
第43卷第1期 土 木 与 环 境 工 程 学 报(中 英 文) Vol.43No.1
2021年2月 JournalofCivilandEnvironmentalEngineering Feb.2021

DOI:10.11835/j.issn.2096-6717.2020.124 开放科学(资源服务)标识码(OSID):    

                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Received:2020-04-07
Foundationitems:SichuanScienceandTechnologyProgram (No.2020YFS0391);KeyResearchProjectofChinaRailway

AcademyCo.Ltd.(No.2019-KJ011-Z010-A2,2020-KJ009-Z009-A2).
Authorbrief:QIAOZhen(1991-),mainresearchinterest:culturalrelicsheritageconservation,E-mail:409434721@qq.com.

Enhancedmechanicalpropertiesofmortarwithgrapheneinthe
traditionalsandstoneculturalrelicsconservation

QIAOZhen1,WANGJie1,SUNBo1,2,WANGFengrui1,2,DINGZihan1,YANGTianyu3
(1.NorthwestResearchInstituteCo.Ltd.ofC.R.E.C.,Lanzhou730000,P.R.China;2.SchoolofCivilEngineering
andMechanics,LanzhouUniversity,Lanzhou730000,P.R.China;3.LeshanGiantBuddhaManagementCommittee,

Leshan614003,Sichuan,P.R.China)

Abstract:Morethan8000grottoesandcliffstatuesarelocatedinSichuanandChongqing.Mostaremade
fromsandstone.Thesandstonehasdeterioratedduetolong-termenvironmentaleffects,posingathreatto
theculturalrelics.Graphenesheetsareaddedtothetraditionalmortarofthesandstoneculturalrelicsto
enhancetheproperties,whichisdefinedas“CH@Gmortar”.Themechanicalpropertiesandvolume
stabilityoftheCH@Gmortarareenhancedbythegraphenesheets.Thehigheststrengthisobtainedby
theadditionof0.07%graphenesheets,anditsvalues(increasedproportioncomparedwithCHmortar)of
compressivestrength,flexuralstrengthandtensilestrengthat56dare4.21MPa(7.36%),2.21MPa
(19.46%)and0.47MPa(51.61%),respectively.TheFT-IRandRamanspectraresultsshowthatthe
graphenesheetshavelittleinfluenceonthecompositionoftheproducts,andcouldacceleratethehydration
intheearlydays,accordingtotheXRDresults.TheSEMimagesshowthatgraphenesheetscouldforma
uniformandcompactedmicrostructure.
Keywords:sandstoneculturalrelics;mortar;graphene;mechanicalproperties
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摘 要:川渝地区分布有8000余处石窟和摩崖造像,大部分凿刻于砂岩中,长期环境作用导致砂

岩性能劣化,对赋存文化遗产的安全造成威胁。为了提升传统砂岩文物修复材料的性能,将石墨烯

纳米片加入传统修复材料中,运用传统工艺制备出“CH@G”灰浆。结果表明,加入石墨烯纳米片

的CH@G灰浆的力学性能和体积稳定性较传统材料明显提高。当石墨烯纳米片的添加量为质量

百分比0.07%时,样品力学性能最佳,56d抗压强度、抗折强度和抗拉强度分别为4.21、2.21、0.47
MPa,相对于传统修复材料,强度分别提升了7.36%、19.46%、51.61%。FT-IR、Raman和XRD结

果表明,石墨烯纳米片对固化反应产物影响较小,并且可以在早期加速水化反应,从而提升早期强

度。SEM结果表明,石墨烯纳米片作为一种调节相,促使灰浆形成均匀致密的微观结构。
关键词:砂岩文物;灰浆;石墨烯;力学性能
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1 Introduction
Therearemorethan8000grottoesandcliff

statueslocatedinSichuanandChongqing.These
aremainlycarvedoutofthethicksandstoneand
mudstonestrataoftheJurassicPeriodofthe
MesozoicEra.Themostfamousstonecultural
relicsaretheLeshanGiantBuddhaandtheDazu
rockcarvings[1].Thesandstoneculturalrelicshave
deterioratedovertimeduetobothenvironmental
causesandhumanactivity,andconservationwork
hasbeencarriedoutseveraltimesinthepast
decadesinanefforttopreservethem[2].In2001,

Chineseexpertsusedtraditionalmaterialstorepair
thehead,chestandabdomenoftheLeshanGiant
Buddha.

Themortarusedfortheconservationoftraditional
sandstoneculturalrelicsisacementitiousmaterial
composedoflime,sand,slagandasmallamount
of cement. Cementitious materials possess
relativelyhighcompressivestrength,butlack
toughnessandvolumestability[3-5].Thetraditional
materialsusedinthechestandabdomenareasof
theLeshanGiantBuddhashowsomedeterioration
duetomultiplefactors.Thedeteriorationofthe
chestandabdomen(exfoliation,hollow,crackand
waterinfiltration)isshowninFig.1.

Fig.1 SchematicimagesshowingdeteriorationofLeshan
GiantBuddha 

  Graphene,whichhasahighelasticmodulus(1
TPa)and excellent mechanical properties (130
GPa)[6-10],is considered anidealcandidatefor
improvingthemechanicalpropertiesofcementitious
material,andpreviousresultsindicatethatadding
graphenetocementitiousmatricescanenhancethe
toughnessoftheresultantcomposites[11-15].

Inthispaper,traditionalmortarusedinthe
conservationofsandstoneculturalrelicsisnamed
CHmortarduetoitsChinesename“ChuiHui”.
Grapheneisusedtoimprovetheir mechanical
properties,andthe mortarswithgrapheneare
definedasCH@Gmortars.Mechanicalproperties,

shrinkagerate,ultrasonic wave velocity,the
compositionoftheproducts,morphologyandthe
mechanismofthegrapheneeffectareinvestigated.

2 ExperimentalSection
2.1 Materials
2.1.1 CHmortar

Theraw materialsoftheCH mortarwere
lime,slag,sandandasmallamountofcement.
Mixingandrammingwereemployedtomakethe
particlesdistributeuniformly.

Thecementandlimewerelocalproducts.The
X-RayDiffraction (XRD)resultsareshownin
Table1.ThesandwaspurchasedfromXiamenISO
StandardSandCo,Ltd..Theslag,whichwas
steelmillwaste,waspurchasedfrom Desheng
SteelCo.,Ltd.in Leshan.Theparticlesize
distributioncurvesoftheslagandsandareshown
inFig.2.

Fig.2 Particlesizedistributioncurvesofslagandsand
 

Table1 XRDSemi-quantitativeanalysisofcementandlime

RawMaterial C3S/% C2S/% C3A/% C4AF/%

Cement 60.88 18.49 7.22 13.41

RawMaterial Ca(OH)2/% CaCO3/% SiO2/%

Lime 90.70 6.09 3.61
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2.1.2 Graphene
Graphenesheets waspurchasedfrom Deyang

Carbonene Co. in Sichuan province. The
microstructureandchemicalcompositionweretestedby
Transmission Electron Microscope (TEM),High
Resolution Transmission Electron Microscope
(HRTEM)and X-ray PhotoelectronSpectroscopy
(XPS).AsshowninFig.3(a),themicrostructureof
grapheneissimilartooverlappingnano-fibers.Fig.3
(b)showstheHRTEMimageofthegraphenesheet.
Thesheethas6~7singlecarbonlayers.Asshownin
Fig.3(c),theintensityoftheC1speakisgreaterthan
thatoftheO1speak.TheC1sspectrumcontainsfour
peaks,includingpeakA(C=C)at284.4eV,peakB
(C—O)at286.9eV,peakC(C=O)at287.7eV,

andpeakD(COOH)at288.8eV.

Fig.3 (a)TEM,(b)HRTEMimagesand(c)XPS
surveyofgraphenesheets

 

2.2 Specimenpreparation
ThepreparationprocedureisillustratedinFig.4.

First, graphene and hexadecyl trimethyl
ammoniumbromide(CTAB)weredispersedinto
50mLdeionizedwaterandultrasonicatedfor10
min.Next,cementandlime were mixedand
stirred,andslagandsandwereaddedafter1min
oflow speed stirring.Finally,the graphene
dispersion was droppedintothe CH mortar.
Ramming wasemployedto makethe particle
distribution more uniform after mixing. The
mixturewasmoldedtodifferenttypesofspecimens

fortestingandcharacterization.

Fig.4 PreparationofCH@Gmortars
 

Table2presentstherecipesforpreparationsof
variousCH and CH@G mortars.The weight
percentagesofthegraphenesheetsinthemortars
were0.01%,0.03%,0.05%,0.07%and0.10%
ofallrawmaterials(lime,cement,slagandsand).
Thewaterbinderratiosofallspecimenswere
0.30.Thesizeofthesamplesforcompressive
strengthwas70.7mm×70.7mm×70.7mm,and
theflexuralstrengthtestsampleswere40mm×
40mm×160mm.TheBraziliandisctestwasused
totestthetensilestrengthofthesamples,andthe
sizeofthesampleswasφ50mm×100mm.

Table2 RecipesofCHandCH@Gmortars

Samples
Lime/

%

Cement/

%

Sand/

%

Slag/

%

Graphene/

%

CH 0

CH@G-1 0.01

CH@G-2

CH@G-3
22.2 11.1 26.7 40

0.03

0.05

CH@G-4 0.07

CH@G-5 0.10

Allsamplesfortestingandcharacterization
werecuredinanenvironment(parameters:8:00—

20:00,20℃,RH65%,20:00—8:00,15℃,RH
75%)similartothatoftheLeshanGiantBuddha
area,andtheparametersofthecuringcondition
werecontrolledbyatemperatureandhumidity
curing box (BG/TH-100, Shanghai Bogong
EquipmentCo.Ltd.).
2.3 Experimentalmethods
2.3.1 Shrinkagerateandultrasonicwavevelocity

Theshrinkagerateofthespecimens(40mm×
40mm×160mm)atdifferentageswasmeasured
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byanelectronicmicrometerwithanaccuracyof
0.001mm.Theultrasonicwavevelocityofthe
samples(φ=50mm,height=100mm)atdifferent
ageswasobtainedbyanRSM-SY5(T)nonmetal
acousticdetector.
2.3.2 Mechanicalproperties

Compressivestrength,flexuralstrengthand
tensile strength were tested on a universal
mechanicaltestingmachine.Theflexuralstrength
of40 mm ×40 mm ×160 mm samples was
determined withacentral-loading method,and
thenthecompressivestrengthtestwasconducted
aftertheflexuraltestontheremainingsamples.
Therateofloadingwas2mm/min.Alltestresults
weretheaveragevalueofthreereplicatesamples.
2.3.3 Characterization

The microstructure of all samples was
examinedbyscanningelectronmicroscope(Hitachi
S-4800, Japan) and transmission electron
microscope(Hillsboro,TecnaiG2F20).Chemical
state assignment was performed using X-ray
photoelectronspectroscopy (Waltham,Thermal
Scientific Escalab 250 Xi ). Surface
characterizationsofspecimenswereobtainedby
FT-IRspectraanalysis (Bruker,Tensor27),

Ramanspectraanalysis(France,LabRAM HR)

andX-raydiffraction(Rigaku,D/max-2400).

3 Resultsanddiscussion
3.1 Shrinkagerate

Theshrinkageratesofallsamplesareshown
inFig.5.TheshrinkagerateoftheCHspecimen
increasesrapidlyduring0-7d,andthenslowly
increasesfrom8dto14d.Finally,thevalue
remainsalmostconstantafter15d.TheCH@G
specimensshowatendencysimilartothatofthe
CHspecimen,butallshrinkageratevaluesare
lowerthanthoseoftheCHspecimen,indicating
thattheadditionofgraphemecanenhancethe
volumestabilityoftheCH@Gspecimens.When
percentageofgrapheneaddedis0.07wt%,the
specimenhasthelowestshrinkagerate(0.39%)

andtheattenuationis34.74%comparedtotheCH

specimen(0.59%).

Fig.5 Shrinkagerateofspecimensatdifferentages
 

3.2 Ultrasonicwavevelocity
Ultrasonicwavevelocitytestswereemployed

to reflectthe degree ofsolidification ofthe
samples[16].AsshowninFig.6,allspecimen
valuesfirstdecreaseandthenincrease.Finally,the
valuebecomesstable.At0d,eachsamplehasa
highinitialvalueduetothewaterfillinginthe
pores.During1-3d,thewaterintheporesis
absorbedbythecementandlime,andthewave
velocitydropsrapidlyduetothelooseandporous
microstructure.At4-14d,thewavevelocityof
eachspecimenissimultaneouslyimprovedasthe
cementandlimesolidify,andthevelocityvalue
increasesasgrapheneisadded.Inthelastperiod
(15~28d),thewavevelocitiesbecomestable.At
28d,thevelocitiesoftheCH@Gspecimensare
higherthanthoseofthe CH specimen.The
velocityoftheCH@G-4specimenis1670m/s,

whichisthehighestvalueamongallthesamples,

andtheincreasementis15.17%comparedtothe
CHspecimen.

Fig.6 Ultrasonicwavevelocityofspecimensatdifferentages
 

3.3 Mechanicalproperties

3.3.1 Compressivestrength
AsshowninFig.7,thecompressivestrength

oftheCHspecimenat56disonly3.94MPa.The

851 JournalofCivilandEnvironmentalEngineering            Vol.43



compressivestrengthsoftheCH@Gspecimens
increasewiththeadditionofgraphene,andthe
higheststrengthisobtainedat0.07wt%.The
strengthcompletiondegreeisusedtodescribethe
hardeningrateofeachsample.Thecompressive
strengthvalueofeachsampleat56disusedasthe
referencevalueinthecompressivestrengthcompletion
degreecurve[17].Thehardeningrategetsfasterinthe
CH @ G specimens. The compressive strength
completiondegreeofthe CH andthe CH @ G
specimens(1-5)at7dare52.30%,60.80%,

62.69%,65.90%,66.11% and 65.78%,

respectively,suggestingthattheadditionofgraphene
couldacceleratethehydrationoftheCH@Gspecimens
intheearlydays.

Fig.7 Compressivestrengthofspecimens
at3d,7d,28dand56d

 

3.3.2 Flexuralstrength
TheflexuralstrengthsareshowninFig.8.

TheflexuralstrengthsoftheCHspecimenare
0.89MPa(3d),1.34MPa(7d),1.60MPa
(28d)and1.85MPa(56d).Withtheadditionof
graphene,theflexuralstrengthat56dincreased
fordifferentdegreesandthelargestincreasementis
19.46% obtainedintheCH@G-4sample.The
56dflexuralstrengthvaluesofeachsampleare
usedasthereferencevalueintheflexuralstrength
completiondegreecurve.Theflexuralstrength
completiondegreecurveshowsatendencysimilar
tothatofthecompressivestrengthcompletion
degreecurve.Theflexuralstrengthcompletion
degreesat7dare72.40% (CH),74.71% (CH@
G-1),75.22% (CH@G-2),76.92% (CH@G-3),

76.94% (CH@G-4),and76.33% (CH@G-5),

indicatingthattheadditionofgraphenehasthe

potentialtoenhancethehydrationreaction.

Fig.8 Flexuralstrengthofspecimensat3d,

7d,28dand56d
 

3.3.3 Tensilestrength
AsshowninFig.9,thetensilestrengthoftheCH

specimenat3d,7d,28dand56dare0.13MPa,

0.18MPa,0.24MPa,and0.31MPa,respectively.
ThetensilestrengthoftheCH@Gspecimens
increaseswiththeadditionofgraphene.TheCH@
G-4sampleexhibitsthehigheststrengthvalue
(0.47MPa),andtheincreasementis51.61%.
Theresultshowsthattheadditionofgrapheneto
theCH@Gspecimenshasasignificantinfluenceon
thetensilestrength.The56dtensilestrength
valueofeachsampleisusedasthereferencevalue
inthetensilestrengthcompletiondegreecurve.
ThetensilestrengthcompletiondegreeoftheCH
specimenat7dis58.1%.Withtheadditionof
graphene,thetensilestrengthcompletiondegrees
oftheCH@Gspecimens,whichare60.00%,

60.00%,64.12%,61.73%and62.23%,changea
littleateachdosageofgraphene(0.01%,0.03%,

0.05%,0.07%and0.10%).

Fig.9 Tensilestrengthofspecimensat3d,7d,28dand56d
 

3.4 Productscharacteristics
3.4.1 FT-IRspectra

TheFT-IRspectraofgraphene,CH mortar
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andCH@Gmortarsat28darepresentedinFig.
10.AsshowninFig.10,acharacteristicbroad
bandthatisresponsibleforhydroxylstretchingcan
beobservedaround3450cm-1.The —COOH
carbonylstretchingat1730cm-1forgrapheneis
veryweak,likelybecausetheabsorptionisslight
andisobscuredbytherangebandofC=Cat1630
cm-1[18-19].ThespectraoftheCHmortarandthe
CH@Gmortarshavesimilarcharacteristicpeaks
suchas3460cm-1(—OH),1470cm-1(O—C—

O)and778cm-1(O—C—O),950cm-1(C—S—

H)and510cm-1(Si—O—Si).Theresultsindicate
thattheadditionofgraphenehaslittleinfluenceon
thecompositionoftheproducts.However,the
characteristicpeaksofgraphenecanrarely be
observedintheFT-IRspectraoftheCH@G
mortars.The Ramanspectraareemployedto
furtheranalyzetheexistenceofgrapheneintheCH
@Gmortars.

Fig.10 FT-IRspectraofgraphene,CHmortarandCH@G
mortarsat28d

 

3.4.2 Ramanspectra
TheRamanspectraofgraphene,CH mortar

andCH@Gmortarsat28dareshowninFig.11.
Thespectrumofgraphenecontainsthreepeaks,

namelyDpeakat1350cm-1,Gpeakat1582
cm-1and2Dpeakat2700cm-1.TheDpeakand
2Dpeakrepresentthehigh-frequencyE2gphononat
thecenteroftheBrillouinzone,andtheGpeak
correspondstothebreathingmodesofsix-atom
rings[20].ThespectrumoftheCHmortarhasfour
characteristicpeaks,including [CO3]bending
vibration,[CO3]symmetricstretchingvibration,

CbendingvibrationandObendingvibration,and

similarcharacteristicpeaksareobservedinthe
spectraoftheCH@Gmortars.Theresultsconfirm
thattheadditionofgraphenehaslittleinfluenceon
thecompositionoftheproducts.Aweakenedpeak
at1550cm-1,theGpeakofgraphene,canbe
observedinthespectraofCH@G-2,CH@G-3,

CH@G-4andCH@G-5,andtheintensityofthis
peakincreasedasthepercentageofgrapheneadded
increased.Itsuggeststhatthegraphenehasbeen
successfullyaddedintotheCH@Gmortars.

Fig.11 Ramanspectraofgraphene,CHmortarand
CH@Gmortarsat28d

 

3.4.3 XRD
XRDpatternsofCHmortar,CH@G-2mortar

andCH@G-4mortarcuringatdifferentagesare
showninFig.12.Thespecimensaremainlycomposed
ofCa(OH)2,CaCO3,SiO2,AFtandunhydratedC3S,

butC-S-HcouldnotbeindexedbyXRDduetoits
amorphous property[21].The peak intensity of
unhydrated C3S can be usedto analyzethe
hydrationrateofeachsample.AsshowninFig.12
(a),thepeakintensityofunhydratedC3Sinthe
CHspecimenat1disalittlehigherthanthose
specimensofCH@G-2andCH@G-4,indicating
thatthehydrationrateofthe CH mortaris
equivalenttothatoftheCH@G-2andCH@G-4
mortarsatthefirstperiod(0-1d).FromFig.12
(b),thepeakintensityofunhydratedC3Sinthe
CHspecimenat3dismuchhigherthanthose
specimensofCH@G-2andCH@G-4,andthepeak
showsa decreasingtrend withtheincreasing
contentsofgraphene.Theresultssuggestthatthe
hydrationrateoftheCH mortarismuchslower
thanthatoftheCH@G-2mortarandtheCH@G-4
mortaratthesecondperiod(1-3d).Thehydration
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rateoftheCH mortarisslowerthanthatofthe
CH@G-2mortarandtheCH@G-4mortaratthe
thirdperiod(3-7d),asshowninFig.12(c).In
thefourth period,the peakintensity ofthe
unhydratedC3SintheCH mortarisasgreatas
thoseoftheCH@G-2mortarandtheCH@G-4
mortar.

Fig.12 XRDpatternsofCHmortar,CH@G-2mortar,

andCH@G-4mortarcuringfor(a)1d(b)3d
(c)7dand(d)28d

 

ThepeakofCa(OH)2at18°canbeusedto
analyzetheamountofCa(OH)2 duetoitsgood
crystallinity[22].TheintensityofCa(OH)2inCHat
1disashighasthatintheCH@G-2andCH@G-4,

meaningthatthehydrationrateofeachsampleis
similartothatinfirstperiod.TheintensityofCa
(OH)2intheCHat3dishigherthanthatinCH@

G-2andCH@G-4,indicatingthatthehydration
rateoftheCH@Gspecimensisquickerthanthat
oftheCHspecimen.Thetrendshowsatendency
similartothechangeofC3S.TheresultsofXRD
demonstratethat graphene could enhancethe
hydrationofcementintheearlydays,leadingto
higherstrengthoftheCH@Gmortars.
3.5 Productmorphology

AsshowninFig.13(a),theCHspecimenis
mainly the crystal aggregation of laminated
Ca(OH)2andfibrousC—S—H,andthewhole
microstructureisloose.Fig.13(b),(c)showthe
morphologyoftheCH@G-2specimenandthe
CH@G-3specimen,andthemicrostructureofthe
twospecimensissimilartothatofthe CH
specimen.AsshowninFig.13 (d),asmall
amountofgraphenesheetsexistbetweenparticles,

andthemicrostructureisstillloose,indicatingthat
theeffectofthegrapheneisnotsignificantatthis
content.FromFig.13(e),graphenesheetscanbe
observedintheCH @G-4specimen,andthe
microstructureoftheCH@G-4specimenismore
uniform and dense compared with the CH
specimen.AsshowninFig.13(f),moregraphene
sheetscanbeobserved,butthegrapheneshowsa
tendencytoagglomerate.Itcanbeconcludedthat
theeffectofgrapheneintheCH@G-5specimenis

Fig.13 SEMimagesofmortarsat28d
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notmoreremarkablethanthatoftheCH@G-4
specimen.FromtheresultsofEDS(Table3),the
additionofgraphenehasnosignificantinfluenceonthe
compositionoftheCH@Gspecimens,accordingtothe

resultsofFT-IR,RamanandXRD.Theresultsof
SEMandEDSsuggestthatasprinklingofgraphene
cancontroltheshapeandarrangementoftheproducts
intheCH@Gspecimens.

Table3 EDSdataofmarkedareainSEMimages

Sample
Element,Atomic/%

C O Mg Al Si K Ca Fe

CH 21.23 58.37 1.04 3.66 8.85 0.85 4.12 1.88
CH@G-1 22.33 57.36 1.03 4.04 9.02 0.85 4.85 0.52
CH@G-2 22.52 57.01 0.98 4.12 9.11 0.69 4.98 0.59
CH@G-3 21.98 57.25 0.95 4.22 9.25 0.65 5.02 0.68
CH@G-4 21.38 57.02 0.98 4.31 9.29 0.63 5.12 1.27
CH@G-5 22.08 57.66 1.05 4.28 9.22 0.58 5.05 0.08

3.6 Mechanismanalysis
Accordingtotheexperimentalresultsandthe

discussionabove,thepossiblemechanismbywhichthe
addition of graphene influences the mechanical
propertiesofCHmortarcanbeillustratedasfollows
(Fig.14).Inthehydrationprocess,acomplexreaction
iscarriedoutamongC2S,C3S,C3AandC4AF.The
productsofhydrationareAFt,AFm,Ca(OH)2and
C—S—H.Thecorrespondingreactionsareexpressed
byEqs.(1)~(4).
Ca3Al2O6(C3A)+3CaSO4·2H2O+26H2O→
Ca6Al2(SO4)3(OH)12·26H2O(AFt) (1)
2Ca3Al2O6(C3A)+
Ca6Al2(SO4)3(OH)12·26H2O(AFt)+4H2O→
3Ca4Al2(OH)12·SO4·6H2O(AFm) (2)
2Ca3SiO5(C3S)+6H2O→
3CaO·2SiO2·4H2O(C—S—H)+3Ca(OH)2 (3)
2Ca2SiO4(C2S)+4H2O→
3CaO·2SiO2·4H2O(C—S—H)+Ca(OH)2 (4)

Fig.14 Mechanismbywhichgrapheneinfluencesthe
CH@Gmortars

 

Graphenesheetsinvolveactivegroups(—OH,
—COOH,and—SO3H)afterbeingfunctionalized
by CTAB,andacid-basedreactionstakeplace
betweentheseactivegroupsandCa(OH)2,leading
toastrongcovalentforceontheinterfacebetween
thegrapheneandtheCH matrix[6].Thereaction
sitesandpatternsaresimultaneouslycontrolledby
the graphene, which is called the template
effect[23].Theproductsofhydrationgrowforward
fromthesurfaceofthegrapheneinthesame
direction,exhibitinanorderedway,andforma
uniform and compacted microstructure. The
resultant products improve the strength and
volumestabilityoftheCH@Gmortars.Oncethe
microstructurestartstocrackorlosestability,
theywoulddisperseintotheporesandcracksas
fillertoretardcrackpropagation.

4 Conclusion
Grapheneisusedtoenhancethemechanical

propertiesofCH@Gmortarsinthisstudy.With
theincreaseofgraphenesheets,themechanical
propertiesoftheCH@G mortarsareenhanced.
Thespecimenwiththehigheststrengthisfoundat
0.07wt%levelofgrapheneaddition,wherethe
compressivestrength,flexuralstrengthandtensile
strengthat56dare4.21MPa,2.21MPaand0.47
MPa,respectively.FT-IR and Ramanspectra
showthattheaddition ofgraphenehaslittle
influenceonthecompositionoftheproducts,and
fromtheXRDresults,thegraphenecouldenhance
thehydrationintheearlydays.
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