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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate un problémas nostadne

Ka pamatmaterialu lictojot betonu un dzelzsbetonu, tiek celtas aizvien jaunas ¢kas un inZe-
nierbaves. Pasliktinas arT agrak celto buvju tehniskais stavoklis. Tadgjadi bitiski palielinas
apsekojamo un parbaudamo objektu skaits un apjoms, un parbauzu rezultatus nepiecieSams
izvertet pec iesp&jas Tsaka laika. Lidz ar to konstrukciju tehniska stavokla noteikSanai izdevi-
gak ir pielietot negraujosas parbaudes metodes. Sa iemesla dél aizvien lielaka uzmaniba tiek
pieversta konstrukciju negraujoso izpétes metozu pilnveidoSanai un aprobacijai.

Ar materialu negraujos$o izp€tes metozu méraparatiiru iegiito rezultatu noveértéSana un to
interpretacija joprojam ir mérijumu izpilditaju zipa. Betona struktara ir visai komplicéta, un
Sis strukturas ipasibas var mainities atkariba gan no apkartgjas vides apstakliem, gan ari no
plaisu esamibas, tapec ieglitie rezultati ir visai atskirigi. Lidz ar to nepiecieSams apzinaties be-
tona struktiiras un apkartgjas vides ietekmi uz meérijjumu nolasijumiem.

Praks¢ dzelzsbetona buvkonstrukciju tehniska stavokla raksturo$anai galvenokart izvélas
tikai vienu kriteriju — betona stipribu. Sa parametra noteik3anai dzelzsbetona konstrukciju
parbaudg€s var izmantot kadu no ultraskanas atruma noteikSanas mériericem. Tomer patlaban
speka esoSajos standartos par ultraskanas mérjjumu korektas izpildes prieksnosacijumiem un
rezultatu interpretaciju dota visai skopa informacija. Dazadu bavobjektu apsekoSanas laika ie-
gatie dati liecina par visai batisku mitruma un u. c. faktoru ietekmi uz ultraskanas izplatiSanas
atrumu, kuru ignoréSana var sekmét mérjjumu datu nepareizu interpretaciju. Nezinot Sos ie-
tekmes faktorus, buvinzenieri merfjumus parsvara interpreté pavirsi, neprecizi nosakot art par-
baudama betona 1pasibas.

Ieprieks&jos pétijumos dazadi ekspluatacijas apstakli, ka arT fizikalie un fizikali kimiskie
faktori, kas ietekmé ultraskanas izplatiSanas atrumu betona, parasti analiz&ti atseviski. Tacu
katra konkréta faktora un ta ietekmes p&tijumu rezultati nesekmé mérijjumu datu korektu inter-
pretaciju, ja netick nemta véra ultraskanas izplatiSanas atruma ietekmgjoso faktoru savstarpgja
iesp&jama mijiedarbiba.

Lai butiski samazinatu iesp&ju kludities dzelzsbetona konstrukciju betona spiedes stipribas
interpretacija, nepiecieSams izstradat jaunu ultraskanas izplatiSanas atruma analizes metodolo-
giju, nemot véra galveno fizikalo un fizikali kimisko faktoru savstarp&jas mijiedarbibas ietek-
mi uz ultraskanas vilpu izplatiSanas atrumu betona. Sada metodologija bitu uzskatama ka

prieksSraksts attiecigu darbu veikSanai.



Darba meérkis

Promocijas darba merkis ir izstradat metodologiju ultraskanas izplatiSanas atruma analizei,

nemot vera ta galveno ietekmé&joso faktoru — betona mitruma, stiegrojuma, apkartgjas vides

paaugstinatas un negativas temperatiiras — savstarp&jo mijiedarbibu saistiba ar betona cietéSa-

nas vidi un vecumu, lai novertétu konstrukciju betona stipribu.

Darba uzdevumi

Lai sasniegtu pétijuma mérki, vispirms noskaidrota katra konkréta faktora — mitruma, ap-

kart€jas vides temperatiras un stiegrojuma — individuala ietekme uz ultraskanas izplatiSanas

atrumu betona, to savstarpgji sasaistot ar betona cietéSanas vidi un vecumu. Pec iegito rezul-

tatu apstrades izveidojams algoritms, kas sevi ietver ultraskanas izplatiSanas atruma betona

galveno ietekmgjoso faktoru savstarpéjo mijiedarbibu. Izmantojot algoritmu, iegatiem datiem

izpildita aproksimacija.

Darba tika izvirziti $adi uzdevumi:

1.

noteikt betona mitruma, stiegrojuma, apkartéjas vides paaugstinatas un negativas tempe-
rattiras savstarp&jo mijiedarbibu ietekmi uz ultraskanas izplatiSanas atrumu betona ce-
mentakmens hidratacijas procesa aktivaja un pasivaja stadija;

izstradat ultraskanas izplatiSanas atruma analizes metodiku konstrukciju betonam, ne-
mot véra mitruma un stiegrojuma ietekmi;

izstradat prakseé izmantojamu datorprogrammu ultraskanas izplatiSanas atruma datu ap-
stradei, nemot véra betona cietéSanas vidi, vecumu, temperatiiru un mitrumu, saistiba ar
konstrukciju betona stipribas novértésanu,;

noteikt, kados gadijumos eksperimentali iegiitiem datiem iesp&jams pieskirt aproksima-
ciju funkcijas, lai ultraskanas izplatiSanas atruma ietekmgjosiem faktoriem aprékinatu
parametru vértibu kombinacijas, pie kuram eksperimenti nav veikti;

novertet, vai standarta LVS EN 12504-4:2005 L «Betona testéSana — 4. dala: Ultraska-
nas impulsa atruma noteikSana» sniegtas norades uzskatamas par pietickamam betona

tehniska stavokla noskaidrosanai.

Pétijuma zinatniska novitate

Promocijas darba pamata ir eksperimentala veida noskaidrotas ultraskanas izplatiSanas atru-

ma ietekm&joso faktoru savstarpgjas sakaribas. Dazadi ekspluatacijas apstakli, ka arT fizikalie

un fizikali kimiskie faktori, kas ietekmé ultraskanas izplatiSanas atrumu betona, analiz&ti kop-
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sakaribas. Katra konkréta faktora un ta ietekmes pétijjumu rezultati sekmé meérjjumu datu pie-
tiekami korektu interpretaciju tikai tad, ja tiek nemta véra mingto un citu ultraskanas izplatiSa-
nas atruma ietekméjoSo faktoru savstarpéja iespéjama mijiedarbiba. lzstradata datorprogram-
ma ietver p&tijumos iegito informaciju, dazadiem betona sastaviem analiz&jot galveno fizika-
lo un fizikali ktmisko faktoru savstarpgjo pakartotibu.

Datorprogramma attiecinama uz ultraskanas virsmas skanoSanas metodi, ja parbaudes iz-
manto garenvilpu un virsmas vilpu impulsus. Datorprogrammas algoritms ietver ultraskanas
izplatiSanas atruma izmainu koeficienta ky ¢etrargumentu funkcijas, kuras ietilpst betona cie-
teSanas vide ¢, cementakmens hidratacijas procesa stadija (jeb betona vecums) t, betona mit-

rums W un apkartgjas vides temperatiira T:
ky =flct W;T). 1)

Datorprogramma izskaitlo realo ultraskanas izplatiSanas atruma vértibu V ey, nemot véra ko-
eficienta ky vertibu. Lidz ar to pastav iesp&ja salidzinat, kadas ultraskanas izplatiSanas atruma
atskiribas iesp&jamas konkrétaja gadijuma un kada apméra var tikt ietekmé&ta nosakama beto-
na stipriba.

Noteikts, kados gadijumos ultraskanas izplatiSanas atruma koeficienta ky vértibas iespé-
jams aprekinat pie tadam ietekmgjoSo faktoru kombinacijam, pie kuram eksperimenti nav veikti.

Izstradata metodika konstrukciju betona ultraskanas izplatiSanas atruma analizei, nemot vé-
ra mitruma un stiegrojuma ietekmi. Izveidota blokshéma ietver secigus solus, kadi izpildami,

lai objektivi novertétu konstrukciju betona viendabibas, stipribas u. c. Tpasibas.
Promocijas darba praktiskais nozimigums

Praks€ dzelzsbetona konstrukcijam nepiecieSams novertét stipribas raditajus, izmantojot
materialu negraujoas izpétes metodes. Sim noliikam oti &rti izmantot ergonomiskas un viegli
parnésajamas ultraskanas mérierices. Ultraskanas izplatiSanas atruma mérijumu rezultatus gal-
veno ietekméjoso faktoru savstarp€ji kompleksa ietekme ictverta darba rezultata izstradataja
datorprogramma «Ultraskanas atruma izmainu koeficienti un to pielietoSana, ja dazadas vides
cietgjis betons, kas satur dazadu mitruma daudzumu, tiek skanots atskiriga vecuma un pie da-
zadam apkart€jas vides temperatiiram».

Datorprogrammu korektu ultraskanas atruma vértibu iegiSanai var izmantot jebkur$ bavin-
Zenieris vai specialists, kuram ir priek$zinasanas un pieredze darba ar ultraskanas aparattru.

Ultraskanas izplatiSanas atruma izmainu koeficienti piepemti, izpildot salidzinajumu ar

konkrétaja parbaudes diena realo ultraskanas atrumu, kads noteikts, ja betonam cietéSanas lai-



ka 28 dienu ilguma vai ar1 lidz skanosanas izpildei attiecigaja vecuma cementakmens hidrata-
cijas procesu aktivaja stadija tiek nodrosinata attieciga cietéSanas vide un talakaja ekspluataci-
jas laika betons atrodas gaissausa vide.

Datorprogrammas solu secigums un betona stipribas 1pasibu izvert€Sana ir Sada: betona
cietéSanas vides izvéle — betona vecuma izvéle — betona mitruma izvéle — gaisa temperatii-
ras izvéle — ultraskanas atruma izmainu koeficienta ky noteikSana — pie konkrétiem parbau-
des apstakliem noméritas ultraskanas atruma veértibas Vpeas manuala ievadiSana — ultraskanas
atruma realas vertibas V ey iegliSana — betona ultraskanas atruma un stipribas ipaSibu sav-
starpgjo korelacijas sakaribu izveidoSana.

Iegtistot realo ultraskanas atruma veértibu Ve, betona ultraskanas atruma un stipribas 1pa-
Sibu savstarpéjas korelacijas sakaribas izveidojamas konkrétai ultraskanas mériericei. TaréSa-
nas Iiknes izveidojamas dazada veida un dazadas stipribas betona sastaviem.

Konkrétos gadijumos ultraskanas atruma izmainu kKoeficienta ky vértibas iesp&jams apréeki-
nat pie tadam ietekmgjo3o faktoru kombinacijam, pie kuram eksperimenti nav veikti. Sim no-
lakam betonam lidz 56 dienu vecumam izmantojamas lokali svértas polinomialas aproksima-
cijas kvadratiskas funkcijas. Betonam vecuma no 56 lidz 1000 dienam koeficientu ky vertibu
izteikSanai iesp&jams pielietot linearas sakaribas, datiem izpildot interpolaciju. Apkartgjas vi-
des negativas temperatiiras gadijumos aproksimaciju funkcijas nedrikst pielietot.

Izpildot mérfjumus dazados (tostarp ekstremalos) apstaklos, kas pat visai biitiski médz at-
Skirties no tiem, kadi novérojami reala ultraskanas atruma noteikSanas gadijuma, izmantojot
ultraskanas atruma izmainu koeficienta ky vértibas, iesp&jams iegut korektu ultraskanas izpla-
tiSanas atrumu skanotaja betona. Tadgjadi tiek butiski samazinats risks pielaut kltidas parbau-
dama betona stipribas Ipasibu novertésana. Vienlaikus datorprogrammas lietotajam biis iespe-
ja salidzinat, kadas ultraskanas atruma atskiribas iesp&jamas konkrétaja gadijuma un cik liela
meéra var tikt ietekmé&ta pastarpinati nosakama betona stipriba, izmantojot korelaciju sakaribu
liknes.

Jebkura cita ultraskanas atruma ietekmé&josa faktora analize nepaklaujas objektivai izpétei,
ja skano$anas laika tiek ignoréta stiegrojuma iesp&jama ietekme uz ultraskanas izplatiSanas at-
rumu betona, tapéc promocijas darba izstradata metodika ultraskanas atruma mérijjumiem vie-
na atseviska dzelzsbetona izstradajuma robezas. Blokshémas veida metodika lauj izraudzities
mérvietu shemu un mériericu dev&ju novietojumu ta, lai ultraskanas atruma rezultatus péc ie-
sp&jas mazak ietekmétu mitrums un stiegrojums. Ievérojot izstradato blokshému, mitruma un

stiegrojuma ietekme viena atseviska dzelzsbetona izstradajuma viendabibas, stipribas u. C.
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Ipasibu novertesana tiks loti biitiski samazinata, un iegitie ultraskanas atruma dati bus korekti
interpretgjami.

Aprékinats, ka promocijas darba rezultata izstradatas metodologijas korekta pielietoSa-
na praksé konstrukciju betona stipribas novértésana Latvijas Republikas tautsaimniecibai vie-

na gada griezuma sniegs ekonomisko efektu 34026,50 EUR apmeéra.
PétiSanas metodika un pielietotie materiali

Promocijas darba izstrades pamata ir eksperimentali izgatavotu betona un stiegrota betona
paraugu izpéte ar ultraskanas aparatiiru. Izp&tes biitiba balstita uz ultraskanas impulsu metodei
pastavoso pozitivo korelaciju starp betona stipribu un ta elastibas Tpasibam. P&tfjumos izman-
tota ultraskanas aparatiira, kas piem&rota materiala tilpuma raidit garenvilnus, Skérsvilnus (bi-
des vilnus) un virsmas (Releja) vilnus. Ultraskanas izplatiS8anas atrumu betona noteica, piclie-
tojot virsmas skanoSanas un caurskanoSanas metodi. Parbaud€s izmantoti tikai punktveida
adapteri, kas nodrosina daudz augstvértigaku kontaktu starp ultraskanas avotu un kontrolgja-
mo betona virsmu.

Izpete izmantotas ultraskanas mérierices:

— testeris «UK-1401» (virsmas skanoSana; garenvilpu atruma noteikSana; darba frek-

vence — 70 kHz);

— defektoskops «A1220 Monolith» (virsmas skanoSana un caurskanos$ana; garenvilpu un

Skérsvilnu atruma noteikSana; darba frekvence — 50 kHz);

— oscilografs «UKB-1M» (virsmas skanoSana un caurskanosana; garenvilpu un virsmas

vilnu atruma noteikSana; darba frekvence — 100 kHz).

Ultraskanas izplatiSanas atrumu betona bitiski ietekme materiala mitrums, tapec ta kontro-
lei eksperimentu laika tika izmantoti mitruma meritaji: «Tramex Concrete Moisture Encoun-
ter» un «Moisture Master T-M-170».

Iegiito rezultatu statistiska apstrade un matematisko modelu veidoSana izpildita program-
mataras «Microsoft Excel» (versijas 97-2003 un 2010) vidé. Ultraskanas defektoskopa
«A1220 Monolith» datu analizei izmantota datorprogramma «Introvisor» (versija 2.1.). Lokali
svertas polinomialas aproksimacijas izpilditas programma «Matlab» (versija R2011a). Ultra-
skanas izplatiSanas atruma datu apstradei Cetrargumentu vairakkopu funkcijas algoritms ie-

klauts «<PHP5» valoda izveidota datorprogramma.
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Pétijumu teorétiska un metodologiska baze

Promocijas darba pétijumi, izstradatas metodes un aprékinu modeli balstiti uz sadam inze-
nierzinatnu nozarém:

— buvmateriali un biivtehnologija;

— betona mehanika un reologija;

— akustika;

— lauki un vilni elektronika;

— varbiitibu teorija un matematiska statistika;

— matematiska model€Sana un optimizacijas metodes;

— datoru un sistému programmatira.
Pétijjuma diapazons un iegiito rezultatu pielietojuma robeZas

Izstradataja datorprogramma apkopota informacija lauj interpretét icgtitos rezultatus, ja:
1) apskatama betona spiedes stipribas klase — C16/20...C45/55;
2) betona blivums gaissausa stavokIi — 2200...2350 kg/m®;
3) betona sastava izmantoto rupjo pildvielu materials — granits un dolomits, kuru skem-
bu un olu izméri neparsniedz 30 mm;
4) betona sastava izmantotas dazadas mineralas piedevas, kuru dalinu izméri nav mazaki
ka 10 pm.

Apskatamais betons var tikt skanots visai plasa apkartgjas vides temperattras intervala,
t.i., no —20 °C Iidz +30 °C (ja vien tas iesp&jams, raugoties no ultraskanas aparatiiras eksplu-
atacijas viedokla).

Iegiito ultraskanas izplatiSanas atruma mérijjumu datu apstradei algoritma funkcijas pieme-
rotas gan betonam ciet€Sanas laika, gan ar turpmakas ekspluatacijas laika pie dazada mitru-
ma, vienlaikus nemot véra apstaklus, kadi betonam bijusi cietéSanas laika, t. i., cementakmens
hidratacijas procesa aktivaja stadija.

Lokali svertas polinomialas aproksimacijas kvadratiskas funkcijas korekta ultraskanas iz-
platiSanas atruma iegliSanai iesp&jams izmantot betonam lidz 56 dienu vecumam. Betonam
vecuma no 56 lidz 1000 dienam koeficientu ky vértibu izteikSanai iesp&jams pielietot linearas
sakaribas, datiem izpildot interpolaciju. Apkartéjas vides negativas temperatiiras gadijumos
aproksimaciju funkcijas nedrikst pielietot.

Ultraskanas izplatiSanas atruma noteikSanai vélams izmantot adapterus, kuru darba frek-

vences ir 70...100 kHz.
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AizstavesSanai izvirzitie darba rezultati

1. Metodika ultraskanas vilpu izplatiSanas atruma analizei dzelzsbetona konstrukcijas, ie-
veérojot mitruma un stiegrojuma faktoru ietekmi.

2. Ultraskanas izplatiSanas atruma analizes metodika konstrukciju betona stipribas rakstu-
rosanai, ievertéjot betona cietéSanas vides, vecuma, mitruma un apkartéjas vides tempe-
raturas faktoru savstarpgjas mijiedarbibas ietekmi uz ultraskanas garenvilpiem un vir-

smas vilpiem virsmas skanosanas gadijuma.
Promocijas darba saturs un apjoms

Promocijas darba ir anotacija, darba vispargjais raksturojums, ievads, piecas galvenas no-
dalas, kuram izveidotas apak$nodalas, secinajumi, rekomendacijas, tris pielikumi un izmanto-
tas literataras saraksts. 1. nodala aprakstita promocijas darba pétijumu teorétiska baze un dots
lidz $im veikto pétijumu apskats. 2. nodala sniegts p&tijumos izmantoto paraugu apraksts, pie-
lietotas materialu negraujos$o izp&tes metozu mérierices, ka arT noverteta merjjumu nenoteik-
tiba. 3. nodala veltita eksperimentali ieglitiem rezultatiem. 4. nodala aprakstita metodologija
ultraskanas impulsu metodes pielietoSanai konstrukciju betona stipribas novertéSana ar aizsta-
veéSanai izvirzitiem darba rezultatiem. 5. nodala apkopots darba izstradatas metodologijas taut-
saimnieciskais ieguldijums.

Darbs ietver 144 lappuses, 78 att€lus, 53 tabulas un literatiiras sarakstu ar 99 apskatitajiem

avotiem. Promocijas darbs uzrakstits latviesu valoda.
Darba iegiito rezultatu aprobacija starptautiskas konferences

1. «Civil Engineering '13» — 4™ International Scientific Conference. University of Agricul-
ture, Jelgava, Latvia, May 16™ to 17", 2013. Uzstasanas tema: Effect of elevated tem-
perature environment on ultrasonic pulse velocity in curing concrete. Témas au-
tori: U. Lencis, A. Udris, A. Korjakins.

2. 29" European Conference on Acoustic Emission Testing. TUV Austria, European Work-
ing Group on Acoustic Emission, NDT.net. Vienna, Austria, September 8" to 10", 2010.
UzstaSanas téma: Reinforcement effect on the ultrasonic pulse velocity in concrete,
depending on the sounding method and measuring device. Témas autori: U. Lencis,
A. Udris, A. Korjakins.

3. The 10" International Conference «Modern Building Materials, Structures and

Techniques». Vilnius Gediminas Technical University. Vilnius, Lithuania, May 19" to
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21%, 2010. Uzstaganas téma: Application of the ultrasonic and sclerometric measurement
data for determining the compressive strength of the construction concrete. Témas au-
tori: U. Lencis, A. Udris, A. Korjakins.

. 17. Internationale Baustofftagung. Bauhaus — Universitit Weimar, Budesrepublik

Deutschland, September 23" to 26", 2009. Uzstaganas téma: The Effect of Reinforcement
on the ultrasonic longitudinal waves propagation velocity in concrete by modeling the
concrete structure research of the reinforced concrete hollow core slabs. Témas au-
tori: U. Lencis, A. Udris, V. Zvejnieks, A. Korjakins.

. RTU 49. starptautiska zinatniska konference. RTU Biivniecibas fakultates s€zu zale Kip-

sala, Azenes iela 16/20, 2008. gada 13. oktobri. UzstaSanas t€ma: Stiegrojuma ietekme uz
ultraskanas garenvilnu izplatisands atrumu betond. Témas autori: U. Lencis, A. Udris,

V. Zvejnieks, A. Korjakins.

. RTU 48. starptautiska zinatniska konference. RTU Biivniecibas fakultates s€zu zale Kip-

sala, Azenes iela 16/20, 2007. gada 12. oktobri. Uzstasanas teéma: Ultraskanas un sklero-
metrisko merijumu datu izmantojamiba konstrukciju betona faktiskas spiedes stipribas

novertésana. Témas autori: U. Lencis, A. Udris, A. Korjakins.

Publikaciju saraksts

. U. Lencis, A. Udris, A. Korjakins. Moisture Effect on the Ultrasonic Pulse Velocity in

Concrete Cured under Normal Conditions and at Elevated Temperature. RTU zinatnisko
rakstu krajums, «Biivzinatne», 14. s¢jums. ISSN 1407-7329, e-ISSN 2255-8551. Riga,
2013. g., 71.-78. Ip. (8 lappuses).

. U. Lencis, A. Udris, A. Korjakins. Effect of Elevated Temperature Environment on Ul-

trasonic Pulse Velocity in Curing Concrete. Civil Engineering” 13. 4™ International Sci-
entific Conference Proceedings, Vol. 4. ISSN 2255-7776. Jelgava, Latvia University of
Agriculture, 2013, 11-18 p. (8 lappuses).

. U. Lencis, A. Udris, A. Korjakins. Decrease of the ultrasonic pulse velocity in concrete

caused by reinforcement. Journal of Materials Science and Engineering Al (2011). Inter-
national Standard Serial Number: ISSN 2161-6213. Formerly part of Journal of Materi-
als Science and Engineering, ISSN 1934-8959. Volume 1, Number 7A, USA, December
2011, 1016-1028 p. (13 lappuses).

. U. Lencis, A. Udris, A. Korjakins. Reinforcement effect on the ultrasonic pulse velocity

in concrete, depending on the sounding method and measuring device: TUV Austria,

European Working Group on Acoustic Emission, NDT.net, 29" European Conference on



Acoustic Emission Testing, CD proceeding ISBN: 978-3-200-01956-0, Vienna, Austria,
2010 (8 lappuses).

5. U. Lencis, A. Udris, A. Korjakins. Application of the ultrasonic and sclerometric meas-
urement data for determining the compressive strength of the construction concrete.
Vilnius Gediminas Technical University Publishing House «Technika». The 10™ Interna-
tional Conference «Modern Building Materials, Structures and Techniques», ISBN: 978-
9955-28-592-2, Lithuania, 2010, 173-180 p. (8 lappuses) (Indekséts SCOPUS datu
bazé.)

6. U. Lencis, A. Udris, V. Zvejnieks, A. Korjakins. The effect of reinforcement on the ultra-
sonic longitudinal waves propagation velocity in concrete by modeling the concrete
structure research of the reinforced concrete hollow core slabs. F. A. Finger — Institut fur
Baustoffkunde, Bauhaus — Universitit Weimar, 17. Internationale Baustofftagung,
Tagungsbericht — Band 1, 2009, Weimar, Budesrepublik Deutschland, 1-0999 ... 1-
1010 p. (12 lappuses).

7. U. Lencis, A. Udris, V. Zvejnieks, A. Korjakins. The effect of reinforcement on the ul-
trasonic longitudinal waves propagation velocity in concrete by sounding surface of the
reinforced structural elements. RTU zinatnisko rakstu krajums, «Biivzinatne», 9. s€jums.

ISSN 1407-7329. RTU lzdevnieciba, Riga, 2008. g., 72.-83. Ip. (13 lappuses).
PROMOCIJAS DARBA SATURS

Promocijas darba vispargja apraksta un ievada ir formul&ta nepiecieSamiba pétijjuma veik-
Sanai, izvirzitais mérkis un galvenie uzdevumi, ka arT noradita pétijjuma zinatniska novitate,

praktiskais pielietojums un aprobacija praksg.
1. Literaturas apskats/pétijuma teorétiskais un eksperimentalais pamatojums

Literatiiras apskats, kas uzskatams par pétijuma teorétisko un eksperimentalo pamatojumu,
dots darba 1.nodala. Apskatot materialu negraujosSo izpétes metoZu pielietosanas iesp€jas
dzelzsbetona konstrukciju parbaud@s, secinats, ka ar ultraskanas aparatiiru iesp&jams noteikt
vairakas 1pasibas (betona viendabibu, blivumu un stipribu), kas sniedz plasaku ieskatu par
materiala stavokli kopuma (Malhotra, 2004; Kopesumkas, 1989; JIzenuc, 1987). Turklat mate-
riala izpéti var veikt jebkura veida un formas izstradajumiem un paraugiem (Mehta, 2005;
Mindess, 2003; Hellier, 2001).

Ultraskanas impulsu metodes biitibas pamata ir pozitiva korelacija starp betona stipribu un

ta elastibas pasibam (/I3enuc, 1987; Lapsa, 1981). Kaut ari starp materiala elastibu raksturo-
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josiem lielumiem pastav savstarpgjas sakaribas, tas ne vienmér sakrit ar ultraskanas izplatiSa-
nas atruma izmainas tendencém. Pieméram, materialam esot samitrinata stavokli, Puasona ko-
eficienta un ultraskapas atruma izmainas var nebut viennozimigi likumsakarigas (/I3enuc,
1971). Betona akustisko un stipribas ipasSibu savstarp&jas korelacijas sakaribas iespaido ari be-
tona vecums, betona maisijuma iestradata tidens un izmantota cementa daudzuma savstarpgja
attieciba, pildvielu raksturs, betona noblivéSanas pakape un kopsanas (cietéSanas) apstakli, pie-
lietoto piedevu veids, ka ari stiegrojums (Lin, 2003; Yaman, 2001; Phoon, 1999; Popovics,
1986; Yxnonseuuroc, 1982). Tadejadi nozime ir ne tikai katra konkréta betona sastavam, bet
ar1 videi, kada tas tiek parbaudits — pastav virkne faktoru, kas var bitiski ietekmét ultraska-
nas atrumu betona pat tad, ja tas ticis izgatavots, izmantojot vienus un tos pasus ingredientus.

Aplikojot literatiru par stiegrojuma ietekmi uz ultraskanas izplatiSanas atrumu, mérot ta
izplatisanos dzelzsbetona, lielakoties minéts, ka ultraskanas atrums palielinas stiegru zonas
(Malhotra, 2004; Bungey, 1984; Pyrkosckuii, 1980). Turklat visbitiskaka ietekmg ir stiegro-
Juma klatbiitnei méramas virsmas zona. Patlaban lietojamajos dazadu valstu standartos mingti
tikai ieteikumi, ka ultraskanas atruma mérijumi veicami stiegrotam betonam, turklat Sie ietei-
kumi ir visai atskirigi (ASTM C597-09, 2009; LVS EN 12504-4:2005 L, 2005; Metoandyec-
kue ykazanws, 2004).

Vides temperatiira diapazona no +5 1idz +30 °C ultraskanas izplatiSanas atrumu betona ne-
ietekmé (Malhotra, 2004; Guidebook, 2002). Savukart mitruma un temperatiiras reZimu kom-
pleksa izmaina var pat batiski ietekmét ultraskanas izplatiSanas atrumu betona (Aswmos,
2-2007; d3enuc, 1971; Kopotkos, 1963). Ta¢u mitruma faktora ietekme uz ultraskanas izplati-
Sanas atrumu betona ir daudz bitiskaka (Anmumos, 2-2007; Fadragas, 2011). Sados gadijumos
runa gan parasti ir par betonu, kas tiek skanots bridi, kad cementakmens hidratacijas procesu
aktiva stadija betona vairs nenorisinas. Tacu pastav liela atSkiriba, vai betonu parbauda agrina
vecuma, vai ari vélakaja ekspluatacijas laika. Analiz&jot norades dazadu valstu standartos, ne-
rodas konkréts prieksstats par to, ka pozitiva temperatiira ietekmé ultraskanas izplatiSanas at-
rumu betona (LVS EN 12504-4:2005 L, 2005; TOCT 17624-87, 1988).

Pienemot, ka betons ir absoliti sauss un ta poras ir vienigi gaiss, pazeminoties temperata-
rai, ultraskanas atrums betona samazinasies pavisam nedaudz (Zitzewitz, 1995; Trinklein,
1990). Turpretim ultraskanas izplatiSanas atruma atSkiribas tident un ledi ir loti butiskas. Ul-
traskanas atrums ledn var bt pat 2,5 reizes lielaks neka tideni (Vogt, 2008; Al-Nassar, 2006;
Kohnen, 1974). Lidz ar to materiala strukttras fazu sastava izmainas ultraskanas atrumu beto-
na var ietekmét pat visai bitiski. Ipasi tas izpauZas gadijuma, ja notiek pareja no Skidras fazes
cietaja, un pretgji. leprieks veiktajos p&tijumos par negativas temperatiiras ietekmi uz ultra-
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skanas atruma izplatiSanos betona noradita ietekmes pakape ir atskiriga. Maksimali iesp&ja-
mais ultraskanas atruma palielinajums sasalusam betonam attieciba pret gaissausu betonu no-
teikts ka 18 % (Amumos, 2-2007). Dazadu valstu standartos nav dotas konkrétas norades par
negativas temperatiiras ietekmi uz ultraskanas izplatiSanas atrumu betona (LVS EN 12504-
4:2005 L, 2005; T'OCT 17624-87, 1988; BS 1881: Part 203: 1986, 1986).

Mitruma ietekmes pakape uz ultraskanas izplatiSanas atrumu betona tiek definéta plasa am-
plitida: — no niecigas lidz pat batiskai 16 % apméra. (Fadragas, 2011; Anumos, 2-2007; Hel-
lier, 2001). Atskirigi tiek veértéts ari korelacijas sakaribas «ultraskanas atrums — betona mit-
rums» raksturs. Ir darbi, kuros So divu fizikalo lielumu savstarpgja saistiba tiek definéta ka li-
neara (Rollet, 2008), tacu vairakuma pétijumu par atzitakiem noteikti eksponencialie modeli
(Fadragas, 2011; Ohdaira, 2000; I3enunc, 1971). Dazadu valstu standartos atrodamas norades
ir nekonkrétas: 1) Latvijas Republika un Eiropas Savieniba patlaban spéka esosaja standarta
atrodama informacija vien liecina, ka viena un taja pasa betona, mainoties ta mitrumam, ultra-
skanas atruma atskiribas var biit nozimigas (LVS EN 12504-4:2005 L, 2005); 2) ASV speka
€s0saja standarta minéts, ka ar mitrumu piesatinata betona ultraskanas izplatiSanas atrums var
bit par 5 % augstaks (ASTM C597-09, 2009); 3) Krievijas Federacija spéka esoSie standarti
neparprotami norada uz iesp&jamam ultraskanas atruma atskirtbam, ja parbaudamiem betona
izstradajumiem netiks ievérteéta mitruma pakape, tacu nav konkretizgts iesp&jamo izmainu ap-
mérs (TOCT 17624-87, 1988; TOCT 26134-84, 1985). Apskatitajos literatiiras avotos nav at-
rodama informacija par ultraskanas atruma iespéjamam izmainam mitruma ietekmeé, kas saisti-
tas ar parbaudama betona vecumu un kopSanas kvalitati cietéSanas laika.

Izvertgjot petijumu rezultatus par spriegumu ietekmi (ja savstarp&ji salidzina datus dzelzs-
betona konstrukcijam, kas paklautas atskiriga lieluma slodzu iedarbibai), seCinats, ka iespgja-
mas ultraskanas atruma izmainas betona galvenokart saistamas ar plaisu rasanos materiala ce-
mentakmens struktiira. Butisks ultraskanas izplatiSanas atruma samazinajums betona noveé-
rots, slodzei sasniedzot 70..80 % no robezsprieguma vértibas (3unoBbeB, 2012; Popovics,
1991; P. Jlxouc, 1974). Parbaudot dzelzsbetona konstrukcijas, spriegumu ietekmé fiksétais
ultraskanas atruma samazinajums nenoliedzami liecinas ar1 par apskatamas konstrukcijas be-
tona stipribas un nestspéjas zudumu, un tadéjadi faktiska situacija tiks atainota korekti.

Ka redzams, ultraskanas atrumu betona ietekmé&josiem faktoriem savstarpgja mijiedarbiba
praktiski netiek apskatita. Lidz ar to §T promocijas darba izp&tes galvenais vadmotivs — noteikt,
vai dazadiem fizikaliem un fizikali kimiskiem faktoriem pastav savstarp&ja kompleksa ietek-

me uz ultraskanas izplatiSanas atrumu betona.
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2. Eksperimentali iegiitie rezultati, to analize

Vispirms noteikts, ka, dzelzsbetona izstradajumiem nosakot ultraskanas izplatiSanas atru-
mu betona, iegiitos rezultatus ietekme apskatamaja masiva esoSais stiegrojums. Jebkura cita
ultraskanas atruma ietekmé&josa faktora analize nepaklaujas objektivai izpétei, ja skanoSanas
laika tiek ignoréta stiegrojuma iesp&jama ietekme uz ultraskanas izplatiSanas atrumu betona.
Sekojosi tam izvertéta mitruma un apkartgjas vides temperatiiras faktoru ietekme uz ultraska-
nas atruma rezultatiem betona. Novértéta So faktoru kompleksa iedarbiba saistiba ar betona

cietéSanas vidi un cementakmens hidratacijas procesa stadiju (jeb betona vecumu).

Eksperimentali noteikta stiegrojuma ietekme uz ultraskanas izplatiSanas atrumu betona
atskiras no 1idz §im dazados zinatniskos rakstos un valstu standartos atrodamas informacijas.
Betona paraugos iestradato stiegru joslas noteikts zemaks ultraskanas atrums. ST sakariba at-
tiecinama gan uz garenvilniem, gan ari uz Skérsvilpiem un virsmas vilpiem.

Stiegru joslas noteiktais salidzinosi zemakais ultraskanas atrums betona, visticamak, iz-
skaidrojams ar kontaktzona «hidratéta cementa pasta (HCP) — stiegrojuma stienis» pastavo-
Sam atSkirigam strukttras pasibam (t. sk. vides neviendabibu), ja salidzina ar HCP ipaSibam
citviet betona masiva. Ming&taja kontaktzona HCP parasti raksturojas ar paaugstinatu poraini-
bu, turklat Saja vidé ap stiegram novérojama ar rupjo pildvielu koncentraciju atskiriba, kas
betona masas iestradasanas bridi biezi vien rodas t. s. pildvielu centrb&édzes rezultata. Tapat
nav izsledzams, ka ultraskanas atruma izmainas saistiba ar stiegrojuma ietekmi sekmejusi be-

tona pildvielu un piedevu attistiba, tadéjadi izmainot HCP vidi, kura izplatas ultraskanas vilni.

Novértéjot paaugstinatas temperatiiras ietekmi uz ultraskanas vilnu izplatiSanas atrumu
betona dazadas cementakmens hidratacijas procesu stadijas, vispirms janorada §adi fakti. Saja
gadijuma termins «paaugstinata temperatiira» ir saistits ar betona notiekosajiem hidratacijas
procesiem. Tadgjadi par paaugstinatu temperatiiru uzskatama tada, kas parsniedz betona nor-
malcietéSanas apstak]u temperatiiru (+18 + 2 °C).

legiitie rezultati liecina, ka, betonam ciet&jot vide, kur gaisa temperatiira sasniedz +30 °C,
virsgjos slanos izveidojusies palielinata cementakmens porainiba un/vai mikroplaisas kave ul-
traskanas vilpu izplatiSanos. Tadgjadi, betonam izpildot ultraskanas mérijumus ar virsmas
skanosanas metodi, akustisko un mehanisko 1pasibu savstarp&ja korelacija ir butiski atkariga
no izstradajuma cietésanas vides apstakliem. Turklat betona virskarta noteikta aina var korekti

neraksturot betona stavokli kopuma.

Negativas temperatiiras ietekme uz ultraskanas vilnu izplatiSanas atrumu betona tika no-

teikta cementakmens hidratacijas aktivaja un pasivaja stadija, ka ar gaissausam un ar tideni
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piesatinatam betonam. Betona paraugu sasaldésanas ilgums pienemts saskana ar noradém be-
tona salturibas noteikSanas standarta (Russian Standard, 1996), kura minéts, cik ilga laika beto-
na paraugs ar konkrétam dimensijam sasalst visa tilpuma.

Noteikts, ka islaiciga sala ietekmes izvértéSana bitiska nozime ir parbaudama betona mit-
rumam. Turklat ultraskanas atruma izmainu atskiribas saistamas ar betona ciet€Sanas vidi: jo
ilgak betons cietésanas laika paklauts paaugstinatas temperatiiras ietekmei, jo vairak to iespai-
dos mitrums un sals, un 1idz ar to lielakas bas arT ultraskanas atruma atskiribas.

Betonam ilglaiciga sala ietekmé 3 lidz 28 dienu perioda sasalusa un atlaidinata stavokli no-
teiktas loti butiskas ultraskanas atruma atskiribas, skat. 1. tabulu.

Vel secinats, ka, betona paraugam sasalstot, samazinas ta virsmas mitrums (tas biezi vien ir
zemaks par 6 %), bet ultraskanas izplatiSanas atrums betona pieaug. Lidz ar to sasalu$a betona
gadijuma saistiba starp ultraskanas atrumu un betona virsmas mitrumu ir citadaka neka So pa-

Su parametru savstarp&ja sakariba nesasalusam betonam.

1. tabula
Ultraskanas atruma korekcijas koeficienti betonam, kas paklauts ilglaiciga sala ictekmei
betona vecums dienas 3 7 14 28
virsmas | garenvilni = 0,50 0,49 0,55 0,57
w1 8
skagoSana” | virsmasv. | ‘G2 | 0,52 0,50 0,55 0,58
catrskanotana garenvilpi® | £ 0,53 0,56 0,57 0,58
’ galrenvih,li3 = 0,51 0,55 0,56 0,59
videji: 0,52 0,53 0,56 0,58

Piezime: ultraskanas aparatiira: 1 «UK-1401»; 2 — «UKB-1M»; 3 — «A1220 Monolith».

Ultraskanas atruma mérijumu rezultatus visbutiskak ietekmé mitruma faktors. TieSi mitru-
ma daudzuma izmainas betona iespaido ari pargjo fizikali mehanisko raksturlielumu (tempe-
ratiras un elastigo 1pasibu u. tml.) ietekmes pakapi uz ultraskanas izplatiSanas atrumu betona.

Pielietojot betona virsmas skanoSanas metodi, ultraskanas garenvilpu atrumam fikséts bi-
tisks palielinajums bridi, kad Gdensuzsiices laika paraugiem masas pieaugums ir mazaks par
0,1 % diennaktt (proti, kad gandriz sasniegts betona maksimalais piesatinajums ar tideni). Vis-
butiskakas izmainas konstat€tas paaugstinatas temperatiiras vidé cietgjusam betonam, kura
mitrumam péc masas picaugot par 0,1 %, ultraskanas atruma palielinajums sasniedza 9 % (1. att.).
Tadgjadi korektu ultraskanas atruma un tidensuzsitices péc masas sakaribu noteikSanai betona
paraugu piesatinasanu nepiecieSams istenot ilgaka laika perioda neka to nosaka Latvijas Re-

publika patlaban spéka esosie standarti.
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1. att. Sakaribas starp ultraskanas izplatisanas atrumu un betona Gidensuzstici péc masas dazada
vidg cietgjusiem paraugiem (N — normalcietéSanas kamera, K — klimatiskaja kamera

atveidnoti, Ky — klimatiskaja kamera neatveidnoti)

Iegitie rezultati liecina par betona paraugos noteikta ultraskanas atruma un materiala mit-

ruma daudzuma savstarpgjas sakaribas nelinearo raksturu.

3. Metodologija ultraskanas impulsu metodes pielietoSanai konstrukciju betona

stipribas novérteSana

Apkopojot eksperimentala veida ieglitos pétijumu rezultatus, izstradata metodologija ultra-
skanas impulsu metodes pielietoSanai konstrukciju betona stipribas novértéSana. Metodologija
ietver divas metodikas, kas aprakstitas 3.1. un 3.2. nodalas. Izstradatajam Cetrargumentu vai-
rakkopu funkciju algoritmam izpildita matematiska modelésana, kas parada, kados gadijumos
ultraskanas izplatiSanas atruma koeficienta ky veértibas iesp&jams aprékinat pie tadam ietek-
m¢ejoso faktoru kombinacijam, pie kuram eksperimenti nav veikti, skat. 3.3. nodalu. Savukart
3.4. nodala doti uzskatami pieméri tam, kadas neprecizitates var rasties, veidojot ultraskanas
atruma un betona spiedes stipribas korelacijas sakaribas, ja netiek ievérota izstradata metodo-

logija.

3.1. Konstrukciju betona ultraskanas atruma analizes metodika mitruma un

stiegrojuma ietekmes ievérteSanai

Vadoties péc eksperimentala veida iegiitiem rezultatiem, izstradata metodika ultraskanas

atruma mérijumu veikSanai konstrukciju betona, nemot véra stiegrojuma un mitruma ietekmi.
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Ultraskanas merjjumu izpildes prieksraksts koncentréta veida apkopots 2. attéla — blokshéma

attiecigo faktoru ietekmes pozicijas sakartotas izslégsanas seciba virziena no augsas uz leju.

‘ Konstrukciju betona UA mérijumu rezultatu ietekm@joSie faktori

‘ Mitrums ] Stiegrojums
| |
‘ Betona vecums } Stiegrojuma lokalizacijas noteikSana
I I I .
Agrinais vecums Velakais vecums - ) di ik
(aktivd hidmticijas procesu stadija)||(pasivi hidraticijas procesu stadija Stiegrojuma diametra noteiksana
[ | I I
I Caurskanoianas Virsmas skanoSanas
Parbaudama masiva un metode metode
virsmu Ipatnibas I
I | Tetek By i letekme nepastiv, ja
CLEETE nepasiay, ja . .
Orientdcija saistibi ar betona Betona virsmu vide stiesru di T - lﬁj stiegru diametrs S 16 mm un
iestridiSanas virzienu cietéfanas laik3 veidnos SHEgru chamelns = 16 mm betona aizsargkirta 4,5 cm
I ]
Fa——— WVirsmas novie- Veidgu - 1 - - -
iiwf,ieﬁﬁs tojums veidni nosegls — Veidgu l'dlakas darbibas, ja minétie
pempendikuliri ;amuﬁ?ﬁzi <Anmalas un nzmeil:e— nosacljumi neizpildas
tam AOPUSE, apakipuse ESpUe |
sfinmala) — — ——
Parbaudama izstradajuma
I tehniskais risindjums
Adsorbcijas (virsmas) N — |
mitruma noteikSana laisnstirveida vai tml. Lielapjoma virsmas
I §_‘?ﬂ'5§:“i7-”““ {gridas, sienas,
— — _ (sijas, kolonnas, plrsegumi w.c.)
Adsorbcijas un absorbeijas (masas) riboto plitnu ribas u.c.)

mitruma korelacijas sakaribu atrasana | |
| Skanofana no stiegrim

- . = Skanotanu no stiegrim brivajis betona joskis
Absorbeijas mitruma un UA brivajds betona josls ir Ejsmblemﬁn:k,a_
korelacijas sakaribu atrasana iespéjams Tstenot stiepru solim

- salidzinodi &t R
| jablit 2 5 cm

UA precizéta vértiba, | ; |
ievertgjot mitruma ietekmi — -
UA precizéta vertiba,
ievertgjot stiegrojuma ietekmi
I

|
\\ UA rezum&josa vertiba, ievértgjot mitruma un stiegrojuma ietekmi }

2. att. Mitruma un stiegrojuma faktoru ievertéSanas shéma preciza
ultraskanas atruma (UA) iegiiSanai stiegrota betona konstrukcijas

Bitiska nozime iegiito ultraskanas atruma datu interpretacija ir konstrukciju betona atrai at-
veidnosanai. Cementakmens hidratacijas procesu aktivaja stadija apkartéjas vides paaugstina-
ta temperattira parbaudama betona virsma var radit batisku ultraskanas atruma samazinasanos.
Tas saistams ar materiala virs€ja slana strauju izziiSanu, ja betonu atveidno lidz 2 dienu vecu-

mam. Tad&jadi dazu milimetru bieza betona virskarta raksturojas ar daudz zemaku strukttras

21



blivumu, kas biitiski kavé ultraskanas vilnu izplatianos. Sados gadijumos izzuvuso virsslani
nepiecieSams nokalt un skanoSanu istenot zem ta eso$ajam betonam.
Parbaudot konstrukciju betonu, jarékinas ar kompleksu stiegrojuma un mitruma faktoru ie-

darbibu, un nevienam no tiem nav dodama priekSrociba.

3.2. Ultraskanas izplatiSanas atruma analizes metodika konstrukciju betona stipribas
raksturosanai, ievértéjot betona cietéSanas vides, vecuma, mitruma un apkartéjas vides

temperatiras faktoru savstarpéjo mijiedarbibu

Datorprogramma apkopoti $§a promocijas darba laika vairakos petijumos iegiitie rezultati,
dazadiem betona sastaviem analizgjot galveno fizikalo faktoru savstarpgjo pakartotibu. Kon-
statéts, ka mérijjumu rezultatus visbatiskak ietekmé betona mitrums. TieSi ta izmainas licla
méra nosaka par€jo fizikali mehanisko u. c. raksturliclumu ietekmes pakapi uz ultraskanas iz-
platisanas atrumu betona. Datorprogramma ietver metodiku korektu ultraskanas atruma datu
legiSanai, ja dazadas vides cietéjusu betona skanoSanu, izmantojot virsmas skanosanas meto-
di, izpilda dazada vecuma, turklat esot arT atSkirigai temperattrai un mitrumam. Pielietojot $a-
du pieeju, peétamajam betonam iesp&jams daudz korektak izveidot ultraskanas atrums un stip-

ribas Ipasibu savstarpgjas korelacijas sakaribas.
3.2.1. Cetrargumentu vairakkopu funkciju algoritms

Algoritms izstradats praksé visbiezak pielietotai virsmas skanoSanas metodei, ja parbaudes
izmanto garenvilnu un virsmas vilnpu impulsus. Izstradata mérfjumu metodika ietver ultraska-
nas atruma izmainu koeficienta ky funkciju, kas satur ¢etrus argumentus — betona cietéSanas
vidi ¢, cementakmens hidratacijas procesa stadiju (jeb betona vecumu) t, betona mitrumu W

un apkartgjas vides temperatiru T:
ky = f(c;t; W;T). 1)

Eksperimentali pieradits, ka ultraskanas atruma izmainas novérojamas konkré&tos apstaklos, Ky
funkcijas argumentiem definétas $adas apak$pozicijas:

v'  betona cieté$anas vide c: 1) normalos apstaklos (pie apkartéjas vides temperatiiras
+18 £ 2 °C un gaisa relativa mitruma 95...100 %) c,; 2) paaugstinatas apkartéjas vides tem-
peratiiras apstaklos (Iidz +30 °C, gaisa relativajam mitrumam neparsniedzot 50 % robezu) cg;
3) pazeminatas temperatiiras apstak]os (pie gaisa temperatiiras —18 + 2 °C un gaisa relativa

mitruma 65...75 %) cy;
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v betona vecums t: 1) cementakmens hidratacijas procesu aktiva stadija, t. i., betonam
esot 3, 7, 14 un 28 dienu vecuma — attiecigi t3, t7, ti4, tog; 2) cementakmens hidratacijas pro-
cesu pasiva stadija, 56 un 1000 dienu vecam betonam — attiecigi tsg un tiogo;

v' betona mitrums péc masas W: 1) gaissauss betons, kura mitrums ir 2...3 % — attiecigi
W, un W3; 2) mitrs betons (4...5 % — attiecigi W4 un Ws); 3) ar tideni maksimali piesatinats
betons (5...6 % — attiecigi Ws un Ws);

v’ apkartgjas vides gaisa temperatiira T: 1) —20...0 °C — T_5_o — sala iedarbibas diapa-
zons jeb cementakmens hidratacijas procesi apstajusies; 2) +1...+9 °C — T.1_+g — cementakmens
hidratacijas procesu norisei pazeminata temperatiira; 3) +10...4+20 °C — T.19_+20 — Cement-
akmens hidratacijas procesu norisei labvéliga temperatiira; 4) +21...4+30 °C — T.1. 430 — Cé-
mentakmens rukuma procesus veicino$a temperatiira.

Izstradataja modeli netiek ietverti sausa betona gadijumi (pie mitruma péc masas 0...1 %), kas
neatbilst praks€ iesp&amai situacijai. Savukart apkart&jas vides temperatiira tie§a méra ir sais-
tita ar betona temperatiru. Visbutiskak tas izpauzas negativas temperatiras gadijuma. Ekspe-
rimentu laika betona paraugi tikusi skanoti sasaldéti visa tilpuma. Tadgjadi ultraskanas atruma
izmainu koeficienta vértibu piclictoSana jabut ipasi uzmanigam pie salidzinoSi augstam arcja
gaisa negativam temperatiiram (it seviski intervala no —4 °C Iidz +4 °C). Jabiit parliecinatam
par apskatama betona sasalSanu visa tilpuma, vadoties p&c biivelementa geometriskajiem pa-

rametriem un ta iesp&jamibas sasalt pie attiecigas gaisa temperatiras.
3.2.2. Ultraskanas atruma izmainu koeficienta ky pielietoSana

Ultraskanpas atruma izmainu koeficienti piepemti, izpildot salidzinajumu ar konkrétaja
diena (t3, t7, tis, tzg, tss UN tigge) realo ultraskanpas atrumu, kads noteikts, ja betonam
cictéSanas laika 28 dienu ilguma, vai ari lidz skanoSanas izpildei attiecigaja vecuma
cementakmens hidratacijas procesu aktivaja stadija tiek nodroSinata attieciga cietéSanas vide
(cn, Cq Vvai c¢) un talakaja ekspluatacijas laika betons atrodas gaissausa vidé. Pieméram,
normalcietéSanas apstaklos esoSam betonam (cietéSanas vide — c,) lidz pat 28 dienu
vecumam pienemts, ka realais ultraskanas atrums (ky = 1) ir pie betona mitruma W =5 %, bet
1000 dienu vecuma — betona mitrumam esot 3 %. Katrai cietéSanas videi Sie raditaji
koeficienta vieninieka pozicija nedaudz atskiras, ta¢u jebkura gadijuma tie attiecinami uz
cementakmens hidratacijas procesu norises labveéligo temperatiiras intervalu — T.19. 4+20-
Cetrargumentu funkciju koeficienta vieninieku gadijumi betonam dazadas cietéSanas vides ir

adi:

7218
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(ky = f(cnsts . tag; Ws;Tiq0.420) = 1

ky = f(cn;tse; Was Ti10.420) =1

ky = f(cn; ti000s Wai Ti10.420) =1
ky = f(casts . tia; Ws;Ti10.420) = 1
4 ky = f(ca; tas. 565 Was Tr10.420) = 1

ky = f(ca; t1000; Was Tr10..420) = 1
ky = f(Cfi t3 ... l2g; WsiT+10...+20) =1

ky = f(Cf;tsei W4;T+10...+20) =1

\ ky = f(Cfi t10005 WziT+10...+20) =1L (2)

Datorprogrammas algoritma ietverto funkciju kopskaits ir 360. Janorada, ka 161 gadijuma
funkcijas esoso argumentu savstarp&jas sakaribas nav pakartojamas nedz cementa ka hidrau-
liskas saistvielas cietéSanas procesu pamatprincipiem saistiba ar §im noltikam vajadzigo tdens
daudzumu un apkartgjas vides temperataru, nedz ari gal&ji atskirigiem cietéSanas un apkarté-
jas vides temperattiras intervaliem (cq — T—20.0 UN Cf — T421..+30). Sadi gadijumi atbilst vien
modelésanas nepiecieSamibai zinatniskos pé&tijumos, un Saja datorprogramma tamlidzigi
funkciju vienadibas iznakumi tick formuléti ka prakse nereali. Definétie koeficienta vie-
ninieku gadijumi ir 18 (pa 6 katrai cietéSanas videi, kas lidzvertigs funkcijas ictvertiem betona
vecuma gadijumiem), bet citi ky skaitlisko vértibu gadijumi — 181. Eksperimentala veida
iegitas koeficientu vértibas, raugoties no cietésanas laika esosas apkartejas vides temperattras
viedokla, apkopotas promocijas darba pilnas versijas 4.1. tabula.

Iegttais ultraskanas atruma izmainu koeficients Ky reizinams ar attiecigaja betona vecuma
un pie konkrétiem parbaudes apstakliem noteikto (nomérito) ultraskanas atruma vértibu —
Veas. Pienemts, ka ultraskanas atruma vertibas nosaka mérvienibas m/s vai km/s, tacu $1 aplé-
ses metode zemak noraditaja formula lauj izmantot ari citas ultraskanas atruma mérvienibas.

Ultraskanas atruma realas vértibas Ve aprékina formula ir sada:

Viear = Vimeas.kv - (3)

Lidz ar to, izpildot mérijumus dazados (tostarp ekstremalos) apstaklos, kas pat visai butiski
medz atskirties no tiem, kadi noverojami reala ultraskapas atruma noteikSanas gadijuma, iz-
mantojot ultraskanas atruma izmainu koeficienta ky vértibas, iesp&jams iegiit korektu ultraska-
nas izplatiSanas atrumu skanotaja betona.

PiekltaSana datorprogrammai «Ultraskanas atruma izmainu koeficienti un to pielietoSana, ja
dazadas vides ciet&jis betons, kas satur dazadu mitruma daudzumu, tiek skanots atskiriga ve-
cuma un pie dazadam apkartgjas vides temperatiiram» iesp&jama, izmantojot interneta piesle-

gumu. Datorprogrammas vietne: http://concrete.scienceontheweb.net. Atverot to, biis redzams
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izstradatas datorprogrammas nosaukums latviesu un anglu valodas. Programmas aktivizé$anai
attiecigaja valoda janoklikskina peles kreisais taustin$ uz vienu no divam pozicijam Latviski
vai English. Apstiprinot darba valodu, datorprogrammas lietotajs nokltst galvenas izvélnes la-
pa, kur izvélas talakas darbibas virzienu. Pastav iesp&ja aktivizét sadalas PriekSraksts dator-
programmas lietosanai un Koeficienta ky aprékins un reala UA iegiiSana, kuras izskaidrots

solu secigums datorprogrammas lietosanai.
3.3. Lokali svérto polinomialo aproksimaciju pielietojums eksperimentu rezultatu analize

Eksperimentalo datu apstradé augstvertigus rezultatus uzradija lokali svertas polinomialas

aproksimacijas kvadratiskas funkcijas:
y =a+b1X1+boXo+03X3+04X1 X1 05X 1 Xo +DsX1 X3 +D7Xo X H0Xo X3 +0gX3X3, 4)

kur x; =t — betona vecums;
X2 = W — betona mitrums;
X3 = T — apkart€jas vides temperatiira,
a un b — empiriskie koeficienti.

Ultraskanas atruma izmainu koeficienta ky noteik$anai dazadas vidés ciet€jusam betonam
aproksimacija ieguti atskirigi empiriskie koeficienti. Koeficientu veértibas apkopotas promaoci-
jas darba pilnas versijas 127. Ip.

legiitie rezultati liecina, ka aproksimacijas funkcijas iesp&jams izmantot betonam lidz
56 dienu vecumam. Savukart, betonam esot vecuma no 56 Iidz 1000 dienam, $is aproksimaci-
jas funkcijas nav piemérojamas eksperimentalo datu nepietickama apjoma dél. Min&taja beto-
na vecuma intervala ultraskanas atruma izmainu koeficientu vértibu izteik3anai iesp&jams pie-
lietot linearas sakaribas, ky datiem izpildot interpolaciju. Apkartgjas vides negativas tempera-
taras gadijumos korekti aproksimacijas rezultati netika ieguti, t. sk., izpildot lokali svértas ku-
biskas funkcijas aproksimaciju, jo: 1) eksperimentalo datu apjoms bija ierobezots praksé nere-
alo gadijumu skaita dél; 2) mitruma piesatinatam un sasaluSam betonam novérojams bitisks
ultraskanas atruma palielinajums pie 6 % mitruma slieksna, salidzinot ar rezultatiem, kas fik-
séti [1dz 5 % mitrumam.

Eksperimentala un teorétiska (aproksiméSanas) veida iegiitie datu savstarp&ja salidzinaju-
ma kladu 4.4, (%) absoltto vértibu vidéjie lielumi atkariba no betona cietéSanas apstakliem

un apkart€jas vides temperatiiras apkopotas 2. tabula.
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Apkopojot ieprieks teikto, secinams, ka ieprieks aprakstitas aproksimacijas iespgjams pie-
lietot tikai betonam Iidz 56 dienu vecumam, ka ar parbaud@s pie apkartgjas vides pozitivam

gaisa temperatiram.

2. tabula
Eksperimentala un aproksimésanas veida iegito ultraskanas atruma izmainu koeficientu ky
savstarpgjas atskirthas Avig. (4min..- 4max), %0, betonam atkariba no cietéSanas apstakliem un

apkartgjas vides temperatiiras

cietss. Vid::emperatﬁra T*ZO...O Tl...9 TlO...ZO T21...30
Cy 12,8 (0,50...39,3) | 0,81 (0,20...2,07) | 0,49 (0,06...0,85) | 0,39 (0,01...1,10)
Cq 9,78 (0,03...42,3) | 0,62 (0,13...1,19) | 0,54 (0,01...1,52) | 0,54 (0,00...1,45)
C 51,9 (0,77..107,3) | 0,63 (0,09...1,70) | 0,52 (0,03...1,61) | 0,34 (0,02...0,80)

Ka parada trisdimensionalo sakaribu modeli, mitruma ietekme uz ultraskanas izplatiSanos
atrumu betona palielinas, pieaugot betona vecumam, skat. 3. att. Visos gadijumos ultraskanas
atruma izmainu koeficienta vertibas ir gan lielakas, gan mazakas par 1 — ¢, un cq = 0,93...1,03;
¢ = 0,96...1,02. Betonam kliistot vecakam, pieaug mitruma ietekmé ieviestas korekcijas ultra-

skanas atruma vertibas samazinasanai.

T=15C

W, %

3. att. Trisdimensionalais modelis ultraskanas atruma ietekmgjoso faktoru sakaribam pie +15 °C

temperatiiras betonam, kas ciet&jis normalos apstaklos

Trisdimensionalais modelis, kas izveidots betona mitruma un apkartgjas vides temperatiiras
savstarpgjai ietekmei uz ultraskanas atruma izmainu koeficientu vértibu dazadas vides cietéju-

Sam betonam, parada, ka apkart&jas vides temperattras dimensija salidzinoSi augstakas korek-
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cijas koeficientu veértibas novérojamas 1...9 °C un 21...30 °C intervalos neka pie 10...20 °C — §a-
da Tpatniba saistama ar to, ka betonam optimalas cietéSanas apstaklos piemérojami salidzinosi
zemaki koeficienti, jo $aja vidé betons uzrada potenciali augstaku ultraskanas atrumu (4. att.).

Ar1 cita vecuma betonam lidz 56 dienam noteiktas lidzigas sakaribas.

t=14d

Cd

TC 02 W%

4. att. Trisdimensionalais modelis ultraskanas atruma ietekmé&joso faktoru sakaribam 14 dienu

vecam betonam, kas ciet€jis paaugstinatas apkart€jas vides temperatiiras apstaklos

Promocijas darba pilnaja versija ieprieks minétie trisdimensionalie modeli doti ar citas vi-
dés cietéjusam betonam, skat. P.32. att. un P.33. att. Tapat trisdimensionalie modeli noraditi
arl ultraskanas atruma ietekm&joSo faktoru savstarp&jam sakaribam pie 5 % mitruma,
skat. P.34. att. Savukart betona mitruma un vecuma savstarpgjam sakaribam pie dazadam ap-

kartejas vides temperataram izveidots att€lojums aksonometrija, skat. P.35. att.

3.4. Iespéjamo kliidu rasanas iemeslu pieméri betona spiedes stipribas novértésana,
pielietojot ultraskapas atruma mérijumu datus bez konkrétu ietekmes faktoru

ieverteSanas

Betona mitruma, apkart&jas vides paaugstinatas un negativas temperatiiras savstarp&jai mij-
iedarbibai cementakmens hidratacijas procesa aktivaja un pasivaja stadija var bt loti batiska
ietekme uz ultraskanas izplatiSanas atrumu betona, tapéc doti pieméri ultraskanas atruma at-
skirtbam vienada sastava betonam (tadgjadi izslédzot betona ingredientu Ipasibu ietekmi uz
ultraskanas izplatiSanas atrumu), to parbaudot dazados apkartgjas vides apstaklos. Betona ska-

noSana izpildita ar vienu un to pasu ultraskanas testeri — «UK-1401» —, lidz ar to izslégta ari
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meraparataras tehnisko parametru un kalibré$anas iestatijumu ietekme uz ultraskanas izpélati-
Sanas atrumu betona.

Visbitiskakas ultraskanas atruma izmainas novérojamas, betonu skanojot negativa tempe-
rattra un pie atSkiriga mitruma, tap&c apskatits, kadas neprecizitates var rasties betona spiedes
stipribas raditaju interpretacija, ja ultraskanas atrums noteikts betonam, kas: sakot no 3 dienu
vecuma bijis paklauts pazeminatas temperatiiras iedarbibai; sasalusa stavokli biivobjekta ticis
parbaudits 28 dienu vecuma, bet atlaidinata stavokli — 29 dienu vecuma laboratorijas apstak-
los; noraditaja vecuma saturéjis attiecigi 4,8...5,4 % absolato mitrumu péc masas; 28 dienu ve-
cuma parbaudits gaisa temperataira —20...0 °C, bet 29. diena — temperatiira +10...+20 °C. Ta-
dgjadi skanojamam betonam 28 un 29 dienu vecuma piemérojamas attiecigi Sadas ultraskanas

atruma izmainu koeficienta ky funkcijas:

ky = f(cn;ts; Ws; T_p0.0) Unky = f(Cf; tag; Ws; T+10...+20)- (5)

Betonam esot 28 dienu vecam, objekta uz vietas kopuma izraudzijas 6 mérvietas. Katra no
tam betonu skanoja sasaldéta stavokli. Saja vecuma mérvietu zonas izurba 6 cilindrveida pa-
raugus, kuriem péc betona struktiiras atlaidinaSanas UA laboratorijas apstaklos noteica
29 dienu vecuma. P&c attiecigiem sagatavoSanas darbiem laboratorija betona paraugiem spie-

des stipribu f; noteica 32 dienu vecuma.

Iegttie rezultati liecina, ka sasaldéta stavokli ultraskanas izplatiSanas atrums betona ir par
16,3...20,8 % lielaks neka atlaidinata stavokli vienu diennakti vélak (skat. promocijas darba
P.40. tabulu).

Apskatama betona razotaju produkcijai pie nemainigam ingredientu TpasSibam ilgaka laika
perioda uzkratas mainigo «ultraskanas atrums — spiedes stipriba» savstarp&jas korelacijas sa-
karibas plasa spiedes stipribas intervala — 14,5...68,1 MPa. Korelaciju liknes dazadas stipri-
bas betonam, ka arT izurbtajiem betona paraugiem atlaidinata stavoklIi un konstrukciju beto-
nam sasaldéta stavokli, redzamas 5. att. legitie spiedes stipribas un ultraskanas izplatiSanas
atruma korelacijas koeficienti: razotaju piegadatajam dazada sastava betonam — 0,91; izurbto

cilindrveida paraugu betonam — 0,85, sasaldétam betonam — 0,56.
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5. att. Ultraskanas atruma un spiedes stipribas savstarp&jas korelacijas sakaribas konkréta
razotaja betonam: sastaviem ar dazadu spiedes stipribu pie nemainigam ingredientu ipasibam;
izurbtajiem betona paraugiem atlaidinata stavoklt; sasaldétam betonam

Vadoties péc 5. att. redzamam sakaribam, sasaldétam betonam péc ultraskanas izplatiSanas
atruma noverteta spiedes stipriba ir par 22,7...36,6 MPa augstaka neka ta fikseta reali. Lidz ar
to spiedes stipriba caurméra tiks noverteta ka 3 reizes augstaka, ja to salidzina ar raditajiem
kadi iegiti, spiedes robeZstipribu nosakot no konstrukcijas izurbtajiem betona paraugiem. Sa-
protams, ka $adas butiskas neprecizitates var radit neprognoz€jamas sekas biivobjektos, ja, va-
doties peéc nekorekti iegiitas, butiski augstakas betona stipribas, tiks pienemts lémums par

konstrukciju priekslaicigu atveidnoS$anu, noslogoSanu vai tml.

4. Izstradatas metodologijas ieguldijums Latvijas Republikas tautsaimniecibas

buivniecibas nozare
4.1. Izstradatas metodologijas tautsaimnieciskais efekts

Promocijas darba izstradatas metodologijas tautsaimnieciskais efekts blivniecibas nozarei
Latvijas Republika aprékinats: 1) salidzinot darbu izmaksas, ja betona stipribas novérteSanu
objekta izpilda, §im noliikam pielietojot vai nu ultraskanas impulsu metodi, vai arT no kon-
strukcijam izurbto betona spiedes stipribas parbaudi laboratorijas apstaklos; 2) nemot véra iz-
pildamos papildu darbus, ja konstrukciju betona noteiktais ultraskanas izplatiSanas atrums ti-

cis interpretéts nekorekti.
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Apkopojot aprékinatas darbu izmaksas Latvijas Republika viena gada griezuma, secinams,
ka: 1) izpétes veikSana ar ultraskanas aparatiiru salidzinajuma ar no konstrukcijam iegtistamo
betona paraugu spiedes stipribas parbaudi dod ekonomisko efektu 24859,50 EUR apmeéra.
urbsanas procesa; 2) izvairoties no papildu darbu izpildes, iegutais ekonomiskais efekts ir
9167,00 EUR. Saja gadijuma darbu izmaksu aprékina nav iesp&ams ietvert dikstaves izmak-
sas jaunbuve, kas rodas apsekoSanas rezultatu apkoposanas perioda.

Lidz ar to Latvijas Republikas tautsaimniecibai viena gada griezuma aprékinatais ekonomis-
kais efekts, ko sniedz promocijas darba rezultata izstradata metodologija dzelzsbetona konstruk-

ciju betona stipribas novérteSanai, pielietojot ultraskanas impulsu metodi, ir 34026,50 EUR.

4.2. Rekomendacijas papildinajumiem standartam LVS EN 12504-4:2005 L «Betona

testeSana — 4. dala: Ultraskanas impulsa atruma noteikSana»

Saistiba ar promocijas darba ieglitiem izp&tes rezultatiem sagatavoti ieteikumi standarta
LVS EN 12504-4:2005 L atrodamas informacijas papildinasanai. Ieteikumi iedalami divas
grupas. Pirma no tam ir saistama ar standarta darbibas sferu, prasibam iekartu lietoSanai, pro-
ceduru, rezultatu izteikSanu un testéSanas parskatu noformésanai izvirzitam prasibam:

1. paplasinama standarta darbibas sfera. Relativi noteiktas sakaribas dazadiem ultraskanas
vilnu veidiem nav butiski atskirigas. Tad€jadi 1. punkta janorada, ka standarts attiecinams
ar1 uz ultraskanas impulsa §kérsvilnpu un virsmas vilnu izplatiSanas atruma noteikSanu sa-
cietéjusa betona;

2. iekartu apraksta 5.2. punkta, kas nosaka ekspluatacijas prasibas, japaaugstina precizitate
ultraskanas impulsa izplatiSanas laika noteikSanai — no 2 % uz 1 %. Noradei: «lekarta ir
jaizmanto ekspluatacijas apstaklos, kurus noteicis izgatavotajs» klat pievienojama atsauce
uz informaciju B pielikuma, kur atrunata ultraskanas iekartu korekta izmantoSana sasalu-
Sa un butiski ar mitrumu piesatinata betona test€Sanai biivobjektos;

3. procediras 6.1.2. punkta izpildama korekcija betona virsmas parbaudes terminam vir-
smas caurskazoSana. Piemérotaks termins ir virsmas skanosana, jo $1s metodes pielieto-
Sana deveju novietojums uz vienas un tas pasas betona virsmas nenodrosSina parbaudama
objekta betona masiva caurskanoS$anu. Turklat terminu veidojosais vards caurskanosana
var radit neprecizu priekSstatu par parbaudei izmantojamo metodi. Nav pienemama teiku-
ma dala: «Netiesas caurskanoSanas izvietojums ir vismazak jutigs...». Eksperimentali pie-
radits, ka virsmas skanoSanas gadijuma pastav salidzino$i daudz vairak faktoru, kas ietek-

meé mé&rfjumu rezultatu precizitati, jo to salidzina ar caurskanoSanas metodi;
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4. procediras 6.1.3. punkta tiesas caurskanosanas gadijuma nosakama ultraskanas impulsa
cela garuma mérjjumu pieraksta precizitate japaaugstina no + 1 % uz + 0,1 %;

5. tiesas un vairakvirzienu caurskanosanas impulsa izplatiSanas atruma noteikSanai standarta
7. punkta japievieno piezime, ka ultraskanas izplatiSanas laikam jaieveérté impulsa aizture,
ko ierosina mérierices devgji. (Ne vienmér ultraskanas laika noteik§ana mérierices auto-
matiski ievert€ impulsa aizturi, it seviski tas attiecinams uz oscCilografa tipa aparattiru);

6. standarta 8. punkta, kur noraditas merfjumu rezultatu apkopojosa testéSanas parskata ie-
klaujamas pozicijas, japapildina ar poziciju betona mitrums. Papildus janorada: betona
mitruma noteikSanas metode (mé&rierices modelis, tips, mérjjumu diapazons); betona kop-
Sanas apstakli cietésanas bridi un apkartgjas vides temperatiira, ja tiek skanots betons Iidz

56 dienu vecumam.

Apskatama standarta papildinajumu otra grupa attiecinama uz B pielikumu, kur noraditi fak-
tori, kas ietekm& impulsu izplatisanas atruma noteikSanu. Ieteikumi attiecinami uz B.2. pun-
ktu, kas papildinams ar $adam noradém: «Mitruma ietekmes pakape ir atkariga no parbauda-
ma betona vecuma. Agrina vecuma, kad betona strukttra hidratacijas reakcijam nepieciesa-
mais tdens vél nav pilniba saistijies, pie relativi mazakam mitruma daudzuma izmainam ul-
traskanas atrums izmainisies daudz straujak. Betonam esot velaka vecuma, sakariba «betona
mitrums — ultraskanas atrums» atskirsies no agrina vecuma noteiktas. Pielietojot virsmas
skanoSanas metodi, butiskas ultraskanas atruma izmainas parbaudamaja betona novérojamas,
kad gandriz sasniegts maksimalais piesatinajums ar tideni. Pirms ultraskapas atruma mérfjumu
izpildes parbaudamajam betonam obligati nosakams virsmas mitrums, kuram vélams izveidot

korelacijas sakaribu ar betona tidensuzsiici p&c masas vai tilpuma.»
SECINAJUMI

Promocijas darba noteikta mitruma, temperattiras un stiegrojuma ietekme uz ultraskanas iz-
platiSanas atrumu stiegrota betona konstrukcijas. Novértéta So faktoru kompleksa iedarbiba.
Apkopojot pétijumu rezultatus, izstradata ultraskanas izplatiSanas atruma izmainu koeficienta
datorprogramma, kuras ¢etrargumentu vairakkopu funkcijas algoritms ietver betona cietéSanas
vidi, cementakmens hidratacijas procesa stadiju (jeb betona vecumu), betona mitrumu un ap-
kartgjas vides temperattru. Noteikts, kados gadijumos koeficienta vertibu aplese var pielietot
aproksimacijas metodi. Doti priekslikumi Latvijas Republika patlaban spéka esosa standarta
LVS EN 12504-4:2005 L «Betona testeSana — 4. dala: Ultraskanas impulsa atruma noteikSa-

na» papildinaSanai ar konkrétu informaciju. Darba iegiitas informacijas korekta izmanto$ana
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butiski samazinas iesp&jamo kliidu raSanos ultraskanas atruma mérjjumu datu interpretacija

saistiba ar betona stipribas raditaju noveértésanu.
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1.

Noteikts, ka absolati sausa un ar tideni maksimali piesatinata stavoklIi esoSam betonam
ultraskanas atruma savstarpgjas atskiribas vidgji sasniedz 19 %. Pielietojot virsmas
skanoS$anas metodi, ultraskanas atrumam fikséts 9 % pieaugums bridi, kad gandriz sa-
sniegts betona maksimalais piesatinajums ar tideni. Caurskano$anas metodes gadijuma
sada sakariba nav fikséta.

Noteikts, ka caurskanosanas metodes gadijuma ultraskanas izplatiSanas atruma paléni-
naSanas betona stiegrojuma ictekmé sasniedza 7 %. Betona virsmas skanoS$anas gadi-
juma iecirknos, kur izvietotas stiegras ar diametru Iidz 16 mm, min&ta faktora ietekme
nav konstateta, savukart 22 mm stiegru joslas attiecigi fiks€ts ievérojams ultraskanas
izplatiSanas atruma samazinajums (Iidz pat 10 %).

Eksperimentali pieradits, ka, betonam cietgjot gaisa temperatiira virs +30 + 2 °C, vir-
s€jos slanos izveidojusies defekti — palielinata cementakmens porainiba un/vai mik-
roplaisas — kavé ultraskanas vilnu izplatisanos. So defektu ietekmé ultraskanas izpla-
tiSanas atrums betona var samazinaties pat par 7 %.

Sala ietekme uz ultraskanas izplatiSanas atrumu betona cementakmens hidratacijas
procesu aktivaja stadija ir praktiski identiska gan caurskanoSanas, gan virsmas skano-
Sanas gadijuma. Noteikts, ka ultraskanas atrums samazinas, picaugot betona vecumam.
Sala ietekme uz ultraskanas izplatiSanas atrumu normala vid€ ciet&jusa betona vairs
nepastav, materialam sasniedzot 28 dienu vecumu. Sasaldétam betonam 3 lidz 28 die-
nu vecuma konstatéts loti liels ultraskanas izplatiSanas atrums (atlaidinatam betonam
tas ir aptuveni 2 reizes mazaks).

Noteikts, ka ultraskanas atruma palielinajums, ko rosina mitruma un sala mijiedarbiba,
sasniedz 34 %. Sasaldgjot vidg ar relativo gaisa mitrumu Iidz 40 % tris gadus izturgtus
betona paraugus, ultraskanas atruma izmainas netika konstatétas. Betonam, kura abso-
latais mitrums sasniedza pat 4,5 % (no masas), sasaldésanas ictekme uz ultraskanas iz-
platisanas atruma izmainam nebija butiska un neparsniedza 1 %.

Izstradata blokshéma ultraskanas izplatiSanas atruma novértéSanai betona, nemot vera
mitruma un stiegrojuma faktoru ietekmi. Noteikts, ka mitruma ietekme atkariga no be-
tona vecuma un iestradasanas virziena, ka art skanojamo virs€jo slanu pasibam saistiba
ar apskatamas konstrukcijas atveidnosanas laiku. Stiegrojuma ietekme atkariga no ta loka-

lizacijas, skersgriezuma parametriem un parbaudamas konstrukcijas tehniska risinajuma.



Izstradats Cetrargumentu vairakkopu funkcijas algoritms un datorprogramma ultraska-
nas izplatiSanas atruma datu apstradei konstrukciju betona stipribas novérteSanai. Al-
goritms ietver ultraskanas atruma izmainu koeficienta ky ¢etrargumentu funkciju, kura
ietilpst betona cietéSanas vide, cementakmens hidratacijas procesa stadija (jeb betona
vecums), betona mitrums un apkartéjas vides temperatiira diapazona no —20 °C lidz
+30 °C, kas lauj iegiit korektu ultraskanas izplatiSanas atrumu skanotaja betona, iz-
slédzot galveno fizikalo un fizikali kimisko faktoru ietekmi.

Lokali svértam polinomialam aproksimacijas kvadratiskam funkcijam iegati atSkirigi
empiriskie koeficienti ultraskanas izplatiSanas atruma izmainu koeficienta ky noteikSa-
nai dazadas vides cietéjuSam betonam. Aproksimacijas funkcijas iespg&jams izmantot
betonam Iidz 56 dienu vecumam, bet laika posma no 56 lidz 1000 dienam koeficienta
ky vertibu izteikSanai iesp&jams pielietot linearas sakaribas. Konstatéts, ka apkartéjas
vides negativas temperatiras gadijuma korekti aproksimacijas rezultati nav iegtistami.
Izstradati papildinajumi patlaban Latvijas Republika spéka esoSajam standartam LVS
EN 12504-4:2005 L «Betona testésana — 4.dala: Ultraskanas impulsa atruma noteiksa-
na», lai praksé izvairitos no iesp&jamam kladam ultraskanas izplatiSanas atruma datu
interpretacija saistiba ar betona stipribas noverté€sanu. Standarta janorada, ka ultraska-
nas atruma merijjumu rezultatus var ietekmét pielietota skanoSanas metode, ka arT kon-
kretu fizikalo un fizikali ktmisko procesu savstarpgjas mijiedarbibas. Ultraskanas atru-
ma apréekinasanas metodika jadod norade uz impulsa aiztures ievérosanas nepieciesa-

mibu.
REKOMENDACIJAS

Izpildot mérijumus ar ultraskanas aparattiru, nepiecieSams iegit informaciju par ap-
skatama betona vecumu, mitrumu un temperatiiru parbaudes bridi, ka ari par ta ciete-
Sanas apstakliem un sastava eso$o ingredientu ipasibam. Jebkurs izstradajums rezulta-
tu salidzinaSanai skanojams visas pieejamas skaldnés, vienlaikus tam nosakot virsmas
mitruma daudzumu. Attieciba pret parbaudamas konstrukcijas noblivésanas (iestradaSa-
nas) un noslogosanas virzienu, mériericu adapteru ass janoorienté paraléli un perpendi-
kulari. Sadas mérfjumu metodikas ievérosana bitiski veicinas ultraskanas izplatiSanas
atruma mérijjumu rezultatu korektu interpretaciju saistiba ar betona viendabibas un
stipribas raditajiem.

Dzelzsbetona konstrukcijam nosakot ultraskanas izplatiSanas atrumu betona, janem

vera apskatamaja masiva eso$a stiegrojuma ietekme. Kolonnu, siju, riboto platpu ribu
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un lidziga risinajuma konstrukciju betona caurskanosana korektus rezultatus iegts vie-
nigi tad, ja ultraskanas impulsa cela neatradisies nesosais jeb t. s. darba stiegrojums.
Savukart gridas, parseguma un sienu konstrukcijam izpildot virsmas skano$anu, stieg-
rojuma ietekmi vairuma gadijumu var nenemt véra, ja betona aizsargkarta ir vismaz 4 cm.
Lai noteiktu mitruma daudzumu betona un izslégtu neprecizitates iegtito ultraskanas datu
interpretacija (veidojot ultraskanas atruma un absoliita mitruma savstarpgjas sakaribas),
parbaudgs pielietojami betona virsmas mitruma méritaji ar mérijumu diapazonu 0...8 %.
Betonam ciet€jot augstakas temperatiiras neka tas nepiecieSams cementakmens hidra-
tacijas procesu normalai norisei, biitiska nozime iegiito ultraskanas izplatiSanas atruma
datu interpretacija ir betona izstradajumu atrai atveidnosanai (I1dz 2 dienu vecumam).
Konstrukciju betona virsgjos slanos noteiktais ultraskanas atrums var bt mazaks ka
citviet masiva. Sados gadijumos, lai iegiitu korektus datus par konstrukcijas masivu
kopuma, pirms betona skanosanas ta izzuvusais virsslanis janonem (janokal).

Vienu un to paSu korelacijas sakaribu izmantosana dazadam ultraskanas mériericém
nav pielaujama — betonam noteiktas spiedes stipribas un ultraskanas izplatiSanas atru-
ma savstarpgjas korelacijas sakaribas katrai konkrétai ultraskanas mériericei janosaka
atseviski. Pat ar viena tipa dazadam meériericém noteiktas betona ultraskanas atruma
absolutas vertibas ir stingri individualas, turklat, ultraskanas izplatiSanas atrumam sa-
mazinoties vai palielinoties par 5 %, betona stipriba var izradities attiecigi mazaka vai
lielaka pat par 50 %.

Betona faktisko stipribu novértét tikai un vienigi ar ultraskanas metodi praktiski nav
pielaujams — vienlaikus japielieto vismaz vairakas materialu negraujos$as parbaudes

metodes.



GENERAL DESCRIPTION OF THE RESEARCH
Topicality of the Research and Formulation of the Problem

There is the growing number of new buildings and engineering structures where concrete
and reinforced concrete are the basic materials, while the technical condition of previously
built constructions deteriorates. Thus, the number of the objects for investigation and testing
increases significantly, and the results of testing need to be evaluated in the shortest time pos-
sible. Therefore, it is advantageous to use nondestructive test methods for determination of the
technical condition of structures. For this reason, an increasing attention has been paid to the
improvement and approbation of the nondestructive test methods.

The evaluation of results obtained through measurements with nondestructive testing
equipment and their interpretation are still up to those who carry out the tests. As the concrete
structure is quite complicated and the properties of this structure can vary due to environ-
mental conditions and the presence of cracks, the obtained results are quite different. It is,
therefore, necessary to recognize the influence of the concrete structure and environment on
the measurement values.

In practice, mainly one parameter is chosen for the characterization of the technical condi-
tion of the reinforced concrete constructions — the strength of concrete. For the determination
of this parameter in reinforced concrete structure tests various ultrasonic velocity measuring
devices can be used. However, the current standards on the preconditions of correct perform-
ance of ultrasonic measurements and the interpretation of the results provide rather scarce in-
formation. The data obtained during investigation of various construction sites suggest a con-
siderable influence of moisture and other factors on the ultrasonic pulse velocity. Ignoring
these affecting factors can contribute to misinterpretation of measurement data. Being not
aware of these affecting factors, civil engineers usually interpret the measurements in a super-
ficial way, carrying out an inaccurate evaluation of the properties of the tested concrete.

In previous studies, various exploitation conditions as well as physical and physico-chemi-
cal factors that influence the ultrasonic pulse velocity in concrete were usually analyzed sepa-
rately. However, research results of each individual factor do not promote the correct interpre-
tation of measurement data if the possible interaction of factors affecting the ultrasonic pulse
velocity is not taken into account.

In order to significantly reduce the risk of errors in the interpretation of concrete compres-
sive strength in reinforced concrete structures, it is necessary to develop a new methodology

for ultrasonic pulse velocity determination, which would include the influence of main phy-
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siccal and physico-chemical factor interaction on the propagation of ultrasonic pulse velocity
in concrete. Such a methodology should be considered a precept for carrying out relevant re-

search.
The Aim of the Doctoral Thesis

The aim of the Doctoral Thesis is to develop a methodology for the analysis of the propa-
gation of ultrasonic pulse velocity, considering the interaction of the main factors — moisture
of concrete, reinforcement, elevated and negative ambient temperature — in relation to
the curing condition and the age of concrete in order to evaluate the strength of concrete in

structures.
The Tasks of the Doctoral Thesis

To achieve the aim of the present research, first the impact of each individual factor (mois-
ture, ambient temperature and reinforcement) on propagation of ultrasonic velocity in con-
crete is determined in relation to the curing condition and the age of concrete. Then, after
processing the obtained results, an algorithm is developed, which includes the interaction of
main factors affecting the ultrasonic pulse velocity in concrete. Applying the algorithm, an ap-
proximation is performed for the data obtained.

The following tasks have been set for the present research:

1. To define the interaction of concrete moisture, reinforcement, elevated and negative am-
bient temperature influence on the propagation of ultrasonic velocity in concrete during
the active and passive phases of cement hydration process;

2. To develop the analysis method of ultrasonic pulse velocity for concrete in structures,
considering the effect of moisture and reinforcement;

3. To develop a practically applicable computer program for processing the data of ultra-
sonic pulse velocity, which considers the concrete curing condition, age, temperature
and moisture in relation to the evaluation of concrete strength in structures;

4. To determine the cases in which experimentally obtained data can be granted an ap-
proximation function in order to calculate the combinations of parameter values for af-
fecting factors of ultrasonic pulse velocity, in which experiments have not been per-

formed:;
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5. To evaluate whether the guidance provided in the standard LVS EN 12504-4:2005 L
“Testing Concrete — Part 4: Determination of Ultrasonic Pulse Velocity” can be re-

garded as sufficient for determining the technical condition of concrete.
Scientific Novelty of the Research

The Doctoral Thesis is based on the experimentally obtained interactions of factors affect-
ing the ultrasonic pulse velocity. Different exploitation conditions as well as physical and phys-
ico-chemical factors that affect the ultrasonic pulse velocity in concrete are analyzed in inter-
connection. The results of research of each specific factor and its influence contribute to the
interpretation of measurement data sufficiently correct only when they take into account the
interaction of these and other affecting factors of ultrasonic pulse velocity. The developed
computer program includes research findings, analyzing main physical and physico-chemical
factor interdependent subordination in different concrete mixes.

The computer program is referred to an ultrasonic indirect transmission method, if for
sounding longitudinal and surface wave pulses are applied. The algorithm of computer pro-
gram includes the four-argument functions of ultrasonic pulse velocity correction coefficient
kv, comprising concrete curing condition c, phase of cement hydration process (or concrete
age) t, concrete moisture W and ambient temperature T:

ky = f(c;t; W;T). (1)

The computer program calculates the actual ultrasonic pulse velocity value Ve, considering
the value of the ky coefficient. Hence, it is possible to compare the discrepancies in ultrasonic
pulse velocity in particular cases and to examine to what extent the identifiable concrete
strength can be affected.

It is established, in which cases it is possible to calculate the values of ultrasonic pulse ve-
locity correction coefficient ky at affecting factor combinations, at which experiments have
not been performed.

A method for the analysis of ultrasonic pulse velocity for concrete in structures is devel-
oped, considering the impact of moisture and reinforcement. The developed flowchart in-
cludes sequential steps that are to be followed in order to objectively evaluate homogeneity,

strength and other properties of concrete in structures.
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Practical Application of the Research Results

In practice, it is necessary to evaluate strength parameters of the reinforced concrete by ap-
plying nondestructive testing methods. Ergonomic and portable ultrasonic measuring devices
are very convenient for this purpose. The interconnected effects of the main factors, which
can affect the results of ultrasonic pulse velocity, are included in the computer program “Cor-
rection coefficients of ultrasonic pulse velocity and their application, if concrete hardened in
different environments, which contains different amounts of moisture, is tested at different
ages and different ambient temperatures” developed as a result of the research.

Any civil engineer or a specialist with background knowledge and work experience with
ultrasonic equipment can use the computer program to obtain the correct ultrasonic pulse ve-
locity values.

The correction coefficients of ultrasonic pulse velocity are adopted in comparison with the
actual ultrasonic pulse velocity value on a particular testing day, which is determined if during
28-day concrete hardening or until the sounding at a respective age during the active phase of
the cement hydration process a corresponding hardening environment is ensured and later
concrete is located in an air-dry environment.

The sequence of computer program steps for the evaluation of concrete strength properties is
the following: to select the concrete hardening environment — to select the concrete age —
to select the concrete moisture — to select the ambient temperature — to establish the ultra-
sonic pulse velocity correction coefficient ky — to manually input ultrasonic pulse velocity
value V neas measured under specific testing conditions — to obtain the real value of ultrasonic
velocity Viea — to establish the correlation between ultrasonic pulse velocity in concrete and
its compressive strength.

Obtaining the real ultrasonic pulse velocity value Ve, the correlation between ultrasonic
pulse velocity in concrete and its compressive strength has to be carried out for a specific ul-
trasonic measurement device. Correlation curves must be organized for various concrete
mixes with different strength parameters.

In specific cases, the value of ultrasonic pulse velocity correction coefficient ky can be cal-
culated at such combinations of affecting factors, where experiments have not been per-
formed. For this purpose, locally weighted polynomial approximation quadratic functions are
used for concrete of up to 56 days of age. For concrete aged 56 to 1000 days a linear relation-
ship can be used to express the value of the ky coefficient, performing data interpolation. The

approximation function cannot be applied in cases of a negative ambient temperature.
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By using the value of ultrasonic pulse velocity correction coefficient ky it is possible to
obtain a correct ultrasonic pulse velocity in sounded concrete even when performing the
measurements at different (including extreme) conditions, which could significantly differ
from those that are observable in instances of determination of real ultrasonic pulse velocity.
Thus, the risk of errors when evaluating the strength properties of the tested concrete
is significantly reduced. At the same time, the computer program user will have an
opportunity to compare what differences of ultrasonic pulse velocity are possible in a given
case and to what extent the identifiable concrete strength can be indirectly affected by using
correlation curves.

As an analysis of any other factors affecting ultrasonic pulse velocity is not subject to ob-
jective research if during the sounding of concrete the possible influence of the reinforcement
on ultrasonic pulse velocity is ignored, the method for ultrasonic pulse velocity measurement
has been developed within the Doctoral Thesis. Flowchart type method enables one to select
the measurement-point scheme and measurement device transducer placement in a way that
allows for a least possible impact of moisture and reinforcement in ultrasonic pulse velocity
measurements. Taking into consideration the developed flowchart significantly reduces the
impact of moisture and reinforcement for the evaluation of homogeneity, strength and other
properties in particular reinforced concrete, and the acquired ultrasonic pulse velocity data
will be interpreted correctly.

It has been estimated that the correct practical application of the methodology developed
within the Doctoral Thesis for concrete strength evaluation will have an economic effect of

€ 34,026.50 for the national economy of the Latvian Republic in a one-year perspective.
The Methodology of the Research

The research of the experimentally manufactured concrete and reinforced concrete speci-
mens with ultrasonic equipment serves as a basis for the elaboration of the Doctoral Thesis.
The research is essentially based on the existing positive correlation between concrete
strength and its elasticity properties, which exists in the ultrasonic pulse method. The ultra-
sonic equipment used in the study is suitable for longitudinal (compressional), shear (trans-
verse) and surface (Rayleigh) wave transmission through material volume. The propagation of
ultrasonic pulse velocity in concrete was determined by applying indirect and direct transmis-
sion methods. Only dry point contact transducers were used in the research, as they provide
better contact between the ultrasonic source and the tested concrete surface.

Ultrasonic measurement devices used in the research:
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— ultrasonic tester “UK-1401" (direct transmission; longitudinal waves; working fre-

quency — 70 kHz);

— ultrasonic flaw detector “A1220 Monolith” (indirect and direct transmission; longitu-

dinal and shear waves; working frequency — 50 kHz);

— ultrasonic pulse apparatus (oscillograph) “UKB-1M” (indirect and direct transmission;

longitudinal and surface waves; working frequency — 100 kHz).

As the ultrasonic pulse velocity in concrete is significantly affected by moisture, moisture
meters “Tramex Concrete Moisture Encounter” and “Moisture Master T-M-170" were applied
during the experiments to control it.

The statistical processing of obtained results and development of mathematical models
were performed using the Microsoft Excel software (versions 97-2003 and 2010). In order to
analyze data from the ultrasonic flaw detector “A1220 Monolith”, the “Introvisor” software
(version 2.1.) was applied. Locally weighted polynomial approximations were performed us-
ing the Matlab software (version R2011a). To process the data of ultrasonic pulse velocity,
an algorithm of a function of four-argument multiple sets was incorporated in the program de-

veloped in the PHP5 language.
The Theoretical and Methodological Foundation of the Research

The research, developed methods and calculation models of the Doctoral Thesis are based
on the following branches of engineering science:

— construction materials and technology;

— concrete mechanics and rheology;

— acoustics;

— fields and waves in electronics;

— theory of probability and mathematical statistics;

— mathematical methods of modeling and optimization;

— computer systems and software.
The Scope of the Research

The data gathered by the developed computer program allow interpreting the obtained re-
sults, if:
1) compressive strength class of concrete — C16/20...C45/55;
2) concrete density in an air-dry condition — 2200...2350 kg/m?;
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3) the material of the coarse aggregates in concrete mix — granite and dolomite; size of the
gravels and shingles does not exceed 30 mm;

4) the particle size of various mineral admixtures, used in the concrete mix, is not smaller
than 10 pum.

The concrete can be sounded in a quite wide ambient temperature range, i. e., from —20 °C
to +30 °C (if ultrasonic devices allow for their exploitation under these conditions).

To process the acquired data of ultrasonic pulse velocity measurement, the algorithm func-
tions are applicable to both concrete in the hardening phase and concrete during further ex-
ploitation at different moisture, simultaneously taking into account conditions that concrete
had during the hardening phase, i. e., during the active phase of the cement hydration.

Locally weighted polynomial approximation quadratic functions can be used to determine
the correct ultrasonic pulse velocity for concrete of up to 56 days of age. For concrete aged 56
to 1000 days a linear correlation can be used to express the value of the ky coefficient, perfor-
ming data interpolation. Approximation functions cannot be used if the ambient temperature
is negative.

It is recommended to use transducers with working frequencies of 70...100 kHz for deter-

mining the ultrasonic pulse velocity.
Results to Be Defended

1. Method for the analysis of the propagation of ultrasonic pulse velocity in reinforced con-
crete structures, considering the effect of moisture and reinforcement;

2. Method of ultrasonic pulse velocity analysis for characterization of concrete strength in
structures, considering the interaction effect of concrete hardening environment, age,
moisture and ambient temperature factors on ultrasonic longitudinal and surface waves

in the indirect transmission.
The Structure and Volume of the Doctoral Thesis

The Doctoral Thesis consists of an annotation, general description of the research, intro-
duction, five main chapters divided into sub-chapters, conclusions, proposals, three appendi-
ces and bibliography. In the first chapter, the theoretical basis of the Doctoral Thesis and a re-
view of studies carried out up to date are presented. The second chapter discusses specimens
and measuring devices of nondestructive test method applied in the experiments and estimates
measurement uncertainty. The third chapter is dedicated to experimentally obtained results.
The fourth chapter describes the methodology of ultrasonic pulse velocity applied to evaluate
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concrete strength in structures and presents the research results to be defended. The fifth chap-

ter summarizes the contribution of the methodology developed to a national economy.

The volume of the Doctoral Thesis is 144 pages. It includes 78 figures, 53 tables that ex-

plain and illustrate the content of the research. During the elaboration of the Doctoral Thesis

99 information sources have been used. The Doctoral Thesis has been written in Latvian.

The Approbation of the Research Results — List of Relevant International Conferences

1.
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STRUCTURE OF THE DOCTORAL THESIS

In the general description of the Doctoral Thesis and in the introduction, the necessity to
perform the research is substantiated, aims of and main tasks of the research are set, as well as

scientific novelty, practical application and approbation are defined.
1. Literature Review / Theoretical and Experimental Foundation of the Research

Literature review, which is to be considered the theoretical and experimental foundation of
the research, is provided in Chapter 1. Having viewed the nondestructive testing method ap-
plication possibilities in the investigation of the reinforced concrete structures, it is concluded
that with ultrasonic equipment it is possible to determine various properties (homogeneity of
concrete, density and strength), which provide a broader overview of the condition of the ma-
terial as a whole (Malhotra, 2004; Kopesunkas, 1989; /I3eauc, 1987). In addition, the mate-
rial can be studied in all kinds and shapes of structures and specimens (Mehta, 2005; Mindess,
2003; Hellier, 2001).

The method of ultrasonic pulses is based on a positive correlation between concrete strength
and its elasticity properties (I3enuc, 1987; Lapsa, 1981). Although there are correlations be-
tween the values characterizing material elasticity, they do not always coincide with the ten-
dencies of ultrasonic pulse velocity changes. For example, when the material is in the mois-
tened condition, the Poisson’s ratio and ultrasonic pulse velocity changes may not be un-
equivocally regular (JIzenuc, 1971). The correlation of acoustic and strength properties of con-
crete is also influenced by the age, the correlation of embedded water and the amount of cement
used, the nature of aggregates, the level of concrete consolidation and the curing (hardening)
conditions, types of admixtures used, as well as reinforcement (Lin, 2003; Yaman, 2001,
Phoon, 1999; Popovics, 1986; Yxnonssuutoc, 1982). Thus, not only the mix of specific con-
crete is important, but also the environment it is tested in — there are a number of factors
which may significantly influence ultrasonic pulse velocity in concrete even if it was manu-
factured by using the very same ingredients.

A closer look at the studies about reinforcement influence on ultrasonic pulse velocity,
measuring its propagation in reinforced concrete, demonstrates that it is often mentioned that
ultrasonic pulse velocity increases in the areas of reinforcement bars (Malhotra, 2004;

Bungey, 1984; Pyrkosckuii, 1980). In addition, the most important influence is exerted by the
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surface areas near the reinforcements. In the current standards of different countries, only rec-
ommendations on how ultrasonic pulse velocity measurements are to be performed on rein-
forced concrete are mentioned; and these recommendations are quite different (ASTM C597-
09, 2009; LVS EN 12504-4:2005 L, 2005; Metoanueckue ykazanus, 2004).

Ambient temperatures in the range of +5 to +30 °C do not influence the ultrasonic pulse
velocity in concrete (Malhotra, 2004; Guidebook, 2002). In turn, a change of moisture and
temperature regime can significantly influence ultrasonic pulse velocity in concrete (Anumos,
2-2007; Izenuc, 1971; Kopotkos, 1963). However, moisture factor influence on ultrasonic pulse
velocity in concrete is much more significant (Anumos, 2-2007; Fadragas, 2011). In such cases
concrete is usually indicated that is sounded at a moment when the hydration process active
phase in concrete does not take place anymore. However, there is a substantial difference, if
concrete is tested at an early age, or at a later time of exploitation. An analysis of references in
the standards of different countries does not lead to a specific representation of how positive
temperature influences ultrasonic pulse velocity in concrete (LVS EN 12504-4:2005 L, 2005;
I'OCT 17624-87, 1988).

Assuming that concrete is absolutely dry, and its pores are filled with nothing but air, at
lowering temperatures ultrasonic pulse velocity in concrete will decrease very slightly (Zitze-
witz, 1995; Trinklein, 1990). By contrast, ultrasonic pulse velocity differences in water and
ice are very significant. Ultrasonic pulse velocity in ice can be 2.5 times bigger than in water
(Vogt, 2008; Al-Nassar, 2006; Kohnen, 1974). Thus, the phasic content changes of material
structure can significantly influence ultrasonic pulse velocity in concrete. It is particularly evi-
dent in the case of transitioning from the liquid to solid phase, and vice versa. In the previ-
ously conducted research on negative temperature influence on ultrasonic velocity propaga-
tion in concrete, the indicated influence level is different. The maximum possible increase of
ultrasonic pulse velocity in frozen concrete in relation to air-dry concrete is set to 18 % (Amu-
moB, 2-2007). In the standards of different countries, no specific indications are given on nega-
tive temperature influence on ultrasonic pulse velocity in concrete (LVS EN 12504-4:2005 L,
2005; TOCT 17624-87, 1988; BS 1881: Part 203: 1986, 1986).

The influence of moisture level on ultrasonic pulse velocity in concrete is defined in a wide
range: from insignificant to a considerable level of 16 %. (Fadragas, 2011; Anuwmos, 2-2007;
Hellier, 2001). The character of the “ultrasonic velocity — concrete moisture” correlation is
valued differently as well. There are studies where the interrelation of these two physical
characteristics is defined as linear (Rollet, 2008), yet most of the studies acknowledge the ex-

ponential models (Fadragas, 2011; Ohdaira, 2000; /I3enuc, 1971). The references found in the
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standards of different countries are uncertain: 1) The information found in the current stan-
dard of the Republic of Latvia and the European Union indicates that in the very same con-
crete, with the changes of moisture, the differences of ultrasonic pulse velocity can be signifi-
cant (LVS EN 12504-4:2005 L, 2005); 2) In the USA current standard it is mentioned that in
moisture-saturated concrete ultrasonic pulse velocity can be 5% higher (ASTM C597-09,
2009); 3) The current standards of Russian Federation provide a clear indication of possible
differences in ultrasonic pulse velocity if for tested concrete materials moisture levels are not
taken into consideration, the scope of possible changes, however, remains unspecified (TOCT
17624-87, 1988; TOCT 26134-84, 1985). In the literature overviewed, no information has
been found on possible changes in ultrasonic pulse velocity under the influence of moisture,
which is related to the age of the tested concrete and curing quality during hardening.

Evaluating research results on stress effect (comparing data on reinforced concrete exposed
to different values of loads), it is concluded that the possible changes in ultrasonic pulse ve-
locity of concrete are primarily related to the occurrence of cracks in the structure of hydrated
cement paste of the material. A significant decrease of ultrasonic pulse velocity in concrete is
observed when stress reaches 70...80 % of the ultimate stress value (3unoBbeB, 2012; Popovics,
1991; P. Ixouc, 1974). When testing reinforced concrete constructions, a detected decrease
in ultrasonic pulse velocity of concrete under stress undoubtedly indicates a loss in strength
and load carrying capacity of the concrete structure, and thus the actual situation will be fixed
accurately.

As can be seen, the interaction between factors affecting ultrasonic pulse velocity in con-
crete is hardly discussed. Consequently, the main motive of this Doctoral Thesis is to deter-
mine if various physical and physico-chemical factors have a complex influence on ultrasonic

pulse velocity in concrete.
2. Experimental Results and Their Analysis

First, it is established how during determination of ultrasonic pulse velocity in reinforced
concrete structures the results are influenced by reinforcement. Any other factor influencing
ultrasonic pulse velocity cannot be analyzed objectively if during sounding the possible influ-
ence of reinforcement on the ultrasonic pulse velocity in concrete is ignored. Thereafter the
moisture and ambient temperature factor influence on ultrasonic pulse velocity in concrete is
evaluated. The complex effect of these factors is determined in relation to concrete hardening

environment and cement hydration process phase (or concrete age).
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Experimentally determined influence of reinforcement on ultrasonic pulse velocity in
concrete differs from the data found so far in various scientific papers and state standards. In
the embedded reinforcement bar zones lower ultrasonic pulse velocity in concrete is detected.
This correlation applies to longitudinal, as well as transverse and surface waves.

The comparatively low ultrasonic pulse velocity in concrete detected in the reinforcement
bar zones is most likely due to the existing structural differences in the contact zone “hydrated
cement paste (HCP) — reinforcement bar” (i.e., environmental heterogeneity), if one
compares with HCP properties in a plain concrete area. In the contact zone mentioned, the
HCP is usually characterized by increased porosity, and a difference in coarse aggregate con-
centration is also observable in this environment around reinforcement bars, which occurs
even at the moment of concrete placement as a result of the so-called aggregate centrifugal
forces. It is also not excluded that ultrasonic pulse velocity changes in relation to reinforce-
ment influence are caused by concrete aggregate and admixture development, thus changing
the HCP environment, in which ultrasonic waves propagate.

Evaluating the influence of elevated temperature on ultrasonic pulse velocity in concrete
at various phases of cement hydration process, one must first specify the following. In this
case, the term “elevated temperature” is related to the hydration processes ongoing in con-
crete. Thus, such temperature is considered elevated, which exceeds normal concrete curing
environment temperature (+18 £ 2 °C).

The obtained results show that if concrete hardens in an environment where the air tem-
perature reaches +30 °C, increased porosity and/or micro-cracks in the upper layers hinder the
propagation of ultrasonic waves. Thus, when performing ultrasonic measurements with indi-
rect transmission method on concrete, the correlation of acoustic and mechanical properties is
essentially dependent on the hardening conditions of the material. In addition, the determined
conditions of the concrete upper layer might not necessarily accurately reflect the overall con-

crete condition.

The influence of a negative temperature on ultrasonic pulse velocity was determined at
the active and passive phases of the cement hydration, as well as for air-dry and water-satu-
rated concrete. Duration of the concrete specimen freezing is assumed according to the refer-
ences in the concrete frost-resistance determination standards (Russian Standard, 1996),
where it is mentioned how long it takes for a concrete specimen with specific dimensions to

freeze throughout the entire volume.
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It is determined that under short-term influence of frost, moisture of the tested concrete is
of crucial significance. In addition, differences in the change of ultrasonic pulse velocity are
related to concrete hardening environment: the longer concrete is exposed to elevated tem-
peratures during hardening, the more it will be influenced by moisture and frost, and thus the
differences in ultrasonic pulse velocity will be greater, too.

For concrete under long-term influence of frost in 3 to 28 day period under the frozen and
thawed conditions very significant ultrasonic pulse velocity differences are determined (see
Table 1).

The following has been concluded as well. When a concrete specimen freezes, its surface
moisture content reduces (it is often even lower than 6 %), but ultrasonic pulse velocity in
concrete increases. Consequently, in the case of the frozen concrete, the relation between ul-
trasonic pulse velocity and concrete surface moisture is different than the correlation of the
same parameters for non-frozen concrete.

Table 1

Correction Coefficients of Ultrasonic Pulse Velocity for Concrete Exposed to Long-term Frost

Age of concrete in days 3 7 14 28
indirect | longitudinal w. =2 0.50 0.49 0.55 0.57
transmission” | gyrface w. = § 0.52 0.50 0.55 0.58
direct | longitudinal w.” % % 0.53 0.56 0.57 0.58
transmission | |ongitudinalw? | © S | 051 0.55 0.56 0.59
on the average: 0.52 0.53 0.56 0.58

Note: ultrasonic equipment: * — “UK-1401"; * — “UKB-1M"; * — “A1220 Monolith”.

Moisture factor has the most significant influence on the ultrasonic pulse velocity meas-
urement results. Those are the moisture content changes in concrete that set the level of im-
pact of other physical and mechanical characteristics (temperature and elasticity properties,
etc.) on ultrasonic pulse velocity in concrete.

By applying indirect transmission, a significant increase for longitudinal wave velocity is
detected at the moment when during water absorption the mass increase for the specimen is
less than 0.1 % per day (i. e., when the maximum saturation of concrete with water is almost
reached). Most significant changes are obtained for concrete that has hardened in an environ-
ment with elevated temperatures, for which when moisture content increased by 0.1 % by
mass, ultrasonic pulse velocity increase has reached 9 % (Fig. 1). Thereby, to correctly iden-
tify the correlation between ultrasonic pulse velocity and water absorption by mass, concrete
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specimen saturation needs to be performed during a longer time period than is currently pre-
scribed by the standards required in the Republic of Latvia.
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Fig. 1. Correlations between ultrasonic pulse velocity and concrete water absorption by mass for
specimens hardened in various environments: N — in the standard moist room; K — in the cli-

matic chamber (dismantled); Ky — in the climatic chamber (undismantled)

The obtained results show the non-linear character of the correlation between the ultrasonic

pulse velocity and material moisture content determined in concrete specimens.

3. Methodology for Application of the Method of Ultrasonic Pulses to Evaluate the

Strength of Concrete in Structures

By summarizing experimentally obtained results, a methodology has been developed for
application of the method of ultrasonic pulses to evaluate the strength of concrete in struc-
tures. The methodology consists of two methods, which are described in Chapters 3.1 and 3.2.
For the developed algorithm of a function of four-arguments multiple sets, the mathematical
modeling was carried out to establish, in which cases it is possible to calculate the values of
ultrasonic pulse velocity correction coefficient ky at affecting factor combinations, at which
experiments have not been performed (see Chapter 3.3). Chapter 3.4, in turn, describes the ob-
vious examples of inaccuracies that may occur, when correlation between ultrasonic pulse ve-

locity and concrete strength is established without taking into account the developed method-

ology.
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3.1. Method for the Analysis of the Propagation of Ultrasonic Pulse Velocity in
Reinforced Concrete Structures, Considering the Effect of Moisture and Reinforcement

On the basis of experimental results, the methodology has been developed for determina-
tion of ultrasonic pulse velocity for concrete in structures, considering the effect of moisture
and reinforcement. The prescription for ultrasonic measurement performance is concisely pre-
sented in Fig. 2 — in a flowchart where the positions of effects of a corresponding factor are

arranged in an order of exclusion from top to bottom.
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Fig. 2. Flowchart for moisture and reinforcement effect detection at performing the
measurements of ultrasonic pulse velocity (UPV) in reinforced concrete structures
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A fast removal of construction concrete formworks plays a significant role in the interpre-
tation of the data obtained. In the active phase of the cement hydration an elevated ambient
temperature can create a significant decrease of ultrasonic pulse velocity on the surface of the
tested concrete. This is due to rapid drying of the concrete upper layer if concrete formworks
are removed at the age of up to 2 days. Thus, a few millimeter thick concrete upper layer is
characterized by a much lower structural density, which significantly hinders propagation of
the ultrasonic pulse waves. In such cases it is necessary to remove the dried upper layer and
perform the sounding on the concrete underneath.

When testing construction concrete, the complex reinforcement and moisture factor influ-

ences need to be taken into account; and none of the two can be given preference.

3.2. Method of Ultrasonic Pulse Velocity Analysis for Characterization of Concrete
Strength in Structures, Considering the Interaction Effect of Concrete Hardening

Environment, Age, Moisture and Ambient Temperature Factors

The results obtained from various studies performed within this Doctoral Thesis are sum-
marized using a computer program, analyzing the subordination of main physical factors for
different concrete mixes. It was found that the measurement results were most significantly
influenced by concrete moisture. Exactly the changes in moisture largely determined the in-
fluence rates of physico-mechanical and other characteristics on ultrasonic pulse velocity in
concrete. The computer program includes the methodology for correct obtaining of ultrasonic
pulse velocity data if sounding of concrete that has hardened in different environments, apply-
ing an indirect transmission method, is performed at different ages, different temperatures and
moisture levels. By applying such an approach it is possible to create the correlation between

ultrasonic pulse velocity and strength properties for the tested concrete with more precision.
3.2.1. Algorithm of a Function of Four-Argument Multiple Sets

An algorithm is developed for the most common sounding method in practice — indirect
transmission —, if longitudinal and surface wave pulses are used in the investigation. The de-
veloped measurement methodology includes ultrasonic pulse velocity correction coefficient
kv function, which comprises four arguments — concrete hardening environment c, cement hy-

dration phase (or concrete age) t, concrete moisture W and ambient temperature T:

ky = f(c;t; W;T). (1)
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As it is experimentally proven that changes of ultrasonic pulse velocity are observable under

certain circumstances, ky function for arguments is defined in following subheadings:

v’ Concrete hardening environment c: 1) Under normal conditions (at ambient temperature
+18 + 2 °C and relative humidity of air 95...100 %) c,; 2) Under elevated ambient tem-
perature conditions (up to +30 °C, relative humidity of air not exceeding 50 %) cq; 3)
Under reduced temperature conditions (air temperature —18 + 2 °C and relative humidity of
air 65...75 %) cs;

v’ Concrete age t: 1) At the active phase of the cement hydration process, i. e., concrete at the
age of 3, 7, 14, and 28 days — t3, t7, t14, tog respectively; 2) At the passive phase of the ce-
ment hydration process, for 56- and 1000-day-old concrete — tsg and tig0 respectively;

v’ Concrete moisture by mass W: 1) Air-dry concrete with moisture content 2...3 % — W,
and Wj respectively; 2) Wet concrete (4...5 % — W, and Ws respectively); 3) Maximally
water-saturated concrete (5...6 % — W5 and Wg respectively);

v' Ambient temperature T: 1) —20...0 °C — T_59.o — range of frost influence or the cement
hydration processes have stopped; 2) +1..+9 °C — T.1_+9 — cement hydration processes
take place at a lowered temperature; 3) +10...+20 °C — T.410.+20 — favorable temperature
for cement hydration processes; 4) +21...430 °C — T.21..+30 — temperature stimulating
shrinkage of hydrated cement paste.

In the developed model the dry concrete cases are not included (at moisture by mass 0...1 %),
which does not comply with a situation in practice. Ambient temperature, in turn, is directly
related to concrete temperature. Most prominently it becomes apparent in the case of negative
temperatures. During the experiment, the concrete specimens were sounded frozen throughout
the volume. Thus, applying the ultrasonic pulse velocity correction coefficient value, one
should be particularly aware of relatively high negative ambient temperatures (especially in
the range from —4°C to +4°C). One should be sure that the sounded concrete has
frozen throughout the volume, taking into account geometrical parameters of the construction
element and its likelihood to freeze at corresponding air temperature.

3.2.2. Application of Ultrasonic Pulse Velocity Correction Coefficient ky

The correction coefficients of ultrasonic pulse velocity are accepted following a comparison
with the real ultrasonic pulse velocity on a given day (ts, t7, tis, tag, tsg and tigeo) determined
if during 28-day hardening time of concrete, or until the sounding at the corresponding age of
the cement hydration process active phase, a corresponding hardening environment is ensured

(cn, cq Or c) and in further exploitation concrete is exposed to air-dry environment. For in-
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stance, for concrete under normal curing conditions (hardening environment- c,) of up to 28
days of age it is assumed that the real ultrasonic pulse velocity (ky= 1) is at concrete moisture
W =5 %, but at the age of 1000 days — concrete moisture will be 3 %. For each hardening
condition, the values for coefficients ky = 1 will differ slightly, but in any case they apply to
favorable temperature range T.10..+20 OF cement hydration process. Four-argument function

coefficient ky = 1 occurrence for concrete in different hardening environments are as follows:

(ky = f(cnsts .. tag; Ws;Thqg. 420) = 1
ky = f(cn;tse; Was Ti10.420) =1
ky = f(cn; ti000; Wai Ti10..420) = 1
ky = f(ca;ts tia; Ws;Ti10.420) =1
) kv = f(ca; tag. 56 WasTr10.420) =1
ky = f(ca; ti000; Wa; T410..420) = 1
ky = f(Cf; 3 ...12g; WS;T+1O...+20) =1
ky = f(CfJ tse; W4;T+10...+20) =1
\ ky = f(Cf; t1000; Wz;T+10...+20) =1L (2)

The total number of functions included in the computer program algorithm is 360. It
should be noted that in 161 occurrences the correlations of the arguments in the function are
not subordinate either to the basic principles of hardening of cement as hydraulic binder in re-
lation to necessary water and ambient temperature for this purpose, or to the extreme harden-
ing and ambient temperature ranges (Cq — T—20..0 Un ¢t — T421.+30). Such occurrences only cor-
respond to the modelling necessity within scientific research, and in this computer program
such equation outcomes are formulated as unrealistic in practice. The defined coefficient
ky = 1 occurrences are 18 (6 in each hardening environment, which corresponds to concrete
ages included in the function); yet there are 181 other numeral values of ky. Experimentally
obtained coefficient values, in terms of ambient temperature at hardening time, are summa-
rized in Table 4.1 of the full version of the Doctoral Thesis.

The obtained ultrasonic pulse velocity correction coefficient ky is multiplied by corre-
sponding ultrasonic pulse velocity value Vneas measured at a corresponding age under specific
testing circumstances. It is assumed that values of ultrasonic pulse velocity define measure-
ment units m/s or km/s, but this estimation method in the formula shown below allows using
other ultrasonic pulse velocity measurement units as well. The real value of ultrasonic pulse

velocity V. is calculated by the following formula:

Viear = Vimeas.ky - (3)
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Consequently, performing measurements at different (including extreme) environments,
which can significantly differ from those observed in real ultrasonic pulse velocity detection
cases, using ultrasonic pulse velocity correction coefficient ky value allows obtaining a
correct ultrasonic pulse velocity in the sounded concrete.

The access to the computer program “Correction coefficients of ultrasonic pulse velocity and
their application, if concrete hardened in different environments, which contains different
amounts of moisture, is tested at different ages and different ambient temperatures” is possible
using the Internet connection. Computer program website
is: http://concrete.scienceontheweb.net. Opening it one sees the title of the developed software
in Latvian and English. To activate the program in a respective language one should left-click
on one of the two positions: Latviski or English. After confirming the working language, the
software user enters the main menu page, where further course of action is chosen. There is an
option to activate the sections Directions for computer program use and Calculation of the ky
coefficient and obtaining of the real UPV, which describe the sequence of steps for the

computer program use.

3.3. Application of Locally Weighted Polynomial Approximation Quadratic Functions in

the Analysis of Experimental Results

In the processing of experimental data high-quality results were shown by locally weighted

polynomial approximation quadratic functions:
y= a+b1X1+b2X2+b3X3+b4X1X1+b5X1X2+b6X1X3+b7X2X2+b8X2X3+b9X3X3, 4)

where x; =t — concrete age;
X, = W — concrete moisture;
X3 = T — ambient temperature;
a and b — empirical coefficients.

Different empirical coefficients were obtained for the approximation of ultrasonic pulse
velocity correction coefficient ky determination for concreted hardened in various environ-
ments. Coefficient values are summarized on page 127 of the full version of the Doctoral
Thesis.

The obtained results show that the approximation functions can be used for concrete of up
to 56 days of age. In turn, if concrete is at the age between 56 and 1000 days, these approxi-
mation functions are not applicable due to the lack of experimental data volume. In this range
of concrete age, for the expression of the value of ultrasonic pulse velocity correction coeffi-
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cient, it is possible to use linear correlations, performing an interpolation on ky data. In case of
negative ambient temperature, no correct approximation results were obtained, by performing
locally weighted cubic function approximation because: 1) the experimental data were limited
by practically impossible occurrences; 2) in moisture-saturated and frozen concrete a signifi-
cant ultrasonic pulse velocity increase was observed at 6 % moisture, compared to the results
obtained at 5 % moisture.

The average values of comparison error 4,4, (%) for data obtained in experimental and
theoretical (approximation) way depending on concrete hardening circumstances and ambient
temperature are summarized in Table 2.

Table 2
The Differences Ayig. (A min.... 4max), % between Values of Ultrasonic Pulse Velocity Correction
Coefficient ky Obtained Experimentally and in Approximation Way, Depending on the
Concrete Hardening Environment and Ambient Temperature

Temperature
Har_dening T 2.0 Tio T10.20 T21.30
environment
Ch 12.8 (0.50...39.3) | 0.81(0.20...2.07) | 0.49 (0.06...0.85) | 0.39 (0.01...1.10)
Cq 9.78 (0.03...42.3) | 0.62 (0.13...1.19) | 0.54 (0.01...1.52) | 0.54 (0.00...1.45)
Ct 51.9 (0.77...107.3) | 0.63 (0.09...1.70) | 0.52 (0.03...1.61) | 0.34 (0.02...0.80)

It can be concluded that previously described approximations can be applied only to con-
crete of up to 56 days of age, as well as during investigations at positive ambient tempera-

tures.

T=15C

t.d 0 2

Fig. 3. Three-dimensional model of correlations of ultrasonic pulse velocity affecting factors

at +15 °C for concrete cured under normal conditions.
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As three-dimensional correlation models show, the influence of moisture on ultrasonic
pulse velocity in concrete increases with the increase in concrete age (see Fig. 3). In all cases,
ultrasonic pulse velocity correction coefficient values are both higher and lower than 1 — c,
and ¢4 =0,93...1,03; ¢; = 0,96...1,02. When concrete gets older, corrections caused by the in-
fluence of moisture are more significant and the real value of ultrasonic pulse velocity gets

lower.

t=14d

T,C 02 W.%

Fig. 4. Three-dimensional model of correlations of ultrasonic pulse velocity affecting factors

for 14-day-old concrete cured at elevated ambient temperatures.

The three-dimensional model, which is developed for concrete moisture and ambient tem-
perature interaction influence on ultrasonic pulse velocity correction coefficient value in con-
crete hardened in different environments, shows that in the ambient temperature dimension
relatively high correction coefficient values are seen more in the range of 1...9 °C and 21...30 °C
than in the range of 10...20 °C. Such a feature is related to the fact that for concrete hardening un-
der optimum curing conditions lower coefficients are used, as in such an environment concrete
shows potentially higher ultrasonic pulse velocity (Fig. 4). For concrete up to 56 days of age

similar correlations are obtained.

In the full version of the Doctoral Thesis, the above-mentioned three-dimensional models
are presented for concrete hardened in other environments as well (see Figs. P.32 and P.33).
Three-dimensional models are also given for ultrasonic pulse velocity affecting factor correla-
tions at 5 % moisture (see Fig. P.34). In turn, for correlation between concrete moisture and
age at different ambient temperatures an axonometric representation is developed (see Fig.
P.35).
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3.4. Examples of Errors in Concrete Compressive Strength Determination by Applying

Ultrasonic Pulse Velocity Data without Consideration of Affecting Factors

As the correlation between concrete moisture, elevated and negative ambient temperature
during the active and passive phases of the cement hydration process can have a significant
influence on ultrasonic pulse velocity in concrete, examples are given on differences in ultra-
sonic pulse velocity for concrete with the same mix (thus excluding the influence of ingredi-
ent properties on ultrasonic pulse velocity), testing it at different environmental conditions.
The sounding of concrete is performed with the same ultrasonic tester — “UK-1401" — thus
excluding the influence of measuring equipment technical parameters and calibration settings
on ultrasonic pulse velocity in concrete.

As the most significant ultrasonic pulse velocity changes are observed when performing
sounding at negative temperatures and at different moisture, it is described, what kind of inac-
curacies can occur interpreting concrete compressive strength values, if ultrasonic pulse ve-
locity is determined for concrete, which: was exposed to lower temperature from 3 days of
age; was tested under frozen conditions at the construction site at 28 days of age, under
thawed conditions — at the age of 29 days in a laboratory; at the given age concrete contained
4.8...5.4 % of absolute moisture by mass; at 28 days of age it was tested at air temperature of
—20...0 °C, but at the day 29 — at temperatures of +10...+20 °C. In concrete sounded this
way, at the age of 28 and 29 days, the following functions of ultrasonic pulse velocity correc-
tion coefficient ky are applicable:

ky = f(cn;t3; Ws; T_z0.0) Unky = f(Cf; tog; Ws; T+10...+20)- (5)

When concrete was 28 days old, at the site 6 measurement points were chosen. At each point,
concrete was sounded when frozen. At this age, in the measurement areas, 6 cylindrical speci-
mens were drilled out, for which after thawing the ultrasonic pulse velocity was determined un-
der laboratory conditions on the 29™ day. After relevant preparatory work, the compressive

strength f. of the concrete specimens was determined at 32 days of age in the laboratory.

The obtained results show that under frozen conditions the ultrasonic pulse velocity is
16.3...20.8 % higher than under thawed conditions one day later (see Table P.40 of the full
Doctoral Thesis).

For the production of concrete under consideration, with fixed ingredient properties and in a
longer period of time, correlations of the variables “ultrasonic pulse velocity — compressive

strength” have been collected in a wide compressive strength range 14.5...68.1 MPa. Figure 5
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demonstrates correlation curves of different strength concrete, as well as for drilled concrete
specimens under thawed conditions and construction concrete under frozen conditions. The ob-
tained correlation coefficients of compressive strength and ultrasonic pulse velocity: concrete of
different mixes supplied by manufacturers — 0.91; concrete of drilled cylindrical specimens —
0.85, frozen concrete — 0.56.

75
70 4V = 9E-25x704
65 |y = BE-24x677%
60 | y - 9E_09X2,5456
55 1 1

50
45
40

35
30

25 . <
20 ' - /

10 —

/

JER—

Concrete compressive strength, MPa

5
0
3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700 4800 4900

Ultrasonic pulse velocity, m/s

» for different mixes e for drilled specimens e for frozen specimens

Fig. 5. Correlation of ultrasonic pulse velocity and compressive strength for given
manufactured concrete: for mixes with different compressive strength at constant ingredient

properties; for drilled concrete specimens under thaw conditions; for frozen concrete.

According to the correlations shown in Fig. 5, the compressive strength of frozen concrete
obtained by data of ultrasonic pulse velocity is 22.7...36.6 MPa higher than it is actually deter-
mined. Consequently, compressive strength will be evaluated on the average 3 times higher, if
compared with the data obtained from specimens drilled out from concrete structure. It is un-
derstood that such significant inaccuracies can lead to unpredictable consequences on con-
struction sites if, based on incorrectly obtained significantly higher concrete strength, deci-

sions are to be made about premature removal of formworks, loading or the like.
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4. The Contribution of the Methodology Developed to the National Economy of the
Construction Industry of the Republic of Latvia

4.1. The National Economic Effect of the Methodology Developed

The economic gain from the methodology developed within the Doctoral Thesis for the na-
tional economy of the construction industry of the Republic of Latvia is calculated: 1) by
comparing working expenditures if the concrete strength evaluation on the building object is
performed by applying either an ultrasonic pulse method or compressive strength tests (in a
laboratory) for specimens drilled out from the structures; 2) calculating the additional work if
for construction concrete the ultrasonic pulse velocity was interpreted incorrectly.

Summarizing the estimated working expenditures in the Republic of Latvia in one-year
perspective, it can be concluded that: 1) performing investigation by applying ultrasonic
equipment, compared to the test of compressive strength for the drilled specimens from con-
crete structures, provides an economic effect of € 24,859.50. Furthermore, it should be taken
into account that the integrity of construction is weakened by drilling specimens out of it; 2)
avoiding the additional work leads to an economic effect of € 9,167.00. In this case, it is not
possible to include the idleness costs for a new building in the calculation, which arise in the
period of summarizing the inspection results.

Thus, the calculated economic effect on the national economy of the Republic of Latvia in
a one-year perspective, provided by the methodology for reinforced concrete structure con-
crete strength evaluation applying an ultrasonic pulse method developed within the Doctoral
Thesis, accounts for € 34,026.50.

4.2. Recommendations for Amendments to Standard LVS EN 12504-4:2005 L “Testing
Concrete — Part 4: Determination of Ultrasonic Pulse Velocity™"

Considering the research results obtained in the Doctoral Thesis, recommendations have
been formulated to supplement the information found in standard LVS EN 12504-4:2005 L.
Recommendations are divided into two groups. The first group is related to the requirements
set for standard scope, requirements for equipment use, procedure, presentation of results and
formatting of testing report:

1. The scope of the standard should be broadened. Relatively determined correlations be-
tween various ultrasonic wave types are not significantly different. Accordingly, in para-
graph 1 it should be noted that the standard also applies to determination of ultrasonic

pulse transverse and surface wave velocity in hardened concrete;
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2. In the device description of paragraph 5.2, which determines the operational require-
ments, the accuracy should be increased for determination of ultrasonic pulse propagation
time — from 2 % to 1%. To the indication “Equipment is to be used in operating condi-
tions determined by manufacturer”, a reference to Annex B should be added, where cor-
rect usage of ultrasonic device for testing frozen or significantly moisture-saturated con-
crete on building sites should be discussed;

3. For the procedures of paragraph 6.1.2, a correction is to be made for the concrete indirect
testing term virsmas caurskazoS$ana (direct transmission for surface). A more appropriate
term is virsmas skanosana (sounding of surface), as applying this method the position of
the transducers on the very same concrete surface does not ensure sounding throughout
the volume of the object tested. Furthermore, the word caurskanosana (direct transmis-
sion) can create an erroneous impression about the method used for the investigation. The
sentence part “The placement of indirect transmission is least sensitive...” is not accept-
able. It is experimentally proven that in case of indirect transmission there are a relatively
high number of factors that influence the precision of the measurement data compared to
a direct transmission method;

4. For the procedure of paragraph 6.1.3, the recording precision of ultrasonic pulse path
length in direct transmission case is to be increased from +1 % to £ 0.1 %;

5. For determination of propagation velocity of direct and semidirect transmission pulse, in
paragraph 7 of the standard is is necessary to add a note that pulse (transit) delay in ultra-
sonic propagation time caused by device transducers should be taken into account. (Not
always for ultrasonic time determination the measurement devices include pulse delay,
which especially applies to the oscillograph-type equipment);

6. Paragraph 8 of the standard, where positions of the measurement result summarizing test-
ing report are listed, is to be supplemented with the position concrete moisture. Addition-
ally, it is necessary to specify concrete moisture determination method (model and type
of the measurement device, measurement range); concrete curing environment during

hardening and ambient temperature, if concrete of up to 56 days of age is sounded.

The second group of the standard amendments refers to Annex B, where the factors that in-
fluence pulse propagation velocity determination are listed. The recommendations refer to
paragraph B.2, which is to be supplemented with the following references: “Moisture influ-
ence degree is dependent on the age of the tested concrete. At an early age, when the water

necessary for the hydration process of concrete structure has not been completely bound, the
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velocity will change much faster in case of relatively low changes in moisture amount. At a
later concrete age, the correlation “concrete moisture — ultrasonic pulse velocity” will differ
from the one determined at an early age. By using indirect transmission method, significant
changes in ultrasonic pulse velocity in the tested concrete are determined when the maximum
saturation with water is almost reached. The surface moisture necessarily needs to be deter-
mined for the tested concrete before carrying out the ultrasonic pulse velocity measurement,
where it is advisable to establish a correlation with concrete water absorption by mass or vol-

ume.
CONCLUSIONS

The influences of moisture, temperature and reinforcement on ultrasonic pulse velocity in
reinforced concrete structures have been determined in the Doctoral Thesis. The complex ef-
fects of these factors have been evaluated. Summarizing research results, ultrasonic pulse ve-
locity correction coefficient program has been developed, where the algorithm of a function
of four-argument multiple sets includes concrete hardening environment, hydration process
phase of cement (or concrete age), concrete moisture and the ambient temperature. It is estab-
lished in which cases an approximation method can be used for the coefficient value estimate.
Proposals have been given for current standard LVS EN 12504-4:2005 L of the Republic of
Latvia “Concrete testing — Part 4: Ultrasonic pulse velocity determination” to supplement it
with specific information. The correct use of information obtained in the Doctoral Thesis can
significantly reduce the risk of errors in the interpretation of ultrasonic pulse velocity meas-

urement data in relation to concrete strength evaluation.

1. It has been established that the difference accounts for 19 % on the average for ultra-
sonic pulse velocity in absolutely dry concrete, compared to concrete under the condi-
tion of maximum saturation with water. By applying indirect transmission, a 9 % in-
crease for ultrasonic pulse velocity is detected when the maximum saturation of con-
crete with water is reached. Such a correlation has not been fixed for direct transmission.

2. It has been determined that direct transmission shows the decrease of ultrasonic pulse
velocity in concrete, caused by reinforcement effect, up to 7 %. For indirect transmis-
sion, in the areas where reinforcement bars with diameter of up to 16 mm are embed-
ded, no influence of the mentioned factor has been fixed; for 22 mm reinforcement bar
zones a significant decrease in ultrasonic pulse velocity has been defined (up to 10 %).

3. It is experimentally proven that during the hardening of concrete at the ambient tem-
perature above +30 + 2 °C, defects have occurred in the upper layers — increased po-
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rosity of cement and/or appearance of micro-cracks — which delay propagation of ul-
trasonic wave. These defects can decrease the propagation of ultrasonic pulse velocity
in concrete by as much as 7 %.

The influence of frost on ultrasonic pulse velocity in concrete during the cement hy-
dration process active phase is practically identical for both transmission methods —
direct and indirect transmission. It has been determined that ultrasonic pulse velocity
decreases with an increase in concrete age. At 28 days of age, frost influence on the
ultrasonic pulse velocity in concrete hardened in a normal environment does not exist
anymore. For frozen concrete aged between 3 and 28 days, very elevated ultrasonic
pulse velocity is determined (for thawed concrete it is approximately 2 times lower).

It has been established that an increase in ultrasonic pulse velocity caused by moisture
and frost interaction reaches 34 %. By freezing specimens kept three years in an envi-
ronment where air humidity reaches up to 40 %, no changes in ultrasonic pulse veloc-
ity have been determined. For concrete with absolute moisture content reaching up to
4.5 % (of mass), freezing does not have a significant influence on the ultrasonic pulse
velocity and does not exceed 1 %.

A flowchart for ultrasonic pulse velocity evaluation in concrete has been developed,
considering moisture and reinforcement effect influence. It has been determined that
moisture influence is dependent on concrete age and placing direction, as well as prop-
erties of the sounded upper layer in relation to the formwork removal for the construc-
tion considered. The influence of reinforcement is dependent on its location, cross-sec-
tional parameters and the technical solution of the tested construction.

Algorithm of a function of four-argument multiple sets has been elaborated and a com-
puter program for ultrasonic pulse velocity data processing to evaluate the strength of
concrete in structures has been developed. The algorithm includes the four-argument
function of ultrasonic pulse velocity correction coefficient ky, which comprises con-
crete hardening environment, cement hydration process phase (or concrete age), con-
crete moisture and ambient temperature in the range from —20 °C up to +30 °C, which
allows obtaining a correct ultrasonic pulse velocity in the sounded concrete, excluding
the impact of main physical and physico-chemical factors.

For locally weighted polynomial approximation quadratic functions, different empiri-
cal coefficients have been obtained in order to determine ultrasonic pulse velocity cor-

rection coefficient ky for concrete hardened in different environments. Approximation



functions can be used for concrete of up to 56 days of age; but in the period from 56 to
1000 days, linear correlations can be used to express the value of ky coefficient. It has
been found that in case of a negative ambient temperature correct approximation re-
sults cannot be obtained.

. Amendments to the current standard LVS EN 12504-4:2005 L of the Republic of Lat-
via “Concrete testing — Part 4: Ultrasonic pulse velocity determination” have been
developed in order to avoid possible errors in the interpretation of ultrasonic pulse ve-
locity data in practice with regard to concrete strength determination. It should be no-
ticed in the standard that ultrasonic pulse velocity measurement results can be influ-
enced by the transmission method used, as well as by interaction of specific physical
and physico-chemical factors. In the methodology of ultrasonic pulse velocity calcula-

tion, the necessity for observing the pulse delay should be given.
PROPOSALS

Performing measurements with ultrasonic equipment, it is necessary to collect infor-
mation on the age, moisture and temperature of the tested concrete in the time of in-
vestigation, as well as on its conditions during hardening and properties of the mix in-
gredients. For the comparison of the results, any object is to be sounded at all avail-
able faces, determining the surface moisture at the same time. With regard to the
tested construction consolidation (placement) and loading direction, measuring device
transducers need to be oriented on parallel and perpendicular axes. Complying with
such a methodology contributes significantly to correct interpretation of ultrasonic
pulse velocity measurement results in relation to concrete homogeneity and strength
properties.

When determining ultrasonic pulse velocity in concrete for reinforced concrete struc-
tures, one needs to consider the influence of the reinforcement embedded in material.
For columns, beams, ribbed plate ribs and similar construction solutions, correct re-
sults of construction concrete direct transmission will only be obtained if on the way
of ultrasonic pulse there will be no main reinforcement. In turn, for floor, slab and
wall constructions by performing indirect transmission, the influence of reinforcement
can be ignored in most cases, if concrete cover is at least 4 cm.

To determine moisture content in concrete and exclude inaccuracies in interpretation

of obtained data (developing the correlations between ultrasonic pulse velocity and abso-
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lute moisture), in investigations devices for moisture measuring in the range of 0...8 %
are to be applied for concrete surface.

During the curing of concrete at higher temperatures than it is necessary for the nor-
mal course of the cement hydration processes, fast removal of formworks (up to
2 days of age) is of significance for the correct interpretation of ultrasonic pulse veloc-
ity data. Ultrasonic pulse velocity determined at the upper layers of the construction
concrete may be less than in the array. In such cases, in order to obtain correct data
throughout the volume of the construction, the dried upper layer needs to be removed
(hammered off) before concrete sounding.

Applying one and the same correlation for different ultrasonic measuring devices is
not allowed — correlations between ultrasonic pulse velocity in concrete and com-
pressive strength need to be established separately for each ultrasonic measuring de-
vice. Even for different measuring devices of one type, the defined absolute values of
ultrasonic pulse velocity in concrete are strictly individual; in addition, when ultra-
sonic pulse velocity decreases or increases by 5 %, concrete strength may turn out to
be lower or higher even by 50 %.

Evaluating the actual strength of concrete only by means of ultrasonic method is prac-
tically not acceptable — at least several nondestructive testing methods need to be

used simultaneously.
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