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TeXHNYECKNI KOHTPOb MpU 3KCMIyaTalMm TONCTOCTEHHbIX GETOHHbIX
KOHCTPYKLWI

J1. MeunHkaa C. MopaBkab

a VIHcTUTYT afepHbIX uccnefoBaHuit, Pes, Uexus

6 WccnepoBaTenbCKMil LIEHTP HOBbIX TEXHOMOIWiA, 3anagHo-boremckuiA yHUBEpPCUTET,
[nb3eHb, Yexus

OCHOBHbIMY Npo6ieMaMm SepHOI 3HepreTUKM SBASKOTCA KOHTPOMb NnpoLecca cTapeHnst 1 Bo306-
HOB/IEHME OMepaLyOHHbIX JIMLEH3WIA CyLLLECTBYIOLLMX aTOMHbIX CTaHUMii. B kKauecTBe Havbornee
NPYOPUTETHOr0 HanpaBneHUss KOHTPOsA npolecca CTapeHWs 6eTOHHbIX KOHCTPYKUMA MCMofb-
3yl0TCA Tak HasbiBaemble I1SI-meToabl AN >Kene3obe TOHHbIX TONCTOCTEHHbIX KOHCTPYKUMIA C
HefOCTYNHLIMU A1 OCMOTpa yyacTkaMmu. Obcy>KaeTCcs HayuyHo-Uccne[oBaTeNbCKas NporpaMmMa
B 3TON 06MacTy, a Tak>Ke HEKOTOpble pe3ynbTaThbl, WUCMO/b3yeMble B KBIMPUKALUOHHOM
aHanuse 1S1-meT0/0B.

Knto yueBbl e cCnoBa: ynpasneHune npouyeccowm cTapeHnws, 6eTOHHB e KOHCTpPYKLULMUMU,

MeTop 3XO0-ypgapa, BONHOBOIW MNpouecc, apmMMuUpoBaHHSB € CTepX HNW, NyCcTOoOTbH , Ha-
KNOHHSB € Tpeuw MHB , 06pasyb AN8 UCHb TaHUI.
Introduction. A geing m anagem ent and renew al of the operating license of

existing nuclear power plants (N PP) are at present the m ain problem s of nuclear
power industry. For the ageing m anagementofconcrete structures O ECD -N uclear
Energy A gency, the Committee on the Safety of N uclear Installations (C SN 1),
Principal W orking G roup “Integrity and A geing,” subgroup “A geing of Concrete
Structures” review ed national and international activities in this area including the
relevant activities of other international agencies. A proposal for a CSN I program
of workshops was developed to address specific technical issues, w hich were
subdivided by O ECD-NEA task group into three levels of priority:
First Priority:
loss of pre-stressing force of post-tensioned concrete structures;
1S1 techniques for reinforced concrete structures having thick sections and
areas not directly accessible for inspections.
Second Priority:
viability of development of a perform ance based database;

response of degraded structures (including FEM techniques).
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Third Priority:

- instrum entation and m onitoring;

- repair methods;

- criteria for condition assessm ent.

C haracteristics of safety related concrete structures (in particular thickness of

sections, congested rei

forcem ent and restricted access) lim it the application of
N D E technigues. Q uantification o f these lim itations and developments o f
m ethods to overcome them is driving research program s in a num ber of OEC D
M em ber States. In this paper is described research program of N uclear Research
Institute (N R 1) R ez and results obtained.

1. N R 1 Research Program . The program is entitled “In-Service Inspections
of Thick W alled Concrete Structures.” Time of duration is from 2004 to 2007,
sponsoring organizations are M inistry of Industry and Trade of Czech R epublic
and Czech Energy U tilities. T hree IS1 techniques were selected: Im pact-E cho
ultrasound and high frequency radar or betatron 7 M eV N R I is the leading
organization, cooperating organizations are Technical Unniversity Brno, Faculty of
Civil Engineering and U niversity of W est B ohemia in Pilsen, N ew Technologies
R esearch Centre. Time schedule is as follow s:

200 4

M athem atical m odeling of the Im pact-E cho m ethod. Three tasks w ere
selected:

- detection of reinforcing base;

- detection of surface crack w ith variable depth;

- detection of the void.

2005

- m athem atical m odeling of crack oblique to surface;

- design and fabrication o f testing pieces.

2006

- m easurem ents on the testing pieces;

- tuning the developed m athem atical m odels.

2007

- additional m easurem ents;

- in-situ m easurem ents;

- qualification of selected 1S1 technigques.

2. D iscussion of R esults O btained.

2.1. Mathematical Modeling of Impact-Echo Method.

2.1.1. Numerical Model and Its Properties. The finite elem ent m ethod is

being used for numerical sim ulation of the im pact-echo m ethod. Selecting the
m esh and tim e step size appropriately, w e respect the w aves w ith length
Xmin = 60 m m and m ore. The sand particles are the size of up to 4 mm and the
aggregates up to 16 m m , the concrete is poured, and the stressing is relatively
very sm all at the tests. For this reason, the concrete m ix ture as w ell as the
reinforcing steel can be m odeled as a hom ogenous, isotropic, and elastic

m aterial.

The com putational system s CO SM O S/M and M SC-M ARCI/M ENTAT were
tested. R ecent experimental data w ere used as well. Since the results yielded by
M A R C were substantially closer to the experiment, we further use the system

M SC-M ARC/M ENTAT.
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8»N ode disoparam etric elem ents w ith edge length of 5 mm and tim e step
At= 1.2 S were used in the calculations considering reinforcing. The diam eter of
a reinforcing bar is 40 mm , i.e., Selemenls.Unforlunately,we could not use

elem ents of varying size for this type of problem (different cut-off-frequencies,

spurious w ave reflections. The 16 m illions elem ents would be needed if we wish
to m odel a 1 X 2 m portion of a wall 1 m thick in this way N either is possible to
hom ogenize the wall, as we need to localize individual bars.

Elem ents w ith edge size of 3 ¢cm and tim e integration step At = 7 NS are

considered in calculating the w alls w ith cracks. The presence of reinforcing bar
m ust not however be respected because the m inim um w avelength s 6cm here.
The experience gained in the earlier calculations and confrontations of numerical
sim ulations w ith known analytic solutions w ere em ployed in the selection o f
num erical calculation param eters.

The elem ents w ith edge size of 3 cm that we have applied are capable of
transferring the waves w ith the frequency ofup to 70 kH z approxim ately w ithout
am plitude attenuation in the extrem e case w hen the wavelength corresponds to
tw o elem ents lengths. T his frequency is called cut-off-frequency and should
correspond to the tim e integration step so as to m ake the frequency lim its given
by tem poral and by spatial discretization sim ilar. O therw ise the calculation
param eters have been chosen inconveniently - for exam ple, the result w ith fine
spatial discretization gained at considerable costs can be degraded by too rough
tem poral discretization and vice versa. Suitable selection of the tim e integration
m ethod (here, N ewmark im plicit integration) com bined w ith spatial discretization
m ethod (here, consistent m ass m atrix) is also of great im portance because it is
advisable to prevent superposing the side effects of either discretization and,
conversely, to elim inate them partly .

A blow ofthe testing ham m er initializes the excitation. W e estim ate the blow
is a force of 5,000 N acting for 36 ,ws. Taking into accountthe dim ensions of the

body, we consider the excitation as spot excitation.

W e have em ployed the numerical im plicit tim e integration by the N ew m ark
m ethod w ith m odified coefficients i = 0.275625 and y = 0.55. R etaining the
unconditional stability of the m ethod, this m odification introduces a m oderate
num erical attenuation, w hich suppresses especially the spurious influence o f

higher frequencies. This option has proved suited even in the preceding sim ilar

calculations.

I'n addition, w e tried to em ploy the elem ents w ith one-point reduced
integration in order to accelerate th e com putation. T he results don 't differ
substantially so that the reduced integration is in principle applicable w ith this

type of a problem
A lthough 3D problem s are the m atter, we tried outthe possibility of treating
them as a 2D case, nam ely plane stress and plane strain problem s as well. The 2D
and 3D results how ever substantially differ so thatw e m ustinsiston 3D models.
2.1.2. Testing the Possibility ofLocalizing Reinforcing Bars. A s first, we deal
w ith the response of a concrete section of a wall 190 X 200 m m , 70 m m thick [17].
Elem ents w ith edge size of 5 m m have been em ployed. A distance of the sam e
70 m m separates the positions of excitation and m easurement on the surface and

their join, parallel to the specimen edge, passes through the m iddle of its upper
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surface. M aking use of the symmetry, the problem can be reduced to a half-size

m odel involving 10,640 elem ents. On the second case, the geometry of the other

m odel is identical, only that its low er halfis m ade from steel w hile the upper one,
w here the excitation occurs and the response is sam pled, is from concrete (like
Fig. 1 w ithout showing the reinforcing bar). The goal is to find out, how the
waves reflect on the concrete-steel dividing plane and how they pass through it
back after reflecting from the specim en’s bottom . In the third case, one

reinforcing bar 40 m m in diam eter (Fig. 1) is inserted in the sam e concrete sample

in position parallel to the surface and in the depth of 50 mm

shitting by 5 mm
70 mm

Fig. 1 Schema of reinforcing bar detection and localization testing.

Figures 2 and 3 show a com parison of tim e history of the displacem ents

perpendicular to the surface in the three cases m entioned. The time point, at
w hich the responses differ significantly, is near the share wavefrontreflected from
the concrete-steel dividing plane (t= 39.02 ~s) or very accurately at the shear
wavefront reflected on the inserted bar top (t= 36.34 ~s). It can be therefore
deduced that, in all probability, it is the very shear wave reflection, w hich brings
the key inform ation about the m aterial-dividing plane to the surface and, as a
result, it can be used for the reinforcing bars detection.

Fig. 2. Comparison of only concrete sample response with that of concrete-steel dividing plane
sample.
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Fig. 3. Comparison of only concrete sample response with that of inserted reinforcing bar sample.

The testing of reinforcing bars num erical detection and localization w ill be
further continued. It indeed w ill be im possible to m odel a solid w all (1 m thick),
but we intend to enlarge considered area and to refine the discretization.

2.1.3. Modeling Crack Detection and Localization. w e perform these
sim ulations w ith a segm ent ofa concrete w all having dim ensions of2by 2m eters
an 1 m eter thick [1]. O wing to planar sym m etry of the problem , it even now is
possible to treat only one halfofthe body (Fig 4). Elem ents w ith edge size of 3 c¢cm
(71,874 elem ents, 144 tim e steps w ith At= 7 ,ws) were used in th e final
calculation. It ends at the tim e of 1,001 f/\S, at w hich the results are about to
com m ence to be degraded by the reflections from sam ple sidew alls. Step by step,
the follow ing problem s are dealt with

- Comparison calculation of thick plate response w ithout any cracks to spot
excitation by an experimental ham m er at 67 points (excitation and m easuring on
the same surface).

- Response ofa cracked thick plate to the spot excitation byahammer3168
w all surface points (one point extra is due the crack edge) (excitation, m easuring,
and crack on the same (accessible) surface).

R esponse of a thick plate w ith crack on opposite (inaccessible) surface to

the spot excitation at 67 w all surface points.

Fig. 4. Scheme of tasks for calculations of wall with surface cracks.
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It is assum ed that the crack has arisen due to tensile loading and that its
surfaces are therefore not in the contact. A n experimentwould show w hether this
assum ption is true.

Figure 5 presents a com parison of tw o tim e histories of displacem ent

perpendicular to the surface. T he excitation and m easuring occurs on the same

surface 20 c¢cm apart. The first case is a flaw less concrete w all w hile the other is a
w all with a crack onOcm in depth m idw ay betw een the exciting and m easuring
points. It is evidenced in the figure that the crack prevents the surface R ayleigh

waves from passing through.

Fig. 5. Comparison of defectless sample response with sample with a crack of 20 cm in depth.

In case of a flaw less wall, wall w ith a crack on accessible surface and w all
w ith crack on inaccessible surface, w e carry out a series of calculations for
ex citation advancing by 3 cm along a line tw o m eters long and passing through
the middle of the sam ple (Fig. 4) Thus 67 tasks are com puted for each case of
wall (or 68 since the crack produces an edge w ith another excited node). The
runtim e of one task is 25 resp. 23 hours on a 32-bitcom puterresp. 64-bit ltanium
com puter. The runtime are surprisingly sm all.

2.1.4. Impact-Echo Method Modeling for the Detection and Localization of
Cracks Variously Inclined to the Surface. in this part of paper we numerically by
FEM sim ulate propagation of elastic w aves initiated by instrum ental ham m er
im pact in the surroundings of opened crack inclined to the surface at various
angles [2]. The inclination of through-going straight 21 c¢cm depth crack changes
by 10 degrees, from 0 to 180° E xcitation place is shifting by 6 cm along the
surface straight line perpendicular to the crack, w hile the tim e responses are
recorded over all this line, i.e., before and behind of crack as well. For the task
configuration see on Fig. 6

(Convention: the crack inclination is m easured from crack to surface by the
direction tow ard the excitation place.)

It is possible to summarize the m ost essentials phenomena into some next

notes:

1- w ave reflection:

The w ave reflections from th e crack very inclined to th e surface are
considerably different according to crack inclination direction, e.g., inclinations
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40 and 140°, although the perpendicular depth of both these crack is the sam e. The
R ayleigh surface w ave and S-w ave (i.e., second, shear, transversal) reflection
from acute angles are considerably m ore significant than reflection from obtuse
angles, w hen waves travel from opposite side of the crack. The example of time

dependent responses is on Fig 7.

Fig. 6. The configuration of inclined cracks measuring.

Fig. 7. The wave reflection from acute crack 40° inclined and from abuse crack 140° inclined. Time
dependences of displacement perpendicular to the surface.

The greatest displacem ent due to R ayleigh surface w ave reflection can be
found for the crack inclination angle around 45°, not for 90°, as could be expected.
D eform ation energy m ore hardly passes through the acute angle “trap.” See e.g.,

screen captures on Figs. Sand 9.

The reflection from obtuse crack side, i.e., from angles approx. from 135°
above, is very low W ave m otion as w ould be “slipping” inside of the body over
the obtuse crack face. It can be dem onstrated by Fig. 7 m eantabove and by screen

capture on the Fig. 8as woell.
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Fig. 8. The displacements in time 254 /is if the excitation is situated on the acute angle side.

Fig. 9. The displacements in time 254 /is if the excitation is situated on the abuse angle side.

The waves shapes reflected from relatively acute angles (approx. up to 45°)

of such cracks

considerably vary, like oscillate. So, to determ ine the inclination

according to the w ave reflection shape would be very troublesome.

ISSN 0556-171X. Mpo6nemsbl npoyHocTw, 2006, N2 4 71



L. Pecinka and S. Moravka

Currently (i.e., upon the acute angles) the arrival time of wave reflections is

decreasing. A s the acute crack inclines to the surface, the reflection approxim ately

from the crack’' root starts to build, in addition to the expected R ayleigh surface
w ave reflection from the crack m outh (Fig. 10a and 10b). U pon the obtuse angles
(very inclined to the surface as w ell, but contrary) w e can see reversed
phenomenon, i.e., the delayed wave reflection from <crack’'s root appears (Fig. 11a

and lib ).

Distance [

b

Fig. 10. Time responses from excitation in front of acute inclined crack (10°) at the nodes along
whole surface line right-angle crossing the crack (a) and plan view (b).

2- wave passing:

W ave m otion passed through the very inclined cracks to th e surface is
greatly m ore dam ped down by the obtuse cracks (140° and above - Fig. 11a), than
by acute cracks (approx. up to 40° - Fig 10a) O nce again (sim ilar to reflections)
R -wave as would be “slipping” inside of the body over the crack back and can
develop enough up to sensor place. The waves passed through such contrary
inclined cracks are m ore sim ilar until at the relatively large distance from the

crack .
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Fig. 11. Time responses from excitation in front of abuse inclined crack (170°) at the nodes along
whole surface line right-angle crossing the crack (a) and plan view (b).

Surprisingly opposite tendency appears at the passing through cracks “m ore
perpendicular” to the w all surface (approx. 45 to 135°). W aves are m ore dam ped
here by acute angle (up to 90) than by obtuse angle (over 90°).

A fter passing through obtuse inclined cracks (over 140°) the wave “emerges”

to the surface above the crack’' root (being near the surface here) and propagate

in both directions, i.e., partly continue farther from excitation source and from
crack just overcom e crack, and partly returns to the crack mouth. This wave
reflects here from acute angle well and creates w ave front, w hich propagates in a
parallel w ay to the wave front, w hich passed through the crack directly. So, the

passed R -wave front is splitto tw o parts by the crack. The energy reflected from

th e crack’' root returns back, and creates delayed reflection m entioned above
(Fig. 11a and 11b). If we place the sensor unhappily above such sharply inclined
crack (behind its m outh in the direction from th e ex citation), then the wave
trajectory from ex citation (and tim e arrival too) is artificially extended and it can
results totally crack localization failure.
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G enerally, the differences betw een th e tim e responses of waves passed
through contrary inclined cracks w ith equal perpendicular depth (i.e., from the
opposite front of crack) are greatly lesser (') then th e differences by w ave
reflections. C learly it dem onstrates Fig. 12, com pare w ith Fig. 7.

Fig. 12. The wave passing through acute crack 40° inclined and through abuse crack 140° inclined.
Time dependences of displacement perpendicular to the surface.

N ext w ill be Im pact-Echo m ethod sim ulation continue by walls w ith bulky
cavities variably oriented to th e surface and by sim ulation of enclosed crack
generated by corrosion product expansion.

2.1.5. Detection ofthe Internal Flat Void. The m athem atical m odel is sim ilar
to previous case, com pare Figs. 4 and 13 The void is rectangular w ith dim ensions

30 X 30 m and for exam ple can be resulted from corrosion of reinforcing bars [3].

In the next Fig. 14 is illustrated the total deform ations of the specim en atthe tim e
t= 318 "S when the void is just opened. A s the result of individual wave fronts
propagation the shape of the void is changed (opening or arresting). In the next
Fig. 14 are com pared tw o different vertical displacem ents ofthe surface. First one

represents the response of specimen w ithout void and the second one w ith void.
In both cases the locations of the im pact and sensor are identical, i.e., on the left
and right edge of void, i.e., just above the void. Up to tim e t= 250 s they are

no differences in the shape ofresponse curves. Significant are in the tim e interval

teE (250; 450) /J,S.This phenomenon may be explained as the result ofreflections

of the shear (CZ) and dilatation (Cl1) waves from the void. Unfortunately the w ave

front of Rayilegh wave is dom inant and thus the detection of ¢ and C2 w aves
w ill be problem atic. For the decision m aking if the Im pact-Echo represent good
tool for detection of this type of voids, the sim ilar num erical testing shall be

perform ed for the different depths of void.

2.2. Test Specimens. The concrete specimens are illustrated in Figs. 15-18
[41. T he first one (Fig. 15) represents only testing case for calibration o f
m easurem ents and for the detection of cracks w ith different depths (cutting is
supposed). Two different reinforcing bars are used for tuning of m athem atical

m odel as presented in the Section 2.1.2.
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Fig. 13. Scheme of the flat crack.

Fig. 14. Displacements of the surface in vertical direction.

Fig. 15. Test specimen No. 1

The second specim en (Fig 16) w ill be used for the detection of im perfections
in internal liners. In the longitudinal welding, there was intentionally om itted
w eld metal. This situation is possible in real concrete N PP structures.
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Fig. 16. Test specimen No. 2

m anufactured w ith rectangular and circular

The third specim en (Fig. 17) is

holes w ith different sizes. T hese are used for detection of tendon ducts and in

com bination w ith results of Section 2.1.5 for detection of voids in grouted tendon

ducts in containm ent/w aste store roofs. T he fourth specimen (Fig. 18) represent

eters of the bars are identical w ith the some

real grid ofreinforcing bars. The diam

ones used in N PP ’s with reactors V VER 440 M odel 213

Fig. 17. Test specimen No. 3.
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, 50 y TEST specimen No.4

— — t— ana— 2000
2000
Fig. 18. Test specimen No. 4.

Conclusions. A lthough N D E techniques have been used successfully on a
variety of reinforced and post-tensioned concrete structures, characteristics of
structures in nuclear plant (section thickness, accessibility and congested
reinforcem ent) m ay influence N D E results. T here is a general lack of confidence
in the technigues because there is little independent advice on their applicability,
capability, accuracy and reliability in these circum stances. The im m ediate
requirem ent is for gquantification of the capabilities, base on an international
standard (benchmark) application. A uthoritative docum entation in the form o f

reports and standards is desirable.

D evelopment of ND E techniques to m eet the follow ing needs would bring
high benefit:

(i) detection of corrosion in steel liners that are buried (covered by concrete)
or inaccessible due to presence of m oisture barriers;

(ii) detection of voids > 20 m m diam eter in grouted tendon ducts in
containm ents/w aste store roofs;

(iii) im prove variable perform ance statistics associated w ith depth m easurem ent
of surface cracks. For detection and sizing (depth, w idth, length) of cracks norm al
to surface aim ing for sensitivity o f % 10% for crack w idths > 0.2mm

The most prom ising N D E techniques for development were identified as
being radar, radiography and acoustic m ethods (including ultrasonic and
Im pact-Echo m ethods).

The presented N R 1 research and developmentprogram reflect all these item s.
T he other non-CR institutes and N P P ’s are invited for participation both in

m easurem ents and theory.

Pe3ome

OcHOBHUMMU npobGnemamu sgepHOi eHepreTn kKN € KOHTPONL 3a Npoyecom cTapiH-
HA i BifHOBNEeHHSA onepauyilHmux niyeH3ilk iCHYIW YUuX aTOMHMNUX CcTaHLUIiIK. B akocrTi
Haihb6inbuw npiopuMTeTHOrNo HanpaBNeHHS KOHTPpPONI 3a nmpoyecoM CcCTapiHHA 6eTO0H-

HWX KOHCTpPYKUIiIiA BMUKOPMUCTOBYIW TbCcAa Tak 3BaHi ISI-meToamnm Ana 3aniz3obeToHHMX
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TOBCTOCTiIHHMWUX KOHCTPYKLUIiA, w o mMatw Tb HepOCTYNHI gna ornagy micyusa. O 6roso-

plo €TbCA HayKoBO-fOCNHNigHAa nporpama B8 Lili o6nacTi, a TakoxX pesaki pesynbratu,

W o BMKOPMUCTOBYIW TbCcA B KBanip ikayiihiHomy aHanisi ISI-meTopgiB.
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