the acrylic inclusion, weak but detectable for the hemeycomb incu-
sian and almost nonexistent for the erack. 11 should be also noted
here that while discontinuities reduce the strength of most lamb
rmodes, peak values corresponding to few other modes in fact in-
crease in the presence of discontinuities, indicating that the geome-
try changes due to the presence of discontinuitivs kelp the propaga-
tion of some lamb modes.

VN Curves for the Nommal Incidence

The purpose of this testing is to show how an inclined transdue-
er position can significantly improve Lhe tamb wave testing, This
testing was carried out in the anomaly free and honeyoomlr zones
of specimen one using both water and petroleum jelly as the cou-
pling medium. e experiment was repeated several fimes to see
the consistency of the experimental results,

Nemnal Incidence with Water Coupling

Conerated Vi) curves are shown in Figare 7, Only one promi-
nent peak near 53 kHz is vbserved. The peak amplitude is signifi-
cantly affected by the existence of The honcycomb anomaly,

Nomnal Incidence with Petroleum Jelly Coupling

Figures 8 shows Vif) curves over honeyeomb and anomaly
free zomes when petroleurn jelly is used as the couplant. The ex-
pariments were carricd out several times. Clearly, the difference

S o n u
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Figrire 7 — V) carzes for trassdnicers placed moemmal to Hie 2pceiaten
sierface weith waler weed ms Bie conphot; the cortintuons courmes sigify
Hie anomaly free zome, He deshed curoe represeits the hoveyoomb zone.
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Fignire § — VI curves over The nondefectioe zone {combinuais curves)
and honeycoh zone (dotted ciroes) when te tansducers are i diveet
comlact with Hw specirten. Petroleum felly is used as the cowplant,
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betwoen the Vi curves for defective and nondefective zones are
niuch less prominent in this case, This is due to the fact that the ap-
plivd prissure bebween Lhe transducer and the specimen afiects the
received voltage amplitude when petroleum jelly is used as the
couplant. This is et the case for water coupling. As a result, Auctu-
ations in the peak amplitude value are considerably greater when
petraleum jelly was used as the coupling agent.

CONCLUSION

The main objective of this investigation was to study if lamb
waves can detect intermal amemalics in large concrete beams, The
experimental results show that it is possible to detect such anom-
alies. Three types of anomalies — honeycombs, acrvlic inclusions
and cracks — have been successfully detecled by the Jamb wave
technique, Superionily of the lamb wave technigue over the con-
ventional ultrasonic technique has been also demonstrated,

It is also shonwn that weater coupling gives beller results than pe-
troleum jelly coupling and that the inclined transducer position is
more efficient than the vertical position.
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