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MEXAHNYECKNE XAPAKTEPUCTWKIA
EONOJTMIMEPHbBIX PACTBOPOB HA OCHOBE
TYHUCCKOW KATTbLMHWNPOBAHHOW TT1AHDI,
30J1blI-YHOCA M METAKAOJTMHA

Abstract

Infrastructure rehabilitation represents a
multitrillion dollar opportunity for the construction
industry. Since the majority of the existent infrastructures
are Portland cement concrete based this means that
concrete infrastructure rehabilitation is a hot issue to be
dealt with. Geopolymers are novel inorganic binders with
high potential to replace Portland cement based ones. So
far very few studies in the geopolymer field have addressed
the rehabilitation of deteriorated concrete structures. This
paper discloses results of an investigation concerning the
development geopolymeric repair mortars. The mortars
are based on Tunisian clay coming from Medenine region,
plus calcium hydroxide, sodium silicate and sodium
hydroxide. Results show that the geopolymeric mortar
has a high compressive strength and a lower unrestrained
shrinkage performance as long as partial replacement
by metakaolin is carried out. The results also show that
Tunisian calcined clay based mortars have hydration
products with typical geopolymeric phases.

Key words: geopolymeric mortars, infrastructure repait,
compressive strength, shrinkage, hydration products, clay

Introduction

Worldwide infrastructure rehabilitation costs are
staggering. For example in the USA the needs are estimated
to be over 1.6 trillion dollars the next five years [1]. Many
of the degraded concrete structures were built decades
ago when little attention was given to durability issues [2].
Materials with low durability require frequent maintenance
and conservation operations or even its integral replacement,
being associated with the consumption of raw materials
and energy. The patch repair method is widely used to
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AHHOTAUMA

Boccranosnenyie nHGPacTPyKTyphI TpebyeT MHOTO-
MIIMOHHBIX 3arpaT. ITockonbKy 6onblias 4acTb CTPO-
UTEbHBIX 060BEKTOB BO3BeMleHA C VCIIO/Ib30BaHMeM be-
TOHA Ha OCHOBE IIOPT/IaHALIEMEHTa, PEMOHT MIMEHHO Ta-
KMX COOPY)KEHMII SABJIACTCS BaXKHEMIINMM HallpaB/IeHeM
Ja/IbHEMIINX MCCIeffloBaHMit. [eononMepbl — HOBbIE He-
OpraHNYecKye BKYIVe BellecTBa, KOTOpbIe ¢ BHICOKOM
JIO7Ie} BEPOATHOCTY MOTYT CTaTh a/IbTePHATUBOI IIOPT/IAH-
IeMeHTy. HeMHOroumceHHble VICCTIefOBaHN S TeOHONN-
MepoB ObUIN MOCBSAIIEHbI BO3MOXXHOCTHU UX VCIIONIb30-
BaHUA IIPU PEMOHTE MOBPEXICHHBIX OETOHHBIX KOH-
CTPyKLuit. B gaHHOI paboTe MpeNCTaBIeHbI Pe3yIbTaThl
UICC/IelOBAaHMUI 1T0 pa3paboTKe PeMOHTHBIX PacTBOPOB
Ha OCHOBE T'eOIo/IMMepOB. B KkayecTBe OCHOBHOTO KOM-
HOHeHTa Obl/Ta BbIOpaHa TYHMCCKAsl IIVHA U3 06IacTn
MeneHnH ¢ BBefieHeM B Ka4ecTBe 3aTBOPUTENS TUJPOK-
CUJa Ka/lblyA, HATPUEBOTO >KMIKOTO CTEK/Ia U T'UJIPOK-
cupa HaTpus. PesynmbraTel MccefoBaHMA IOKa3aM, YTO
TeOIOIMMEPHBIl pacTBOP 00J1afjaeT BBICOKON IIPOYHO-
CTBIO TIPU CKATUU ¥ HUSKUM YPOBHEM YCafKy B CBOOOS-
HOM COCTOSIHMU (JaJiee yCajika) IIpY YCIOBUM YaCTHYHON
3aMeHbI IJINHBI MeTakaonuHoM. Kpome Toro, momyden-
Hble pe3y/IbTaThl I0Ka3ajl, YTO B pacTBOpaX Ha OCHOBE
TYHUCCKOJ Ka/IBLITHNPOBAHHO IIMHBI IPOAYKTBI TUApaTa-
MV COOTBETCTBYIOT CTaHJAPTHBIM I'eOIIO/IVIMEPHBIM (pa3aM.

Knouesvie cnosa: zeononumepHuie pacmeopui, 80c-
cmarosnetue UHPPACMPYKMYPbl, NPOUHOCTNG NPU CHd-
muu, ycaoxa, npooyKmul udpamauuy, enuHa

BBepgeHune

Pacxozbl Ha BOCCTaHOB/IEHVIe MIHPPACTPYKTYPHI BO
BceM Mupe BrievarnAwT. K npumepy, B CIIIA B Teuenne



restore the original conditions of the concrete structures
[3, 4]. Most patch repair mortars fall into two categories, the
mortars based on organic binders (epoxy resin or polyester)
or those based on inorganic binders like Portland cement.
The former are associated with toxic side effects [5] and they
are known for its high carbon footprint [6]. Geopolymers
are novel inorganic binders with high potential to replace
Portland cement based ones [7]. The geopolymerization of
alumino-silicate materials is a complex chemical process
evolving dissolution of raw materials, transportation or
orientation and polycondensation of the reaction products
[8-10]. Investigations in the field of geopolymers reveal a
third category of mortars with high potential to be used
in the field of concrete patch repair. Some authors [11]
have shown that concrete specimens repaired with
geopolymeric mortar with 1 day curing have higher bond
strength than specimens repaired with current commercial
repair products after 28 days curing. This is a promising
performance because adhesion to the concrete substrate
is a crucial property of the repair mortars [12]. This paper
presents experimental results of an investigation concerning
the development geopolymeric repair mortars based on
Tunisian clay. The influence of the partial replacement of
Tunisian clay by fly ash and metakaolin on the mechanical
performance of the repair mixtures is analyzed.

1. Experimental work
1.1. Material

The clay materials used were from Medenine
Region of Tunisia. Previous studies showed that kaolinite
is the major mineral and quartz the major impurity in the
studied clay [13]. The dried clay fractions were crushed in
a crusher apparatus and then sieved to 100 um mesh. The
clay fractions were calcined in a programmable electric
furnace (Nabertherm, Mod.LH 60/14) for 6 h at a heating
rate of 11.33 °C/min at the following temperature 700 °C.
Metakaolin was obtained from Barqueiros (origin
company of mining) in Portugal and the fly ash was
supplied by Endesa, Spain. Table 1 gives their composition
as detected by X-ray fluorescence (XRF).

Figure 1 shows the results of X-ray diffraction
analysis using an ARL 9900 series workstation (Thermal
Scientific) with Co-Ka radiation (generated at 40 kV,
40 mA), scanning at a rate of 2.4 °/min. It is clear (Fig. 1)
that metakaolin is largely amorphous, with a small quantity
of quartz as an impurity phase, and a small amount of
residual kaolinite. The fly ash used contains large amounts
of quartz phases in addition to the main amorphous phase.
Fig. 2a, 2¢ shows the surface morphologies of the fly ash
in comparison with the metakaolin (MK).

Table 1. Chemical composition of raw material (%)

Tabnuua 1. XMMUYECKMin COCTaB CbIPbEeBbIX MaTeEPUanos
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CIIEAYIOLIMX IATHK JIET 3aTpPaThl Ha IPOBefeHNe TAKOTO
TuIa paboT oneHnBaTCA 6o/mee yeM B 1,6 TpiH fona-
posB [1]. MHorue npuiiepuiie B HETOFHOCTb OETOHHbIE
3[aHusl OBUIM IOCTPOEHBI HECKOIBKO JECSTUNETUI Ha-
3a], KOIZla BOIIPOCaM JOITOBEYHOCTH YHeNsNIOoCh Hefo-
CTaTOYHO BHMMaHUA [2]. Marepuanbl ¢ HU3KOI aTMOC-
(bepHOIT CTOMKOCTBIO TPEOYIOT 4aCTOr0 TEXHUYECKOTO
00CTy)XMBaHNUA, B TOM YJC/Ie peMOHTA VJIM IIOTHOM 3a-
MEHBI, YTO CBSA3aHO C PACXOJOM MAaTEPUAIOB U SHEPTETH-
4eCKMMU 3aTpaTaMu. [I/1s1 BOCCTAHOB/IEHNUSI MCXOSHOTO
COCTOsIHUS 6 TOHHBIX KOHCTPYKIIMII IIMPOKO MCIOIb3Y-
eTCsl MeTOf] IIOBEPXHOCTHOTO peMOoHTa [3, 4]. bompias
9acTb COCTABOB, VICIIONIb3YEeMBIX M/ MOJOOHOTO THUIIA
PEMOHTa, He/UTCS Ha iBe TPYIIIBI: COCTABBI HAa OCHOBE
STOKCUIHBIX VIV MONMIPUPHBIX OPTAHUIECKUX BSIXKY-
VX BEILeCTB U COCTaBbl HAa OCHOBE HEOPraHNYECKMX BS-
XYIIMX BellJeCTB, TAKMX KaK MOPTAaH/eMeHT. [lepBas
rpymmna uMeeT Mo6OYHBIN 3P PEKT IMUCCUY TOKCUYHBIX
BeIleCTB [5] 1 BBICOKUIT ypOBeHb BHIOPOCOB yrepona [6].
TeonomiMepbl — 3TO HOBble HEOPTaHMYECKNUE BSKYIIME
BellleCcTBa, 06/1afaronie BBICOKMM IIOTEHIMAIOM JIJIS 3a-
MeHBI MaTep1ajIoB Ha OCHOBe IopTaaHpauemMenTa [7]. Teo-
HOMMMepU3aLMsl ATIOMUHOCUTMKATHBIX MATEPUaIoB —
CJIOXKHBIN XMMUYECKUI IIPOLECC, KOTOPHIN BK/IIOYAET B
cebs1 pacTBOpeHME ChIPbEBBIX MaTEPUATIOB, TPAHCIIOP-
TUPOBKY WM OPUEHTALNIO ¥ MONMMKOHEHCALUIO IPO-
nykroB peakiun [8-10]. Kak mokasbIBaioT MccienoBa-
HUA, UICIIO/Ib30BaHNe IeoNonMepoB 3G GeKTUBHO Ipu
PEMOHTe IIOBEPXHOCTEN 6ETOHHBIX KOHCTPYKumit. Tak,
06pasibl 6eTOHA, OTPEMOHTMPOBAHHBIE C MUCIIOIb30Ba-
HUEM TeONOIIMEPHOTO COCTaBa, B BO3pPacTe OFHUX CY-
TOK UMEIOT 607Iee BBICOKYIO IIPOYHOCTD CLEIIEHILS, YeM
06pasiibl, OTPEMOHTUPOBAHHbBIE KOMMEPYECKMMU COCTA-
BaMu B BospacTe 28 cyTok [11]. 9To MHOrOObG a0 e
[IOKa3aTet, TOCKONbKY BakKHellIelt XapaKTepUCTUKOI
COCTaBOB J1JIs1 IOBEPXHOCTHOTO PEMOHTA SIB/ISIETCS IPOY-
HOCTbD CIeIZIeHUs ¢ OETOHHBIM OCHOBaHMeM [12]. B man-
HOJI paboTe IIpeACTaBIeHbl Pe3y/IbTAaThl 9KCIIEPUMEHTOB
10 pa3paboTKe PeMOHTHBIX TeOONMMEPHBIX COCTABOB
Ha OCHOBe TYHUCCKOII I/MHBL. Kpome Toro, mposeneHbl
MCCTIe[OBAHN I MEXaHMYECKIX [TOKa3aTesell peMOHTHBIX
PacTBOPOB IIPY YCIIOBUY YaCTUIHOI 3aMEHbI TYHMUCCKO
[IVHBI Ha 307Ty-YHOC /I METAaKAO/IIH.

1. dKcnepumeHTanbHble paboTbl
1.1. Marepuan

Jns sKCIIepMMEHTOB MCIIO/Nb30BaIach IMIHA U3
obnactu Menennn B TyHuce. BoimonHeHHBIe paHee 1cC-
CIe[OBaHMsI OKAa3alIn, YTO OCHOBHBIM MIHEPA/IOM 06-
PasLoB IIMHBI SIBAETCA KAOINHNT, @ OCHOBHOI IIpMMe-
cbio — KBap1 [13]. BeicyleHHas I/1MHa U3Me/bYanach 1

(%) SiO;, ALO; Fe,0; Ca0o MgO KO Na,O SOs P,Os TiO;,
Clay 60.8 16.2 215 5.87 0.08 0.003 2.38 2.71 = =
MK 50.5 426 2.28 0157 0.215 2.75 0.241 0.04 0.207 0.807
FA 56.0 26.0 6.6 2.10 1.24 = 0.56 2.35 1.18 =
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Fig.1. X-rays diffractograms of the MK and the FA

Puc. 1. PeHTreHoBCKre AndpakTorpaMmbl MeTakaoanHa 1 30mbl-
yHoCa

It can be seen that the fly ash mainly consists
of spherical particles with smooth outer surfaces. The
smooth aluminosilicate spherical particles, also known
as cenospheres, are formed as a result of thermochemical
transformations of mineral particles during coal
combustion process, where the minerals melt to form
small droplets, which upon sudden cooling and action
of surface tension forces adopt the spherical shape [14].
Also, Fig. 2b revealed the morphology of fly ash (FA).

1.2. Geopolymeric mortar preparation

In order to improve the mechanical performance
of the mixtures previously tested [13] the Tunisian clay
was partially replaced by fly ash and metakaolin. The
percentages of FA were 10% and 15 % as well as the
percentages of MK were 10 %, 15 % and 30 %. The
reference geopolymer mortar named G1R3 was composed
by 1264.79 g of calcined clay, 140.53 g of lime (10 %),
4215.97 g of sand, 801.91 g of Na,SiO; and 322.29 g of
NaOH with an activator/binder mass ratio of 80%. The
alkaline solution used was a mixture of aqueous solution
of sodium hydroxide 12 M and sodium silicate with bulk
density of 1350 kg/m? with ratio: Na,SiO; / NaOH = 2.5.
The sodium hydroxide solution was obtained by dissolving
dried pellets of 99 % purity in distilled water. The sodium
silicate solution had a composition by weight Na, (SiO)
X - y (H20) (with 3.19 < x < 3.53 and 50 % <y < 60 %).

IIpOCEMBAIACH Yepes3 CUTO ¢ pasmepoM Adeiiky 100 MKM,
HOCTIe 4eT0 00XXUTaNach B IPOrpaMMUPYeMOil S/IeKTPU-
geckoit meun (Nabertherm LH 60/14) npu temmnepary-
pe 700 °C B Teuenue 6 4. IIpu 3TOM CKOPOCTH OFBEMA
TeMIlepaTypbl coctasuna 11,33 °C/muH. B pabore nc-
IO/Ib30BAJICA MeTAaKaoNMH KoMmanun Barqueiros (ITop-
Tyranus), a 30/1a-yHOC OblIa OCTaB/IeHa u3 VcmaHum.
XMMUYeCKUII COCTaB IPUMEHAEMBIX B pab0Te ChIPbeBbIX
MaTepuauoB ONpefessiCs METOROM PeHTTeHOdIIopec-
LIEHTHOTO aHanu3a (Taém. 1).

Ha puc. 1 npepcraBnensl pe3ynbTaTbl peHTTe-
HOBCKOTO iU PaKIMOHHOTO aHaNIN3a, IPOBEeHHOTO C
ucnonb3oBanreM ctanuuy ARL 9900 (mpousBoguTens
Thermal Scientific) ¢ Co-Ka-nsnyuenuem (reHeparus ot
ucrouHuka 40 kB, 40 MA), Ipu cKOpOCTM CKaHMPOBAHUA
2,4 °/mMuH. B pesynbTaTe aHanM3a yCTAaHOBU/IY, YTO MeTa-
KaOJIJMH MMeeT aMOP(HYIO CTPYKTYPY, COLEP>KUT HebGOb-
II0€ KOTIYeCTBO KBaplja B Ka4ecTBe IPUMECHOIT (asbl 1
He6O0/IbIIoe KOTIYeCTBO OCTATOYHOr0 KAOIMHNUTA. 3071a-
YHOC COiepXUT 00/IbIIOe KOMMYeCTBO KBaplieBbIX (a3 B
[OIIONIHEHMe K OCHOBHOI aMopdHoii pase. Ha puc. 2a, 2¢
IpefcTaBieHa MOPGOIOrNs MOBEPXHOCTHU 30JIBI-YHOCA
B CPaBHEHUM C METAKAOIVHOM.

BujHO, 4TO 30/1a-yHOC COCTONUT B OCHOBHOM 13
cepuvecKux 9acTul ¢ IAAKUMY BHEUITHVMU [IOBEPX-
HocTssmu. [mazikue cepudeckme amoMIUHOCHINKATHBIE
YaCTHUIIBI, M3BECTHBIE TAKIKe KaK [ieHOChepsl, popmupy-
I0TCS B Pe3y/IbTaTe TePMOXMMMIYECKOI TpaHcopMarum
MUHEPAIbHBIX YaCTUL| [IPU CCOPAHUU YITIS: MUHEPAIIbL
PacIUIaB/AIOTCS, 00pasyst MajeHbKIe KAy, chepude-
ckas popmMa KOTOPBIX 06YC/IOBIEHa CUTION II0BEPXHOCTHO-
O HaTsDKeHVs IpU pe3koM oxynaxeHuu [14]. Ha puc. 2b
npepcrasieHa MOpGOIOrys 30/IbI-YHOCA.

1.2. IIpuroToBieHKe reOnONINMMEPHOTO pacTBOpa

Jna ynydileHusa MeXaHUMYEeCKUX IIOKa3aTesen
paHee UCC/IeJOBaHHBIX COCTAaBOB [13] TyHMCcCKas I/IMHA
Obl/Ia YaCTVYHO 3aMeHeHa 30JI0ii-YHOCOM U MeTaKao/lM-
HoM. Copiep>XaHue 307bI-yHOCa cocTaBAmo 10 u 15 %, a
MertakaonuHa — 10, 15 u 30 %. B3sTeiil B KauecTBe 06-
pasua reomoanMepHsiit pactBop GI1R3 6bL1 IOATOTOB-
neH u3 1264,79 r kanbuMHMPOBAHHON IMMHBL, 140,53 T
usBectu (10 %), 4215,97 r mecka, 801,91 r MmeTacuamMKaTa
HaTpuA u 322,29 T rMAPOKCHA HaTPUA C COOTHOIIEHNEM

Fig. 2. Scanning electron microscope (SEM) photos of: a — metakaolin ; b, c — fly ash

Puc. 2. MukpodoTorpadum, nosyyeHHble NPy NOMOLLY CKAHUPYIOWErO 3MIEKTPOHHOrO MUKpockona (COM): a — meTakaonuHa; b, ¢ — 30nbl-yHoca
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The geopolymer mortar (GIR3 with FA/MK mixture
and liquid alkaline activator) was mixed thoroughly
for 10 min in a mixer and transferred to plastic molds.
The molds were covered with a thin plastic film to avoid
water evaporation and then kept for 24 h at the ambient
atmosphere of the laboratory (24-26 °C). The reported
results were the average of three samples for each test.

1.3. Mechanical properties testing

The compressive strength and flexural strength
was obtained using 160x40x40 mm prismatic specimens
according to EN 1015-11. The modulus of elasticity
was determinate using cylindrical moulds for the
geopolymeric sample with (diameter: 5 cm; length:
10 cm). These specimens were tested after 28 curing days.

1.4. Unrestrained shrinkage testing

Unrestrained shrinkage used prismatic specimens
measuring 25x25x250 mm and was determined according
to LNEC E389-1993. The specimens are removed from
molds 24 h after being mixed and placed, then they are
wrapped with Perspex paper. Other authors used aluminum
paper, having reported the formation of hydrogen gas
bubbles due to a reaction between the aluminum and the
alkalis from the mortar [15]. The measurement of shrinkage
was carried out on hardened geopolymer cylinder paste
samples aged of 1, 7, 14, 21 and 28 days respectively.

1.5. FTIR

The FTIR spectra were acquired in the attenuated
total reflectance mode (ATR), between 4000 and 550 cm,
using a Perkin Elmer FTIR Spectrum BX with an ATR
PIKE MIRacle Specimens for FTIR study were prepared
by mixing 1mg of sample in 100 mg of KBr as suggested
by Zhang et al. [16]. Spectral analysis was performed
over the range 4000-400 cm™ at a resolution of 4 cm™.

2. Results and discussion
2.1. Mechanical properties

Figure 3 shows the compressive and flexural
strength and modulus of elasticity of the new mixtures.
The results show that the partial replacement of Tunisian
clay by 10 % or even 15 % of fly ash is not advantageous
for 28 days compressive strength. The same occurs for
flexural strength, although the 15 % fly ash mixture
shows a minor increase when compared to the reference
mixture. This behavior is related to the low reactivity
of fly ash. In the geopolymeric mixtures in which the
Tunisian clay was partially replaced by metakaolin an
increase in compressive strength is visible only for 15 %
and 30 % percentages. This however is not reflected in
terms of flexural strength. This may be explained by
the different shrinkage performance of the different
mixtures just because a higher shrinkage is usually
associated to a lower flexural strength. The replacement
of Tunisian clays by 15 % and 30 % metakaolin allows for
compressive strengths around 30 MPa which are typical
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Macc aKTuBaTopa/Baxyero Bemecrsa 80 %. B kauecTse
I[eJIOYHOTO PAacTBOpPa MCIIOIb30BAIACh CMeCh ClMaboro
pacTBopa rufipokcuia Hatpus 12 M u cunmkara HatpusA
€ 00'beMHOIT IIIOTHOCTBIO 1350 KI/M’ B COOTHOIIEHMM:
Na,SiOs; / NaOH = 2,5. PacTBop ruppokcuja HaTpus
OB/ IIOJTy 4eH ITyTeM PacTBOPEHNS BBICYIIEHHbBIX IPaHY/I
(ancroTa 99 %) B BUCTWUIMPOBAaHHOI Bofie. PacTBoOp cu-
JIMKaTa HaTpY IMeJl BecoBOIi cocTaB: Na, (SiO,)x - y(H,O)
npu 3,19 <x < 3,53 u 50 % <y < 60 %. l'eononumepHyto
cmech (GIR3, 30/ma-yHOC, METaKAOMMH M KUAKII 11eT0Y-
HOJl aKTMBATOP) TLIATEeTBHO IIepeMelIVBa/I B MellIajIKe
B TeyeHue 10 MuH, ITOC/Ie Yero nepenBain B IIacTUKO-
BbIe (POPMBI, TIOKPBIThIE TOHKOJ IIACTUKOBOI IJIEHKO
I IpefoTBpallenNA ucrnapenus sogpnl. Ilocne sto-
TO UX BBIIEP>XMBA/IM B 1a6OPaTOpUN P HOPMAIbHO
temmeparype (24-26 °C) B Teuenne 24 4. [IpuBefeHHbIe
Pe3Y/IbTAThI ABIAIOTCS YCpe[HEHHBIMH 1S Tpex oOpas-
IJOB B Ka)K/[OM JICTIBITAaHUM.

1.3. OmpeneneHye MeXaHNIECKMX XapaKTePUCTUK

[TpouHOCTD mpM CXKaTuM U U3rKbe Onpemens-
nu mo EN 1015-11 Ha obpasmax 160x40x40 MM, a MO-
Ky/b YIPYTOCTH — Ha 00pasLax-LIUINHAPAX fUaMETPOM
5 cm u BbIcOTOM 10 CM, KOTOpbI€ UCIBITHIBAINCh B BO3-
pacre 28 cyT.

1.4. Onpepenenye ycajo4HbIX gedopManuii

YcapouHsle fedpopManuy B CBOGOTHOM COCTOA-
Huu (manee — ycagouHble gedopMaliuy) OIMpeResiin
Ha obpasuax ¢ paamMepamu 25x25x250 MM, UCIIBITaHW A
MPOBOAMUINCH B COOTBETCTBUM CO cTaHfapToM LNEC
E389-1993. O6pasubl n3Bnexanuch u3 GpopM B BO3pacTe
1 cyT., mocie yero obepThiBanuch 6ymaroi Perspex. Kak
ITOKa3aly MCCIeN0BaHNs, IPY UCIIOIb30BAHNUY aTIOMM-
HUEBOI (ONBIY BBIENAICA BOZOPOJ, BCIEACTBIE peak-
MU MEXJY alloMVHYEM M Ie/Io4blo B pacTBope [15].
YcagouHsle fedopmaiuy onpenensinuch B Bo3pacte
1,7, 14,21 n 28 cyT.

1.5. IndpakpacHas CIEKTPOCKOINA C UCTIONb30-
BaHIeM IpeobpasoBanus Pypbe

VIK-cnexTpsl 6b011 oy 4yeHs! Ha Pypbe-cHeKTpo-
MeTpe B pPeXXJMMe HapyLUIEHHOTO IO/THOTO BHYTPEHHETO
orpaxenns (HIIBO) B auamasone mexay 4000 u 550 cm™,
¢ ncnonb3opanueM VK-cnekrpomerpa BX ot Perkin
Elmer c cucremoit HITBO PIKE MIRacle. O6pasiybr s
VIK ®ypbe-crieKTpoMeTpuy ObIIN ITOATOTOBIEHDI Ty TeM
pacTBopenusi 1 mr obpasia B 100 Mr 6pomupa Kamus, 1o
MeTofuKe, npefioxerHoit M. Yxanom u fip. [16]. Kpome
TOTrO, OBbII IPOBE/IEH CIIEKTPAIbHBII aHA/IN3 B [UAINA30-
He 4000-400 cm! ¢ paspemenuem 4 cm.

2. PesynbTaTtbl  06CcyxaeHne
2.1. MexaHn4YecKme nmokKasaTenmn
Ha puc. 3 npuBegeHbl sKCIIepUMeEHTAAbHbIE

MaHHBIC IIO IPOYHOCTU IIPpU CKATUU U I/I3I‘I/I6e, a Tak-
K€ MOAYII0 YIIPYTOCTU MCCIE€NOBaAaHHbBIX pPaCTBOPOB.
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of old OPC reinforced concrete structures and constitute
an important compressive strength requirement for repair
mortars. The results show that the modulus of elasticity
increases slightly with the replacement of Tunisian clay by
fly ash. This behavior is not influenced when the fly ash
percentage increase from 10 % to 15 %. A higher modulus
of elasticity is associated with the replacement of Tunisian
clay by metakaolin. This behavior is partially related to
the increased in the compressive strength.

2.2. Unrestrained shrinkage

Figure 4 shows the results of unrestrained
shrinkage. In the first two days the shrinkage increases
very rapidly for the six geopolymerics mixtures. The
rapid increase of unrestrained shrinkage has to do with
the capillary tensions within the gel framework during
geopolymerization process [17].

Fig. 3. Compressive strength , Flexural strength : (i), (j) and
Elastic modulus : (k) for geopolymeric mortar mixtures with
sodium hydroxide concentrations (12 M) and sand/binder mass
ratio (R = 3) and with ratio Activator/Binder (R= 80 %) with
different percentage of metakaolin and fly ash added to G1R3
after 28 days time of curing

Puc. 3. MpoyHocTb npu cxatuu (i) / nsrube (j) n mogynb
ynpyrocTtu (k) reononnmepHbIX pacTBOPOB C KOHLIEHTpaLumen
ruppokcnga Hatpua (12 M) n cooTHoLeHneM Necok/BaxyLjee
(R = 3) n akTMBaTop/BAXYLee (R = 80 %) c pa3nnyHbiM
cofiepkaHnemM MeTaKaonnHa 1 30/bl-yHoca, AO6aBIEHHbIX K
G1R3, B BO3pacTe 28 cyT.
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Pesynbrarsl mokasanu, 4To sameHa 10 % mam gaxe
15 % TYHMCCKOJ TIMHBI Ha 30/TY-YHOC IPUBOJAUT K CHI-
JKeHMIO IPOYHOCTY IIPU CKATUM B Bo3pacTe 28 cyT. AHa-
JIOTMYHBbIe Pe3y/IbTAThl OBV HMOTYYEeHBI U IJIA IIPOY-
HocTy nipu nsrube. IIpy 3TOM mokasaTenu pacTBopa ¢
15-IpOLIEHTHBIM COJlep>KaHMeEM 30/IbI-yHOCa IO CpPaB-
HEHUIO C 6e3100aBOYHBIM PACTBOPOM Y/IYUIIMU/INCH.
ITO 00BSCHSIETCS HU3KOM PeaKIMOHHON CIOCOOHO-
CTBIO 307IbI-yHOCA. JJ11 TeOnoNMMePHBIX PaCTBOPOB, B
KOTOPBIX TYHMCCKas IIMHA ObI/Ia YaCTUYHO 3aMeHeHa
METaKao/lIMHOM, POCT IPOYHOCTU IIPU CKATUM OTMe-
4ajics TONbKO Npu BBefleHnM 15 u 30 % MeTakaonuHa.
ITpu aToM ImOKasaTeny IPOYHOCTU Ipu U3rube He U3-
MEHANMUCh. TOT 3P eKT CBA3AH C pasIuIMeM ycafod-
HbIX fiepopmanuit. Yem Bbiire feopMaLiuy yCagKuL, TeM
MeHblIIe IPOYHOCTDb pacTBopa mpu usrube. [Ipu 3ame-
meHuy 15 unm 30 % TYHMCCKOI TTMHBI METaKaoNIMHOM
HPOYHOCTb 0OPA3IOB IIPU CXKATUM COCTaBUIA OKOJIO
30 MIla. Takast HpPOYHOCTb XapaKTepHa [ 6eTOHa Ha
OCHOBE ITOPT/IaHALIEMEHTA XKe/Te300e TOHHBIX KOHCTPYK-
LM CTapbIX 3[JaHUIL ¥ COOPY>KEHMUIA, YTO COOTBETCTBYET
Tpe6OBaHUAM K IIPOYHOCTHBIM IOKa3aTeNAM PacTBO-
poB. PesynbraTsl Mokasanu, YTo MOALY/b YIPYTOCTH He-
3HAYMTENIbPHO YBENNYMBAETCA MPU 3aMeHe TYHMCCKOM
IJIMHBI 30/I0/-yHOCOM. XapaKTePUCTUKI U3MEHAIOTCA
IpY yBENMYIEHUN COflEP>KaHMA 307IbI-YHOCA B IIpefenax
10-15 %. ITpu 3aMelleHUM TYHUCCKOI ITIMHBI METAKAO-
TVHOM MOJAY/Ib YIIPYTOCTY YBeIMYMBAETCA. DTO OTYA-
CTU CBA3aHO C yBeIMYEHNEM IIPOYHOCTHU NIPU CXKATUMN.

2.2. Ycapounble gedopmannm

Ha puc. 4 mpeacraBieHa 3aBUCUMOCTD YCA/JOUHBIX
medopmanmit OT BpeMeHM. B TedeHme mepBHIX ABYX CY-
TOK BO BCEX JMCC/IeJ0BAHHBIX [€O0IOIMMEPHBIX COCTaBaX
IPOMUCXOAUT OBICTPBIN POCT YCaZOUHBIX AedOopMaruil.
3TO CBs3aHO C KAVUISIPHBIMI CVUJIAMM, BOSHVKAIOII-
M1 u3-3a GOpMUpPOBaHMs refleobpasHolt passl pacTBOpa
B IIpoliecce reomonumepusannn [17].

ITpenenbHbI ypOBEeHD yCaJOYHBIX AedopManuii
coctaBun 500-600 egyHul Mukpopepopmanuyu. Takum
06pa3oM, 3TOT [TOKasareab YAaI0Ch CHU3UTD O paHee
IOCTUTHYTOTO IPEefe/IbHOTO YPOBHS yCafOuHbIX fedop-
MallMi 3a CYET YMEHbIIEHUA B PacTBOpE COAEep>KaHUA
I[eJIOYHOTO aKTUBaropa [13].

ITpu 9TOM MaKCHUMa/IbHbIE 3HAYEHU S YCA[OUHBIX
medopmarmit 1st pacTBOPOB € J06ABKOIT METAKAOI-
Ha aHAJIOTMYHBI MAKCUMAIBHOI yCajKe, IOy IeHHOII
Apyrumu uccnepgoBarensimu [18]. B pesynbrare caenan
BBIBOJI, YTO PAaCTBOPBI C 60JIee BBICOKON IIPOYHOCTHIO
npu nsrube numenT 60ee HU3KNE ycafgouHble fedop-
Mmanuu. KpoMe Toro, 4acTudHasi 3aMeHa TYHJCCKOII
[JINHBI Ha 30]1y-YHOC IIpUBe/Ia K YMEHBUIEHNIO JaH-
HOTO MOKa3aTens [0 CpaBHEHUIO ¢ 6e31006aBOYHBIM
pactBopom. ITo cpaBHEHNIO C COCTABOM C A006aBKOIT
30/IBI-YHOCA YaCTMYHAs 3aMeHa [JIMHBI METaKaoJM-
HOM OKasanacb Haubonee a¢pdextuBHoi. Habnroga-
7ach OYEBNU/IHAS Pas3HUIIA MEX/Y YCaAKOI pacTBOpa ¢
15 % sonbr-yHoca u ¢ 15 % meTakaonuua. B To xe Bpe-
Ms cocTaB ¢ 30 % MeTakao/nMHA [TOKa3al OYeHb HU3-
Kue ycagouHsle feopmarun. II0CKONIbKY pacTBOpPDI



Fig. 4. Shrinkage of the geopolymer mixture as function of
curing time, days

Puc. 4. 3aBNCMMOCTb ycalouHbix fedpopmaLiil reononMMepHoOro
pacTBopa OT BPEMEHH, CyT.

The maximum unrestrained shrinkage is around
500 to 600 microstrain. This constitutes a reduction to
the previous reported maximum unrestrained shrinkage
[13] being due to the reduction of the alkaline activator.

This maximum is similar to the one reported by
others [18] based on alkali activated metakaolin. The
unrestrained shrinkage results confirm that the mixtures
with higher flexural strength have lower unrestrained
shrinkage. The partial replacement of Tunisian clay
by fly ash also leads to a lower unrestrained shrinkage
performance than the reference mixture. Partial
replacement by metakaolin out performs fly ash based
mixtures. The comparison of the unrestrained shrinkage
in 15% fly ash mortar and in 15% metakaolin shows a
very relevant difference. When 30% metakaolin is used
a very low unrestrained shrinkage is observed. Since
mortars required for OPC patch repair require very
low unrestrained shrinkage [19] this means that new
geopolymeric mortar mixtures based on the partial
replacement of Tunisian clay by metakaolin have an
acceptable performance concerning this parameter.

3. Hydration products

The FTIR spectra of the hardened Tunisian clay
geopolymer mortars are presented in Fig. 5. Strong
vibration typical of alluminosilicates can be seeing. The
peak centered around 975 cm™ shifts to a lower value,
and this shift is characteristic of a geopolymerization
reaction corresponding to the Si-O-Al and Si-O-Si
vibration bands. The band at about 870 cm™ assigned
to Si-OH bending vibration. Al-O-Si vibrations
corresponding to the absorption bands 600-800 cm™.
The absorption peak of 782 cm™ was an indication of
the presence of quartz [20]. The absorption band around
1413 and 1433 cm™ is attributed to stretching vibrations
of CO;* ions confirming the existence of carbonate
species [21]. Atmospheric CO; enter in geopolymer
to reacting with unhydrated sodium to form sodium
carbonate. A peak assigned to water appears at 1645 cm™.
These bands decrease in intensity in the geopolymer
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Ha OCHOBe IOPTIaHJLIeMeHTa, He0OX0AMMble [ I10-
BEPXHOCTHOT'O PEMOHTA 9KCIIIYaTUPyeMBIX € TOHHBIX
COOpy)KeHI/II?[, OOJI>KHBI MME€Tb MMHMMAJIbHbIC yC&HO‘l-
Hble fedopmanuu [19], HOBbIe TeomoNMMepHbIe pac-
TBOPBI C YaCTUYHOI 3aMEHOJ TYHMCCKOIL IJIMHBI MeTa-
KAaO/IMHOM MMEIOT JONYCTMMBbIE XapaKTePUCTUKU IO
LAHHOMY IIapaMeTpY.

3.MpoayKTbl rmapaTaunn

VIK-Dypbe-crieKTpbl TeONONMNMEPHBIX PACTBOPOB
Ha OCHOBE TYHJMCCKOJI [JIMHBI IIPe/ICTAB/IEHBl HA PUC. 5.
Hab6nropmaloTcs cunbHble KonebaHUs, TUIIMYHbIE /A
amoMocunnkaros. I[InkoBoe sHaueHNe NPUMEPHO B
975 cm’! cMeHseTca 6onmee HU3KUM, U 3TOT COBUT AB-
JI5IeTCsI XapaKTePHBIM IT0Ka3aTeseM sl peaKI[Uy reo-
HONMMMEePU3ALUY, COOTBETCTBYIOUINMM 00/IaCTH CIIEKTpa
konmebanuit Si-O-Al u Si-O-Si. 3nauenne 870 cm™ oTHO-
cuTcA K fedpopmManioHHbiM konebanuam Si-OH. Koe-
6aHnA Al-O-Si cOOTBETCTBYIOT II0/10CAM HOT/TOIEHM S
600-800 cm™. [Tux mormoueHnst Ha ypoBHe 782 cm’!
yKasbIBaeT Ha mpucytcTsue kBapia [20]. [Tomoca normo-
meHns oKomo 1413 n 1433 cM™! OTHOCUTCS K BaJICHTHBIM
konebanmsm noHoB CO5*, YTO MOATBEPK/AAET IPUCYT-
cTBMe KapboHatos [21]. AtmocdepHsiit CO, monagaeT B
TeOIOoNNMep, Pearupysi ¢ HerugpaTHPOBaHHBIM HATPU-
eM n o6pasys kap6onat HaTpus. [IMKOBBIIL IOKa3aTes,
OTHOCSIINIICS K BOJE, TIOSIB/ISIETCS IPY 3HAYEHNU OKO-
710 1645 cm™. Tloce OKOHYaHMSI TBEPAEHNS HTEHCUB-
HOCTH KO/IebaHIIT OIOC IIOT/IOLEHNU S €00 MEPHOT
MACThl CHIDKaeTcA. YMeHbueHne nonocsl OH moxxer
COOTBETCTBOBATh CTPYKTYpe L[eONUTOB (B KPUCTAI-
nudeckoit popme), B KOTOPOIL 60IblIe MOTEKYT BOLbI,
YeM MUHepanbHbIX HONUMepPOB (B aMmopdHOit hopme).
Ha puc. 6 nokasan VK-crexkTp MoguduunpoBaHHOrO
reononuMepHoro pactBopa G1R3 ¢ ucmonp3oBaHueMm

Fig. 5. FTIR spectra of the geopolymer mortar: (c) G1R2:
mortar with a binder/sand ratio of 1:2;

(d) — G1R3: mortar with a binder/sand ratio of 1:3; (e) G1R4:
mortar with a binder/sand ratio of 1:4

Puc. 5. IK-Oypbe-cneKTpbl reonosiMuMepHbiX pacTBOPOB: (C)
G1R2: pacTBOp C cOOTHOLWEHMEM BAXKYLiee/necok 1:2; (d) G1R3:
pacTBOp C COOTHOLLEHMEeM BaxyLlee/necok 1:3; (e) pacTBop ¢
COOTHOLIEHVEM BAXKYLlee/necok 1:4
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paste after curing process. The decreasing in the OH
bond may be also due to the zeolites structure of zeolites
(crystalline phase) that needs more water molecules
than the minerals polymers (amorphous phase).
Fig. 6 shows the Fourier transform infrared spectra of
of geopolymers of G1R3 modified mixtures. All FTIR
spectra involved in a single band located at 1000 and
1004 cm™, corresponding to a region assigned for Si-O-Si
[22-24]. The presence of the bands located at 776 cm™
and at 692 cm™ are due to the quartz [25]. The small
bands appearing at around 1420, 1422 cm™ and at
1489 cm™ are related to the asymmetric stretching of the
0O-C-0 bonds of COs*" due to atmospheric carbonation
for all geopolymers mortars.

4. Conclusion

This paper presents experimental results of an
investigation concerning the development geopolymeric
repair mortars based on a Tunisian clay. The influence of
the partial replacement of Tunisian clay by fly ash and
metakaolin on the mechanical performance of the repair
mixtures is analyzed. The following conclusions can be
made. The replacement of Tunisian clays by 15 % and
30 % metakaolin allows for compressive strengths
around 30 MPa which are typical of old OPC reinforced
concrete structures and constitute an important

compressive strength requirement for repair mortars.

The modulus of elasticity increases slightly with the
replacement of Tunisian clay by fly ash and in a higher
extension when metakaolin is used. The reduction of the
alkaline activator/binder mass ratio to 80 % of the former
mixtures led to a relevant reduction in the shrinkage
performance. The partial replacement of Tunisian clay
by fly ash also leads to a lower shrinkage performance
than the reference mixture. Partial replacement by
metakaolin outperforms fly ash based mixtures. Since
mortars required for OPC patch repair require very
low unrestrained shrinkage [19] this means that new
geopolymeric mortar mixtures based on the partial
replacement of Tunisian clay by metakaolin have an
acceptable performance concerning this parameter.

npeobpasoBanusa Oypre. Ha Bcex MIK-cnexTpax Bup-
Ha CIUIOLIHAA I0JI0CA IIPY 3HadYeHuAX Mexay 1000 u
1004 cm™!, uTo coorBeTcTBYeT obmacTu Si-O-Si [22-24].
ITonocer y 776 cm™ m'y 692 cM™! mOSABISIOTCS BCIEACTBYE
OpucyTCcTBUA KBapua [25]. He6onpline monocsl, noss-
nsaomuecs upu 1420, 1422 u 1489 cm, oTHOCATCS K
accumerpuyHoit momoce O-C-O BaneHTHBIX CBA3eN
COs*", Bo3HMKaromeil u3-3a aTMocepHoIt KapOoHN-
3alMy BCeX IeOlONMMEPHBIX PACTBOPOB.

4. BbiBOAbI

B HacToAmelt cTaTbe NpefcTaBleHbl Pe3y/b-
TaTbl VICCIEJOBAHNUI IO CO3/JaHUI0 PEMOHTHBIX I'eo-
MOTMMEPHBIX COCTABOB Ha OCHOBE TYHMCCKOW IJIMHBI.
KpomMe Toro, mpoBefieH aHaNNU3 BAUAHUA JaCTUYHOM
3aMEHbl TYHMCCKONM IJIMHBI 30/I0/-yHOCOM U MeTa-
KAOJIMHOM Ha MEXaHMYECKYI0 IPOYHOCTD JaHHBIX CO-
cTaBOB. Ha 0CHOBe IPOBEeHHBIX NCCTIENOBAHNIT MOXHO
CenaTh ClaelyIoLiJe BbIBOABL: IIPY 3aMelleHun 15 unn
30 % TYHMCCKOII IIMHBI METaKaoOTMHOM IIPOYHOCTD 00-
pasuoB npu cxaTum cocraBuia okono 30 MIla. Takas
IPOYHOCTb XapaKTepHa AJis 6eTOHA Ha OCHOBE IOPT-
JaHJIIeMEeHTa >Ke/Ie300eTOHHBIX KOHCTPYKIMIA CTaphIX
3IaHUI Y COOPY>KEHUIL, YTO COOTBETCTBYET TpeOOBaHN-
AM K IIPOYHOCTU PAacTBOPOB. IIpu 3ameHe TyHMccKom
IJIMHBI 30/I0Ji-YyHOCOM MOJY/Ib YIPYTOCTY YBENNYNIICA
HEe3HAaYUTE/IbHO, a IPY 3aMeHe MeTaKaONMHOM — CYylIle-
cTBeHHO. IIpy cHMXeHUM COOTHOLIEHMA MAaCC LIe0d-
HOTO aKTMBATOpa U BAXKYUIErO BEIECTBA B PacTBOpE
1o 80 % HabIIOMANIOCh COOTBETCTBYIOLIEE YMEHbILIEHE
medpopmanum ycagku. JacTuyHasa 3aMeHa TYHMCCKON
IJIMHBI 30710/-yHOCOM TaK>Ke IpUBe/a K yMEHbIIEHNIO
yCaJK/ OTHOCUTENbHO 6e3106aBouHoro pactaopa. Ilo
CPaBHEHMIO C COCTaBaMU C 307I0Ji-yHOCOM YacTUYHasA
3aMeHa ITIMHBI MeTaKao/lIMHOM I0Kasajna Hauayduue
pesynbTarhl. II0CKONIBKY pacTBOPHI [/ MOBEPXHOCT-
HOTO PeMOHTA JIe/ICTBYIOIINX 6ETOHHBIX COOPY>KEHMIT
IO/DKHBI MMETh HU3KME ycafouHble fedopmanuu [19],
HOBBI€E T€0IONMMEPHbIE PACTBOPBI C YaCTUYHOI 3aMEHOM
TYHMCCKON IJIMHBI METAKAOTMHOM UMEIOT NOIMYCTUMBbIE
XapaKTEePUCTUKM 110 JAHHOMY IlapaMeTpy.

Fig. 6. Fourier transform infrared spectra of geopolymers of G1R3 modified mixtures: (a) metakaolin based; (b) fly ash based

Puc. 6. IK-Oypbe-cnekTpbl MOAMGULMPOBaHHbIX FeononmmepHbix pactBopos G1R3: (a) Ha ocHoBe MeTakaonvHa; (b) Ha ocHoBe 30J1bl-yHOCa
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