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Abstract

Cracking is an inherent characteristic of cement-based materials that leads to the
reduction of their performance characteristics, thus increasing the need for external
interventions. Self healing of cement based materials is a phenomenon that can take
place autogenously in mortars and leads to the prolongation of their service-life, as it
has also been linked with the longevity of historic mortars. The autogenous self-
healing phenomenon can be described by the filling of cracks by healing phases
formed by secondary reactions of the mortars own ingredients, without the addition of
additional “healing” agents.

Even though the self-healing phenomenon has attracted a lot of attention from the
scientific community in recent years, several aspects of the mechanism have not been
understood or studied at all. For instance, the healing capacity of hydraulic mortars or
the conditions for the occurrence of the autogenous self healing mechanism in these
materials have not been determined yet.

In this study, the parameterization of the physicochemical mechanism underlying the
occurrence of the autogenous self-healing phenomenon is examined in traditional
hydraulic mortars and in historic mortars’ samples.

In this context, this study focuses on the conditions required for the occurrence of the
autogenous phenomenon in natural hydraulic lime (NHL) and lime-pozzolan (LP)
mortars regarding the binder mineralogy and the humidity conditions. The
examination of historic mortars revealed that recurrent patterns exist and the crystal
habits of the re-precipitated products depend, among other factors, on the moisture
content and on the degree of carbonation of the mortar

During the study of laboratory mortar mixtures, the first-step of the autogenous
mechanism; namely the dissolution of calcium-bearing components of the binder was
examined by applying an electrochemically accelerated leaching procedure that lead
to the identification and monitoring of calcium compounds dissolution, formed during
mortar curing.

Moreover, morphological and chemical characterization of the secondary phases
produced inside the cracks, was performed, in order to gain a better understanding of
the reactions that take place inside the cracks’ space. Additionally, the effect of the

autogenous mechanism on the recovery of the mortars’ mechanical properties was
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also examined, taking into account factors such as binder mineralogy and the duration
of the healing period.

During leaching of NHL and LP specimens the successive dissolution of Ca(OH); and
CSH was reported. The dissolution mechanism varies between LP and NHL mortars
and it is strongly affected by the curing age of the specimen examined.

It was found that the differences revealed during the leaching of NHL and LP mortars
also affect the mechanism of the self-healing phenomenon. Secondary products
formed inside cracks were produced by secondary precipitation of calcite or by
continued hydration of the cement matrix. Both mechanisms were reported in both
NHL and LP specimens, but in different extent. Carbonation is mainly observed in LP
specimens whereas hydration is the main mechanism observed in NHL specimens.
Prolonged healing period has a favorable impact on the evolution of the autogenous
mechanism as higher crack closure was observed.

Humidity conditions affect both the occurrence and the evolution of the self-healing
mechanism. Specimens subjected to of water saturation — drying cycles exhibited
higher healing potential, as expressed by the formation of secondary products inside
the cracks. However the production of secondary phases was evident in specimens
cured at 75%RH but not in those cured at 45%RH, suggesting that the presence of
humidity above 75%RH can be a sufficient condition for the occurrence of the
phenomenon.

Finally, regarding the recovery of mechanical properties due to the self-healing
phenomenon, both NHL and LP specimens exhibited a high strength recovery (>90%)
after one month healing period, whereas prolonged healing period did not have a
substantial impact.

Overall, the parameterization of the autogenous phenomenon as it was performed in
this study could lead to a more effective design and application of self-healing

mortars incorporating tailor-made “healing additives”.
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H avamtuoén pukpo-pnyuot®dceny gival £va Koo YopoKTNPIoTIKO TOV KOVIOUAT®V
Kol OTOTEAEL €VOL OTO TOLE KVUPLOVE TAPAYOVTES OV EMLTAXVVOLV TNV daPpmon Tov
VMK®OV QUTAV, PLELOVOVTOG TN SLAPKELL TOV TPOGOOKIHOL (NG TOVG.

H avtoioon tov koviopdtov givol £évo QotvOUEVO TOV TPOYLOTOTOLEITOL OVTOYEVAG
OTO KOVIGUOTH KOl UTopel vo. odNynoel otnv mopdtacn e diapkelag (ong toug. To
QUIVOLEVO OUTO UTOpEl Vo TEPLYPAPEL OO TNV EMOVAMCT] TOV PIYLOTOCEDMY OO
devtepoyev mPOIOVTO, ALEAVOVTOG £TCL TNV ECMTEPIKY] GLUVOYN TOV VAIKOD Kol
EMOUEVMG TNV avToy TOL oTr ddPpwor. [lapodho mOvV TO EAIVOUEVO TNG OVTOTOGNG
£xel mopotnpnoel o 10TOPIKE KOVidpaTa Kot Exel cuvoebel e v pakpoPiotnta Tov
Tapovc1ilovv, dev £xel katovondel emapkds.

Ta Baoikd epotiuate Tov cyetilovral pe v e£EMEN ToL PAIVOUEVOD NG aVToTaoNG
a(pOPOVY GTOVG TAPAYOVTIEG MOV EMNPEALOLY TNV EUPAVICT] KOl TN GLYVOTNTO TOL
OVTOYEVODG UNYOVIGHOD OAAG KOl TN @UON TOV OELTEPOYEVDS GYNUOTILOUEVDV
TPolovtav ot poyués. Tavtoypova, 1 SLVOTOTNTO AVAKTNGONG TOV HUNYOVIKOV
WOTATOV TOV KOVIOUAT®OV Kotd Tnv ovtoiacn tovg Oev €yl pelemnbel ko
ovoyeTiobel e Toug TpoavapepBEvieg TapayovTec.

H mapodoo perétn emkevip@OnKe 6TOV PUGTKOYNIIKO XOPAKTNPICUO TOV AVTOYEVOLS
UNYOVIGUOD  GE TapudOclokd VOPOVAIKA Kovidupota. To mwapadoclokd @UoIKA
vopavikd (NHL) kot acPectomolorovikd (LP) koviduato ypnoylomolovviol o€
EMEUPACELG GUVTNPNONG OTA LVNUELR AOY® TNG VYNANG UINYOVIKTG KOl PUOTKOYT KNG

TOVG GLUUPATOTNTOC LLE T IGTOPIKA KOVIAOLTOL.

YKOTOG TNG TOPOVCOG £PEVLVOG EIVOl 1 LEAETN] TOV OWTOYEVOLS QOIVOUEVOL GF
TOPOO0G10KE KOVIALOTO TOV TPOGOUOUDVOLV TI GUVOEST TOV 1GTOPIKAOV KOVIALUATOV.
[T ovykekppéva, n PabiTepn KATOVONGT TOL CVTOYEVOVS UNYAVIGHOD EMOIDOKETOL

ue Pdon tovg axdAovBov GTdHYOVC:

- Tnv mopapeTponoinon e EUPAEVIoNG TOL PUVOUEVOL TG OVTOTOONG GE 1GTOPIKA

KOVIGUaTO.
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- Tnv perétn g dwdikaciog amacPectonoinong Omwg AdpPavel y®PO KATd T
SLIPKEIDL TOV UNYOVIGHOD EKTALONG TV KOVIOUAT®V, TPOGOUOLDVOVTIOS £TCL TO
TPMTO GTAS10 TOV AVTOYEVOVS HIYOVIGLOV.

- Tov mpocdiopiopd tov TPdMOL pe TOV omoio cvt M dSwdikacio emnpedalel
LIKPOSOUN TOV KOVIOUATOV KOl TOV 0oPECTION) OV QAGE®MV HETE TNV EKTAVCT] TOL
TOPTAALVOLTY).

- Tnv avdivon g LOPEOAOYING KOl TNG OPVKTOAOYING TMV TPOIOVI®MV OUTOIOGNG LE
peBddovg pikpookomiog kot TNV HEAETN TG EMIdPAONG TNG LOPPOAOYinG TOVG omd TOV
1POVO aVTOTOONG KL TIC LIKPOKALLOTIKEG GUVOT|KEG.

- Tnv avdamtoén pebodoroyiog yioo TV a&l0AOYNON TNG OVAKTNOTNG TOV UNYOVIKOV
AVTOYDOV AOY® TOVL AVTOYEVOVG UNYOVIGLOD aVTOToNG,

- Ty pedétn g enidpaon TG ¥NUIKNG KOl OPVKTOAOYIKNG CUGTAGTG TOV GUVOETIKO

VAKOD KaOMG Kol TOL ¥POVOL GLTOTICTNG, GTIV AVAKTNGN TOV UNYOVIKOV 1010THTOV.

H pekétn xor m koTovonon Tov Toporive TopapEIpev mTov emnpedlovv To
QUIVOUEVO TNG ODTOYEVODC OLTOTLOONG, £YOLV TNV SLVATOTNTO VO GTOTEAEGOVV TN
Baon vy €vav MO ONMOTEAECHOTIKO OYESWOUO KOl EQOPLOYN OVTOIOVUEVMV

KOVIOUATOV GTIS GUYYPOVES KOTAGKEVEGS.

Apyicd, mn €&étaon TOV OPYUOAOYIKOV OEYUATOV KOVIOUATOV TPOCEPEPE TN
SuvaTOTNTO HEAETNG TOV PAIVOUEVOD OTIMG EULPAVIGTNKE PLGIKE, KOOMG TO LAKE TOV
YPMNOLOTOONKOV OV OYESACTNKAY Y10l TOV GUYKEKPIUEVO GKOTTO KO Ol LN ovVIGHOT
@Bopdg Kol emovA®ONG emABoV QUGIKA [E TNV TTAPodo Tov Ypovov. To avToyeveg
QUIVOUEVO TNG avToioong €yl TapatnpNOel 0TI IGTOPIKEG TOLYOTOUES Ko UTOPEL Vo
OUGYETIOTEL HE TN OOMIKY TOLG OKEPALOTNTO, HE TIG TPOTEC VAES OV
ypNooroOnKoy Kabmg Kol pe TIC WKpokAMpoTikéG ocvvinkes. Tavtdypova, o
OLTOYEVNG PNYOVIOUOG avtoiaong eivar gyyeviic 1 avBopuntog. Evepyomoieiton
votepa amd eBopd 1 PAGPN, evd pmopel T0 oNUEID EKKIVIONG TOL UNYAVIGHOD VO
glvar puo pETOPOA] OTIG HKPOKMUOTIKEG cvvOnkeg (m.y. Ppoyxn M KOKAOL LYPNS
Ehpaveong).

H mpocéyyion mov akolovdnfnke eivor o avtiotpoen dadikocio, OnAaon pio
OPYOIOUUNTIKY TPOCEYYIOT, 1| OTOI0 GTOYXEVEL GTIV GLAAOYN TANPOPOPIDV GYETIKA
LE TIG QUOIKOYNLKEG JIEPYOOIEG TOV £XOVV EMNPEACEL TO. VAIKA OVTE Y10, LEYAAES

YPOVIKEG TTEPLOSOVG. ME avTOV TOV TPOTO, Ol TAPAYOVTES TTOV EVIGYDOLY TO POUIVOLEVO
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pmopovv  va  avomopayfodv 6TV TOPOCKELT] KOU TNV  E€QOPUOYH CUYYPOVOV
cvvBécemv.

‘Etor, pelemmOnkav emdeypévo  delypoto apyOloAOYIKAOV  KOVIOUATOV — amd
SlOQOPETIKGL  Pvnueld  KOlU 10TOPIKEG TEPLOOVS pe PAom TG  LIKPOOGKOTIKES
TOPATNPNGELS KOL LE ELPACT] GTO POLVOLEVO OVTOTOLOTG.

Ol WKPOOKOTIKEG TAPOTNPNOELS VTOOEIKVOOLV OTL 1] LOPPOAOYiD T®V TPOIOVI®MV TOV
katofodilovtoan eEaptatar, peta&d GAAOY TOPAYOVI®V, OO TNV TEPIEKTIKOTNTU GE
vypacio kot and to Pobud evoavlpdkmong tov kovidpatog. ITwo ocvykekpipéva, to
QUIVOWEVO TNG OTOYEVNG OvTOtooNG TapaTnpiOnKe 1060 o€ VOPALAIKG OGO Kol O
aepomayn Kovidparta. Ta acfectorBikd adpavi Kot To Kpo-omoAMOd oo eaiveTot
Vo omoTELODV €va ELVOIKO VTOGTPMOMUE. Y10, TNV KPLOTAAA®MGT TOV SEVTEPOYEVOLS
aoPeotitn (yMuikn kol opvkToloyikn cvppoatotmta). Tavtoypova, to péyebog twv
poOYLOV koBOploe onuavTiKd v e£EMEN Tov @awvouévov, emnpedloviag T060 TV
Kivnon tov SADUATOG TOV TOPOV OGO Kol TNV avATTLEN TV OEVTEPOYEVMV
KpLOTOAAIK®V aroBécemv. TELOC, N TOPOLGiN CLCCOUATONATOV 0GBESTN WITopEl va
napéyel emmpdodeta 1Wvto Ca’’ 610 SEAVH TOV TOPOV, VEGVOVTOC CIHOVTIKG TV

dvvartotnta andBeons devtepoyevois acPeoTtitn.

2 ovvéyewn, PEAETNONKE TO TPMTO PiLe TOL PUNYOVICHOV TG OWTOTNONG, KOl MO
GUYKEKPIUEVA 1 O10AVTOTOINGOT aGPECTIONY®V GLOTATIKOV NG kKoviag. H pedétn
Srohvtomoinong 1 ékmivong W6vtev Ca’  mpaypatonowidnke péom wog Sepyooiog
NAeKTpOYNIKG  emToyvvopevns €kmivong. To oamoteAéopoto  0dMynoov oTov
YOPUKTNPIOUO TOV PAGEMV, TOV KOTG TV EKTALGT TOVC Tpoadidovy Wvta Ca’ o1o
StdAvpa Kol TAVTOYPOVE GTOV GUGYETIGUO CVTMV LE TNV NAKIN TOV SoKIiwV.
Edwotepa, mpoxeévou vo, katavondel To TpdTo Ao TOVL QVTOYEVODG UNYOVICUOD
avtoioong, eéetdotnke mn e&EMEN TG opukTOAOYIOG TOV KOVIOUAT®OV acPECTN-
moloAdvrg (LP) ko puowkod vopaviucod acPéotn (NHL) kot o cuoyetiopog g pe
™ OAVTOTNTO, T®V AGPRECTIONY®V GLOTOTIKGOV Tovg. Tavtdypove perethOnke 1
eMidpact TG dGAVOTG TOV AGPESTIONY WOV GUGTOUTIKMV TOVG OTO YOUPUKTNPIOTIKA TNG
HIKPOSOUNG TOV KOVIOUATOV Kot TEAOG M EMIdpaoT TG TeEAEVTOiNG amd TV TEPi0d0
OpILOVeNG TOV KOVIAUATOV.

[MopdAinio, 1 TOPOUETPOTOINGCY] TOL  OVTOYEVOVDG  UNYOVICHOD  OUTOTOOMG
enyelpnOnke eoT1AlovtaG G©€ GUYKEKPUEVOLS TOPAYOVIEG MOV HUTOPOVV V.

TPOWONGOVV TNV EUEAVICT] AVTOD TOV PAIVOUEVOD, OTMG GUVONKESG LYPAGING, XPOVOG
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oplpovong xor mepiodog ioong petd omd TNV EUEAVION TOV  PYLOTOCEDV.
Emnpdcbeta, mpoypatomombnke o HOPPOAOYIKOG KOl YNUIKOG YOPOKTNPIGHOG TV
deutepoyevdSg oYNUOTILOUEVOV TPOTOVTIOV HE KOO VO OvOyvVOploTovv ot Pactkol
UNYOVIGLOL TOPay®YNG TOVG.

Yovovaloviog TV €E£TOOT TOV SELYHAT®V GTO NAEKTPOVIKO HIKPOOKOTIO GOP®ONS
(SEM) pe v avdivon evepyelokng daonopdg axktivaov X (EDAX), n poppoioyia
TOV SEVTEPOYEVAOV TPOIOVIMV GUCYETIOTNKE UE T YNUIKT TOVG cOVOEDT).

‘Eva. dAAo TAEOVEKTNHO TNG OVOTEP® TPOGEYYIONG Elvol OTL TOpOTNPEiTAL GTO
HIKPOGKOTIO 1] EMPAVELD TOV PpOYUDV, eEacpoiilovtag €Tl OTL Ta TOPATPOVUEV
polovta dev meplopiloviol 6TV eEMTEPIKN EMPAVELD TOV SEIYUATOC, TOPEYOVTOC, O
OPIGUEVEG TEPUTTMOCELG, TN YOPIKT KOTAVOUN TOV TPOTOVI®MY LTOI0CNG,

H mepopotikn dwodikacio mepthapPavel v mopay@yn eAEYYOUEVNS POYUNG GE
delypata koviopudtov acféotn-molordvng (LP) kot guowod vdpaviikod oacPéotn
(NHL) kot tov opaxtnpiopd 1oV SEVTEPOYEVAOV TPOTOVTIOV ToL cynuotilovrol péca
OTN POYUT, LETE OO SLOPOPETIKEG TEPLODOVS AVTOTUGTC.

Téhog pekemnOnke mn  SLVOTOTNTO AVAKINGT TOV UNYOVIKOV 1O10TTOV TOV
KOVIOUAT®V HECH TOV UNYOVICHOV TNG awtoioons Adpfdvovtag vmoyn v nikio
PNYHETOONG Kot TV S1dpKELD TG TEPLOOOVL QL TOTOGTG.

[To ovykekpyéva, Yy vo TPOGOOPIGTEL 1) GTOTEAEGUATIKOTNTO TNG OVTOYEVOLG
oVTOlOoNG OMMG EKPPAlETAL AmO TNV OVAKTNGCT TV UNYOVIKOV TOVG 1O10THTOV,
epappootnke o Eexopiloth pebodoroyio. Avti mn pebodoroyia meprhapfaver v
gloaymyn eheyyouevng Prapng ota deiypato xoviapdtomv acPéotn-molordvng (LP)
ka1 uokoD vopaviikov acPéotn (NHL) ko otn cuvéyeilo - PeTd amd pia TePiodo
avtoioong - TV a&loAdYNoT TG AvIIGTPOPNG TS PAALNGS avTNC Le oKL OVTOYNG O
KO TPV onueiov.

Ta Backd onpeia Tov e&gtdomkay, apopovv v pebodoroyia e pnyudtwong, tov
€leyyo tov Pabpod PAAPNG Kot TG avamapoy@yOTNTAS TOL Kot TELOG TNV HETPNON|
TNG VIOAEWTOLUEVIG OVTOYNG, TPOKELEVOL VO GUGYETIOTEL UE TNV OVTOYN TOL LAIKOD

HEeTd v mePiodo g avToinong.

Apyicd domotminke Ot 01 depyacieg mov AapPAvouy ydpa KaTd TNV ovtoiooT Tov
ovokav vopoviikeov (NHL) kot acPeotonoloiavikeov (LP) kovidpotwov eivol m
evavipakmon kol 1 EVUOATMOT, ONHOVPYDVING OEVTEPOYEVEIS OOPECTITIKEG 1|

VOPAVAMKEG EVDGELS OVTIOTOLYO, KOTA LKOG TMV PYLATOCEDV.
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H avtidpaon evavBpdxmong odnyel o100 OYNUATICUO OHOIOYEVMV OCTPOUATMV
devtepoyevoic aoPeotitn ota toympota poYUoV. H e€EMEn avtod tov punyoviouov
€xel g OmOTEAEGUO TNV €MOVA®OTN poypmv péxpt 60 pm. Kotd tov pnyoviopo
EVLOATMONG, TOPAYOVTOL  OEVTEPEVOVGEC  VOPOVAIKEC  (PACES  OLOPOPETIKNG
popeoroyiag. Alomot®inke 0Tl WMOES VIPAVAIKES QAcElS "yaunAng TukvoTNTOC"
apywd odynoov oty emovAmor HIKpo-pnyHoTdoemv péxpt 70 pm. Qotdoco,
deutepedovia VOPOLAIKG TPOIOVTO OgvV TopATNPNONKAV KOTH TNV UKPOGKOTIKY|
TOPOTNPNON AETTAOV KOl GTIATVOV TOUMV.

Ol ovTIOpAoElS OV GUVOEOVTOL LE TOV ODTOYEVN] UNYXOVIGHO e&opTdvtol amd T
StofeotudTNTo. AGPECTIONY®Y GUGTUTIKMV GTO GLVOETIKO VAIKO Kot Tpoimdbeon yio
v evomdbeon tov devutepoyevols acPectitn gival 1 mopovsio 1OVIOV acPesTion 6T0
TOPDIESC SLaAV QL.

Ta amoteAécUaTA TOV TEPAUATOG TNG EKTAVGTG VITOSEIKVOOLY OTL 1] dafecIUOTNTA
Tov acPeotiov cuoyeTioTNKE e TNV NAKia priyHdtmong, kabmg 1 6vvheon tng Koviag
Stpopomoteitar Adym g e&EMENG Tov avtdpdoeny mEng. Ta wvto acPeotiov
umopel vo Tpoépyovrtal amd ™ didivomn Tov moptiavditn (Ca(OH),), Tov vopavLAMK®Y
eacewv (CSH) i tov moprtikov dacPectiov (C,oS) oty mepinTmon TV KOVIAUITOV
@LoKNG vVOpavAknG acPéotov NHL. Ov pnyoavicpol €kmivong TovV KOVIOUATOV
@LOIKNG VOPaVAIKNG aoPéotov NHL kot tov acBesto-toloravikav kovidpatwv (LP)
apovctalovv opiopéveg drapopéc. Ta acPfeoto-moloravikd kKoviapata (LP) mpmiung
nAiag, 6tav vToPaAlovial oe EKTAVGT], TAPEYOVV TPEIS POPES UEYUADTEPT) TOCOTITA
WvTeov acfectiov amd 6Tl To Kovidpoto QUOIKNG vopavAMkng acPBéotov (NHL)
TPOYWNG nAkiog. AvtiBétmg, 1 moocdtTa Tov ekmAVOEVTOog aoPeotiov  givot
VYNAOTEPT GE KOVIAUATO QUOIKNG LOpavAkne acPéotov (NHL) petayevéotepng
nAiag, mbovodg Adym T dEVTEPOYEVODE TOPAYMYNG TOPTAAVIITN KATA TN O1GpKELL
™G avTidpaocmg evLOATOONG N Kol OELTEPEVOVIMG AOY®D TNG AMUCPECTONOINCTG TOV
vopavikov eacenv CSH.

H moapompnon tov S10poponoceEny OVAUESH OTA OEVTEPOYEVH TPOIOVIA 7OV
oynuotifovial PEGH OTIG PMYUES, VIOSEIKVOEL TIC Ol0LPOPOTOINCELS UVAUESH GTOVG
LY OVIGHOVE 0VTOTOOTG TOV EMKPATOVV GE KOVIAUATO PUOIKNG VOPAVAIKNG AGPEGTOV
(NHL) xot aoPeoto-moloravikd woviapate (LP). Zta oaocPecto-moloravikd
xoviapato (LP) m moapovcia devtepoyevois acPeotitn mopatnpeitar  aveEoptitmg
mg nAkio pnypdtoong tov delypatoc. Avtifeta, m mapovcio acPeotitn ota

Koviapato Quoikng vopavlkng acPéotov (NHL) mapoatnpnfnke povo oe delypota
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ov prypotddnkav o pikpn nikio. Avtd Oo pmopovce va oyetifeTon pe v
dtofeotudTNTe. TOL TOPTAUVIITN GTN GUVOETIKY KOVidL.

O punyoviopog evuddatmong NTav 0 KHPLOG UNYOVIGHOS TOV GUVEROAE GTIV TOPAY®OYN
OEVTEPOYEVOV TPOIOVI®MV OTNV EMPAVEIDL TNG POYUNS OTO KOVIAUOTO (UOIKNG
vopaviikng acBéotov (NHL). Awmotobnke 0Tt apykd oynpotifovior «vmorny»
TPOTOVTA TO. OTOl0, HETA OO MOPUTETAUEVT] TEPI0O0 EMOVAMONG, TAPOVSLALOVY Lid
Mo TOUKVY doun kepVBpag Kol Pelovoeldelc oynuoTicpovs. Xto. Selyuate Tov
pNYHoToONKaY o€ peTayevéoTePn MAKi T mopovcic dopmv  KepLBpog Kot
BeLOVOEId®Y GYNUOTICUOV €lval TO £VTOVT), YeYOVOS TOV UTOPEL Vo amodobel oty
Vrapén VYNAOTEPNC TOGOTNTOS VOPAVAMKOV (PAGEDV GTN GLVOETIKN Kovio. Avtd
VIOONAMVEL €vav KOO  pMyovicud evvdatwong aveEdptmto omd 1o YpoOVo
pYHATOONG.

Avtifeta. oto  acfeoto-moloravikd koviduate (LP), mapartnpnbnke povo o
oYNUATIONOC «vaddwv» mpoioviov CSH, mov mepopilotov o€ deiyuata mwov
VREGTNOOAV PNYHAT®ON OE LIKPY MAKIO, EVD GE GE OVTA TOL PNYHOTOONKOYV GF
UETAYEVESTEPT MAKIO O KOPLOG UNYOVIGLOG LLE TOV 0010 TTAPAYOVTOL SEVTEPOYEVEIC
QAcELG PESO O pOYUEG NTAV 1] 0OBEST] dEVTEPOYEVOLG aloPeaTitn.

H eridpaon g niwiog pnypdtoons €£eT1doTNKE Kol GYETIKA HE TNV OVOKTNON TMV
LINYOVIKOV 1010THTOV TOV KOVIOUATOV. ZTo KOVIAUOTO GUOIKNG VOPAVAIKNG AGPECTOV
(NHL) mapoamnpffnke 6Tt  dvuvatdtnto avtoioong dev drapopomomdnke aiobntd
avapeco ce delypoto mov priypoatodnkav petd and 15 1 30 nuépec opipavonc.
Qo16060, Kovidpota mov prypotodnkoy petd amd 210 nuépeg mpipavong enédeiEov
YOUNAOTEPT 1] AVAKTNOT| OTIG UNYOVIKES OVTOYES.

H eridpaon g mopatetapévng tepiodov iaong £xel euvoikd avtiktumo oty e&EMEn
TOV OVTOYEVOLS HNYOVIGHOD KaBdG mapommphiinke 1 TEPATEP® KPVOTAAA®ON
aoPeotitn Katd unKog tv prypotocemy. Ot cuvinkeg vypociog emnpedalovv 1660
v eupdvion 600 kol v €&EMEN Tov pnyovicuov avtotoong. Ta delypata mov
vroPANONKay o€ KOKAOLG VIATOKOPECSUOD - ENPOVOTNG TOPOVGINGOYV CVENUEVN
dvvatomto  avtoiaons, Omwg eKEPACETOl Amd TO OCYNUOTIOHO  OELTEPOYEVDV
TPOIOVTOV pécH OTIS pOYHEG. QoTdOGO, 1 TOpay®mYn OELTEPOYEVMV  (PACEMV
naponphOnke oe acPectomoloravikd kovidpate (LP) mov katd v mepiodo iaomg
opipacav oe cuvOnkeg yauniotepng vypaciag (75% RH) aAld dev mapatnpndnke ce
avtd oe cuvinkeg vypaoiog 45% RH, vrodnimvovtag 6Tt o1 cuvOnKeg vypaciag dve

tov 75% RH pmopet va eivar enapkng cuvOfkn yio v €UEEVIOTN TOL GOVOUEVOU.
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Téhog, OGOV aPOPA TNV OVAKTION TOV UNYOVIKOV 1O10THTOV AOY® TOL QOIVOUEVOL
g owtoioong, kol ot dvo ool Koviepdtov (NHL kot LP) mapovsiccav vynin
avaktnon (> 90%) tov unyavikev toug avtox®v petd and mepiodo faong evog unva,
EVAD M TOPATETANEV TEPT0O0G foomg Oev €iye KAmOlL OMUOVTIKY €midpact. AvTo
pmopel vo vTOdNAMVEL OTL 1 AVAKTIOT] TOV UNYOVIKOV AVTOX®OV 0AOKANPOONKE KOTd
TOV TPMTO PVO KO ETOUEVAOS 1] TEPUUTEP® SLAPKELN 10OTG OEV EYE KATOO GTLLOVTIKT
emidpaon.

Yuvolikd, SomotmOnke OTL 1 PEYIOTN OMOTEAECUATIKOTNTO TOV (OIVOUEVOL TNG
oVTOTOONG TOPATNPHONKE OTAV 1| PNYUATOON TOV KOVICUATOV TPAYLOTOTOMONKE o€
delyparta pikpng nAikiog Tov ot cuvéyeld VIToPANONKAY 6 KOKAOVG VOAUTOKOPEGLOD
- &Efpavong yio Tapatetapévn tepiodo iaong,

Ta omoteléopato g mOPoOGOC UEAETNG upmopodv  vo  cvuPdAovy oty
OTOTELECUATIKOTEPT] GUVOEST Ko EQapUOYN avToioduevOV Koviapdtov. Eidwkotepa,
0 OVLOYETIOUOC TNG CVOTUONG TNG OLVOETIKNG KOVIOG UE TIG OVTIOPAGEL TOV
EMKPOTOVV GTOV UNYOVICUO NG avtoioong (svuddtwon 1 evavipdikmon) Kabmg kot
TOL YOPOKTNPLOTIKA TOV OEVTEPOYEV@DY TPOIOVI®V ToL oynuatiloviol péca ot
poyun, 6o pmopovce va 0dMynoel oto oxedoud  KATAAANA®V  Tpochetwv

GUGTATIKAOV Y10, TNV EVIGYLCT] TOL PAVOUEVOD TG AVTOTUGTG TV KOVIAUAT®V.



xii|[MepiAndn

2 VVOTTIKN TEPLYPULON

Y10 Kepdiaia 1 ko 2 ektibeton to gpguvntikd mpdfAnpa Kot avaAbovol ot 6ToOyot
g TapovGag SlaTpiPig.

Y10 Kepdiowo 3 mopovoidletonr pio ekteTapévn ovaokomnon g Pipiloypapiog
GYETIKA HE TO POVOLEVO avTotaong, Omov Tovilovtal Ta Kupla CnTipaTe 6T omoia
omoLTeiToL TEPULTEP® EPEVVOL.

o010 Kepdiaio 4 mapovotdletol 1 TOPAUETPOTOINGT TOV UNYOVICHOD TG OVTOLOGNG
OTMG TOPOTNPEITOL OE 10TOPIKE SElYLATO KOVIALOTOG.

Ta  SeopeTikd  PRUATO TOV  AVTOYEVOVG UNYXOVIGHOD TPocopotdloviol Kot
ov{ntobvtal 6Ta KePAAao 5-7.

>10 Kepdhawo 5, e€etaletal 1o mpOTO GTASIO TOL UNYOVIGHOD TNG avToiaong, 1M
dwAvtomoinon aoPeotovymv  dnAadT @AcE®V TG Koviag HEC®  EKTALOMC.
[Meprypdopetor 1 61Gtaén  MAEKTPOYMUWKG — EMTOYVVOUEVNC  EKTALONG  TOV
ypNooToOnKe Yoo vo €EETOOTEL M EMIOPOOT TNG OPVKTOAOYIAG KOl TOL YPOVOV
opipavong ot 61dAvon Tov aoPecTIoNyOV PACE®V TOV KOVILUATOV 0oPEoTn-
nmoloArdvng (LP) kot puoikod vdpavikov acPéotn (NHL). H tavtomoinon g anyng
TOV 1OVIOV 00PECTION, LE TNV TAVTOYPOVT] TOGOTIKOTOINGT TOVS, GLCYETICOVTOL LE TN
ovvleon oLVOETIKOD LAMKOD KOl GUVETMG LE TIG OLVOTOTNTES TNG EUOAVIONG TOL
UNYXAVIGHOD NG ALTOlooNG.

H poppoioyio kot 1 opukToloyio TmV OELTEPOYEVOV TPOIOVIOV ETOVAWMGONG
e€etaletan oto Kepdiaio 6. To devtepoyevn mpoiovto mov oynuotilovtor péca oe
HIKpO-poYRES  Kovidpotov acPéotn-molordvng (LP) wor @uoikod vdpavAikod
aoPéotn (NHL) yapoxtmmpilovior kot ocvoyetilovtor pe tn oOvOeon GLVOETIKOV
VAMKOD KOTO TN OTWypn NG PNYMATOONMS, NG TEPLOO0L avTOiooNg KOl TOV
UIKPOKAUOTIKOV cuvON KOV KaTd Tn S14pKEL TG TEPLOG0V CLTOTOOTNG.

>10 Kepdhato 7 mapovoidletal o véa pnebBodoroyio yio Ty HEAETN TNG OVAKTNONG
TOV UNYOVIKOV 1010THTOV A0Y® TOL UNYOVIGHoD tng avtoioons. Ta amoteléouata
OV EANPONCAV LETA TNV EPUPUOYN OVTNG NG HeBOdoVL o€ KOVIAUOTO 0oPEoTn-
nmoloAdvrg (LP) kol @uoikod vdpaviikov acBéotn (NHL) petd amd dapopetikég
ePLOO0VG avtoioong Tapovaidlovtal kol cuintovvial.

Y10 kepdioto 8 mapovoualeTon Kol oulNTIETOL GULVOVLACTIKA TO GUVOAO TMOV
EVPMNUATOV, EVD OTO KEPAANO 9 mapovsialovial Ta yeviKd cuumepdopota pall pe

TPOTAGELG Y10t SLVATOTNTEG LEALOVTIKMV EPELVMV.
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Chapter 1: Introduction

1.1 Research background

Cement-based building materials have been used since antiquity, while the evolution
of different types of binding or cementing agents have always been associated with
the technological heritage of each historic era (Blezard, 2004). The construction
technologies as well as the raw materials were chosen each time according to
durability and service life requirements of monuments built structures of different

civilizations.

Cement-based materials are still amongst the most widely used construction/building
materials worldwide. Service life of cement-based-materials is the period after their
application during which their performance remains above safety levels. At the same
time, their service-life is limited since several degradation mechanisms affect their
durability leading to a gradual declination of their performance overtime (van
Breugel, 2012). Nevertheless their service life is shortened due to weathering while,

the remedy for building materials’ failure is restricted to man-made repairs.

During the recent years, a shift in the way that scientists vision material durability has
taken place inspired by the ability of living organism to heal themselves (skin cuts,
bone fractures etc.). The focus has shifted from the development of stronger materials,
to the development of materials that can reverse micro-damage, thus healing
themselves without external intervention. So instead of “damage prevention”,
“damage management” tactics are researched, which points to the modification of
materials to “sense” damage and reverse it by intrinsic mechanisms (de Rooij, 2013).

In this context, “smart” self-healing materials have attracted much attention.

At the same time, the fact that cement materials are known to have the ability to heal
micro-cracks autogenously (Lauer and Slate, 1956; Dhir et al., 1973) has given a new
advance in the research of this field. Indeed, the autogenous self-healing mechanism
has been identified in historic mortars by several researchers and the abundance of
these findings is often associated with the high durability that historic building
materials present (Lubelli et al., 2011; Nijland et al., 2011).
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Overall, self-healing of cement-based materials is believed to have the potential to
have a measurable impact on construction, by prolonging the service-life of structures

thus reducing both the maintenance economic and the environmental cost.

Even though the autogenous phenomenon was observed as back as a century ago
(Hyde et al., 1889), the understanding of its mechanism has become a priority during
the last decade, and has been the subject of numerous publications (Joseph et al.,
2011; Li and Herbert, 2012; Muhammad et al., 2016) mostly concentrating on the
self-healing properties of Portland cement paste and concrete. Nevertheless, the wide
range of cements used with various admixtures, as well as the variety of methods used
to verify healing have not always produced consistent observations amongst

researchers.

One of the main questions often raised in recent literature (Huang et al., 2013) is the
nature of the secondary phases that fills the crack as well as the nature of the
secondary reactions that result in the recovery of the microstructure. Carbonation and
continued hydration have both been identified as the main self-healing reactions.
Jacobsen et al. (1995) observed ettringite, portlandite and CSH as secondary healing
products after frost deterioration, whereas Hearn and Morley (1997) attributed the
reduction in the permeability of concrete samples to dissolution and precipitation of
alkalis. More recently, Schlangen et al.(2006) correlated the crack healing of early-
age concrete with ongoing hydration, but Quian et al. (2009) observed only calcite in
cracked concrete cured under water. The variety of observations suggests that other

issues related to the autogenous mechanism should be further investigated.

The chemical composition of the binder, as well as the evolution of the latter with
time, are important factors affecting the self-healing mechanism, which could
elucidate the effect of the time when damage occurs, with the material’s healing
potential (Van Tittelboom et al., 2012). Moreover, the solubility and reactivity of the
chemical substances involved in this mechanism, together with the effect that the

latter have on the binder microstructure are not yet completely understood.

Besides the composition of the binder, micro-climatic conditions are believed to have
a measurable impact on the potential of self-healing. Although, it is agreed amongst

researchers that the presence of water is vital in the occurrence of self-healing
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mechanism (Neville, 2002; Jiang et al., 2015), the amount and conditions of its
delivery are under consideration. Under-water treatment or wet-dry cycles of
exposure have promoted optimistic results (Yang et al., 2009) but further research is

needed related to structures that lack direct contact with water.

Moreover, recovery of mechanical properties is one of the most important issues that
need to be addressed. Different approaches and techniques are applied to induce
damage and evaluate the structural recovery after healing. Flexural and tensile
splitting are amongst the most usually applied methods. Nevertheless, lack of
standardized procedures (Souradeep and Kua, 2016) hinders the comparability

between findings.
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Chapter 2: Aims and Objectives

2.1 Aims and Objectives

The aim of the present research is the study and understanding of the parameters that
affect autogenous self healing in order to apply them in modern construction and
enhance the phenomenon. The autogenous phenomenon in combination with induced
self-healing by the incorporation of tailor-made supplementary materials can

maximize the service-life of mortars.

In this context the study of the autogenous healing phenomenon in traditional mortars
that simulate the composition of historic mortars is pursued. More specifically, a
better understanding of the autogenous mechanism is pursued by setting the following

objectives:

- To parameterize the occurrence of the self-healing phenomenon in historic
mortars.

- To gain insight, on the decalcification process which occurs during leaching of
traditional mortars, by simulating the first step of the autogenic mechanism.

- Determine how this process affects mortar microstructure and which phases
are affected after the depletion of portlandite.

- Analyze the morphology and mineralogy of self-healing products by means of
microscopy and determine how their occurrence is affected by healing time
and micro-climatic conditions.

- Development of an applicable methodology for assessing the recovery of
mechanical strength due to the autogenous healing mechanism.

- Determine the effect of the chemical and mineralogical composition of the

binder as well as healing time, in the recovery of mechanical properties.

The study and understanding of all the above will allow a better “control” of the
phenomenon and provide the baseline for a more effective design and application of

self-healing agents in modern constructions.
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2.2 Strategy-Outline

The present dissertation is composed of seven chapters as presented in Fig. 2.1. An
extended review of the literature concerning self-healing phenomena in cement-based
materials is presented in Chapter 3 and the main open issues in need for further
research are emphasized.

The parameterization of the self-healing mechanism as it is observed in historic
mortar samples is presented in Chapter 4. The main parameters are highlighted and
implemented in the experimental protocol.

The different steps of the autogenous mechanism are simulated and discussed in
Chapters 5-7.

In Chapter 5, an electrochemically accelerated leaching procedure was used to
examine the influence of mineralogy and curing time on the dissolution of Ca-bearing
phases of lime-pozzolan and NHL mortars. The identification of the source of the
calcium ions, together with the quantification of the latter are correlated with the
binder composition and thus its healing potential.

The morphology and mineralogy of secondary healing products is examined in
Chapter 6. The secondary products formed inside cracks of lime-pozzolan and NHL
mortars are characterized and correlated with the binder composition at the time of
cracking, the healing period and the micro-climatic conditions during healing.

In Chapter 7, a new methodology for assessing the recovery of mechanical properties
after healing is presented. The results obtained after applying this method on lime-
pozzolan and NHL mortars after different curing and healing periods are presented
and discussed.

Chapter 8 provides a summary of findings together with proposals for enhancing the

self-healing potential of lime-pozzolan and NHL mortars.



Aims & Objectives |9

[ Chapterl: Introduction ]

[ Chapter 2: Aims & Objectives ]

[ Chapter 3: Literature Review }

v |

____________________________________________

N N N )\

1 1

] 1

: Chapter 6: Chapter 7: :

Chapter4: i Chapter 5: Microscopic Recovery :
Historic | Mortar examination against :
Mortars | leaching ofhealing mechanical :

\ products action :

] 1

i :

l ]

\ J/ \\ \ / \ / ;/ II

[ Chapter 8: Discussion ]

|

[ Chapter9: Conclusions ]

Figure 2.1: Thesis outline



10|]Aims & Objectives



Chapter 3: Literature Review

3.1 Service life and Degradation of building materials/ mortars

A common characteristic of cement-based materials, concerning their durability, is
their susceptibility to micro-cracks, which are generated even from the first few days
of application. This is usually caused due to intrinsic factors (Holt and Leivo, 2004)
most commonly due to water loss and shrinkage mechanisms during setting or -in
subsequent periods - due to external parameters mechanical loads or other
environmental factors. Early age shrinkage cracking is unavoidable in cement-based
materials and although these cracks, may not be considered as a material failure,
could lead to further degradation and decreased durability, as micro-cracks make the
structure more vulnerable to both mechanical stress, environmental actions and
aggressive agents responsible for deterioration mechanisms, thus making their

imminent repair or restoration necessary.

Loss of performance is caused by a number of degradation mechanisms that affect the
material’s microstructure. Those mechanisms are usually classified into three main

categories: (1) mechanical, (i1) chemical and (ii1) biological.

Mechanical degradation may occur during crystallization of soluble salts (Pye and
Schiavon, 1989; Lubelli and de Rooij, 2009) or during freeze-thaw cycles (Yang et al.,
2006). Interaction with air-pollutants (Sabioni et al., 2001; Schiavon et al., 2004),
decalcification or leaching (Glasser et al., 2008), are the main chemical degradation
mechanisms. While colonization of microorganisms (Shirakawa et al., 2004), fungi or
bacteria, may lead to further chemical and mechanical degradation. All of the above
mechanisms are greatly accelerated by the presence of micro-cracks in the cement

matrix.

Performance of cement-based materials is often presented graphically with time as a
curve pointing to gradual degradation. In figure 3.1, a typical degradation graph is

presented along with the required repairs (Van Breugel, 2012).
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Figure 3.1: Performance of concrete material with elapse of time where traditional cement-
based materials requiring man-made repairs are contrasted with self-healing cement-based

materials. (Van Breugel, 2012)

After the application of the traditional cement-based materials, its gradual degradation
begins which leads to a point where man-made repair is necessary in order to maintain
its performance above the safety level. After the first intervention another degradation
cycle begins which eventually leads to a second intervention. This is repeated as long
as the structure is in use. In contrast, self-healing materials may reverse the effect of
micro-damages intrinsically without the need of external interventions.

Required maintenance of structures is usually performed only after the above
deterioration mechanisms have taken place, while man-made repairs aiming to reverse
their effects have to be employed every few years. This strategy requires not only a
substantial economical dependence but also entails a high risk of performance failure
(L1 and Herbert, 2012).

Traditionally, cement research focused in the development of stronger materials to
address durability issues. This is described as Damage prevention philosophy (van der
Zwaag, 2007) and is characterized by the need to create stronger materials, so that the
load needed to damage them, cannot be reached. In this point of view no damage is
acceptable.

Recently, inspired by the way biological organisms have the ability to heal themselves
up to a certain level of damage; a new approach is pursued in the field of material
science, that of Damage management. This concept is based on the employment of
smart materials that have the ability to “sense” and repair micro-damages as they
occur.

In the building material sector, development of self —healing cement is a promising
strategy for expanding the service life of structures, as micro-cracks that are

considered the mitial cause of most deterioration mechanisms, are eliminated.
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3.2 General framework and definitions of self-healing phenomena

Self-healing according to the definition proposed by the RILEM Technical committee
(Rooij et al., 2013) 1s “any process by the material itself involving the recovery and
hence improvement of a performance after an earlier action that has reduced the

performance of the material”.

Self -healing cement-based materials

A A

Autogenic Self-healing Autonomic Self-healing

Due to:

- continued hydration
- precipitation of calcite

- swelling of the v v v

cement matrix Bacterial Polymeric Suplementary

- blocking by fine particles Cementing

Materials

! !

Due to: Due to:
- precipitation of calcite - precipitation of calcite
- hydration
A
Due to:

- polymerization

Figure 3.2: Autogenic and autonomic self-healing mechanisms.

In the case of cement-based materials this process can be autogenic which means that
“it occurs from the materials own components without external intervention and the
self-healing process takes place as a natural mechanism without these materials
being specifically designed for this purpose”. In mortars and concretes this
phenomenon takes place in the binder matrix where secondary products are formed
inside cracks and voids thus repairing the continuity of the microstructure and sealing

the material of deleterious substances.
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In the recent years, a number of engineered additions are evolved to induce self-
healing properties in cement-based materials. It is defined as autonomic self-healing
“When the recovery process uses materials components that would otherwise not be

present in the material”.

A classification chart of the main self-healing mechanisms studied is presented in

figure 3.2.

3.3 Mechanisms of self-healing

3.3.1 Autogenous self-healing

Cement-based materials have the ability to heal their defects in an autogenic way. The
prolonged durability of historic lime-based mortars applied centuries ago, is also

attributed to their self-healing capacity (Nijland, 2007).

A reduction of crack width may result by physical, mechanical or chemical causes
(fig. 3.3). However, it is the chemical mechanism that is the most significant as it is
the most efficient in repairing of the microstructure (Edvarsen, 1999). The importance
of water presence is also substantial. As water penetrates through cracks and voids of
the binder matrix calcareous substances can be dissolved and transported in damaged
areas where they react further to produce secondary healing products. The main
element involved in these reactions is calcium. Calcium compounds dissolve in pore
water producing calcium ions which either react with water dissolved carbon dioxide
(COy) producing Calcite (CaCO;) or participate in the hydration mechanism
producing secondary hydration products. Calcium hydroxide may also precipitate

directly as Portlandite (Ca(OH),) (Neville, 2002).

Carbonation: Ca’" +2(OH) + CO, — CaCOs + H,0
Hydration: Ca’" +2(OH) + ALO; — CAH Calcium aluminum-hydrate

Ca’" +2(OH) + Si0, — CSH Calcium silicate-hydrate
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Figure 3.3: Different causes that can lead to autogenic self-healing (Reinhardt et al., 2013)

This phenomenon is autogenic, which means that these materials have the ability to
heal micro-defects in their microstructure by filling the cracks with their own generic
materials, as described earlier in paragraph 3.2. A simplified description of the
phenomenon involves carbonation or hydration mechanisms (Edvarsen, 1999); cracks
are filled with either calcium carbonate or hydration products, which derive from the
carbonation of calcium hydroxide or by further reaction of non-hydrated phases inside

the mortar matrix respectively.

The autogenous self-healing mechanism has been observed over a century ago in
Portland cement concrete by Hyde (1889). Since then numerous studies have

concentrated on the autogenous self-healing properties of Portland cement.

The main parameters associated with the autogenous phenomenon, most commonly
examined are: the presence of water, the crack width, addition of fly ash, addition of
lime, age of specimen when the cracking occurs, period of healing, temperature,

hardness of water.

- Source of calcium ions

As Ca-bearing phases exhibit a range of solubility values (depending always on the
pH and temperature of the pore solution), it is expected that self-healing ability of a
mixture will also depend on the stage of carbonation and/or hydration progress in the
binder matrix. During carbonation, portlandite is transformed into calcite which is a

much less soluble mineral. In hydraulic binders the produced C-S-H and C-A-H
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phases are also susceptible to dissolution but, as they are less soluble than portlandite,
the dissociation of Ca begins after the dissolution of the latter (Adenot, 1991). With
respect to the theoretical assumption that chemical reactions take place inside the
crack space described earlier, an important parameter to be studied is the availability
of the chemical species involved. More specifically the concentration of calcium ions
in the pore solution should be a decisive factor since the carbonate content is not a
limiting factor (Edvardsen, 1999). Water could contain a small concentration of
calcium ions but in order saturation to be achieved the main source of calcium would
be the calcium-baring components of the binder. In the study of Huang and Ye (2014)
was found that the mineralogy of the reaction products of self-healing induced with
saturated Ca(OH), solution is similar to that caused by distilled water, but the
efficiency was improved. This suggests that calcium ions play the most significant

role on the evolution of the autogenic phenomenon.

- Secondary products

The characterization of the healing products is of prime importance as it constitutes
the first step towards the comprehension of the autogenous phenomenon. Calcium
carbonate has been identified as the main secondary product filling the crack by
several studies as well as the presence of portlandite (Lauer, 1956; Lubelli, 2011). At
the same time, hydration has also been reported as a self-healing mechanism with
ettringite and CSH as the main secondary products (Jacobsen, 1995). Recent studies
(Huang et al., 2013) have concluded that in Portland cement paste only hydration
products are observed together with portlandite which is also produced during
hydration. It is clear that secondary products are depended on the mechanism that
predominates (carbonation or hydration) which has not been sufficiently studied and

correlated with factors affecting it.

- Effect of relative humidity

The presence of water, which is a crucial parameter of the self-healing phenomenon
(Hearn, 1998) (Yang, 2009), varies in the natural environment of structures. It could
be present in excess e.g. in underwater structures, or at different atmospheric humidity
levels as atmospheric humidity or through capillary actions. Several researchers
examined the evolution of the mechanism when the specimens are completely

imersed under-water (Tsangouri et al., 2013; Hilloulin et al., 2016) or after wet/dry
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cycles (van Tittelboomet al., 2012; Jiang and Yuan, 2015) and found that direct
contact with water and water saturation constitute favorable conditions for self-
healing. However, water can also be present in the form of atmospheric humidity and
variation in the atmospheric humidity levels are known to affect the rate of hardening
reactions of hydraulic binders (Karatasios et al., 2012). Nevertheless, the effect of

relative humidity on the advancement of the autogenic mechanism is not yet studied.

- Curing period/ healing period

An additional parameter that should not be neglected is time, especially in lime-based
mortars where non-reacted components may be present for months or years after the
initial application of the mortar. Today, it is not yet entirely understood whether this
phenomenon can take place only in the first stage of a mortar life (Schlangen, 2006)
when there still are unreacted components, or whether it is possible to be the result of

secondary dissolution and re-precipitation of hydration or carbonation products.

3.3.2 Autonomic self-healing

Aiming to prolong the life-cycle of building materials the incorporation of healing
agents inside the mortar matrix is gaining a lot of attention recently and a variety of
materials are tested as to their healing properties. Autonomous self-healing can be
distinguished between: (i) bacterial self-healing, using microorganisms, (ii) self-
healing by incorporating mineral admixtures - supplementary cementing materials and
(111) self-healing by incorporating polymeric materials (Fig. 3.2)

In order to achieve a realistic expansion of their service life healing agents have to
remain inactive for long periods without deteriorating or reacting while their
activation has to be triggered as damage occurs (Souradeep and Kua, 2016). This is
achieved by inserting into the cement mixture the healing agent protected inside
capsules (encapsulation) or hollow tubes (vascular system). In either case, during a
crack formation, the protective layer breaks and the activated agent is released inside

the crack, repairing it (Fig. 3.4).
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Figure 3.4: Hollow fibers (A) and encapsulation techniques (B) as implemented on self-

healing materials (Yang and Urban, 2013).

- Bacterial concrete

The use of bacteria as a self-healing agent in concrete has been one of the most
promising research fields in the last decade (Seifan et al., 2016). The basic idea is that
calcium carbonate is produced in the cement matrix as a product of the bacterial
metabolic cycle. A large number of different bacteria have been studied as healing
agents. Most of them can be classified into three major categories in respect to the
source of materials consumed during the process. The main distinction is made
between the hydrolysis of urea (1), oxidation of organic acids (2-4) and nitrate

reduction (5-7) (De Muynck, et al., 2010, Knorre and Krumbein, 2000).

CO(NH,), + 2H,0 — 2 NH;" + CO5*™ (1)

Formation of calcium carbonate in the presence of calcium acetate is shown in Eqs.2-4
CH;COO +2 0;— 2 CO,+H,O+OH (2)

2 CO,+ OH — CO,+HCO ™ (3)

2 HCO+ Ca’" — CaCO;+ CO, + H,0 (4)

Minerals are precipitated through oxidation of organic compounds by the reduction of

nitrate (NO”") via denitrifying bacteria.

Organic compound+ a NO3 + b H'—c CO, + d H,0 + e N, (5)
CO; + 2 OH—CO;” +H,0 (6)
Ca’" + CO5*—CaCOs (7)
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Bacterial self-healing presents several advantages as its high efficiency (De Muynck
et al., 2010). The main challenge remains the incorporation of the bacteria spores and
nutrients in the cement matrix. Bacterial life expectancy decreases rapidly soon after
cement setting (Jonkers, 2007). Therefore researchers are studying the immobilization
of bacteria inside inert materials which protects bacterial spores during setting and
hardening of the cement binder but at the same time have the ability to release them
when a crack occurs.

Another question is also the presence of excessive ammonium in the concrete matrix,
related with the ureolitic metabolic cycle of bacteria that increases the risk of salt

damage by conversion to nitric acid (Siddique and Chahal, 2011).

- Mineral admixtures

Mineral admixtures such as fly ash and slag hydrate are used as supplementary
cementitious materials to induce further hydration mechanisms. The main
characteristic of these materials is that they react slower than Portland cement thus
acting as reactive healing agents in the crack surface.

They chemically interact with the cement matrix producing hydration and carbonation
products. They are categorized in two groups: crystalline and expansive admixtures.
Crystalline admixtures (ACI Committee 212, 2010) can be considered as a type of
permeability reducing admixtures, usually hydrophilic. Sisomphon K. et al (2012)
used a synthetic cementicious material called “crystalline additive” to promote
healing. The general process can be described by the following equation where a
crystalline promoter, MXRX, reacts with tricalcium silicates and water to produce

modified calcium silicate hydrates and a pore-blocking precipitate, MxCaRx—(H,O)x.

C3S+MxRx+H20—CaxS ixOxR—(HQO)X+chaRX—(H20)X

Mineral admixtures that its reaction products are larger than the original admixture are
called expansive admixtures. Several expansive admixtures have been investigated as
self healing agents e.g. magnesium oxide (MgO), calcium sulfoaluminate
(Cas(AlO2)6S04), anhydrite (CaSOy).

These materials are encouraged as healing agents in recent years as be they are
relatively low-cost and considered chemically compatible to cement materials

(Kanellopoulos et al., 2015).
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The main disadvantage of the use of mineral admixtures is that the healing agent is
consumed during cement hydration so their encapsulation is necessary. Moreover,
additional cracking may occur during the expansion reaction (Suradeep and Kua,

2016).

- Polymeric materials

Adhesives agents such as epoxy, methylmethacrylate (MMA), polyurethane foam
(PU), cyanoacrylate and superabsorbent polymers (SAPs) have been tested as healing
agents by several researchers (De Belie and van Tittelboom, 2010; van Tittelboom,
2011). One or two or multi-components polymers have been studied to optimize
healing efficiency, viscosity and successful supply inside the crack.

It has been found that polymeric materials have a relatively high efficiency but
present three drawbacks: (1) they are not chemically or mechanically compatible with
cement materials, meaning that cracks may propagate around or within them (ii) they
often contain formaldehydes and isocyanides which can raise health and safety issues
and (ii1) they are expensive, especially SAPs which can cause further damage to the

cement matrix upon expansion.

3.4 Methods used to verify self-healing

In order to study the self-healing phenomenon macroscopic together with microscopic
methods have to be applied. Self-healing efficiency is commonly studied indirectly by
measuring the permeability, strength or durability against deleterious substances of
damaged and consequently “healed” specimens. At the same time, direct microscopic,
chemical and mineralogical analyses have proven indispensable for the understanding

of the physicochemical mechanisms.

Microscopy is one of the most widely used techniques for the characterization of
cementitious materials and its proven to be a useful tool in the assessment of both
damage degree and healing capacity of these materials (Copuroglu, 2013). Optical
and Scanning electron microscopy (SEM) are both used in self-healing materials
research. Both techniques have advantages and disadvantages, so it is best to be used

in combination.
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Figure 3.5: Crack closure observed by optical microscopy in concrete samples with different

kind of fibers (Choi et al, 2016).

Optical microscopy offers the possibility of larger field of view observations, thus
allowing a more complete assessment of the sample condition (Fig 3.5-3.6). Another
advantage is related to the discrimination of minerals by observing their characteristic
variations of color, in contrast to SEM where differences in mineralogy are
discriminated by different shades of gray. Both these characteristics are essential to
the study of self-healing mechanism as it offers the visualization of the full length of a
crack and at the same time a notable contrast between the cement matrix and the

secondary phases.

Figure 3.6: Discrimination of binder, aggregates and secondary precipitated calcite inside
crack by polarized light microscopy. 50x magnification (2.7 x 1.4 mm), cross polarized light

(Bridge, Amsterdam) (Lubelli et al, 2011)



22|Literature review

Nevertheless, SEM is extensively used as high resolution and large depth of field are
essential to the characterization of the morphology of secondary products. Moreover,
SEM is usually combined with Energy dispersive X-ray spectroscopy (EDS) which
allows the simultaneous chemical characterization of different phases.

Usually it is used for the observation of polished sections of damaged samples after

the healing treatment, in order to visualize crack closure (Fig.3.7).

Figure 3.7: Observation of crack healing in fly-ash concrete samples by SEM (Jozwiak,
2015).
Recently Huang and Ye (2012) have used SEM to observe secondary healing products
formed on the surfaces of polished samples (Fig. 3.8). By applying this method

quantification of secondary products was possible as well.

140 Turr

Figure 3.8: Observation of portlandite (CHP) and hydration products on the surfaces of
polished samples by SEM (Huang and Ye, 2012).
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Permeability measurements have been employed in the study of the self-healing
mechanism as proof of recovery against environmental actions (Reinhardt et al.,
2013). In earlier studies of the autogenous mechanism the focus was mainly on the
self-sealing properties of concrete (Clear 1985, Edvarsen 1999, Hearn and Morley
1997, Hearn 1998) which was studied and evaluated in relation with the decrease of
water permeability or leak-tightness of test specimens (Fig.3.9). In the above studies a
constant supply of water was the cause of the healing-mechanism and the

observations were correlated with the reduction of the flow.

Water flow ( litres/h )
50 ; i

| I I |2
Congcrete thickness; 40 cm
40 ] | Pressure head: 2,5 m of water
Crack width '

0 100 200 300 400
Duration of exposure to water (1)

Figure 3.9: Relation between and water flow and time for different crack widths (Edvarsen

1999)

Since then, several new water permeability test equipments have been developed,
including high-pressure setups and monitoring by means of neutron radiography

(Fig.3.10) (Snoeck et al. 2012).
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Figure 3.10: Visualization of water permeability test by neutron radiography. Time is

expressed in seconds. (Snoeck et al., 2012)

Regain of strength is one of the main challenges related to self-healing materials

research as it is an essential condition to the enhancement of service life. Even a
complete filling of a crack microscopically, or the reduction of permeability, is not
considered as sufficient healing, if cracks continue to propagate around or through the
healing material.

In order to assess healing, mechanical damage has to be induced in a controlled way.
Controlled cracks are created usually by means of flexural and tensile splitting tests.
Crack width and length has to be reproducible for the production of multiple
specimens that bear the same damage degree and can be later compared as to their
healing properties. This has been proved to be a challenge since the heterogeneous
nature of cement materials may be the cause of inconsistent damage to different
specimens. Two methods are often used to measure crack-damage in the literature
(Copuroglu, 2013). The first relies on linear variable differential transformers
(LVDTs) that are fixed on the bottom and either sides of the specimens under flexural
stress and measure the crack opening (fig 3.11). Nevertheless during unloading crack
width tend to decrease due to elastic properties. The second relies on applying a
prearranged load on the specimens lower than the maximum load. This method is
more dependable on the potential micro-defects inherent to cement matrix and may
produce specimens with varying crack characteristics and residual strength especially

in lower strength cement-based materials.
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Figure 3.11: Test apparatus for measuring crack width using LVDTs. (Copuroglu, 2013)

3.5 Research needs defined

A state-of-the-art literature review is presented in this chapter. The need for further
research towards the autogenic mechanism and the main open issues related with self-

healing mechanisms are summarized below.

Firstly, a lack of research towards the autogenic mechanism on traditional hydraulic
or pozzolanic mortars is evident. Although the autogenic mechanism has been
correlated to the high durability of historic structures, very few simulations have been
attempted. The longevity of these materials combined with the excess of free lime in
their binder composition could provide valuable data related to the factors affecting
the autogenous mechanism.

Moreover, autogenous self-healing mechanism studies do not address the issue of the
source of calcium ions, neither the possible alteration of microstructure due to
dissolution of calcareous phases. A better understanding of the mechanism requires
the research of the first step of the mechanism, namely the dissolution of calcareous
phases which might be one of the factors that set the limitations for the occurrence of
the autogenous mechanism.

Finally, although there are many methods applied to verify the healing-efficiency of
cement-based materials, the lack of standardized procedures is evident. One of the
main open issues is the evaluation of the recovery of mechanical properties as the

introduction of controlled damage in specimens still remains open.
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Regarding the autonomous mechanism, several autonomic self-healing agents have a
great potential towards efficient healing of cracks, especially mineral admixtures and
bacterial concrete; but the efficiency of these admixtures is compromised if they are
directly mixed in the binder. A promising solution is the encapsulation of these
healing agents inside inert micro-capsules, however further research is needed

regarding their encapsulation techniques.
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Chapter 4: Self-healing observations
in historic mortars

4.1 Introduction

Mortars have been part of our architectural heritage for millennia and have been used
to meet a wide variety of structural needs, e.g. as joint mortars or plasters, lining
material in cisterns, aqueducts and wells or as substrate in frescoes. Archaeological
mortars dating as back as the Neolithic period have been preserved and studied thus
providing us with valuable information regarding the technological evolution of
architecture and craftsmanship.

Microscopy analysis of historic mortars has made possible the detailed understanding
of their physical characteristics with special emphasis in microstructure (Elsen, 2006),
porosity, inclusions, as well as the potential degradation mechanisms. In this context,
microscopic examination of historic mortars encouraged the research of technological
trends (Moropoulou et al., 2000a, Stefanidou et al., 2012) over the centuries as well as
enabled the observation of secondary mechanisms that take place over extensive
periods of time, such as degradation mechanisms or secondary products forming in
the binder matrix.

Although several researchers have observed microscopically the precipitation of
secondary calcite in cracks and voids of lime mortars (Anderegg., 1942), it was only
recently linked with the enhanced durability of historic masonry and the autogenic
mechanism of self-healing (Callebaut et al.,1999). Limited research has been
performed regarding the evaluation of self-healing phenomena in historic mortars. For
instance, Moropoulou et al. (2000b) during the examination of Byzantine monuments
in Kiev observed that secondary calcite precipitated in cracks - formed during
earthquakes - has enhanced the masonry durability over the centuries by reversing
earthquake micro-damage to the masonry.

Moreover, two more recent systematic studies performed by Nijland et al. (2007) and
Lubeli et al. (2011) focused on 19™ century lime-based mortar samples in the
Netherlands, showed that:

- The presence of free lime is a prerequisite for the self-healing process to
occur.
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- Prolonged wet periods followed by dry periods appear to be favorable
conditions.
- Besides calcite, portlandite may also be observed as secondary crystallized

product that could further react to produce calcite.

The examination of archaeological samples offers the possibility to study this
naturally occurred phenomenon, since neither the materials used were designed for
this particular purpose nor they were deliberately damaged and cracked.

In this chapter, a detailed study of selected samples is presented based on microscopy
observations of specimens of archaeological mortars from different monuments and
historical periods focused on the self-healing phenomenon. The approach taken is a
reverse process i.e. an archaeo-mimetic approach, which aims firstly to offer
information regarding the physico-chemical processes that affect these materials over
long periods of time such as in historic structures, and consequently to use this

information in order to optimize new material technology .

4.2 Materials and Methods

Twenty samples of representative historic mortars (Table 4.1) from monuments
located in six different regions of Greece (Fig.4.1) were examined focusing on the
study of the autogenous self-healing phenomenon. The monuments were built in
different historic periods, dating from the late Hellenistic to 19™century (Fig 4.2),
while mortar samples originate from a multitude of uses such as lining material in
water tanks, tombs or baths and joint mortars or plasters in internal and external walls
(Table 4.1).

Regarding the micro-climatic conditions, during sampling, the proximity of the
masonry to water was taken into account, since water is one of the most important
parameters linked with the occurrence of the autogenous phenomenon. The porous
network of mortars is known to allow the movement of the pore solution through the
material, thus the autogenous phenomenon could take place even in parts of the
masonry that are not directly wetted. More specifically, the samples were collected
and classified depending on whether they were in direct contact with water, or if
water presence is limited to condensation of humidity and diffusion through capillary

pores. Besides microclimatic conditions, other parameters studied are:
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e chemical composition of the binder (e.g. hydraulic or air-hardening)
e type of aggregates,
e morphological characteristics of cracks and

e formation and morphology of the secondary self-healing products.

Samples of historical mortars were studied in polished sections and fracture surfaces
in a scanning electron microscope (FEI Quanta-Inspect) coupled with Energy-
dispersive X-ray spectroscopy (SEM / EDX) in order to study their microstructure as
well as the chemical composition of individual components and secondary formed
products.

Moreover, thin sections were examined in the petrographic microscope, in order to
identify the mineralogy, morphology and distribution of secondary products, along
with the morphological characteristics of the cracks where the phenomenon is

observed.

Table 4.1: List of samples

Sample Monument Region Historic Period Sampling
Kastraki .. Tank A-lini
Ag?2 as ra. ' Agathonisi 3rd—1st cent. BC ¢ ning
excavation mortar
Kastraki Tank A-linin
Ag5 . Agathonisi " s
excavation mortar
Kastraki TankB - linin
Ag 14 . Agathonisi " s
excavation mortar
Kastraki TankB - linin
Ag 17 . Agathonisi " 8
excavation mortar
Kastraki TankB - linin
Agl8 . Agathonisi " s
excavation mortar
Kastraki TankB - Joint
Ag 20 . Agathonisi "
excavation mortar
Fiskardo- 3" cent. BC- External lining
FISK 3 isi
Roman tomb Agathonisi 6% cent. AD mortar
Fiskardo-
FISK 6 isi " Joint mortar
Roman bath Agathonisi
. . Ext | lini
SAMI1 Sami-Roman bath | Kefalonia " xterna .mmg
material
SAM2 | Sami-Roman bath Kefalonia " Joint mortar
) Ext | lini
SAM6 | Sami-Roman bath | Kefalonia " xemna .mmg
material
SAM 15 Sami-Basilica Kefalonia 6™ cent. AD Foundation
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DFM-3 | Daphni Monastery Athens 6™ -11%cent. AD Fortification wall
DFM-6 | Daphni Monastery Athens " "
DFM-8 | Daphni Monastery Athens " "
Lady of the Castle th Interior wall lining
PK 5 Cathedral Rhodes 7 cent. AD 5 6m.
Lady of the Castle " Interior wall
PK9 Cathedral Rhodes lining 1.6 m
Lady of the Castle Interior wall
PK1 Rh ! .
! Cathedral odes lining ~10 m
o . 19" cent. AD .
XD 1 Aghios Nikolaos Chalki et Joint mortar
(1861)
XE 2 Aghios Nikolaos Chalki " External %mmg
material
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Figure 4.1: Locations of the monuments
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Figure 4.2: Chronological diagram of the monuments

4.3 Microscopic observations

- Agathonisi - Kastraki excavation

Excavations in the Kastraki area in the island of Agathonisi have identified this region
as the Ancient Tragaia, a fortified settlement first inhabited during the late 4th
millennium BC. During the 2™ century BC, the site was rebuilt under Roman
influence, and multiple structures such as cisterns, tanks, as well as enhanced

fortifications were dated to that era (Fig 4.3) (Triantafyllidis, 2015).

Figure 4.3: Terrace 1; citadel with cistern; Late Hellenistic—Early Roman period

(Triantafyllidis, 2015)
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Sampling: The samples examined were part of two tanks lined with hydraulic plaster
built during that period and were used for water retaining. More precisely, six samples
from two tanks were analyzed, two samples from the first tank (Ag 2, Ag 5) and four
samples from the second (Agl4, Ag 17, Ag 18, Ag20).

All mortar samples examined were similar regarding their composition; they consist
of aerial binder combined with a variety of natural calcareous and alumino-siliceous
aggregates. In some samples (e.g. Ag20a), the presence of Mg was identified, which
points to a mixed dolomitic binder. Moreover, the presence of micro-cracks and voids
was abundant in all samples. Crack widths do not exceed 100 pm, although it is
frequently interrupted by larger voids. Re-precipitated calcite is observed growing on
voids’ and cracks’ walls (Fig. 4.4-4.9). Micro-cracks up to 100 um are partially or
totally filled with CaCOs. Both sparitic and micritic calcite are observed.

The placement of these mortars as lining material inside the tanks suggests that,
during the functional period of the tanks, they were submerged under water for long

periods of time followed by dry periods when the tanks were empty.

‘*

o
oL 2

Figure 4.4 (Left): Secondary calcite precipitated fillinga crack of 100um width. Micritic calcite
can be seen precipitated on the crack walls where the crack is only partly filled.-Ag2
Figure 4.5 (Right): Overview of a crack (150um width) interrupted by larger voids. Parts of the
crack are completely filled with secondary calcite whereas the wider parts are only partially

filled. Ag5



Self-healing observations in historic mortars |37

Figure 4.6 (Left): Well crystallized secondary calcite crystals precipitated inside a void-Ag 14
Figure 4.7 (Right): Secondary calcite precipitated in the binder and calcareous aggregates’
interface - Agl7

Figure 4.8 (Left): Well crystallized sparitic and micritic calcite filling a 150um crack - Agl8

Figure 4.9 (Right): Overview of a partly filled crack (100um width) by a homogeneously
crystallized calcite - Ag20

- Cephalonia -Fiskardo excavation

Fiscardo has been identified as the Roman city of Panormos. In this area several
Roman monuments were unearthed including a Roman Agora, mausolea and a
theatre/conservatory.

Sampling: Two samples were examined, namely, one was lining material from the
external masonry of a Roman tomb (F3) (Fig.4.10), and the second was joint mortar
from the Roman baths (F6).

Both mortars were characterized by a high binder to aggregate ratio, and dense
microstructure. The binder used in the external masonry of the roman tomb (F3) was

aerial lime combined with rounded aggregates of a mixed alumino-siliceous nature.
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The mortar used in the roman baths (F6) was mixed with crashed ceramic aggregates,
while a small amount of fossilized marine microorganisms is also present.

Both samples showed signs of an extended network of micro-cracks and large voids
and maximum crack width is 100 pm. Large calcite crystals (~100 pm) were observed

to grow on the walls of large voids, whereas smaller cracks (60-80 pm), usually

linking voids, are completely filled with calcite (Fig. 4.11-4.12).

Figure 4.11: (Left) Well crystallized calcite crystals ranging in size up to S0pm inside a large
void; (Right) Detailed microphotograph of the crystals microstructure-F3
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Figure 4.12: Extended network of microcracks partially filled with secondary calcite —F6

- Cephalonia-Sami excavation and Basilica

Sami is considered to be an urban center in Cephalonia that was continuously used
from the Early Helladic to Early Christian period. Multiple Roman as well as
Byzantine monuments were unearthed during excavations, including Roman baths

and the foundations of a Byzantine basilica church (YPPO, 2012).

Sampling: Three samples from the roman baths were examined, two lining mortars
from the external masonry of the structure (S1, S6) and a joint
mortar(S2).Furthermore, one sample was examined from the basilica’s foundation
(S15).

In all mortar samples, the binder is aerial lime combined with natural rounded
aggregates, except one lining mortar (S6) in which no aggregates except straw were
added. Moreover, the mortar used in the basilica’s foundation (S15) is characterized
by the addition of aggregates of larger diameter and lower percentage of binder, thus
exhibiting higher porosity. This may be the reason for soil material being present

inside the binder matrix.
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Furthermore, lime lumpsare frequent in all samples in parallel to magnesiumbeing
present in the composition of the binder, suggesting a common way of preparing and
mixing of the raw materials as well as a local common source of limestone.

Micro-cracks are not observed regularly and the binder matrix is very cohesive. Re-
crystallized calcite is grown inside the walls of voids or small cracks that are
completely filled. Distinctive crystallized prismatic calcite crystals were observed in

higher magnification at the scanning electron microscope inside voids (Fig 4.13-4.15).

LS

Figure 4.13 (Left): Extended network of microcracks partially filled with secondary calcite-S1
Figure 4.14 (Right): Completely healed crack bridging two large pores. A homogenous layer

of calcite precipitation can be seen on the pore walls - S15

Figure 4.15: Calcite crystals growing on the voids’ walls (Left) S2 (Right) S6
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- Athens-Daphni monastery

Daphni monastery is a UNESCO world heritage site, located in Athens on the side of
the ancient street that leads to Eleusis. The main monastery was built during the 6™
cent. AD and was enclosed by strong defensive walls. Since then it was continuously
used as a Christian monastery (11"cent. AD) while later was used as a garrison during
the Greek revolution. After that it was briefly used as a mental hospital (1883-85). It
took heavy damage by earthquakes in 1889 and 1897. Restoration works have been
conducted since the late 19™ century but have been enhanced after the 1999
earthquake.

Sampling: Samples of joint mortars were collected from the exterior fortification
walls (Fig 4.16). In all samples an extensive network of micro-cracks was observed.
Crystallization of micritic calcite crystals can be seen partially or completely filling

cracks of maximum100 pm (Fig 4.17- 4.19).

Figure 4.16: Exterior fortification walls of Daphni monastery (Commons wikimedia, 2011).
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Figure 4.17 (Left): Extended network of microcracks and voids partially or completely filled
by secondary micritic calcite. D3
Figure 4.18 (Right) Microcrack of varying diameter (max. 100 pm) filled by secondary
calcite. D6

Figure 4.19: Network of microcracks and voids partially filled by secondary micritic calcite. D8

- Rhodes-Lady of the Castle Cathedral (Panagia Kastrou)

The original core of the building was probably erected in the 11™ cent. AD and
belonged to the type of cruciform church with a dome. After Rhodes’conquest by the
Knights, the Byzantine church was reconstructed and took the form of three-aisled
Gothic basilica with transept. The east side of the temple abuts the sea fortification.
During the Turkish occupation, the church was converted into a mosque and named
Enteroum Mosque.

Sampling: The three samples examined were lining mortars collected from the interior
northern wall at different heights (1.6, 2.6 and 10 meters).

All mortars were characterized by a mixed hydraulic binder composition with the
addition of a variety of natural aggregates (calcareous, dolomitic, siliceous and

igneous aggregates) with the addition of marine fossilized microorganisms. Moreover,
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the presence of sodium chloride salts was pronounced. Networks of micro-cracks are
observed in all samples along with large voids (Fig 4.20-4.24). Calcite is
recrystallized filling almost completely micro-cracks up to 100 um. Both micritic and
sparitic forms of calcite are grown in neighboring cracks while well-crystallized
prismatic crystals were observed in higher magnification under the scanning electron

microscope.

Figure 4.20 (Left): Extended crack network completely filled by secondary calcite. Micritic
and sparitic calcite crystals are present - PK5

Figure 4.21 (Right): Microstructure of re-crystallized calcite on a pore surface - PK5

VD HEW | tilk n
mm| 541 pm | 0 © janta Inspect 4 - Demokritos Athel

Figure 4.22 (Left): Re-crystallization of calcite inside cracks and voids in the vicinity of
microfossils and calcareous aggregates —PK9

Figure 4.23 (Right): Micrograph of sparitic calcite on a crack wall-PK9
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Figure 4.24: Secondary sparitic calcite crystals in the vicinity of lime lump filling completely

a 50um width crack.-PK17

- Chalki - Aghios Nikolaos

St. Nicolas is the main church of Emborio, port of Chalki, built in 1861 with marble
parts from the ancient temple of Apollo.

Sampling: Two samples were examined, a joint (XD1) and a lining mortar (XE2).
XD1 is characterized by dense microstructure and its composition was assessed to be
aerial lime combined with a mixture of natural rounded aggregates of calcitic and
aluminosiliceous nature. The presence of lime lumps is also observed.

The lining mortar (XE2) is aerial lime with a weak hydraulic character combined
mainly with calcareous aggregates. Some areas of the joint mortar sample (XD1)
exhibit a highly corroded microstructure. The lining mortar sample (XE2) exhibit
cohesive structure; few micro-cracks are observed with less than 60 um maximum
width.

Leaching and re-crystallization of calcium carbonate was observed in the joint mortar
sample (XD1).In both samples micritic calcite is re-crystallized filling micro-cracks

and small voids completely (Fig. 4.25-4.27).
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Elem | Wt %
Na,O | 0.21

MgO | 0.77

ALO; | 0.49

Si0, | 1.21

SO; 0.48

CLO ]0.38

KO 10.29

CaO* | 54.45
MnO | 0.43

F6203 0.57
*values are calculated to compensate for
CaCOs; concentrations

mokritos Athel

Figure 4.25: (Left) Leached secondary calcite partly repairing damaged microstructure.

d calcite —XD1

o

(Right) Chemical analysis of precipitate

3

Figure 4.27 (Right): Overview of a completely filled crack (80pum maximum width) by

homogeneously crystallized calcite-XE2
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Chemical characterization by energy dispersive X-ray analysis (EDAX) of the mortar

samples examined in this chapter is presented in Table 4.2.

Table 4.2: Chemical characterization of historic mortars

NazO MgO A1203 5102 P205 SO3 Cle Kzo CaO* T102 MnO F6203

Ag?2 1.6 5.2 3.7 114 42 | 29 | 0.8 04 | 372 | 03 0.4 2.7

AgS 1.6 2.5 2.1 5.1 3.1 | 2.2 1.2 04 | 447 | 0.6 0.3 1.2

Ag 14 1.4 1.8 2.8 4.9 87 | 49 | 0.6 03 | 402 | 03 0.7 2.0

Ag 17 0.3 1.8 11.1 [ 242 19 | 03 | 24 1.2 ] 294 | 05 0.5 33

Agl8 1.0 1.7 3.8 8.4 1.6 1.2 | 05 1.0 | 443 0.5 0.3 0.9

Ag 20 1.7 2.5 4.0 8.3 48 | 2.5 1.0 04 | 402 | 04 0.3 2.3

FISK 3 0.7 1.1 0.7 23 08 | 05| 05 02 | 51.8 nd nd 0.6

FISK6 | 0.8 1.0 2.6 5.8 06 | 0.7 | 0.8 0.5 | 48.6 nd nd 0.6

SAM1 0.7 0.8 1.2 2.1 1.2 1.3 | 0.7 0.6 | 50.8 nd 0.1 0.7

SAM2 0.9 2.0 0.8 2.2 1.5 1.6 | 0.7 0.9 | 49.7 nd 0.1 0.5

SAMe6 0.9 0.9 1.0 1.3 nd 1.5 | 0.8 0.5 | 51.8 nd 0.1 0.6

SAM 15| 0.9 1.5 1.9 3.2 1.3 1 07 | 0.6 0.5 | 49.6 nd 0.1 0.8

PK S nd 4.8 1.4 133 | 03 | 0.6 1.6 02 | 429 nd 0.1 1.1

PK 9 1.3 1.1 1.6 9.8 0.7 1.3 | 03 02 | 463 0.1 0.1 0.9

PK 17 2.5 3.5 2.7 112 | nd nd 1.3 0.6 | 42.9 nd 0.5 1.1

XD1 0.2 0.8 0.8 1.9 nd 02 | 0.2 02 | 53.0 nd 0.3 0.9

XE 2 0.6 1.2 0.7 1.1 nd 09 | 05 02 | 528 nd 0.2 0.3

*values are calculated to compensate for CaCO; concentrations
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4.4 Discussion

Correlating the sampling position with the samples’ microscopic characterization,
specific parameters related to the autogenic self-healing phenomena are identified and

discussed.

Micro-climatic conditions

The materials examined were sampled from a wide variety of sampling positions.
Mortar samples from Kastraki, Sami and Fiskardo were unearthed during
archaeological excavations, suggesting that they were buried for several centuries. At
the same time mortars from Daphni, Rhodes and Chalki were sampled from masonry
exposed ranging from two as much as fourteen centuries. Moreover, these mortars
were part of diverse structures (fortification, foundation lining in tanks or baths)
which indicates a different proximity to water during their use and/or being subjected
to wet-dry cycles. More specifically, the phenomenon was observed both in buried

structures and standing masonry as well as in external and internal walls.

Crack width and Length

Crack characteristics are essential in the evolution of the self healing phenomenon
(Reinhardt and Jooss 2003). The samples examined showed secondary crystalline
formations in cracks up to150 pm. Evidently, the cracks that were completely filled
with re-crystallized products did not exceed 100pum. This is even more evident in
some cases where the crack width differentiates lengthwise (Figure 4.29). In that case,
there is a homogeneous precipitation of 80pum along the crack surface that effectively
fills cracks of equal or less width, whereas larger voids are not completely filled. The
calcite’s precipitation homogeneity suggests that it was produced simultaneously,
resulting in the complete filling of the crack’s narrowest parts, blocking the pore
solution from reaching the crack’s wider parts.

Irregularity of the crack could also be a factor as sharp edges (Fig.4.30) provide
nucleating points (Lauer and Slate, 1956).
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Fig. 4.29 (Left): Secondary calcite evenly precipitated along the sides of a crack - oik 20b
Fig. 4.30 (Right): Irregular cracks provide nucleating points for the precipitation of
calcite PK5

Type of secondary products

Secondary products formed inside the cracks and voids of the specimens examined
were found to be calcium carbonate, nevertheless crystal form and size varied
noticeably. More specifically, micrite and sparite were observed (Fig 4.31 left)
coinciding with a notable variance in crystal size.

This is probably due to the fact that crack width also affects the size of the formed
crystals. In figure 4.31 (right)the crystals’ size can be observed to be directly
proportionate to the volume available. This is a complex phenomenon in all
probability due, among other parameters, to the different flow of pore solution
through different sized cracks. Because crystal diameter is related to the rate of
precipitation, larger pores allow the pore solution to enter for a longer period of time
thus providing more Ca®" ions to precipitate and increase the size of the calcite
crystals. In the same manner, smaller pores or cracks would heal more rapidly sealing
off the pore solution.

No secondary hydraulic phases were detected, even in the mixed hydraulic binder

samples (e.g. Lady of the Castle Cathedral — PK 5).
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Figure 4.31(Right): Well formed sparitic calcite crystals. (Left) Calcite crystals of different

morphology formed, corresponding to the crack width.

Binder composition

Binder composition of historical mortars was studied in polished sections of the
samples at a scanning electron microscope equipped with energy dispersive X-ray
spectroscopy (SEM / EDAX). Although the mortars examined are distinguished by
variations in the chemical composition of the binder, the presence of self-healing

phenomenon was verified in both aerial and mixed hydraulic mortars.

Figure 4.32: An extensive network of micro-cracks partially or completely filled by
secondary calcium carbonate was observed in samples with higher magnesium concentration
— Detail of the area EDAX analysis was performed (PK5)

Additionally, in the case of dolomitic mortars, (Fig. 4.32), the presence of magnesium
seems to affect the phenomenon’s development (Lubelli et al, 2011). Although the
exact mechanism is not known, calcite crystallization could be enhanced due to the

presence of magnesium (Loste et al., 2003).
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Moreover, the presence of lime lumps could be a favorable condition, as poorly mixed

binder hinders the carbonation process. Un-carbonated lime lumps could thus provide

secondary healing products in the occurrence of damage fracture.

Figure 4.33 (Right): Overview of a crack (20-30um width) filled with secondary calcite
possibly due to the presence of a lime lump-XE2

Type of aggregates- inclusions

Self-healing phenomena were encountered in mortars with either calcareous and/or
siliceous aggregates. However the presence of calcareous aggregates or fossils may
provide nucleating points for calcite precipitation (Figure 4.34 - 4.37). The exact
mechanism is not clear, but the compatibility of the substrate is known to enhance
crystallization (Lanas et al., 2004). Additionally, the crystals’ formation similarity
between the calcitic grains and the secondary calcite inside the cracks points to this

direction.

Figure 4.34: Network of cracks completely or partially filled with secondary calcite around a
calcitic grain
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0,5 mm

Figure 4.35: Secondary calcite formed around a fossil, possibly providing (supplying) the
neighboring cracks with Ca®" ions.

Figure 4.36: Secondary calcite crystallized in the interface between binder and siliceous
aggregates Ag20-(Left), PK5-(Right).

Figure 4.37: Secondary sparitic calcite precipitated around a microfossil filling a void of
maximum width 150 um - Ag20



52|Self-healing observations in historic mortars

4.5 Conclusions

It is noteworthy that archaeological mortars exhibit remarkable consistency and
durability, in contrast to modern compatible compositions tested in laboratory.

The study of deterioration and self-healing mechanisms in historic mortars are
essential for understanding the evolution process and the parameters that affect self-
healing.

The autogenic self-healing phenomenon has been observed in abundance in historic
structures and can be correlated, not only to the structural integrity of the latter but
also, to the raw materials originally used as well as the structures’ micro climatic
conditions.

At the same time, the autogenic self-healing mechanism is intrinsic or spontaneous; is
activated after wear or damage while a variation in microclimatic conditions (e.g. rain

or wet-dry cycles) can be the starting point of the mechanism.

Based on the mortars studied, the following conclusions are drawn:

* The phenomenon of autogenous self-healing was observed in both hydraulic
and air-hardening mortars.

» Calcareous aggregates and fossils appeared to be a favorable substrate for the
re-crystallization of calcite (chemical and mineralogical compatibility).

* The size of the cracks greatly affected the development of the phenomenon,
determining both the movement of the pore solution as well as the crystalline
deposits’ growth

«  The presence of lime lumps may provide pore solution with additional Ca*"

ions, greatly enhancing the re-crystallization of calcite.

The results obtained indicate that some recurrent patterns exist and the crystal habits
of the re-precipitated products depend, among other factors, on the moisture content

and on the degree of carbonation of the mortar.
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Chapter 5: Electrochemically
accelerated leaching of lime-
pozzolan and NHL mortars

5.1 Introduction

In this chapter, the first step of the autogenous self-healing phenomenon is discussed.
Namely the dissolution of Ca-ions in the binder matrix, that is essential for the
formation of secondary healing phases inside microstructural defects of the binder
matrix. For this purpose, an electrochemically accelerated leaching procedure was
used to examine the influence of mineralogy and curing time on the dissolution of Ca-
bearing phases of lime-pozzolan and NHL mortars.

Self-healing is a multi-step mechanism which involves the dissolution of and re-
precipitation of minerals in cracks and voids present in the cement matrix , thus
contributing to the enhancement of durability and long-term performance of the
material (Hearn 1998). More specifically autogenic self-healing which occurs
spontaneously in cement based mortars, is the result of the dissolution of unreacted
portlandite (Ca(OH),) and the movement of calcium ions through the pore solution -
which under favorable conditions - reacts producing secondary phases in cracks and
voids, improving the cohesion of the material (Nijland, 2007).

In order to earn a better understanding of the autogenous mechanism the study of the
first step, namely the dissolution of Ca-bearing phases, is essential. The first step in
the study of self-healing the mechanism is the identification of available ingredients
of mortars and the study of their solubility, as it is determined both by the
composition of mortars and their curing period.

Binder leaching is a phenomenon frequently observed in cement-based materials and
can be summarized as a mass transfer of cement components outside the cement
matrix due to contact with water or aggressive solutions. More specifically, it is
observed in external masonry, bridges and other structures that have direct contact
with water and is encountered more often in young masonry in the first few months
after the mortar application (Banfill et al., 2016). The dissolution of soluble phases of

the binder after contact with water can lead to an increase in total porosity and

55
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consequently in higher water absorption and decrease of mechanical strength (Forster
etal, 2014).

Leaching of cementitious materials is broadly studied as part of their degradation
mechanisms and relevant studies focus mainly on their durability aspects.
Nevertheless, it can also be identified as the first step of the self-healing mechanism
which takes place in cement and concrete (Nijland, 2007; Reinhardt and Jooss, 2003).

Traditional mortars, are characterized by high concentration of portlandite (Ca(OH),)
(Cazzala et al., 2000). The main reactions that take place during mortar hardening are
carbonation of portlandite by the atmospheric CO; and the hydraulic reaction between
portlandite and the silicon and aluminum phases which are either present in the
hydraulic lime or in a pozzolanic material. These reactions are controlled by the
humidity conditions (Karatasios et al., 2010) and are relatively slow compared to
those taking place in Portland cement. This often leads to the observation of reactive
portlandite present in the binder matrix long after its application, which is susceptible
to leaching due to its higher solubility.

Leaching or decalcification naturally occurs after the exposure of cementitious
materials to water (e.g. rain, humidity condensation). Since it is a relatively slow
process, it is often simulated under accelerated conditions in the lab (Glasser et al.,
2008). There are various leaching techniques commonly used to test the durability of
a cement mortar during the leaching process. A method most commonly used (Carde
et al., 1996), involves the exposure of specimens to ammonium nitrate (NH4NO3), a
strong acidic solution which increases the solubility of the cement matrix by the
formation of the highly soluble Ca(NO3),.

For the purposes of this study an electrochemically accelerated method was used
which consists of the application of voltage across the mortar specimens. This
method was first developed by Saito et al. (1992) in order to assess long term integrity
of concrete structures and in order to create long term durability projection for
underwater repositories. In his study it was found that leaching was accelerated by a
factor of 60 times higher than that of a system without potential gradient (Saito et al.,
1992).

The principle of this method, also known as “leaching induced by forced transport”
(LIFT) is the accelerated dissolution of binder phases by electrophoresis. Due to the
potential gradient, cations and anions are forced towards the cathode and anode

respectively. This creates a chemical instability in the pore solution of the cement
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mortar, thus forcing towards a further dissolution of binder phases. Although under
natural conditions both cations and anions are moved towards the same directions this
does not cause any recorded alteration on the degradation mechanism. This method is
used in various studies (Castellote et al., 2003; Faucon et al., 1998; Saito et al., 1998;
Saito and Deguchi, 2000) and it was found to be reliable and efficient regarding both
the chemical and the mechanical alterations related to decalcification.
The aim of this chapter is to provide an insight on the decalcification process which
occurs during leaching of lime-pozzolan and natural hydraulic lime mortars,
simulating the first step of the autogenic mechanism observed in historic mortars.
More specifically, in order to understand the first step of the autogenous self-healing
mechanism, specific parameters are examined:
e The evolution of the setting phases mineralogy in LP and NHL mortars and its
correlation to the solubility of Ca-bearing components
e The effect of the dissolution of Ca-bearing components on the microstructural
characteristics of LP and NHL mortars and

e How the latter is influenced by the curing period of the materials.

5.2 Experimental Setup

5.2.1 Materials

Two groups of mortar mixtures were prepared, one with a natural hydraulic lime (St.
Astier NHL5) and one with a commercially available lime powder (KRINOS SA) and
a natural pozzolan of volcanic origin (Dalkafoukis) in 1:1 ratio, as described in
Appendix A. In both mixtures standard sand [CEN 196-1] was added as aggregate in
a cement/aggregate ratio 1:3 (w/w).

LP and NHL mortar mixtures were subsequently cast in cylindrical moulds (2.8 cm in
diameter and 3 cm in height). The mixtures were stored in a temperature and humidity
control maturation chamber at 201 °C and 90+1% RH. In order to study the effect of
the curing period on the decalcification process, specimens were cured for different
periods varying from 24 hours to one year.

Moreover, Merck Ca(OH), powder (96%) was used for reference experiments and

methodology optimization and calibration.
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5.2.2  Experimental procedure and test setup

The “leaching induced by forced transport” (LIFT) electrochemical acceleration
method was used for studying the leaching process of NHL and LP mortars. In the
setup used for this method the mortar specimen is placed between Plexiglas (PMMA)
containers of 2 liters capacity each. In each container an electrode is placed- a Fe
electrode (cathode) and a Pt electrode (anode) (fig.5.1). The two electrodes are
connected to a DC power source and a potential difference (an electric field) is

applied. According to primary experimental trial voltage was set at 30V.

Figure 5.1: Electrochemical accelerated leaching setup. (LIFT)

Additionally, a second series of tests was performed, where powdered samples of
mortars were tested in the same setup. Powdered samples due to their higher specific
surface allowed the study of mineralogical /chemical alterations that take place during
the leaching process, eliminating microstructural factors that affect the dissolution.
The powder suspension was added in the container where the anode electrode is
placed. To avoid powder transfer in the cathode tank, a filter disk (DURAN®,
D=30mm, por 4) was placed between the two containers its pore size (max. pore size
10 - 16 pm) allows ions to pass through while blocking any powder particles. Powder
samples were produced by crashing and grounding mortar specimens in an agate
mortar. Subsequently aggregates were separated by sieving to obtain the fraction

<63um which corresponds to the binder fraction.
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All tests performed in cylindrical and powder specimens are summarized in Table 5.1.
Cylindrical specimens were tested after three time intervals. For NHL mixture,
cylindrical specimens were tested after 15, 60 and 120 days, whereas for LP mixture,
after 30, 60 and 120 days. LP specimens did not display the appropriate consistency at

15 days of curing, so specimens cured for 30 days before they were firstly tested.

Table 5.1: Curing periods of tested specimens

Mixture | Curing period | Cylinder Leaching | Powder Leaching
LP 7 +
14 +
30 + +
60 + +
90 +
120 + +
200 +
360 +
NHL 7 +
14 + +
30 +
60 +
90 +
120 + +
180 +

5.2.3 The LIFT method

Due to the potential difference applied across the specimen, cations move towards the
cathode (Fe) (Fig 5.2). This causes the chemical equilibrium to shift in the pore water
towards the dissolution of more cations. The movement of ions is recorded as
electrochemical current between the two electrodes. Similarly the increase of ions in

the cathode tank due to leaching was recorded conductometrically using a
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conductivity electrode that was placed inside the cathode tank. During tests, current
and conductivity were monitored continuously (every 120 seconds). Provided that it is
a “closed” test, were no external interaction or invasive measurement is performed
during the test period, the monitoring of current and conductivity provides the

possibility to observe the evolution of the phenomenon in real-time.

Figure 5.2: Design of the electrochemical accelerated leaching setup. (LIFT)

During the electrochemically accelerated leaching procedure under constant voltage
of 30V, the movement of the leached ions is expressed as current. When expressed as
a function of leaching time, its value starts from near zero miliampere (mA) and
follows an increasing trend until a maximum value after which, declines (fig. 5.3a).
The distinctive peak formed is considered characteristic of the dissolution rate of each
specimen. Similarly conductivity, which is measured in the cathode tank, also starts
from near-zero values (microsiemens, uS/cm) and follows a sigmoidal curve where a

saturation point is reached at maximum point where it forms a plateau (fig. 5.3b).
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Figure 5.3: A typical example of current (a) and conductivity (b) monitoring as

function of leaching period.

Characteristic curves, obtained during current and conductivity monitoring, were used
in this experimental setup as a method to determine the end-point of the leaching
procedure which was set after conductivity reached the maximum value.

Monitoring of current and conductivity also serves as a semi-quantitative assessment
of the effect of the leaching procedure on the specimens tested. More specifically,
maximum values of current and conductivity were assessed for each leaching test and

were correlated with the curing period of the specimen tested.

5.2.4 Conductimetry

Electrolytic conductivity was monitored throughout the experiment by means of a
conductimetry electrode (conductimeter).

The conductance of a material is the ability of a material to conduct electric current
and in the case of solutions, conductivity measurements can be linked directly with its
ion concentration.

The conductance of an electrolyte solution can be calculated from :

A
CF=.1c=-:<I

Conductivity () is the conductance of a lem® cube of the liquid
As the conductivity cell consists of two parallel sheets of platinum, fixed in position

by being sealed into the sides of the measuring cell, which determine the edges of the
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conductor whereas the surface of each one represents its cross-section. The distance
between the two electrodes must be constant during the determination.

L/A is known as cell constant (K,j),

K,

el

3
A

By measuring the conductance of an electrolyte solution, knowing the cell constant,

conductivity is calculated according to the following equation:

The dimensions of K is em™' Q™! or Siemens/cm

In order to correlate conductivity measurements with ion concentration, a set of
Ca(OH), solutions was prepared and measured conductometrically. More specifically
Calcium hydroxide (96.0% Merck) was used to prepare solutions of ranging from 0 to
500 mg/L Ca(OH)p,.

The correlation was linear in a wide range of concentrations (Fig. 5.4), verifying that
conductimetry can be a suitable measurement method for the purposes of this

experiment.
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Figure 5.4: Linear correlation of Ca concentration with conductivity values.
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5.2.5 Preliminary measurements

A series of leaching tests was performed on calcium hydroxide powder (96.0%
Merck) suspensions of 50, 250, 500 and 1000 mg/L. By analyzing these
measurements the optimum concentration of the powder suspensions was decided.
Larger concentration produced higher noise to the conductivity electrode signal
(Fig.5.5) and at the same time lower than expected values of conductivity were
measured when 1000 mg/L. was tested (Fig.5.6). A suspension concentration of 500

mg/L was considered optimal.
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Figure 5.5: Current and conductivity values measured during the leaching tests

of calcium hydroxide suspensions.
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Figure 5.6: Maximum values of current and conductivity measured during

leaching of calcium hydroxide suspensions.
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5.2.6 Leachate solution analysis by AAS

After the end of the leaching experiment the leachate solution was collected and
analyzed by means of atomic absorption spectroscopy (AAS) with air—acetylene
flame technique in a Varian AA 240FS flame atomic spectroscopy system. Calcium
concentration was determined which can provide information regarding the amount of
Ca-bearing phases dissolved and at the same time correlate it AAS findings with

conductivity measurements.

5.2.7 Characterization of mineralogical alterations

After the end of each leaching experiment both cylindrical and powdered leached
specimens were analyzed by x-ray diffraction (XRD) and thermogravimetric analysis
(DTA/TG) to assess any mineralogical alterations as well as the evolution of
carbonation and hydration through time and identify and quantify the setting products.
XRD analysis is used for the qualitative characterization of mineral phases in
cementitious materials, whereas thermogravimetric analysis is used to quantify the
main cement components, namely calcite and portlandite calcium silicate hydrates.
FTIR measurements were performed in leached powdered samples as well as
reference samples after consecutive curing periods using a Bruker Alpha FTIR

spectrometer in ATR mode.

5.2.8 Characterization of microstructural alterations

Scanning electron microscopy (SEM) combined with energy dispersive X-ray
analysis (EDX) was performed using a FEI Quanta Inspect scanning electron
microscope. Polished sections and powder samples were examined to identify
changes in microstructure as well as in Ca/Si ratio due to leaching.

Moreover, micro structural analysis was performed on leached cylindrical specimens
and alterations in total pore volume and pore size distribution were assessed by
mercury intrusion porosimetry (MIP) by a Quantachrome Poremaster- Automatic

Pore Size Analyzer.
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5.2.9 Sample preparation

More specifically, in order to characterize potential microstructural or mineralogical
differences lengthwise along the axis of the cylindrical specimens, during leaching,
samples were obtained from both ends of the specimens. In order to assure
consistency, samples for all of the above analysis techniques were collected from the
specimens by dividing each in eight equal parts (fig. 5.7). Samples obtained from the
part in contact with the cathode tank are denoted with (P) whereas the ones obtained

from the part in contact with the anode tank are denoted with (L).

3cm

Figure 5.7: Sample preparation
Regarding the leaching tests applied to powdered specimens, a different procedure
was applied. After the completion of the leaching period, the leached powder
suspension was filtered under vacuum using a Buchner funnel and the collected
powder (L) was dried under vacuum.
In both experimental series, reference samples (R) were analyzed which corresponds

to the state of the leached specimen before the leaching treatment.
5.3 Results and Discussion
5.3.1 Current and conductivity monitoring

The results obtained by monitoring the current and the conductivity during leaching,
show the correlation between the curing time of the specimens -which corresponds to
different stages of the evolution of the reactions that take place during hardening-
with their response to accelerated leaching, i.e. their dissolution rate. Maximum
conductivity and current values recorded during the experiments performed both on
cylindrical and powder specimens are plotted, in order to compare (understand) the

effect of pore structure and specific surface area on the leaching process.
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Regarding the cylindrical specimens (Fig. 5.8) current and conductivity values show a

clear decline with the curing time of the specimens tested for LP and NHL specimens.

This is in line with related research studies focusing on binder leaching that

demonstrate that the evolution of the hardening reactions during curing, results in less

soluble products, thus specimens cured for longer period of time are less susceptible

to leaching (Banfill et al 2016).
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Figure 5.8: Maximum values of conductivity measured as function of curing period

of the cylindrical specimens

Similarly, maximum conductivity values obtained by leaching of powdered samples

present a similar trend (Fig. 5.9). Nevertheless, conductivity values obtained during

leaching of NHL powdered samples that were cured for more than three months (90

days), show an increase and attain values almost equal to conductivity values

measured in early-age specimens (7 days).
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Figure 5.9: Maximum values of conductivity measured as function of curing period

of the powdered specimens
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This was further investigated by thermogravimetric (DTA/TG) analysis (fig. 5.10) of
reference NHL and LP samples. It is evident that during NHL hydration, portlandite is
produced. Henceforth, the increase in conductivity reported above (fig. 5.9) could be
attributed to the production of portlandite which is added to the soluble phases of the

binder matrix.
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Figure 5.10: The evolution of the content (%) of portlandite as was calculated by
thermogravimetric analysis of LP and NHL reference mortars during the first 18 months (540

d) of curing.
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By correlating measured conductivity values and portlandite concentration of
reference samples measured by DTA/TG (Fig 5.10) some further observations were
made (Fig 5.11). The concentration of leached cations (expressed as conductivity) in
LP cylindrical and powdered specimens is correlated to the portlandite content
measured by DTA/TG. This suggests that regarding LP specimens, portlandite is the
main phase dissolved, during the leaching test.

Regarding the NHL specimens, the results obtained do not suggest a straight
correlation between the concentration of leached ions and the available portlandite.
This indicates that other soluble phases besides portlandite, such as C-S-H could add

to the total conductivity measured during leaching.

5.3.2 Leachate solution analysis by AAS

Calcium concentration of the leachate solution (cathode solution) derived from both
cylindrical and powdered specimens, was measured by means of atomic absorption
spectroscopy (AAS) after the end of each test. Cathode solutions sampled after
leaching test of NHL and LP cylindrical specimens exhibited a similar trend.
Specimens cured for longer period are less susceptible to calcium leaching indicating

the formation of more thermodynamically stable products.
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Figure 5.12: Calcium concentration in the leachate solution measured by AAS, as a

function of curing period of the cylindrical specimens tested
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Similarly, calcium concentration measured in LP powder leachate solutions presents a
slight increase in specimens cured for 200 days. This could also be attributed to
secondary portlandite produced during hydration reaction.

Accordingly, in NHL powdered samples leachate solutions this increase is much more
profound and is observed at 90 days cured samples probably due to the higher surface
area of the powdered samples.

By comparing the Ca®" values in powder and cylindrical specimens, it seems that the
later provide only an indication of the potential amount of cations that could be

leached.
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Figure 5.13: Calcium concentration in the leachate solution measured by AAS, as a

function of curing period of the powdered specimens tested
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5.3.3 Mineralogical examination (X-ray Diffraction, Thermogravimetric analysis,
FTIR)

5.3.3.1 Mineralogical analysis -XRD

After each leaching experiment, mineralogical analysis was performed on the leached
powder samples and its composition was contrasted with that of the reference sample.
The comparison of diffractograms from reference and leached material (Fig. 5.14)
reveal the alterations of mineralogical phases.

In reference specimens portlandite (P), calcite (C), dicalcium silicate (C,S) and
calcium silicate hydrates (CSH) were identified. More precisely, in NHL reference
samples the presence of portlandite is evident even in samples cured up to 180 days
before leaching, whereas in LP specimens, portlandite is not observed after 90 days.
In all cases, portlandite is not observed in any of the diffractograms of the leached
specimens. In NHL mortars dicalcium silicate (C,S) is also identified in reference
samples, while it is not present after leaching. In LP mortars C,S is not expected to be
part of its composition, as the hydraulic phases are produced by the hydraulic reaction
between silicon and aluminum oxides (present in the pozzolanic material) and lime
(portlandite). Pozzolanic compounds are viewed in LP diffractograms ca. 27-28 °20
(degrees) and seem to be resistant to leaching.

Besides calcite, hydraulic products are also present in leached specimens’
diffractograms in NHL and LP specimens alike suggesting a higher resistance to

leaching.
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Figure 5.14: Diffractograms of reference (black line) and leached (gray line) powder
NHL and LP specimens
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5.3.3.2 Thermogravimetric analysis- DTA/TG

Similar to XRD analysis, thermogravimetric analysis was performed on leached
samples and was contrasted with the measurements of the reference samples.
Thermogravimetric analysis was selected as a method to quantify the main phases
present in the binder, namely calcite, portlandite and C-S-H (Fig. 5.15). The
quantification method relies on the fact that certain compounds undergo an alteration
due to temperature gradient and this is expressed as mass loss. More specifically, on
the temperature range 150-350 dehydration of hydraulic phases is reported, on the
temperature range 350-450 dehydration of portlandite and on the temperature range
450-800 decarboxylation of CaCOj; takes place (Giergiczny, 2006; Bakolas et al.,
2006; Bruno et al., 2004). Therefore, mass loss % that corresponds to each
temperature range can be correlated with the concentration of each compound in the
sample.

DTG curves represent the first derivative of TG, and can serve as a reliable method to
pinpoint exactly at what temperature range different thermal phenomena take place.
By thermogravimetric analysis both cylindrical (Fig. 5.16) and powder samples (Fig.
5.17-5.18) were analyzed, while quantified results are shown on Table 5.2
respectively.

By examining the DTG curves of LP and NHL cylindrical specimens, (Figure 5.16)
the decrease or depletion of portlandite is verified in both sides of the specimens (L
and P) whereas calcite and C-S-H phases do not present significant alterations after
leaching (Table 5.2).

Similarly, DTG curves of LP powder leached specimens corroborate the depletion of
portlandite. However, DTG curves of NHL and LP leached powdered specimens
present a mass loss at the temperature range 150-400. This mass loss is attributed to
the loss of bound water to amorphous silica (Kappert et al., 2014). Amorhous silica is
the end product of CSH decalcification which takes place during leaching after the
depletion of portlandite (Adenot and Buil, 1992; Glasser et al., 2008; Faucon et al.,
2007). More precisely, Saito et al. reported the complete dissolution of CSH phases,
identifying only SiO; as an ingredient; whereas other studies (Faucon et al., 1998;
Phung et al.,, 2016) describe decalcification of CSH phases as a higher silicate

polymerization.
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Figure 5.15: Temperature ranges used for the quantification of binder components on

leached and reference cylindrical specimens.

Table 5.2: Mass loss calculated by TG% curves during specific temperature ranges

for LP and NHL cylindrical specimens

LP30 LP60 LP120
(°0C) R L P R L P R L P
C-S-H <350 3.9 73 7.9 35 42 4.2 3.7 53 4.1

Ca(OH), [ 350450 | 35 | 07 [ 23 | 29 | 10 | 13 | LT | 08 | 06

CaCO; | 450—800 | 13.7 | 13.8 | 123 | 204 | 187 | 220 | 23.0 | 192 | 196

NHL15 NHL60 NHL120
(°0C) R L P R L P R L P
C-S-H <350 4.2 7.4 78 | 650 | 6.2 3.6 6.5 53 4.8

Ca(OH), [ 350450 | 29 | 24 | 17 | 14 | 08 | 08 | 1.6 | 15 | 14

CaCO; | 450—800 | 20.2 | 204 | 248 | 26.1 | 268 | 30.1 | 279 | 247 | 316
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5.3.3.3 FTIR spectroscopy

Leached powder samples were analyzed by means of FTIR in order to assess possible
alterations in the binder phases. FTIR spectra of both NHL and LP specimens
exhibited bands associated with carbonates, calcium hydroxide and CSH (Fig 5.19).
More specifically, symmetric and asymmetric stretch of CO; deformation are
observed at 712 and 874 cm™' respectively while a third band at 1407 cm ™' is also
attributed to asymmetric stretch of COs. Moreover, Si—O stretching bands at 1010
cm ' are attributed to calcium silicate hydrates (CSH) and at 3645 cm ™' a typical OH-
stretching, sharp peak is also observed corresponding to Ca-OH in portlandite.

In FTIR spectra of the leached samples, the Si—O stretching band observed at 1010

cm’

is shifted to higher wave numbers and in some samples multiple minima are
observed between 1010 and 1300 cm-1. This is attributed to higher polymerization of
Si in CSH, due to decalcification of the latter (Kan et al., 2010). This phenomenon,
namely the polymerization of C-S-H is recognizable by the broadening of the Si—O
stretching band and its shift to higher wave numbers or even the observation of more
minima in the same band.

Moreover the alteration of C-S-H phases due to leaching as it is observed in these
FTIR spectra can be correlated with the DTA/TG analysis results of the respective

specimens, as both analyses results indicate the decalcification of CSH which leads to

the formation of amorphous silica.
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5.3.4 Microscopic examination of leached powdered specimens

Leached powdered specimens were examined at the SEM and were contrasted with
not-leached reference samples. The decalcification of both LP and NHL powder
specimens was confirmed by Energy dispersive X-ray spectroscopy (EDAX),
calculating the Ca/Si ratio.

In both LP and NHL leached samples microphotographs reveal the morphological
alterations due to leaching.

After the end of the leaching test, a clear reduction in the particle size of leached
powders is observed. Additionally, EDAX spot analysis revealed the decalcification
process that has taken place which is expressed by the Ca/Si ratio. Bulk analysis
showed that the Ca/Si ratio has dramatically decreased in the samples examined.
More specifically, for leached LP and NHL powder specimens this ratio decreases
from 2.89 to 0.57 and from 0.98 to 0.29 respectively.

In a more detailed analysis, two main morphological types of particles were observed
which could be identified in both NHL and LP powder specimens (Details on Fig 5.20
and 5.21). Spot analysis performed on type A particles confirmed that their
morphological characteristics are the result of complete decalcification as the Ca/Si
ratio was calculated 0.1 and 0.08 for LP and NHL specimens respectively. Likewise,
type B particles also exhibited similar morphological characteristics in LP and NHL
specimens and in both cases their diameter varies around 20 um. Their Ca/Si ratio was
calculated at 0.79 and 0.5 for LP and NHL specimens respectively.

The aforementioned observations could be in agreement with the results derived from
FTIR and DTA/TG analysis of the respective specimens. The distinctive
morphological characteristics of type A particles could be attributed to higher
polymerization of Si due to decalcification of C-S-H phases which is also advocated
by their low Ca/Si ratio.

Moreover it is noteworthy that even though untreated LP and NHL binders have very
distinct chemical and morphological characteristics (Appendix A), accelerated
leaching of cured specimens results in very similar characteristics, both

morphological and chemical.
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Figure 5.20: Microphotographs of reference (left) and leached (right) powder LP specimens.
Ca/Si ratio is result of bulk analysis during SEM examination. In detail microphotograph, the

two main particle types are presented along with their measured Ca/Si ratio.

Figure 5.21: Microphotographs of reference (left) and leached (right) powder NHL
specimens. Ca/Si ratio is result of bulk analysis during SEM examination. In detail
microphotograph, the two main particle types are presented along with their measured Ca/Si

ratio.
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5.3.5 Microstructural alterations and chemical analysis (MIP, SEM/EDAX)

Characterization of the degraded specimens was performed at the stereoscope (Leica
S6D stereo microscope) before and after the leaching process (Fig. 5.22-5.23). Both
ends of the specimens were marked in order to compare specific areas on the level of
degradation.

The degradation is visible macroscopically on the surface in contact with the anode
solution (L) as the binder is absent and aggregate coherence is loosened. This causes
an additional loss of material even after the end of the leaching test. This situation is
comparable in NHL and LP specimens and is consistent, irrespective of the curing
time of the specimens prior to the test.

The surface in contact with the cathode solution (P) is not visibly degraded, and there
are no signs of material loss. On the contrary, a crystallized layer is observed, which

is homogenous in the case of NHL mortars but relatively dispersed in LP mortars.

Figure 5.22: LP specimens as captured before (left) and after (right) leaching. On top the
surface in contact with the anode solution (L) and at the bottom the surface in contact with the

cathode solution (P)
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Figure 5.23: NHL specimens as captured before (left) and after (right) leaching. On top the

surface in contact with the cathode solution (L) and at the bottom the surface in contact with

the anode solution (P)
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5.3.5.1 Scanning Electron Microscopy

Observations of polished sections and fresh fractures of both ends of the leached
specimens (namely L and P) at the SEM revealed the heterogeneity of the
microstructure of the specimens after leaching.

Similarly to the stereomicroscope observations, on the surface of the specimens in
contact with the anode solution (P) a precipitated layer of pure calcite crystals (fig.
5.24) was observed along the surface. The morphology of the well-formed crystals
suggests that they are the result of precipitation of calcite rather than the result of
binder carbonation. This is clearly seen in Fig. 5.24 (left) a, where a layer of well-
formed sparitic calcite is precipitated on a substrate of micritic calcite which is
common especially in the outer surface of mortars. Similarly in Fig. 5.24 (right)
sparitic calcite of distinct crystal sizes is precipitated suggesting a multi—step

precipitation mechanism.

Figure 5.24: Microphotograph of the specimen’s surface in contact with the anode solution
(P) is characterized by a precipitated layer of pure calcite crystals

Figure 5.25: Microphotograph of precipitated calcite observed in cracks and voids
throughout the sample.
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Observation of polished sections of the same specimens (Fig. 5.26-5.27), confirmed
the presence of the distinct calcite layer on the surface in contact with the cathode
tank, whereas, adjacent to the precipitated layer a highly porous degraded zone was
identified.

This mechanism is common in both NHL and LP specimens irrespective of the curing
period that preceded the leaching test.

Similarly, the surface in contact with the anode solution (L) is visibly degraded and is
characterized by a de-calcified zone. This was corroborated by chemical analysis of
the polished sections (Fig. 5.26-5.27). De-calcified zones in LP samples present a
thick network of microcracks, whereas in NHL specimens even though material loss
is evident in the same zones, micro-cracking is not observed.

The de-calcified zones are easily distinguished in back-scatter mode on the SEM as
chemical composition is clearly differentiated. Furthermore, this differentiation is
clearer in specimens cured for longer period (120 d) rather than in early age
specimens where ,both in LP and NHL mortars, the de-calcified zone is not gradual
suggesting a different dissolution mechanism.

Moreover, the migration of Ca ions towards the anode is evident in all samples, as
precipitated secondary calcite is observed in cracks and voids throughout the sample
axis (Fig 5.25). Especially in the case of LP specimens the re-precipitation of calcite
is identified on the barrier of the decalcified zone and continues throughout the full
length of the specimen reaching the precipitated zone. This is observed more clearly

in samples cured for longer period (60 and 120 d).
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Figure 5.26: Microphotographs of both sides of LP specimens (P-left) (L-right) and Ca/Si

ratio calculated by analysis of the leached zone.
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Figure 5.27: Microphotographs of both sides of NHL specimens (P-left) (L-right) and Ca/Si

ratio calculated by analysis of the leached zone.
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5.3.5.2 Mercury Intrusion porosimetry (MIP)

Microstructural alterations were verified by mercury intrusion porosimetry (MIP)
performed in degraded cylindrical specimens. Similar to SEM sample preparation, for
MIP leached specimens were separated in two parts so that porosity alterations was
assessed for both ends of leached specimens; in contact with the anode and the
cathode tank respectively. Total porosity measurements of each part (P or L) when
contrasted with each other and with measurements of the reference samples depict
clearly the effect of curing time of specimens before leaching on the extent of the
degradation (fig. 5.28).

The expected increase in total porosity after leaching is evident in both LP and NHL
samples, irrespective of the curing period of the leached specimens. Nevertheless, the
extent of that increase is evidently lower for specimens cured for longer period (60
and 120 days), while this trend is common in both LP and NHL specimens. Moreover,
when samples collected from the two ends (L and P) of the leached samples are
compared, it is evident that the samples taken from the end in contact with the anode
tank (L) have in most cases similar or slightly higher porosity than those in contact
with the cathode tank (P).

The main difference between LP and NHL specimens is the way that new porosity is
formed. More precisely, in early age LP specimens pores larger than 100 um (low
pressure porosimetry) are almost doubled in volume and this is the common for
samples taken from both ends of the cylindrical specimens (L and P). At the same
time smaller pores (high pressure porosimetry) decrease in total volume which points
towards the assumption that degradation is taking place in the full range of pore sizes
resulting in the transformation of mesopores to macropores. This can also be deduced
by pore size distribution of the same specimens (fig. 5.29). The same trend is
observed in degraded LP specimens cured for two or four months (60 and 120 d), but
in lower extend.

Similarly, degraded NHL specimens present higher porosity than the reference
specimens but the increase is divided between meso- and macro- porosity, which
means that meso pores are also created along with macropores.

It is noteworthy that LP and NHL specimens cured for 120 days present similar pore
size distribution, as both present a single pore distribution at 0.5-1 um while a

reduction of the amount of smaller pores (< 50 nm) is observed.
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The two types of porosity formed in the binder matrix due to Ca- leaching reported;
could be attributed to the dissolution of Ca(OH), and is measured as macro-porosity,
whereas decalcification of CSH produce micro-porosity and thus does not affect
strongly the mechanical properties of the leached specimens (Carde and Francois,

1999; Rimmelé and Barlet-Gouédard, 2010; Phung et al., 2016).
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Figure 5.28: Total porosity % of reference and leached LP and NHL cylindrical
specimens. The porosity increase % due to leaching on the side of the anode solution
(L) is stated.
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5.4 Conclusions

In this chapter the dissolution of Ca-bearing phases present in the binder of LP and
NHL mortars was studied as this is considered to be the first step in the autogenous
self-healing mechanism. The main factor examined was the effect of curing time on
the leaching of calcium from these mortars. Thus, by examining the evolution of the
mineralogy of LP and NHL mortars after a curing period ranging from a few days to
one year and its correlation to the solubility of Ca-bearing components, the following
conclusions could be drawn.

Similarly to other studies (Rimmelé and Barlet-Gouédard, 2010; Haga, 2005; Carde et
al.,, 1996) it was found that portlandite is the main component dissolved during
leaching. That is to be expected as the solubility of Ca(OH), is orders of magnitude
higher than that of calcite.

Ca- leaching or decalcification of cylindrical specimens is proportional to the amount
of unreacted portlandite (free lime) present in the binder. However examination of
leached of powder specimens revealed that even after the depletion of reactive
portlandite, two more mechanisms could be responsible for further providing calcium
ions. The first is the production of secondary Ca(OH), due to hydration reaction and
the second is the decalcification of C-S-H phases. C,S may also provide Ca-ions in
the case of NHL mortars.

Production of secondary portlandite as a product of hydration reaction is also
corroborated by thermogravimetric analysis. The fact that it is not reported during
cylindrical leaching testing, could be related to the presence of precipitated secondary
calcite inside the pore network of these specimens.

Regarding the microstructural characteristics of leached cylindrical specimens, further
conclusions are reached. Leaching of LP and NHL specimens results in an increase in
total porosity as expected. However, toughening of the microstructure due to
advanced curing periods results in a lower porosity increase during leaching.
Moreover, leaching of LP and NHL specimens seams to affect porosity by two
different mechanisms. In leached LP specimens the macro porosity is increased,
whereas in leached NHL specimens total porosity is mainly attributed to

mesoporosity.
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Chapter 6: Microscopic examination
of self-healing products

6.1 Introduction

In this chapter, a better understanding of the autogenic self-healing phenomenon in
laboratory prepared mortar mixtures is presented focusing on the morphological and
chemical characterization of the secondary formed products.

As described in Chapter 2, the autogenic self healing mechanism, observed in a wide
variety of cementitious materials, has been the subject of various studies in the last
decade (van. Breugel, 2012, Yildirim et al., 2015), the majority of which are focused
on the self-healing ability of Portland cement or ECC (engineered cementitious
composites). In contrast, this research focuses on the characterization of secondary
products formed when the autogenous phenomenon takes place in lime-pozzolan or
natural hydraulic mortars. Nevertheless, despite the differences in the chemical
composition of the cement type tested, similar experimental procedures are applied
(van der Zwaag, 2007).

More specifically, microscopy is one of the main techniques that enables the
discrimination and micro-morphological characterization of the secondary products
formed inside cracks. Thus, it is often used for evaluating the efficiency of the self-
healing mechanism by measuring the extent of crack-filling by secondary products
(Copuroglu et al., 2013) in cracks’ cross-sections. Additionally, microscopy is used
for damage assessment by examining crack characteristics in polished or thin sections
of cement samples and is usually combined with length and width measurements.
Huang et al (2015) has recently developed a new methodology by using microscopy
as a means for the identification and morphological characterization of secondary
self-healing products in Portland cement pastes. By combining scanning electron
microscopy examination with energy dispersive spectroscopy, the morphological
aspects of secondary products can be correlated with their chemical composition.
Another advantage of the above approach is that the crack surface is observed instead

of its cross-section, thus ensuring that the products observed are not limited on the
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outer surface of the specimen, providing, in some cases, the spatial distribution of

healing products (Suryanto, et al., 2016).

In this chapter, the experimental procedure includes the controlled crack generation in
NHL and LP mortar specimens and the characterization of secondary products formed

inside the crack after being cured for varying healing periods.

6.2 Materials and Methods

The experimental set-up is aimed on the parameterization of the phenomenon, by
simultaneous microscopic examination and elemental characterization of the
secondary formed healing products. More precisely special attention was given to the
following perimeters and how they affect secondary healing products formation:

e cracking age (moment of cracking)

e healing period

e humidity conditions

6.2.1 Materials

LP and NHL mortar mixtures were prepared, as described in appendix A, and were
subsequently cast in prismatic moulds (15x15x80 mm). For each mortar mixture
prismatic specimens were cast (n=48) and cured at the same temperature and humidity

conditions in a controlled chamber (95+5% RH, 20+3°C).

6.2.2 Crack generation and control

In order to study the healing mechanisms, the specimens were damaged by controlled
cracking, under three point bending test using an INSTRON -100kN compression
machine. A continuous load (100 um/min) was applied to all specimens, allowing the

controlled deformation of specimens after crack initiation (Fig 6.1).
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Figure 6.1: Crack initiation by three point bending.

A set of preliminary tests were conducted in order to correlate displacement values
with the width of the crack generated by three-point bending tests. During crack
generation special care was given to ensure that the aforementioned displacement
would not result in the collapse of the specimen. This was applied in all groups of
specimens, as their fracture profiles demonstrate a clear variation in mechanical
properties depending on the curing period and the type of binder (Fig. 6.2). In all
cases the specimens were unloaded before their load displacement curve became
parallel to the displacement axis. At this point the specimens absorb the maximum
energy leading to crack propagation, which does not lead to their failure.

After the preparation of 32 cracked specimens for each mixture, the standard
deviation of measured strength was calculated to evaluate the homogeneity of each
mixture. In Fig 6.3 average strength values are shown together with the calculated
standard deviation for each set of specimens. The large number of specimens
fractured for each group, combined with a low standard deviation, suggests a high

homogeneity amongst the specimens of each group.
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6.2.3 Evaluation of crack width in the stereo-microscope

The cracks generated by flexural stress in all the specimens, were recorded at the
stereo microscope (Leica S6D) (Fig 6.4), due to the large field of view that provides
and thus, the potential of capturing the full length of the crack during the observation

of the bottom side of the specimens.

Figure 6.4: Overview of cracks on the bottom side of cracked specimens.

(a) NHL7 (b) NHL30 (c) LP15 (d) LP30

The crack opening was measured in all groups specimens on the bottom side were
maximum width is recorded. The measurement was performed using the Leica
Application Suite 4.3 software. Cracks of 0.07 (£ 0.01) mm width were measured for
all specimens (Fig 6.5). It is noteworthy, that a variation of 10 um, measured in the
wider part of the crack, is acceptable for the purposes of this experiment as these
measurements were performed to produce comparable crack widths in specimens with

very distinct fracture properties.
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6.2.4 Parameters examined

The specimens of each mixture (LP and NHL) were then divided in 16 groups of 4
specimens each. In each group one of the following parameters was examined: 1) age

of the specimens at the time of the crack formation, ii) conditions of healing and iii)

Figure 6.5: Detailed measurement of crack

healing period, as listed in Table 6.1.

Table 6.1: All groups and parameters examined

. . ) Healing/

Group Code Binder Cracking Heahng‘/ C Hring curing peg;iod
Age (d) conditions )
NHL73045 NHL 7 45% RH 30
NHL73075 NHL 7 75% RH 30
NHL73095 NHL 7 95% RH 30
NHL730cy NHL 7 Wet-dry cycles 30
NHL79045 NHL 7 45% RH 90
NHL79075 NHL 7 75% RH 90
NHL79095 NHL 7 95% RH 90
NHL790cy NHL 7 Wet-dry cycles 90
NHL303045 NHL 30 45% RH 30
NHL303075 NHL 30 75% RH 30
NHL303095 NHL 30 95% RH 30
NHL3030cy NHL 30 Wet-dry cycles 30
NHL309045 NHL 30 45% RH 90
NHL309075 NHL 30 75% RH 90
NHL309095 NHL 30 95% RH 90
NHL3090cy NHL 30 Wet-dry cycles 90
LP153045 LP 15 45% RH 30
LP153075 LP 15 75% RH 30
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LP153095 LP 15 95% RH 30
LP1530cy LP 15 Wet-dry cycles 30
LP159045 LP 15 45% RH 90
LP159075 LP 15 75% RH 90
LP159095 LP 15 95% RH 90
LP1590cy LP 15 Wet-dry cycles 90
LP303045 LP 30 45% RH 30
LP303075 LP 30 75% RH 30
LP303095 LP 30 95% RH 30
LP3030cy LP 30 Wet-dry cycles 30
LP309045 LP 30 45% RH 90
LP309075 LP 30 75% RH 90
LP309095 LP 30 95% RH 90
LP3090cy LP 30 Wet-dry cycles 90

6.2.4.1 Cracking age

In order to examine the effect of the curing period prior to cracking on the
morphology/type of healing products formed, LP and NHL specimens were cured
under controlled humidity conditions (95% RH) for two different time-periods before
cracking. For NHL specimens two different curing periods were set after 7 days, for
simulating early —age cracking and after 30 days, when portlandite content is lower

(based on thermo-gravimetric analysis results) (Fig. 6.6).
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Figure 6.6: The evolution of portlandite and calcite content (wt%), as they were calculated by
thermo-gravimetric analysis of LP and NHL reference mortars during the first two months of
curing (60 d).

Accordingly, for LP specimens curing periods before cracking were set at 15 and 30

days. Early —age cracking after 15 days curing period was selected in this case, since
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LP specimens cured for a shorter period have not yet attained the adequate strength

and consistency to be tested and cracked accurately.

6.2.4.2 Healing Conditions

Cracked specimens were cured in four different conditions, in order to simulate
different outdoor scenarios. One group of specimens was subjected to wet-dry cycles,
which refer to an outdoor environment where masonry is subjected to rainy days
followed by a period of drying. Furthermore, three humidity levels were selected in
order to understand the effect of relative humidity on the self-healing mechanism.
Lower humidity (45% RH) could refer in an arid environment, where long relatively
dry periods take place. Higher humidity levels (75 and 95%) refer to two different
environmental conditions usually met outdoors.

The specimens were stored in sealed containers, where humidity levels were
controlled and stabilized by saturated salt solutions. More specifically, 45% RH was
achieved by saturated solution of K,COs, 75% RH by NaCl and 95% RH by K,SO,.
For the wet/dry cycles, the specimens were immersed in tap water for 24 hours and

then left to dry for two days in laboratory conditions.

6.2.4.3 Healing period

All cracked specimens were cured for 30 or 90 days after cracking (healing period).
For the wet/dry cycles, the specimens were examined after 10 and 30 cycles (30 and
90 days respectively). The observations of secondary products on specimens cured for
a 30-day healing period were compared and contrasted to those healed for 90 days in
order to study the long term effect of the mechanism. The timeline of cracking-age

and healing period for all groups is described in figure 6.7.
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Figure 6.7: Timeline of curing and healing periods

6.2.5 Sample preparation for microscopic examination

At the end of each healing period, healing products formed inside the cracks were
examined in a FEI Quanta-Inspect Scanning Electron Microscope, coupled with
Energy-dispersive X-ray spectroscopy (SEM/EDAX).

Three samples were prepared for each group. One specimen was used for the
characterization of the secondary products morphology by examination of the crack
surface (Fig. 6.8) and two more to produce a thin and a polished section of the crack
(Fig. 6.10). Similarly to the procedure for the carbonation testing, the specimen was
separated in two parts, exposing the crack surface. The one half of the specimen was
subsequently cut at a distance approximately 1 cm from the crack surface in order to

minimize the sample volume using a diamond cutting wheel.

Figure 6.8: Sample preparation for SEM and polarizing light microscope. One

specimen was split in two to reveal the crack surface.
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During the sample preparation, the separation of the specimen for the observation of
secondary products formed inside the crack would ideally expose healing products on
either side of the crack. But it is possible that healing products are separated from one

surface during the separation due to their low cohesion with the binder matrix (Fig.
6.9).
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Figure 6.9: Separation of the crack walls might lead to: the observation of secondary
healing products in either walls (a) or the detachment from one wall due to low

cohesion with the crack surface (b and c)

Moreover, the cross-section of the crack was examined in order to obtain
supplementary information regarding the topography of the secondary products inside
the cracks. For this reason two specimens were impregnated under vacuum in epoxy

resin to produce thin and polished sections of the crack plane.

R

Figure 6.10: Epoxy impregnated specimens were cut vertically to expose a cross-

section of the crack (bottom).

6.2.5.1 Impregnation methodology

Since early-age natural hydraulic lime and lime-pozzolan mortar specimens are

usually quite friable, they were carefully impregnated to ensure that no further

damage would occur on the specimen.
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More specifically, after the end of the healing period, the cracked specimen was
immersed in a low viscosity epoxy resin inside a vacuum chamber. Afterwards, the
epoxy resin was solidified and the specimen was sealed and stabilized, so that no
further damage would be inflicted during cutting. Subsequently, in order to minimize
the sample volume, it was cut parallel to the crack using a diamond cutting wheel
The specimen was then further immersed in a low viscosity resin and after its
hardening; it was cut perpendicular to the crack, thus exposing a cross-section of the

crack. The experimental outline is shown in figure 6.11

1. Crack generation by 3-point bending test after different curing periods

—> @7 days
) LP mixtures
oid L5 @30days
S —> @15days
074 04 NHL mixtures
—— @30days
2. Curing conditions for healing
—95% RH
75% RH —> 30days healing
4 groups —
5 ——45% RH L5 90days healing

—— wet-dry cycles

= vacuum
3. Characterization of healing products
impregnation in epoxy resin E ]
< —~ i crack cross-section
7 identify healing products and their resin
5 topography in the crack space

__J

SEM
crack surface
observation

N

Figure 6.11: Experimental outline
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6.3 Results

6.3.1 Microscopic observations

The observation of crack surfaces at the scanning electron microscope (SEM) showed
a variety of secondary formed products. Near the surface on the outer part of the
crack, a calcite layer is formed and is easily recognizable as it crystallizes on the edge
of the specimens. This was also noticeable, when an external view of the crack was
observed at the polarizing microscope in reflected light mode (Fig. 6.12). This is a
precursor to the autogenous healing, as the diffusion of atmospheric COs>" in the pore
solution is much higher near the crack mouth than it is inside the crack, thus enabling
the precipitation of secondary calcite, creating a sealing layer. This observation is

similar to the results of other studies (Huang et al, 2016; Sisomphon, 2012).

2000 e

Figure 6.12: Precipitation of secondary calcite on the crack mouth as observed in

under polarizing microscope (left-LP, right-NHL)
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LP1530

In LP samples fractured at early-age (15 d) and healed for 30 days several secondary
products were observed and identified (Fig 6.13). The presence of secondary
hydraulic phases is recorded in all different humidity healing conditions with the
exception of these at 45% RH. Secondary hydraulic phases form a single uniform
layer of interconnected gel-like fibers, which are extended outwards- towards the
opposite side of the crack. The density of these products does not vary noticeably
depending on the humidity conditions applied.

Uniform layers of secondary hydraulic fiber-like products were formed on different
substrates (Fig 6.14). More specifically, such layers were observed on typical micritic
calcite in the binder matrix, on the surface of siliceous aggregates but also together
with secondary calcite. The morphological similarities of these phases, suggests that
there is a common mechanism governing their formation regardless the substrate on
which they are formed.

The same morphological characteristics were observed in secondary products
bridging microcracks of ~30 um width (Fig 6.15). The density of the interconnected
fibers is higher inside the crack, revealing the capability of these networks to form

interconnected formations bridging the opposite sides of cracks.

Moreover, a wide variety of CaCOj; crystal formations were observed varying the
humidity conditions implemented during the healing period (Fig 6.16), resulting in
different crystalline groups. Well-formed calcite crystals of varying sizes were
observed in high humidity conditions, whereas in lower humidity levels (75% RH)
vaterite is also observed. The presence of vaterite only in lower humidity conditions
could be attributed to the fact that as it is a metastable phase, it transforms to calcite in

the presence of water (Zhou et al., 2010).
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Figure 6.13: Secondary hydraulic phases at different healing conditions (95% RH,
75% RH and wet/dry cycles) develop a single uniform layer of interconnected fibers.

In detail: the outward orientation of the fibers.
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Figure 6.14: Secondary hydraulic phases are formed on various substrates such as (a)
and (b) on micritic calcite in the binder matrix, (c) on the surface of aggregates and

(d) together with secondary calcite.
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Fiure 6.15: Fiber-like secondary hydraulic phases bridging a micro-crack of ~30 pm
width.
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Figure 6.16: Morphology of CaCOsdeveloped at different humidity levels (95%RH,
75% RH and wet/dry cycles)
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LP1590

LP specimens cracked at early age (15 d) and then healed for a prolonged period(90
d) exhibited extended networks of hydraulic phases similar to LP1530 (Fig 6.17),
together with extensive secondary calcite zones (Fig 6.18).

Moreover, secondary hydraulic phases were observed bridging cracks identical to the
mechanism described for LP1530. However, the microcracks completely healed after
90 days are substantially wider (~70 um) while the healing network appears more
dense (Fig 6.19).

Likewise, the extent of the secondary calcite precipitation appears to be more
advanced due to the prolonged healing period. In figure 6.20 a part of a secondary
calcite precipitation layer is shown. Secondary calcite was formed on both sides of the
crack filling their in-between space. Nevertheless due to the separation of the two
crack walls, during sample preparation, secondary calcite precipitated on the opposite
side of the crack was detached from its substrate. This could be attributed to a low
cohesion between precipitated calcite and the binder matrix. It is possible that
secondary calcite results by in-situ carbonation of un-reacted portlandite of the
cement-matrix, or as this image suggests, by precipitation of calcite from the pore
solution. In the latter case, the cohesion of the secondary phases to the binder matrix

is expected to be lower.

Figure 6.17: Secondary fiber- like hydraulic phases
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Figure 6.18: Extended zones of secondary calcite precipitation on the crack surface
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Figure 6.20: Precipitated secondary calcite probably severed during sample

preparation. The low cohesion to the binder matrix is evident
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LP3030

Contrary to the findings in early — age cracked LP specimens, when cracking takes
place at later —age (30 d) calcite is the main secondary product observed (Fig 6.21).
Hydration products, similar with the ones observed in LP1530 specimens, are
observed mainly at humidity levels of 75%RH. This could be related to the
availability of unreacted phases in the crack surface at the time that cracking occurs.

Higher humidity conditions seem to have a favorable impact on the evolution of the

carbonation mechanism. This was also confirmed during the examination of the

polished surfaces (Fig.6.22).

wet/dry cycles

5%
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75%RH
Figure 6.21: Main products formed on the crack surface of LP specimens cracked

after 30 days of curing.
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Figure 6.22: Microphotographs of LP303075. Hydration products formed along a
smaller perpendicular crack (left) and a micro crack completely filled by calcite

(right).

LP3090

Similarly to LP3030, in LP3090 specimens, where an extended healing period was
applied, secondary calcite was observed (Fig.6.23). However, the size of calcite
crystals were larger (50 um), compared to the ones observed in LP3030. This suggests
that secondary carbonation is an ongoing mechanism during which larger calcite

crystals are produced.
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Figure 6.23:Well-formed secondary calcite crystals up to ~50 um in diameter.

NHL730

In NHL specimens the presence of secondary hydraulic phases is observed in
specimens cured at RH 95% and wet/dry cycles, whereas, no secondary phases were
identified in specimens healed under humidity conditions of 75% and 45%RH,
suggesting a higher humidity threshold (>75%) for the self-healing phenomenon to
take place.

NHL specimens cracked at early age (7 d) and then healed for 30d,similar to LP
specimens, exhibited extended networks of hydraulic phases (Fig 6.24) when cured
under conditions of 95%RH and wet/dry cycles. In the case of wet/dry cycles the
hydraulic phases created separate networks of a bee-hive formation (Fig 6.25). This
formation appears more solid, however higher magnification reveals the presence of
CSH fibers, suggesting a similar mechanism.

In specimens cured at 95% RH two more types of hydraulic phases were observed.
Typical CSH needle-like formations were identified in dense formations (Fig 6.26)
throughout the crack surface whereas more sporadically, highly gelatinous hydraulic
phases are detected (Fig 6.27). However, the presence of calcite was not obvious on

the crack surface, irrespective of the humidity conditions of healing.



112|Microscopic examination of self-healing products

HFW | tilt - e BT ——

180 pm | 1

wet/dry cycles

95%RH
Figure 6.24: Secondary fiber- like hydraulic phases in NHL specimens cured under
cycles and at 95%RH.
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Figure 6.25: Honeycomb formation observed in specimens cured under wet/dry

cycles and detail.
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Figure 6.27: Highly gelatinous hydraulic phases in specimens cured at 95%RH

NHL790

In NHL specimens cracked at early age (7 d) and then healed for an extended period
(90 d), networks of fiber and needle-like hydraulic phases were observed (Fig 6.28)
along with expanded bee-hive formations (Fig. 6.29). The observation of these two
types of secondary products suggests that the prolonged healing period results in the
accumulation of more dense secondary phases produced by the evolution of the same
reactions.

Nevertheless, in specimens healed under wet/dry cycles, the presence of secondary
calcite is also predominant (Fig 6.30). It is noteworthy that layers of well-formed
calcite crystals are precipitated alongside dense networks of hydraulic phases. This
suggests that the carbonation mechanism is facilitated by wet/dry cycles while its

evolution is slower.
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Figure 6.28: Secondary fiber and needle-like hydraulic phases in specimens healed

for 90 days.

Figure 6.30: Layers of well-formed calcite crystals are precipitated alongside dense

networks of fiber-like hydraulic phases, in specimens healed under wet/dry cycles
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NHL3030

Contrary to the findings in early — age cracked NHL specimens, when cracking takes
place at later age (30 d) needle-like formations are the main secondary products

observed. However, more dense conglomerates are detected, which form large

crystal-like formations (Fig 6.31).

Figure 6.31: Conglomerates of needle-like formations in NHL specimens cracked

after 30 days of curing.

NHL3090

The same observations apply to NHL specimens cracked at later age (30 d) but healed
for an extended period of 90 days. Needle-like secondary phases are predominant (Fig
6.32), which indicates that this is the main mechanism by which self healing could

occur, when cracking takes place at a later age, regardless of the healing period.
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Moreover, in contrast with NHL790, the presence of calcite was not detected, despite

the prolonged healing period something which was found in NHL 790 and was

attributed to the long healing period.

Fig 6.32: Needle-like formations in NHL specimens cracked after 30 days of curing
and healed for 90 days.

6.3.2 Classification of secondary products by chemical characterization

The observation of the crack surfaces at the SEM revealed a variety of secondary
products formed during each healing condition. The secondary products were
classified into two main groups, namely carbonation and hydration products.
Chemical examination performed at SEM/EDAX confirmed the two main groups
(Fig. 6.33); polymorphs of calcium carbonateare crystal-like products, whereas gel-
like products consisted of different hydraulic phases (CSH and CAH).

The classification seen in Figure6.28 is due to the Ca/Si ratio differentiation between
the products analyzed. Ca/Si ratio of crystal-like products, ranging from 13 to 30, is
much higher than that of gel-like products, which range from near-zero values up to 7.
Gel-like products show a higher dispersion than crystal- like,as to the Al/Si ratio,
which suggests that there is a wide variety in the stoichiometry amongst the hydraulic
phases.

Secondary phases produced in NHL specimens displayed higher diversity in Al/Si
ratio, whereas a sub-group was identified amongst gel-like products, which seem to be
richer in aluminum. In contrast, secondary products in LP specimens exhibited a very
narrow distribution in regard to Al/Si ratio, whereas a clear separation as to Ca/Si

ratio (crystal vs. gel-like products).
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The different types of hydraulic phases identified according to their morphological
characteristics, correspond to varying Al/Si ratios. Fiber-like hydraulic phases, which
were the only-type of secondary hydraulic product identified in LP mortars, display
an Al/Si ratio narrow distribution, suggesting a common chemical composition.
Whereas, the variety of secondary hydraulic products identified in NHL mortars is
expressed by the corresponded variations of Al/Si ratio. Low Al/Si ratio was matched
to highly gelatinous hydraulic phases while high Al/Si ratios correspond to needle —
like hydraulic phases.

] m |P
304 a NHL
25
. Crystal-like
— 0]
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3 15
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Figure 6.33: Analysis of the secondary products performed by EDAX revealed the
two main groups formed in the examined specimens.
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6.4 Discussion

The occurrence of different healing products varies between the samples examined,

but there are some repetitive patterns than can be recognized.

6.4.1 Effect of curing time prior to cracking on the formation of healing products
(Moment of cracking)

The effect of cracking at early-age was studied in specimens cured for 15 (LP) and 7
days (NHL) before cracking, as both mixtures are characterized by a higher amount of
reactive portlandite (free-lime), compared with those cracked after 30 days of curing
(Fig. 6.6).

In both NHL and LP specimens, when cracked at early age, continued hydration is
identified as one of the mechanisms that take place. Hydration products were
observed in LP mortars, mainly as fiber-like formations (Fig. 6.34), while their
density and distribution frequency is higher for early-age cracked specimens. In NHL
mortars, secondary hydraulic products were observed (Fig. 6.34-6.36) regardless of
the moment of cracking. Nevertheless, in later-age cracked specimens mainly needle-
like hydration products were identified.

This could be attributed to the fact that hydration mechanism is a multi-step
mechanism during which CSH products of different morphology are identified (Arizzi
and Cultrone, 2012). More specifically, fiber-like CSH products are produced first
and are characterized by a highly porous continuous layer that improves the cohesion
of the microstructure. Fiber-like or “low-density” CSH tends to occupy larger space,
previously occupied by the pore solution (Regourd, 1986). This first step is controlled
by the availability of calcium hydroxide in the liquid phase (Odler, 1998).
Subsequently, as the concentration of calcium hydroxide decreases, needle-like CSH
is produced by unreacted C,S phases. This type of CSH is referred to as “high-
density" C-S-H, and is characterized by lower porosity and a more stable
configuration (Jennings et al., 2007) as an interlocking or honeycomb structure
(Diamond, 1986). The formation of “high-density" CSH is slower and compared to
“low-density” CSH, these products are formed inhomogeneously.

In both NHL and LP mortars cracked at early age the concurrence of higher
concentration of portlandite and high humidity conditions, at the time cracking

occurred, supported the production of “first-step™ fiber-like CSH phases. In the case
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of later-age cracking NHL specimens the main product was “second-step” needle-like

CSH possibly due to the lower concentration of portlandite.
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The carbonation products display a large diversity in terms of both crystal shape and
size (Fig. 6.37).The evolution of the carbonation reaction is controlled mainly by two
factors; namely the diffusion of CO, in the pore solution and the concentration of
portlandite in the binder matrix (Saetta et al., 1994). The moment of cracking affects
the secondary precipitation of calcite, as itis correlated with the available portlandite
at that time. Furthermore, it is a relatively slow process as it entails the dissolution of
available portlandite and the diffusion of CO; in the pore water, together with the
conditions of precipitation. Moreover, due to the differential diffusion of CO; in the
water, carbonation tends to begin near the crack mouth and spread from the outside
towards deeper in the crack (Sisomphon et al., 2012).

The presence of calcite is observed mainly in LP specimens, whereas in NHL
specimens, calcite was largely observed in specimens cracked at early age (7 d) and
cured for prolonged period (90 days). However, it was not evident when specimens
that were cracked at later-age, even after a prolonged healing period. This could be
correlated with the decrease of available portlandite present in the binder between 7

and 30 days of curing.

Figure 6.37: Typical patterns of calcium carbonate formations of varying size and
morphology.

6.4.2 Effect of Healing Conditions on the formation of healing products

Concerning the effect of humidity level, in samples cured at 45% RH -regardless of
their composition, age of cracking and healing period - no secondary products were

observed. In the specimens cured at 75% RH, the secondary products were not
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observed in NHL mortars, whereas LP mortars revealed an abundance of hydraulic
secondary phases.

The precipitation of vaterite was also observed under the same humidity conditions
(75%RH). Vaterite is formed as a metastable phase of calcium carbonate. The fact
that it is not present in samples cured for an extended healing period (90 days)
suggests its transformation to calcite and a multi-step crystallization mechanism.

In later-age cracked LP specimens cured at higher humidity levels (95%RH or wet-
dry cycles) the formation of secondary calcite dominates. However, secondary
hydration products along with calcite were observed when the same specimens were
cured at 75% RH.

Finally, regarding NHL specimens at 75% RH, no major secondary products were
observed. Similar mechanism was found to take place when specimens were cured at
95% RH and wet-dry cycles. However, in early age cracked NHL specimens exposed
to wet-dry cycles a dense network of “honeycomb” formations was produced and

after 90 days of curing, precipitated calcite was identified too (Fig.6.38).

Figure 6.38: Secondary formed calcite in LP mortars completely filling a micro crack
(left). Chemical characterization of secondary calcite was also determined by EDAX
analysis (right).

6.4.3 Effect of Healing period on the formation of healing products

After prolonged healing period, both carbonation and hydration mechanisms are

evolved, especially when early-age cracking occurs. When subjected to wet-dry
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cycles and cured at 95% RH, the prolonged healing time resulted in the enrichment of
the crack surface with gel-like products. Similarly, fiber-like secondary hydraulic
phases were observed bridging wider micro-cracks (Fig. 6.39).

Likewise, the extent of the secondary calcite precipitation appears to be more
advanced due to the prolonged healing period. This was corroborated by the
observation under polarizing microscope of LP and NHL samples cured by wet/dry

cycles in polished sections (Fig. 6.40-6.41). After 30 cycles calcite precipitation was

more advanced, which suggests an ongoing mechanism (Fig. 6.41).

Figure 6.40: Secondary formed calcite in NHL mortars after ten (left-NHL730cy) and
thirty wet-dry cycles (right-NHL790cy).
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Figure 6.41: Secondary formed calcite in LP mortars after ten (left-LP1430) and
thirty wet-dry cycles (right-LP1490). It was observed that the precipitation of calcite
advances with additional cycles.

Table 6.3: Synopsis of the main microscopic observations

Hydraulic products | Carbonated Other observations
products
LP1530 fiber-like CSH calcite and | ~30 um crack filled with fiber-like
vaterite CSH
fiber-like CS " ~70 um crack filled with fiber-like
iber-like CSH calcite
LP1590 s
LP3030 fiber-like CSH calcite ~30 pum sparitic calcite
LP3090 fiber-like CSH calcite ~50 pum sparitic calcite
fiber-like and
NHL730 needle-like CSH, ) “low-density” CSH
bee-hive
formations
fiber-like and
NHL790 needle-like CSH, calcite micro-sparitic calcite
bee-hive
formations
NHL3030 needle'like CSH - “high_density” CSH
NHL3090 needle-like CSH . Densification of type needle-like

CSH hydraulic phases
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Conclusions

Regarding the mechanisms responsible for the crack healing by secondary products,
two main mechanisms were identified and correlated to the observation of the healing
products; continued hydration and precipitation of secondary calcite. Although,
autogenic self-healing has been attributed to both these reactions, the underlying
mechanisms differ. In particular, continued hydration takes place on the crack surface,
provided that reactive phases are present, whereas secondary calcite is precipitated
depending on the movement of the pore solution and the solubility of the calcium-
bearing phases of the binder matrix.

Nevertheless, it was shown that the availability of portlandite affects both
mechanisms. The effect of cracking age was a crucial parameter to the healing
efficiency, since it was correlated with the available each time portlandite at the time
cracking occurred.

The study of crack surfaces under SEM revealed the presence of carbonates and a
large variety of hydration products, depended on the initial composition of the binder.
At the humidity level of 75%, the healing products were abundant in LP specimens,
whereas in NHL were hardly spotted. Lower humidity conditions (45% RH) found to
be inadequate for the evolution of the autogenous healing phenomenon to take place.
Nevertheless, under these conditions a high percentage of unreacted components
remain active in the mortar matrix, allowing a potential future initiation of the self-
healing, when the proper conditions are reached.

Although complete healing of the main crack induced by three point bending, was not
observed in any mixture, smaller side-cracks were completely filled with secondary
products under specific each-time conditions.

Finally, curing time was found to be of prime importance for early-age cracked
specimens, where additional curing time was found to have a substantial effect on the
evolution of both mechanisms. Enrichment of the crack surface by secondary
hydration products was observed while under-wet dry cycles additional secondary
calcite precipitation was observed in the cracks, both in LP and NHL mortars.

Overall, the availability of water during wet-dry cycles enhanced the precipitation of
secondary calcite in both LP and NHL specimens, especially when early-age cracking

occurred.
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Chapter 7: Recovery against
mechanical action

7.1 Introduction

In this chapter, the evaluation of self-healing capacity of LP and NHL mortars was
attempted focusing on the recovery of their mechanical strength after damage has
been inflicted.
In the previous chapter, the self healing capacity of traditional (LP and NHL) mortars
was discussed in relation to the secondary products observed on the crack surface. In
order to determine the efficiency of the autogenous self-healing as expressed by the
recovery of their mechanical properties, a separate methodology was applied. This
methodology includes the introduction of controlled damage to the specimens and
subsequently — after a healing period- the evaluation of the reversal of that damage by
a flexural strength test.
The autogenic mechanism as it is described in the previous chapters may entail
different processes; namely continued hydration and precipitation of secondary
calcite. The filling of micro-cracks by secondary products results at the same time in
the improvement of the cohesion of the damaged areas and in the sealing or protection
of the material against aggressive agents (Edvarsen, 1999), but it does not necessarily
result in the recovery of the material’s mechanical properties, equal to these of an
undamaged state.
Due to lack of standard procedures, several methods have been applied in order to
assess the recovery of the mechanical properties of cement-based materials after the
introduction of damage (Muhammad et al., 2016; Yidirim et al., 2015). The main
points considered, when the recovery of strength is studied, are:

e The way damage is introduced

e The control of the damage degree and its reproducibility and

e The measurement of the residual strength, in order to be correlated with the

strength of the material after healing
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7.1.1 Damage method

The types of strain induced in order to inflict measurable damage on cement-based
materials varies between different studies. The main methods adopted are damage by
flexural three or four point bending tests (Wanng et al., 2012; Hilloulin et al., 2016),
compressive strength tests (De Nardi et al., 2016), and tensile tests (Yang et al., 2011;
Liand Li, 2011) or by generating cuts with a rotating blade (Achal et al., 2013).

The aim of all the aforementioned techniques is to create a predetermined defect on
the specimens studied, so that the healing capacity of the materials can be assessed
according to the reversal of that defect. The types of damage profiles by these
techniques are shown in Fig. 7.1.

More specifically, by compressive stress and tensile deformation multiple
microcracks are generated which whereas during flexural deformation, material
failure derived from the propagation of the main crack.

During the mechanical strain, three typical phases take place, namely elastic
deformation, plastic deformation and material failure. For the purposes of the study of
self healing properties, damage is inflicted to reach the plastic deformation level (L1 et
al., 2013), as elastic deformation is reversible producing no damage, whereas after

complete failure the specimens are not eligible for further treatment or testing.

—

7 ' ——7

(a) (b) (© (d)

7
?%

Figure 7.1: Damage profiles generated by different types of strain; (a) flexural, (b)

compressive, (c) tensile and (d) cutting.

7.1.2 Damage degree and reproducibility

One of the main challenges faced regarding self-healing and strength recovery of
cement-based materials, is the control of the damage degree.
A common method applied is the measurement of flexural or tensile deformation by

linear variable differential transformers (LVDT) (Schlangen et al., 2006). In this
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method specimens are loaded until the average crack width reaches the desired value
and are subsequently unloaded. The cracks partly close with unloading (Aldea et al,
2000). Nevertheless, due to the brittle nature of cement based materials, the crack
width is difficult to be controlled (Li et al, 2013).

A similar method is the pre-loading of the specimens at predetermined loads, which
corresponds to percentages of its maximum load. This is used when compressive or
flexural deformation is applied (De Nardi et al., 2016).

In both the above methods, the specimens -after a predetermined curing period- are
tested again, but this time until failure and the maximum load is compared to the one
measured during the first cracking. The self-healing efficiency was evaluated by
comparing the peak load obtained during the first loading cycle and the reloading
cycle (Wang et al., 2012).

Assessing the damage degree is crucial for the reproducibility of the results obtained
by each method. The wide variety of cement-based materials studied and
consequently the variation of their mechanical properties are partly responsible for the
lack of a standard procedure to measure the efficiency of self-healing. In particular,
the same crack width generated in different cement-based materials, does not
necessarily denote the same damage degree. Especially when low-strength materials
are studied, the control of the crack-width is more challenging, resulting in very low

reproducibility potential and consequently in an uncertain damage degree assessment.

7.1.3 Residual strength

Damage degree is related to the residual strength of the specimens after damage has
been induced. Residual strength of damaged specimens can be measured by
immediately reloading them after the predetermined damage is inflicted (De Nardi et
al 2016). Therefore, the residual strength of the damaged specimens can be compared
to the strength of undamaged specimens. In this case, damage generation method
coincides with the method for the damage degree assessment. The measurement of
residual strength of specimens is essential for the evaluation of the damage degree as
well as for the evaluation of the material’s strength recovery.

Residual strength can also be estimated indirectly by ultrasonic pulse velocity (UPV)

measurements (Sarkar et al 2014, De Nardi et al 2016). In this case, UPV of damaged
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specimens is compared with that of undamaged ones and damage degree is calculated

(Zhong et al 2008).

In the present study a new methodology was developed for the assessment of self-
healing potential of traditional mortars. The main purpose for this methodology was
the disassociation of the damage method from the damage degree measurement. More
precisely, the generation of damage is introduced by a localized hertzian stress and the
damage degree is assessed by comparing the flexural strength (residual strength) of

damaged and un-damaged specimens.

7.2  Materials and Methods

7.2.1 Sample preparation

LP and NHL mortar mixtures were prepared, as described in Appendix A, and were
subsequently cast in prismatic moulds (20x20x80 mm). For each mortar mixture
prismatic specimens (n=20) were cast and cured in a temperature and humidity

controlled chamber (95+5%RH, 20+3°C).

7.2.2 Methodology

7.2.2.1 Hertzian contact stress

Damage was introduced by hertzian stress. A uniaxial stress is applied on a linear
one-dimensional plane by a cylindrical bar of equal or greater length as the specimen
(Fig. 7.2). A localized deformation is created around the contact point as a constant

displacement rate is applied until the predetermined load is reached.

Cement-based materials when exposed to hertzian contact stresses present a similar
behavior as when exposed to uniaxial compressive stress (Brezeanu, 2015). As the
displacement advances a network of microcracks is generated, until the ultimate
failure point is reached and the material collapses. Contrary to compressive stress test,
where microcracks are generated throughout the specimen, when hertzian stress is
applied, microcracks are formed around the contact point, forming a localized defect.

In this way, damage degree can be controlled and reproduced, while the method by
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which damage is introduced is disassociated by the measurement of the residual

strength.

Figure 7.2: Localized damage formed by the application of hertzian stress

7.2.2.2 Assessment of residual strength

Preliminary measurements were performed in order to assess the residual strength of
the mortar specimens after damage was introduced by hertzian contact stress.

More specifically for each mixture the application of incremental predetermined loads
by hertzian contact stress was followed by three-point bending tests. The measured

flexural residual strength was in turn contrasted with the flexural strength of

lF

undamaged specimens (Fig 7.3).
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Figure 7.3: Specimens were locally damaged by hertzian contact stress and were

subsequently measured as to their residual strength by three point bending test.

For each test the residual strength was calculated by the average of three

measurements by the following equation:
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where Dy is the damage degree of the specimens, f; i1s flexural strength of specimens

after hertzian loading, and £, is the flexural strength of undamaged specimens.

Moreover, ultra-sonic pulse velocity (UPV) measurements were conducted on the
specimens before and after the hertzian loading, and damage degree was

supplementary calculated by the following equation:

where Dypy 1s the damage degree of the specimens, v; is UPV after hertzian loading,

and vy is the UPV before loading.

Ultra-sonic pulse velocity was used to assess damage degree in reference and

damaged specimens by hertzian stress (Fig 7.5).
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Figure 7.5: Damage degree calculated by UPV after incremental loads applied by hertzian
stress on NHL 3030 specimens.
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Similarly residual was calculated in each experiment by the flexural tests performed
in specimens damaged by hertzian stress and reference undamaged specimens (Fig

7.6).
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Figure 7.6: Loading curves obtained during three-point bending tests and damage degree
calculated by three-point bending tests after incremental loads applied by hertzian stress.
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More specifically, for each experiment five hertzial loads were applied and
subsequently the flexural strength of the damaged specimens was measured by three-
point bending. The residual strength was calculated and compared. The adequate load
was the one that produced the lower residual strength without leading to the specimen

failure.

Table 7.1: Groups of specimens tested in each experiment for the assessment of

mechanical properties recovery due to self-healing.

Groups Hertzian | Flexural Additional | Flexural
(n=3) stress strength curing strength
test test period (30d) | test

Reference undamaged
after predetermined - + - -
curing period (A)

After Hertzian stress

test(B) (residual + +

strength)

After  predetermined

healing period + - + +
©

Reference undamaged

after  predetermined - - + +

healing period (D)

For each experiment after the adequate hertzian load was determined, the following
procedure was applied:
More specifically, mortar specimens were initially cured at set time periods in order to
assess the healing potential of mortars, four separate groups of specimens (n=3) were
tested (Table 7.1). For each group 3 specimens were tested to ensure the
reproducibility of the results.

e One reference group (A) was tested by three point bending test at the specific

age to determine the flexural strength of undamaged mortars.

e In order to measure the residual strength of damaged specimens, a second

group (B) was damaged by hertzian stress test and was consequently tested by

three point bending test.



Recovery against mechanical action |135

e To assess the healing potential, a third group (C) was damaged by hertzian
stress test and was cured in high humidity conditions (95%RH) for the
predetermined healing period. After the end of the “healing” period, group C
specimens were tested by three-point bending test and their strength after
healing was measured

e A group of reference un-damaged specimens (group D), cured under the same

conditions as group C and for the same period, was tested also and was

contrasted with the healed mechanical properties of group C.

7.2.2.3 Groups and parameters studied

The parameters examined in this chapter are:
e the age of the mortar when the damage occurs

e the healing period

In order to examine the effect of the curing period prior to damage (moment of
cracking), NHL and LP specimens were damaged after varying curing periods (Fig.
7.4). Subsequently, damaged specimens were healed at 95%RH for varying periods in
order to determine the effect of healing period.

More specifically, NHL mortars were damaged after 15, 30 and 240 days of curing
and were subsequently cured for a 30-day healing period before healing capacity was
determined. Another group of specimens was damaged at 30 days and was cured for a
210-day healing period in order to study the effect of the duration of the healing
period on the healing capacity.

Similarly, LP mortars were damaged after 15, 30 and 90 days of curing and were
subsequently cured for a 30-day healing period, in order to assess the healing capacity
related to the age of the specimens when damage occurs. Whereas the effect of the
duration of the healing period was studied in specimens damaged after 90 days and

cured for a 90-day healing period.
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Figure 7.4: Timeline of curing and healing periods

7.2.2.4 Assessment of strength recovery

The recovery of flexural strength was calculated according to the following equation:\

H, =22« 10096

=

where Hyis the strength recovery of the specimens, f;, is flexural strength of specimens
after hertzian loading, and /7y is the flexural strength of reference undamaged

specimens.
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7.3 Results and Discussion

7.3.1 Effect of curing time before damage was introduced (Moment of cracking)

NHL specimens damaged by hertzian stress after 15 or 30 days of curing were
measured, after a 30-day healing period in high humidity conditions, to evaluate the
effect of curing time on the healing efficiency. Moreover a group of NHL specimens
was damaged after 240 days and measured after a 30-day healing period according to
the previous experiment, to assess the healing potential when damage is introduced at
later-age.

When damage was introduced at 15 or 30 days, the hertzian stress applied, resulted in
a 36 and 39% reduction respectively in flexural strength (Group B) of the NHL
reference specimens. After a 30-day healing under high humidity conditions
(95%RH), the damaged specimens have recovered their strength and exhibited
improved mechanical properties (Group C).

The healing potential of those specimens was assessed by comparing their flexural
strength with that of the reference undamaged specimens, cured under the same
conditions (Group D). The results indicate that healed specimens recovered a
considerable amount of their flexural strength, exhibiting 90 and 89% of the strength
of the reference ones (Fig 7.7 - 7.8). Although, the standard deviation in the case of
the healed specimens damaged at 30 days is higher, indicating larger amount of
randomly dispersed non-treated flaws.

Regarding the specimens damaged after 240 days, damage degree was set at 15% as
higher loads resulted in the complete failure of the specimens. This could be attributed
to the stiffening of the microstructure of later —age mortars, which results in a more
rigid behavior. However, the improvement of their mechanical properties after the

healing period was minimal, suggesting a lower healing potential.



138|Recovery against mechanical action

20

[IReference 240
Residual strength 220 [ nge? a(tjartzian damage
BX%3 After Healing 200 Ref 60d

1,54 - /| |—— After healing

HH

[10%

Flexural strength (MPa)
=

o
v
L

T 139%

7 ~—

15 45 ' ey T a
.00 0.05 0.10 0.15 0.20 025 0.30
Curing time (d) Extension (mm)

Figure 7.7 (Left): Flexural strength values of NHL specimens, damaged at 15 days. The 30

0,0

days healing process in elevated humidity conditions resulted in a significant recovery of their

strength. (Right) Representative loading curves obtained during three-point bending tests.

45 -
1 Reference 1 [ Reference -

40+ Residual strength T I 1% 5 Residual strength

35| B8% After Healing 6 \ BXX3 After Healing
= ©
©
g 30-| l %’ 5 l ]15% [ IB%
= <
£ 254
5 2° 5, / [
5 9] 2
2 20 T = ;
» 1 = 3
g 15 I 36% 3
3 T 2
10 %

05 19

0,0 0

30 60 240 270
Curing time (d) Curing time (d)

Figure 7.8: Flexural strength values of NHL specimens damaged at 30 and 240 days and
healed for a 30 day healing period in elevated humidity conditions.

The interpretation of the curves obtained during three-point bending tests (Fig. 7.7
right) provides a comparison of the elastic properties and thus, the development of
microstructure in the different groups. As it was expected, the slope of the damaged
specimens is lower than that of the reference ones, exhibiting however an extended
tail after crack-damage at maximum load. This is the result of the extended network
of micro-cracks created during hertzian damage, which act as crack initiation flaw and
drastically reduces the strength of the specimens and at the same time increases the
energy dissipation during fracture (energy under the tail). This results in materials
with higher toughness which are more resistant to crack propagation that their un-

cracked counterparts.
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The denser microstructure of the specimens cured for 60 days results in a higher slop,
indicating a more brittle microstructure. However, the more interesting behavior is
that of the “healed” specimens; the slope of the load curve is between the reference
and the damaged one, while the maximum load tends to reach or even overcome in
some cases (see stdev values in Fig 7.7 - 7.8) that of 60 days. Moreover, the loading
curve of the healed specimens present a more brittle fracture suggesting the healing of
the micro-cracks network responsible for the more ductile fracture of damaged
specimens. The 11% difference of strength values between healed and un-damaged
specimens - in combination with the interpretation of three-point bending curves - is a
strong indication of the partial healing of the specimens and filling of the micro-
cracks network created during hertzian stress. If otherwise, where the extended
network of micro-cracks has not been healed, the damaged area would have acted
again as a strong crack initiation flaw, resulting in a strength reduction of the same

level, close to 40%.

The same experimental procedure was performed in LP specimens damaged by
hertzian stress after 15 or 30 days of curing. After a 30 day healing period in high
humidity conditions, flexural strength of healed LP specimens was measured to
evaluate their healing efficiency.

In both cases, the damage degree was calculated. In specimens damaged after 15 days
of curing damage degree was higher due to the low strength brittle nature of early-age
LP specimens. The damage produced by hertzian stress could not be recovered during
the 30 days healing period in high humidity conditions. Flexural strength measured in
damaged specimens revealed that their flexural strength was 26% of that of
undamaged specimens cured under the same conditions (Fig 7.9). Nevertheless, their
strength was partly recovered which implies that their mechanical properties should
be further examined after an extended healing period.

In specimens damaged after 30 days of curing the maximum load applied produced by
hertzian stress resulted in a 20% damage degree (Fig 7.9). Higher loads resulted in the
complete failure of the specimens. After 30 days of curing the specimens’ strength
recovery was calculated at 89% of the undamaged specimens cured under the same

conditions (Fig 7.9).
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Finally, hertzian stress applied after 90 days of curing resulted in a 37% reduction in
flexural strength and the respective recovery after a 30 day-healing period was
calculated at 98% of the undamaged specimens (Fig 7.9).

Similarly to NHL specimens loading curves of damaged LP specimens suggest the
presence of an extended network of microcracks leading to the increase of the energy
dissipation during fracture. At the same time loading curve of the healed specimen
indicates the healing of the microcracks due to the brittle fracture profile similar to the

undamaged reference specimens.
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Figure 7.9: Flexural strength values of healed LP specimens damaged at 15 days 30 and 90
days respectively and healed for a 30 day healing period in elevated humidity conditions.

(Top Right) Representative loading curves obtained during three-point bending tests.
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Figure 7.10: Representative loading curves obtained during three-point bending tests of LP
(left) and NHL (right) specimens damaged after 30 day curing and healed for another 30 days.

The loading curves recorded during three-point bending tests of damaged and healed
specimens can provide some further information concerning the effect of the self-healing
mechanism on the mechanical properties of NHL and LP mortars (fig. 7.10).

As it was shown in figures 7.7 and 7.9, the mechanical properties of the healed specimens as
expressed by their loading curves present a different fracture mode than their damaged
counterparts. Damaged specimens present an extended tail which points to higher energy
dissipation due to the presence of the microckacks. Microcracks act as an inherent localized
flaw which is responsible for the lower strength values. In contrast, healed specimens present
a brittle fracture loading curve which is a strong indication that the localized flaw was
reversed. If otherwise, the microcrack network would have caused a higher energy dissipation

and a more ductile fracture profile.

7.3.2 Effect of healing period

The effect of the duration of the healing period was studied in NHL mortar specimens
cured for 30 days before hertzian stress was applied and subsequently cured for a 30
or 210-day healing period. In both experiments damage degree was the same, as
hertzian stress was applied in specimens of the same group.

The 30 days healing period resulted in an 89% recovery of strength of the undamaged
specimens, whereas after 210 days (an extension of curing period by six months) the
specimens’ strength recovery was calculated at 91% of the respective undamaged
specimens (Fig 7.11).

Accordingly, the effect of the duration of the healing period was studied in LP

specimens damaged by hertzian stress after 90 days of curing and subsequently cured
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for 30 or 90 days. After 30 days the average recovery of strength calculated was 98%

of the undamaged specimens and after 90 days the respective recovery was 104% (Fig

7.12

It 1s noteworthy, that the extended healing period does not have a substantial impact
on the recovery of the mechanical properties of NHL or LP mortars indicating that the

inflicted damage was reversed during the first month, thus a prolonged healing period

).

did not have a substantial impact on the healing process.
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Table 7.2: Synopsis of strength recovery results

Curing Period Healing Period | Damage Degree | Strength Recovery

(d) (d) (%) (%)

NHL 15-30 15 30 39 90
NHL 30-30 30 30 36 89
NHL 240-30 240 30 15 87
LP 15-30 15 30 45 26
LP 30-30 30 30 20 89
LP 90-30 90 30 37 98
NHL 30-30 30 30 36 89
NHL 30-210 30 210 36 91
LP 90-30 90 30 37 98
LP 90-90 90 90 37 104

7.4 Conclusions

In this chapter a new methodology was applied to determine the healing potential of

traditional mortars focusing on the recovery of their mechanical properties.

The methodology applied was developed aiming at the creation of a reproducible
defect amongst the specimens of each group and at the same time at the calculation of
the damage degree generated by that defect. The autogenic self healing capacity of
traditional mortars was examined in NHL and LP specimens damaged after different
curing periods and subsequently healed for different predetermined periods (healing

periods).

The autogenic self-healing mechanism in NHL and LP mortars, as it was described in
Chapter 5 based on microscopy observations, is controlled by both continued
hydration and secondary precipitation of calcium carbonate. It is known that the
filling of cracks by the respective secondary products can lead to the reduction of
water permeability which is crucial for the protection of the mortar against aggressive
agents (Ma et al., 2014). Nevertheless it does not necessarily have an impact on the

recovery of its mechanical properties.
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In this chapter the recovery of mechanical properties was assessed in damaged NHL
and LP specimens and the resulted regain of strength indicates that the autogenic

healing mechanism is taking place under these curing conditions.

The recovery of mechanical properties suggests that the damage inflicted on the
specimens was reversed by the toughening of the microstructure due to the healing of
microcracks by secondary phases. Moreover, a high adhesion between the healing
phases and the binder matrix is indicated; if otherwise the interface between the
secondary phases and the binder matrix would have easily separated and there would

be no strength improvement recorded.

This is also indicated by the interpretation of the loading curves of damaged and
healed specimens acquired during three-point bending tests. The healed specimens
present a brittle fracture profile with no indication of the presence of the localized
flaw, in contrast to the damaged specimens where the higher energy dissipation

during fracture is the result of the microcrack network induced by herzian stress.

Overall, the main outcomes provided by the interpretation of the results regarding the

factors examined, indicate that:

e The age of the specimens during cracking did not affect the healing capacity
of NHL mortars damaged at 15 and 30 days. However when damaged after
210 days the recovery of mechanical strength was lower even though the
inflicted damage degree was low (15%).

e In LP specimens similar conclusions could not be reached since the damage
inflicted varied considerably (20-45%)

e The extended duration of the healing period in NHL specimens resulted in a
slight increase of the strength recovery. Taking into account the high strength
recovery exhibited after one month of healing, this could indicate that their
healing potential was reached during the first month, and an additional curing

period does not have any substantial impact.
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Discussion

Self healing is considered one of the main mechanisms that have the potential to
prolong the service life of cement-based materials. Even though, autogenic self-
healing is encountered in abundance in historic mortars and it has often been linked
with the longevity of the monuments, its mechanism is not completely understood yet
neither is the self-healing potential of hydraulic mortars. A better understanding of the
main factors governing the autogenous phenomenon is a prerequisite for the
development of tailor-made “smart” self-healing mortars by utilizing their autogenic

self-healing potential.

The main open questions related to the self-healing phenomenon are related to the
factors affecting the occurrence of the autogenous mechanism, but also to the nature
of the healing products that fill the cracks and finally to the extent of the materials

properties recovery after healing.

This research was focused in the physicochemical characterization of the autogenous
mechanism in traditional hydraulic mortars. Natural hydraulic (NHL) and lime-
pozzolan mortars are regularly used in conservation intervention of monuments due to

their high mechanical and physicochemical compatibility with the historic mortars.

The parameterization of the autogenic self healing mechanism was attempted focusing
on specific factors that promote the occurrence of this phenomenon as microclimatic
conditions, time of cracking and healing period. Additionally a morphological and
chemical characterization of the secondary formations was carried out which allowed
the identification of the mechanisms taking place within the frame of the autogenic
phenomenon. Furthermore, the potential of the self healing mechanism was also

examined regarding the recovery of mechanical properties of the mortars.

It was found that the autogenic self healing mechanism in hydraulic mortars takes
place by the initiation of two separate reactions; namely carbonation and hydration.
Carbonation reaction leads to the formation of homogenous layers of secondary
calcite on the crack walls. The extent of this mechanism results in the healing of
cracks up to 60 microns. Regarding the hydration mechanism, secondary hydraulic

phases are produced exhibiting an outward orientation. It was found that “low-
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density” fiber-like hydraulic phases are initially formed bridging cracks up to 70
microns. However secondary hydraulic products were not observed during the

observation of thin and polished sections.

The reactions responsible for the autogenous mechanism are controlled by the
availability of reactive phases in the binder. A prerequisite for the precipitation of
secondary calcite is the presence of calcium ions in the pore solution. Calcium
dissolution is considered the first step of the autogenic mechanism and was measured

by subjecting mortar specimens to an accelerated leaching process.

The availability of calcium is related to the moment of cracking, as the binder
composition may differ due to the evolution of the hardening reactions of the cement
matrix. Calcium ions may derive from the dissolution of portlandite (Ca(OH),),
calctum silicate hydrates (CSH) and dicalcium silicate (C,S) in the case of NHL
mortars. The dissolution mechanisms of NHL and LP mortars present some
differences. Early-age lime-pozzolan (LP) mortars, when subjected to leaching, may
provide higher amount of calcium ions than early-age NHL mortars. However, the
amount of leached calcium is higher in later-age NHL mortars, probably due to the
production of portlandite during the hydration reaction and secondarily due to the

decalcification of CSH phases.

Consequently, the secondary products formed inside the cracks, as observed at the
SEM, also reflect that the main self-healing mechanisms in NHL and LP mortars
differ. In LP mortars the presence of secondary calcite is pronounced irrespective of
the specimen’s age when the cracking occurred. In contrast, in NHL specimens it was
only observed at early-age cracked specimens. This could be related to the availability

of free-lime in the binder matrix.

The self-healing hydration mechanism was observed in both LP and NHL mortars.
The formation of secondary hydraulic products is also controlled by the mineralogical
composition of the binder when cracking occurs. In NHL specimens the hydration
mechanism was the main mechanism contributing to the production of secondary
products in the crack surface. It was found that “fiber-like” hydration products are
formed initially when the cracks are generated in early-age NHL specimens which,
after prolonged healing period, present a more dense bee-hive structure and needle-

like formations. In specimens cracked at later-age the presence of bee-hive structure
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and needle-like products is more profound which could be attributed to the existence
of higher amount of hydraulic phases in the binder matrix. This suggests a common

mechanism irrespective of the time cracking occurs.

In contrast in LP specimens, only “low density fiber-like” CSH was observed limited
to specimens cracked at early-age, whereas in specimens cracked at later-age
carbonation was the main mechanism by which secondary phases were produced

mside cracks.

Moment of cracking was also examined regarding the recovery of LP and NHL
specimens’ mechanical properties. The healing capacity of NHL mortars was not
affected by the reduction of the amount of free lime between 15 and 30 days.
However when damaged after 210 days the recovery of mechanical strength was
lower. In the case of LP mortars definite conclusions regarding the effect of the
moment of cracking were not drawn due to the variation of the damage degrees

between the experiments.

Another important parameter was the duration of the healing period after damage has
been inflicted on NHL and LP specimens. Prolonged healing periods led to the
production of more dense secondary formations inside cracks in both LP and NHL
specimens. More specifically, the carbonation mechanism in LP specimens was more
advanced after a three months-healing period leading to a further decrease of the
crack width. In NHL specimens, a prolonged healing period of three months resulted
in the observation of secondary calcite, as it was not detected in specimens cured for
shorter healing periods. This could suggest that secondary precipitation of calcite

requires longer healing periods.

Accordingly, the hydration mechanism as it was observed in NHL specimens led to
the observation of denser hydraulic structures namely bee-hive formations and needle-
like CSH products. In LP specimens prolonged healing period also resulted in the
bridging of wider cracks by fiber-like CSH products.

A summary of the main findings regarding secondary products observed in LP and

NHL specimens can be seen in the following table (Table 6.3).
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Hydraulic products | Carbonated Other observations
products
LP1530 fiber-like CSH | calelte a0d |30, crack filled with fiber-like CSH
LP1590 fiber-like CSH calcite ~70 um crack filled with fiber-like CSH
LP3030 fiber-like CSH calcite ~30um sparitic calcite
LP3090 fiber-like CSH calcite ~50um sparitic calcite
fiber-like and . .

NHL730 needle-like CSH, - low-density” CSH

bee-hive formations

fiber-like and

NHL790 needle-like CSH, calcite micro-sparitic calcite
bee-hive formations
NHL3030 needle-like CSH - “high-density” CSH
NHL3090 needle-like CSH - Densification of type needle-like CSH
hydraulic phases

The effect of the time of cracking can be also discussed in relation to the
microstructure of the specimens when damage occurs. Preliminary measurements of
capillary coefficient performed on NHL and LP specimens after various curing
periods ranging from 7 to 360 days are presented in Appendix A. As it is expected
both NHL and LP specimens water capillary values follow an exponential decay.
Nevertheless in LP mortars capillary coefficient stabilizes after 60 days of curing
indicating a constant volume of capillary pores , whereas in NHL specimens
decreases until 360 days of curing which suggests that its microstructure becomes
more impermeable with time. The above observations can be linked with the absence
or presence of secondary calcite precipitation in NHL and LP mortars respectively

according to the age damage occurs.

Similarly, the microstructural differences observed between NHL and LP specimens
leaching; namely the higher amount of macropores generated in LP specimens which
suggests the predominance of the portlandite dissolution mechanism, in contrast to the
increase of micropores in NHL specimens which suggests the decalcification of CSH
phases, are in agreement with the healing mechanisms observed in the two mixtures.
More specifically, the secondary crystallization of calcite which was more profound
in LP specimens, could be related to the higher abundance of dissolved portlandite in
the pore solution, whereas the dissolution processes in NHL mortars could promote

secondary hydraulic reactions.
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The effect of the duration of the healing period was also examined regarding the
recovery of mechanical properties. The experimental results suggested that prolonged
healing periods could have a favorable impact on the strength recovery of both NHL
and LP specimens; but since the recovery of strength was almost complete after the
first month of healing, the additional healing time provided a lower increase of

strength.

Lastly, the autogenous mechanism is largely controlled by the micro-climatic
conditions, and specifically the presence of water. In this study mortar samples were
subjected either to wet-dry cycles or different humidity levels (45, 75 or 95%RH).
Self healing of microcracks was observed under all conditions except in the
specimens cured at 45%RH. In specimens subjected to wet-dry cycles the mechanism

was more advanced.

The presence of water, which is considered crucial for the occurrence of the
autogenous phenomenon, is often related to the deterioration of mortars through
excessive leaching, salt penetration and crystallization or microbial attack.
Nevertheless the results of this study suggest that the autogenous mechanism can take
place in lower humidity conditions provided that extended healing period is applied.
This is corroborated by the observations of healed micro-cracks in historic mortars
which were not in direct contact with water. Prolonged periods of high humidity
(>75% RH) combined with high content of free-lime which is a common
characteristic of these mortars, could result in the filling of micro-cracks by secondary

precipitation of calcite.

The data attained during this study, can contribute in the more effective design of self-
healing mortars. More specifically, chemical characterization of the binder
composition was correlated with the favorable healing mechanism and the
characteristics of the secondary products formed inside the crack. Consequently, the
above findings could promote the design of tailor-made healing agents incorporated in

the binder matrix for enhancing the self healing phenomenon.

Moreover, the results of this study, related to micro-climatic conditions together with
the extent of the healing period, are essential for defining both the prospects and the
limitations related to the autogenous mechanism, thus leading to a more effective

application of these materials.
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Future work

The present study focuses on the main parameters affecting the occurrence of the

autogenous self-healing phenomenon in hydraulic mortars.

However further research is needed concerning some aspects of the autogenous
mechanism. The study of the effect of crack width is not understood yet and crack
width limitations are not reported. As it was concluded after observation of the
autogenous mechanism in historic mortars, crack width also affects the morphology of
the secondary products. In the same context, a better understanding of the effect of the
damage degree on the strength recovery is needed. The methodology developed
within the framework of this thesis for the assessment of strength recovery could be

applied as it incorporates the evaluation of the damage degree.

Moreover, further research is needed in order to implement these findings to an
optimized design and application of self-healing mortars bearing tailor-made self-
healing agents. More specifically, the addition of supplementary “healing” agents in
the binder composition could enhance the self-healing capacity of hydraulic mortars.
The composition of these agents can be controlled in order to enhance the secondary
formation of carbonation or hydration products in the cracks. Nevertheless, similar
studies have shown that in order to achieve a realistic expansion of their service life
healing agents have to remain inactive for long periods without deteriorating or
reacting while their activation has to be triggered as damage occurs (Souradeep and
Kua, 2016"). This is achieved by inserting into the cement mixture the healing agent
protected inside capsules (encapsulation). During a crack formation, the protective
layer breaks and the activated agent is released inside the crack, repairing it. However,

encapsulation materials and methods have not yet produced sufficient results.

! Souradeep, G., & Kua, H. W. (2016). Encapsulation Technology and Techniques in Self-Healing Concrete.
Journal of Materials in Civil Engineering, 04016165. http://doi.org/10.1061/(ASCE)MT.1943-
5533.0001687



Conclusions

The autogenous self-healing mechanism is a multifaceted physicochemical
mechanism which is controlled by several inherent properties of the mortar (i.e.
binder composition, porosity and water absorption) or external conditions (i.e.

humidity or water saturation), together with aspects regarding the damage degree.

Within the context of the present thesis, the evaluation of the autogenous self-healing
mechanism in hydraulic mortars was accomplished by qualitative and quantitative
criteria. The autogenous mechanism was examined by the observation of its end-
products in historic mortars but also as an on-going process in laboratory produced
mortar mixtures. Moreover, in order to evaluate the strength recovery linked with the
autogenous self healing phenomenon a new methodology was applied that enabled the
quantitative assessment of the strength recovery correlated with the respective damage

degree that was reversed.

The main conclusions of the present study are summarized below:

A: Self-healing phenomenon in historic mortars

e The results obtained during the examination of historic mortars indicate that
some recurrent healing patterns exist and the crystal habits of the re-
precipitated products depend, among other factors, on the moisture content
and on the degree of carbonation of the mortar.

e The abundance of the autogenous self healing phenomenon in historic mortars
can be attributed to the high percentages of free-lime in their initial

.. . . . 24 .
composition which is the main source of Ca™ ions.

B: Dissolution of Ca-compounds

e The key parameter for the occurrence of self-healing in mortars is the
availability of Ca®". These are provided either by leaching or decalcification of
LP and NHL specimens and in both cases the amount leached is proportional
to the amount of unreacted portlandite (free lime) present in the binder.

However after the depletion of reactive portlandite, two more mechanisms
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could be responsible for further providing calcium ions. The first is the
production of secondary Ca(OH), due to hydration reaction and the second is
the decalcification of C-S-H phases. C,S may also provide Ca-ions in the case

of NHL mortars.

e Leaching of LP and NHL mortars results in an increase in total porosity, as
expected. However, porosity increase due to leaching is substantially lower
when later age (> 60d) specimens are tested. Moreover, leaching of LP and
NHL specimens seems to affect porosity by two different mechanisms. In
leached LP specimens the macro porosity is increased, whereas in leached

NHL specimens total porosity is mainly attributed to mesoporosity.

C: Identification of self-healing products

e Regarding the mechanisms responsible for healing of cracks that may exist in
the structure of mortars, two main mechanisms were identified and correlated
to the observation of the healing products; continued hydration and
precipitation of secondary calcite. Although, autogenic self-healing has been
attributed to both these reactions, the underlying mechanisms differ. In
particular, continued hydration takes place on the crack surface, provided that
reactive phases are present, whereas secondary calcite is precipitated
depending on the movement of the pore solution and the solubility of the

calcium-bearing phases of the binder matrix.

e The availability of portlandite affects both mechanisms of Ca-rich products

formation in the cracks.

e The effect of cracking age was a crucial parameter to the healing efficiency,
since it was correlated with the available portlandite at the time cracking

occurred.

e Although complete healing of the main crack induced by three point bending,
was not observed in any mixture, smaller side-cracks were completely filled

with secondary products under specific each-time conditions.

e Humidity was a very important parameter for the successful implementation of
the healing mechanisms. It was found that LP mortars benefitted more from

humidity than the NHL counterparts since at the humidity level of 75%, the
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healing products were abundant in LP specimens, whereas in NHL were
hardly spotted. An addition, lower humidity conditions (45% RH) found to be
inadequate for the evolution of the autogenous healing phenomenon to take

place.

Overall, the availability of water during wet-dry cycles enhanced the
precipitation of secondary calcite in both LP and NHL specimens, especially

when early-age cracking occurred.

As secondary precipitation of calcite is enhanced when specimens are
subjected to water saturation (wet/dry cycles), carbonation mechanism might
be hindered in NHL mortars due to the decrease of capillary absorption with

time.

Calcite precipitation is enhanced with additional healing period as larger
calcite crystals are produced. This is also corroborated by the observations of
historic mortars where extended networks of cracks were filled by sparitic

calcite.

Prolonged healing period was found to have a substantial effect on the
evolution of both mechanisms. Enrichment of the crack surface by secondary

hydration products was observed

D: Regain of strength after self-healing

The resulted high regain of strength (87-104%) in NHL and LP mixtures,
suggests that autogenic healing mechanism is taking place.

The age of the specimens at the moment of cracking did not affect the healing
capacity of NHL mortars when damaged at early stages of curing (15 and 30
days). However when damaged at late stage (210 days) the recovery of
mechanical strength was lower even though the inflicted damage degree was
low (15%). In LP specimens similar conclusions could not be reached since
the damage inflicted varied considerably (20-45%)

The extended duration of the healing period in NHL specimens resulted in a
slight increase of the strength recovery. Taking into account the high strength

recovery exhibited after one month of healing, this could indicate that their
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healing potential was reached during the first month, and an additional curing

period does not have any substantial impact.

In summary, the results of this research have shown that the autogenous self-healing
phenomenon occurs during the life-cycle of hydraulic mortars and that it can be
enhanced both by environmental and compositional parameters. The implementation
of the above mentioned parameters in the parametric design of modern (conservation)

mortars can contribute in practice to the enhancement of their life-cycle.



Appendix: Preliminary measurements

In this chapter, NHL and LP mortar samples were examined after successive curing
periods ranging from one day to 18 months. The aim is to establish the evolution of
chemical and mineralogical composition of NHL and LP mortars as well as their
physical and mechanical properties in order to adjust the experimental setup

accordingly.

Materials

Two groups of mortar mixtures were prepared, one with a natural hydraulic lime (St.
Astier NHLS) and one with a commercially available lime powder (KRINOS SA) and
a natural pozzolan of volcanic origin (Dalkafoukis) in 1:1 ratio.

In both mixtures standard sand [CEN 196-1] was added as aggregate in a
cement/aggregate ratio 1:3 (w/w).

Characterization of raw materials was performed by means of X-ray diffraction
analysis (XRD), Thermo-gravimetric analysis (DTA/TG) and microscopically in a
FEI Quanta-Inspect Scanning Electron Microscope coupled with Energy-dispersive

X-ray spectroscopy (SEM/EDAX).

Mixtures

Mixtures were prepared according to European standard EN 196-1. Raw materials
were mixed in a Bear Varimixer cement mixer for 1.5 minutes in low speed during
and 1 minute at high speed. The plasticity of the mixture was measured, each time
before molding, in a flow table, according to standard EN 1015-3. The mixtures were
stored in a temperature and humidity control maturation chamber at 20+£3 °C and

95+5% RH.

Table 1: Mixture composition and flow values are given in

Lime Flow value
pozzolan | NHLS5 | w/b b/a
powder (cm)
LP 50 50 - 0.76 1/3 16

NHL - - 100 0.6 1/3 16
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XRD analysis of raw materials

X-ray diffraction analysis was performed in the raw materials used in this study to

assess their mineralogical composition. In the lime powder diffractogram the typical

peaks of portlandite are observed. Calcite is also present as a minor constituent. The

pozzolanic material is composed of illite, quartz, anorthite and albite, which are Si

and/or Al rich minerals responsible for the pozzolanic reaction with portlandite in the

presence of water.

Diffractogram of natural hydraulic lime (NHLS5) revealed the presence of portlandite

calcite and quartz, along with dicalcium silicate or belite. The reaction between

dicalcium silicate and portlandite is mainly responsible for the hardening of hydraulic

binders. Moreover, diffractogram of the standard sand used in this study, confirmed

its siliceous nature, while no other phases were detected.
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Figure 1: Diffractograms of the raw materials used in this study. P: portlandite, C:

calcite, Q: quartz, I: illite, Ab: albite, An: anorthite, C,S: dicalcium silicate
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Chemical characterization of raw materials

Chemical characterization of raw materials was performed at the FEI Quanta-Inspect
Scanning Electron Microscope coupled with Energy-dispersive X-ray spectroscopy

(SEM/EDAX). Chemical analysis of raw materials is given in Table 2.

Table 2: Chemical characterization of raw materials

Na,O | MgO | ALO; | SiO, | SO; | CLO | K,O | CaO | TiO; | FeO; Total

NHLS | Wt% | 0.5 1.9 315 | 198 | 1.74 | 0.22 | 0.56 | 70.9 | 0.17 | 1.15 100
Lime | Wt% | 1.2 | 2.4 1.23 | 1.45 | 2.62 | 025 | 0.27 | 90.3 | nd 0.32 100
Pozzol. | Wt % | 3.1 0.8 | 1392 | 751 | nd | 0.07 | 439 | 0.7 | 0.32 | 1.65 100

Thermal analysis of raw materials

Raw materials were characterized also by means of thermal analysis and their %
portlandite and calcite content was quantified. Thermogravimetric (DTG) curves are
interpreted in order to define the temperature ranges corresponding to the loss of
water (H,O) from calcium hydroxide (Ca(OH),;) and carbon dioxide (CO,) from
calcium carbonate(CaCOs3). TG% represents the mass loss (%) during the

aforementioned temperature ranges.

Mass percentages of calcium hydroxide (Ca(OH),) and calcium carbonate(CaCO3) are

calculated by the following equations:

co,
Meaco, Mcao o,

Megco; = M, Mcaco,
2
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Where: mcy and mc,co3 are the mass% of calcium hydroxide (Ca(OH),) and calcium

carbonate (CaCOj3), mygter

co
and mCaéos are the mass loss% of water removed from
calctum hydroxide and carbon dioxide from calcium carbonate respectively and

Mcqo, Mco, and My, are the molar masses of CaO, CO; and H,O respectively.
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Figure 2: Thermogravimetric curves of the raw materials

Table 3: Quantification of the TG% curves

NHL5 Lime
Mcy 24.96 85.09*
Mcaco, 30.88 13.55

*Calcium hydroxide calculated by mass % is corresponds to 50% of the LP binder

mixture. Therefore portlandite % in the fresh mixture equals to 42.55%.
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Monitoring of the mineralogical composition of LP and NHL mortars

The evolution of the main hardening reactions taking place in LP and NHL mortars is
monitored by means of X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and thermogravimetric (DTA/TG) analysis after predetermined

curing periods.

XRD analysis

X-ray diffraction analysis was performed in NHL mortars cured from 7 to 180 days.
The presence of portlandite and C,S is recorded which are the main reactants along
with calcite and CSH which are formed during carbonation and hydration reactions
respectively. The reduction of the portlandite and C,S peaks is observed, but a second
increase is reported after 120 days in the portlandite peaks, which could be attributed

to the formation of portlandite as a hydration product.
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Figure 3: Diffractograms of NHL mortars.

Diffractograms of LP mortars cured from 7 to 360 days present the evolution of

hydration and carbonation similarly to NHL mortars. The depletion of portlandite is
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evident after 90 days of curing. The presence of calcite and CSH is also reported as
the main products formed during hardening. C,S is not present in LP mortars as the
hydration reaction takes place between portlandite and Al / Si rich phases of the

pozzolanic material.
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Figure 3: Diffractograms of LP mortars.
FTIR analysis

NHL and LP mortars were examined by means of FTIR spectroscopy in attenuated
total reflection (ATR) mode, after varying curing periods. The FTIR spectra of the
samples measured are presented in figure 4. The sharp transmittance peak observed at
3645 cm” corresponds to the stretching vibration of O-H bond of portlandite. The
depletion of portlandite is observed in LP mortars, corresponding to the disappearance
of that peak after 90 days of curing. Whereas in NHL specimens portlandite is present
in all samples, similarly to the XRD observations, possibly due to the formation of

portlandite as a hydration product.

The main bands associated with calcite are observed in both LP and NHL mortars’

spectra. More specifically, at 712, 872 cm™ typical symmetric and asymmetric
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respectively deformations of COs are detected, while a broad band at 1407 cm™ is

attributed to CO3 assymetric stretching (Kroner et al., 2010).

The broad band observed between 970 and 1010 cm-1 are characteristic of CSH
hydraulic compounds (Maravelaki-Kalaitzaki et al., 2005).
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Figure 5: FTIR spectra of NHL and LP mortars after varying curing periods.
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Thermogravimetric analysis (DTA/TG)

Thermogravimetric analysis was performed on LP and NHL mortars after varying
curing periods. As observed after XRD and FTIR analysis the evolution of portlandite
content can be used as an indicator of the setting reactions’ progress.
Thermogravimetric analysis was used as described earlier to quantify the portlandite
content. The portlandite content % calculated after each curing period is presented in
figure. 6. In both LP and NHL mortars two periods can be distinguished. During the
first period the portlandite percentage decreases rapidly due to its consumption in the
progress of the setting reactions. However in the second period portlandite content
presents an increase which is attributed to its formation curing the hydration reaction.
The first period as observed in LP mortars results in the depletion of portlandite close
to 10% of its initial content and is defined at the first 120 days of curing. In NHL
mortars, portlandite is reduced during the first period to 25% of its initial
concentration and is the first period is defined in the first 90 days of curing.

During the second period, the formation of portlandite is more profound in NHL
mortars where the portlandite content increases and stabilizes. Whereas in LP mortars

the secondary increase is limited.
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Figure 6: Portlandite content in NHL and LP mortars after varying curing periods.
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Microstructural and physical properties of NHL and LP mortars

Total porosity and pore size distribution was assessed by mercury intrusion
porosimetry (MIP) in LP specimens cured for 30, 60 and 120 days and NHL
specimens cured for 15, 60 and 120 days.

The total porosity was assessed in low and high pressure porosimetry. Low pressure
corresponds to pore sizes more than 5 pm and up to 500 um, whereas by low pressure

porosimetry pore sizes from approximately 1 nm to 5 pm.
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Figure 7: Total porosity of NHL and LP mortars after varying curing periods.

Total porosity (%) of LP mortars decreases with time mainly due to the decrease of
macro porosity. NHL mortars do not present a significant variation in total porosity
between the different curing periods examined.

Pore size distribution of LP mortars cured for the same periods revealed that the
decrease of pore volume can be attributed mainly to pore-sizes larger than 15 um.
Moreover, a wide distribution of pore sizes ranging from 10 nm to 1 um is observed
after 30 days of curing which after additional curing periods is divided into a double
distribution from approximately 10 to 100 nm and 100 nm to 1 um. Pore sizes ranging
from 10 to 100 nm, are classified as micropores (Gong et al., 2014), and are decreased
after 120 days of curing. Mesopores, ranging from 100 nm to 1 um, do not present a
significant variation.

Similarly in NHL mortars the main variation is attributed to micropores which present

an increase in volume only in the specimens cured for 60 days.
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Figure 8: Total porosity of NHL and LP mortars after varying curing periods.

Water absorption by capillary porosity is mainly attributed to the pore ranges between

10 pum -50nm. Water absorption coefficient by capillary was measured in NHL and

LP mortar specimens in specimens cured from 7 to 360 days. The water capillary

values follow an exponential decay and in LP mortars stabilizes after 60 days of

curing, whereas in NHL specimens decreases until 360 days of curing.
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