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UltraBApphdcations in the Safety Assessme

The safety assessmenvolbYescomegelta&r sitmauge atr

evaluatentdhei omalofcthe structure. A concret
cracking whenever t he devel oped tensil e :
proe®mgs structur al |l oads surpass the tensi
While some <cracks maoyt hemlsy mafyf eichhp aa @& s t thhee
durability and serviceability of the <conc
cracking, nondestructive techniques (NDT)
stress wave propagation methods such as ul
evaluastrackheg process in aTkiosvpapent and
di scusses the application of ultrasound tc
structures subjected tlon cpraarctkiicnugl aof il afk ¢
shrinkage cracki mg tan de ptolxey owvrea ek erveapg asiart e d
ultrasound. Ultrasound energy parameters \
plastic shrinkage cracking in smal/l mortar
condiTthheonusl.t rasonic diffusibobenmeahodswas ev
to verify the epoxy filling of surface c¢ra
the already wi dei m awdlietcrroafs oapmpl iccaant i boen su s e d
evaetutahe dfntcegnrcdrteyt e structures.

Keyworldg:r asound, nogde smarviec t p v ea Rted tris |,
repair, di ffuse ultrasound

Il ntroducti on

Quality control, structur al evaluation,
have become i mportant i ssues i mMThehe cons
safety assesetsmentinf ohstcroubodra&irhe subjfems ba
wor | dwi dosv esrt utdhe | ast few decades, since

already reached or are close to reaching
The use of stress wave pr ospagmd i ®fn tmed h

NDT met hods wused in the Wintspesdumda alfl cws
indirectly estimate concrete mechanical
presence of internal flaws. Uswually, the

parameter applied in thdBungpgctiton adf @
UPV hasisbdemn the vusgiufadi miatii e wift miom t
member through u(Peabkoni anitio Mtohged aRPiIlM@t i
of t hef dewpnfhacoe ¢Pentog etarsa@kesl | 2@&@E0)i,n ot
appl i .Hotwieorrey there are other | esser wuse
more sensitive t-bomdgegenperietsieenscei nofa nomnct
Enedbgyped parametaerd oamd parhbeeters have Db
assess con(cSeuza iaamdcegRiintyo 2020) .
Recemnmthley di ffuse wultrasound method has

assesscamal damage in the concrete microst
by tohmemoao UPV (Mmeé&ahgdet. al . 2049i9nceLandi s
concr ehteed eirog@neowhematudrtiralsound is used
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with wavelengths close to the size of the

the ultrasosndepaae eslufrfed | ecti ons. As a r
occUihas, the displacement field of the ult
spati al correlation to the incident wave,
this displ anebendeddreiltdedcaby t hwehidcihf fusi on
yi etlthdes di ffuse wultrasound praadaede taerrs vafl di
ti me of the MBerrmomMmBOA6)gegmmosd rasoni c
parameters have s hsoewsns igirge acto njgglrtelt pet itidnlet eigmr i ¢
ultrasonic diffusivity is related to the
ultrasonic intensity is transferred in th
related to |linear eneeiqyy ltdhes vinscloaniasmsg c
of the materi al

This papeomperseusieenst sof an ongowindge i nvest:i
applicuwlttirormsodnd to assess the integrity o
cracKemng, the foctuison sofonultthreasagpwnd ctao eval
of plastic s&amdnklhgecrcaak ki nbHrienvgi opursoc e s s
works wused ultrasound to estimate the dept
al. 2010), to eval ufaitlel itrnhge perfd ceecd u rveesn e(s$0 wz
2020 to improve ultrasoudh@)lg otmogewaplhyat(e etr
stiffness | oss of reinforced concrete bear
Pi n2002,1 among other applications.

Firstl yr,k tdiisscuw® ese rbghye e du s p aorbd med eer s

ultrasonitco wawealfwatme the extent of mortar
subjected to pl adheitravel pathrof ankulragaic mulsea c ki n g .
suffers deviation in the presence of bigmuniformities, such as honeycombs,

leading to smaller apparent pulse velocities as compared to a travel path in a sound
material. However, the same effect may not be expected when small cracks are

present. The variation on UPV in such cases is much esmnalking mainly

dependent on the degree of cracking. Thus, the observed variations may not

surpass the variations expected due to the heterogeneous nature of concrete. On

the other hand, it is well recognized that cracking leads to an attenuation of the
ultrasonic signal (Fernando and Suares 1$Rileck et.al. 1998 Shiotani and

Aggelis 2009) and thus, other waveform parameters may be more sensitive to a
discontinuity in the travel propagation path. This research explores other stress

wave parameters bigles UPV, such as group velocity and energy associated
parameters, and their relationship to the extent of small and randomly distributed

cracks such as plastic shrinkage ones.

Secon dtdeiyf, f us e meltttiwaeds owas @ distsee ssr ack f il |l in
pr ocedur e .Svurtfhacecep oxpyeni ng cracks with wvarioc
i n concretOercepdedhiemenrsa.ck has been fully fil
t he ultrasound transmclsa mgwhssth dulfd ube re
ultrasoundtdpafametvet gdreadrirsisviaplattiioome of maxi
enefAYME). Thus, these difdudedpamagmevti & hs
epoXksecond application vwhildhwtshe agpmelviimalts
of t he ul t r arsectuhnodd dwiafsf usuooaessfully used
devel opment of <cracking in d@&@hetdwstsurodl b ¢
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tiffness was directly related to changes
Tinoco and Pinto, 2021) .

The wultrasonnee taiegpateeddh st hose associ al
wavefaortmhe diffuseoe wmbillkeodio assess con
associated s$shbhowuhtgrkim@and can be a powerf
I ntegrity of cracked concrete structures.

s
(

Ultrasowmn Concrete
Ul tr aeeenPpg amet er s

From a typically ultrasonic waveform, s
could obtain some characteritdtei ualpacsoat €
pul se WwePIocigrpyug (Y @lndc isbaymeer energy rel
parameters.

The UPV is the most common wused par ame
evaluate a concrete structure. I n order
i nformation about the waveyotrom, maasprestei
el apsed propagation time between two tra
Portable ultrasound equi pment, wi del y ave
this value in an ultrasound reading.

FigumTepiUtddalrasoni c Waveform

El apsed 1
calcul at pul s
vel ocity

—1 Mmﬂﬂhwaﬂ, I\Mﬂ
i

I~

v L

Maxi mu.
ampl i

El apsed time to cal‘(i"Sign

Q)

The group velocity can be considered as
part of the ®®hengw propp®@gotfeswaves advanc
media, the velocity of the gr o(uGr aifsf ,I ess
1991)lt dxnul beéedafrom the waveform signal
ma x i mum g nephliiott uadhe R Gagha) A

The quantification of the energy of the
area wunder the rectified signalidbof the \
(Shiotani and Agaglel .5929D)0 9; Hauwert et
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O |  vos D 1)
where:
A(t) - signal amplitude in time t;
ti - end of time window fixed in the experiments.

The accumulated waveform energy can thus be obtained up to a certain time t
previously fixed.This time could be the one aftwhich there is no significant
oscillation or any another threshold time before which the major part of energy has
occurred.

However, the applied pressure to thigasoundtransducers has a profound
effect on the waveform amplitudes, and thus on theggnealue calculated by
Equationl. Therefore, energy parameters that do not rely solely on the absolute
values of amplitudes recorded but rather on normalized amplitude values are
desired.Aggelis and Philippidis (2004) introduced the center time peai&m
calculated as the time centroid of the waveform, as showruatigg 2

. s s
o — 2
. S 8 2)

where:

tc - center time

Similarly, one could calculate the time that a certain percentage of the
accumulated energllas been propagatebh this study,tzs, tsp and tzs which
correspondents to the times at which 25%, 50% and 75% of total energy have
propagated were exploredccording to Equation. RRecently, Bressan aal.
(2023)used the time pameters of;g andtys to characterize the settifgghavior
of concrete.

W — (3)

where:
X - 25%, 50% or 75% in this study.

DiffuseUltrasoundMethod

An ultrasonic wavefield in concrete can be regarded as the sum of a coherent
ballistic field, and an incoherent diffagield. The diffuse field occurs due to the
heterogeneous nataaws bosf uclotnrcarseotnei,c whaivceh
st r ongl yBallstc theéotieg give atcurate results when low frequencies are
used, since wavelengths are greater thasiieeof scatterdlowever, when high
frequencies are used, and wavelengths are close to the size of scatters, a strong
scattering regime occurs which is better modeled by the diffusion approximation
(Beckeret. al.2003).

The diffusivenaturecan be undstood as a continuous stochastic process in
time. A system is described by a stochastic process when the system variables are
considered random. Such randomness arises from external or internal sources,
whose bbavior is not completely knowhhe diffusionequation is a mathematical
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tool that deals with these systems that are the result of many and small
disturbances, each of which generates changes in the system variables in an
unpredictable way (&stro 2013

As an approxi mati on, isnonoer daesrs utnopte Dtnasb |
energy diffusion equation for ultrasoni c
scatterers are randomly distributed. Sec
el alstmear, i .e., there isonotbkhangél ented
the transmitted waves, with no energy | o0s
the medium is isotropic, which means that
i n all cdird@di e 2 q D4

This dispersion processauses the energy of elastic waves to propagate in
directions that do not coincide with the incident wave. Thus, the diffuse method
assumes that, after successive scattering events, the spectral energy density of an
ultrasonic wave field can be describedths diffusion equation. This diffuse field
is spatially and temporarily incoherent with the incident signal and the variables
are considered randonithe diffusion theory can account for the random
distribution of microcracks.

The diffusion equation in anedium is given by @&econdorder parabolic
partial differential equatianThis equation represerttse spectral energy density
(energy per frequency, per volunef an ultrasonic wave field over time, as
shown in Equatiod (We av er a,ndl W&y 98 8)

& »hh &

O 00 QG , G0 WOTQE O »ORQH »v 1 ( 4)
wh e:r e

E(rtfla-t he spectral energy ddamsdty fpreequaendy
), at a point bs medihfei e rHrK pthh & omad tno r
Pr,t,)-t he spectral energy density of the so
D-di ffusshity [ m

0-di ssi patli.on rate [s

Both the diffusi on(D)manrda nieitsessiiSmad & oai f f u s
frequency Widielpbendéntr. asoniicr ecitfl fyu srievliatye di st
concrete mi cdeosdrriultitrug e how qui ckly t he
transferredliam tshe2@dtRéerrioslee( Mi ssi pati on

to energy | osgsavi®ec8hani sThse (dW sdiapgatdi dm r a
the viscoelastic prugpetrdtaales ®2O00Lhe materi
From the energy c4rvaeegicoenh dbybEquatit dr

r
of t he max(AMmMEa neontehregry we |l | usemetdialf.usi on
207l uQvigkonleéthet 2a011.2,

When wultrasonic tests are performed wi
i ffusion parameters, Cc artea nscheo ud edt weee nt a kr
raregdhhe¢ s di stance should be greater t he
corresponds to the mini mueendi gy apcepagatis
randbumnerWe awldr) 4 The mecaann fbree ee sptatnhat ed
Equat(i®get 5al .e alVB&D%8 ) W

d
t
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L* =3D/Ve (5)
wher e:
L*-mean ffeg; path
Ve -avernwadeadi twhi ch enefmgisis transported

Usual bypuph@gli easkedy as Wlid®geeb®8OELl Yy
SchriemeOra7et al

Assessment of Extent of Plastic Shrinkage Crackingith Ultrasound
Materialedand Met h

Two concrete and two mortar thin slabs of 600 x 950 x 40 mm of dimensions
were produced in the laboratoryhe slabs were cured differently in order to
induce plastic shrinkage cracking in one concrete and one mortar slab. The
experimental program wabased on the ones given Kgaai (1985) Ma et. al.

(2004) and Pelisseet.al. (2010)

In the confection of the wooden molds, while the bottom was sealed with
varnish, the sides were covered with a polyethylene film. Thus, water could only
evaporate fm the slab surface. Steel angles of 35 x 20 x 20 mm of size and 2.65
mm thickness were used to restrain the slab edges, and thus preventing any
substantial movement. All these measures were taken to facilitate cracking. These
steel angles were fixed onretbottom of the molds in pairs spaced at around 130
mm along the perimeter, as can be seen in FRjure

Figuweo@en molds with steel angl es

Concrete and mortar mixture proportions are presented in Table 1. A
Brazilian composite cement with pozzoladdition up to 14% in mass, ASTM C
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33 natural fine aggregate and coarse aggregate with maximum aggregate size of
9.5 mm were chosen.

TablMi xXit ure proportions, i n mass
‘ . coar s
cemen| fine adg w/ C
9 aggreg
concret 1 1. 26 1.96 0.51
mortar 1 15 - 0.47

The two concrete and the two mortar thin slabs were castamaalusly from
the same mixe®\ vibrating table was used to consolidate all sla&r casting,
one concrete slab and one mortar slab were cured in the laboratory at an average
temperature of 2 and average relative humidity ranging from 40% to 65%. A
film of water was applied on the surface of both slabs during seven days after
which the slabs were left at laboratory conditions.
The other concrete arna 4uwhle] eodtheed tnordmwi

conditthiaansf avored pl atsmmedisatreihkagétter abk
these slabs wehape  nweodend  mnmeldfof 500 X
size and 140At monefenengt ht hampsnwelb e fo
placed in fronAn o80W QiOrO0W lhaeratfean wi th 4
all owed the heated ai r3ptrcece sfelnave itrhsei deex ptelrd
arrangement. The other end of the tunnel
to guarantee that only heated air could
The rate of water evaporation was measur €
with concrete or mortar wial Bodipmaceidomn$ s
the tlunaetler to ensure the occurrence of
sl ab remained in the tunnel for four hour
after which they were | eft at | aboratory
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Fi guweo@aamuneed tBlI amduceShrinkage Cracking
Air f

tyheat plastic

| amps

© @@ fan
/L

N plasomtcai ner

sl ab

Therhnyogr omet er

Air temperature, as well as concrete and
humi dity were al/l measured with proper equ
readings varied accor de negquiop ntemd dingdt atnhcee
Tab2pa esents a summary of the readings obt.
was of thé&méhdet osk 2t.lddmbB@Mf away ammdom t he
fan.

TablW RBpeed, TamRel at uv @ nHu ied itthya e |

. | Concrete Mortar

Di stanc -

fan (mm)temper re_Ia.t temper|rel ati vg
(°C) humi di t (°C) ( %)

400 50. 4 25. 5 48.0 25. 7

800 41. 8 35. 6 44.9 24. 0

The measured rate of water ev@adoration
kgffth whereas of the mo7tar RBilpiomssltalke was
obtained cracking pattern for the concret
identification of the principal cracks.
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Fi guPaetdern of plasticosbrmneatlé& amlescmracki ng

a) concrete sl ab

In all four slabs, ultrasound tests were performed along the smallest
dimension of 600 mm. Through transmission testing usieglépth of the slabs
was used to evaluate the whole specinénpoints per slab were selected. The
location of each point was carefully chosen in order to prevent the steel angles to
interfere with the ultrasound readings. Figbrehows the location ahe points
where ultrasonic tests were performed. Two 20 mm diameter transducers of 200
kHz were used. A layer of ultrasound gels applied between the sensors and the
specimen to ensure acoustic couplifigne input signal was a shattiration high
voltage pulse (500 V, 2.5 md)he propagated signal was recorded at a sampling
rate of 2 MHz during 1.6 ms, with a total of 3,200 data poftsund 10 readings
per point were carried out. All readings were performed 30 days after the thin
slabs were cast.

Figure 5. Location of Ultrasound Reading points
__m Wh O E O m mm

T T N N e
1to4 5to8 9tol2 13tol16 17to020

Resul ts

Figures6 to 9 present some of the acquired waveforms for the mortar and
concrete slabg.he waveforms of Figuré were obtained from one of the readings
on points 4and 18 of the mortar slaiot subjected to plastic shrinkage cracking,
while the ones of Figurécame from one of the readings on the same points of the
mortar slab subjected to plastic shrinkage crackBigilarly, Figures8 and 9
present waveforms obtained from readings omtpa? and 12 for the concrete
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slabs. These readings were randomly chosen.

FigeMWwaveform
to

subjected
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250 -
0 -
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Fi gB8wWwavefo

r
subjected t pl astic shrinkage cracki

Amplitude (V)
o

VRS
S &
S S

Time (s)

t
h
S

Amplitude (V)
o

-500 .
Time (s)

Fig@maveform from one readingtenspabnts

subjected to plastic shrinkage cracki

500
250
0
-250
-500

Amplitude (V)

500 ~
250 -

-250
-500 -

[ ' 0.0016

Amplitude (V)
o

Time (s)

From each reading, the waveform was acquired, and the pulse velocity, the
group velocity, and energy parameters given by the waveform were calculated.
The energy parameters chosen were the center tigheand the times
correspondent to propagation of 25%, 50% and 75% of total emgrdys andt;s

11

m from one reading on points
0

ng

ng

2
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respectively. Equations 2 and 3 were used to calculate such parameters. The
obtained values were averaged per point.

In order to desbehbei pt asti thehthnkhagteab
the randomness nature of such cracks, all/l
for each ofwetrbkbeag@Qi poadtberagpdd apeedsrabul t
presented in TahkecdegtbogaethbnoWwbotheach wa
paramet er.

TablFi mal waveform parameters obtained for
Waveform coef fi
sl ab average :
par amet er vari al
sound co 4108 0. 7%
pulse vel cracked 3902 1. 4%
sound amgd 3586 1. 3%
cracked 3205 16. 3%
sound co 2712 10. 9%
group vel cracked 1653 18. 7%
sound mg 2849 9. 1%
cracked 1638 27 . 4%
sound co 574. 1 2. 5%
te cracked 667. 7 4. 8%
ns sound mg 45 1.5 3.0%
cracked 619. 3 10. 2%
sound co 323.5 4. 7%
t2s cracked 404.0 7. 6%
ns sound mg 287 .9 2. 6%
cracked 388. 4 12. 8%
sound co 489. 2 4. 0%
t5 o cracked 595. 8 6. 6%
ns sound mg 378. 4 3.3%
cracked 529.5 13. 1%
sound <co 731.1 5. 7%
t7 s cracked 869. 5 4. 7%
ns sound mg 524. 8 4. 5%
cracked 784.0 11. 9%

Di scussi on

Plastic shrinkage cracks did affect the ultrasonic waveform, as can be seen in
Figures6 to 9. There was an observed reduction on the amplitude signals for the
cracked mortar and concrete slabs as compared to the slabs not subjected to
cracking. This amplitude reduction was more pronounced on the waveforms
obtained from the mortar slabs, espégiat earlier times, thus at the beginning of
the ultrasonic waveform.

12
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Some of the waveforms in Figurésto 9 show signal saturation at 500V,
which could affect the energy parameters given by Equations 2 &ahv@ver,
saturation occurred only in a sineange of dataSince 3,200 data points were
acquired for each waveform, it was considered that signal saturationotdid
influence on the results.

The mean values of the waveform parameters for each of the 20 points per
slab were averaged and preseritediable 3.It can be observed that the velocity
parameters had their average value decreased in the slabs subjected to plastic
shrinkage. On the other hand, the center time parameter and the times at which
25%, 50% and 75% of the energy has propagamdased for the cracked slabs,
indicating that there was a delay on the propagation of the major part of energy.

Figures D and 1 present the mean values of the waveform parameters
normalized to the ones obtained for the slabs not subjected to plastagh.A
vertical bar representing one standard deviation variation from the mean values are
also presented. It can be observed that while the average UPV value decreased
only 5% for the cracked concrete slab and around 10% for the cracked mortar slab,
the group velocity showed a better sensitivity, since a decrease of around 40% was
observed in both concrete and mortar slelesvever, this latter parameter showed
a high variability.

Fi guwrveallues of normalized waveform par amet

Pcracke d/ Psound

1.6

T Osound concrete
1.4 +
T Ocracked concrete
12 + _} {' ‘I’
1 T T T T T
[ = l 35 1 i
0.8 +
0.6
0.4
0.2
0
UPV Ve te tys t50 trs

As far as the energy parameters are concerned, all four pararhetesdso
andtzs) showed to be more sensitive to cracking than the WRY¥As observed an
increase of more than 35% of their value for the mortar Blaithe concrete slab,
tos and tso showed to be more sensitive to cracking tharsince their value
increased more than 20%.

Figure 11 shows that due to the severe observed cracking in the mortar slabs,
the obtained reduction of UPV values (around 10%) was not enough to
compemsate for the high variability of the data, and therefore such parameter was
not able to recognize the extensive cracking suffered by the mortar slab.

13
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FigurVvmllues of normalized waveform paramet e
Pcracked/Psound
1.8
T Osound mortar T

1.6

+ [Ocracked mortar
14 + %

Sl

UPV \Y t. tys tso trs

From the above discussion,cian be noticed that only relying on the UPV
would not guarantee to infer plastic shrinkage cracking, even though such
parameter is the most common one in ultrasound applications for concrete
materials. Among the waveform parameters investigated heresaiine \gelocity
and the energy parameters were much more prone to indicate plastic shrinkage
cracking.

This statement is justified by the significant lower amplitude signal values
obtained at initial times associated with a delay in time of the observethumaxi
amplitude for the cracked slabs, as can be seen in Fi§ue$S. The energy
parameters were the ones that showed a better potential to be used to monitor
cracking since their variability were lower than the one observed for the group
velocity.

Ewl uatS$wmf aode FRapmikimtgr aBiofnficsi on Met hod
Materials and Met hods

Three concrete prisms withof@mm ficial.l
thickness and depths of 50 mm, |7A8 tmam, 100
repai reepdofxwi.fThheg pri sms were 800 mm in | engt
300 in heightwas Ui s ntglded n@etamyp bod esti mat i
actual crack depth accordinrgal2@1 @ met hod p

Concrete proportions apFesented in Tabke A Brazilian composite cement
with pozzolan addition up to 14% in mass, ASTM C 33 natural fine aggregate and
coarse aggregate with maximum aggregate size of 19.0 mm were chdsen.
compressive strength at 28 days reached 20 MPa.

y

14
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Tab#WAB®i xture proportions, in mass
cement fine agg coarse ag w/ c
1 2.16 2. 43 0.53

The cracks wewmeaaedr fiihegafltodyl owi ng proc
A3mmpl ate was pliadcedpeciditedeng casting; é
appirmxtselxy hours, the plate wawags etmowsd, é
for melel trasound weerassupemént med on the ¢
spec,amem®r b e&ifin galrlofiwmitteglamd samtedbeh ssamef ace
|l evel of c¢caoandelri daetiaoms of the experi ment
Souaad Ri0ORtOo,

After 28 daysgidfude astli wa,vel wirtams2Q@cer s
mmdi ameter were placed 100 mm equidistan
center of tme tsampl @, staade between trar
Fourteen wultrasonic mektdire menndtisr ewer emop e
transmmrsdsiaanp, i ng freqNerlty o a2k sMHzer e t |
complfeitlellgd with epoxy. ld&Aysernawculi mas q
measurements were performed following the

The chosen 200 kHz transducer frequency and 200 mm distance between
transducers were suitable to the application of the diffusion ultrasound method.
Considering a BV of around 800 m/s, the resultant 20 mm wavelength is of the
order of the coarse aggregaiso, considering common values of group velocity
of 2500 m/s, and diffusivity of 25 78", the resultant mean free path of around 3
cm is smaller than the traduces distance.

A MATLAB code was i mplemented to proces
experimentally. The procedure for obtain
density from a signal measured in the tim
freqaermadwysi s, associated with a fit bet we
curves and theThemapyocedlr soilatfohly desc
PintoFo202i ng thadisf fpwmarcamleutreer,s B f di ffus
di ssi(panhAlTomer e gat hered from each wavefor

Resul ts

Fi gBsebhotvs the approxi mation of the spec
with tmmer a6&mi | ar curves were fTohuend f or t
di f fuse opfardainfeftiegiesstvi oy, r @it ®rseacnodv eATeME fwea ne
the bestthfriotugburtvhe Mat.lThAkRseopar damerecéope
presentedoirnaTdblispexi mehoesadblef epaitehmg af t e
epoxy.

15



1

g b~ wnN

14
15

16
17
18

2058 A3 TEI V23 MAY 2023

FigurSepelctral enef@y-nb®@giatcyk csyprewd sme n
2 T T T i 2 T T T T

T <& T <e>
Limiar | [ Limiar | ]
<E> <E>
O ATME | O ATME |
i , FeLEg
g %@zg@%- Bt S
14 -14
0 1 2 3 4 5 0 1 2 3 4 5
Time (ms) Time (ms)
a)empty crack byrrack filled with epox
Tab3 D ffusi onacpcaocradmentgertso crack filling
Croack Di f fusi Di ssi pat AT ME
() (fhs) (_nif (Os)
befq aftqg befo aft| befo afté
50 17. 22.6 535 5.78 243.] 201
75 13. 26. 6 655 516 264. 191
100 15. 24 . 7 3 80| 469 303 208

Fi gwWrshoivs the wultrasonic signal t hat ge
rel at esdp etca rtaHe ener gy d2armsd ttyh es hoopverc tirna lF i egn
density curve obt Dilmedrfieomdt ieomart bmeta@Pps
Both curves were normalized for a better
envel ope.

Fi gudrNeorimaé mergy denfsart-pwmC@vadlopepeci men

— Ultrasonic —Ultrasonic signal

o —signal _Adjust <>
e} ()
2 E
= =

Q.
g S
©
& g
(_ﬁ E—]
E £
O —
2 2

Time (ms) Time (ms)
a) empty crackh) crack filled with enp

16



