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Darba visparéjs raksturojums

Temas aktualitate un pétijjuma problemas nostadne

Misdienu buvniecibas tirgus ir orientéts uz ilgtsp&jigu biivniecibu, ka ar1 efektivu
energoresursu izmantosanu. Tade] arvien biezak tiek izmantoti biivmateriali, kas sevi apvieno
pietieckami augstus spiedes stipribas parametrus un zemas siltumvaditspgjas 1pasibas. Savukart
viena no negativakajam misdienu buvniecibas tirgus tendencém ir loti 1sie termini, kas
paredz&ti buvniecibas procesa Istenosanai un rada bitiskus riskus pareizas buvdarbu
tehnologijas un biivmaterialu iestrades tehnologijas istenoSanai. Tadeél, lai nepielautu
biivdarbu tehnologijas un batisku bavmaterialu iestrades tehnologisko nosacijumu
parkapsSanu, arvien izplatitakas klust buvlaukuma apstaklos lietojamas negraujosas parbauzu
metodes, kas lauj kontrol&t biitiskako tehnologisko posmu ievérosanu biivdarbu izpildes laika.

Gazbetona miira bloki ir viens no biivmaterialiem, kas sevi apvieno pietieckamu spiedes
stipribu, lai to izmantotu slodzi nesos$as buvkonstrukcijas, ka ari zemus siltumvaditsp€jas
raditajus. Tadel Sis materials ir lietojams energoefektivu biivju biivnieciba, kur ari
konstruktivais materials uzlabo kop&jos norobezojosas konstrukcijas siltumtehniskos
parametrus. Biitiskakais gazbetona miira bloku trilkums ir mitruma satura un ta sadalijuma pa
materiala Skérsgriezuma laukumu bitiska ietekme uz gazbetona situmtehniskajiem
parametriem. Tade] ir butiski kontrolét mitruma saturu un ta sadalijumu pa gazbetona miira
bloku Skérsgriezuma laukumu, lai novérstu neatbilstosi uzglabatu bivmaterialu iestradi eku
konstrukcijas. Tikpat bitiski ir kontrolét gazbetona miira konstrukciju ztiSanas procesu
biivdarbu izpildes laika, lai noverstu paragru apdares slanu uzklasanu uz gazbetona bloku
miira konstrukcijam, pirms tas ir sasniegusas gaissausa materiala stavokli, tadgjadi kavejot
materiala zisanu un butiski samazinot kop&jos norobezojosas konstrukcijas siltumtehniskos
parametrus. Parliecku augsts mitruma saturs buivmaterialos var radit situacijas, kad
norobezojosas konstrukcijas nesasniedz saskand ar LVS EN ISO 6946:2009 L «Eku
biivkomponenti un buvelementi. Siltumpretesttba un siltumapmainas koeficients.
AprekinaSanas metodikay aprékinatos siltumtehniskos parametrus un attiecigi netiek
nodros$inatas biives energoefektivitates prasibas. Jebkura materiala ztiSanas process ir javerte
ilgtermina, tapec graujoSas parbauzu metodes, kas sevi ietver liela apjoma paraugu nemsanu
no parbaudamas konstrukcijas, nav efektivi izmantojamas. Tadel ir nepiecieSams attistit
biivlaukuma apstaklos viegli lietojamas negraujosas parbauzu metodes, kas lautu noteikt

mitruma saturu un sadalfjumu gazbetona konstrukcijas ar augstu ticamibas pakapi.



Virkne razotaju piedava gazbetona miira blokus, un So materialu kimiskais sastavs, ka
ar1 razoSanas tehnologiskas ipatnibas ir atSkirigas. Tadél gazbetona bloku blivums un poru
sadalfjumus pa materiala tilpumu savstarp&ji atSkiras, kas savukart var ietekmét atsevisku
negraujoso parbauzu metozu precizitati mitruma sadalfjuma noteikSanai gazbetona
konstrukcijas. Saja pétijuma ir izskatita iespgja lietot elektriskas impedances spektrometriju

mitruma sadalfjuma noteikSanai pa dazada tipa gazbetona bloku Skérsgriezuma laukumu.

Darba merkis

Darba meérkis ir izstradat negraujoSu parbauzu metodiku mitruma sadalfjuma
noteikSanai pa gazbetona miira bloku skérsgriezuma laukumu buvlaukuma apstaklos, lietojot
elektriskas impedances spektrometrijas metodi. Lai noteiktu izpildamos darba uzdevumus,
tika analizeti iepriek$ veiktie petijumi par negraujoSu metozu izmantoSanu mitruma satura un
ta sadalijuma noteikSanai pa materialu Skersgriezuma laukumu cieta agregatstavokla

materialiem

Darba uzdevumi

Lai sasniegtu promocijas darba mérki, tika noteikti $adi darba uzdevumi:

1. noteikt matematiskas sakaribas starp mitruma saturu gazbetona bloku mira
konstrukcijas un elektriskas impedances spektrometrijas meérijjumu rezultatiem
attiecigaja materiala;

2. noteikt kontaktvirsmas blivuma starp mérjjumu zondi un gazbetonu ietekmi uz
veikto merijjumu precizitati;

3. noteikt kontaktvirsmas starp mérfjjumu zondi un gazbetonu parklajuma ietekmi uz
veikto merfjumu precizitati;

4. noteikt attaluma starp merjjumu zondém ietekmi uz iegiito rezultatu precizitati;

5. noteikt miira Suvju un materiala plaisu ietekmi uz mérijuma rezultatu precizitati.
Pétijuma zinatniska novitate

Izstradata negraujosa parbauzu metodika mitruma sadalijuma noteikSanai gazbetona
konstrukcijas lietoSanai biivlaukuma apstaklos, izmantojot elektriskas impedances
spektrometrijas metodi. Noteiktas korelacijas sakaribas starp elektriskds impedances
spektrometrijas mérijjumu rezultatiem un mitruma saturu dazada tipa gazbetona konstrukcijas.

Metodikas aprobacijas laika ir parbaudita metodikas lietojamiba mitruma sadalijuma
noteik$anai dazada blivuma (375 kg/m’ 1idz 500 kg/m?) un dazadu raZotaju (p&tijuma veikti
eksperimenti ar piecu dazada tipa/razotaju gazbetona blokiem) gazbetona miira konstrukcijas.
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Sagatavoti macibu stendi mitruma sadalijuma izmainu noteikSanai ar elektriskas

impedances spektrometrijas metodi un Z-meter I11 iekartu gazbetona miira konstrukcijas.

Promocijas darba praktiskais nozimigums

Biivdarbu veicgju nepilniga izpratne par fizikalajiem procesiem, kas noris
blivmaterialos, var radit bitiskas problémas biivju ekspluatacijas laika. Seviski butiski ir
nepiecieSams veicinat izpratni par mitruma migracijas procesiem norobezojosas
konstrukcijas. Gazbetona miira konstrukcijam gaissausa stavokli (5 % mitruma saturs no
materiala sausas masas saskana ar RILEM vadlinijam gazbetona konstrukcijam — RILEM
recommended practice. Autoclaved aerated concrete — Properties, testing and design. E&FN
SPON, 1993) ir zemi siltumvaditspgjas parametri (A =0,09...0,12), tomér raZoSanas procesa
gazbetona blokos uzkrajas liels mitruma daudzums (Iidz 50 % no materiala sausas materiala
masas). Paaugstinats mitruma saturs gazbetona konstrukcijas Iidz pat 10 reizém paaugstina
materiala siltumvaditsp&jas parametrus. Gan norobezojoso konstrukciju siltumtehniskajos
aprékinos, gan arl materidlu raZotaju sniegtaja tehniskaja informacija par gazbetona
fizikalajam 1paSibam tiek sniegta informacija par sausa materiala Ipasibam, tapec ir butiski
izstradat buivlaukuma apstaklos lietojamas kontroles metodikas, kas lautu noteikt mitruma
saturu buvkonstrukcijas un ta sadalifjumu pa norobezojoSas konstrukcijas Skersgriezuma
laukumu.

Saja promocijas darba ir izstradata negraujosa parbauzu metodika mitruma sadalijuma
noteikSanai gazbetona konstrukcijas ar Z-meter III iekartu, kuras darbiba ir balstita uz

elektriskas impedances spektrometriju.

Izmantotie materiali un pétiSanas metodika

Petijuma ir noteikts mitruma sadalijums gazbetona konstrukcijas ar elektriskas
impedances spektrometrijas metodi un merierici Z-meter I1l. P&tijuma veikSanai ir izmantoti
gazbetona miira bloki (1. tabula) no dazadu razotaju piedavata sortimenta, kas visbiezak tiek

lietoti buvnieciba Latvija.



1. tabula

P&tfjuma izmantotie gazbetona bloku veidi

Materiala siltumvaditspgjas

) ) Materiala blivums
Gazbetona bloku veids koeficients sausam materialam
kg/m?
A W/mK
AEROC Universal 0,090 375
Ytong PP2/0,4 0,105 375
Rocklite 0,11 500
Texoblock classic 0,12 500
Texoblock Lite 0,096 400

Merierice Z-meter III, kas izstradata projekta EUREKA E!4981 ietvaros Brno

Tehnologu universitates Biivniecibas InZenierzinatnu fakultates Udens resursu institita.

1. attels. Z-meter I1I ickarta ar mérijumu zondeém.

Kontroles meérjjumu veikSanai gravimetriskds metodes ietvaros tika izmantoti
elektroniskie svari ar mérijjumu precizitati £5g.

Rezultatu apstradei izmantota datorprogramma MS Excel, ka ar1 Z-meter III
programmnodro$inajums.

Z-meter III m&rijumu rezultatu nolasijumu paraugs atspogulots 2. tabula.
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2. tabula

Z-meter III m&rijumu datu paraugs

Sakums 12.11.2014 9:12:30

No | f[Hz] | date [dd.mm.yyyy] | time [hh:mm:ss] | ch | range | Rx [ohm] | Xx [ohm]
1| 1000 12.11.2014 09:12:30 0 1 101,3 -47,4
2| 1000 12.11.2014 09:12:30 1 1 101,4 -47,3
3| 1000 12.11.2014 09:12:30 2 1 101,3 -47,3
4| 1000 12.11.2014 09:12:31 3 1 101,3 47,2
5| 1000 12.11.2014 09:12:31 4 1 101,4 47,2

Pétijuma teorétiska un metodologiska baze

Promocijas darbs balstas uz $adam zinatnu nozarém un apakSnozarém:

buvfizika;

bivmateriali un bavtehnologija;
elektrotehnikas teoretiskie pamati;
materialzinatne;

vides inZenierzinatne.

Pétijuma diapazons un iegiito rezultatu lietojuma robeZas

Izstradata metodika mitruma sadalifjuma noteikSanai pa gazbetona konstrukciju

Skérsgriezuma laukumu ar Z-meter III iekartu, ka ar1 noteikti vienadojumi sakaribam starp

elektriskas impedances realas komponentes vértibam, kas noteiktas ar Z-meter Il iekartu un

gazbetona konstrukciju mitruma saturu, ir speka, izpildoties $adiem nosacijumiem:

l.

mitruma sadalfjuma mérjjumi tiek veikti viena gazbetona bloka robezas, zona starp
mérijumu zondém nav miira Suves vai plaisas, kas parsniedz 0,1mm;

attalums starp mérierices zondém neparsniedz 300 mm,;

. zondes un tas ievietosanai paredz&ta urbuma diametru starpiba neparsniedz 2 mm;

mérfjumi tiek veikti 8000 Hz frekvence.

AizstaveSanai izvirzitie darba rezultati

Metodika mitruma sadalijuma noteikSanai gazbetona konstrukcijas, izmantojot

elektriskas impedances spektrometriju un Z-meter 111 iekartu.
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2. Vienadojumi sakaribai starp elektriskas impedances realo komponenti un mitruma

saturu gazbetona konstrukcijas.

Promocijas darba rezultatu aprobacija

Promocijas darba rezultati zinoti un apspriesti 14 starptautiskajas konferences. Galvenie
darba rezultati izklastiti 16 zinatniskajas publikacijas. Piecas no tam ir indeksétas Scopus

datubaze.

Daliba starptautiskajas konferences

1. «EUREKA 2013 Ist conference and working session, Karolinka, Cehijas Republika,
Brno Tehniska universitate, GEOTest. 2013. gada 30. oktobris—1. novembris
(Rubene S., Vilnitis M. Application of Electrical Impedance Spectrometry for
Determination of Moisture Distribution in Aerated Concrete Constructions);

2. RTU BF 150 gadu jubilejai veltita starptautiska konference «Innovative Materials,
Structures and Technologies», Riga, Latvija, 2013. gada 8. novembris (Rubene S.,
Noviks J., Vilnitis M. Determination of Humidity Level In Aerated Concrete
Constructions by Non Destructive Testing Methods);

3. «Cilveks. Vide. Tehnologijas» 18. starptautiska studentu zinatniski pétnieciska
konference, Ré&zeknes Augstskola, R&zekne, Latvija. 2014.gada 23. aprilis
(Rubene S., Noviks J., Frequency analysis of electrical impedance spectrometry);

4. «Advanced Construction», 4th international conference, Kaunas, Lietuva, Kaunas
Tehniska universitate, 2014. gada 9.—10. oktobris (Rubene S., Vilnitis M., Noviks J.
Monitoring of the Aerated Concrete Construction Drying Process by Electrical
Impedance Spectrometry);

5. EUREKA 2014 2nd conference and working session, Pasohlavky, Brno, Cehijas
Republika, Brno Tehniska universitate, GEOTest. 2014. gada 30. oktobris—
1. novembris (Rubene S., Vilnitis M. Monitoring of Humidity Distribution Changes
in Aerated Concrete Masonry Construction by EIS);

6. 5th European Conference of Civil Engineering, Florence, Italy, 2015. gada 22.—
24. novembris (Rubene S., Vilnitis M. Correlation between EIS Measurements and
Relative Humidity Distribution in Aerated Concrete Masonry Constructions);

7. 1st International Conference on Civil Engineering, Water Resources, Hydraulics and
Hydrology (CEWHH 2014), Athens, Greece, 2015.gada 28. novembris—

1. decembris (Rubene S., Vilnitis M., Noviks J. Impact of Contact Surface on
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10.

11.

12.

13.

14.

Accuracy of Humidity Distribution Measurements in Autoclaved Aerated Concrete
Constructions by EIS);

17th International Conference on Civil, Structural and Geoenvironmental
Engineering, London, United Kingdom, 2015. gada 19.-20. janvaris (Rubene S.,
Vilnitis M., Noviks J. Impact of Masonry Joints on Detection of Humidity
Distribution in Aerated Concrete Masonry Constructions by Electric Impedance
Spectrometry Measurements);

Vide. Tehnologija. Resursi, Rézeknes Augstskola, R&zekne, Latvija, 2015. gada
18.—19. jinijs (Rubene S., Vilnitis M., Noviks J. Impact of density and special
features of manufacturing process on drying of autoclaved aerated concrete masonry
blocks);

7th Scientific-Technical Conference Material Problems in Civil Engineering
(MATBUD’2015), Crakow University of Technology, Krakow, Poland, 2015. gada
22.-24 jinijs (Rubene S., Vilnitis M., Noviks J. Frequency Analysis for EIS
Measurements in Autoclaved Aerated Concrete Constructions);

Creative Construction Conference 2015, Krakow, Poland, 2015. gada 21.-24 jiinijs
(Rubene S., Vilnitis M., Noviks J. Frequency Analysis and Measurements of
Moisture Content of AAC Masonry Constructions by EIS);

2nd International Conference «Innovative Materials, Structures and Technologies»
(IMST 2015), Riga, Latvia, September 30 — October 2, 2015 (Rubene S., Vilnitis
M., Noviks J. Impact of External Heat Insulation on Drying Process of Autoclaved
Aerated Concrete Masonry Constructions);

EUREKA 2015 3rd conference and working session, Jaromerice nad Rokytnou,
Brno, Cehijas Republika, Brno Tehniska universitate, GEOTest. 2015. gada 15.—
16.0ktobris (Rubene S., Vilnitis M. Accuracy of Humidity Distribution
Measurements in Autoclaved Aerated Concrete Constructions by Electrical
Impedance Spectrometry. No: EUREKA 2015 Proceedings, Cehija, Jaromerice nad
Rokytnou, 15.—16. oktobris, 2015. Brno: 2015, 156.—164. 1pp. ISSN 2464-4595.);
6th European Conference of Civil Engineering, Budapest, Hungary, 2015. gada 12.—
14. decembris (Rubene S., Vilnitis M. Monitoring of Water Infiltration in
Autoclaved Aerated Concrete Masonry Construction Blocks by Electrical Impedance
Spectrometry).
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Promocijas darba sastavs un apjoms

Promocijas darba ir anotacijas anglu un latvieSu valoda, ievads, tris galvenas nodalas,
kas sadalitas apaks$nodalas, secinajumi, viens pielikums un literatiiras avotu saraksts.

Darba ieklautas 112 lapaspuses, 107 atteli, Cetras tabulas, 114 literatiiras avoti.

Promocijas darba ievada formuléta problémas aktualitate, darba mérki, uzdevumi, ka ar1
darba zinatniska novitate un petijjuma rezultatu lietojums.

Pirmaja nodala apskatitas gazbetona ka biivmateriala galvenas IpaSibas, ta razoSanas
procesa tehnologiskas ipasibas. Veikta eksist€joSo negraujoso parbauzu metozu, kas
lietojamas cietu vielu mitruma satura noteikSanai, darbibas pamatprincipu analize. Pirmaja
nodala veikts elektriskas impedances spektrometrijas ka negraujoSas parbauzu metodes
darbibas pamatprincipu apskats, analizéti ieprieks veiktie p€tijumi elektriskas impedances
spektrometrijas lietoSanai materialu mitruma satura noteikSanai.

Otraja nodala aprakstiti eksperimenti, kas veikti, lai sasniegtu promocijas darba ievada
noteiktos mérkus, ka arT lai aprob&tu izstradato metodiku mitruma sadalfjuma noteikSanai
gazbetona konstrukcijas ar elektriskas impedances spektrometriju un Z-meter I11 iekartu.

TreSaja nodala veikts otraja nodala veikto eksperimentu rezultatu kopsavilkums un
iegiito rezultatu analize.

Secinajumu dala ir apkopota p@tfjuma rezultatd ieguta informacija, formul&tas

aizstavesanai izvirzamas tezes.
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Promocijas darba saturs

Ievads

Promocijas darba ievada formul&ta problémas aktualitate, darba mérki, uzdevumi, ka ar1

darba zinatniska novitate un p&tijuma rezultatu pielietojums.

1. Materiali un metodes

Gazbetons ir kalku java ar sasmalcinatam smiltim vai ripniecibas atkritumiem,
pieméram, pelniem ka pildvielam, kura ar mehaniskam vai kimiskam metodém ir iesaistits
gaiss, tada veida biitiski samazinot materiala blivumu.

Gazbetona fizikalas ipaSibas, paSi siltumtehniskas un higrometriskas ipasibas, ir
atkarigas no gazbetona mikrostruktiras un makrostruktiiras. Gazbetona poru veidoSanas
procesam ir bitiska ietekme uz ta mikrostruktiru un tatad — uz ta fizikalajam ipasibam.
Gazbetona struktiira ir raksturojama ar ta mikroporu matricu un makroporam. Poru daudzums
un izvietojums pa materiala tilpumu tieSi ietekmé ari gazbetona fizikalas ipaSibas, ka ari
negraujos$as metodes, ar kuru palidzibu ir iesp&jams noteikt mitruma saturu un sadalijumu
gazbetona.

Visprecizaka metode mitruma satura noteikSanai cietos materialos ir gravimetriska
metode, kas sevi ietver materiala masas izmainu noteikSanu starp materiala masu sausa
stavoklt (attiecigi, veicot materiala piespiedu zavéSanu, Iidz tiek sasniegts absoliiti sauss
stavoklis) un stavokli, kada paraugs ir sagatavots mitruma satura noteikSanai. Tomer §is
metodes trukums ir taja, ka §ada veida ir nosakams tikai vid€jais mitruma saturs visa parauga.
Ja papildus ir nepiecieSams noteikt mitruma sadalijumu pa parauga tilpumu, tad ir
nepiecieSsams veikt parauga sadaliSanu sikakos segmentos un veikt iepriekS aprakstito
7avésanas un masas izmainu aprékina procediiru. Sada metodika ir darbietilpiga un tadel nav
plasi lietojama mitruma sadalijuma noteikSanai pa buvkonstrukciju Skérsgriezumu, tomér ta ir
izmantojama, lai veiktu negraujoSo parbauzu metozu precizitates kontroli.

Pastav virkne negraujoSu parbauzu metozu, kas lauj noteikt cietu materialu mitruma
saturu un ta sadalfjumu materiala Skérsgriezumu laukumu. Ka precizakas no §STm metodém ir
janosauc radiologiskas parbauzu metodes, pieméram, gamma staru blivuma mériSana,
neitronu radiografija, atomu magnétiska rezonanse, datortomografija un elektromagnétiska
mikrovilnu radiacijas mériSana. Iepriek§ uzskaitito metozu vislielakais trukums ir taja, ka
attiecigas metodes nav iesp&jams vai ir loti sarezgiti lietot bavlaukuma apstaklos un veikt

daudzus atkartotus meérjjumus dazadiem paraugiem 1sa laika.
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Mitruma satura noteikSana gazbetona konstrukcijas, balstoties uz siltuma plismas
mérfjumiem, ir vl viena pieeja, kas lauj noteikt mitruma saturu un ta sadalijumu gazbetona
konstrukcijas. Sis pieejas ietvaros ir izmantojamas vairdku zinatnieku noteiktas sakaribas
starp siltuma un mitruma parneses procesiem cietos materialos. Ka plasak izplatitie $aja
gadijuma ir janosauc Philip un DeVries modeli, kas izmanto temperatiiras un mitruma satura
gradientus ka parvietoSanas potencialus (Philip JR, DeVries DA (1975) Moisture movement in
porous materials under temperature gradients. Trans Am Geophys Union 2:222-232).
Tomeér, ka zinams, pastav partraukums mitruma satura profilos, kas atrodas starp diviem
porainiem materialiem. Tadel Luikovs (Luikov AW (1966) Heat and mass transfer in
capillary-porous bodies. Pergamon Oxford, UK) ir piedavajis precizaku matematisko modeli
mitruma un masas parvietojuma modeleSanai. Lietojot apskatitos matematiskos modelus un
siltuma pliismas mérjjumus materiala mitruma satura noteikSanai, ir nepiecieSams noteikt
virkni apkart§jas vides parametrus (apkartéjas vides, p&tama materiala temperatiira, gaisa
relativais mitrums), ka ar1 balstities uz materiala razotaja noteiktajam gazbetona fizikalajam
ipaSibam. Tik daudzu mainigo esamiba, ka ari pietickami sarezgito aprékinu apjoms padara
attiecigo pieeju giti izmantojamu plasam lietojumam biivlaukuma apstaklos.

Pastav metodika materiala mitruma satura noteikSanai, novértgjot ta higrometriskas
(idens uzsiices) Tpasibas. ST pieeja ari ir balstita uz matematiskiem modeliem, ko izstradajis
H. Kunzels (Kiinzel, H. M. (1995), ‘Simultaneous Heat and Moisture Transport in Building
Components — One- and two-dimensional calculation using simple parameters’, IRB Verlag,
Stuttgart), tomér ar1 §1 metodika sevi ietver apjomigu datu apstradi un apkartgjas vides
parametru noteikSanu, ka tas ir nepiecieSams ari iepriekS aprakstitajai pieejai mitruma
sadalijuma noteikSanai ar siltuma pliismas mérijumu palidzibu.

Sobrid ka vienas no vispla§ak izmantojamajam metodém mitruma satura noteik3anai
tiek izmantotas elektriskas metodes. Sis metodes balstas uz dazadu elektrisko raksturlielumu
noteikSanu materialiem, kas vélak tiek koreléti ar mitruma saturu attiecigajos materialos.
Parasti So metozu ietvaros tiek izmantoti konstrukcija iebiivéjami sensori vai ar1 sensori, kas
nosaka materiala virsmas mitruma saturu, neparadot datus par mitruma sadalfjumu
konstrukcija.

Elektriskas impedances spektrometrija ir viena no elektriskajam metodém, kas tiek
izmantota, lai raksturotu materialu fizikalas ipaSibas. Metodes pirmsakumi ir mekl&ami
20. gadsimta 70. gados, kad attieciga metode tika izmantota, lai raksturotu dazadu
elektronisku iekartu parametrus (Barsoukov, E., McDonald, R., Impedance Spectroscopy

Theory, Experiment, and Applications, John Wiley & Sons, New York, USA, 2005, ISBN: 0-
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471-64749-739). Elektriska impedance raksturo mainstravas k&des pasibas, un ta vienmer ir
lielaka vai vienada ar k&des realo pretestibu R (QQ). Kédes imaginara pretestiba X ir lielums,
kas atkarigs no frekvences, ka ar1 kédes elementu 1paSibam (imaginaro pretestibu veido k&des
elementu kapacitate un induktivitate). Elektriska impedance matematiska forma var tikt
izteikta ar Oma likumu mainstravas kédei.

Elektriskas impedances metode ir izmantojama, lai raksturotu materialu fizikalas
ipasibas, tapéc attiecigd materiala un meérierices savstarpéja iedarbiba ir model€jama ar
ekvivalentam k&dém.

Elektriskas metodes ir vienas no plasak lietotajam negraujoso parbauzu metodém, tapec
ir veikti pé€tfjumi, lai attiecigds metodes izmantotu betona konstrukciju mitruma satura
noteikSanai. Elektriskie merijumi lauj noteikt virkni materiala mikrostruktiiras Ipasibu: poru
lielumu un apjomu, poru savstarpgjo savienojumu apjomu, jonu difuzitati u. tml. (Rajabipour
F (2006) In situ electrical sensing and material health monitoring of concrete structures,
Ph.D. Dissertation, Purdue University, West Lafayette, Indiana). Tomer ir janem véra, ka
elektrisko mérjjumu precizitati betona konstrukcijas vienlaikus var ietekmét vairaki faktori,
tade] ir jaizstrada metodika, kas lautu nodalit atSkirigu faktoru ietekmi uz veiktajiem
mérijjumiem, lai padaritu elektriskos mérfjumu par precizu metodi mitruma satura noteikSanai
betona konstrukcijas (Schmit T, Rajabipour F, Weiss WJ (2005) Investigating the use of a
diffuse measurement interpretation for analyzing in situ electrical measurements. In: 3rd
international conference on construction materials: ConMat’05, Vancouver, Canada).

Gazbetona poraina struktiira rada papildu traucgjosus apstaklus, lai lietotu elektriskos
mérfjumus ta mitruma satura noteikSanai. Tomér, veicot virkni eksperimentu, ir noskaidrots,
ka, izmantojot mainstravas kédes pretestibas merjjumus, ir iesp&jams ne tikai noteikt mitruma
sadalijumu gazbetona konstrukcijas, bet ari citas materiala fizikalas 1pasibas (pieméram,
porainiba).

Promocijas darba tika izmantota Z-meter III iekarta, kas izstradata projekta EUREKA
programmas E!4981 ietvaros Brno Tehnologu universitates Bivniecibas InZenierzinatnu
fakultates Udens resursu institfita un kuras darbiba ir balstita uz elektriskdas impedances
spektrometrijas metodes. Iekarta ir neliela, mobila un ar to ir iesp&jams veikt lielu daudzumu
atkartojamu merijjumu 1sa laika perioda, ka art ta sniedz dalitus impedances datus (atseviski
impedances realo un imaginaro komponenti), tapec tika veikta virkne eksperimentu, lai
izstradatu metodiku attiecigas iekartas izmantoSanai mitruma sadalijjuma noteikSanai

gazbetona konstrukcijas.
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Petijuma tika izmantotas konstrukcija ievietojamas zondes ar pieciem mérjjumu
kanaliem (impedances mérijumi tika veikti vienlaikus piecos dazados dzilumos), kas nosaka

impedanci iecirkn starp attiecigajiem zondes mérijumu kanaliem (1. attels).

1. att€ls. Merfjumi starp Z-meter 11 zondém.
2. Veiktie eksperimenti

Petijuma gaita tika veikta virkne savstarp&ji saistitu eksperimentu, kuru mérkis bija
noskaidrot elektriskas impedances spektrometrijas lietojamibas iesp&ju mitruma sadalijuma
noteikSanai gazbetona konstrukeijas, ka arT aprobét izstradato mitruma sadalijuma noteikSanas
metodiku pielietosanai biivlaukuma apstak]os.

Gazbetons ir porains materials, bet elektriska impedance ir atkariga no materiala
struktiiras elektriskajiem parametriem (Saja gadijuma — kapacitates, ko rada gazbetona poru
struktiira), tapéc ka pirmais p&tijumu posms tika noteikta impedances mérjjumu frekvences
noteikSana turpmako impedances mérijjumu veikSanai.

Eksperimenta tika izmantoti piecu dazadu veidu gazbetona paraugu komplekti
(gazbetona veidi aprakstiti 1. tabula). Eksperimenta tika noteikts frekvencu apgabals, kas ir
piem@rots turpmakiem elektriskas impedances spektrometrijas mérfjumiem. Piem&roto
frekvencu apgabalu ietekmé materiala blivums un poru struktiira, tadel katram no paraugu
komplektiem tika noteikts atsevisks turpmakiem meérijjumiem piemérots frekvencu apgabals.
Tomér, lai iegltu savstarpgji salidzinajums datus, turpmakie eksperimenti visiem
apskatitajiem gazbetona tipiem tika veikti viena frekvence, kas ietilpa visu apskatamo
gazbetona tipu pieméroto frekvencu intervala.

Eksperimenta laika tika noskaidros, ka frekvencu analizes rezultatus ietekmé& ari
mitruma saturs un ta sadalijum pa gazbetona parauga skersgriezumu, jo mitrakajos (un
attiecigi ar1 blivakajos) gazbetona iecirknos, pieméroto frekvencu intervals ir plasaks neka

sausam materialam noteiktais. Tapat tika noskaidrots, ka gazbetona anizotropijai, kas rodas ta
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razoSanas laika, ir ietekme uz frekvencu analizes rezultatiem, tadel, lai paaugstinatu
elektriskas impedances spektrometrijas metodes precizitati mitruma sadalijuma noteikSanai
gazbetona konstrukcijas, blitu janem véra ar1 materiala anizotropija.

Ka nakamais eksperiments tika veikta sakaribu starp elektriskas impedances realas
komponentes un mitruma satura gazbetona konstrukcijas noteikSana. Ari Saja eksperimenta
tika izmantoti piecu daZadu tipu gazbetona paraugu komplekti, kuru zuSanas laika tika
noteiktas korelacijas sakaribas starp elektriskas impedances spektrometrijas mérijumu
rezultatiem un mitruma saturu paraugos.

Ka mitruma sadalifjuma kontroles metodika eksperimenta gaita tika izmantota
gravimetriska metode atbilstoSi Akitas pieejai mitruma sadalijuma noteikSanai (Akita, H.,
Fujiwara, T. and Ozaka, Y.." A practical procedure for the analysis of moisture transfer
within concrete due to drying." Magazine of Concrete Research 48 (6), 1996, p.129-137.)

atbilstosi 2. attéla paraditajam sadalfjuma piemeram.

3. attels. Gazbetona bloks ar mérjjumu zondem.
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Eksperimenta rezultata tika noteiktas matematiskas sakaribas starp mitruma saturu
gazbetona paraugos un elektriskas impedances realas komponentes veértibu, ka ari tika

izveidotas korelacijas liknes iegiito sakaribu grafiskai att€losanai.

Sakariba starp elektriskas impedances realo komponenti Sakariba starp elektriskas impedances realo komponenti
un gazbetona parauga mitruma saturu % A sérijas un gazbetona parauga mitruma saturu % B sérijas
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6. attels. Sakariba starp elektriskas impedances realo 7. attéls. Sakariba starp elektriskas impedances realo
komponenti un gazbetona parauga mitruma komponenti un gazbetona parauga mitruma
saturu (%). saturu (%).
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8. att€ls. Sakariba starp elektriskas impedances
realo komponenti un gazbetona parauga mitruma

saturu (%).

Izmantojot iegiitas sakaribas, kluva iesp&jams noteikt mitruma sadalijumu gazbetona

paraugos visos to ziiSanas posmos atbilstosi 9. attéla noraditajam piemeram.
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Mitruma satura izmainas gazbetona parauga
Skérsgriezuma B sérijas parauga
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Mitruma mérijumu datums

9. attéls. Mitruma sadalfjuma izmainas gazbetona parauga ziiSanas procesa laika.

Eksperimentalaja dala tika noskaidrots, ka kontaktvirsmas cieSumam starp meérierices
zondém un paraugu nav bitiskas ietekmes uz merjjumu precizitati, tadé] nakamais
eksperimentalas dalas posms tika virzits uz iegiito rezultatu aprobaciju turpmakam
lietojumam biuivlaukuma apstaklos.

Metodikas aprobacijas laika tika veikta mitruma sadalijuma noteikSana ar elektriskas
impedances spektrometrijas metodi un Z-meter III iekartu gazbetona paraugiem dazadu
mitruma uzsiikSanas veidu gadijumos (infiltracijas, kapilaras uzsiikSanas), ka ari sagatavotas

mitruma uzsiik§anas liknes dazados materiala dzilumos.

Mitruma infiltracijas novérosana gazbetona parauga (1)
500000

450000 DL RS

=_—
400000

350000 S/\(A‘oo
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300000 -
G 250000
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1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Mérijuma Nr.

Elektriskas impedances reala komponente Rx,

e () channel Rx [ohm] === 1 channel Rx [ohm]

2 channel Rx [ohm] 3 channel Rx [ohm]

10. attels. Elektriskas impedances reala komponentes izmainas tidenim infiltr&joties gazbetona parauga.

Ka nakamais posms metodikas aprobacija tika noteikts mira Suvju un plaisu ietekmes
novertejums uz elektriskas impedances spektrometrijas mérfjumu rezultatu precizitati. Saja
eksperimenta tika noskaidrots, ka miira Suvém un plaisam, kuru platums parsniedz 0,1 mm, ir
biitiska ietekme uz mérijjumu rezultatu precizitati, tadel Sobrid izstradata metodika ir lietojama

tikai mitruma sadalijuma noteikSanai viena gazbetona bloka robezas.
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Eksperimentalaja dala tika izveidoti macibu stendi mitruma migracijas noveroSanai
gazbetona sienu konstrukcijas ar atSkirigiem apdares risinajumiem (akmens vates siltinajums,
putupolistirola siltinajums, apmesta siena bez siltinajuma), kuram ar elektriskas impedances

spektrometrijas metodi tiek veikta ztiSanas procesa noverosana.

11. attels. Sienu konstrukciju stendi.

13

12. attels. Sienu konstrukciju stendi. 13. attels. Sienu konstrukciju stendi.

Ziidanas procesa novérosanas rezultata tika sagatavotas mitruma migracijas kartes (14.—
16. attels) pa konstrukcijas skérsgriezumu, tadg€jadi maksimali pietuvinot me&rjjumu veiksSanas
apstaklus buvlaukuma apstakliem, ka ar7 iegiitos datus tiem datiem, kas tiek ieguti, lietojot
apskatamo metodiku biivlaukuma apstaklos.

Mitruma sadalfjuma izmainas pa sienas Skérsgriezuma Mitruma sadalijuma izmainas pa sienas $kérsgriezuma
laukumu V1 parauga siena laukumu P1 parauga siena

4 channel 4 channel

3 channel  ®30,00%-35,00% 3channel ~ ®30,00%-35,00%

m25,00%-30,00% m 25,00%-30,00%

2 channel  w20.00%-25.00% 2channel  m20,00%-25,00%

15,00%-20,00% 15,00%-20,00%
hannel
1channel g 5 5096-15,00% tehemel g 10,00%15,00%

5,00%-10,00% W5,00%-10,00%

0 channel

0 channel

> u0,00%-5,00% M 0,00%-5,00%

N A/Q\" NS "Q\’ "9\5‘ ”‘9\& N
"f‘”&. QP'\\ . \\@. \‘*@. «,Q@I Q‘"“‘\Q. \""\\\. ";’"\Q.
14. attels. Mitruma migracijas karte Sk&luma V1 15. attels. Mitruma migracijas karte Sk&luma P1
stendam ar akmens vates siltinajumu. stendam ar putupolistirola siltinajumu.
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Mitruma sadalijuma izmainas pa sienas $kérsgriezuma
laukumu K1 parauga siena
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¥ ¥ >
N

X X
S
» )

>
N
D

16. attels. Mitruma migracijas karte Sk€luma
K1 stendam bez siltinajuma.

3. Rezultatu kopsavilkums

Promocijas darba otraja nodala veikto eksperimentu dati un rezultati tika apkopoti, lai
izstradatu turpmakas vadlinijas elektriskas impedances spektrometrijas un Z-meter III
meérierices lietoSanai mitruma sadalijuma noteikSanai gazbetona konstrukcijas.

Elektriskas impedances spektrometrijas rezultatu precizitati mitruma sadalijuma
noteikSanai gazbetona konstrukcijas butiski ietekmé izveleta meérjjumu frekvence, tadel pirms
metodes lietoSanas noteikti ir javeic frekvencu analize, lai noskaidrotu, vai mitruma
sadalfjums attiecigaja konstrukcija ir nosakams relativas vertibas, izmantojot elektriskas
impedances spektrometrijas datus, ka arT vai noteiktas korelacijas sakaribas ir lietojamas
attieciga gazbetona materiala mitruma satura noteikSanai absoliitas vertibas.

Merfjumu veikSanai piem@rotas frekvences ietekmé materiala blivums, piesatinajuma
pakape un poru struktiira. Attiecigie parametri ar ietekmét piem&rotakas frekvences veértibu
diapazona lidz 2000 Hz.

Matematiska sakariba (1.), kas noteikta promocijas darba veikto pétijumu rezultata, ir
lietojama visu tipu gazbetona konstrukciju mitruma satura noteikSanai absoliitas vertibas.

y=-0,201 In (x) +2,6513 (1.

Lai paaugstinatu metodes precizitati, katram apskatdmajam gazbetona veidam tika
izstradata ar1 individuala sakariba starp mitruma saturu un elektriskas impedances
spektrometrijas mérfjumu rezultatu vértibu. Sada gadijuma mérfjumu rezultatu precizitate

paaugstinas videji par 10 %.
Secinajumi
Veicot promocijas darba rezultatu analizi, var secinat, ka visi darba ievada noteiktie

mérki ir izpilditi. Darba rezultata ir izstradata metodika mitruma sadalijuma noteikSanai

gazbetona konstrukcijas ar Z-meter Il iekartu lietoSanai buvlaukuma apstaklos. Ir noteikti
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metodi ierobezojosi faktori, ka arT apstakli, kas janem veéra, lai nodroSinatu maksimali augstu

meérfjumu rezultatu precizitati.

Darba nosléguma ir iesp&€jams izdarit $adus secinajumus:

elektriskas impedances spektrometrija var tikt lietota mitruma sadalijuma
noteikSanai gazbetona konstrukcijas ar videjo precizitati 70 %;

pirms elektriskas impedances spektrometrijas metodes lietoSanas ir nepiecieSams
veikt frekvencu analizi, lai noskaidrotu mérfjumiem piemérotaku frekvenci; Latvijas
buvniecibas tirgli biezak sastopamajiem gazbetona bloku veidiem piemérotaka
mérfjjumu frekvence ir 8000 Hz;

elektriskas impedances spektrometrijas mérjjumu veikSanas laika ir janodroSina
maksimali cieSa kontaktvirsma starp meérierices zondi gazbetona virsmu; gaisa
Skirkarta, kas neparsniedz 1 mm starp zondes un gazbetona parauga virsmu, ietekmée
meérijumu rezultatu precizitati Iidz 3 %;

visprecizakie elektriskas impedances spektrometrijas rezultati ir sasniedzami, ja
netiek izmantoti gazbetona virsmas parklajumi;

elektriskas impedances spektrometrijas mérfjumi var tikt veikti bez attaluma
ierobezojuma starp merierices zondém, tomer attalums starp zondeém ietekmé
frekvenci, kura tiek veikti mérfjjumi; attalumam starp meérierices zondém, kas ir
robezas 150-300 mm, piemérotaka mérijumu frekvence ir 8000 Hz;

sakariba starp elektriskds impedances realo komponenti un mitruma saturu
gazbetona ir izsakama ar logaritmisku sakaribu;

miira Suvém un plaisam, kas parsniedz 0,1 mm platumu, ir bitiska ietekme uz
meérijjumu rezultatiem, tadeél merijumi biitu javeic iecirknos, kuros nav novérojamas

plaisas vai mira Suves.

Petijuma ir sagatavoti priekslikumi meérierices Z-meter I1l uzlaboSanai:

jaizgatavo pasurbjoSas merijumu zondes, lai atvieglotu mérierices lietoSanu;

iekartas programmnodroSinadjuma ir japaredz automatiski veicama frekvencu
analizes funkcija;

iekartas programmnodro$inajums ir japapildina ar sakaribam starp elektriskas
impedances realo komponenti un mitruma saturu gazbetona, lai paatrinatu iegiito

rezultatu apstradi.
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General Description of the Doctoral Thesis

Actuality of the Research and Formulation of the Problem

Contemporary construction trends are sustainable construction and effective use of
construction materials; therefore, load bearing construction materials with high heat insulation
parameters tend to become more popular. As an opposite trend, there are short construction
terms, which fail to comply with all nuances of the material installation technology.
Therefore, non-destructive testing methods have become more and more popular during the
past years.

Autoclaved aerated concrete (AAC) masonry blocks are construction material with high
heat insulation parameters. In the time of sustainable construction, this material can be used as
a load bearing construction material for a range of buildings where it is necessary to obtain
high heat insulation parameters of external delimiting constructions. The main problem of
AAC masonry constructions is significant influence of moisture content and its gradient on
heat resistivity properties of the AAC. It is important to monitor the drying process of AAC
masonry constructions in order to avoid sealing of moisture inside the masonry by early
application of finishing layers on the construction. Therefore, testing methods, which allow
credible determination of moisture distribution throughout the cross section of the AAC
masonry construction as well as moisture migration throughout the cross section of the
construction, have to be developed. The drying process of the masonry is a long-term process;
therefore, it is preferable to use non-destructive testing methods because a number of
measurement series have to be performed in order to provide credible data of the changes in
moisture content throughout the cross section of the masonry construction.

There is a variety of manufacturers who offer AAC masonry blocks, and the
manufacturing process of the blocks slightly differs as well as the ingredients used for the
manufacturing of the blocks. Thus, the porous structure, density as well as chemical
composition of the AAC slightly differ. This research has been done to determine the possibility
of application of electrical impedance spectrometry for in-situ non-destructive determination of

moisture distribution throughout the cross section of AAC masonry constructions.

The Aim of the Research

The aim of the research is to develop a non-destructive testing methodology for
detection of moisture distribution throughout the cross section of AAC masonry constructions

under in-situ conditions. After the analysis of previous studies about non-destructive detection
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of moisture content and its distribution throughout the cross section in solid materials, the

tasks of the research have been set.

The Tasks of the Research

1. To determine the correlation between EIS measurement results and moisture content
in AAC.

2. To determine the impact of contact surface between measurement probe and AAC
masonry construction on the accuracy of the obtained results.

3. To determine the impact of the coating on measurement contact surface on the
accuracy of the measurement results.

4. To determine the impact of measurement distance on accuracy of measurement
results.

5. To determine the impact of cracks and masonry joints on accuracy of EIS

measurement results.

Scientific Novelty of the Research Results

Misunderstanding of the physical processes in construction materials can lead to misuse
of effective construction materials and decrease the effectiveness of the properties of
constructions designed in compliance with ISO 6946:2007 Building components and building
elements - Thermal resistance and thermal transmittance - Calculation method. Therefore, a
credible on-site control methodology of moisture distribution in AAC is necessary in order to
reach the designed material properties and avoid mistakes during the installation stage of the
material.

Previous studies have been focused on non-destructive detection of moisture content
and its distribution in solid materials such as concrete. Non-destructive detection of moisture
distribution in AAC has not been widely researched due to the uneven and porous structure of
the material, which causes problems with repeatability of the measurement results and,
therefore, excludes common use of the methodology. Therefore, in the present research an
EIS methodology, which is usually applied for moisture detection of bulk materials (such as
soil), has been adapted for application on AAC and has reached the aims stated in this

research.
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Application of the Research Results

The research results can be applied for on-site non-destructive detection of moisture
distribution in AAC constructions as a part of quality control activities of the construction

Process.

Methodology of the Research

The research is based on determination of moisture distribution throughout the cross
section of autoclaved aerated concrete (AAC) constructions with Z-meter III device. As a
reference material, most commonly used AAC blocks of Latvian construction market were
used (Table 1).

Table 1
AAC Blocks Used for the Research

Thermal conductivity in dry state

Type of AAC stated by manufacturer Bgﬁ}i?::g:;fgeﬂney
A W/mK
AEROC Universal 0,090 375
Ytong PP2/0,4 0,105 375
Rocklite 0,11 500
Texoblock classic 0,12 500
Texoblock Lite 0,096 400

At the Laboratory of Water Management Research of the Institute of Water Structures
at the Civil Engineering Faculty of Brno University of Technology, a measuring instrument

with a Z-meter III device has been developed within the solution of an international project

E!4981 of programme EUREKA.
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Fig. 1. Z-meter III device with measurement probes.

For control measurements with gravimetric method, electronic scales with precision of
+5 g were used.
The results were operated by computer software MS Excel and Z-meter III software.

An example of Z-meter III output data has been displayed in Table 2.

Table 2
Z Meter III Output Data
Start at 12.11.2014 9:12:30
No | f[Hz] | date [dd.mm.yyyy] | time [hh:mm:ss] | ch | range | Rx [ohm] | Xx [ohm]
1| 1000 12.11.2014 09:12:30 0 1 101,3 -47,4
2| 1000 12.11.2014 09:12:30 1 1 101,4 -47,3
3| 1000 12.11.2014 09:12:30 2 1 101,3 -47,3
4| 1000 12.11.2014 09:12:31 3 1 101,3 -47,2
5| 1000 12.11.2014 09:12:31 4 1 101,4 -47,2

Theoretical and Methodological Basis of the Research

The Thesis has been based upon the following disciplines:
e Construction physics;

e Construction materials and technologies;

e Theoretical base of electrotechnics;

e Materials science;

e Environmental science.

30



Scope of the Study

The methodology developed for detection of moisture distribution throughout the cross

section of AAC by EIS with Z-meter III device as well as the developed correlation equations

are valid if the following criteria are met:

l.

The EIS measurements are performed within borders of one masonry block, no
cracks exceeding 0.1 mm thickness are present in the measurement distance;

The distance between measurement probes does not exceed 300 mm;

The distance between the measurement probe and AAC does not exceed 1 mm;

The measurements are performed in frequency of 8000 Hz.
Results Presented for Defence

A following methodology for non-destructing detection of moisture distribution
throughout the cross section of AAC masonry constructions with Z-meter device has
been established:
1. Choice of measurement points within the AAC masonry construction;
2. Preparation of measurement bores, cleaning of internal surface of the
measurement bores by compressed air;
3. Frequency analysis of the AAC material (if high accuracy of the EIS
measurement results is required);
4. EIS measurements of the moisture distribution with Z-meter device;
5. Processing of the measurement results.
Correlation between EIS measurement results and moisture content in AAC is equal
to: y=aln(x) + C;
Distribution of pores throughout the volume of AAC has impact on the accuracy of
EIS measurement results; therefore, it is advisory to detect expansion direction of

the AAC prior the EIS measurements.

Approbation of the Results

The results of the Doctoral Thesis have been reported and discussed in 14 international

conferences. The main results of the study have been presented in 16 scientific publications.

Five of them have been indexed in SCOPUS database.
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List of International Conferences

. EUREKA 2013, 1st conference and working session, Karolinka, Czech Republic,
Brno University of Technology, GEOTest. 30 October — 1 November 2013 (Rubene,
S., Vilnitis, M. Application of Electrical Impedance Spectrometry for Determination
of Moisture Distribution in Aerated Concrete Constructions);

“Innovative Materials, Structures and Technologies”, Riga, Latvia, 28 November —
30 November 2013 (Rubene, S., Noviks, J., Vilnitis, M. Determination of Humidity
Level In Aerated Concrete Constructions by Non Destructive Testing Methods);

The 18th International Student Scientific and Practical Research Conference
“Cilveks.Vide.Tehnologijas”, Rezekne Higher Education Institution, Rezekne,
Latvia. 23 April 2014 (Rubene, S., Noviks, J. Frequency Analysis of Electrical
Impedance Spectrometry);

The 4th International Conference “Advanced Construction”, Kaunas, Lithuania,
Kaunas University of Technology, 9-10 October 2014 (Rubene, S., Vilnitis, M.,
Noviks, J. Monitoring of the Aerated Concrete Construction Drying Process by
Electrical Impedance Spectrometry);

. EUREKA 2014, 2nd conference and working session, Pasohlavky, Brno, Czech
Republic, Brno University of Technology, GEOTest. 30 October — 1 November
2014 (Rubene, S., Vilnitis, M. Monitoring of Humidity Distribution Changes in
Aerated Concrete Masonry Construction by EIS);

5th European Conference of Civil Engineering, Florence, Italy, 22-24 November
2015 (Rubene, S., Vilnitis, M. Correlation between EIS Measurements and Relative
Humidity Distribution in Aerated Concrete Masonry Constructions);

Ist International Conference on Civil Engineering, Water Resources, Hydraulics and
Hydrology (CEWHH 2014), Athens, Greece, 28 November — 1 December 2015
(Rubene, S., Vilnitis, M., Noviks, J. Impact of Contact Surface on Accuracy of
Humidity Distribution Measurements in  Autoclaved Aerated Concrete
Constructions by EIS);

17th International Conference on Civil, Structural and Geoenvironmental
Engineering, London, United Kingdom, 19-20 January 2015 (Rubene, S., Vilnttis,
M., Noviks, J. Impact of Masonry Joints on Detection of Humidity Distribution in
Aerated Concrete Masonry Constructions by Electric Impedance Spectrometry

Measurements);

32



9.

10.

11.

12.

13.

14.

“Vide.Tehnologija.Resursi”, Rezekne Higher Education Institution, Rezekne,
Latvia, 18—19 June 2015 (Rubene, S., Vilnitis, M., Noviks, J. Impact of Density and
Special Features of Manufacturing Process on Drying of Autoclaved Aerated
Concrete Masonry Blocks);

The 7th Scientific and Technical Conference on Material Problems in Civil
Engineering (MATBUD’2015), Crakow University of Technology, Krakow,
Poland, 22-24 June 2015 (Rubene, S., Vilnitis, M., Noviks, J. Frequency Analysis
for EIS Measurements in Autoclaved Aerated Concrete Constructions);

Creative Construction Conference 2015, Krakow, Poland, 21-24 June 2015
(Rubene, S., Vilnitis, M., Noviks, J. Frequency Analysis and Measurements of
Moisture Content of AAC Masonry Constructions);

The 2nd International Conference “Innovative Materials, Structures and
Technologies” (IMST 2015), Riga, Latvia, 30 September — 2 October 2015
(Rubene, S., Vilnitis, M., Noviks, J. Impact of External Heat Insulation on Drying
Process of Autoclaved Aerated Concrete Masonry Constructions);

EUREKA 2015, 3rd conference and working session, Jaromerice nad Rokytnou,
Brno, Czech Republic, Brno University of Technology, GEOTest. 15-16 October
2015 (Rubene, S., Vilnitis, M. Accuracy of Humidity Distribution Measurements in
Autoclaved Aerated Concrete Constructions by Electrical Impedance Spectrometry);
The 6th European Conference of Civil Engineering, Budapest, Hungary, 12—
14 December 2015 (Rubene, S., Vilnitis, M. Monitoring of Water Infiltration in
Autoclaved Aerated Concrete Masonry Construction Blocks by Electrical

Impedance Spectrometry).

List of Scientific Publications on the Subject of the Doctoral Thesis

. Rubene, S., Vilnitis, M. Application of Electrical Impedance Spectrometry for

Determination of Moisture Distribution in Aerated Concrete Constructions. In:
EUREKA 2013: 1st Conference and Working Session: Proceedings, Czech
Republic, Karolinka, 30 October — 1 November 2013. Brno: VUTIUM, Brno
University of Technology, 2013, pp. 124—131. ISBN 978-80-214-4735-6.

Rubene, S., Vilnitis, M., Noviks, J. Impact of Contact Surface on Accuracy of
Humidity Distribution Measurements in Autoclaved Aerated Concrete
Constructions by EIS. In: Proceedings of 1st International Conference on Civil

Engineering, Water Resources, Hydraulics and Hydrology (CEWHH 2014), Greece,
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Structure and Contents of the Doctoral Thesis

The Doctoral Thesis consists of abstract in English and Latvian, introduction, three
main chapters, which have been divided into paragraphs, conclusion, bibliography comprising
114 reference sources and one appendix.

The volume of the Thesis is 112 pages. It has been illustrated by 107 figures and
4 tables.

In the introduction, the issue has been stated as well as the aims and tasks have been
defined. The scientific novelty and application of the results has been stated in the
introduction.

In the first chapter, the main properties of the AAC as well as the technology of its
manufacturing process have been described. Review on existing non-destructive techniques of
detection of moisture distribution throughout the cross section of solid materials has been
provided in the first chapter.

In the second chapter, the author describes the experiments performed in order to reach
the aims set in the Thesis. The procedure of approbation of the developed methodology for
non-destructive detection of moisture distribution throughout the cross section of the AAC
has been described in the second chapter.

In the third chapter, the author has provided a summary and brief analysis of the
obtained results.

In the conclusion, the main results and finding have been summarized. Thesis

statements to be defended have been stated.
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Contents of the Doctoral Thesis

Introduction

In the introduction, the issue of the research has been stated as well as the aims and
tasks defined. The scientific novelty and application opportunities of the results have been

also stated in the introduction.

1. Materials and Methods

Aerated concrete is basically a mortar with pulverized sand or industrial waste like fly
ash as filler, in which air is entrapped artificially by chemical (metallic powders like A1, Zn,
and H202) or mechanical (foaming agents) means, resulting in a significant reduction in
density. Aerated concrete falls into the group of cellular concrete (microporite being the other
one). The main advantage of aerated concrete is its light weight, which optimises the design
of supporting structures, including the foundation and load bearing walls. Aerated concrete
provides a high degree of thermal insulation and considerable savings in material due to the
porous structure. Aerated concrete can be obtained with a wide range of densities, e.g., 300 +
1800 kg/m?, thereby offering flexibility in manufacturing products for specific applications
(structural, partition and insulation grades).

Physical properties, especially isolative and hygrometric properties, of aerated concrete
depend on its microstructure and macrostructure.

In aerated concrete, the method of pore formation (gas release, foaming or combined)
has significant impact on the microstructure and, thus, on its properties. The material structure
of aerated concrete is characterised by its solid microporous matrix and macropores. The
macropores are formed due to the expansion of the mass caused by aeration, and the
micropores appear in the walls between the macropores.

The porous system of aerated concrete is also classified in terms of pore size
distribution functions as artificial air pores, inter-cluster pores and inter-particle pores. The
distribution of pores in the matrix has influence on its properties.

Aerated concrete is porous and there is a strong interaction between water, water vapour
and the porous system; therefore, there are various moisture transport mechanisms. In the dry
state, pores are empty and the water vapour diffusion dominates, while some pores are filled

in higher humidity regions. Capillary suction predominates for an element in contact with
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water. These mechanisms make it difficult to predict the influence of pore size distribution
and water content on moisture migration.

As AAC masonry constructions are porous, composed of solid matrix and pores. In
porous materials heat transfer is often coupled strongly with moisture transfer. Accurate
prediction of heat and moisture transfer in porous material is essential for optimization of
building envelope with respect to energy consumption, hydrothermal performance, and indoor
environment (Alexanderson J. Relations between Structure and Mechanical Properties of
Autoclaved Aerated Concrete. Cem Concr Res 1979;9:507+14 5). The porous structure of the
AAC has direct impact on the physical properties of the material as well as on non-destructive
techniques, which can be applied for detection of moisture content and its distribution
throughout the material.

The most precise and credible test method is a destructive measurement method, which
is called a gravimetric method. Gravimetric method implies determining water content
through weighting samples upon oven drying, encompassing absorbed and chemically bound
water. This method is considered to be the most direct and reliable procedure despite the large
number of specimens it requires, since different samples should be used for each measure, and
only the average water content of each portion or slice should be obtained. It is also one of a
few methods that can be employed at high moisture contents (Jana Selih, A. S. Moisture
Transport in Initially Fully Saturated Concrete during Drying. Transport in Porous Media 24,
1996 pp. 81-106). Such an approach can provide credible results about humidity distribution
throughout the cross section of the construction, but it is a long and laborious process, which
is hard to repeat in a number of places on a construction site. However, this method can be
used to control the non-destructive test results and prepare correlation equations between
moisture content in specimen and EIS measurement results.

A number of studies have been performed in order to develop non-destructive test
methods for the detection of humidity content in solid materials. These methods can be
divided in several sub-groups such as radiological methods, electrical methods and heat flow
measurement methods.

Radiological methods are the most precise methods from the range of non-destructive
techniques for moisture detection. There are many radiological methods, e.g., gamma
densitometry, neutron radiography, nuclear magnetic resonance (NMR), computer
tomography, which can be applied for detection of moisture content in solid materials. When

running a neutron radiography test, the drawback of these methods is related to safety
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arrangements and the need for specially trained personnel. It makes these methods rather
unsuitable for in-situ use.

The moisture content on the construction can be performed by measuring its heat
resistivity properties. Heat resistance of the material is directly dependent on its moisture
content and its distribution throughout the cross section of the material.

The moisture distribution throughout the cross section of the element has significant
impact on the heat conductive properties. A number of studies have been performed on the
coupled heat and moisture transfer in porous media. One of the most disseminated and
accepted models is the Philip and DeVries model, which uses the temperature and moisture
content gradients as driving potentials (Philip, J.R., DeVries, D.A. (1975). Moisture
Movement in Porous Materials under Temperature Gradients. Trans Am Geophys Union 2:
222-232). However, it is well known that there is discontinuity on the moisture content
profile at the interface between two porous media. Luikov proposed a mathematical model for
simultaneous heat and mass transfer in building porous materials (Luikov, A.W. (1966). Heat
and Mass Transfer in Capillary-Porous Bodies. Pergamon Oxford, UK).

As it is a laborious process (including complicated calculations and measurements of
surrounding constants) to obtain moisture distribution data from the heat resistance data, it is
not widely used for detection of moisture distribution throughout the cross section of
construction materials.

There are methods to calculate the moisture diffusivity at high moisture levels from the
sorption coefficient. Such mathematical models for evaluation of moisture diffusivity at high
moisture levels from a series of capillary water uptake tests and results from these methods
are described in detail by Kiinzel (Kiinzel, H.M. (1995). Simultaneous Heat and Moisture
Transport in Building Components — One- and Two-Dimensional Calculation Using Simple
Parameters, IRB Verlag, Stuttgart). However, this approach also includes complicated
calculations and measurements of surrounding constants; therefore, it is not easily applicable
for in-situ measurements of moisture content in solid materials.

There are a number of non-destructive test methods, which are based on measurement
of electrical parameters and corresponding them to humidity contents of construction
materials. Electrical techniques are based on the relationship between the electrical properties
of cement-based materials and their water content. Measurements of resistance, impedance,
capacitance and the dielectric constant of porous materials are influenced by the water content

and can be used as the basis of assessing water content. With appropriate attention to the

39



condition of the material, electrical techniques can offer a quick, non-destructive method of
identifying the extent of surface moisture by giving comparative measurements.

Method of electrical impedance spectrometry (EIS) enables detection of the distribution
of impedance or other electrical variables (such as resistivity, conductivity etc.) inside a
monitored object and, thus, the observation of its inner structure and its changes. This method
ranks among indirect methods for detection of material properties through electrical
measurements and it is used to measure properties of organic and inorganic substances. So
far, EIS has been widely used in medicine as one of the most common testing methods in
diagnostics where any kind of tissues are involved. It constitutes a very sensitive tool for
monitoring phenomena that take place in objects (e.g., changes occurring in earth filled dams
when loaded by water, in wet masonry sediments etc.), electrokinetic phenomena at
boundaries (e.g., electrode/soil grain, between soil grains) or for describing basic ideas about
the structure of an inter phase boundary (e.g., electrode/water) (Barsoukov, E., McDonald, R.
(2005). Impedance Spectroscopy Theory, Experiment, and Applications. New York, USA:
John Wiley & Sons, New ISBN: 0-471-64749-7 39).

Electrical impedance is a basic property characterising AC electrical circuits. It is
always greater than or equal to the real electrical resistance R in the circuit. Imaginary
resistance, i.e. inductance—reactance of inductor XL and capacitance—reactance of capacitor
XC, creates variable and, therefore, frequency-dependent part of the impedance. Electrical
impedance is evidently made up of real and imaginary parts. Resistance R creates real part
and is frequency-independent. Imaginary part is created by reactance X, which is frequency-
dependent. Electrical impedance can be expressed by Ohm’s equation for AC circuits, i.e., by
the ratio of electric voltage phasor U and electric current phasor 1.

As the EIS is used for monitoring of material properties, the processes taking place in
the material as well as interaction between the monitored object and the measurement device
can be described with equivalent circuits.

Electrical measurements have shown promise as non-invasive methods to evaluate the
material properties of concrete. For example, a range of microstructural properties can be
evaluated, including porosity, pore connectivity, water permeability, and ion diffusivity
(Christensen, B.J., Coverdale, R.T., Olson, R.A., Ford, S.J., Garboczi, E.J., Jennings, H.M.,
and Mason, T.O. (1994). Impedance Spectroscopy of Hydrating Cement-Based Materials:
Measurement, Interpretation, and Application. J Am Ceramic Soc 77(11), 2789-2802 75.
Rajabipour, F. (20006). In Situ Electrical Sensing and Material Health Monitoring of Concrete
Structures. Ph.D. Dissertation, Purdue University, West Lafayette, Indiana). One potential
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drawback associated with the use of electrical measurements is that several factors can
simultaneously influence the measurement results and this may complicate the interpretations
(Schmit, T., Rajabipour, F., and Weiss, W.J. (2005). Investigating the Use of a Diffuse
Measurement Interpretation for Analyzing In Situ Electrical Measurements. The 3rd
International Conference on Construction Materials: ConMat’05. Vancouver, Canada).

The porous structure of AAC causes obstacles for direct application of electrical
measurements for detection of material moisture content. However, after a series of
experiments a methodology for detection of moisture distribution throughout the cross section
of material has been developed.

At the Laboratory of Water Management Research of the Institute of Water Structures
at the Civil Engineering Faculty of Brno University of Technology, a measuring instrument
with a Z-meter III device has been developed within the solution of an international project
E!4981 of programme EUREKA. A prototype of the Z-meter III has been applied for all EIS
measurements described in the present Thesis.

Z-meter III device consists of an electronic block and detachable measurement probes
as displayed in Fig. 1. The measurement probe consists of active channels from stainless steel
and insulator channels from plastics. The measurements have been performed between the

active channels of the measurement probes.

Fig. 2. Schematic picture of measurements with a probe pair of Z-meter I11.
2. Experiments

The present Thesis has been based on comprehensive research conducted on a step-by-
step basis taking into consideration all main issues that could affect the possibilities of
application of EIS method for detection of moisture distribution in AAC masonry
constructions. Every experiment has been performed in order to verify the influence of

different issues, such as measurement frequency, quality of contact surface between
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measurement probe and AAC etc., on the accuracy of the obtained results. The further
paragraphs provide the description of the experiments as well as the main results.

The EIS method is based on measurements of resistance of AC circuit. Therefore, the
measurement result is a frequency dependant value, which depends on a number of factors
that characterise the properties (such as porous structure, density changes, moisture saturation
rate, etc.) of the material measurements are taken upon.

The experiment was based on the monitoring of differences in the preferable
measurement frequencies in AAC material due to the chemical and structural differences of
the material.

For this experiment, five different AAC masonry block specimen were chosen. In order
to compare the possibilities of the application of EIS on different types of AAC masonry
constructions, five different specimen types of AAC were used for this test. The samples
came from different manufacturers and had slightly different densities. Those facts allowed
assuming that the porous structure as well as chemical structure of the samples slightly
differed.

For frequency analysis, the X component of resistance is used because the optimal
measurement frequency depends on the structure of AAC material. The complex impedance Z
of the unsaturated porous material describes its properties — the solid part (grains) is formed
by insulating materials characterised by their dielectric constants — and represents the
imaginary part of the measured impedance, which is taken into consideration during the
frequency analysis. Water containing mineral salts is a conductive material. The degree of
saturation of the material strongly influences the real part of the measured impedance.
However, it is impossible to exclude the impact of moisture on the results of frequency
analysis, especially, if the saturation rate of the material is high. In such cases, moisture fills
pores of the material increasing overall density of the material and reduces the impact of the
pores on the results of frequency analysis. Therefore, it is important to perform the frequency
analysis on specimen with a possibly low saturation rate and even moisture distribution
throughout the cross section of the material. It can be observed that the regions of the samples
with higher moisture content and, thus, with higher density have wider frequency ranges,
which are suitable for EIS measurements. However, it should be taken into consideration that
the samples with large differences of the moisture content throughout the cross section of the
sample also had large differences of impedance measurement results. Therefore, the moisture
distribution measurements should be performed on the specimen prior the frequency analysis

in order to determine initial moisture distribution throughout the cross section of the sample in
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relative means using an average measurement frequency of 8—10 kHz, which has been
detected as suitable for moisture distribution measurements in AAC.

When a suitable measurement frequency for the EIS measurements in AAC material has
been detected, it is possible to apply EIS measurements for detection of moisture distribution
throughout the cross section of the AAC material. However, these measurements have only
relative character if a correlation between the EIS measurement result and a moisture content
of the AAC sample is not known. As it is important to be aware of the moisture content in the
construction materials in absolute means, a necessity of development of correlation equations
between the EIS measurement results and the moisture content of the AAC samples arises. In
order to develop correlation equations between the moisture content in AAC masonry
constructions (moisture content in % upon weight of dry mass) and the result of EIS
measurement of real part of electrical impedance (ohm), the research with a set of
experiments has been conducted.

For the particular experiment, a set of five different types of AAC masonry blocks with
different density and porous structure were used.

Specimen with density in range from 375 to 500 kg/m3 were chosen for the experiment
in order to determine the impact of different AAC properties — such as density, speed of
drying, porous structure — on the correlation between the EIS measurement results and
moisture content in the AAC. One of the blocks from each type was split into several pieces
according to the approach of Akita et al. (Akita, H., Fujiwara, T., and Ozaka, Y. (1996).
A Practical Procedure for the Analysis of Moisture Transfer within Concrete due to Drying.
Magazine of Concrete Research 48(6), 129—137) in order to determine the moisture content of
each segment in the masonry block by gravimetric method (Fig. 2). The monitoring of the
changes in moisture content of each sample was performed by monitoring of mass changes in
time for each specimen. Such an approach allowed determining the changes of moisture
content in the specimen and the relevant changes of EIS measurement results upon the

specimen.
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Fig. 2. AAC masonry block samples for determination
of humidity distribution by gravimetric method.

Fig. 3. Autoclaved aerated masonry block sample
with measurement probes.
As a result of the research, correlation graphs between the results of EIS measurements
and absolute values of moisture content in cross section of the sample were prepared for each

type of AAC samples.
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EIS measurement results can be transformed into moisture content rate of the AAC
material, and in such way the distribution of moisture content in the material sample can be

determined by a non-destructive method (Fig. 9).
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Fig. 9. Changes of moisture content throughout the cross section of the samples during drying process.

In-situ application of EIS method for detection of moisture content and its distribution
throughout the cross section of AAC masonry constructions involves several issues, which
should be taken into consideration. One of such issues is the quality of contact surface
between the measurement probe and the AAC. The term contact surface involves not only the
smoothness of the measurement surface but also the distance between the measurement probe
and the AAC as well as the covering material of the measurement surface in order to obtain

closer contact surface between the measurement probe and AAC. After series of
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measurements, where the distance between the measurement probe and contact surface varied
in the range from 1 to 3mm, it was determined that the bore diameter did not have significant
impact on measurement results.

Within the framework of approbation of the EIS method for non-destructive detection
of moisture distribution in AAC, the monitoring of different liquid transport processes
(seepage flow, capillary conduction) in AAC has been performed. Charts (Fig. 10) of
moisture distribution throughout the cross section of the material have been prepared as a

result of the approbation.
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Fig. 10. EIS measurement results of moisture migration due
to the seepage flow in the second set of the samples, measurements
taken parallel to the manufacturing direction of AAC.

Application of EIS measurements for in-situ detection of moisture distribution in AAC
masonry constructions can be expanded to the subject of non-destructive detection of
moisture content in habitable buildings with finishing layers applied to masonry
constructions. Therefore, a question of impact from masonry joints on the accuracy of the EIS
measurement results arises. This subject is important because it is difficult to detect the
masonry joints beneath the finishing layers without removing of finishing, which brings the
EIS method out of range of easily applicable non-destructive methods as a number of on-site
preparation works (e.g., removal of finishing layers, location of masonry joints) have to be
done. This means that masonry joints have a significant impact on EIS measurement results.
Therefore, results, which are obtained in wall segments without joints, are not directly
comparable to results, which are obtained in wall segments with masonry joints.

In-situ AAC masonry constructions are usually insulated with a layer of heat insulation
material (e.g., mineral wool or polystyrene). As a part of approbation of the methodology, the
moisture transport processes in AAC masonry wall segments with different types of insulation

have been monitored.
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Fig. 11. Sample constructions on stand.

1#

Fig. 12. Sample constructions on stand. Fig. 13. Measurement points on specimen.

Further, the moisture distribution changes throughout the cross section of the specimen
were monitored by application of EIS measurements three times a week and certain dynamics
of drying process was established for each sample construction. Figures14—16 display the
changes of moisture distribution throughout the cross section of the AAC samples with
different external finishing. The obtained data were merged in one surface graph for each
sample and the division of the data on x axis allowed following the changes of the moisture
distribution throughout the cross section of the specimen during the whole period of the

experiment.
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Fig. 14. Changes of moisture distribution throughout ~ Fig. 15. Changes of moisture distribution throughout
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during the experiment. during the experiment.
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Changes of moisture distribution throughout
the cross section of K1
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Fig. 16. Changes of moisture distribution throughout the cross section K1
of C specimen construction during the experiment.

3. Summary of the Results

The results and data obtained in experiments described in the 2nd chapter of the Thesis
have been analysed and summarised in order to develop further trends for application of EIS
and Z-meter III device for non-destructive on-site methodology for detection of moisture
distribution in AAC masonry constructions.

The following issues have impact on the accuracy of the obtained results of moisture
distribution throughout the cross section of AAC and should be taken into consideration
during application of this method:

The frequency analysis has a significant impact on the accuracy of moisture content
measurement results obtained by EIS and Z-meter III device. The results of frequency
analysis depend on the density of the AAC material and the porous structure of the material.
The results of frequency analysis can vary in the range of 2000Hz for the saturated and non-
saturated specimen. Moreover, the porous structure of the AAC material has a significant
impact on the results of frequency analysis. After comparing specimen with different porous
structure and density, it can be concluded that the optimal frequency varies in the range of
2000 Hz as well. Therefore, it is strongly advisable to choose a measurement frequency,
which is at least 2000 Hz higher than the minimal applicable measurement frequency for EIS.

Correlation equations between EIS measurement results and moisture content rate in
AAC developed within the research can be applied for all types of AAC masonry blocks. The
accuracy of the universal equation is 71 %, which is an acceptable result as the preferable
moisture content in AAC masonry constructions is 5% to 10 %. Therefore, in case of
moisture content of 10 % the maximal deviation provided by this equation is 3 %. However,
in order to increase the accuracy of the obtained results, it is necessary to determine the type
of AAC and apply the equation developed for the relevant type of the AAC. The accuracy of

the obtained equations varies in the range from 70 % to 81 % if an equation for the relevant
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type of AAC is used. If a universal equation is applied, then the accuracy of the obtained
results can decrease up to 17.05 % in absolute values or 31 % in percentage rate. The AAC
with high densities (higher than 500 kg/m?) is the most deviant one. Other types of AAC with
similar density have deviation in the range of 13 % in absolute values or 24 % in percentage
rate.

Porous structure of the AAC has impact on the accuracy of EIS measurement results as
well. In this case, not only the EIS measurement results vary by themselves, but also the
correlation equation varies between the EIS measurement results and moisture content in
AAC material. If the EIS measurements are taken in different directions vs the direction of
expansion of AAC, the result can vary in the range of 3 %. The range is not too wide by itself;
however, in combination with other factors, which cause deviations in measurement results, it

can decrease the accuracy of the obtained data.

Conclusion

Comprehensive analysis of the results obtained during the experimental part of the
research proves that the electrical impedance spectrometry can be applied to autoclaved
aerated concrete masonry constructions for non-destructive measurements of moisture
distribution throughout the cross section of the masonry construction. A methodology for
application of EIS for non-destructive monitoring of moisture migration throughout the cross
section of AAC masonry constructions with Z-meter device has been developed.

At the beginning of the research, the following tasks have been set:

1. To determine the correlation between EIS measurement results and moisture content

in AAC.

2. To determine the impact of contact surface between measurement probe and AAC

masonry construction on the accuracy of the obtained results.

3. To determine the impact of the coating on measurement contact surface on the

accuracy of the measurement results.

4. To determine the impact of measurement distance on accuracy of measurement

results.

5. To determine the impact of cracks and masonry joints on accuracy of EIS

measurement results.
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All the tasks stated above have been accomplished during the research. Accomplishing

the tasks set at the beginning of the research, the following thesis statements can be made:

EIS can be applied to AAC masonry constructions for non-destructive detection of
moisture distribution throughout the cross section of the AAC masonry construction
with average precision of 70 %;

Prior the application of the EIS on AAC masonry constructions, the frequency
analysis must be performed in order detect the most suitable EIS measurement
frequency; for most common types of AAC the measurement frequency for EIS is
8000 Hz on the Latvian construction market;

The contact surface between the measurement probe and AAC masonry construction
should be as close as possible. However, the impact of the contact surface on the
accuracy of the measurement results does not exceed 3 % of the reference result;
The most precise measurement results can be obtained without any contact surface
covering between the measurement probe and the AAC;

EIS measurements can be performed in any range of measurement distances
between measurement probes. However, the measurement distance between probes
has impact on the determination of the measurement frequency. For measurement
distance range from 150 mm to 300 mm, which complies with measurement
distance within borders of one masonry block, the most suitable measurement
frequency is 8000 Hz;

Correlation equation between EIS measurement results and moisture content in
AAC masonry constructions has been established. Correlation has logarithmic
character and slightly differs depending on the type of AAC. The equation
developed during the research is y = a In(x) + C;

Large cracks and masonry joints have significant impact on the EIS measurement
results; therefore, EIS should not be applied for the detection of moisture content in
AAC sections with masonry joints in absolute means. However, EIS can be applied
in such sections for non-destructive monitoring of moisture migration in relative

means.

During the research conducted within the framework of the present Doctoral Thesis, the

following proposals for the improvement of the Z-meter device have been developed:

Self-drilling measurement probes should be manufactured;

Software update for automatic frequency analysis should be developed;
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e Software of the Z-meter device should be updated with the correlation equations
between the EIS measurement results of the most common types of AAC and

moisture content rate of AAC.
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